
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Assessing sustainable groundwater abstraction: an evaluation of impacts on
groundwater quantity and quality

Gejl, Ryle Nørskov

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Gejl, R. N. (2019). Assessing sustainable groundwater abstraction: an evaluation of impacts on groundwater
quantity and quality. Technical University of Denmark.

https://orbit.dtu.dk/en/publications/b656fad0-7f37-423e-a4f1-09dd69fb78b7


Ryle Nørskov Gejl 
 
PhD Thesis 
September 2019 
 

Assessing sustainable groundwater 
abstraction: an evaluation of impacts 
on groundwater quantity and quality  

 



 

 



i 

 

 

 

 

 

 

Assessing sustainable groundwater abstrac-
tion: an evaluation of impacts on groundwater 

quantity and quality  

  
 

 

 
Ryle Nørskov Gejl 

 

 

 

PhD Thesis 
September 2019 

 
 
 

DTU Environment 
Department of Environmental Engineering 

Technical University of Denmark  



ii 



iii 

Assessing sustainable groundwater abstraction: 
an evaluation of impacts on groundwater quantity and quality 
 
Ryle Nørskov Gejl 
 
PhD Thesis, September 2019 
 
 
 
The synopsis part of this thesis is available as a PDF file for download from 
the DTU research database ORBIT: http://www.orbit.dtu.dk. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Address:     DTU Environment 

Department of Environmental Engineering 
Technical University of Denmark 
Miljoevej, Building 113 
2800 Kgs. Lyngby 
Denmark 

 
Phone reception:   +45 4525 1600 
Fax:       +45 4593 2850 
 
Homepage:    http://www.env.dtu.dk 
E-mail:      reception@env.dtu.dk 
 
Cover:      GraphicCo 

  



iv 

Preface 
This thesis is an industrial PhD conducted partly at the Technical University 
of Denmark, DTU, and partly at Copenhagen’s water utility, HOFOR. 

It is organised in two parts: the first puts into context the findings of the PhD 
in an introductive review, while the second part consists of the papers listed 
below. These will be referred to in the text by their paper number, written in 
the Roman numerals I-III. 
 

I Gejl, R.N., Bjerg, P.L., Henriksen, H.J., Hauschild, M.Z., Rasmussen, 
J., Rygaard, M., 2018. Integrating groundwater stress in life-cycle 
assessments – An evaluation of water abstraction. J. Environ. 
Manage. 222. https://doi.org/10.1016/j.jenvman.2018.05.058 

II Gejl, R.N., Rygaard, M., Henriksen, H.J., Rasmussen, J., Bjerg, P.L., 
2019. Understanding the impacts of groundwater abstraction through 
long-term trends in water quality. Water Res. 241–251. 

III Gejl, R.N., Bjerg, P.L., Bitsch, K., Troldborg, L., Schullehner, J., 
Henriksen, H.J., Rasmussen, J., Rygaard, M., (2019). Relating 
wellfield drawdown and water quality to aquifer sustainability – a 
method for assessing safe groundwater abstraction. Ecological 
indicators. Submitted. 
 
 

In this online version of the thesis, paper I-III are not included but can be 
obtained from electronic article databases e.g. via www.orbit.dtu.dk or on re-
quest from DTU Environment, Technical University of Denmark, Miljoevej, 
Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk. 
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Dissemination of results at international and Danish conferences resulted in 
contributions to the following conference proceedings (not publicly available): 

a) Gejl, R. N.; Bjerg, P. L.; Godskesen, B., Hybel, A.-M.; Rasmussen, J. 
Rygaard, M. (2015). Betydningen af den geografiske skala for opgørel-
sen af ferskvandspåvirkning - Vandforsyningens Vandfodspor. Dansk 
vand konference (DANVA). November 17 – 18. Århus, Denmark. Oral 
presentation.  

b) Gejl, R. N.; Bjerg, P. L.; Godskesen, B., Hybel, A.-M.; Rasmussen, J. 
Rygaard, M. (2015). Water Supply Water Footprint: How the scale im-
pacts the assessment. Proceedings DTU’s Sustain Conference, Decem-
ber 17, Kgs. Lyngby, Denmark. Oral presentation. 

c) Gejl, R.N., Bjerg, P.L., Rasmussen, J. & Rygaard, M. (2016). Integra-
tion of freshwater impact in lifecycle assessment of three water technol-
ogies. 22nd SETAC Europe LCA Case Study Symposium. September 
20 – 22, Montpellier, France. Oral Presention. 

d) Gejl, R.N., Bjerg, P.L., Rasmussen, J. & Rygaard, M., (2016). Integre-
ring af ferskvandpåvirkninger i livscyklusvurdering af tre vandteknolo-
gier. Dansk vand konference (DANVA). November 8 – 9, Århus, Den-
mark, Oral presentation. 

e) Gejl, R.N., Bjerg, P.L., Rasmussen, J. & Rygaard, M. (2017). A local 
freshwater impact – developing on the AWaRe indicator. 9th biennial 
conference of the International Society for Industrial Ecology (ISIE) 
and the 25th annual conference of the International Symposium on Sus-
tainable Systems and Technology (ISSST). June 25 – 29, Chicago, 
United States. Oral presentation. 

f) Gejl, R.N., Bjerg, P.L., Rasmussen, J. & Rygaard, M. (2017). Under-
standing groundwater stress by developing a local impact assessment 
method. 4th Water Research Conference: The Role of Water Technol-
ogy Innovation in the Blue Economy, 10 - 13 September, Waterloo, 
Canada. Poster presentation. 

g) Gejl, R.N., Bjerg, P.L., Rasmussen, J. & Rygaard, M. (2018). Proposing 
the groundwater indicator AGWaRe. Vintermøde om jord og grund-
vandsforurening (ATV- Vintermøde), March 6 – 7, Vejle, Denmark. 
Poster presentation. 
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h) Gejl, R. N., Bjerg, P. L., Henriksen, H. J., Troldborg, L., Rasmussen, J. 
and Rygaard, M. (2018). Improved indicators for assessing aquifer sus-
tainability. Proceedings Nordic Drinking Water Conference (NOR-
DIWA). June 11-13, Oslo, Norway. Oral presentation. 
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Summary 
Groundwater is often a stable, clean and important drinking water resource, 
and in many places around the world, it is a prerequisite for economic 
growth; in fact, 50% of the world’s population depends on groundwater. 
However, bad abstraction management endangers availability and quality, 
and so in order to ensure future water security, there is a need for trustwor-
thy, reliable and accurate assessment methods to identify the impacts on 
groundwater resources. Internationally, there are good indicators for evaluat-
ing general water stress on a large scale, but with ever-increasing pressure on 
companies to evaluate and communicate their environmental footprint, water 
utilities also need tools to evaluate groundwater stress on a local scale. 

This PhD project proposes new indicators for evaluation of local impacts on 
groundwater abstraction. Secondly, it explores the relationship between 
groundwater drawdown and water quality. Finally, it develops a new method 
for integrating considerations of groundwater quality into an assessment of 
sustainable groundwater abstraction. 

This thesis discusses current indicators, their challenges, and potential solu-
tions. One of the indicators proposed, AGWaRe, which evaluates Available 
GroundWater Remaining for other users, is based on the principles of an ex-
isting and internationally accepted indicator, AWaRe. AGWaRe is developed 
so that it can evaluate groundwater and be applied on a local scale. AGWaRe 
and other indicators include environmental groundwater requirement (EG-
WRs), recognizing that water abstraction affects ecosystems. Generally, EG-
WRs, and thereby existing indicators, are based on evaluating quantitative 
changes to stream flows and aquifer recharge, and they do not take into con-
sideration the effect on water quality caused by abstraction. To evaluate how 
groundwater abstraction affects groundwater quality, the correlation between 
drawdown and water quality was analysed based on data from 1900 – 2014 
for 28 well fields supplying water to Copenhagen. It showed that for these 
well fields the development in sulphate concentrations can indicate overall 
sustainable groundwater abstraction. Changes in sulphate concentrations in-
dicated that the water abstraction in the 1980s, when it was at its highest, was 
unsustainable, because sulphate concentrations were increasing steadily. The 
results highlight that groundwater abstraction has generally been sustainable 
at these well fields since the 1990s, because sulphate concentrations have 
been overall stable or decreased slightly. Recognizing that there is a limit to 
how much water can be abstracted from groundwater aquifers, if neither 
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streamflow nor groundwater quality should be changed in an unacceptably 
degree, the following definition for EGWRs is proposed “water from ground-

water resources needed to sustain flows, preserve groundwater dependent 
ecosystems and maintain good groundwater quality”. Hence, it is suggested 
to divide EGWRs in two categories, 1) EGWRflow, which is groundwater re-
served to sustain base flow in streams and groundwater-dependent ecosys-
tems and 2) EGWRwq, which is groundwater reserved to sustain water quality 
affected by water abstraction in the aquifers. The correlation between draw-
down and changed water quality was used to model a safe groundwater ab-
straction for Zealand, Denmark. A conditioned drawdown was applied in the 
aquifers to secure stable groundwater quality. It showed that there is more 
groundwater available for abstraction, however the actual abstraction should 
be redistributed to secure a stable groundwater quality in all aquifers. Hence, 
it was possible to evaluate a groundwater abstraction for both groundwater 
quantity and quality. In addition, several suggestions are made in terms of 
how the utilities and other stakeholders can use and implement the findings 
in their search for sustainable groundwater abstraction.  
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Dansk sammenfatning 
Grundvand er ofte en stabil, ren og vigtig kilde til drikkevand og mange steder 
en forudsætning for økonomisk vækst. 50% af befolkningen på verdensplan 
afhænger af grundvand. Mange steder truer forvaltningen af vandindvinding 
både grundvandskvantiteten og -kvaliteten. For at sikre den fremtidige vand-
indvinding er der brug for pålidelige evalueringsmetoder, der kan identificere 
påvirkninger fra grundvandsindvinding. Internationalt er der relevante meto-
der til at vurdere overordnet vandstress på stor skala. I takt med en forventning 
om, at virksomheder skal vurdere og formidle deres miljøpåvirkninger, er der 
kommet et behov for også at kunne vurdere påvirkningen af grundvandsind-
vinding på en lokal og mindre skala der er relevant for vandforsyninger. 

Dette PhD projekt foreslår nye indikatorer til at evaluere lokale påvirkning af 
grundvandsindvinding. Dernæst, undersøges sammenhænge mellem afsænk-
ning af vandspejl og ændring i vandkvalitet. Endeligt, udvikles en metode til 
at inkludere kvalitet i evalueringer af bæredygtig vandindvinding. 

Denne afhandling diskuterer nuværende indikatorer, deres udfordringer og de-
res potentialer. En af de foreslået indikatorer, AGWaRe, evaluerer, hvor meget 
vand der er til rådighed (Available GroundWater Remaining). Indikatoren er 
baseret på den internationale anerkendte indikator AWaRe. AGWaRe er udvik-
let til at være grundvandsspecifik, og til at kunne anvendes på lokal skala. AG-
WaRe og andre indikatorer indeholder en parameter for grundvandsbehov til 
miljøet (EGWRs) ud fra erkendelsen af, at grundvandsindvindingen påvirker 
økosystemer. Generelt fokuserer EWGR og dermed mange indikatorer på 
kvantitative ændringer af flows i vandløb og akviferer, mens der har været 
mindre fokus på ændringer i vandkvalitet. For at vurdere, hvordan indvinding 
påvirker grundvandskvaliteten, blev sammenhænge mellem afsænkning i 
vandspejl og vandkvalitet vurderet ud fra data fra 1900-2014 for 28 kildeplad-
ser, der leverer vand til København. Undersøgelsen viste, at udviklingen i sul-
fatkoncentrationen kan indikere, om indvindingen overordnet er bæredygtig på 
disse kildepladser. Ændringer i sulfat-koncentrationen indikerede, at grund-
vandsindvindingen i 1980’erne, hvor den var på sit højeste, var ikke-bæredyg-
tig på grund af stigende sulfatkoncentrationer. Resultaterne viser, at indvin-
dingen generelt var bæredygtig fra 1990’erne, fordi sulfatkoncentrationerne 
generelt har været stabile eller let faldende. Fra erkendelsen af, at der er en 
begrænsning for, hvor meget grundvand der kan indvindes, hvis hverken vand-
løb eller grundvandskvaliteten skal påvirkes i en uacceptabel grad, foreslås 
følgende definition for EGWRs: (Environmental groundwater require-
ments) ”vand fra grundvandsressourcer, der er nødvendige til at opretholde 
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strømninger, beskytte grundvandsafhængige økosystemer og sikre god grund-
vandskvalitet”. Følgelig, kan EGWRs opdeles i to kategorier 1) EGWRflow, der 
repræsenterer grundvand reserveret til at opretholde strømninger i vandløb og 
grundvandsafhængige økosystemer og 2) EGWRwq, der repræsenterer grund-
vand reserveret til at sikre grundvandskvaliteten, som er afhængig af grund-
vandsindvinding. Sammenhængen mellem afsænkning og ændret vandkvalitet 
blev brugt til at modellere en sikker grundvandsindvinding for Sjælland. En 
betinget afsænkning i akvifererne blev anvendt til at sikre en stabil grund-
vandskvalitet. Den viste, at der kunne indvindes mere vand, men at det forud-
sætter en omfordeling, hvis grundvandskvaliteten skal sikres i alle akviferer. 
Det var muligt at vurdere grundvandsindvindingen baseret på påvirkninger af 
kvantitet samt kvalitet. Desuden har projektet demonstreret, hvordan vandfor-
syningerne kan bruge disse indikatorer i deres indsats for at opnå en bæredyg-
tig grundvandsindvinding. 
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1 Introduction – Evaluating groundwater 
impacts 

1.1. Why is evaluating groundwater abstraction 
important? 

Groundwater is often a clean and reliant resource and is therefore important 
for drinking water around the world (IWA, 2014); in Europe, it constitutes half 
of all consumed drinking water (Völker and Borchardt, 2019). It is generated 
from precipitation through recharge to the subsurface, but it has different char-
acteristics to surface water, for example in terms of quantity and residence 
time. Groundwater resources are 100 times more voluminous than surface wa-
ter (lakes and river storage), and generally it has 1,000 times longer residence 
time than surface water (UNEP, 2008). Furthermore, groundwater renews at a 
slow rate compared to surface water and has the advantage of being less de-
pendent on seasonal precipitation and variations. It can be seen as a deposit 
that stores water for use when surface water is seasonal or unfeasible, and this 
deposit is constantly replenished. If groundwater abstraction does not exceed 
the rate of replenishment over a long time, there will be a constant resource 
available for use. With groundwater constituting an important share of drinking 
water and with long recharge rates, it is important to understand the impacts 
related to its abstraction, to secure future drinking water supply. 

Increased pressure on groundwater resources, due to increased water consump-
tion (Zektser and Everett, 2004), has sparked an interest in evaluating water 
impacts around the world, albeit often on a large scale (e.g. Boulay et al., 2017; 
Gleeson et al., 2012b; Merz, 2001). One study shows that overall there is suf-
ficient water for human needs, including agricultural, industrial and domestic 
water withdrawals (Steffen et al., 2015), which means that with current water 
use, freshwater is not scarce on a global scale. However, locally, there can be 
competing water needs between the domestic, agricultural, power systems, in-
dustrial and environmental sectors (Pereira-Cardenal et al., 2016; Töpfer, 
2003; Vörösmarty et al., 2010). Groundwater availability is not allocated ac-
cording to need, and in many places around the world, discrepancies are evi-
dent in both time and location. For example, in Brazil, 80% of surface flows 
are in the Amazonas, where just 9% of the population reside (Júnior et al., 
2019); consequently, the majority of Brazilians live in areas with poor water 
availability. There can also be discrepancies in timing throughout a year and 
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between years; for example, in California, rainfall is mainly in the winter, 
while the need for water and irrigation is mainly in the summer (Deitch et al., 
2016). Additionally, there can be large differences between yearly rainfall lev-
els, resulting in frequent droughts. On top of this issue, California experiences 
excessive groundwater consumption, which has led to devastating impacts 
(Faunt et al., 2016). As a result of such discrepancies, large constructions for 
transporting water have been built around the world; for example large 
aquaducts have been constructed to facilitate short and long term water trading 
across hundreds of kilometres in California, using groundwater as buffer stor-
age (Stokes-draut et al., 2017). Another example is the South-to-North Water 
Transfer project in China has a canal that is 1273 km long, with a design flow 
rate of 350 m3/s (Cui et al., 2011). Large differences in water availability exist 
within the nation scale, but also on the global scale between the global north 
and the global south, but they also prevail on a smaller local scale, for example 
in the case of Zealand in Denmark, and so the disparity between water availa-
bility and increased consumption highlights the importance of evaluating the 
availability of water resources.  

Over the last few decades, researchers have developed matrices to characterise, 
map and follow water scarcity on a global scale, showing discrepancies be-
tween water use and availability. These assessments are the basis for analysing 
of food security, economic growth and ecological status (e.g. EEA, 2018; ODI, 
2017; The World Bank Group, 2016), and so reliable and accurate assessments 
are required.  

Currently, there are a number of indicators for evaluating the impacts of water 
abstraction, and these are often based on water balance components, such as 
withdrawal-to-availability (WTA) (Alcamo and Henrichs, 2002), water stress 
indicator (WSI) (Smakhtin et al., 2004), etc. However, advances recently made 
with the water impact indicator Available-Water-Remaining, AWaRe (Boulay 
et al., 2017), have not been developed further for groundwater.  

Furthermore, international indicators focus on quantitative changes in flow, but 
groundwater abstraction should be assessed holistically based on the impacts 
on the groundwater resource itself, along with any effects on surface water 
quantity and quality and on aquatic ecosystems (European Union, 2000).  

Internationally, there are good indicators for evaluating general water stress on 
a large scale. However, currently, there are no holistic indicators that can as-
sess groundwater impacts on a local scale and which include both water quality 
and water quantity.  
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In Denmark, utilities need to evaluate local impacts on groundwater resources. 
Furthermore, water utilities in Denmark are required to benchmark their per-
formance between themselves, and therefore there is a need for water impact 
indicators that are applicable on a local scale. This study is based in Denmark, 
but the outcomes are relevant to other places in the world. 

1.2. Defining sustainable groundwater 
abstraction 

It is a complex task to define sustainable groundwater abstraction, but in the 
following, it means any abstraction that does not compromise the needs of 
other users, including future needs (Brundtland, 1987). In practice, a sustaina-
ble groundwater abstraction changes neither the quantity nor the quality of 
groundwater resources. Furthermore, sustainable groundwater abstraction 
leaves sufficient amounts of water for ecosystems above ground. However, in 
reality a groundwater abstraction will always lead to changes. The question, is 
how much is acceptable?  

This PhD focuses on the groundwater resource and works from the perspective 
that inflows to and outflows from the groundwater resource should be in bal-
ance. Without abstraction (pristine conditions), the system is in balance and 
what flows in equals what flows out and changes in storativity. Some of the 
groundwater flowing out is used for environmental needs (EGWRs). Introduc-
ing abstraction will increase the inflow, or groundwater recharge (GWR), and 
decrease EGWRs. The hydrological balance also affects the geochemical state 
of aquifers (Appelo, 1994; Currell et al., 2010; Kinniburgh et al., 1994), and 
so excessive abstraction can lead to insufficient water in streams and changes 
in groundwater quality. 

1.3. Impacts related to groundwater abstraction 
Groundwater abstraction has numerous impacts on the groundwater resource, 
such as depletion (Hasan et al., 2018; Konikow, 2015), with one severe exam-
ple being in the central and southern High Plains, USA, where low recharge 
has resulted in aquifer overexploitation of 330 km3 groundwater, which was 
recharged during the past 13,000 years (Scanlon et al., 2012). Most of the major 
aquifers in the world’s arid and semi-arid zones are experiencing rapid rates of 
groundwater depletion (Famiglietti, 2014), which potentially contribute to sea-
level rise (Konikow and Kendy, 2005). Declining water tables are seen around 
the world as a consequence of groundwater abstraction (Lashkaripour and 
Ghafoori, 2011; Luczaj et al., 2017; Whittington and Price, 2006), for example 
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in Pakistan, where unplanned groundwater exploitation, through various ill-
formed and inappropriate polices, resulted in alarming declines in groundwater 
levels of up to 75 m between 1980 and 2008 (Khair et al., 2012). Changed 
stream flow is also a common concern surrounding groundwater abstraction 
(Bradley et al., 2014; Kirk, S.; Herbert, 2002; Mccallum et al., 2013; Richter 
et al., 2012), whilst changes in water quality are also a consequence of ground-
water abstraction (Andersen et al., 2001; Morris et al., 2003). Finally, in severe 
cases, groundwater abstraction can result in land subsidence (Guo et al., 2015; 
Tularam and Krishna, 2009), for example up to 9 m locally in the Central Val-
ley, California, in the early 1980s, leading to historically low groundwater lev-
els and groundwater storage losses (Faunt et al., 2016). 

Numerous factors must be considered when determining sustainable ground-
water abstraction, for example carbon emissions (Karimi et al., 2012), electric-
ity consumption (Sanjuan-Delmás et al., 2015) and material demands (Faragò 
et al., 2019). However, this PhD focus on impacts on groundwater resources, 
since there are already systematic, well-documented and consistent methods 
for evaluating other environmental impacts (lifecycle assessments).  

1.4. Challenges of assessing groundwater 
impacts  

Water impact indicators have a tendency to focus on surface water, which 
might be due of the following: 

 Groundwater is difficult to delineate. Groundwater, surface water and evap-
otranspiration are integrated and dynamic, which makes it difficult to define 
clear boundaries. Surface water is easier to delineate as a function of climate, 
topography and in- and outflows. 

 Groundwater is closely integrated with surface water and may be considered 
a de facto part of the surface water cycle. However, the institutions manag-
ing and legislating them are typically not integrated. 

 The impacts on groundwater occur on a timescale extending over decades, 
which makes it difficult to identify stress at specific points in time. On the 
other hand, stream flows and surface ecosystems are often affected on a 
shorter timescale. 

 It is expensive to obtain good knowledge of our subsurface, which leads to 
high uncertainties in how groundwater actually flows – and thereby high 
uncertainty connected to evaluations of groundwater impacts. 
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It is important to overcome these challenges, because groundwater constitutes 
a significant source of drinking water, and hence there is a need for reliable 
information on how to maintain the groundwater resource useful for the future. 

1.5. Objective 
The aim of this PhD is to assist local planning for sustainable groundwater 
abstraction, and water utilities in their work towards obtaining reliable, trans-
parent and acceptable groundwater impact indicators. This included advancing 
existing groundwater impact indicators and challenging the quantification of 
EGWRs. This thesis and associated articles seek to answer the following ques-
tions:   

 Could a state-of-the-art water impact indicator be advanced to be applicable 
to groundwater on a local scale? 

 How does groundwater abstraction change quality in the long term? 

 Can the exploitable groundwater resource be quantified considering ground-
water quality? 

1.6. Structure of the thesis 
This thesis consists of the following chapters: 

- Chapter 2 explains water supply in a Danish context. 

- Chapter 3 presents the DK-model and its limitations. 

- Chapter 4 discusses different groundwater impact indicators. 

- Chapter 5 investigates how water abstraction and water quality are con-
nected. 

- Chapter 6 deals with the quantification of EGWRs. 

- Chapter 7 presents suggestions for application.  

- Chapter 8 summarises the conclusions of this thesis.  

- Chapter 9 outlines future work and perspectives. 
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2 Water supply in a Danish context 
Danish water supply is based on a decentralised supply structure consisting of 
common utilities and private wells. There are 2,600 common utilities, each 
supplying more than 10 households (FRI, 2016), and they are owned either by 
the municipalities (called public utilities) or by cooperatives. Furthermore, 
there are approximately 50,000 private or non-common water suppliers. Total 
water abstraction in Denmark is approximately 650 million m3/year (GEUS, 
2017), and out of this figure, the water supply accounts for 360 million m3/year, 
mainly from the public water utilities with 97% (FRI, 2016). Out of the 2,600 
common water utilities, only 222 produce more than 0.2 million m3/year of 
water. Moreover, water use has decreased in Denmark over the last 30 years; 
for example, it decreased by 40% from a yearly consumption of 63 m3/person 
in 1987 to 38 m3/person in 2017 (DANVA, 2018). 

2.1. Water supply for Greater Copenhagen 
The papers in this PhD have studied the water supply system on Zealand. The 
larger utilities account for the majority of water abstraction in Denmark 
(GEUS, 2017), and they abstract water from well fields that typically consist 
of multiple wells ‘on a string’ or in a certain area (Figure 1). On Zealand, the 
majority of the water is abstracted from limestone aquifers, and water from the 
wells is pumped to a collection station, from where it goes to a waterworks and 
is typically treated with aeration and filtration before distribution to consum-
ers. 

2.2. Benchmarking 
Water utilities acquire abstraction permissions from the municipalities, who in 
turn have to follow the state’s water plans. Laws about sector organisation and 
economy apply to any utilities producing more than 0.2 million m3/year. The 
Danish Competition and Consumer Authority governs the economic frames 
and sets targets to improve water utility efficiency. 

Each year, the Danish Water Supply Association (for the common utilities) 
publishes a report of statistics and benchmarks for drinking water (DANVA, 
2018). Besides benchmarking water costs, the utilities are compared on nutri-
ent discharges from wastewater treatment plants, water losses, numbers of mi-
crobiological control tests, rates of renewal for the distribution system, break-
ages in the pipe system, operating times and, finally, energy consumption and  
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Figure 1: Area of Greater Copenhagen, including HOFOR’s well field and a close-up of 
Hørup as a typical example. A geological profile of some of the wells at Hørup is also pro-
vided. Adapted from Gejl et al. (II & III). 

production. To date, however, there is little focus on environmental impacts on 
the resource, water quality and stream flow. Groundwater impacts should be 
included in benchmarking, to ensure that utilities are compared based on, 
among others, their impacts related to their main resource use. Furthermore, 
the possibility of quantifying impacts on the environment can assist water util-
ities when they need to justify varying water prices between regions; for ex-
ample, difficult resource conditions may warrant additional costs for water pro-
vision. 

2.3. River Basin Management Plans 
The EU Water Framework Directive is formulated to protect water bodies from 
the negative impacts of human water use (European Union, 2000), and it is 
implemented at the national level through the River Basin Management Plans 
(Naturstyrelsen, 2015). A key focus is holistic water resource management, 
which involves an integrated assessment of water quantity, quality and physi-
cal and ecological conditions. This means that the impacts of groundwater ab-
straction should be assessed based on the impacts on the groundwater resource 
itself, along with effects on surface water quantity and quality and on aquatic 
ecosystems. 
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3. Hydrological models 
Hydrological models are a strong tool for understanding the complexity of 
groundwater flows and are often used for analysing such resources (e.g. 
Alcamo et al., 2003; Pastor et al., 2014; Scherer et al., 2015; Schmied et al., 
2014).  

3.1. DK-model 
In Denmark, the national DK-model describes the main parts of the freshwater 
cycle, such as precipitation, evaporation, surface runoff, groundwater recharge, 
drainage and groundwater discharge into streams, lakes and the sea (GEUS, 
2009; Højberg et al., 2008). The model is designed to evaluate water balance-
related questions, for example groundwater resource exploitation, and it can 
evaluate water balances on the national scale to the catchment scale (Klint et 
al., 2013). The model is divided into several sub-models, with one sub-model 
for Zealand, which was used in Gejl et al. (III). 

The model uses data from the Danish national geo-database JUPITER (GEUS, 
2019), spanning from January 1990 to August 2013 (Højberg et al., 2015). Gejl 
et al. (III) evaluated for the period January 2003 to December 2012, to avoid 
misrepresentations of water balances at the beginning of the model period. 

The geological model for Zealand is built on a 100 x 100 m grid using layers 
and lenses for distributing the geological structures, and the calculation layer 
model is set up on a 500 x 500 m grid (Klint et al., 2013). Model calibration is 
described in Højberg et al. (2015). 

3.2. Limitations of the DK-model 
The model calculates the piezometric head for an area rather than a specific 
point. Furthermore, there are some differences between the numerical and the 
Theis solution (Figure 2), and therefore we expect some discrepancies between 
the modelled and observed piezometric head. Additionally, the piezometric 
head at a given point is complex and can be influenced by local geological 
structures. Gejl et al (III) observed differences between the modelled and the 
piezometric head, but it was within the top score for performance criteria when 
considering the goodness of hydrological models (Henriksen et al., 2003). 

Another issue that can lead to discrepancies lies in the fact that the DK-model 
is based on average abstractions per year, whereas in reality there can be large 
variations in actual abstractions at a well field. 
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The early version of the JUPITER database had incorrect data on water ab-
straction; however, many data have been corrected and the lacking abstraction 
is evaluated to constitute approximately 24 million m3 in 2017 (GEUS, 2017). 

 

Figure 2: Numerical and modelled drawdown (Sonnenborg and Henriksen, 2005). 

Furthermore, the model is designed to handle water balances on a catchment 
scale (Klint et al., 2013), which means that it cannot be used, for example, to 
evaluate contamination transport. 
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4. Groundwater impact indicators 

4.1. Existing water impact indicators 
Methods for quantifying water impacts have been discussed widely (for 
example Hoekstra, 2016; Nunez et al., 2016; Pfister et al., 2017). Evaluating 
impacts from water abstraction is often based on components of the water bal-
ance, e.g. withdrawal-to-availability, WTA (Alcamo and Henrichs, 2002), Wa-
ter Stress Indicator (WSI) (Smakhtin et al., 2004), Water Stress Index (WSI-

index) (Pfister et al., 2009), groundwater footprint (Gleeson et al., 2012b), Avail-
able-Water-Remaining, AWaRe (Boulay et al., 2017) and Available-Ground-
Water-Remaining, AGWaRe (Gejl et al. (I)) (Table 1). These indicators repre-
sent a change in the physical system, for example less water available for other 
users. Another approach is the water footprint, which is based on a quantifica-
tion of water needed for a product, including water to grow inputs (blue and 
green water footprint) and water needed to dilute possible contaminations (grey 
water footprint) (Hoekstra et al., 2009). 

Several of these indicators include environmental water requirements (EWRs) 
to secure water for sustaining flow, maintain wetlands, etc. (International River 
Foundation, 2007). EWRs are based typically on generic definitions of the wa-
ter balance, with little consideration given to specific ecosystems or geograph-
ical differences, and they can therefore contribute to misleading quantifications 
of impacts.  

The abovementioned models have a coarse scale and are usually not calibrated 
or validated locally, and they will often entail large uncertainties on the local 
scale. Another implication is that generally these indicators focus on surface 
water (e.g. Smakhtin et al., 2004) or a combination of surface water and 
groundwater (e.g. Boulay et al., 2017), which can lead to misrepresentations 
of groundwater impacts (Gejl et al. (I)).  

To overcome the focus on surface water and the large-scale perspective, an 
indicator to assess groundwater impact, AGWaRe, which evaluates the Availa-
ble GroundWater Remaining was proposed (Gejl et al. (I)). It was developed 
based on the state-of-the-art indicator AWaRe (Boulay et al., 2017). Further-
more, another indicator was developed, namely Distance to Sustainable Con-
ditions (DSC), which is similar to AGWaRe, albeit in relation to a quantified 
sustainable abstraction, as discussed later. The indicators developed in this pro-
ject have different foci, and they can be used individually or in a complemen-
tary manner. 
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Table 1: Indicators for evaluating water use. WU is water use, GWU is groundwater use, WR is water recharge, EWRs is environmental water 
requirements, WF is water footprint, GF is groundwater footprint, GWR is groundwater recharge and EGWRs is environmental groundwater 
requirements. The measure indicates whether the calculation is based on a relative measure (the share of used water) or an absolute measure (how 
much water). 

 Indicators Approach Measure Considering 
impacts on 

Water resource 
in focus 

References 

WTA 𝑊𝑇𝐴
𝑊𝑈
𝑊𝑅 

Water balance Relative Quantitative 
flows 

Surface water (Alcamo and 
Henrichs, 2002) 

WSI 𝑊𝑆𝐼
𝑊𝑈

𝑊𝑅 𝐸𝑊𝑅 
Water balance Relative Quantitative 

flows 
Surface water (Smakhtin et al., 

2004) 

WSIindex 𝑊𝑆𝐼
1

1 𝑒 . ∙ ∙ .
 

Water balance Relative Quantitative 
flows 

Surface water (Pfister et al., 
2009) 

Water Footprint 𝑊𝐹 𝑊𝐹 𝑊𝐹 𝑊𝐹  

 

Quantity Absolute Quantitative 
flows and quality 

Surface water and 
groundwater 

(Hoekstra et al., 
2009) 

Groundwater 
Footprint 𝐺𝐹

𝑊𝑈
𝐺𝑊𝑅 𝐸𝐺𝑊𝑅

 
Water balance Relative Quantitative 

flows  
Groundwater (Gleeson et al., 

2012b) 

AWaRe 𝐴𝑊𝑎𝑅𝑒
𝐴𝑀𝐷

𝐴𝑀𝐷
,  

𝐴𝑀𝐷 𝑊𝑅 𝑊𝑈 𝐸𝑊𝑅 

Water balance Absolute Quantitative 
flows 

Surface water and 
groundwater 

(Boulay et al., 
2017) 

AGWaRe 
𝐴𝐺𝑊𝑎𝑅𝑒

𝐴𝑀𝐷
𝐴𝑀𝐷 ,  

𝐴𝑀𝐷 𝐺𝑊𝑅 𝐺𝑊𝑈 𝐸𝐺𝑊𝑅 

Water balance Absolute Quantitative 
flows (and pos-
sibly quality) 

Groundwater (Gejl et al. (I)) 

DSC 𝐷𝑆𝐶
𝐴𝑀𝐷
𝐴𝑀𝐷

,  

𝐴𝑀𝐷 𝐺𝑊𝑅 𝐺𝑊𝑈 𝐸𝐺𝑊𝑅 

Water balance Absolute Quantitative 
flows and quality 

Groundwater (Gejl et al. (III)) 
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4.1.1. AWaRe, an indicator of water impact 
To address the need for including impacts on water resources in life cycle as-
sessments (LCAs), a working group within the UNEP-SETAC Life Cycle Ini-
tiative, WULCA, had the objective of developing a consensus-based indicator 
for water use impact assessments (Boulay et al., 2017). The outcome of the 
project was AWaRe, which is a quantification of the relative Available Water 
Remaining per area once the demands of humans and aquatic ecosystems have 
been met. Whereas earlier indicators (e.g. WTA and WSI) are based on metrics 
relative to use, AWaRe represents absolute availability per surface unit, which 
conveys information of how much water is available (Boulay et al., 2017). 
Hence, it complies with the general understanding that relative water abstrac-
tion does not necessarily indicate stress. For example, some areas can easily 
abstract larger shares of their water without large impacts, because the resource 
is abundant locally. Conversely, in other places, a small amount of abstracted 
water can have a large effect. Another modification was that the impact in-
creases in line with increasing consumption until a cut-off point is reached 
(Boulay et al., 2017). This idea fits well with the general understanding that 
the closer the combined abstraction is to the upper limit of sustainable abstrac-
tion the more severe that abstraction is.  

Data for AWaRe are conducted on grid cells of 0.5° by 0.5° in size (Schmied 
et al., 2014) (a geographical coordinate system, which compares to approxi-
mately 3025 km2 near to the equator or approximately 1770 km2 in Denmark), 
which is too large to support local challenges, for example where to place a 
new well field with minimum impacts. 

AWaRe is a broad indicator, and it includes both surface water and groundwa-
ter. This is interesting for global and overall analyses, for example for mapping 
impacts related to the production of goods causing impacts at multiple loca-
tions across the world. However, when trying to understand the impact of 
groundwater abstraction from a water utility, AWaRe can be somewhat impre-
cise in terms of local impacts (Gejl et al. (I)). 

4.2. Life cycle assessment of water use 
With the world becoming more globalised and complex, along with the long-
term impacts of human consumption, there is a growing need for systematic, 
transparent and consistent assessments to evaluate advantages and disad-
vantages, in order to compare between different options and to guide choices. 
Sustainability is typically divided into three elements, namely social, economic 
and environmental, while sustainable development is interpreted as the ability 
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to meet current needs without compromising future needs (Brundtland, 1987). 
This definition gives guidance on ethics but little assistance on how to priori-
tise between different options. Within environmental sustainability, LCAs 
serves as a tool to compare different products, by assessing environmental im-
pacts associated with all stages of a product’s life cycle, from raw material 
extraction through materials processing, manufacture, distribution, use, 
maintenance and disposal (European Commission, 2010). Recently, LCAs 
have also been used to compare systems that serve a function, for example 
stormwater management systems or water supply systems (e.g. Brudler et al., 
2016; Godskesen et al., 2012, 2011; Leung et al., 2017). LCAs can help under-
stand and quantify impacts. Due to the original focus on products, attention has 
rested mainly on energy, chemical consumption and toxic emissions (Berger 
and Finkbeiner, 2010a). Hence, a development in impact indicators is needed 
to assess systems and water use. To overcome this hurdle, several system LCAs 
have included additional impact indicators (e.g. Faist Emmenegger et al., 2011; 
Faragò et al., 2018; Godskesen et al., 2013). Over the last decade, life cycle 
impact assessment methods have been developed to include water use effects 
along with other environmental impact categories, with the LCA framework 
being adopted in the ISO standard on water foot-printing (ISO 14046 2014). 

4.2.1. A frame for linking impacts on the water resources with 
areas of protection 

Water has some characteristics that make it difficult to include in an LCA. 
First, it fits into several Areas of Protections (AoPs) (natural resources, human 
health and ecosystem quality) and can therefore risk double-counting, since it 
serves as a resource (e.g. for drinking water), as an environment (e.g. for stream 
ecology), and when drinking water is polluted or it is too scarce, it can affect 
human health. Second, both quantity and quality affect water resources and 
water-dependent environments. As a resource, it exists in all three types of 
resources: flow, fund and stock. Pradinaud et al. (2018) suggest a framework 
for including impacts as freshwater resources protection (that affects future 
generations), as well as short-term impacts that affect the AoP’s ecosystem 
quality and human health directly. Pradinaud et al. also suggest impact path-
ways linking irreversible changes in freshwater resources to the AoP natural 
resource and short-term impacts on AoP human health and ecosystems, based 
on a recovery period duration. 
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4.3. New indicator for groundwater impact: 
AGWaRe 

The AGWaRe indicator was proposed in order to assess groundwater impacts 
(Gejl et al. (I)). It is groundwater-specific and can be applied on smaller scales, 
and is inspired by AWaRe (Boulay et al., 2017). Gejl et al. (III) applied several 
scales to evaluate AGWaRe with median size ranging from 0.25 to 982 km2.  

There is generally an agreement on assessing impacts related only to ‘con-
sumptive water use’ (Berger and Finkbeiner, 2010b; Hoekstra et al., 2009; 
Kounina et al., 2012) rather than abstracted water, because sometimes part of 
the abstracted water is returned within the same catchment area without any 
alterations to quality and therefore risks double-counting (Jeswani and 
Azapagic, 2011). This reasoning is valid for surface water, but for groundwater 
that is discharged in the same catchment area, there can be a large gap in time, 
and it is therefore not readily available. There are some special cases of ground-
water replenishment (Vries, 2020), but these are not used in Denmark. Hence, 
water abstraction is regarded as consumptive water use in these studies. 

AGWaRe is based on the parameter AMDaquifer (Availability-Minus-Demand for 
the aquifer) compared to a reference AMD (Gejl et al. (I)). Similarly to AWaRe 
(Boulay et al., 2017), the reference is chosen to represent the largest scale pos-
sible with the data. For AWaRe, this is the average global AMD, and for AG-
WaRe this is AMDaquifer for Zealand. In accordance with AWaRe, the results for 
AGWaRe represent how stressed the studied area is, compared with the refer-
ence. 

4.3.1. Importance of focusing on groundwater 
The different characteristics mentioned in subsection 1.4 herein make it diffi-
cult to obtain relevant and precise indicators when combining these water re-
sources, and therefore it is important to have groundwater-specific indicators. 
Assessing water stress on Zealand with AWaRe, the calculated impacts contrast 
the expected impacts related to water abstraction (Gejl et al. (III)), one reason 
for which could be that AWaRe evaluates the combined impacts on surface 
water and groundwater.  

4.3.2. Scale considerations 

Scale is a determining factor for impact assessments, and it should be analysed 
and harmonised (Boulay et al., 2015; Hybel et al., 2015). Not only will the 
scale change the quantities of the components, and thereby the results of impact 
assessments (4.6 Setting boundaries for groundwater impact assessments), 
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but the scale also demonstrates different representations of groundwater be-
haviour (Figure 3). For example, it affects how the impacts of groundwater 
abstraction are perceived. Evaluating impacts for a grid scale, the abstraction 
in a grid cell with little abstraction is not perceived problematic per se. How-
ever, if located next to a grid cell where water abstraction is much greater than 
groundwater recharge, in reality, the groundwater will be ‘dragged in’ from 
outside the grid cell, and hence the impact has a larger extent than the impacted 
grid cell and may affect the area of the grid cell with the small abstraction. On 
the other hand, evaluating on a large scale, for example river basin or AWaRe 
grids, abstraction will indicate an equal impact within the whole unit, meaning 
that the calculated effect of water abstraction will influence the groundwater 
system more than 100 km away. 

 

Figure 3: Different scales used to assess water abstraction in Gejl et al. (III), and the AWaRe 
scale (b). 

Five consistent scales for assessing water abstraction were used (Gejl et al. 
(III)), and they were chosen in spite of neither being groundwater specific nor 
being typically used by utilities, except for when they analyse impacts on sur-
face water. The scales used by utilities for assessing groundwater abstraction 
are constant in neither time nor space, and they depend on abstraction (e.g. 
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groundwater catchment area), and for this project it was important that the 
scales were consistent in this regard. 

It is important to choose the scale carefully, and harmonisation thereof is es-
sential for comparing studies. It would be interesting to have a systematic ap-
proach for choosing the scale, but to our knowledge this has not been formu-
lated to date. For now, the scale should be chosen based on a discussion of 
objectives and possibilities. Depending on the objective of the assessment, sev-
eral different scales and indicators are relevant (Table 2). 

Table 2: Goal, scale and indicators for groundwater impact assessments. 

Goal Scale Indicators 

Understand local water availability 
and stress 
Local water management 

Well field/local groundwater 
demarcation 

WTA  
WSI  
AGWaRe 
DSC 

Compare between well fields 
Regional water management 

Regional WTA  
WSI  
AGWaRe 
DSC 

Compare between regions 
Prioritise location for production 
within a nation 

National WTA  
WSI  
AGWaRe 
DSC 
AWaRe  

Understand stress across global pro-
duction chains 
Prioritise location for production be-
tween nations 

International WTA  
WSI  
AWaRe  
Groundwater 
footprint 
Water Footprint 

One of the objectives was to formulate an impact assessment where the scale 
could be chosen according to purposes, to ensure the relevance for multiple 
stakeholders and so that future improvements in groundwater demarcations can 
be implemented rapidly. 

4.3.3. Data needs and limitations 

Many of the formerly mentioned impact indicators (e.g. Boulay et al., 2017; 
Pfister et al., 2009; Smakhtin et al., 2004, Alcamo et al., 2003) are based on 
global assessments of water use and availability. This provides the advantage 
of having assessments based on uniform global data, therefore allowing for 
comparisons. However, many places have invested substantial resources in ob-
taining an improved understanding of and data on groundwater resources, 
which are not exploited in these assessments. Moreover, underlying input data 
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have a significant influence on the indicators (Boulay et al., 2015), and there-
fore it is desirable to use the best available information.  

AGWaRe for aquifers on Zealand shows that the scales have a large impact on 
understanding of water stress (Figure 4). For example, two-thirds of the River 
basins had a groundwater impact corresponding to at least 50 times the ground-
water stress for Zealand in general (Figure 4.a), where for ID15 catchment ar-
eas it was on 23% (Figure 4.c). 

Figure 4: AGWaRe for aquifers on different scales on Zealand: a) river basin, 
b) river catchment, c) ID15 scale and d) model grid. Based on data from Gejl 
et al. (III). 

There are some limitations to AGWaRe. First, it requires good groundwater 
data to give a reasonable assessment. In Denmark, AGWaRe can be based on 
the DK-model, but areas outside Denmark that do not have a similar under-
standing of groundwater interaction are restricted from applying AGWaRe. For 
example, regions with generally high water consumption and little water avail-
ability (e.g. tropical areas) sometimes have scarce data and little understanding 
of the groundwater resource (Tafesse et al., 2018; Wu et al., 2011). Second, 
accessibility (everyone can perform and evaluate an AGWaRe) can potentially 
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result in some unreliable results, if performed without appropriate knowledge 
and suitable data. This in turn can lead to mistrust in the indicator. Third, the 
use of diverse data sources complicates comparability. However, knowledge 
gaps, data gaps and especially diverse data sources and definition are chal-
lenges for all water impact indicators. 

4.4. New indicator for groundwater impacts: 
distance to sustainable conditions 

The indicator Distance to Sustainable Conditions (DSC), which relates AMDaq-

uifer to a sustainable AMDaquifer, was proposed by Gejl et al. (III). DSC is also 
dependent on scale (Figure 5). 

 

Figure 5: DSC for different scales on Zealand: a) river basin, b) river catchment, c) ID15 
scale and d) model grid. Sustainable abstraction is found for a maximum allowed drawdown 
of 3 m in all currently used wells. Based on Gejl et al. (III). 

DSC indicates how far the abstraction is away from sustainable abstraction, 
and it is cut-off below 1 and above 100, with locations where abstraction is 
higher than the sustainable abstraction (negative values) are assigned the max-
imum value in this regard. In accordance with AGWaRe, DSC is defined so that 
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high values indicate high stress, and generally, there is good agreement be-
tween AGWaRe (Figure 4) and DSC (Figure 5).  

4.5. Different indicators, different objectives 
Different indicators have different objectives. All of the indicators mentioned 
herein aim at evaluating the impact on water resources, but they differ in their 
foci: AWaRe, AGWaRe and AMD aim at comparing stress between different 
locations (Gejl et al. (I)), and AWaRe was developed specifically to be inte-
grated into LCAs (Boulay et al., 2017) and therefore relates the studied area to 
an average of the actual impacts rather than pristine conditions. However, it 
does not always translate directly to a measure of whether it is sustainable. 
DSC aims to establish an absolute measure of how far the abstraction is away 
from a sustainable condition and therefore relates to an evaluated sustainable 
abstraction rather than the actual abstraction (Gejl et al. (III)).  

The aim of LCAs is to assess effects on the environment, in order to compare 
and improve impacts associated with products. Usually, LCAs relate to actual 
conditions rather than sustainable conditions (Guinée et al., 2001). Parts of the 
LCA community now suggest relating impacts to sustainable boundaries, or 
so-called “planetary boundaries” (Bjørn et al., 2015; Bogardi et al., 2013; 
Gerten et al., 2013). An evaluation of human consumption within planetary 
boundaries shows that freshwater use is within a ‘safe operating space’, mean-
ing that there is a low risk of human-induced destabilisation of the earth’s sys-
tem on the planetary scale (Steffen et al., 2015). Planetary boundaries are rel-
evant for some resources; however for water, locally, there are many places 
with human-induced water scarcity (Haddeland et al., 2014; Unesco and 
United, 2009). DSC is a suggestion for incorporating local sustainable bound-
aries in the impact assessment.  

4.6. Setting boundaries for groundwater impact 
assessments 

In order to obtain reliable indicators that quantify equal impacts, the included 
parameters should be uniformed and agreed upon, since they influence signif-
icantly the outcome of the indicator.  

Scale, or spatial resolution, is a determining factor for the outcome of impact 
assessments (Gejl et al. (I & III)); for example, quantifying AMD for grid scale 
or ID15 scale will influence the perceived extension of the impact (4.3.2 Scale 
considerations). The choice of geographic scales influences the assessment 
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also, leading to ambiguous conclusions from the quantification of freshwater 
impacts at local, regional and national levels (Hybel et al., 2015). How the 
scale influences results is demonstrated in Figure 6 (AMD for model grid & 
AMD for ID15).  

Similarly, the boundary for groundwater recharge is a determining factor in 
impact assessments (exemplified by Full groundwater system & Limestone Aq-
uifers in Figure 6). Based on whether one perceives the groundwater resource 
as the Full groundwater system (the water going from unsaturated zone to sat-
urated zone) or as the Limestone aquifers, the choice will lead to different 
quantifications of both groundwater abstraction and recharge (Figure 6). The 
work in this PhD shows the importance of focusing on aquifers, when possible, 
to ensure that groundwater availability relates to the groundwater resource. 

4.6.1. Groundwater recharge boundary 

Groundwater recharge is defined as a vertical flow over a boundary, and three 
delineations were tested (Gejl et al. (III)): 

- GWRinf (net infiltration from an unsaturated to a saturated zone) 
- GWRaquifer (recharge to the aquifer) 
- GWRnet, aquifer (net recharge, including both recharge and discharge) 

In order to compare between different locations or assessments, it is crucial to 
have similar GWR delineations. Groundwater recharge boundaries can have a 
decisive effect on the quantification of GWR, whereby GWR for the actual ab-
straction differs by a factor 10 and abstraction by less than a factor 2 between 
the different delineations (Figure 3 in Gejl et al. (III)).  

The different delineations each have their advantages. GWRinf boundaries, for 
instance, are close to the ground and therefore closest to how streams are de-
fined. Hence, the impacts on streams will be most transparent through this def-
inition. GWRaquifer boundaries represent recharges to the aquifer and are there-
fore closer to indicating how much water is available in the aquifer. GWRnet, 

aquifer represents how much water has been recharged to the aquifer, after sub-
tracting groundwater discharges, and so this definition is closer to representing 
how much water is available for groundwater abstraction after groundwater 
discharge.  
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Figure 6: Groundwater abstraction, groundwater recharge and AMD for model grid and ID15 
catchment areas for two delineations of the groundwater system: 1) full groundwater system 
and 2) limestone aquifers. Groundwater abstraction and groundwater recharge are found for 
actual abstraction (2003-2012), and AMD is found for a conditioned drawdown of 3 m in the 
aquifer. Based on data from Gejl et al. (III). 
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Since the objective in Gejl et al. (III) was to evaluate impacts in the aquifer 
related to groundwater abstraction, it was argued that one of the delineations 
for the aquifer should be applied. Thus, with the intention that the indicator 
should reflect groundwater availability, GWRnet, aquifer was used in Gejl et al. 
(III). 

How to set the boundaries of the groundwater system and define the scale in 
reality is not discussed extensively in the literature, but they are determining 
for the outcome of the impact assessments. Hence, a discussion about ground-
water systems boundaries, in order to ensure uniform parameters and reliable 
indicators, is recommended. 
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5. Water quality influenced by groundwater 
abstraction  
Abstraction can change groundwater quality. For example, aquifers in the UK, 
suffering from long-term abstraction, developed poor-quality groundwater as 
a result of pyrite oxidation (Kinniburg, Aldous, Oshea 1993). In addition, 
coastal regions have experienced saltwater intrusion, resulting in a significant 
deterioration in water quality, for example in Australia, Italy and Libya 
(Alfarrah et al., 2017; Grassi et al., 2007; Tularam and Krishna, 2009). On the 
Eskisehir Plain area in Turkey, groundwater did not meet drinking water qual-
ity standards, due partly to excessive abstraction causing polluted surface water 
to infiltrate aquifers (Baba, 2006). Moreover, in aquifers, groundwater abstrac-
tion sometimes causes free oxygen in former saturated zones, and the resulting 
oxidation of pyrite can produce high sulphate concentrations, low pH levels 
and enhanced heavy metal content, such as Ni, Co, As and Zn (Andersen et al., 
2001; Larsen and Postma, 1997). 

5.1. Understanding aquifer deterioration from 
long-term water quality changes 

From a utility perspective, water quality affects the suitability of a resource for 
utilisation, so it is important to ensure stable water quality. Hence, Gejl et al. 
(II) wanted to go beyond a focus on the quantitative changes of flows and un-
derstand how abstraction affects groundwater quality. The hypothesis was that 
long-term excessive water abstraction will worsen water quality, thus indicat-
ing an unsustainable practice. Since groundwater abstraction has different im-
pacts in different places, it was the correlation between drawdown (changes in 
potentiometric head) and water quality that was investigated (Gejl et al. (II)).  

5.1.1. Sulphate as an indicator of aquifer health 

Former studies have shown increased sulphate concentrations related to 
groundwater abstraction (Andersen et al., 2001; Larsen and Postma, 1997). 
Trends and patterns in abstraction, potentiometric head and water quality pa-
rameters were assessed for 28 well fields supplying Copenhagen’s water util-
ity, from data spanning from 1900 to 2014. Long time series can give a unique 
understanding of trends in an aquifer (e.g. Figure 7). Analysing a wide range 
of water quality parameters allowed us to find the parameter that had the high-
est correlation with drawdown. For the studied well fields, one water quality 
parameter stood out, with sulphate concentrations increasing for 25 out of 27 
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well fields (Gejl et al. (II)). With sulphate clearly responding to drawdown, it 
is regarded as a relevant indicator for aquifer health in areas similar to those 
investigated. For other places in Denmark or internationally, it would be inter-
esting to investigate if other parameters are relevant, such as chloride indicat-
ing saltwater intrusion (Werner et al., 2012). 

 

Figure 7: Water quality parameters, plotted with the potentiometric surface and abstraction 
for the Hørup well field. Based on data from Gejl et al. (II).  

Several factors influence sulphate concentrations. For example, to reach levels 
above background concentrations, there has to be 1) pyrite present in the hy-
drogeology and 2) oxidisers, which can derive from oxygen or nitrate. Hence, 
both the hydrogeology and the water quality of the infiltrating water can influ-
ence sulphate concentration. If neither pyrite nor oxidisers are present, sulphate 
concentrations will be low (for example the Æbelholt well field in Gejl et al. 
(II)). Oxidisers can come from several sources. Nitrate in groundwater can be 
a by-product from fertilisers. Free oxygen in former saturated zones can be 
caused by abstraction management in the form of 1) a lowering of the ground-
water table above the aquifers (and the produced sulphate is transported down-
wards with the recharge) and 2) by lowering the groundwater table below the 
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top of the aquifer or by ‘windows’. Hence, sulphate concentrations are a con-
sequence of processes not only in the aquifer, but also in the catchment area of 
the aquifer. 

5.1.2. Understanding backward trends provides guidance for 
future management  

In order to understand future conditions in the environment, one can evaluate 
impacts related to past pressures (Gleeson et al., 2012a; Wada and Bierkens, 
2014). Defining continuous changes in water quality as unsustainable, due to a 
risk that the water quality may not stabilise within a tolerable level, water ab-
straction before the 1980s, when at its highest alongside drawdown, can be 
considered unsustainable, because sulphate concentration increased (Gejl et al. 
(II) and Figure 7). After the 1980s, following a decrease in water abstraction 
and drawdown, overall sulphate concentrations stabilised or decreased slowly. 
For Hørup well field, water abstraction decreased at the end of the 1990s, albeit 
sulphate concentration maybe already stabilised at the end of 1980s at a level 
of approximately 175 mg/L (Figure 7). 

5.1.3. When does a change become an impact? 
Part of determining sustainable abstraction involves understanding the nature 
of unsustainable impacts. In spite of a large spread, there was a correlation 
between drawdown and increased sulphate concentrations (Figure 8). Gejl et 
al. (II) evaluated any changes in water quality. Another option could be to eval-
uate changes greater than a given value, for example 100 mg/l, based on the 
assumption that abstraction will always result in changes. Only if the changes 
are severe or water quality is expected to take a long time to return to the orig-
inal state should the change be regarded as an impact. In Danish utilities, there 
is a ‘rule of thumb’ that sulphate concentrations below 100 mg/L can represent 
a natural change due to abstraction, while sulphate concentrations above 100 
mg/L indicate unsustainable abstraction. Finding the correlation between 
changes in sulphate and drawdown, the fit of the regression was not improved 
for only considering sulphate concentrations above 100 mg/L (Figure 8). Be-
cause we did not find an internationally recognised definition of accepted 
changes in sulphate concentrations and that analysing only for changes above 
100 mg/L did not increase the fit of regression, the analysis in Gejl et al. (II) 
were based on any changes in sulphate. 

This means that any changes in sulphate were included alongside those show-
ing a natural response to groundwater abstraction, without necessarily indicat-
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ing excessive abstraction. It could be that the sulphate concentration could sta-
bilise at an acceptable value; however, because of the long response periods, 
there is a risk that the concentration will increase and the resource cannot be 
utilised for drinking water without treatment. For this reason, the utilities fol-
low developments in water quality parameters and adjust abstraction volumes 
accordingly, to ensure stable groundwater quality and future water security.  

5.1.4. Delay periods 
Measured groundwater ages range from months to millions of years upon ab-
straction (Gleeson et al., 2016). In Denmark, the majority of the abstracted 
water is older than 20 years (Thorling et al., 2015), and so the long time hori-
zons for groundwater recharge make it difficult to link impacts with stressors. 
This issue is complicated further by impacts depending also on hydrogeology. 

A delayed response to land-use and other actions on land is seen in pesticides 
(Aisopou et al., 2014), nitrates (Hansen et al., 2011), etc., due to long residence 
time as well as other effects such as hydrogeology and pumping rates. 

A delay in sulphate concentration was observed for 28 well fields (Gejl et al. 
(II)), some of which experienced maximum sulphate concentration simultane-
ously to maximum abstraction, whilst others experienced maximum sulphate 
concentration 20 years after maximum abstraction. This factor increases the 
complexity involved in understanding how groundwater abstraction affects wa-
ter quality, because each well field and each compound can have different de-
lay periods. For the studied well fields, the strongest correlation was found for 
changes in sulphate concentration and drawdown for a 20-year delay period of 
sulphate response compared to maximum abstraction (Figure 8).  

If a similar study were conducted in another place, the results could be differ-
ent. For example, in Jutland, there is a larger share of groundwater abstraction 
from unconfined aquifers, which means that the groundwater table is influ-
enced more directly by groundwater abstraction, other influencers, such as pre-
cipitation, or a lack of precipitation and surface water interaction (Vainu and 
Terasmaa, 2016). Unconfined aquifers also have different delay periods, which 
can be different for different compounds and for different locations, thereby 
illustrating that a conservative approach should be adopted to ensure future 
groundwater availability.  
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Figure 8: Linear fit of the correlation between drawdown and changes in sulphate concen-
trations for all data (blue colour) and for sulphate concentrations above 100 mg/L (red) for 
three different delay periods for sulphate concentrations of a) 0 years, b) 10 years and c) 20 
years after maximum abstraction. Drawdown was compared between the first period and the 
maximum abstraction period. Based on data from Gejl et al. (II). 

 

a) 

b) 

c) 
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Several regional groundwater studies provide a ‘snapshot’ description of water 
quality conditions over an area at one point in time and influenced by local 
hydrogeology (for example Postma et al., 2012, 2007). Fewer studies consider 
changes over time, and even fewer include a statistical analysis of long-term 
trends (Loftis, 1996). Gejl et al. (II) investigated the correlation between long-
term overall changes on a large scale in water quality and drawdown from 
1900-2014. 
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6. Groundwater reserved for 
environmental needs 
Environmental water requirements for ecosystems (EWRs) was formulated to 
ensure that the water for ecosystems was visible and transparent (International 
River Foundation, 2007), and it has been integrated in impact assessments fo-
cusing on surface water. To ensure accordance with EWRs, Environmental 
Groundwater Requirements (EGWRs) was formulated with the same objective 
of securing a proportion of groundwater to sustain ecosystems. To the best of 
our knowledge, EGWRs has not been defined previously, although the concept 
is already known. Internationally, the concept has been used in different forms; 
for example, in Australia, focus has been on groundwater-dependent ecosys-
tems and their water demands, by concentrating on shallow groundwater (Doeg 
et al., 2012). Another example is a study of the exploitation of global aquifers, 
where EGWRs was included to ensure environmental flows by setting the 
measure high enough to sustain Q90 in streams, i.e. monthly streamflow that 
was exceeded 90% of the time compared to a reference period (Gleeson and 
Wada, 2013). These methods examined flows in streams and systems near the 
earth’s surface. In Danish water management plans, groundwater abstraction 
was evaluated compared to a percentage of groundwater recharge (Henriksen 
et al., 2008), with the intention to preserve both aquifer health and stream flows 
(Henriksen and Refsgaard, 2013). A recent indicator has evaluated how 
groundwater abstraction affects ecological flow from a set of physical param-
eters (Graeber et al., 2015). This indicator is closer to actual impacts in 
streams; however, it only considers instream ecological flow requirements and 
not groundwater-surface water interactions or quality.  

EGWRs was defined as “water from groundwater resources needed to sustain 
flows, preserve groundwater dependent ecosystems and maintain good ground-
water quality” in accordance with EWRs, albeit applied to groundwater aqui-
fers (Gejl et al. (II)).  

6.1. Water quality-based environmental 
groundwater requirements vs. flow-based 
environmental groundwater requirements 

Since impacts on ecosystems are related to both flow in streams and water 
quality in aquifers (Gejl et al. (II)), it was recommended to divide EGWRs, as 
illustrated in (Figure 9): 
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 EGWRflow: Groundwater reserved to sustain base flow in streams and 
groundwater-dependent ecosystems (above ground) 

 EGWRwq: Groundwater reserved to sustain aquifer health related to water 
quality affected by water abstraction in the aquifer (below ground) 

 

Figure 9: Conceptual figure of groundwater resources and their interaction with groundwater 
recharge (GWR), groundwater abstraction, EGWRwq and EGWRflow 

In the Danish River Basin Management Plans, EGWRs was included as 30% of 
groundwater recharge, including considerations of both types of EGWRs 
(Henriksen and Refsgaard, 2013). This assumption was verified for Zealand 
(Henriksen et al., 2008) and applied to the whole of Denmark as an indication 
of groundwater stress. Groundwater recharge differed greatly around the coun-
try and thereby also EGWRs (because it is set as a part of groundwater re-
charge). In reality, the water levels needed for ecosystems are determined by 
parameters other than groundwater recharge, e.g. the vulnerability of an eco-
system or the importance of high flows at certain times for fish to breed. 

EGWRwq was evaluated based on a maximum allowed drawdown in the aqui-
fers (Gejl, et al. (III)). The correlation between water quality and drawdown 
(Gejl et al. (II)) induced the assumption that keeping drawdown within a cer-
tain limit would generally ensure stable water quality. In the following, EG-
WRwq was ensured by a conditioned drawdown of 3 m. 
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Safe groundwater yield has been modelled to avoid saltwater intrusion (Ahmed 
et al., 2018) as a share of groundwater recharge (Henriksen and Refsgaard, 
2013) and to ensure sustainable water quality in aquifers (Gejl et al. (III)). 

6.1.1. EGWRflow and EGWRwq 

In the following, EGWRflow and EGWRwq will be compared for Zealand. 

Table 2: Scenarios used in Gejl et al. (III). Abstractionwq is the maximum abstraction com-
plying with EGWRwq. 

Scenarios Pristine Actual abstraction 
(2003-2012) 

Abstractionwq  

Abstraction  
(million m3/year) 

0 157 261 

Using the three scenarios in Table 2, average modelled daily flows at 634 river 
stations were analysed (Table 3). For pristine conditions (simulating no ab-
straction), flow in the streams differed from 0.001 to 7.2 m3/s with an average 
and a median flow of 0.43 m3/s and 0.08 m3/s, respectively. For the actual ab-
straction, the median flow for all stream stations decreased by 9% compared to 
pristine conditions. For abstractionwq, the median flow decreased by a further 
5%. In absolute values, actual abstraction decreased the flow by 0.01 m3/s, and 
the abstractionwq decreased the flow by 0.02 m3/s.  

Table 3: Average daily flows for 634 river stations, from 2003-2012. Obs. The maximum 
and minimum flows are not at the same stream stations for the different scenarios. The min-
imum modelled flow is 0.001, and therefore the model cannot represent changes in low 
flows. Abstractionwq is the maximum abstraction complying with EGWRwq. 

 Pristine 
flow (m3/s) 

Actual abstraction (m3/s) 
(change from pristine flow) 

Abstractionwq (m3/s)  
(change from of pristine flow) 

Average 0.43 0.39 (-10%) 0.38 (-13%) 

Median 0.08 0.07 (-9%) 0.06 (-14%) 

Maximum 
flow 

6.6 6.1 (-7%) 6.0 (-10%) 

Minimum 
flow 

0.001 0.001 (0%) 0.001 (0%) 

How the flow responds to abstraction depends on local conditions at the stream 
station, such as proximity to a well field. There are stations where the flow is 
hardly influenced by actual abstraction or by abstractionwq (Figure 10.a). Some 
stream stations show the largest decrease in average daily flow due to abstrac-
tionwq (Figure 10.c), whilst others stations show the same result due to actual 
abstraction (Figure 10.b and Figure 10.d).  
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Figure 10: Examples of the modelled average daily flow for four stream stations for pristine 
conditions, actual abstraction and abstractionwq. The locations of the stations can be seen in 
SI 1. Please note different scales on y-axis. 

Simple presumptive standards were applied to understand the impact on the 
streams’ ecosystems (Richter et al., 2012). The idea is to analyse the altered 
flow compared to maximum allowed alterations from pristine conditions. 
There are different suggestions for maximum allowed alterations to sustain a 
sustainable stream ecology (Richter et al., 2012). For example, in the UK, a 
technical advisory group suggested different tolerances to flow alteration 
across taxa groups, where a 10% flow alteration was regarded as likely to have 
a negligible effect for most taxa, stream types and hydrological conditions 
(Acreman and Ferguson, 2010). The method proposed by Richter et al. (2012) 
is only intended for application where detailed scientific assessments of envi-
ronmental flow needs cannot be undertaken within near time. However, it does 
provide a quick indication of possible impacts, without ignoring the importance 
of a differentiated flow throughout the year. Applying 10% of pristine condi-
tions as EGWRflow, it is notable that abstractionwq results in more days where 
the flow does not comply with EGWRflow than the actual abstraction (Table 4). 
For example, actual abstraction leads to a reduced flow by more than 10% from 
pristine conditions at 495 out of 634 stream stations for a minimum one day in 
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the period 2003-2012, where abstractionwq led to a reduced flow of more than 
10% at 546 stream stations for a minimum of one day. Actual abstraction led 
to a reduced flow of more than 10% for the whole period at 10 stream stations, 
and for abstractionwq it was for 21 stream stations. 

Table 4: No. of stream stations with a daily flow outside the sustainable boundaries of pris-
tine flows. Daily flows are found for 634 river stations.  

Period  2003-2012 

Scenario   Actual abstraction Abstractionwq 

More than 1 day   495 546 

More than 30 days   380 479 

The whole period   10 21 

At some locations, the enforcement of EGWRwq would lead to reduced abstrac-
tion compared to actual abstraction (Gejl, et al. (III)), which is probably near 
to some of the stream stations where actual abstraction led to a more reduced 
flow than abstractionwq (Figures 10.b and 10.d). Furthermore, due to differ-
ences in flow over the course of a year, EGWRflow will set larger limitations in 
the summer than in winter, although the protection of aquifers does not neces-
sarily follow the same variations over any given year. Hence, it is important to 
assess both EGWRwq and EGWRflow and variations over the year, to ensure 
stream ecology and stable groundwater quality.  

EGWRwq and EGWRflow protect different environmental needs which in turn 
sustain different ecosystem functions. It differs between the stream stations 
which one of two that are larger (Table 4). Neither of these options is constantly 
greater than the other, and therefore none of them can solely constitute the 
assessment of water needed for the environment.  

Table 5: Comparing EGWRflow and EGWRwq for 634 stream stations in the period 2003-2012. 

 No. of stream stations 
EGWRflow > EGWRwq for the whole period 87 
EGWRflow < EGWRwq for the whole period 21 
Average EGWRflow > average EGWRwq 374 
Average EGWRflow < average EGWRwq 260 
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7. Suggestions for application 
The groundwater impact assessment and evaluations detailed herein can guide 
utilities and other stakeholders in their work towards sustainable groundwater 
abstraction. Below are some suggestions of where they may contribute. 

7.1. What this PhD work can contribute to 
water utilities 

Utilities around Denmark and the world can apply one or several of the meth-
ods, to evaluate their groundwater abstraction. Furthermore, they can use the 
findings to assist future planning and prioritisation between locations of new 
well fields. Utilities need to optimise and economise their water abstraction 
approaches, and therefore they need to be more efficient while minimising their 
impacts. Therefore, it is suggested that water utilities implement AMD, AG-
WaRe or DSC to ensure awareness of impacts related to different options in the 
planning of water abstraction, for example when they need to prioritise be-
tween options in relation to meeting demand. Furthermore, the findings on the 
correlation between long-term drawdowns and changes in water quality could 
increase awareness of the importance of securing a stable groundwater table, 
in order to sustain long-term quality, thus ensuring future water abstraction and 
long-term investments. The suggested method, i.e. to apply conditioned draw-
down, shows the possibilities of including impacts related to water quality in 
the management of groundwater abstraction. Furthermore, an accepted method 
for quantifying groundwater impacts could play a role in justifying additional 
costs related to challenging resource conditions. 

7.2. What this PhD work can contribute to other 
stakeholders 

AMD can be used as a characterisation factor in local challenges where AWaRe 
cannot assist. It can be implemented in the frame set up to include impacts on 
the water resource in LCAs for local assessments (Pradinaud et al., 2018).  

In Denmark, GEUS could allow for the easy extraction of the data needed to 
perform AMD, AGWaRe and DSC and implement them in their contributions 
to national analyses, for example the River Basin Management Plans (SVANA, 
2016). In this way, the indicators could be applied easily in new investigations 
and allow for including groundwater impacts in public evaluations of abstrac-
tion. Furthermore, assessing sustainable abstraction based on conditioned 
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drawdowns rather than from a share of the groundwater recharge could support 
continuous work on evaluating sustainable groundwater abstraction. 

In addition, the association of Danish utilities, DANVA, could consider incor-
porating one or more of the suggested impact assessments mentioned herein in 
their benchmarking of water utilities. In this way, water utilities would be com-
pared based not only on minor impacts such as price, carbon footprint, leakage, 
etc. (DANVA, 2018), but also on impacts on their main resource use. The 
method is ready to be applied, albeit further discussions are needed to ensure 
uniform scales and parameter boundaries. 
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8. Conclusions  
This PhD developed a number of initiatives on the way toward improving 
groundwater impacts that are relevant for water utilities. In summary: 

 A groundwater impact indicator, AGWaRe, was developed to highlight local 
groundwater stress. In short, it: 

o Builds on existing state-of-the-art principles for LCA water stress 
impact assessments. 

o Allows for understanding water stress on a scale smaller than na-
tional or regional assessments, which is crucial for water utilities and 
other stakeholders. 

 The correlation between long-term drawdown and water quality was evalu-
ated, and for the analysed well fields supplying water for Copenhagen, Den-
mark, it was found that: 

o Sulphate is a good parameter for indicating excessive groundwater 
abstraction. 

o In spite of the correlation between drawdown and change in sulphate 
concentrations being spread out, it is statistically significant. 

o Indications of abstractions before the 1980s were unsustainable, 
which could assist in planning future sustainable groundwater ab-
straction. 

 A new method for evaluating sustainable groundwater abstraction was sug-
gested, based on conditioned drawdown. It was found that: 

o Overall actual water abstraction on Zealand is within sustainable ab-
straction limits in relation to aquifer health; however, the abstraction 
should be redistributed, since the actual abstractions pose a risk of 
resulting in changed water quality locally. 

o The scale and delineation of groundwater resources are determining 
factors for the outcome of the assessment. 

o It was possible to quantify EGWRwq. 

Furthermore, a definition of EGWRwq was suggested. There are several pro-
posals on how to apply these findings, as well as indicators on how to manage 
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the distribution of groundwater abstraction. The indicators, methods and eval-
uations in this thesis are a step toward obtaining tools based on actual impacts, 
which in turn could help utilities in achieving sustainable resource utilisation. 
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9. Perspectives: future research and 
recommendations 
This PhD shows the importance of continuing to work towards sustainable 
groundwater abstraction and improving our understanding of what this means 
in reality. 

9.1. Significance of this PhD work 
This work demonstrates that there is still some effort required, in order to ob-
tain reliable, accepted indicators representing accurate impacts on the ground-
water resource, while the general focus on global, overall assessments poses 
the risk of misrepresenting actual local impacts. 

This work also shows that the development of locally adapted impact assess-
ments is possible, but further work is needed to define an accepted, relevant 
and consistent scale. 

9.2. Suggestions for future research 
Assessing the impacts of groundwater abstraction is a complex task. This study 
offers the first steps towards advancing indicators on a local scale, including a 
new understanding of how underground ecosystems are affected by groundwa-
ter abstraction. However, further elaboration in this field is needed to ensure 
transparent, reliable and generally accepted indicators. For example, it is sug-
gested: 

 To work on securing comparability between studies including groundwater 
impacts. This can be done if AMDaquifer or DSC are used. However, to serve 
as indicators, further work is needed to classify AMDaquifer or DSC in cate-
gories that suggest stress levels. 

 To develop a systematic method for choosing the scale. To ensure compara-
bility, it is important that studies have similar scales and a method that will 
ensure harmonisation. 

 To broaden the understanding of the impacts on aquifer health related to 
abstraction. Additional studies on how groundwater quality responds to its 
abstraction in other places in Denmark and around the world would increase 
the relevance of EGWRwq. Additionally, it would also broaden the applica-
bility of the conditioned drawdown to groundwater systems with other chal-
lenges. 
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 To develop AMD so that it can be applied in other locations with less data. 
Many water-scarce areas lack reliable, local data, and yet they are in need 
of accurate assessments of groundwater abstraction.  

 To investigate the potential of using alternative global data for quantifying 
components of the groundwater impact indicators. Currently, substantial ef-
forts are being put into remote sensing, and it would be interesting to inves-
tigate if these data can verify or improve estimations of data areas where it 
is difficult to obtain precise quantifications of the groundwater recharge 
(Rashid and Ahmed, 2018; Richey, 2015; Wu et al., 2019). 

 To investigate patterns of well fields that respond with deteriorating water 
quality to groundwater abstraction. There were larger differences in the re-
sponses to drawdown between the studied well fields in Gejl et al. (II), and 
it could be interesting to explore if there is a pattern for those aquifers where 
water quality responds most excessively to drawdown. Similarly, it would 
be interesting to establish if there are patterns for aquifers that have modest 
responses in water quality to drawdown. 

 To evaluate positive side effects from groundwater abstraction, e.g. reduced 
risk of flooding, which is already a concern for water utilities in Denmark, 
which sometimes continue groundwater abstraction, without utilising the ab-
stracted water, in order to reduce the risk of water in cellars. Since modern 
societies are built based on long-term lowered groundwater tables, it can 
have extensive societal impacts to return to pristine conditions. To under-
stand fully the impacts, positive aspects or avoided impacts should be in-
cluded in order to compare options fairly. This is consistent with standard 
LCA procedures (Weidema et al., 2004). 

 To consider changes in the climate in terms of more extreme weather and 
changes in groundwater recharge, discharge, storage, saltwater intrusion, 
transport, etc. (Shahid et al., 2017; Taylor et al., 2013). Quantifying the im-
pacts, however, is difficult due to uncertainties in climate projections and 
the responses of hydrological systems to climate variability. 

 To explore how implementations of conditioned drawdown can be modelled 
for other areas/geologies etc. 



40 

10. References 
Acreman, M.C., Ferguson, A.J.D., 2010. Environmental flows and the European Water 

Framework Directive. Freshw. Biol. 55, 32–48. https://doi.org/10.1111/j.1365-
2427.2009.02181.x 

Ahmed, N., Aswed, E.L., Ahmad, T., Ali, M., Halim, A., Ghazali, B.I.N., Yusoff, Z.B.I.N., 
2018. Simulation Of Different Pumping Scenarios On The Groundwater - Sea Water 
Intrusion Into The Tripoli Aquifer, Libya. J. Eng. Sci. Technol. 13, 3419–3431. 

Aisopou, A., Binning, P.J., Albrechtsen, H., Bjerg, P.L., 2014. Modeling the Factors 
Impacting Pesticide Concentrations in Groundwater Wells 1–15. 
https://doi.org/10.1111/gwat.12264 

Alcamo, J., Döll, P., Henrichs, T., Kaspar, F., Lehner, B., Rösch, T., Siebert, S., 2003. 
Development and testing of the WaterGAP 2 global model of water use and availability. 
Hydrol. Sci. J. 48, 317–338. https://doi.org/10.1623/hysj.48.3.317.45290 

Alcamo, J., Henrichs, T., 2002. Critical regions: A model-based estimation of world water 
resources sensitive to global changes. Aquat. Sci. 64, 352–362. 
https://doi.org/10.1007/PL00012591 

Alfarrah, N., Berhane, G., Bakundukize, C., 2017. Degradation of groundwater quality in 
coastal aquifer of Sabratah. Environ. Earth Sci. 76, 1–23. 
https://doi.org/10.1007/s12665-017-6999-5 

Andersen, M.S., Larsen, F., Postma, D., 2001. Pyrite oxidation in unsaturated aquifer 
sediments. Reaction stoichiometry and rate of oxidation. Environ. Sci. Technol. 35, 
4074–4079. https://doi.org/10.1021/es0105919 

Appelo, C.A.J., 1994. Cation and proton exchange, pH variations, and carbonate reactions 
in a freshening aquifer. Water Resour. Res. 30, 2793–2805. 
https://doi.org/10.1029/94WR01048 

Berger, M., Finkbeiner, M., 2010a. Water Footprinting : How to Address Water Use in Life 
Cycle Assessment 919–944. https://doi.org/10.3390/su2040919 

Berger, M., Finkbeiner, M., 2010b. Water footprinting: How to address water use in life 
cycle assessment? Sustainability 2, 919–944. https://doi.org/10.3390/su2040919 

Bjørn, A., Diamond, M., Owsianiak, M., Verzat, B., Hauschild, M.Z., 2015. Strengthening 
the Link between Life Cycle Assessment and Indicators for Absolute Sustainability To 
Support Development within Planetary Boundaries. Environ. Sci. Technol 49, 6370–
6371. https://doi.org/10.1021/acs.est.5b02106 

Bogardi, J.J., Fekete, B.M., Vörösmarty, C.J., 2013. Planetary boundaries revisited: A view 
through the “water lens.” Curr. Opin. Environ. Sustain. 5, 581–589. 
https://doi.org/10.1016/j.cosust.2013.10.006 

Boulay, A.-M., Motoshita, M., Pfister, S., Bulle, C., Muñoz, I., Franceschini, H., Margni, 
M., 2015. Analysis of water use impact assessment methods (part A): evaluation of 
modeling choices based on a quantitative comparison of scarcity and human health 
indicators. Int. J. Life Cycle Assess. 20, 139–160. https://doi.org/10.1007/s11367-014-
0814-2 

Boulay, A.M., Bare, J., Benini, L., Berger, M., Lathuillière, M.J., Manzardo, A., Margni, 
M., Motoshita, M., Núñez, M., Pastor, A.V., Ridoutt, B., Oki, T., Worbe, S., Pfister, 



41 

S., 2017. The WULCA consensus characterization model for water scarcity footprints: 
assessing impacts of water consumption based on available water remaining (AWARE). 
Int. J. Life Cycle Assess. 1–11. https://doi.org/10.1007/s11367-017-1333-8 

Bradley, D.C., Streetly, M., Farren, E., Cadman, D., Banham, A., 2014. Establishing 
hydroecological relationships to manage the impacts of groundwater abstraction. Water 
Environ. J. 28, 114–123. https://doi.org/10.1111/wej.12018 

Brudler, S., Arnbjerg-Nielsen, K., Hauschild, M.Z., Rygaard, M., 2016. Life cycle 
assessment of stormwater management in the context of climate change adaptation. 
Water Res. 106, 394–404. https://doi.org/10.1016/j.watres.2016.10.024 

Brundtland, G., 1987. Report of the World Commission on Environment and Development: 
Our Common Future. 

Cui, W., Chen, W., Mu, X., Guo, X., Wang, Q., 2011. Canal controller for the largest water 
transfer project in China. Eng. Aust. 511, 2241–2248. 

Currell, M.J., Cartwright, I., Bradley, D.C., Han, D., 2010. Recharge history and controls on 
groundwater quality in the Yuncheng Basin, north China. J. Hydrol. 385, 216–229. 
https://doi.org/10.1016/j.jhydrol.2010.02.022 

DANVA, 2018. Vand i tal. DANVA statestisk & Benchmarking. 

Deitch, M.J., Docto, M. Van, Feirer, S.T., 2016. A spatially explicit framework for assessing 
the effects of weather and water rights on stream fl ow. Appl. Geogr. 67, 14–26. 
https://doi.org/10.1016/j.apgeog.2015.11.018 

Doeg, T., Muller, K., Nicol, J., Vanlaarhoven, J., 2012. Environmental Water Requirements 
of Groundwater Dependent Ecosystems in the Musgrave and Southern Basins 
Prescribed Wells Areas on the Eyre Peninsula, DFW Technical Report 2012/16. 
Adelaide. 

EEA, 2018. European waters Assessment of status and pressures 2018. Luxembourg: 
https://doi.org/978-92-9213-947-6 

European Commission, 2010. International Reference Life Cycle Data System (ILCD) 
Handbook -- General guide for Life Cycle Assessment -- Detailed guidance, 
Constraints. Joint Research Centre - Institute for Environment and Sustainability. 
https://doi.org/10.2788/38479 

European Union, 2000. The Water Framework Directive (Directive 2000/60/EC of the 
European Parliament and of the Council of 23 October 2000 establishing a framework 
for Community action in the field of water policy). Off. J. Eur. Parliam. L327, 1–82. 
https://doi.org/10.1039/ap9842100196 

Faist Emmenegger, M., Pfister, S., Koehler, A., De Giovanetti, L., Arena, A.P., Zah, R., 
2011. Taking into account water use impacts in the LCA of biofuels: An Argentinean 
case study. Int. J. Life Cycle Assess. 16, 869–877. https://doi.org/10.1007/s11367-011-
0327-1 

Famiglietti, J.S., 2014. The global groundwater crisis. Nat. Publ. Gr. 4, 945–948. 
https://doi.org/10.1038/nclimate2425 

Faragò, M., Brudler, S., Godskesen, B., Rygaard, M., 2019. An eco-efficiency evaluation of 
community-scale rainwater and stormwater harvesting in Aarhus, Denmark. J. Clean. 
Prod. 219. https://doi.org/10.1016/j.jclepro.2019.01.265 



42 

Faunt, C.C., Sneed, M., Traum, J., Brandt, J.T., 2016. Water availability and land subsidence 
in the Central Valley, California, USA. Hydrogeol. J. 24, 675–684. 
https://doi.org/10.1007/s10040-015-1339-x 

FRI, 2016. State of the Nation 2016. Copenhagen. 

Gerten, D., Hoff, H., Rockström, J., Jägermeyr, J., Kummu, M., Pastor, A. V., 2013. Towards 
a revised planetary boundary for consumptive freshwater use: Role of environmental 
flow requirements. Curr. Opin. Environ. Sustain. 5, 551–558. 
https://doi.org/10.1016/j.cosust.2013.11.001 

GEUS, 2019. JUPITER database by Geological Survey of Denmark and Greenland [WWW 
Document]. URL http://www.geus.dk/ (accessed 5.14.19). 

GEUS, 2017. Grundvandsovervågning. Status og udvikling 1989 – 2017. 

GEUS, 2009. DK-modellen. Hydrological model of Denmark. Description available at: 
http://vandmodel.dk/vm/om_os/index.html [WWW Document]. 

Gleeson, T., Alley, W.M., Allen, D.M., Sophocleous, M. a., Zhou, Y., Taniguchi, M., 
Vandersteen, J., 2012a. Towards sustainable groundwater use: Setting long-term goals, 
backcasting, and managing adaptively. Ground Water 50, 19–26. 
https://doi.org/10.1111/j.1745-6584.2011.00825.x 

Gleeson, T., Befus, K.M., Jasechko, S., Luijendijk, E., Cardenas, M.B., 2016. The global 
volume and distribution of modern groundwater. Nat. Geosci. 9, 161–164. 
https://doi.org/10.1038/ngeo2590 

Gleeson, T., Wada, Y., 2013. Assessing regional groundwater stress for nations using 
multiple data sources with the groundwater footprint. Environ. Res. Lett. 8, 044010. 
https://doi.org/10.1088/1748-9326/8/4/044010 

Gleeson, T., Wada, Y., Bierkens, M.F.P., van Beek, L.P.H., 2012b. Water balance of global 
aquifers revealed by groundwater footprint. Nature 488, 197–200. 
https://doi.org/10.1038/nature11295 

Godskesen, B., Hauschild, M., Rygaard, M., Zambrano, K., Albrechtsen, H.J., 2013. Life-
cycle and freshwater withdrawal impact assessment of water supply technologies. 
Water Res. 47, 2363–2374. https://doi.org/10.1016/j.watres.2013.02.005 

Godskesen, B., Hauschild, M., Rygaard, M., Zambrano, K., Albrechtsen, H.J., 2012. Life 
cycle assessment of central softening of very hard drinking water. J. Environ. Manage. 
105, 83–89. https://doi.org/10.1016/j.jenvman.2012.03.030 

Godskesen, B., Zambrano, K.C., Trautner, A., Johansen, N.-B., Thiesson, L., Andersen, L., 
Clauson-Kaas, J., Neidel, T.L., Rygaard, M., Kløverpris, N.H., Albrechtsen, H.-J., 
2011. Life cycle assessment of three water systems in Copenhagen–a management tool 
of the future. Water Sci. Technol. 63, 565. https://doi.org/10.2166/wst.2011.258 

Graeber, D., Wiberg-Larsen, P., Bøgestrand, J., Baattrup-Pedersen, A., 2015. Vurdering af 
effekten af vandindvinding på vandløbs økologiske tilstand. 

Grassi, S., Cortecci, G., Squarci, P., 2007. Groundwater resource degradation in coastal 
plains : The example of the Cecina area ( Tuscany – Central Italy ) 22, 2273–2289. 
https://doi.org/10.1016/j.apgeochem.2007.04.025 

Guinée, J.B., Heijungs, R., Huppes, G., Kleijn, R., de Koning, A., van Oers, L., Wegener 
Sleeswijk, A., Suh, S., Udo de Haes, H. a., de Bruijn, H., van Duin, R., Huijbregts, M. 



43 

a. J., Gorrée, M., 2001. Life Cycle Assessment: An Operational Guide to the ISO 
Standards. Netherlands Minist. … 692. https://doi.org/10.1007/BF02978784 

Guo, H., Wang, L., Cheng, G., Zhang, Z., 2015. Groundwater-abstraction induced land 
subsidence and groundwater regulation in the North China Plain. Proc. Int. Assoc. 
Hydrol. Sci. 372, 17–21. https://doi.org/10.5194/piahs-372-17-2015 

Haddeland, I., Heinke, J., Biemans, H., Eisner, S., Flörke, M., Hanasaki, N., Konzmann, M., 
Ludwig, F., Masaki, Y., Schewe, J., Stacke, T., Tessler, Z.D., Wada, Y., Wisser, D., 
2014. Global water resources affected by human interventions and climate change. 
Proc. Natl. Acad. Sci. 111, 3251–3256. https://doi.org/10.1073/pnas.1222475110 

Hansen, B., Thorling, L., Dalgaard, T., Erlandsen, M., 2011. Trend reversal of nitrate in 
Danish groundwater - A reflection of agricultural practices and nitrogen surpluses since 
1950. Environ. Sci. Technol. 45, 228–234. https://doi.org/10.1021/es102334u 

Hasan, M.R., Mostaf, M.G., Rahman, N., Saiful Isl, M., Moynul Isl, M., 2018. Groundwater 
Depletion and its Sustainable Management in Barind Tract of Bangladesh. Res. J. 
Environ. Sci. 12, 247–255. https://doi.org/10.3923/rjes.2018.247.255 

Henriksen, H.J., Refsgaard, J.C., 2013. Sustainable groundwater abstraction - a review 
report. Danmarks og Grønlands Geologiske Undersøgelse Rapport. 2013/30. GEUS. 

Henriksen, H.J., Troldborg, L., Højberg, A.L., Refsgaard, J.C., 2008. Assessment of 
exploitable groundwater resources of Denmark by use of ensemble resource indicators 
and a numerical groundwater-surface water model. J. Hydrol. 348, 224–240. 
https://doi.org/10.1016/j.jhydrol.2007.09.056 

Henriksen, H.J., Troldborg, L., Nyegaard, P., Sonnenborg, T.O., Refsgaard, J.C., Madsen, 
B., 2003. Methodology for construction, calibration and validation of a national 
hydrological model for Denmark. J. Hydrol. 280, 52–71. 
https://doi.org/10.1016/S0022-1694(03)00186-0 

Hoekstra, A.Y., 2016. A critique on the water-scarcity weighted water footprint in LCA. 
Ecol. Indic. 66, 564–573. 

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnen, M.M., 2009. Water Footprint 
Manual. State of the Art 2009. Water Footprint Network. 

Højberg, A.L., Stisen, S., Olsen, M., Troldborg, L., Uglebjerg, T.B., Jørgensen, L.F., 2015. 
DK-model2014 Model opdatering og kalibrering. 

Højberg, A.L., Troldborg, L., Nyegaard, P., Ondracek, M., Stisen, S., Christensen, B.S.B., 
Nørgaard, A., 2008. National Vandressource Model. Sjælland, Lolland, Falster og Møn 
- Opdatering januar 2008. 

Hybel,  a.-M., Godskesen, B., Rygaard, M., 2015. Selection of spatial scale for assessing 
impacts of groundwater-based water supply on freshwater resources. J. Environ. 
Manage. 160, 90–97. https://doi.org/10.1016/j.jenvman.2015.06.016 

International River Foundation, 2007. The Brisbane Declaration (2007). 

IWA, 2014. International Statistics for Water services [WWW Document]. URL 
http://www.iwahq.org/8h/networks/specialist- groups/list-of-groups/statistics-and-
economics.html 

Jeswani, H.K., Azapagic, A., 2011. Water footprint: Methodologies and a case study for 
assessing the impacts of water use. J. Clean. Prod. 19, 1288–1299. 



44 

https://doi.org/10.1016/j.jclepro.2011.04.003 

Júnior, R.G.C., Freitas, M.A.V., Silva, N.F. da, Filho, F.R. de A., 2019. Sustainable 
Groundwater Exploitation Aiming at the 1–20. https://doi.org/10.3390/en12050904 

Karimi, P., Qureshi, A.S., Bahramloo, R., Molden, D., 2012. Reducing carbon emissions 
through improved irrigation and groundwater management: A case study from Iran. 
Agric. Water Manag. 108, 52–60. https://doi.org/10.1016/j.agwat.2011.09.001 

Khair, S.M., Mushtaq, S., Culas, R.J., Hafeez, M., 2012. Groundwater markets under the 
water scarcity and declining watertable conditions: The upland Balochistan Region of 
Pakistan. Agric. Syst. 107, 21–32. https://doi.org/10.1016/j.agsy.2011.11.007 

Kinniburgh, D.G., Gale, I.N., Smedley, P.L., Darling, W.G., West, J.M., Aldous, P.J., 
O’Shea, M.J., 1994. The effects of historic abstraction of groundwater from the London 
Basin aquifers on groundwater quality. Appl. Geochemistry 9, 175–195. 
https://doi.org/10.1016/0883-2927(94)90006-X 

Kirk, S.; Herbert, A.W., 2002. Assessing the impact of groundwater abstractions on river 
flows. Geol. Soc. London, Spec. Publ. 193, 211–233. 
https://doi.org/10.1144/GSL.SP.2002.193.01.16 

Klint, K.E.S., Nilsson, B., Troldborg, L., Jakobsen, P.R., 2013. A poly morphological 
landform approach for hydrogeological applications in heterogeneous glacial 
sediments. Hydrogeol. J. 21, 1247–1264. https://doi.org/10.1007/s10040-013-1011-2 

Konikow, L.F., 2015. Long-Term Groundwater Depletion in the United States 53, 2–9. 
https://doi.org/10.1111/gwat.12306 

Konikow, L.F., Kendy, E., 2005. Groundwater depletion: A global problem. Hydrogeol. J. 
13, 317–320. https://doi.org/10.1007/s10040-004-0411-8 

Kounina, A., Margni, M., Bayart, J.-B., Boulay, A.-M., Berger, M., Bulle, C., Frischknecht, 
R., Koehler, A., Milà i Canals, L., Motoshita, M., Núñez, M., Peters, G., Pfister, S., 
Ridoutt, B., Zelm, R., Verones, F., Humbert, S., 2012. Review of methods addressing 
freshwater use in life cycle inventory and impact assessment. Int. J. Life Cycle Assess. 
707–721. https://doi.org/10.1007/s11367-012-0519-3 

Larsen, F., Postma, D., 1997. Nickel mobilization in a groundwater well field: Release by 
pyrite oxidation and desorption from manganese oxides. Environ. Sci. Technol. 31, 
2589–2595. https://doi.org/10.1021/es9610794 

Lashkaripour, G.R., Ghafoori, M., 2011. The Effects of Water Table Decline on the 
Groundwater Quality in Aquifer of Torbat Jam Plain , Northeast Iran 1, 153–163. 

Leung, K., Stokes-draut, J.R., Horvath, A., Lane, J.L., Kenway, S.J., Lant, P.A., 2017. Life-
cycle energy impacts for adapting an urban water supply system to droughts. Water 
Res. 127, 139–149. https://doi.org/10.1016/j.watres.2017.10.016 

Loftis, J.C., 1996. Trends in groundwater quality. Hydrol. Process. 10, 335–355. 
https://doi.org/10.1002/(SICI)1099-1085(199602)10:2<335::AID-HYP359>3.0.CO;2-
T 

Luczaj, J.A., Maas, J., Hart, D.J., Odekirk, J., 2017. Aquifer Drawdown and Recovery in the 
Northeast Groundwater Management Area , Wisconsin , USA : A Century of 
Groundwater Use. Geosciences 11. https://doi.org/10.3390/geosciences7010011 

Mccallum, A.M., Andersen, M.S., Giambastiani, B.M.S., Kelly, B.F.J., Ian Acworth, R., 



45 

2013. River-aquifer interactions in a semi-arid environment stressed by groundwater 
abstraction. Hydrol. Process. 27, 1072–1085. https://doi.org/10.1002/hyp.9229 

Merz, S.K., 2001. Environmental Water Requirements to Maintain Groundwater Dependent 
Ecosystems. Hoekstra, A. Y., Mekonnen, M. M., Chapagain, A. K., Mathews, R. E., & 
Richter, B. D. (2012). Global monthly water scarcity: Blue water footprints versus blue 
water availability. PLoS ONE, 7(2). https://doi.org/10.1371/journal.pone.0032688 
Mekonnen, M. M. . 

Morris, B.L., Lawrence, A.R.L., Chilton, P.J.C., Adams, B., C., C.R., Klinck, B.A., 2003. 
Groundwater and its Susceptibility to Degradation: A Global Assessment of the 
Problem and Options for Management. Early Warning and Assessment Report Series. 
Nairobi, Kenya. 

Naturstyrelsen, 2015. Udkast til Vandområdeplan 2015-2021 for Vandområdedistrikt 
Sjælland December 2014. 

Nunez, M., Bouchard, C., Bulle, C., Boulay, A.-M., Margni, M., 2016. Critical analysis of 
life cycle impact assessment methods addressing consequences of freshwater use on 
ecosystems. Int. J. Life Cycle Assess. submitted. https://doi.org/10.1007/s11367-016-
1127-4 

ODI, 2017. Water for food security: Lessons learned from a review of water-related 
interventions. London. 

Pastor, A. V., Ludwig, F., Biemans, H., Hoff, H., Kabat, P., 2014. Accounting for 
environmental flow requirements in global water assessments. Hydrol. Earth Syst. Sci. 
18, 5041–5059. https://doi.org/10.5194/hess-18-5041-2014 

Pereira-Cardenal, S.J., Mo, B., Gjelsvik, A., Riegels, N.D., Arnbjerg-Nielsen, K., Bauer-
Gottwein, P., 2016. Joint optimization of regional water-power systems. Adv. Water 
Resour. 92, 200–207. https://doi.org/10.1016/j.advwatres.2016.04.004 

Pfister, S., Boulay, A.-M., Berger, M., Hadjikakou, M., Motoshita, M., Hess, T., Ridoutt, 
B., Weinzettel, J., Scherer, L., Döll, P., Manzardo, A., Núñez, M., Verones, F., 
Humbert, S., Buxmann, K., Harding, K., Benini, L., Oki, T., Finkbeiner, M., 
Henderson, A., 2017. Understanding the LCA and ISO water footprint: A response to 
Hoekstra (2016) “A critique on the water-scarcity weighted water footprint in LCA.” 
Ecol. Indic. 72, 352–359. https://doi.org/10.1016/j.ecolind.2016.07.051 

Pfister, S., Koehler, A., Hellweg, S., 2009. Assessing the Environental Impact of Freshwater 
Consumption in Life Cycle Assessment. Environ. Sci. Technol. 43, 4098–4104. 

Postma, D., Larsen, F., Minh Hue, N.T., Duc, M.T., Viet, P.H., Nhan, P.Q., Jessen, S., 2007. 
Arsenic in groundwater of the Red River floodplain, Vietnam: Controlling geochemical 
processes and reactive transport modeling. Geochim. Cosmochim. Acta 71, 5054–5071. 
https://doi.org/10.1016/j.gca.2007.08.020 

Postma, D., Larsen, F., Thai, N.T., Trang, P.T.K., Jakobsen, R., Nhan, P.Q., Long, T.V., 
Viet, P.H., Murray, A.S., 2012. Groundwater arsenic concentrations in Vietnam 
controlled by sediment age. Nat. Geosci. 5, 656–661. https://doi.org/10.1038/ngeo1540 

Pradinaud, C., Northey, S., Amor, B., Bare, J., Benini, L., Berger, M., Boulay, A.-M., 
Junqua, G., Lathuillière, M., Margni, M., Motoshita, M., Niblick, B., Payen, S., Pfister, 
S., Quinteiro, P., Sonderegger, T., Rosenbaum, R., 2018. Defining freshwater as a 
natural resource: A framework linking water use to the area of protection natural 
resources. Int. J. Life Cycle Assess. online first. https://doi.org/10.1007/s11367-018-



46 

1543-8 

Rashid, M., Ahmed, S., 2018. Appraisal of the groundwater balance components from multi-
remote sensing datasets in a semi-arid region. 

Richey, A.S., 2015. Moving from Aquifer Stress to Sustainable Management with Remote 
Sensing. San Fr. Estuary Watershed Sci. 13, 1–7. 
https://doi.org/10.15447/sfews.2015v13iss3art3 

Richter, B.D., Davis, M.M., Apse, C., Konrad, C., 2012. Short Communication - A 
Presumptive Standard for Environmental Flow Protection. River Res. Appl. 28, 1312–
1321. https://doi.org/10.1002/rra 

Sanjuan-Delmás, D., Petit-Boix, A., Gasol, C.M., Farreny, R., Villalba, G., Suarez-Ojeda, 
M.E., Gabarrell, X., Josa, A., Rieradevall, J., 2015. Environmental assessment of 
drinking water transport and distribution network use phase for small to medium-sized 
municipalities in Spain. J. Clean. Prod. 87, 573–582. 
https://doi.org/10.1016/j.jclepro.2014.09.042 

Scanlon, B.R., Faunt, C.C., Longuevergne, L., Reedy, R.C., Alley, W.M., McGuire, V.L., 
McMahon, P.B., 2012. Groundwater depletion and sustainability of irrigation in the US 
High Plains and Central Valley. Proc. Natl. Acad. Sci. 109, 9320–9325. 
https://doi.org/10.1073/pnas.1200311109 

Scherer, L., Venkatesh, A., Karuppiah, R., Pfister, S., 2015. Large-Scale Hydrological 
Modeling for Calculating Water Stress Indices: Implications of Improved 
Spatiotemporal Resolution, Surface-Groundwater Differentiation, and Uncertainty 
Characterization. Environ. Sci. Technol. 49, 4971–4979. 
https://doi.org/10.1021/acs.est.5b00429 

Schmied, H.M., Eisner, S., Franz, D., Wattenbach, M., Portmann, F.T., Flörke, M., Döll, P., 
2014. Sensitivity of simulated global-scale freshwater fluxes and storages to input data, 
hydrological model structure, human water use and calibration. Hydrol. Earth Syst. Sci. 
18, 3511–3538. https://doi.org/10.5194/hess-18-3511-2014 

Shahid, S., Alamgir, M., Wang, X.J., Eslamian, S., 2017. Climate change impacts on and 
adaptation to groundwater. Handb. Drought Water Scarcity Environ. Impacts Anal. 
Drought Water Scarcity 107–123. https://doi.org/10.1201/b22244 

Smakhtin, V., Revenga, C., Döll, P., 2004. A Pilot Global Assessment of Environmental 
Water Requirements and Scarcity. Assessment 29, 307–317. 
https://doi.org/10.1080/02508060408691785 

Sonnenborg, T.O., Henriksen, H.J., 2005. Håndbog i grundvandsmodellering. Report, 
2005/80 320. 

Steffen, W., Richardson, K., Rockström, J., Cornell, S., Fetzer, I., Bennett, E., Biggs, R., 
Carpenter, S., 2015. Planetary boundaries: Guiding human development on a changing 
planet. Science 348, 1217. https://doi.org/10.1126/science.aaa9629 

Stokes-draut, J., Taptich, M., Kavvada, O., Horvath, A., 2017. Evaluating the electricity 
intensity of evolving water supply mixes : the case of California ’ s water network 
Evaluating the electricity intensity of evolving water supply mixes : the case of 
California ’ s water network. 

SVANA, 2016. Vandområdeplan 2015-2021 for Vandområdedistrikt Sjælland Juni 2016. 

Tafesse, N.T., Habtu, S., Alemaw, B.F., 2018. Water Balance Model : Implications for 



47 

Groundwater Recharge Estimation in Data Scarce Arid Catchment , Northern Ethiopia 
5, 34–46. https://doi.org/10.20448/journal.506.2018.51.34.46 

Taylor, R.G., Scanlon, B., Döll, P., Rodell, M., Van Beek, R., Wada, Y., Longuevergne, L., 
Leblanc, M., Famiglietti, J.S., Edmunds, M., Konikow, L., Green, T.R., Chen, J., 
Taniguchi, M., Bierkens, M.F.P., Macdonald, A., Fan, Y., Maxwell, R.M., Yechieli, 
Y., Gurdak, J.J., Allen, D.M., Shamsudduha, M., Hiscock, K., Yeh, P.J.F., Holman, I., 
Treidel, H., 2013. Ground water and climate change. Nat. Clim. Chang. 3, 322–329. 
https://doi.org/10.1038/nclimate1744 

The World Bank Group, 2016. High and Dry: Climate Change, Water and the Economy, 
Water Global Practice. Washington. https://doi.org/10.1038/scientificamerican1291-16 

Thorling, L., Ditlefsen, C., Ernstsen, V., Hansen, B., Johnsen, A.R., Troldborg, L., 2015. 
GRUNDVANDSOVERVÅGNING 1989 – 2016. Grundvand - Status og udvikling 
1989 – 2016. 

Töpfer, K., 2003. Balancing competing water uses - A necessity for sustainable development. 
Water Sci. Technol. 47, 11–16. 

Tularam, G.A., Krishna, M., 2009. Long-term consequences of groundwater pumping in 
Australia: a review of impacts around the globe. J. Appl. Sci. Environ. Sanit. 4, 151–
166. 

Unesco, United, T., 2009. Water in a Changing World, World Water. 
https://doi.org/10.3390/w3020618 

Vainu, M., Terasmaa, J., 2016. The consequences of increased groundwater abstraction for 
groundwater dependent closed-basin lakes in glacial terrain. Environ. Earth Sci. 75, 1–
12. https://doi.org/10.1007/s12665-015-4967-5 

Völker, J., Borchardt, D., 2019. Drinking Water Quality at Risk: A European Perspective, 
in: Schröter M., Bonn A., Klotz S., Seppelt R., B.C. (Ed.), Atlas of Ecosystem Services. 
Springer, Cham, pp. 0–5. https://doi.org/10.1007/978-3-319-96229-0 

Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P., 
Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., Davies, P.M., 2010. Global 
threats to human water security and river biodiversity. Nature 467, 555–561. 
https://doi.org/10.1038/nature09440 

Vries, D., 2020. Groundwater Recharge and Aquifer Water Budgets, in: Maliva, R.G. (Ed.), 
Anthropogenic Aquifer Recharge. Springer Hydrogeology, pp. 63–102. 
https://doi.org/10.1007/978-3-030-11084-0_4 63 

Wada, Y., Bierkens, M.F.P., 2014. Sustainability of global water use: past reconstruction 
and future projections. Environ. Res. Lett. 9, 104003. https://doi.org/10.1088/1748-
9326/9/10/104003 

Weidema, B., Consultants, L., Wenzel, H., Econet, C.P., Hansen, K., 2004. The Product, 
Functional Unit and Reference Flows in LCA Introduction to the series 0–46. 
https://doi.org/10.1038/sj.bdj.4811020 

Werner, A.D., Bakker, M., Post, V.E.A., Vandenbohede, A., Lu, C., Ataie-Ashtiani, B., 
Simmons, C.T., Barry, D.A., 2012. Seawater intrusion processes, investigation and 
management: Recent advances and future challenges. Adv. Water Resour. 51, 3–26. 
https://doi.org/10.1016/j.advwatres.2012.03.004 

Whittington, P.N., Price, J.S., 2006. The effects of water table draw-down (as a surrogate 



48 

for climate change) on the hydrology of a fen peatland, Canada. Hydrol. Process. 20, 
3589–3600. https://doi.org/10.1002/hyp 

Wu, Q., Si, B., He, H., 2019. remote sensing Determining Regional-Scale Groundwater 
Recharge with GRACE and GLDAS. Remote Sens. 11. 

Wu, Y., Wang, W., Toll, M., 2011. Development of a 3D groundwater model based on scarce 
data : the Wadi Kafrein catchment / Jordan 771–785. https://doi.org/10.1007/s12665-
010-0898-3 

Zektser, I.S., Everett, L.G., 2004. Groundwater resources of the world and their use, IhP 
Series on groundwater. No. 6. UNESCO, Paris. 

  



49 

11. Appendices 

11.1. Location of stream stations 

 

Figure 11: The locations of modelled stream stations and the four stations presented in figure 
10. 
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