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Popular science summary

By taking the route of least resistance, water unfortunately spreads unevenly
throughout the world. By combining different techniques for water treatment
together with regional collaborations, the supply of drinking water can be secured
for the growing population. This thesis follows southern Sweden's work towards
sustainable and safe drinking water.

The water that comes out of our taps is often produced locally. In larger cities, the
water usually comes from water treatment plants (WTPs) owned by the
municipality, which treats water from nearby surface waters. In smaller
municipalities, it is common to collect water in wells. This water is called
groundwater and rarely needs advanced treatment. In Sweden, regardless of the
origin of the water, the expectation is always that the water is of high quality. The
truth is that we are facing major challenges in producing drinking water due to
growing populations. In addition, great uncertainties have arisen due to climate
change and the future of our water supply. To meet these challenges, many solutions
are required, including research, development and collaboration.

Globally, there is plenty of fresh water to supply the world's population with
drinking water. However, the water supply is not evenly distributed and is not
always accessible. A major problem is also that unsustainable extractions have
resulted in low water tables, which are decreasing every year. Another problem for
producers of drinking water is natural organic material (NOM) contaminants in
surface waters. NOM in surface waters originates from soils and comes with runoff
from precipitation. NOM in surface water has increased historically and there is
concern that the increase will continue in the future due to climate change.

Among the most common methods of removing NOM from water are through
chemical and biological processes. In chemical treatment, a metal salt is used which
collects the organic material in larger groups (flocs). These flocs can later be
removed through various methods, including filtration. Other organic material that
is not captured in the flocs can be removed through biological processes. This is
often done with sand filters, where grains of sand are covered with microorganisms.
The organic material that is not be captured by the chemical flocculation becomes
food for the microorganisms. Complementing each other, these two methods are
often used together to create a biologically stable drinking water.

This dissertation follows the challenges facing two WTPs in southern Sweden.
Vomb Water Works (WW) is an artificial groundwater recharge plant, which takes
groundwater from an aquifer. This reservoir is constantly being recharged with
water from Lake Vomb through basins excavated out of the ground. Ringsjo WW
treats water from Lake Bolmen, Sweden's twelfth largest lake, through chemical
flocculation. The major challenge facing the waterworks is the extraction limitation
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of water from Lake Vomb and the high NOM content in the water from Lake
Bolmen. In order to meet the increasing water demand, water from Lake Bolmen
will be used to recharge the groundwater at Vomb WW. This requires the water to
undergo treatment before it is used for artificial groundwater recharge.

In this thesis, several different methods for purifying water from Lake Vomb and
Bolmen have been investigated through laboratory experiments, pilot studies and
field work. All methods have been based on chemical flocculation with different
techniques to separate the flocs formed during the process. Based on the methods'
ability to purify and produce drinking water, an evaluation of the different
techniques was done. The second part of the work examined the water quality
changes of surface water during artificial groundwater recharge. This was done by
following the chemical and biological process when NOM and microorganisms
were removed from the water.

This dissertation shows how different methods can be used to purify water through
chemical flocculation and artificial groundwater recharge. The results will
contribute to the ongoing investigation to secure the water supply in southern
Sweden.
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Populérvetenskaplig sammanfattning

Vatten tar alltid den ldttaste vigen, vilket innebdr att det inte fordelar sig jimnt
over virlden. Genom att kombinera olika tekniker for vattenrening tillsammans med
regionala samarbeten, kan forsorjning av dricksvatten sdkras for den okande
befolkningen. Den hdir avhandlingen foljer sodra Sveriges arbete mot ett hdllbart
och sdkert dricksvatten.

Vattnet som kommer ur vara kranar produceras ofta lokalt. I storre stider kommer
vattnet oftast frdn kommunens vattenverk, som i sin tur tar vattnet fran sjoar eller
vattendrag. I mindre kommuner ar det vanligt att hdmta vatten fran brunnar. Det hir
vattnet kallas for grundvatten och behover séllan avancerad rening. Grundvattnet
hiamtas ibland till och med fran egna brunnar. Oavsett var vattnet kommer ifrén, ar
forvantningen alltid att vattnet kommer och att vattnet &r av god kvalitet. Sanningen
ar att vi star infor stora utmaningar pa grund av vixande befolkningar och ett okat
behov av rent vatten. Dessutom har klimatfordndringar fort med sig stora
osdkerheter som kan innebdra mindre vattentillgdngar och med forsdmrad kvalitet i
framtiden. For att mota dessa utmaningar krdvs manga losningar. Bland annat
forskning och utveckling och inte minst ett brett samarbete.

Globalt sé finns det gott om farskvatten for att forse vérldens befolkning med
dricksvatten. Daremot dr dessa tillgdngar inte jamnt fordelade och inte alltid
tillgdngliga for uttag. Ett stort problem &r ocksé att ldga vattennivaer uppmatts pa
grund av ohallbara uttag. Aven i stora vattenmagasin dr detta ett problem da vi
bygger upp en allt storre skuld for varje ar. Ett annat problem for producenter av
dricksvatten &r fororeningar i sjdar och vattendrag i form av naturligt organiskt
material (NOM). NOM kommer naturligt till ytvatten genom bland annat avrinning
fran skog och mark. Det organiska materialet i ytvatten har 6kat historiskt sett och
det finns en oro att Okningen kommer att fortsdtta i framtiden i och med
klimatforandringarna.

De vanligaste metoderna for att ta bort organiskt material i vatten dr genom kemiska
och biologiska processer. I de kemiska processerna anvinds ett metallsalt som
samlar det organiska materialet i klumpar (flockar) som sedan tas bort genom till
exempel sedimentering eller filtrering. Annat organiskt material som inte fingas upp
i flockarna kan tas bort genom biologiska processer. Detta gors ofta med sandfilter
som &r tickta av mikroorganismer. Det organiska materialet som inte kunde fangas
upp av den kemiska fillningen blir till mat for mikroorganismerna. Det hir tva
metoderna kompletterar varandra, varfor bada ofta anvinds tillsammans for att
skapa ett dricksvatten av hog kvalitet.

Den hér avhandlingen f6ljer de utmaningar som tva vattenverk i sddra Sverige star
infor. Ett av verken, Vombverket, ar ett sa kallat konstgjort grundvattenverk som tar
grundvatten fran ett vattenmagasin. Det hiar magasinet fylls stindigt p4 med vatten



frdn Vombsjon genom bassénger som &r gravda ur marken. Det andra vattenverket,
Ringsjoverket, renar vatten fran Bolmen, Sveriges tolfte storsta sjo. Den stora
utmaningen som vattenverken stir infor kommer sig av en begrénsad tillgdng pa
vatten frdn Vombsjon och det stora innehéllet av organiskt material i vattnet frén
Bolmen. For att kunna mota det 6kande behovet av dricksvatten, kommer vatten
frdn sjon Bolmen anvéndas for att stdrka grundvattnet vid Vombverket. Det hér
kriaver att vattnet genomgéir en behandling innan det anvidnds for konstgjord
grundvattenbildning.

I det hir arbetet har flera olika metoder att rena vatten frdn Vombsjon och Bolmen
undersokts. Det hir har gjorts genom laborationsforsok, pilotforsdk och faltstudier.
Alla metoder har utgatt fran kemisk fallning med olika tekniker for att separera
flockarna som bildats under processen. Genom att undersoka resultatet av reningen
och jamfora metodernas formaga att producera dricksvatten, kunde en utvirdering
av de olika tekniker genomféras. Den andra delen av arbetet undersokte
fordndringarna 1 sjovattnets kvalitet ndr vattnet renades genom konstgjord
grundvattenbildning. Detta gjordes genom att f6lja den kemiska och biologiska
processen nar NOM och mikroorganismer togs bort fran vattnet.

Den hér avhandlingen visar hur olika metoder kan anvindas for att rena vatten
genom kemisk féllning och konstgjord grundvattenbildning. Resultaten kommer att
bidra till det pdgéende arbetet att sékra produktionen av dricksvatten i sodra Sverige.
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Abstract

Water supply security is increasingly becoming a challenge worldwide. Surface
waters, which are often used for drinking water production, have experienced an
increase in natural organic matter (NOM) and frequency of algae blooms. Water
quantity is also an issue due to increasing populations and potable water demand.
As aresult, unsustainable extraction of surface and groundwater has led to low water
levels and low groundwater tables. Coupled with the uncertainties of climate
change, these problems have presented a major challenge for water utilities to secure
water supply today and in the future.

Managed aquifer recharge (MAR) has the potential to mitigate water shortage,
protect water supplies from contamination and remove NOM from surface waters.
However, with increasing water demand and NOM content in waters, especially in
boreal regions, additional treatment might be necessary. A common way of
removing NOM and purifying surface waters is through coagulation and
flocculation. This technique is often used in combination with gravity-assisted
sedimentation or mechanical filtration, i.e. membrane filtration. Due to the
deterioration of surface waters, water utilities have utilized different methods of
chemical flocculation prior to artificial recharge.

This thesis investigates ways of treating surface water through chemical flocculation
combined with disc filters (micro sieves), contact filters and ultrafiltration (UF)
membranes. This was achieved through laboratory scale jar tests, pilot-scale and
full-scale investigations. Contact filtration, direct precipitation on UF membranes,
conventional precipitation with UF membranes and conventional precipitation were
the most viable options and could treat surface water to about the same extent (about
70-80 % UVAssinm and 50-60 % TOC removal). As a result, depending on the
requirements, such as production capacity, economic and microbial barriers,
different options are available for water utilities.

Water quality changes during basin infiltration were also investigated. Basin
management had a large impact on the bacterial community in the infiltrated water
and significant NOM and bacterial community change (2-log removal) occurred
after only 50 cm of infiltration. UV As4nm and TOC were removed to a similar extent
(about 36 % UV Ajsanm and 37 % TOC removal), and protein-like components were
reduced to a larger extent (33-35 %) than humic-like components (21 %).
Depending on the NOM content and composition in the source water, water rich in
humic acid would require pre-treatment prior to infiltration.

An important part of secure water supply is sustainable source water extraction. The
results from these studies could be used by water treatment plants (WTPs) in their
investigations to improve MAR.
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1 Introduction

Water resource security is a challenge worldwide and water utilities often struggle
with either water quality or quantity. Implications of water scarcity seep into many
aspects of our lives, some more noticeable than others. Access to clean water and
sanitation affects people’s health, livelihoods and education. Globally, there is
enough fresh water to support the world’s population. However, water resources are
not evenly distributed, leading to water scarcity and conflict. Even in Sweden where
vast amounts of accessible fresh water exists, water supply is not accessible
everywhere. This causes local water shortages in municipalities with insufficient
water supply, especially during summer.

The question of water quality and treatment of deteriorating water resources has
been and continues to be an important topic. The historic issues of industrialization
and land use causing increases of natural organic matter (NOM) in Swedish surface
waters, are now being joined by uncertainties caused by the future impact of climate
change. With the predicted increase of precipitation and temperatures, NOM in
Swedish surface waters is expected to increase. Because of increased water demand
due to population increase, water utilities in Sweden are facing challenges of water
quantity and quality.

1.1 Background

Southern Sweden Water Supply (Sydvatten AB) produces drinking water for close
to 1,000,000 inhabitants in southern Sweden. This is mainly done through two
WTPs; Ringsjo and Vomb WW (Figure 1). On average, Ringsjo WW produces
annually about 44 million m® (1400 L/ s) and Vomb WW about 35 million m® (1100
L/ s). In an effort to meet the demand of the growing population and thereby secure
the water supply, Sydvatten AB has set out to nearly double the source water supply
for Vomb WW by 2030. To achieve this goal, large investments have been allocated
to construct new raw water pipelines that will allow for the increased drinking water
production at Vomb WW.
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Figure 1 Overview of the water distribution system in Southern Sweden and the planned raw water pipeline. The
figure shows the three raw water sources, Lake Bolmen, Lake Ringsj6 and Lake Vomb, and the to main WTPs,

Ringsjé and Vomb WW (adapted from Sydvatten AB (2018)
These investments in research and development will set the stage for a larger
regional collaboration in southern Sweden (Figure 2). In an effort to secure the
regional drinking water supply, surface and groundwater resources were organized

according to their capacity for sustainable extraction (Lénsstyrelsen i Skane Lén et
al., 2016). The water resources with high capacity could support municipalities that

only rely on local water sources.
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Figure 2 Overview of the possible regional water supply collaboration (adapted from Sydvatten AB (2018)). The figure
shows the current water distribution system, the planned distribution system, and the water resources that could
supply other municipalities with water.

1.2 Objectives

This study follows the challenges facing Vomb WW, an artificial groundwater
recharge plant, and Ringsjo WW, a surface WTP, in southern Sweden. From this
perspective, one part of the study looks into the pre-treatment of source water, while
the second part looks in detail into the chemical and biological dynamics of artificial
recharge (Figure 3). The main objectives were to explore different treatment and
operational methods and apply these results to a full-scale water treatment process.
The details this study investigated were:

e Pre-treating water from Lake Vomb with chemical flocculation combined
with disc filtration, or micro sieves (Paper 1).

e Comparing groundwater quality originating from pre-treated raw water
from Lake Vomb using contact filtration (chemical flocculation and
continuous sand filtration) and untreated lake water (Paper II).



e Evaluating the qualitative and economic viability of ultrafiltration (UF)
membranes compared to conventional precipitation (Paper I1I).

e Studying the changes in NOM and bacterial communities during artificial
recharge, and the effect of basin management on water quality (Paper IV).

e Investigating the source water quality requirements for artificial
groundwater recharge (Paper V)

The goal of this thesis was to answer the following questions:

1. What are the viable treatment options for water from Lake Bolmen?

2. How does the water quality change during artificial recharge?

3. Can the management of the infiltration basins improve the capacity of
Vomb WW, and does this affect the groundwater quality?

4. What is the required source water quality for artificial recharge to achieve
adequate drinking water quality?
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Paver | filtration Precipitation with UF Precipitation
P Paper I Paper Il Paper llI Paper Il
Coagulation & Coagulation & Coagulation & Coagulation & Coagulation &
Flocculation Flocculation Flocculation Flocculation Flocculation
S . Contact . . . . A "
Disc filtration X X Ultrafiltration Sedimentation Sedimentation
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Groundwater Filtration
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Figure 3 Overview of the different aspects and treatment techniques explored in the thesis (adapted from Paper llI).




2 Theoretical Background

2.1 NOM in freshwater

NOM in freshwater, surface or groundwater, is one of the main contaminants,
alongside iron (Weyhenmeyer et al., 2014), that contributes to its color and odour.
Besides aesthetic issues, NOM can serve as precursors for potentially harmful by-
products from chlorination (Morris et al., 1992; Singer, 1999), cause problems with
regrowth of microorganisms in distribution systems (Camper, 2004) and reduce the
effectiveness of UV-disinfection (Farrell et al., 2018). These are a few reasons why
it is important for water utilities to remove NOM to produce high quality drinking
water.

The observed increase of NOM in countries in Europe, United Kingdom and North
America is a concern due to the issues of treatability of surface waters (Eikebrokk
et al., 2004; Evans et al., 2005). Increasing NOM content in surfaces waters has
been shown to be affected by temperature and precipitation (Freeman et al., 2001;
Froberg et al., 2006; Kohler et al., 2009; Lepisto et al., 2008; Rasilo et al., 2015;
Tranvik and Jansson, 2002; Von Einem, 2007; Worrall and Burt, 2007) but is also
dependent on other factors, such as geological and vegetation properties of the
catchment area surrounding surface waters (Laudon et al., 2011).

The predicted increases of precipitation and temperatures in Sweden due to climate
change (Eklund et al., 2015), are an issue facing water utilities: short term increase
of NOM occurs in surface waters after precipitation events and also long-term NOM
increases. Together with increased demand for potable water, increases in NOM
content, force water utilities to plan ahead to secure future water production.

2.2 Cyanobacteria and cyanotoxins

Cyanobacteria, or blue-green algae, in surface waters is another issue for water
utilities. Cyanobacteria can cause taste and odour issues (Izaguirre et al., 1982; Qi
et al., 2012) and clogging of filters (Li et al., 2017) but more importantly some can
produce harmful toxins (Chorus and Bartram, 1999). Cyanobacteria exhibit rapid
growth periods in surface water, when the environmental conditions are favourable.



These cyanobacterial blooms often occur during the summer months but may also
occur in late autumn and winter (Li, 2020). To avoid harmful algal blooms, it is
important to reduce nutrient (phosphorus and nitrogen) load in surface waters (Paerl
and Huisman, 2008; Xu et al., 2015). The limiting nutrient is often considered to be
phosphorus (O’neil et al., 2012), and the recommended maximum total phosphorus
(TP) concentration is 20 pg/ L to ensure low probability of blooms (Carvalho et al.,
2013; Li et al., 2017). The total nitrogen (TN) concentration is also an important
factor, although certain species of cyanobacteria are able to fix atmospheric nitrogen
(Issa et al., 2014). There are also studies showing that low TN:TP ratios may trigger
algal blooms (Li et al., 2018; Orihel et al., 2012; Smith, 1983). The main issue that
comes with cyanobacterial blooms is the production of cyanotoxins. The
cyanotoxins are a diverse group and can remain dissolved in water for several weeks
before they degrade. Due to severe health issues they cause (e.g. diarrhoea and liver
damage) (Chorus and Bartram, 1999), it is important for water utilities to ensure that
toxin levels in drinking water supply are below the guideline value. (1 microcystin-
LR pg/ L) set by the World Health Organization (WHO).

2.3 NOM removal methods

2.3.1 Coagulation, flocculation and floc separation

A common way of treating surface water is coagulation and flocculation (Crittenden
et al., 2012). Fe** and AI** complexes are often used because of the relatively low
cost and their efficiency at neutralizing surface charges of NOM (Bratby, 2016).
Iron-based coagulants tend to have higher NOM removal rates but narrower pH
ranges and lower optimum pH than aluminium-based coagulants (Edzwald and
Tobiason, 1999; Gillberg et al., 2003; Jarvis, 2004). The efficiency of NOM removal
depends largely on the composition of the organic matter, flocculation pH and the
sufficient dosage of coagulant (Matilainen et al., 2010; degaard et al., 2010;
Sillanpdd and Matilainen, 2014). NOM with higher molecular weight (HMW) are
removed mostly by charge neutralization and low molecular weight (LMW) (non-
humic substances) NOM are removed by adsorption to metal hydroxide surfaces,
which requires higher coagulant dosages (Sillanpéa et al., 2018). HMW NOM are
more readily removed than LMW NOM (Collins et al., 1986; Sillanpdd and
Matilainen, 2014). Hydrophobic acids (VHA and SHA) and charged hydrophilic
matter (CHA) are readily removed through coagulation while neutral hydrophilic
matter (NEU) is inadequately removed (Eikebrokk et al., 2018; Guo and Ma, 2011).

The specific UV-absorbance (SUVA) correlates to hydrophobic NOM (Eikebrokk
et al., 2018) and this measurement is often a good predictor of treatability through



coagulation and flocculation (Edzwald and Tobiason, 1999). This means that
surface waters with higher SUVA-values (SUVA > 4) tend to be easier to treat
through coagulation than surface waters with lower SUVA-values (SUVA <2). In
general, expected NOM removal, measured as dissolved organic carbon (DOC),
using conventional treatment is around 40 to 80 % (Sillanpéé et al., 2018). Similar
removal rates from full-scale WTPs in Nordic countries were reported in Eikebrokk
et al. (2018). Coagulation and flocculation have also been shown to be effective to
remove phosphorus and microorganism (Eikebrokk et al., 2018; EPA, 1970) (EPA,
1970).

Once flocs have formed, different methods of separation are used. Sedimentation is
one of the most common way of achieving separation (Crittenden et al., 2012). Other
methods include microfiltration and ultrafiltration membranes where the coagulant
is added in the feed water (raw water) prior to filtration (Keucken et al., 2017; Lidén
and Persson, 2016; Meyn et al., 2008). One advantage with this technique, compared
to floc separation techniques relying on sedimentation, is the potential savings in
coagulant (Lidén and Persson, 2016). Other separation techniques have been
explored in wastewater treatment through the use of micro sieves with the addition
of polymer (Vddnéanen, 2017). Flocs tend to get weaker with increased size (Jarvis
et al., 2005); however, the use of polymer allows for larger and stronger flocs
(Bratby, 2016).

2.3.2 Artificial groundwater recharge

A common way of treating surface waters and managing water resources is artificial
groundwater recharge (Dillon et al., 2009; Lu et al., 2011; Sprenger et al., 2017;
Stefan and Ansems, 2018; Tielemans, 2007). Water from lakes or rivers are used to
recharge the groundwater through infiltration basins. Often, groundwater recharge
plants are located in glaciofluvial deposits or eskers (Hansson, 2000; Pott et al.,
2009) where soil layers allow for high storage and recharge potential. During
artificial recharge and sand filtration, natural biological processes purify the water
by removing NOM and microbes, including pathogens (Crittenden et al., 2012;
Harrington et al., 2003; Kolehmainen et al., 2007; Sidhu et al., 2015; Yahya et al.,
1993). The main mechanisms for NOM removal during sand filtration are
adsorption and biodegradation (Collins et al., 1992; Huisman and Wood, 1974),
where LMW NOM (carbohydrates, aldehydes and simple organic acids) are more
biodegradable than humic material (Thurman, 1985). A majority of the removal
occurs in the top unsaturated layers of the soil in the biologically active layer (Kleja
et al., 2009; Lindroos et al., 2002; WHO, 2016a). The development of this biofilm
on the top surface of infiltration basins reduces infiltration rates and thereby
introduces oxygen under the basins (Sundl6f and Kronqvist, 1992). The importance
of biofilm development for removal of organic matter and microorganism has been



shown in slow sand filters (Chan et al., 2018), which also applies to artificial
recharge.

In Sweden, one quarter of all the drinking water produced incorporates artificial
groundwater recharge (SWWA, 2016) and the most common way of achieving this
is through basin infiltration. According to several studies from Finland and Sweden,
artificial recharge removes over 50 % of the NOM (Hégg et al., 2018; Jokela et al.,
2017; Kolehmainen et al., 2007; Tanttu and Jokela, 2018). The removal rates depend
on many factors, such as retention times, biofilm development and temperature.
Because of the cold climate in Nordic countries, the removal rates are seasonal, and
have been recorded to be as low as 40 % during winter (Kleja et al., 2009). Another
import aspect of infiltration is NOM composition. Much like chemical flocculation,
artificial recharge removes different fractions of NOM to different extents, where
there is no one process to treat NOM (Sillanpdd, 2015). When combined, artificial
groundwater recharge compliments flocculation and improves NOM removal rates
(Eikebrokk et al., 2018). This is the reason why surface WTPs often utilizes slow
sand filters to create a biologically stable water (Crittenden et al., 2012; Proctor and
Hammes, 2015). However, artificial recharge is ineffective towards removing
neutral hydrophilic matter (NEU) (Lindroos et al., 2002).

Besides treating surface waters, artificial groundwater recharge has many benefits
such as limiting losses through evaporation, protecting against drought, and
reducing risks of contamination (Asano, 2016). Examples can be found around the
world where aquifers are recharged to secure water supply by well infiltration
(Water corporation, 2017).

2.4 Microbial barrier analysis (MBA)

The World Health Organisation’s (WHO) guidelines for drinking water
recommends a risk-based approach to drinking water production (WHO, 2016b).
One tool is quantitative microbial risk assessment (QMRA) (Schijven et al., 2011).
QMRA is a useful tool for water utilities to identify risks and safeguard against
microbial outbreaks. A similar tool derived from QMRA is microbial barrier
analysis (MBA-guideline) which is used in Finland, Norway and Sweden (Odegaard
et al., 2014). This tool is designed to help utilities determine if their treatment
processes are sufficient to minimize risks for microbial outbreaks and be easy to
use. Several other reports from the Swedish Water Works Association (SWWA)
have been published (Bondelind et al., 2013; Pott and @degaard, 2015) building
upon @Pdegaard et al. (2014).

In this thesis, a simplified MBA relevant for the water utility has been used to
identify different treatment alternatives combined microbial barriers according to



Pott (2015). The method discards considerations regarding the source water, i.e.
monitoring and safeguarding surface waters. Table 1 shows the general removal of
different treatment steps as log-reductions for different microbial pathogens, where
1 log remove 90 %, 2 log remove 99 % and 3 log remove 99.9 % and so on.

Table 1 Log-reduction for treatment methods for microbial pathogens. The barriers do not include the potential
deductions from insufficient monitoring and security, e.g. a facility lacking online measurements would receive a 40 %
deductions from the total accumulated microbial barrier (Pott, 2015).

Treatment process Maximum log-reduction

Bacteria Viruses Parasites
Rapid sand filtration (RSF) 0.5 0.25 0.5
Slow sand filtration (SSF) 2.0 2.0 2.0
Artificial recharge® 2.0 1.5 2.0
Contact filtration® 25 2.0 25
Chemical flocculation, 2.75 2.25 2.75
sedimentation and RSF®
Microfiltration (MF) 2.0 1.0 2.0
Ultrafiltration (UF) 25 2.0 25
Nanofiltration (NF) 3.0 3.0 3.0
Direct precipitation on MF 3.0 25 3.0
membrane®
Direct precipitation on UF 3.0 3.0 3.0
membrane®
Recommended accumulated 6.0 6.0 4.0
barrier®

215-30 days residence time of the water in the saturated and unsaturated zones (Jdegaard et al., 2014b).
bIf color reduction > 70 % and turbidity < 0.1 of permeate.
°With over 10,000 consumers.






3 Methods and Materials

3.1 Water treatment plants

This project was conducted at Ringsjo WW, a surface WTP, and Vomb WW an
artificial groundwater recharge plant, in southern Sweden. Both are operated by
South Sweden Water Supply AB (Sydvatten AB). The treatment process at Ringsjo
WW includes coagulation with ferric chloride (FeCls), flocculation, lamella
sedimentation, rapid and slow sand filtration (RSF and SSF), disinfection through
UV-light and chlorination (Figure 4). Ringsj6 WW uses Lake Bolmen the twelfth
largest lake in Sweden, as a raw water source. The raw water is transported from the
southern part of this lake for one week through an 80 km long tunnel, followed by
a 25 km long pipeline before it reaches Ringsjo WW (Sydvatten AB, 2015). Because
of the relatively long retention times in the lake, the lake water quality is improved
before it reaches the intake in the south due to sedimentation and degradation
processes (Swedish Environmental Protection Agency, 2000).

Raw water | | | | |

SRR EETEEN\\ i —

Rapid sand Slow sand g
Flocculation basins Lamella sedimentation l ﬁllSation filtration UV-light
n

Sludge

Figure 4 Schematic diagram of full-scale water treatment at Ringsjé WW, a surface WTP. The WTP uses water from
Lake Bolmen as a raw water source, and treatment includes chemical flocculation, lamella sedimentation, rapid and
slow sand filtration.

Vomb WW is a recharge plant with 54 infiltration basins located in a recharge field
consisting of glaciofluvial deposits (Pott et al., 2009). Raw water from Lake Vomb
is pre-treated by micro sieving before the water is channeled to the infiltration basins
(Figure 5). The groundwater is collected in 114 wells around the recharge field after
about two to three months, and pumped to the WTP for further treatment. The water
is first aerated to remove manganese and iron followed by softening, rapid sand
filtration and monochloramine addition (Sydvatten AB, 2015).
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Figure 5 Schematic diagram of full-scale water treatment at Vomb WW, an artificial recharge plant. Raw water is
taken from Lake Vomb and used as source water for groundwater recharge Treatment after recharge includes
aeration, softening and rapid sand filtration.

The maintenance of the infiltration basins follows a certain cycle. After about one
and a half years of operation, when infiltration rates are too low, the basins are
emptied and allowed to dry and freeze during the winter. The reason for this is to
increase the permeability. The infiltration rates are on average about 0.4 m/ d, where
newly started basins have higher infiltration rates until developed biofilms are
formed.

3.2 Jar tests (Paper I)

In Paper L, jar tests (Crittenden et al., 2012) were performed using a flocculator
(Flocculator 2000, Kemira, Helsingborg, Sweden) in combination with laboratory
scale disc filters (Nordic Water Products AB, Gothenburg, Sweden). The
replaceable disc filters (¢ = 9 cm) were attached horizontally to a 1.2 L cylinder,
whereby water could flow by gravity and flocs would remain on the filter (Figure
6).
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Figure 6 Photo of the Kemira Flocculator 2000 (Helsingborg, Sweden) and disc filters used during this study (Paper
1).

In preparation for the jar tests, coagulation pH was established by adding the
targeted coagulant dosage to 1 liter of raw water and measuring the resulting pH.
Depending on the desired coagulation pH, an acid or base solution was added until
the targeted pH was reached. The prepared volume of H/OH™ needed was later
added before the coagulant during each jar test. The test procedure was as follows:

1. 1 to 6 beakers were filled with 1 L raw water with the addition of the pre-
determined amount of NaOH or HCI in each beaker.

2. The flocculation program started with 30 s of rapid mixing (400 rpm) and
with 10 s remaining, the main coagulant (FeCl;) was added.

3. After rapid mixing, the flocculation program proceeded with 20 min slow
mixing (75 rpm). When polymer was used it was added at this stage.

4. Once the flocculation program had finished, either the program continued
with a 30 min sedimentation step (0 rpm) or the raw water was transferred
to the disc filter. The permeate was collected and measured after 60 s of
filtration.

Once the flocculation program was finished, the water sample was carefully
transferred into the disc filter to avoid floc breakage. The permeate was collected in
a 1 L beaker, or if the program continued with a sedimentation step, samples were
taken using a 50 ml plastic syringe approximately 3 cm below the surface.
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3.3 Pilot scale

3.3.1 Continuous contact filtration in combination with artificial
recharge (Paper II)

For 6 months (April to October 2014), a split-basin pilot study was conducted at
Vomb WW (Paper II). One half of the basin received water from Lake Vomb pre-
treated by micro sieving (500 pm) (control treatment) and one after coagulation,
flocculation and contact filtration (contact filter treatment). Both sides were
maintained the same way and received the same amount of raw water throughout
the study period. Groundwater samples were taken every other week from 4
observation wells starting from June 10" to October 20™ (Figure 7). Water samples
were collected from the incoming raw water, pre-treated water from control
treatment and after contact filter treatment. Samples from both basin halves were
also collected starting in August when the basins had enough standing water. The
water quality parameters that were measured were turbidity (FAU), UV A2sinm,
VISAus6nm, chemical oxygen demand (COD), total organic carbon (TOC), total
phosphorus (TP), pH, nitrate, orthophosphate, microcystin and presence of
cyanobacteria.

@ @ Control wells

{ ( ; Control basin
Raw water Microsieves
- || raa
l Contact filter basin
r
@ @ Contact filter
Backwash wells
waste \/
Contact filter
treatment

Figure 7 Schematic diagram of the split-basin pilot study. Raw water from Lake Vomb is led either to the basin
directly or treated through contact filtration before it is led to the basin.Water samples were collected in the four wells
(Paper II).
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3.3.2 Ultrafiltration membranes (Paper III)

In Paper III, two possible ways of implementing ultrafiltration (UF) membranes in
MAR were studied through a two-part membrane pilot trial conducted from April
2017 to August 2018 at Ringsjo WW. The results from the membrane pilot were
compared with existing conventional precipitation and rapid sand filtration (RSF)
at the WTP. The first part of the membrane pilot was direct precipitation before UF
and the second part was conventional precipitation combined with UF (replacing
the rapid sand filters). The three alternatives were compared based on NOM
removal, scalability, cost, operational flexibility and security. The NOM-removal
comparison was conducted by measuring UV Azsanm through online sensors in the
feed, filtrated and permeated water. The capacity of the membrane configurations
was compared with conventional precipitation using the net-flux and the
temperature compensated permeability. A schematic diagram for the three treatment
methods can be seen in Figure 8.

i i Conventional
Conventional Direct -
Precipitation Precipitation BT e

with UF

| Raw Water | I Raw Water | | Raw Water |
| Coagulation | | Coagulation | Coagulation |
Flocculation | Flocculation | Flocculation |

| '

| Sedimentation | Ultrafiltration | Sedimentation

RapidSand | [ Artificial Ultrafiltration
Filtration Groundwater

Recharge

Figure 8 Schematic diagram of the three different treatment methods investigated (Paper Ill).

The UF membrane used in this study was an X-flow XIGA64 hollow fiber
membrane from Pentair (Pentair, 2018). The membrane area was 64 m*> with a
molecular weight cut off (MWCO) of 150 kDa. The membrane was vertically
mounted in a container together with strainer (AZUD Helix Automatic FT201 AA,
Murcia Spain 300 um), feed tank, permeate tank, feed pump, backwash pump, panel
PC and compressor.
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The membrane was cleaned in three different ways using permeate collected from
the permeate tank. The hydraulic clean (backwash) and the two chemical cleaning
procedures used during the study can be seen in Table 2.

Table 2 Cleaning proceedings during the pilot (adapted from Paper lll).

Cleaning Chemical Interval Duration Procedure
proceeding
Backwash (BW) None 32 min? 30 sec
34-50 min®
Chemical enhanced CEB A: NaOH and 12-24 h 20 min 1. Soak for 10
backwash (CEB) NaClO min (CEB A)
CEB B: H2SO4 2. Soak for 10
min (CEB B)
3. Rense
Cleaning in place CIP 1: Citric acid 3 occasions 24 h 1. Overnight
(CIP) CIP 2 & 3: Oxalic acid circulation
and Ascorbic acid 2. Flushed

aSetting used during direct precipitation.

bSetting used during conventional precipitation with UF.

°Used during the first CIP

9Mixture used the second and third CIP

The backwash was conducted using only permeate every 32 minutes, while the
chemical enhanced backwash (CEB) was conducted once or twice a day using
sodium hydroxide, sodium hypochlorite and sulphuric acid. During CEB, the
membrane soaked for 10 minutes in a mixture of sodium hydroxide and sodium
hypochlorite (200 ppm) (CEB A) at pH 12 followed by soaking in sulphuric acid
(CEB B) for 10 minutes (pH 2). The cleaning in place (CIP) was conducted three
times during the pilot study using two different CIP chemicals. The first CIP was
performed using only citric acid (CIP 1) but was abandoned when permeability
remained the same after the cleaning procedure. CIP 2 and 3 were successfully
conducted using a mixture of oxalic acid and ascorbic acid (CIP 2). All three CIP
were done by circulating the cleaning solutions through the membrane overnight
(24 h).

The first part of the membrane pilot was direct precipitation before UF, where two
different coagulation configurations were tested; (1) inline and (2) feed tank
coagulation (Figure 9). In part one (inline coagulation), FeCl; was added after the
feed tank and before the feed pump. To ensure sufficient time for floc formation, a
tube was used to create a 90 seconds contact time. In part two (feed tank
coagulation), FeCl; was added to the feed tank equipped with a stirrer, allowing for
a 14 minutes flocculation time. The same NOM removal as conventional
precipitation was achieved when the flux and coagulant dosage was 50-60 L/ (m*-h)
and 5-6.5 ppm (mg Fe*'/ kg water). This corresponded to a recovery rate of about
88 % for both configurations.
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Figure 9 Schematic diagram of the direct precipitation pilot plant with two configurations; (1) inline and (2) feed tank
coagulant dosage. Water from Lake Bolmen was used as feed water (Paper Ill).

In the second part of the membrane study, treated water from full-scale conventional
precipitation after lamella sedimentation was used as feed water in the pilot (Figure
10). The flux for this configuration was 60-90 L/(m?-h) with a recovery rate of about
95 %.
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Figure 10 Schematic diagram of conventional precipitation combined with UF membrane pilot. Treated water after
lamella sedimentation from the full-scale treatment was used as feed water for the membrane pilot (Paper IlI).

The performance of the membranes was compared with the results from full-scale
conventional precipitation at Ringsjo WW using the UV Azssnm of the treated water.
Because coagulant and hydroxide dosages vary daily and seasonally based on the
water quality from Lake Bolmen, yearly averages were used to determine
consumption and costs. Once the membrane pilot achieved the same water quality
as conventional precipitation, maintenance cost, chemical consumption,
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performance and stability were estimated based on the production of 1 m* of water.
The investment cost was calculated for a membrane facility with a production
capacity of 2 m* s and estimated based on experiences from other WTPs and
information from retailers. The investment cost per membrane surface area ($/ m?)
was also estimated to decrease with increasing production volume according to
Huehmer (2016) and experiences from Swedish water utilities. The energy
consumption was based on full-scale conventional precipitation at Ringsé WW (i.e.
flocculation and sedimentation) and experiences from a full-scale membrane facility
in Lackarebédck, Sweden (i.e. the UF stage). The energy cost was estimated at $
0.11/kWh based on the Swedish market. An exchange rate of 1 $ (US) to 9 SEK
was used for all costs.

3.4 Field research

3.4.1 Artificial recharge field study at Vomb WW (Paper 1V)

A field study at Vomb WW was conducted from July 4™ to November 21%, 2018
(Paper IV). In this study, water quality changes during infiltration were studied
using an infiltration basin split into two halves, Basin A and B (Figure 11). The
effect of drying and freezing one side of the basin (Basin A) was studied by
emptying this side and allowing it to dry and freeze during the winter. Basin B
received water during the winter, preventing the basin from drying. Both halves
received filtered water (40 pm micro sieves) from Lake Vomb, and were skimmed
and taken into operation at the same time.

Inlet | | Inlet

40 um i 5m 40 um
Al B1

A3 B3

: ?
A2 |® A B X®|B2
® ®

X -50 cm
A4|® O-100cm & | B4

Figure 11 Overview of the split-basin study. Water samples for UVAzssnm and TOC measurements were taken from all
the soil water samplers, inlet and Basin A and B during the whole study period. CDOM samples (fluorescence
spectroscopy measurements) were taken from the inlet, B3-50, B3-100, B4-50 and B4-100 for a three week period in
November. Water samples for flow cytometry measurements were taken from the inlet, samplers A3-50, A3-100, A4-
50, A4-100, B3-50, B3-100, B4-50 and B4-100 (Paper IV).
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Water samples were collected once a week through 16 tension free solution
collectors (Prenart soil solution collectors, Prenart Equipment APS, Denmark;
(Buckingham et al., 2008)) installed under the surface of the basin. Each sampler
was connected by a teflon tube to a 2 L collection bottle, and samples were collected
by applying vacuum to the bottle (-0.6 bar). As seen in Figure 11, 8 samplers were
installed in each basin at two different depths, 50 and 100 cm. Each sampler pair
was installed with 5 m between each pair, starting 5 m away from the inlets. The
day before sampling, a vacuum was applied to each collection bottle to ensure
adequate volume. Water samples for NOM analysis (UVAzssnm, TOC and
fluorescence spectroscopy) were collected the following day. Fluorescence
spectroscopy samples, or colored dissolved organic matter (CDOM) samples, were
collected in ashed amber glass bottles. Vacuum was applied again to half of the
samplers, A3-50, A3-100, A4-50, A4-100, B3-50, B3-100, B4-50 and B4-100, and
3 mL water samples were collected for flow cytometric analysis, in sterile falcon
tubes for 30 min. All samples were cooled on ice and stored overnight at 4 °C.

3.4.2 Field sampling, column trial and survey of Swedish artificial
recharge plants (Paper V)

Samples from 35 wells evenly distributed across the recharge field at Vomb WW
were taken during two separate occasions. Each sample was collected, tested for pH
and temperature and stored cool in three separate bottles. One bottle was used for
samples analyzed at the WTP (UVassnm-VISs360m absorbance) and the two other
bottles were sent to an external laboratory (Eurofins) for TOC and COD
measurements.

A column test was performed at Ringsjo WW from June 26™, 2019 to May 15™,
2020. The column was filled with soil material from the recharge field in Vomb and
water from Lake Bolmen was used as feed water. The column was 3 meters tall and
0.5 meters in diameter. The flow into the column was regulated to give a 14 days
retention time. Samples from the feed water and permeate were collected once a
month, and measured for TOC, COD and UVjs4m-absorbance.

A survey was conducted over 16 artificial recharge plants in Sweden (Higg et al.,
2018). The survey consisted of WTPs utilizing, among other techniques, pre-
treatment through chemical flocculation, basin infiltration and induced infiltration.
The interviews included technical questions about their treatment methods, raw
water quality, drinking water quality, basin management and experiences of past
trials and studies. In Paper V, experiences from 11 recharge plants utilizing basin
infiltration from that study were used.
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The results from the field sampling, column trial and survey were applied to the case
for Southern Sweden Water Supply (Sydvatten AB) to predict the potential need for
pre-treatment through chemical flocculation.

3.5 Water quality measurements

3.5.1 Chemical analysis

For Papers I, I1, IV and V, a spectrophotometer (DR 5000, Hach Lange) was used
to measure the UV-VIS absorbance at Ayy =254 nm and Avis = 436 nm with a 5-cm
cuvette, and in Paper 111, online UV Ajs4nm sensors were used. In Paper I, IV and
V, a TOC-analyzer (TOC-L, Shimadzu) was used, and in Paper II and V, TOC
samples were sent to Eurofins, Sweden. The calculated specific UV-absorbance in
Paper 1V, was done with the UVA354nm:TOC ratio (SUVAToc). In Paper II,
turbidity and chemical oxygen demand (COD) were measured using a Hach Ratio
XR Turbidimeter (Hach Lange GmbH, Germany) and colorimetric titration with
potassium permanganate, respectively. Hach Ratio XR Turbidimeter with test kits
(Hach Lange) were used to measure orthophosphate and total phosphorus.

In Paper IV, the absorbance and fluorescence of dissolved organic matter (DOM)
were measured in a 1 cm quartz cuvette at 20 °C using an Aqualog
spectrofluorometer (Horiba Scientific). Each water sample was filtered before being
measured through a pre-flushed 0.45 pm cellulose acetate filter. Excitation and
emission matrices (EEMs) were obtained with 2 s integration time. Excitation
wavelengths ranged from 240 to 650 nm at 3 nm increments, and emission
wavelengths ranged from 249 to 700 nm at 2.33 nm increments. Fluorescence EEMs
were decomposed to the underlying component and the relative intensity of each
component by using parallel factor analysis (PARAFAC) (Bro, 1997). PARAFAC
modelling was implemented using the N-way and drEEM toolboxes for MATLAB
(Andersson and Bro, 2000; Murphy et al., 2013).The Fluorescence index (FI) for
water samples (Paper IV) were also calculated using 470 nm/ 520 nm fluorescence
emission intensity ratio at 370 nm excitation (Cory and McKnight, 2005)

3.5.2 Cyanobacteria and cyanotoxin

The prevalence of cyanobacteria was quantified in Paper II by fixing algae samples
with Lugol’s solution. Samples were stored overnight in an Uterméhl chamber
(settling chamber) prior to analysis. The cell count was conducted manually with a
microscope (400x) by estimating the biomass area in the chamber in increments of
10 % (1 =10 %, 2 =20 %, and so on). The taxonomic groups were identified by the
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different morphological characteristics; (1) Woronichinia, Snowella, Microcystis,
Radiocystis, (2) Chroococcus, (3) Beggiatoa, (4) Achroonema, Limnothrix,
Planktolyngbya and (5) Anabaena, Nostoc. Antibody microcystin tests were also
performed in Paper II according to Beacon Analytical Systems Inc. (2020). The
toxin profile was validated through ultra-performance liquid chromatography - mass
spectrometer (UPLC-MS/MS) (Pekar et al., 2016).

3.5.3 Flow cytometry

During the field study (Paper V), the bacterial concentration in water samples were
measured weekly for total cell count (TCC) and intact cell count (ICC) using the
dyes SYBR Green I (SG) and propidium iodine (PI) (Sigma-Aldrich, Germany)
(Chan et al., 2018; Gillespie et al., 2014; Prest et al., 2013). A 5 pL 1:100 mixture
of SYBR Green I (10,000 x) and dimethyl sulfoxide (DMSO), resulting in a 100 x
SG concentration, was used to stain 495 pL water samples for the TCC
measurements. For the ICC measurements, a 6 L 1:6 (50 to 250 pL) mixture of PI
and 100 x SG was used to stain 496 pl of water sample. The final dye
concentrations were 3 uM PI and 1.x SG. All samples were vortexed and incubated
for 15 min at 37 °C after the addition of the dyes. All samples were vortexed again
after incubation and analysed using a BD ACCURI C6 plus flow cytometer (BD
Bioscience) equipped with a 50 mW laser (488 nm). Each sampling rack could hold
a set of 4-5 water samples including slots for Millipore water between each
triplicate. From each water sample, 50 uL were analyzed.

The flow cytometric data were processed using FlowJo software from Tree Star Inc,
USA. The gating strategy in Paper IV was based on Chan (2018) and Prest et al.
(2013) and applied to all samples. The TCC, ICC, fluorescent fingerprint, and
percentage of low (LNA) and high nucleic acid (HNA) bacteria were calculated
based on this defined gate. Figure 12 shows (a) the defined gate and (b) the LNA
and HNA definition.
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Figure 12 Flow cytometric data from a raw water sample stained with SYBR Green |. Figure shows (a) scatter plot of
green fluorescence and red fluorescence with the applied gate, and (b) histogram of green fluorescence of the gated
events (or cells) with the applied definition of LNA and HNA.

The changes in the bacterial community were also investigated by applying
additional gates on the raw water community. These gates were later applied to all
samples. This identified specific changes in the populations in the raw water. Figure
13 shows the applied gates Low LNA (L-LNA), High LNA (H-LNA) and New
HNA (N-HNA).
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Figure 13 The additional gates Low LNA (L-LNA), High LNA (H-LNA) and New HNA (N-HNA) were defined and
applied to the raw water (top left), and later applied to A-50 (center left), A-100 (bottom left), B-50 (center right) and B-
100 (bottom right). Each line represents one of the triplicates from each water sample. (Appendix from Paper IV).
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3.6 Water quality limits and classification

The regulator limits and recommendations for potable water vary in different
countries. Table 3 shows the regulatory limits regarding chemicals and NOM,
relevant for this thesis, for drinking water in Sweden. The only regulatory limit
regarding microbial communities in drinking water are pathogens.

Table 3 Swedish regulatory limits for drinking water (Swedish Food Agency, 2018a, 2001).

Parameter  Color Turbidity CODwn TOC® Acryl- Cyano- Esherichia  Entero-
[mgPt/L] [FNU] [mg/ [mg/  amide® toxins® colid [in coccus

L] L] [ug/L]  [ng/L] 100 mL] [in 100 mL]

Regulatory 15 0.5 4 4 0.10 1 Detected Detected

limit
aCorrelated to the limit of 4 mg CODwn/ L over a two-year period.
bBased on calculation of a 0.5 mg polyacrylamide/ L.
°Applies to all toxins except saxitoxins (3 ug/ L).
dColiform bacteria limit is 10 counts in 100 mL

In Sweden, artificially recharged surface water is considered to be unaffected
groundwater after 14 days of infiltration including passage through at least 1 meter
unsaturated zone and 40 meter between extraction point and recharge area (Engblom
and Lundh, 2006; Swedish Food Agency, 2018b; SWWA, 2011).

3.7 Data and statistical analysis

The data collected during this study, before and after each treatment step, were
compared to evaluate each tested method. Because certain NOM content
measurements were conducted at different sites, uncertainties when comparing
measurements from different sources also apply. However, the evaluation of each
treatment method was always done using the measurements from the same
analytical source.

Data curation, visualization and statistical calculations were conducted in Matlab
(The MathWorks, Inc., USA), R (R Development Core Team, 2013), FlowJo (Tree
Star Inc., USA) and Microsoft Excel. Tests for the significant differences in
microcystin-LR were conducted using the bootstrapping resampling method (Paper
II), and significant differences in infiltration basin performance were conducted by
Student t-tests (Paper IV). For correlation investigations, Pearson’s correlation
coefficient calculations were used. In Paper IV, non-metric-multidimensional
scaling (NMDS) with histogram image comparison (Koch et al., 2013) was used for
visualization of differences between the performance of the different halves of the
basin. NMDS is an ordination technique based on distance or dissimilarity (Kruskal,
1964). As seen in Chan et al. (2018), the data was taken from the gated populations
of flow cytometric scatter plots. The R packages flowCORE and modified
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flowCHIC were used through a script developed by Niklas Gador (Kristianstad
University, Sweden). The script randomly selected the same number of events,
equivalent to the sample with the lowest event count, from each sample. This was
done due to the vast difference in events between samples from the raw water and
infiltrated water.

3.8 Coagulants and additives

In the flocculation studies (Paper 1, II and III), all primary coagulants used were
of food grade quality. PIX-311, a 40 % by weight FeCls solution, and PAX-15, a
polyaluminium chloride (PACI) solution, was used as primary coagulants. Both
were produced by Kemira (Helsingborg, Sweden) and used without any preparation
prior to the flocculation studies. In Paper I1, a 195uL PACI solution/ L dosage was
used. The 0.5 % anionic synthetic polymer (co-polymer of acrylamide and sodium
acrylate), MLT 30 (BASF, Ludwigshafen, Germany), was diluted in distilled water
prior to the jar tests resulting in a 0.05 % polymer solution. During the flocculation
studies when water from Lake Vomb was used, a H;SO4 or HCI solution was used
to lower the pH due to the high alkalinity of the lake water. When water from Lake
Bolmen was used, a NaOH or H,SO4 solution was used depending on dose. In Paper
II1, additional chemicals were used for chemical enhanced backwash (CEB) and
cleaning in place (CIP). For CEB, a 25. % NaOH, 12.5 % NaClO and 37 % H>SO4
solutions were used, and for CIP clean citric, oxalic and ascorbic acid were used.
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4 Source Waters

The raw water source for any water utility has a large impact on the choices of
treatment. All water sources have a unique composition of organic matter that is
influenced by the catchment area, surrounding geology and retention times.
However, there are a few commonalities among surface water that can give an
indication on suitable treatments prior to investigations, such as pilot studies. This
section describes the results from previous studies, experiences from the water
utility, and results from this thesis, of Lake Bolmen and Lake Vomb. The description
will set the stage for the choices of treatment investigated during this study.

4.1 Lake Bolmen

Lake Bolmen is oligotrophic and the main water source for Ringsjo WW and the
dependence on it will only increase when the source will be used at Vomb WW.,
The main reasons why this water source is suitable for treatment are the large
possible sustainable extraction volume and the low nutrient load. The catchment
area around the lake is dominated by forest, bogland and iron rich soils, which
causes the lake to be rich in NOM and with high color content (Eikebrokk et al.,
2018; Persson, 2011; SMHI, 2018). The origin of the organic matter was also
reflected in the high UV Ajsanm (35-45), color (90 mg Pt/ L) and SUVA values (4 L,
m’', mg"') (Eikebrokk et al. (2018) and Paper V). The composition of NOM makes
the water suitable for chemical flocculation. This comes from years of operational
experience and it is shown in the high SUVA-value (Paper I1I and V) of the lake.
At the same time, the treatment processes that occur during infiltration was shown
to be inadequate at removing organic matter from the water (Paper V). The results
from this study are presented in Chapter 6. The water quality varies in Lake Bolmen
and improves during the transport through the tunnel to Ringsjo WW (Table 4).

Table 4 Average water quality in Lake Bolmen (before the tunnel) and after Bolmen tunnel, and median drinking water
quality after treatment at Ringsjo WW, 2019 (Sydvatten AB, 2020).

Sampling Color Turbidity CODwn TOC pH Alkalinity
point [mg Pt/ L] [FNU] [mg/ L] [mg/ L] [mg HCO37/ L]
Lake Bolmen 90 2.0 N/A 9.8 6.9 8.1

Bolmen tunnel 525 1.1 9.0 8.3 7 14.2

Treated water <5 <0.10 1.3 N/A 8.1 44

27



4.2 Lake Vomb

The water quality of Lake Vomb differs from Lake Bolmen in several ways. Lake
Vomb is hypertrophic and experiences strong seasonal algal blooms caused mostly
by runoff from agricultural land in the catchment area around the lake
(Lénsstyrelsen i Skane Lén, 2012; Li, 2020). The seasonal blooms affect the
maintenance of the infiltration basins at Vomb WW, where basins are taken into
operation in late autumn-winter to ensure the development of the basin biofilms
before algae blooms in late summer the following year (Li et al., 2017). This was
reflected in the measured FI in Paper IV, suggesting slightly higher DOM origins
from microbial sources compared to terrestrial sources. This causes the organic
composition of Lake Vomb to differ from that of Lake Bolmen, where the UV Azs4nm
and SUVA were significantly lower, around 20 m™ and 2 (mg-m)/ L, respectively
(Paper 1V). The correlation between the organic matter and bacterial community
was shown in Paper IV, where the composition changed depending on the water
temperature (Figure 14).
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Figure 14 Changes in NOM and microbial community in the Lake Vomb raw water depending on raw water
temperature. The figure shows (a) the TOC and SUVA (UVA2s4nm:TOC ratio) changes, (b) the TCC, (c) % HNA, (d)
%L-LNA, (e) H-LNA and (f) N-HNA (adapted from Paper IV).

TCC and all subgroups (L-LNA, H-LNA, N-HNA AND HNA) increased with
temperature. Higher cell counts in raw waters have also been observed during
summer, in Finland (Kolehmainen et al., 2007). However, the composition of the
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microbial community changed, as the % L-LNA decreased; and, the % H-LNA, %
N-HNA and % HNA increased (Figure 14). At the same time, the NOM composition
changed: SUVAroc (UVA2s54mm:TOC ratio) increased during the summer months,
and coincided with the seasonal algae blooms (Li et al., 2017). This is likely an
interaction between NOM composition and bacterial communities, where cells with
more DNA increase and a decrease in bioavailable organic carbon results from this
increased biomass.

As previously mentioned, surface waters with low SUVA values tend to be more
difficult to treat by chemical flocculation. This was also shown in Paper I where
the coagulant dosages when treating water from Lake Vomb, compared to Lake
Bolmen, where about 15 % higher for about the same UV Ass4nm reduction (around
70 %) (Hagg, 2015). The alkalinity of Lake Vomb also makes treating the water
through chemical flocculation difficult. Because the coagulation pH needs to be
around 5-6 depending on the coagulant, high amounts of acid (usually HCI or
H,SO4) need to be added prior to the coagulant to reduce the alkalinity and lower
pH. Table 5 shows the water quality parameters of Lake Vomb.

Table 5 Average water quality in Lake Vomb and median drinking water quality after treatment at Vomb WW, 2019
(Sydvatten AB, 2020).

Sampling Color Turbidity CODwn TOC pH Alkalinity
point [mg Pt/ L] [FNU] [mg/ L] [mg/ L] [mg HCO37/ L]
Lake Vomb 23.4 85 5.1 6.6 8.4 165.5
Treated water 5.95 0.12 1.5 N/A 8.4 140
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5 Chemical Flocculation and Floc
Separation

Three pre-treatment methods were tested during this thesis. The first method was
combining chemical flocculation and disc filtration using 10 and 40 pm micro sieves
(disc filters) (Paper I). This was done through a series of laboratory scale jar tests
at Vomb WW using water from Lake Vomb as source water. In Paper II, the well-
established method of contact filtration was tested in combination with artificial
recharge. In this section, the results from contact filtration on the infiltration water
is described. The impact of pre-treated water for infiltration is later described in
Chapter 6. The last method tested was a full-scale implementation of UF membranes
prior to infiltration (Paper III). In this study, the UF-membrane pilot using two
different configurations was compared with conventional precipitation at Ringsjo
WW. The aspects that were explored were water quality, flexibility and economic
viability.

5.1 Micro sieving (Paper I)

Prior to the disc filter investigation, a series of jar tests were conducted to establish
viable Fe** dosages and flocculation times for Fe*" and synthetic anionic polymer
(Paper I). Based on the results, 173 mmol Fe*/ m’ (70 mg FeCl; solution/ L)
coagulant dosage was chosen, and 720 s flocculation time for Fe*" prior to polymer
additions and 240 s flocculation time for the polymer prior filtration. The result from
chemical flocculation and disc filtration using 10 and 40 um disc filters can be seen
in Figure 15.
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Figure 15 Results from combining chemical flocculation with (a) 10 um and (b) 40 um micro sieves for water from
Lake Vomb. The average raw water UVAzsanm (n = 4) and TOC (n = 2) during 10 um were 17.3 + 0.4 and 8.8 mg/L,
respectively, and during 40 um 18.2 £ 0.15 and 9.3 mg/L, respectively (adapted from Paper 1).

The polymer dosage had the largest impact on the volume permeate but also on the
UV Assanm at lower dosages (up to about 0.5 mg polymer/ L). This was especially
apparent when using 40 um disc filters where lower dosages (around 0.1 mg/ L)
resulted in high variation in UV Azssnm and permeate volume. However, there was
minimal impact on water quality (UV Azssnm) When increasing the polymer dosage
above 0.5 mg/ L. This suggests adequate polymer dosages were used for binding
flocs together and to resist breakage during filtration. At higher polymer dosages
(above 0.6 mg/ L), negative effects appear which resulted in lower permeate
volumes and higher TOC when using 10 um disc filter (Figure 15a). This is likely
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a result of excessive polymer dosage and clogging of the filter. Because the polymer
did not significantly absorb UV-light (Paper I) and the UVAjssym remained
constant, the increase in TOC was very likely caused by residual polymer in the
permeate. When using 40 pm disc filters with higher polymer dosages (Figure 15b)
the volume permeate continued to increase (within the studied polymer dosage
range).

The Swedish regulatory limit for polyacrylamide in drinking water is 0.5 mg/ L raw
water (Swedish Food Agency, 2001) which results in a UV As4nm and TOC removal
by 74 and 49 % with 10 um filters, and 70 and 50 % with 40 pm filters, respectively.
At this polymer dosage, the permeate volume using 40 pm disc filters was about 30
% more than the 10 pm filters. Overall, the results showed an inadequate removal
of organic matter, measured as TOC. This could be because the tests were done in
laboratory scale which might not translate directly to full-scale, but it could be a
combination with the inherent difficulty to treat water from Lake Vomb through
chemical flocculation.

5.2 Contact filtration (Paper II)

The results from the 4-month contact filtration pilot study at Vomb WW are
described in this section. The study investigated the effect of pre-treating water from
Lake Vomb and compared it to the existing treatment at Vomb WW (Figure 7,
treatment train). The differences in treatment performance were examined between
contact treatment (contact filtration) and control treatment (500 um micro sieves)
by following the treatment train in four steps: (1) raw water, (2) pre-treatment, (3)
water in the basins and (4) water collected in the wells.

5.2.1 NOM and particle removal

The results from the NOM (TOC, COD, UV 2s54nm- VIS436nm absorbance) and particle
(turbidity) removal rates (Table 6) showed that about 55 % of TOC and 66% of
COD, and about 68 % of the UV Azs4nm and 86 % of VISA4z6nm Were removed by the
contact filters. An additional 25 % of TOC and 23 % of COD were removed after
infiltration. The total TOC and COD removal were 67 % and 74 %, respectively.
The control treatment (500 wm) only removed contaminants associated with organic
and inorganic particles, due to the size of the micro sieves. Overall, the TOC and
COD were removed by about 52 % and 68 %, respectively. This was slightly less
than what was observed from full-scale operations without pre-treatment (Table 5
Chapter 4), where retention times were around 2-3 months.
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Table 6 NOM and turbidity measurements for each treatment step for water from Lake Vomb (adapted from Paper II).

Sampling TOC coD Turbidity UVA254nm VISAs36nm
point [mg/ L] [mg/ L] [FAU] [m™] [m™]
Raw water Average 6.3 5.0 4.6 17.2 2.09
Min/Max 4.3-9.1 4.1-5.6 2465 15.9-17.7 1.6-2.2
After contact Average 2.8 1.7 1.0 55 0.3
filtration Min/Max 2-3.3 1.4-2.4 0.3-5.8 4572 0.2-0.6
After control Average 6.7 4.8 3.8 16.4 1.5
treatment Min/Max 5.5-8.5 4.0-5.5 27-45 15.1-17.1 1.0-1.9
Contact filter Average 2.8 1.7 1.3 5.2 0.5
basin Min/Max 2.1-3.2 1.3-2.4 0.3-5.8 47-5.8 0.2-0.6
Control Average 6.7 53 4.6 16.3 1.6
treatment basin  \jin/Max 5.1-7.4 4364 3-14.2 15.1-16.4 1.1-1.7
Contact filter Average 2.1 1.3 N/A 4.4 0.9
well Min/Max 1.9-2.5 1-1.6 N/A 1.1-6.9 0.2-1.3
Control filter Average 3.0 1.6 N/A 5.2 0.4
well Min/Max 2.1-35 0.7-12.3 N/A 1.2-7.2 0.04-1.4

5.2.2 Cyanobacteria, toxin and nutrient removal

The effect of removing nutrients prior to infiltration by contact filtration is
summarized in Table 7. As expected, the control treatment had little to no effect on
nutrient and cyanobacteria removal. Cyanobacterial biomass increased in the
control basin likely due to the high nutrient load in the basin. On the other hand,
pre-treated source water resulted in significantly less phosphorus and hence
cyanobacterial biomass. However, no cyanobacteria were found in the wells (Paper
II). The removal of cyanobacteria after contact filtration also led to a removal of
microcystin. This was not the case in the control basin where microcystin
concentrations were the same in the basin as in the raw water.

Table 7 Nutrient, cyanobacteria and microcystin measurements for each treatment step for water from Lake Vomb
(adapted from Paper Il). The table shows the averages over the whole study period.

Samplingpoint Total-P NH4* NOs- POs* Cyano- Microcystin
[mg/ L] [mg/ L] [mg/ L] [mg/ L] bacteria*  [ug/L]
Raw water Average 0.10 0.069 0.37 0.17 Present 0.14
Min/Max  0.04-0.19  0.014-0.23  0.20-0.99  0.049-1.0 0-1
After contact Average  <0.02 0.057 0.52 <0.02 None 0.053
filtration Min/Max ~ <0.02 0.024-0.19  0.04-16  <0.02 0.01-0.27
After control Average  0.07 0.052 0.56 0.070 Present 0.13
treatment Min/Max  0.02-0.11  0.018-0.16  0.21-1.7  0.02-0.11 0.01-1.1
Contact filter Average  <0.02 0.044 0.39 <0.02 None 0.056
basin Min/Max  0-0.018  0.011-0.096 0.21-1.1  0-0.019 0.01-0.30
Control Average 0.10 0.049 0.32 0.10 Numerous  0.14
treatmentbasin  \in/Max  0.06-0.22 0.03-0.099  0.14-1.0  0.06-0.22 0.01-0.75
Contact filter Average  <0.02 0.0082 0.55 0.049 0.026
well Min/Max  <0.02 0-0.021 0.15-1.6  <0.02 0-0.09
Control filter Average  <0.02 0.0075 0.80 <0.02 0.029
well Min/Max  <0.02 0-0.02 0.28-1.6  <0.02 0-0.24

*Based on subjective observations in the settling chamber.
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5.3 Ultrafiltration (UF) (Paper III)

An UF membrane pilot study was conducted at Ringsjo WW from April 2017 to
August 2018. The study investigated two possible ways of implementing UF
membranes; (1) combining direct precipitation before UF and (2) conventional
precipitation with UF (replacing rapid sand filtration), and comparing these result
with (3) full-scale conventional precipitation (chemical flocculation, lamella
sedimentation and rapid sand filtration). This section describes the performance of
the membranes, the chemical consumption, operational and investment costs. This
was done by achieving the same UVAjssnm of the treated water as full-scale
precipitation at Ringsjo WW (excluding slow sand filtration). Once this was
achieved, the costs of each option could be compared. The results from conventional
precipitation during the time of the study can be seen in Figure 16. The results show
that the UV Apsanm after treatment is consistently 5 m™ and was therefore the target
water quality for this study.

Conventional precipitation

UVA raw water
UVA treated water | 79
Coagulant dosage

F-
o
T

- D>

UVA [254nm/m]
N
o
T
1
(9]
Coagulant dosage [ppm]

20 -14
15 13
10 12
5F W -1
A
0 1 1 1 |
Jun Jul Aug Sep

2017

Figure 16 Treatment results before and after full-scale precipitation (excluding slow sand filtration) for water from
Lake Bolmen. The figure shows the UVAzssnm before and after treatment, and the coagulant dosage as mg Fe*'/ kg
water (Paper llI).

5.3.1 Direct precipitation on UF membrane

The first part of the pilot study was direct precipitation using two different coagulant
configurations (Figure 9, Chapter 3). The first configuration was inline coagulation
where the coagulant was added directly in the feed water before the feed pump.
After the feed pump, a tubing was installed to ensure a 90 seconds contact time
before the membrane. The second configuration was feed tank coagulation where
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the coagulant was added to the feed tank allowing for a 14 minutes flocculation time
before the membrane. Figure 17 and 18 show the results from the first weeks of the
study with the two configurations.

The initial results from inline coagulation showed an unstable performance due to
fouling and rapid and great decreases in permeability (Figure 17). In an attempt to
stabilize the permeability, the flux was reduced from 60 to 50 L/ (m*h). The CEB
intervals were increased from once to twice a day after a couple of days. After a few
days, the pH was gradually increased which resulted in a more stable performance
but with deteriorating water quality (measured as UV Ajssnm). During the trial, the
permeability was reduced from around 500 to 200 L/ (m*h-bar).

Inline precipitation
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Figure 17 Results from the first two weeks of inline coagulation for water from Lake Bolmen. On the 6™ of May, the
pilot stopped due to low levels in the permeate tank. The flux was 60 L/ (m?-h) from the 2" to the 4™ of May and 50 L/
(m?-h) from the 5" of May and onwards. The coagulant dosage was 5.5ppm Fe®* during the two weeks. The maximum
UVA2sanm that the online sensors could measure was 10 m™' (Paper II).

The results from the feed tank study showed a more stable performance in regard to
permeability (Figure 18). In response to the inadequate initial UV Ajzsanm, the
coagulant dosage was increased from 6 to 7.5 ppm. This resulted in a UV Aszs4nm
reduction from 7 to 5 m', which was the targeted water quality. The overall
permeability loss during the three-week trial was only reduced to about 450 L/
(m*h-bar).
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Feed tank precipitation
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Figure 18 Results from the first three weeks of feed tank precipitation for water from Lake Bolmen. The figure shows
the permeability, coagulant dosage and UVAzsisnm (Paper lil).

After the initial trials, the capacity of the two membrane configurations was tested
(Figure 19). The results from inline coagulation are shown in Figure 19(a). During
this trial, the coagulant dosage was 6.25 ppm and later reduced to 5.25 ppm. The
reduction in coagulant dosage still resulted in adequate water quality (UVAzssnm <
5m™). The pH was 5.1 and the flux remained 50 L/ (m*h) during the whole study.
During the feed tank study, the pH was also set to 5.1 and the permeability changed
depending on the flux (Figure 19(b)). The flux was initially 50 L/ (m*h) and
gradually increased to 60 L/ (m*h). The increase in flux resulted in a permeability
decrease but was stabilized when the flux was reduced to 50 L/ (m?-h).
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Figure 19 Results from the capacity trials for the two membrane configurations. The results from (a) inline coagulation
shows the permeability, coagulant dosage and UVAzsanm, and in (b) feed tank precipitation, the permeability and flux is
shown (Paper ).

The results from the capacity trials showed that a stable performance with the
targeted water quality was achieved at a flux of 50 L/ (m*-h). This required a CEB
intervals of 12 hours for both configurations which resulted in a recovery rate of 88
% and a net-flux of 40 L/ (m?h). The reduced amount of coagulant needed compared
to conventional precipitation, the potential chemical savings could reach about 15
%. Overall, a membrane facility using the presented configurations with a capacity
of 2 m’/ s would require 180,000 m* membrane area. For direct precipitation, a
secondary membrane treatment step would be required for BW waste treatment. The
same flux was assumed for this treatment step. Based on the recovery rate (88 %),
an additional 12 % membrane area would be required which results in a total
membrane area of 201,600 m?.
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5.3.2 Conventional precipitation with UF membrane

The second part of the pilot study was combining the UF membrane with
conventional precipitation, replacing the rapid sand filters. The benefit from this
configuration was that most of the flocs formed settled out in the sedimentation
basins prior to filtration. As a result, the flux was higher than direct precipitation.
The results from the two-month study can be seen in Figure 20.
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Figure 20 Results from conventional precipitation with UF membrane. The figure shows the water quality of the raw
water, the flux and permeability. During the trial, the flux was increased from 50 to 90 L/ (m?h) resulting in a
permeability ranging from 600 to 400 L/ (m?h-bar).

The initial flux was 50 L/ (m*h) and was gradually increased to 80 L/ (m*h) over
the first week. The results showed that it was possible to have stable permeability
around 500 L/ (m”h-bar) with a flux of 80 L/ (m*h), with one exception. On the 15™
of October, the permeability decreased, which coincided with a strong increase in
turbidity in the raw water (UV Azsanm, Figure 20). At the end of the trial, the flux was
increased to 90 L/ (m*h) resulting in a permeability decrease to about 350 L/
(m*-h-bar). This showed that it is possible to increase to a higher flux for brief
periods of time. However, the sustainable flux was considered to be 80 L/ (m*h)
which translates to a net-flux of 70 L/ (m?h) with a recovery rate of 95 %. With this
flux, a facility with 2 m*/ s production capacity would require 102,900 m* membrane
surface area. During the trial, the CEB intervals were 24 hours, resulting in nearly
four times the savings in CEB-chemicals compared to direct precipitation.
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5.3.3 Chemical consumption

The chemical consumption for each treatment method is presented in Table 8, and
was based on an annual production of 63,000,000 m® (2 m?/ s).

Table 8 Chemical consumption presented in tons/ year (adapted from Paper lll). FeClz and NaOH consumption were
based on annual averages from Ringsj6 WW (2016). CEB chemical consumption was based on the results from the
membrane pilot and calculated by the manufacturer.

Configuration FeCls; (40 %) NaClO (12.5%) NaOH (25%) HCI (25 %)
Conventional precipitation with RSF 4,023 0 1,159 0

Direct precipitation on UF 3,4202 277° 695° + 301° 263°
Conventional precipitation with UF 4,023 71 1,159 + 77 67

2Including 15 % chemical saving.

bCalculated value based on the increased membrane area and increased CEB frequency (201,600/102,900-2).
°Calculated based on a 40 % savings.

The consumption of coagulant (FeCl;) and NaOH, which is used for pH control,
was the highest for each treatment method. The benefit of direct precipitation was
the saving in coagulant usage, and as a result, the need for NaOH was reduced by
40 %. However, the increased CEB frequency increased the need for NaOH to a
total of 996 tons/ year. The total yearly CEB consumption for direct precipitation
and conventional precipitation with UF was 841 and 215, respectively.

5.3.4 Operational and investment costs

The operational and investment costs for the three alternatives are important aspects
for the feasibility of implementation of each treatment method. The operational
costs included in this study were chemicals, energy and membrane replacement
costs. The latter only applies for the two membrane facilities and is based on the
lifetime of the membrane modules. According to the manufacturer, the lifetime of
the membrane is usually around 10 years if the CEB frequency is once per day, and
about 5-7 years if the frequency is twice per day. In Table 9, the operational cost for
each alternative is presented in $/ m® treated water. The costs are based on data from
the pilot study and operational experiences.
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Table 9 Operational costs for the three treatment alternatives in $/ m® (adapted from Paper lll). The data taken from
operational experiences from Ringsjo WW, Lackareback WW, retailers and the pilot trial. Other shared costs, e.g.
heating, etc., were not included.

Operational cost Conventional Direct precipitation Conventional
precipitation with RSF on UF precipitation with UF

FeCls 0.011 0.009 0.011

NaCIlO 0 9.0-1042 2.3-1042

NaOH 0.0031 0.0019 + 8.1-10"2 0.0031 + 2.1-102

HCI 0 3.4:10% 8.7:10%

Energy cost® 3.1-10* 0.0039 0.0040

Membrane replacement® 0 0.011¢ 0.004¢

Total cost 0.014 0.028 0.023

2Cost for cleaning chemicals

Costs were based on the energy consumption for flocculation and sedimentation basins (290 kwh/ day), rapid sand
filters (200 kwh/ day) and UF membranes (0.035 kwh/ m®, based on experiences from full-scale UF membrane facility
in Lackareback in Sweden). Energy cost was estimated to $ 0.11/ kwh, based on the Swedish market.

°Estimated at $ 25/ m?, based on costs taken from the retailer.

dCalculated from a 7 year module and 201,600 m? membrane area

eCalculated from a 10 year module and 102,900 m? membrane area

The investment cost for each alternative is based on a facility able to produce 2 m*/
s (63 M m?/ year). As discussed in Paper III, the installation cost per membrane
surface area for a membrane facility was expected to decrease with an increase of
membrane modules. Based on Huehmer (2016), the price for the membranes in a
direct precipitation on UF membrane facility was estimated to 12.5 %. This
corresponds to approximately 330 and 290 $ / m* membrane area for 201,600 m*
and 102,900 m* membrane surface area, respectively. As mentioned before, 201,600
m? membrane area was required for a direct precipitation on UF membrane facility
and 102,900 m> membrane area was required for a facility combining conventional
precipitation with UF. The investment cost for each treatment step can be seen in
Table 10.

Table 10 Investment costs for the three alternatives in M $ (adapted from Paper IlI).

Treatment step Conventional Direct precipitation on Conventional
precipitation with RSF UF precipitation with UF

Flocculation basins and 16 0 16

lamella sedimentation®

Rapid sand filters? 27 0 0

Membrane 0 58° 34¢

Shared costs? 19 19 19

Total 62 77 69

aCosts based on experiences from studies conducted at Ringsjo WW.

bCalculated based on data from retailers including 12.5 % discount.

“Taken based on experiences from WTPs in Sweden and literature (Huehmer, 2016).

dShared costs such as sludge management. Details can be seen in Paper Il

Based on these results, conventional precipitation was the cheapest option to build
and operate, followed by conventional precipitation with UF and direct precipitation
on UF membranes.
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5.4 Discussion on pre-treatment options and viability

The studied methods of pre-treating the source water could be viable to produce
water of drinking water quality except for flocculation combined with disc filtration.
In this case, the TOC content exceeded 4 mg/ L, but it is possible that this technique
would yield better results in pilot-scale. However, because this would be a pre-
treatment step prior to infiltration, the result could be suitable for this purpose. The
indication of residual polymer in the permeate would be an issue and a strong
argument for rejecting this method due to risks of clogging the infiltration basins.
To combat this issue, it is possible to use rapid sand filters prior to infiltration.
However, this would be an unnecessary investment (Paper III) and would defeat
the purpose of the disc filters. The second aspect that speaks against this method is
the potential limits to production capacity, especially without the use of polymers.
The permeate volume ranged between 200-300 mL after one minute of filtration,
and at this point the disc filters were clogged. When untreated water was filtered for
one minute using 10 um disc filters, the permeate volume was over 1100 mL without
any signs of clogging the filter (Paper I). Based on this, combining chemical
flocculation with 10 um disc filters would reduce the capacity of the disc filter units
to, at least, one sixth of their original capacity and probably much more than so.
Based on experiences from pilot trials at Vomb WW, around ten full-scale units
with 10 um disc filters were needed to treat 2 m’ raw water/ s (personal
communication with Sydvatten). As a result, 50-100 disc filter units would be
required if combined with chemical flocculation. Furthermore, severe fouling and
high frequency of chemical cleaning is expected due to the severe clogging
experienced in the lab tests.

The utilization of contact filtration, which is known to be effective, showed good
results when treating water from Lake Vomb (Paper II). This flocculation method
is already used at several WTPs in Sweden in combination with artificial recharge
with satisfactory results (Hagg et al., 2018). However, WTPs utilizing this method
tended to have lower production (< 7.3 M m?/ year, Paper V) which indicates
diminishing returns at higher production capacity demands. As mentioned before,
the annual water production at Vomb WW is at the moment around 35 M m’® and
with the possibility to double the production (based on the available raw water
volume) within a few years. The high production need speaks against the use of this
technique.

Direct precipitation on UF membranes has been shown to be a viable option for
treating drinking water in Sweden (Keucken et al., 2017). However, in this case the
source water had lower NOM content (TOC < 4 mg/ L) than water from Lake
Bolmen (TOC = 8 mg/ L (Sydvatten AB, 2019)). The effect of these differences was
reflected in the pilot study, where the flux was low and cleaning frequencies high.
This also resulted in a rather unstable performance of the membrane. Furthermore,
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direct precipitation was also the most expensive technique, both to operate and
install (Paper III).

When combining conventional precipitation with UF membranes, where a majority
of the flocs were removed prior to filtration, the results were more promising.
Because the pre-treated source water used as feed water had significantly lower
NOM content, the membrane configuration had higher flux and lower cleaning
frequencies. As a result, the investment and operational costs were much lower than
direct precipitation. Conventional precipitation with UF membranes was not the
cheapest option but it benefits from having a higher accumulated microbial barrier
than the other options.

The last pre-treatment option considered in this thesis was conventional
precipitation. This treatment process is the most common and known to be
economically feasible for NOM removal (Jacangelo et al., 1995). As discussed in
Paper 111, the utility has many years of operational experience treating water from
Lake Bolmen using this technique and with good results. This technique was also
the cheapest to install and operate, which makes it a good option as a pre-treatment
at Vomb WW.

To summarize, the two most viable options for the water utility were conventional
precipitation and conventional precipitation with UF. However, these two
techniques are not mutually exclusive, meaning that both of these methods could be
used in combination. With the added benefit of using UF membranes in this
configuration, it is possible to bypass the infiltration field if compromised. This
comes from the increased protection from microbial pathogens provided by UF
membranes (Table 11).

Table 11 Log-reduction for treatment methods for microbial pathogens (Jdegaard et al., 2014a; Pott, 2015).

Treatment process Maximum log-reduction

Bacteria Viruses Parasites
Slow sand filtration (SSF) 2.0 2.0 2.0
Contact filtration 25 2.0 25
Chemical flocculation, 2.75 2.25 2.75
sedimentation and RSF
Chemical flocculation, 4.75 4.0 4,75
sedimentation and UF
Direct precipitation on UF 3.0 3.0 3.0
membrane
Recommended accumulated 6.0 6.0 4.0
barrier

Conventional precipitation without SSF would yield a log-reduction of 2.75b:
2.25v: 2.75p (bacteria: viruses: parasites), and conventional precipitation with UF
membranes (excluding RSF) would yield 4.75b: 4.0v: 4.75p. This does not include
disinfection through UV-light, which would place the later method above the
required microbial barrier (6.0b: 6.0v: 4p). However, without the infiltration field,
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the treated water quality would be insufficient. The treated water would only be
used for short periods of time in case of an emergency (e.g. oil leak from a motor
vehicle accident). The best option could perhaps be a combination of the two
methods, where the facility has the capacity to treat half (1 m*/ s) the surface water
with UF membranes. That way the utility will get an effective technique to pre-treat
the source water with conventional precipitation and at the same time the operational
flexibility to bypass infiltration (with a reduced capacity).
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6 Artificial Groundwater Recharge

This chapter describes the chemical and bacterial community changes during
infiltration (Paper 1V), the predictors of potential need for pre-treatment of surface
waters (Paper V) and the benefits of pre-treatment for basin infiltrations (Paper 11
and V).

6.1 Water quality changes during infiltration (Paper 1V)

To examine the impact of drying and freezing an infiltration basin on treatment
performance (Paper 1V) a five-month split-basin experiment was conducted (Figure
21).
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Figure 21 Summary of all results during the whole study. All chemical and bacterial measurements are presented as
the average value over the study period (Paper IV).
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Generally, most of the water quality changes occurred after only 50 cm of
infiltration. The TOC and UV Azs4nm were removed by 37.1 and 35.5 %, respectively
(proc and puva < 0.05). TOC was removed to a larger extent than UV Azsanm (p <
0.1, Paper IV), which is an indication of a higher reduction of biodegradable
organic matter (Goel et al., 1995). The fluorescence measurements showed that
protein-like components were reduced by 33-35 % and humic-like components were
removed by about 21 % (Paper IV). These results reflect the heterogenic removal
of NOM during infiltration and percolation. Table 12 shows all the significant
changes NOM between the raw water and infiltrated water samples.

Table 12 Results from the Student’s t-test conducted on the TOC and UVAzssnm by comparing two pairs of locations (L1
and L2). The table shows the sampling location, the parameter, the mean value and Pearson p-value two tailed test.
Location “All samplers” refers to all soil water samples B-50 refers to all samplers at 50 cm under Basin B (adapted from
Paper IV).

Location, L1 Location, L2 Parameter Average, L1 Average, [2 P-value
Raw water All samplers TOC (mg/ L) 11.8 7.4 SEE 0
Raw water All samplers UVA2s40m (m™ 19.3 12.8 4.3-10"°
Raw water B3 and B4-50 C1 0.73 0.58 2108

Raw water B3 and B4-50 Cc2 0.42 0.35 1.3-10°%
Raw water B3 and B4-50 Cc3 0.45 0.29 1.9-10"
Raw water B3 and B4-50 C4 0.12 0.11 1.0-10*

The majority of changes to the bacterial community in the infiltrated water also
occurred after 50 cm of infiltration. The % ICC increased after infiltration which
has also been observed after slow sand filtration (SSF) (Chan et al., 2018;
Lautenschlager et al., 2014). In contrast to in SSF studies, the % HNA increased
after infiltration. This could be because the lake water is rich in biodegradable
NOM, which could support growth of HNA bacteria. Because the TCC was reduced
by about 99 % (2-log removal) overall, the perceived increase in HNA-bacteria
could also come from a majority removal of LNA bacteria. Finished drinking water
at Vomb WW (Chan et al., 2016), had decreased % HNA and a shift towards LNA-
bacteria after the complete infiltration. The same study showed that the TCC was
4.6-10° £ 4.0-10° cells/ mL in the well water, about 10 times higher than what was
measured 50 cm under the basin (Paper IV). Based on this, it is possible that a shift
in the bacterial community towards LNA bacteria occurs when biodegradable NOM
is depleted as the water passes more deeply into the ground. The TCC increase
between the infiltrated water and the well water could be growth of LNA bacteria
and biofilm detachment. Table 13 shows the significant bacterial changes between
the raw water and infiltrated water samples.

Table 13 Results from the Student’s t-test conducted on TCC, % ICC and %HNA measurements The table shows the
sampling location, the parameter, the mean value and Pearson p-value two tailed test (adapted from Paper IV).

Parameter Raw water All samplers P-value
TCC (cells/ mL) 6.4-108 7.4-10% 3.6:10"
ICC (%) 41 78 5510
HNA (%) 20 46 5.2:10"7
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6.1.1 Infiltration basin treatment performance

As the one half of the infiltration basin was dried and allowed to freeze during the
winter (A) and the other was not (B), once the basins were restarted (emptied and
skimmed), the differences in treatment performance was studied. The results
showed few differences based on the TOC and UV Ajzssnm measurements. Only
significant differences were observed after 100 cm of infiltration, where the
UVAssinm was lower under Basin A (Table 14). Because drying and freezing
infiltration basins has been shown to increase permeability (Schuh, 1990), this result
was unexpected. There were no significant differences in TOC and UV Ajsamm after
50 cm (Paper IV), which suggests that differences in retention times might account
for more of the observed differences in treatment performance than basin
management. The differences in retention times could come from the different
infiltration rates in the unsaturated zone (Persson et al., 2005) or the natural variation
of the geology in Vomb recharge field (Czarniecka, 2005).

There were no significant differences in TCC between the two basin halves.
However, significant differences in the bacterial communities in the infiltrated water
were found (Figure 22).
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Figure 22 Microbial changes over time in the raw water and infiltrated water samples. The figure shows (a) TCC, (b)
% ICC, (c) % HNA, (d) % L-LNA, (e) % H-LNA and (f) % N-HNA (Paper IV).
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TCC in the raw water decreased over time due to the decreasing temperatures. This
was previously shown in Figure 14 (Chapter 4). The percent ICC increased after
infiltration where the percent ICC was significantly higher under Basin B (Table
14). The changes in the microbial communities can also be seen in the different
gated communities (HNA, L-LNA, H-LNA and N-HNA, Figure 22 (c) to (f)), where
water samples from under Basin A were closer to the raw water. However, there
were some exceptions in samples from under Basin B. These possible breakthroughs
can clearly be seen in the fingerprints (Figure 21), where the number of bacteria
detected increased in the LNA-range similar to Basin A. Several water samples also
had unusually high TCC. Table 13 shows all the significant differences between the
two basin halves.

Table 14 All significant results from the Student’s t-test (excluding insignificant results) conducted on the TOC, UVA2s4nm
flow cytometric measurements by comparing two pairs of locations (L1 and L2). The table shows the sampling location,
the parameter, the mean value and Pearson p-value two tailed test. Location “All samplers” refers to all soil water
samples. A-50, B-50, A-100 and B-100 refers to all samplers at 50 and 100 cm under Basin A and B, respectively
(adapted from Paper IV).

Location, L4 Location, L2 Parameter Average, L Average, L, P-value
A-side (all) B-side (all) UVAzs40m (m™) 12.3 13.5 0.011
A-100 B-100 UVA2s40m (M) 121 13.5 0.002
A-50 B-50 ICC (%) 72 79 0.04
All samplers A- All samplers B- ICC (%) 74 80 0.010
side side

A-50 B-50 HNA (%) 35 53 8-10°
All samplers A-  All samplers B-  HNA (%) 36 56 31018
side side

B-50 B-100 HNA (%) 53 58 0.05
A-50 B-50 L-LNA (%) 35 18 2-108
All samplers A-  All samplers B-  L-LNA (%) 35 16 1-10"2
side side

A-50 B-50 H-LNA (%) 11 7 6-10°
All samplers A- All samplers B- H-LNA (%) 10 7 8-10®
side side

A-50 B-50 N-HNA (%) 54 75 710"
All samplers A-  All samplers B-  N-HNA (%) 55 77 6-10"
side side

The bacterial communities in the raw water and infiltrated water differed (Figure
23). The samples from the raw water, Basin A and B formed three overlapping
clusters. The NMDS-plot shows that there was a greater overlap between infiltrated
water samples from A-side and the raw water. Together with the increased
percentage ICC following infiltration in Basin B, Basin B seems to be able to
influence the bacterial community in the infiltrated water to a greater extent.
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Figure 23 Non-metric multidimensional scaling (NMDS) plot. The plot shows samples from (A) raw water, (+) A-side
and (x) B-side. The tree overlapping groups are highlighted with circles including the two exceptions with high TCC
from Basin B. These exceptions are from [1] B3-50 and [2] B4-100 (Paper IV).

Based on these results, an argument could be made for both basin management
strategies. The two different methods did not seem to affect the NOM-removal
performance to any significant extent. However, drying and freezing the basin had
an impact on the bacterial communities in infiltrated water after the first meter of
infiltration. How this would affect the water collected in wells is unknown. Basin
management does however have a large impact on water production capacity.
Restarting infiltration basins directly after they are cleaned, would free up surface
area in the recharge field and would likely reduce high infiltration rates over small
areas. The latter is common in the early stages of biofilm development in infiltration
basins, which is why basins are often restarted well before the seasonal algae
blooms. The increased permeability achieved through drying and freezing basins
might be a viable option in certain cases, such as when permeability in recharge

fields are inherently low, or when higher infiltration rates are desirable when basins
are used as hydraulic barriers.
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6.2 Benefits of combining flocculation and MAR (Paper
IT and V)

The benefits of pre-treating the source water prior to infiltration does not only
improve the water quality in the wells, but organic and nutrient load in the basins is
reduced (Table 6 and 7). This was clearly seen in Paper II, where the water quality
in the basins were significantly improved (Figure 24).

Figure 24 Visual differences in water quality between the control basin (left) and contact filter basin (right) (photo
taken by Marie Baehr and Petra Larsson, Paper ).

The improvement in water quality in the basins could have led to increased
infiltration rates (Paper II). This was observed by the differences in water level in
each basin, where the control basin was covered by water and the contact filter basin
was covered two-thirds by water (personal communication with Sydvatten). This
has a large impact on maintenance of the infiltration basins, where cleaning and
scraping of the basins might be reduced due to decreased organic load (Hagg et al.,
2018). Another benefit comes from the removal of cyanobacteria prior to
infiltration, which reduces the risk for toxins finding its way into the basins by
removing intracellular toxins (Swedish Food Agency, 2018a; Westrick et al., 2010).

The complementary effect of combining chemical flocculation with a biological
treatment step, such as SSF or artificial recharge, is well established and was
observed in this study (Table 6 and Paper II). In this case the NOM removal rate
after infiltration was about 25 %. This effect was also seen in the study described
by Paper V, where Swedish artificial recharge plants had similar removal rates
before and after infiltration, regardless if the water was pre-treated or not. In this
study, a column test was also performed to investigate the NOM removal from water
of Lake Bolmen after infiltration and comparing it to well samples collected in
Vomb recharge field (Figure 25).
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Figure 25 Performance of artificial recharge plants with and without chemical flocculation prior infiltration. The figure
shows the NOM content in the source water and treated water from (a and b) the survey (Hagg et al., 2018) and well
samples and (c) the column test (Paper IV).

All treatment plants with chemical flocculation prior to infiltration had a NOM
content < 2.5 mg/ L (< 2,5 mg TOC/ L and < 1.5 mg COD/L) after infiltration
regardless of raw water quality. At the same time, WTPs only relying on the
recharge field had well water that was more affected by the raw water quality. There
was a significant correlation between the COD in raw water and well water for these
WTPs (r = 0.78 and p = 0.04) (Paper V). Water from Lake Bolmen had a similar
water quality as the other source waters that was pre-treated by chemical
flocculation (TOC > 9 mg/ L and color > 50 mg Pt/ L). Looking at the results from
WTPs without pre-treatment (Figure 25a), it would be reasonable to expect the well
water to be around 3 mg COD/ L, if water from Lake Bolmen was used for
infiltration. This would be double the current COD content in the well water at
Vomb WW (1.5 mg COD/ L, Table 5), which would be a concern. However, the
column test showed an inadequate NOM removal (around 30 %) with high TOC-
values in the treated water (around 7 mg TOC/ L). As a result, water from this source
would likely require pre-treatment prior to infiltration.
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7 Conclusion

This thesis followed the challenges facing a surface WTP and an artificial
groundwater recharge plant, in southern Sweden. This work investigated: different
pre-treatment methods of surface water prior to artificial recharge (Paper I, II and
III); the source water quality requirements for infiltration (Paper V); and, the
chemical and bacterial community changes during infiltration (Paper IV). The
results have been applied in ongoing investigations conducted by the water utility,
with the intention that the results also could benefit the water industry as a whole
and be applied by other utilities in their investigations.

Coagulation and flocculation of water from Lake Vomb proved to be more difficult
than water from Lake Bolmen. The NOM removal rates were about the same but
required higher coagulant dosages (Paper I). All investigated chemical flocculation
techniques could yield satisfactory NOM removal at different costs, production
capacity, chemical consumption, and operational flexibility. This aspect was
associated with the different ways the flocs were separated (Paper I, I1 and III). In
general, the separation techniques with compact, low footprint designs (i.e. disc
filters, contact filtration and direct precipitation on UF membranes) were suitable
for WTPs with lower production capacity. On the other hand, conventional
precipitation (chemical flocculation and sedimentation) and conventional
precipitation with UF were more suitable for high production capacities.

This led to considerations of source water quality requirements for artificial
groundwater recharge. The capacity of the infiltration field to remove NOM from
Lakes Vomb and Bolmen was different due to the chemical composition of the two
source waters. The water from Lake Vomb had a NOM composition more suitable
for treatment through artificial recharge compared to water from Lake Bolmen
(Paper IV and V). As a result, pre-treatment of water from Lake Bolmen would be
necessary to allow for increased production and to sustain groundwater with high
quality. Capacity improvements at Vomb WW could be possible by changing the
management of the infiltration basins. The investigations of the recharge field
showed that restarting the basins directly after they were emptied and cleaned could
lead to a more efficient use of the recharge field at no cost to the treatment
performance.

The use of soil water samplers in this study allowed for changes in the infiltrated
water to be investigated, excluding interference from natural groundwater (Paper
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IV). The results showed that the capacity of the infiltration field to remove NOM
after the first meter of infiltration was significant (about 40 %), and the removal of
bacterial cells was achieved to an even greater extent (2-log removal). The bacterial
communities in the infiltrated water showed a shift towards cells with more DNA
(HNA) as a result of either a majority removal of LNA cells from the source water
or biofilm detachment from the soil, or both. Drying and freezing the infiltration
basin changed the way the biofilm affected the bacterial community in the infiltrated
water. This revealed that increasing the permeability of the soil layers by drying and
freezing the basin likely impedes the efficiency of the biofilm’s capacity to affect
the source water bacterial community: flow cytometry fingerprints describing
infiltrated water from under the previously frozen basin were more similar to the
bacterial community in the source water.

This thesis has been a part of a larger investigation conducted by Southern Sweden
Water Supply (Sydvatten AB). The results from this work will be used and further
developed to secure the water supply in southern Sweden. The most viable option
for pre-treatment of water from Lake Bolmen is likely a combination of
conventional precipitation and UF membranes. The future, modern, artificial
recharge plant in Vomb will be better equipped to handle potential deterioration of
the source waters due to land use and climate change, and to produce drinking water
for the growing population.
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8 Limitations and Future Work

During this thesis, investigations have been done alongside the water utility in an
effort to meet the challenges facing a fast-growing region, in southern Sweden.
Considerable work has also been done to increase the understanding of the dynamics
of artificial recharge. However, there were limitations in this work, with some past
questions remaining and new questions arising. In this last chapter, limitations of
this work, interesting aspects of process development and future work will be
discussed

8.1 Limitations of the study

As with many research projects, this study had several limitations related to time
and resources. Limitations which applied more specifically to this study, had to do
with applications of certain results to other conditions. For example, the
performance in regard to NOM removal rates during infiltration and chemical
flocculation depend on many factors and would be different in other contexts. Also,
it is difficult to remove external factors and isolate the studied parameters when
working with natural systems.

Other NOM removal methods that were not investigated in this study includes,
nanofiltration (NF) membranes and ion exchange (IEX). NF has already been shown
to be effective to treat water from Lake Bolmen (Lidén and Persson, 2016).
However, NF membranes would result in significantly lower flux than direct
precipitation on UF membranes. Furthermore, the membrane area/module in the NF
modules are typically lower. Therefore, many more modules would be required,
resulting in a very high investment cost and a more complex facility to operate as
well as higher operational costs. Ion exchange was another technique for NOM
removal that was not investigated due to the inefficiency of removing certain NOM
fractions (high MW NOM) (Aydin et al., 2015; Bolto et al., 2002; Croué et al., 1999;
Mergen et al., 2008). These fractions of NOM are very prevalent in the water from
Lake Bolmen. Futhermore, Vomb VYV is situated a long distance from the sea as
well as from large scale wastewater treatment plants which complicate the handling
of the resin from the ion exchange system.
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There are always going to be limitations with laboratory scale jar tests when trying
to interpret the results for how they might translate to full-scale. The forces the flocs
experience when transferring over samples to the disc filter likely differ from that
of a full-scale disc filter. Also, it is difficult to translate the volume permeate to full-
scale without conducting pilot studies and how frequent the backwash cycles would
be. For these reasons, combining chemical flocculation with disc filtration was
shown to be possible in bench scale, however, it was never shown if it would be
viable in full-scale.

When studying treatment performance of artificial recharge, there are complications
with sampling methods and how representative samples are. The obvious issue with
well sampling is the interference of natural groundwater and the removal of
contaminants. In Paper II, the sampling wells are very close to the basins but collect
water about 13 meters below the surface. Because there was an observed difference,
it is certain that the wells are collecting infiltrated water. However, it is unknown to
what extent. The ratio of collected natural and infiltrated groundwater also fluctuates
over time, mostly due to temperature changes. As a result, there are some
uncertainties about the removal rates during infiltration. This would also apply to
Paper V when looking at overall performances of artificial recharge plants. There
were also limitations regarding the measurements of cyanobacterial biomass and the
differentiation of the species. Therefore, only an overview of the changes in
cyanobacterial composition could be seen.

In Paper III, calculations of operational costs were made based on assumptions
related to membrane lifetime. The lifetime of the membrane was based on the CEB
frequency which would be different if other source waters or coagulants were used.
This would also mean that operational costs would vary. To get a more accurate
result of membrane lifetime, tests would have to be conducted over longer periods
of time.

Because of the natural variations in the infiltration fields, the treatment performance
would vary due to differences in permeability. An implication of this could be that
removal rates in other basins with higher permeability might not show as high
removal rates of NOM after 50 cm of infiltration. A reason for the variability in the
measurements could also be partly explained by differences in installation depths of
the samplers. These aspects would need to be taken into consideration if the results
would be applied to other WTPs. One limitation the in study arose from an early
winter when the water in the sampling tubes froze, stopping the study earlier than
planned. However, the study benefited from a dry summer and autumn.

There were also some limitations on what conclusions can be drawn from the survey
over the Swedish artificial groundwater recharge plant. The same measurements are
not always conducted at every WTP, where most measure COD and only a few
measure TOC. Even fewer would measure DOC and UV Ajssnm for it to be possible

56



to calculate SUVA. The measurement was also often received as annual values.
However, it was possible to get an indication on treatment performance based on
NOM content in the source water.

8.2 Future research and development

The development of Vomb WW has many aspects that would be interesting to
investigate. Because the source water from Lake Vomb will still be used in the
recharge field, several interesting investigations could be done. One being the need
for softening reactors in the future. With water from Lake Vomb, reactors to reduce
the hardness of the water have been necessary to limit leaching of copper pipes at
the consumer end. With the mixing of the soft water from Lake Bolmen, the need
for the softening reactors might be reduced. At the same time, the simultaneous use
of water from Lake Vomb could remove the need for stabilizing the water (lime
additions) post infiltration. Finding the right mixing ratios will be a point of interest.
Another consideration is the mixing of water prior flocculation. Would it be
beneficial to mix the two waters to achieve the right flocculation pH or is it more
advantageous to coagulate the two waters separately for operational stability and
security? Lastly, it might be possible to reduce coagulant dosages knowing it will
reduce the water quality prior to infiltration. In this study, it would be interesting to
investigate the removal of the different organic fractions when coagulant dosages
are decreased. It would seem likely that certain fractions are more affected when
coagulant dosages are reduced, and that the fractions that remain might be removed
during infiltration. This could be an effect of the different mechanism of coagulation
and flocculation at different dosages, i.e. charge neutralisation and sweep
coagulation (Bratby, 2016). Another aspect of the treatment process not included in
this work was sludge management.

An interesting aspect to consider is biofilm development when new water sources
are used for artificial recharge. The results from the column test showed an
inadequate removal of NOM from water from Lake Bolmen. It might be possible
that the removal rates would increase over time due to changes in the bacterial
community. This is also relevant to the infiltration study at Vomb WW (Paper 1V).
There were no changes observed during the 5-month study, and it would have been
interesting to follow development of Basin A.

The field study (Paper 1V) showed the early changes in the bacterial community in
the infiltrated water during artificial recharge. From what has been shown in the
finished well water at Vomb WW (Chan et al., 2016), the bacterial community shifts
towards LNA-bacteria. An interesting study would be to investigate at which point
surface water becomes groundwater, by studying the changes in fingerprint profiles.
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An important aspect of securing water resources in the future are the possible effects
of climate change. With the predicted increases in NOM in surface waters in the
coming decades, there are definitely reasons to be concerned for future water quality
(Kohler et al., 2009; Korth et al., 2004). In the case of Lake Bolmen, it would be
useful to study the temporal increases in NOM after precipitation events and
compare that to predicted changes in precipitation patterns due to climate change.
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