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Summary

Drinking water distribution systems (DWDSs) are intended to supply hygienically safe and
biostable water for human consumption. To supply aesthetically pleasant drinking water at the
customers tap, water treatment and supply requires energy for production and distribution purposes
(e.g. overall between 0.47 kWh/m? in the Netherlands). On the other hand, DWDSs also contain
thermal energy as a surplus of cold or heat. Depending on the drinking water temperature within
the distribution network, thermal energy can cither be used for heating or cooling purposes.
Thermal energy recovery potential from drinking water has been explored recently. Cold thermal
energy recovery from drinking water (TED) can provide cooling for buildings and spaces with
high cooling requirements as an alternative for traditional cooling and thus TED helps reduce in

greenhouse gas (GHG) emissions.

The effects of increased water temperature induced by TED on the drinking water quality and
biofilm development within DWDSs are not yet known. Hence this thesis was initiated with the
objective to investigate the effects of TED on microbial water quality and biofilm development
within DWDSs. The first part of this thesis investigated the impacts of TED at 25 °C on
microbiological drinking water quality, using pilot distribution systems. The first study revealed that
the water temperature increased to 25°C in a pilot distribution system as a result of cold recovery
does not affect the bacterial water quality in the drinking water phase. However, it does affect the
concentration and community composition of biofilms (Chapter 2). Hence, in the second part of this
thesis, the effect of TED on biofilm was investigated extensively. In pilot scale distribution systems,
both water and biofilm phases were studied with water temperatures increased to 25 °C and 30 °C
after TED. It was concluded that the timeline for biofilm microbial development was influenced
by temperature: the higher the temperature, the faster the microbial development of a biofilm took
place. Simultancously, higher biomass activity (ATP and cell concentration) was also observed
in the water phase. In the biofilm phase, the initial faster microbial development did not lead to

differences in microbial diversity and composition at the end of the experimental period (Chapter 3).

Similarly, biofilm development after TED at 25 °C followed for a long period of time, 99 weeks,
showed that instantaneous increase in water temperature influenced the early stages of biofilm
development. High temperature initiates faster growth of primary colonizers (Betaproteobacteriales,
Sphingomonadaceae) (Chapter 4). Both studies univocally showed that as a result of constantly stable
increased water temperature after TED, biofilms reached to a steady phase faster when compared

to fluctuating drinking water temperatures in reference and control systems (Chapter 3 and 4).

After studying the microbial water quality in unchlorinated drinking water distribution systems
for both water and biofilm phases, initial investigation of TED application within chlorinated
networks was also performed. Compared with unchlorinated DWDSs, here chlorine dramatically
reduced the biofilm biomass growth, and raised the relative abundances of the chlorine-resistant

genera (i.c. Pseudomonas and Sphingomonas) in bacterial communities. As a result of TED, no



significant effects were observed on chlorine decay, microbial water quality and biofilm composition
during the experimental period (Chapter 5).

After extensively studying the changes in the microbial drinking water quality as a result of TED,
the last part of this thesis was carried out to determine what raising the maximum temperature
limit (T ) after recovery of cold would entail in terms of energy savings, GHG emission reduction
and water temperature dynamics during water transport. A full-scale TED system was used as a
benchmark, where T is currently secat 15 °C. By raising T 020,25 and 30 °C, the retrievable
cooling energy and GHG emission reduction could be increased by 250, 425 and 600%, respectively.
The drinking water temperature model predicted that within a distance of 4 km after TED,
water temperature resembles that of the surrounding subsurface soil. Hence, a higher T will
substantially increase the TED potential of DWDSs while keeping the same comfort level at the

customer’s tap (Chapter 6).

All of these observations indicate that increasing T up to 25-30 °C in TED can be safe in terms
of microbiological drinking water quality. However, this is specifically the case for unchlorinated
DWDSs with microbiologically stable water (AOC <10 ug C/L). More insight is required in
terms of microbiological assessment of TED to further explore the potential within chlorinated
systems. Further research on the effects of cold recovery on DWDSs already in operation is highly
recommended. In order to get better insight on response of already developed biofilm towards
increase in temperature after TED. Moreover, speciﬁc opportunistic pathogcns that are sensitive to
temperature increase, should be investigated thoroughly in order to provide hygienically safe water

after recovery of cold from both chlorinated and unchlorinated drinking water distribution systems.
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CHAPTER 1

INTRODUCTION



CHAPTER1

1.1  Climate change and greenhouse gas emissions

Climate change is raising the temperature of the planet earth and results in changes in the global
temperature, and consequently has impacts on global weather patterns (Pachauri and Reisinger,
2008; Solomon, 2007). In the past centuries, the exponential growth in human population and
utilization of non-renewable resources and energy, led to environmental degradation (Stocker et
al., 2013). In 19 and 20 century, the fossil fuels were excessively utilized to achieve economic
growth and development, which caused emission of greenhouse gases (GHG) into the atmosphere.
In late 20 century, concerns were raised for global climate change as a result of GHG emissions
from anthropogenic activities. Climate change has caused huge loss and damage to both built and
natural environments (Karlsson-Vinkhuyzen et al., 2017; Wesselink and Deng, 2009). There are
even impacts which cannot be reversed, like extinction of animal and plant species, loss of animals
and natural habitats (Solomon, 2007; Stocker et al., 2013). Now, mankind is trying to stop these
catastrophes, by taking sustainable actions and mitigation measures that can help to maintain an
equilibrium where both nature and mankind can survive together and to slow down the global

rise in temperature.

For this reason, in 2015 the United Nations General Assembly adopted the sustainable development
agenda. It contains seventeen specific Sustainable Development Goals (SDGs) to be achieved by
the year 2030. The seventeen SDGs are addressing a broad range of topics, among which climate
action and sustainable cities are also included (United Nations, 2019). Also in 2015, the Paris
Climate Agreement was signed by the UN member countries, for limiting the global temperature
rise well below 2°C by the year 2030 (Karlsson-Vinkhuyzen et al., 2018). In accordance with the
Paris Climate Agreement the signatory countries set their own national commitments to reduce the
national GHG emissions. Furthermore, at the end of 2019 the European Union (EU) has set its own
action plan, in the form of the European Green Deal, to combat climate change and to achieve a more
sustainable and energy efficient EU with zero net GHG emissions by the end of 2050 (Sikora, 2021).

To achieve the objectives of above mentioned agreements and deals (Table 1.1), many countries
have set and implemented their national level targets and policies and made action plans to combat
climate change and integrate sustainable solutions to achieve the goal of GHG emission reductions
(Blok et al., 2020; Wesselink and Deng, 2009). As a member country of the UN and EU, the
Netherlands is also a signatory of both the Paris Climate Agreement and the EU Green Deal. At
the national level, the Netherlands is committed to reduce its GHG emissions up to 49% by 2030
and wants to achieve 95% reduction in its GHG emissions by 2050, both compared to the 1990 level
of GHG emissions. Based on this the Netherlands drafted its own national climate agreement plan
in 2019. According to this plan less dependence on fossil fuels for energy production and efficient
use of energy in the built environment are two important strategies (Heerema, 2020; Spier, 2020).
Considering the mitigation measures needed to combat climate change, apart from the national
action plan in the Netherlands, the drinking water utilities and regional water authorities are

aiming at becoming carbon neutral by optimizing their processes for drinking water production

12



Introduction

and wastewater treatment and using energy resources efficiently (Reinder Brolsma, 2013; van der
Hoek, 2011; van der Hoek, 2012a; Van der Hoek et al., 2018).

Table 1.1: International and national agreements to combat climate change and reduce GHG emissions.

Year  Agreement Targets
2015  Sustainable Development Goals (SDGs)- 17 SDGs to be achieved by 2030, climate action
Worldwide and sustainable cities are two of the targets
2015  Paris Climate Agreement-Worldwide Limit the global temperature rise well below
2°C by 2030
2019 European Green Deal-EU level Achieve a more sustainable and energy
efficient EU with zero net GHG emissions by
the end 02050
2019 National Climate agreement plan of the Compared to 1990 level of national GHG
Netherlands- National level emissions:

49% GHG emission reduction by 2030
95% GHG emission reduction by 2050

1.2 Thermal energy recovery from the urban water cycle in
the Netherlands

To reduce the GHG emissions, one of the mitigation measures is to harness more renewable energy
resources to meet the energy needs (Rogelj et al., 2018). In the past decades renewable energy
resources like hydropower, solar power, tidal energy, geothermal energy and wind power (Pachauri
et al., 2014; Stocker et al., 2013) were widely harnessed and used but more recently urban water
is also being explored and utilized for resource recovery (Jimenez Cisneros et al., 2014). Resource
recovery from the urban water cycle is gaining much attention. The focus is much on materials from
wastewater, such as nutrients, carbon, water itself, but also energy in the form of biogas (Lietal,
2015; van der Hoek et al., 2016). Resource recovery from drinking water has also been described
and is applied in practice, e.g., the recovery of calcite from the pellet softening process in drinking
water treatment (Schetters et al., 2014). A new approach is thermal energy recovery from the urban
water cycle in the form of heat and cold. It has been shown that this has a high potential (Katja
Kruit, 2018; van der Hoek et al., 2013)
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Figure 1.1: Potential sources of thermal energy recovery from the urban water cycle (Van der Hoek et al., 2018).
The potential sources of energy recovery from the urban water cycle are wastewater, surface water,
groundwater and drinking water (Figure 1.1). In the Netherlands, the potential of thermal energy
recovery from the water cycle has been estimated (Katja Kruit, 2018; van der Hoek, 2012a; van der
Hoek etal., 2015). For surface water the potential is 150 PJ/year, for wastewater 56 PJ/year and for
drinkingwater 4-6 PJ/year. Although resource recovery from the urban water cycle, including thermal
energy, is gaininga lot of attention these days, at the same time it is stressed that more research is needed

into environmental assessments of thermal energy recovery systems (Diaz-Elsayed et al., 2020).

1.2.1  Thermal energy recovery from drinking water

A specific source of thermal energy appeared to be drinking water in the drinking water distribution
networks (Ahmad et al., 2020). While drinking water treatment and supply requires energy for
production and distribution purposes (e.g. overall between 0.47 kWh/m? in the Netherlands)
(Frijns, 2012), the drinking water distribution systems also contain thermal energy as a surplus of
cold or heat. Depending on the drinking water temperature in the network, it can be used either
for heating or cooling purposes. For example, in Amsterdam the temperature within the drinking
water distribution network (DWDN) is between 4-10°C in winter and between 15-20°C in summer
(van der Hoek, 2012b). These temperatures offer possibilities to recover cold during winter time

and heat during summer time.

A specific application is the recovery of cold from drinking water for cooling purposes. By use of
a heat exchanger in a drinking water main, or in a by-pass, drinking water exchanges its cold with
a warm carrier medium (e.g. air, water, glycol, etc.) inside the heat exchanger and slightly heated
water flows back into the DWDN (Blokker et al., 2013; van der Hoek, 2012b; van der Hoek et al.,
2017). This cold temperature recovery from DW DN, mostly available during winter time with
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low drinking water temperatures, is scarcely available during times of high cooling demand (i.c.,
during summer with high drinking water temperatures). An option to overcome this hurdle is to
recover and store the low temperature in aquifer thermal energy storage (ATES) systems for later
use in summer. During winter the recovered thermal energy can also be utilized directly without

intermediate storage as free available cooling (Figure 1.2).

According to a previous study, the theoretical potential of cold recovery from drinking water for
the city of Amsterdam is around 2800 TJ/year while the energy required for space cooling for
non-residential buildings in Amsterdam is estimated to be around 2161 T]/year (Mol etal., 2011;
Van der Hoek et al., 2018). In principle DWDSs harbour enough cooling capacity that could be

recovered for cooling purpose.

cooling with cooling with
drinking water A'rges
drinking water
—VAAARAAS~—
charging ATES

O @ O

WINTER SUMMER

Figure 1.2: Cold drinking water in wintertime (left) is directly utilized in winter periods for places with extensive
cooling requirements or is used for charging an aquifer thermal energy storage system (ATES) to provide space
cooling in upcoming summer periods (right) (Van der Hoek et al., 2018).

In the European Union from the 90’s till 2010 the use of central and room air conditioning units
for space cooling has been increased by a factor 50 (Adnot, 2003.; Isaac and Van Vuuren, 2009).
Providing this energy with traditional cooling methods (i.e. mechanical cooling or cooling towers)
requires an intensive amount of electricity and water. Hence, there is a need to explore more
sustainable cooling resources in order to reduce GHG emission and to achieve the goal of energy
efficient buildings, under the EU Green Deal. This means that also for other European countries

the use of drinking water for cooling purposes seems very interesting.

The idea to utilize DWDNs as cooling resource is quite new and is not yet explored. The reason
lies in the fact that DWDNss are primarily used to deliver safe and healthy drinking water at the
customers’ tap and were not thought of as an energy resource. The required changes at the design
and operational level within DWDN:s, for thermal energy recovery, may pose microbial risks to
drinking water quality, especially when cold is recovered which results in an increased drinking
water temperature after the energy exchange process (van der Hoek, 2011). Also, the acceptable
maximum temperature after cold recovery (T ) is dependent on the allowed temperature for

ax

drinking water at the customer’s tap in the Netherlands, which is 25°C (Staatscourant, 2011).
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1.3  Drinking Water Distribution Systems

Drinking water supply requires raw water abstraction and treatment, followed by storage, transport
and distribution of finished water. The water treatment processes are selected and adopted to purify
water for drinking purposes based on the quality of the incoming water and the quality standards
of the drinking water to comply with (Elias-Maxil et al., 2014; van der Hoek, 2012b). Further, the
produced drinking water is distributed through extended drinking water transport and distribution
systems (Prest et al., 2016a; van der Kooij and van der Wielen, 2014).

Each DWDS has its own distinctive micro-environment, where the biological stability of drinking
water is maintained either by limiting nutrient concentrations (El-Chakhtoura et al., 2015; Prest
etal., 2016b; Van der Kooij, 1992; Van der Kooij and Van der Wielen, 2013) or by maintaining a
residual disinfectant during transport and distribution (McCoy and VanBriesen, 2012; Potgieter
etal., 2018). Inside the DWDSs, loose deposits (Liu et al., 2014), suspended solids (Liu et al., 2013),
water phase microbial communities (Prest et al., 2016a; Prest et al., 2016b) and biofilm microbial
communities (the layer of microbes attached to the inside of the pipes) (Fish et al., 2016) are present.
Biofilm and water phase contain the dominant part of the biomass (more than 80%) (Liu et al.,
2017) within DWDSs.

The microbiological characteristics of the DW DN have been studied widely and thoroughly both
for chlorinated (Douterelo et al., 2013; Potgieter et al., 2018) and unchlorinated systems (Prest
ctal.,, 2016b; Vital et al., 2012). It is known that temperature is a crucial environmental factor for
microbial growth and community dynamics (Kelly et al., 2014; Rogers et al., 1994). Especially,
growth of biofilms (Diaz Villanueva et al., 2011), proliferation of opportunistic pathogens (which
can cause diseases in people with compromised immune systems, like infants, elderly people and
already sick people), like several Psendomonas spp. and Legionella spp. (Van Der Wende et al., 1989;
van der Wielen et al., 2013; Van der Wielen and Van der Kooij, 2013; Wingender and Flemming,
2011), occurrence of discolored water (Zhou et al., 2017) and sudden changes in microbial water
quality parameters (like ATP and cell concentration) (Potgieter et al., 2018; Prest et al., 2016b)

are linked with temperature changes.

It is also known that opportunistic pathogens (e.g. Legionella pnenmophila, Pseudomonas
aeruginosa, Mycobacterium avium complex and Stenotrophomonas maltophilia) could occur at
temperatures above 25 °C (Tsao et al., 2019; van der Wiclen et al., 2013) and biofilm growth
could be accelerated at high temperatures (Boe-Hansen et al., 2002; Fish et al., 2016; Flemming
and Wingender, 2010). Development of biofilms at different temperatures has not yet been studied
inside DWDSs, but a study on river water has reported an acceleration of microbial colonization

at higher temperatures (Diaz Villanueva et al., 2011).
Along with the growth and proliferation of opportunistic pathogens, the development and growth

of the biofilms within DWDSs at high temperature should also be studied dynamically over time

to trace changes during their formation, as biofilms are the micro-environments which are the
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long-term residents (from days to decades) and are also thought to be the host for opportunistic
pathogens within DWDSs (Flemming et al., 2016; Henne et al., 2012; Van Der Wende et al., 1989).

1.4 Research objectives and research questions

The impacts of sudden changes in temperature, within DW DN, on overall microbial water quality
and the development of biofilms have not been studied so far. It is assumed that cold recovery with
subsequent sudden increase in the drinking water temperature might affect both the water and biofilm
phases within DWDNss. For this reason, it is highly important to thoroughly investigate the effects
of cold recovery on microbial water quality and biofilm characteristics in order to understand the
impacts and risks of this proposed application in more detail before its full scale and wider application.
Specially, the influence of increased temperature on proliferation of opportunistic pathogens,

biofilm development over period of time and on microbial water quality parameters need attention.

Hence, this thesis was initiated with the objective to evaluate the potential effects of cold recovery
on the microbial drinking water quality and to determine a temperature limit after cold recovery
(T ), that will allow for maximum cold recovery without compromising the drinking water
quality. Based on the determined T the amount of potential thermal (cold) energy and the

subsequent carbon footprint savings will be evaluated.

The speciﬁc research questions were:
i) What are the changes in microbial drinking water quality within unchlorinated DWDSs
due to a sudden increase in drinking water temperature after cold recovery?
ii) How does an instantancous increase in drinking water temperature, as a result of cold
recovery, affects the biofilm development within unchlorinated DWDSs?
iii) How does cold recovery affect the drinking water quality and biofilm development within
chlorinated DWDSs?
iv) What is the maximum allowable temperature after cold recovery, that will not trigger the
regrowth or proliferation of opportunistic pathogens within DWDSs, and what is the potential

of energy recovery and the carbon footprint reductions by recovering cold from drinking water?

15  Research approach

To answer the above-mentioned research questions, pilot scale unchlorinated drinking
water distribution systems were designed and operated at two different locations supplying
microbiologically stable feed water, in Delft (AOC 2 2 pg C/L) and in Leiduin (AOC < 2 pg
C/L), the Netherlands. Two different temperatures after cold recovery, 25 °C and 30 °C, were
studied. The reason for choosing these two temperatures lies in the fact that the former is the
maximum limit for the drinking water temperature at the customers’ tap in the Netherlands
(Smeets et al., 2009; Staatscourant, 2011). In case no changes are observed at 25 °C, a temperature
of 30 °C will significantly enhance the potential of cold recovery. Despite the fact that by Dutch

law it is not allowed, the higher temperature was chosen as an extreme case for research purposes.
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Based on this research and chosen temperature limits after cold recovery of 15 and 30 °C a desk
research was conducted to determine the potential of energy recovery. Further, the drinking water
temperature within DWDNis after cold recovery was modelled to determine the distance at which
the water temperature becomes equivalent to the surrounding soil temperature before it reaches
the customers’ tap. In an additional study, also the effects of cold recovery in a chlorinated pilot

scale distribution system was examined.

1.6 Thesis Outline

Following this introduction chapter, the research is described in five chapters. The last chapter 7
provides the overall outcomes of this thesis, including conclusions and future recommendations

for applying cold recovery technology within DWDSs.

Chapter 2 investigates how cold recovery after T of 25 °C affects the drinking water quality

parameters and growth of opportunistic pathogens in unchlorinated DWDSs.

Chapter 3 describes the influence of T of 25°C and 30°C on the microbiome of unchlorinated
drinking water using drinking water with a very low AOC concentration (<2 ug C/I).

Chapter 4 explores the effects of increased drinking water temperature after cold recovery (up to

25°C) on long term biofilm development.

Chapter S studies the effects of cold recovery (T 25 °C), on chlorine decay and microbial drinking

water characteristics in chlorinated DW DSs.

Chapter 6 explores the thermal energy recovery potential and GHG reduction potential of drinking
water in a specific case based on a maximum temperature limit (Tm ) after cold recovery of 15,20, 25 and

ax:

30°C, and the balancing of the drinking water temperature after cold recovery with the soil temperature.

Chapter 7 describes the outcomes of this thesis in accordance with each of the four-research
question mentioned in section 1.4. This chapter also provides the conclusions based on the
outcomes of the thesis and gives an outlook for cold recovery applications in both unchlorinated

and chlorinated drinking water distribution systems.
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Abstract

Drinking water distribution systems (DWDSs) are used to supply hygienically safe and biologically
stable water for human consumption. The potential of thermal energy recovery from drinking
water has been explored recently to provide cooling for buildings. Yet, the effects of increased
water temperature induced by this “cold recovery” on the water quality in DWDSs are not known.
The objective of this study was to investigate the impact of cold recovery, from DWDSs, on the
microbiological quality of drinking water. For this purpose, three parallel pilot distribution systems
were operated for 38 weeks: system 1 with an operational heat exchanger, mimicking the cold
recovery system by maintaining the water temperature at 25 °C; system 2 operated with a non-
operational heat exchanger and system 3 run without a heat exchanger. The results showed no
significant effects on drinking water quality due to cold recovery among the three systems: cell
numbers and ATP concentrations remained around 3.5 x10° cells/ml and 4 ng ATP/I, operational
taxonomic units (OTUs) were around 470-490 and similar Shannon indices were observed
(7.7-8.9) respectively. In the system with the operational heat exchanger, resulting in an elevated
drinking water temperature, a higher relative abundance of Pseudomonas spp. and Chryseobacterium
spp. was observed in the drinking water microbial community, but only when the temperature
difference (AT) between feed water and water after cold recovery was higher than 9 °C. Differently,
in the 38 weeks old biofilm, significant changes were induced by increased temperature: higher ATP
concentration (475 pg/cm? vs. 89 pg/cm?), lower diversity (observed OT Us: 88 vs. 200 or more) and
a different bacterial community composition (e.g. higher relative abundance of Novosphingobium
spp. and slight increase in Legionella spp.). It is concluded that water temperature increased to 25°C
in a pilot distribution system, mimicking cold recovery, does not affect the bacterial water quality
in the drinking water phase, compared to the systems without heating. However, it affects the
concentration and community composition of biofilm after 38 weeks. The observed changes after
introducing cold recovery did not show clear impacts on water quality and biofilm. Regarding the
biofilm, further investigation for a longer period is required to understand the dynamic responses

of biofilm to the changed temperature.

Keywords: drinking water distribution system, microbial ecology, cold recovery, drinking water

quality, biofilm, bacterial community, opportunistic pathogens
This clmpter has been pub[is/ﬂed as: Abmad, ]I, Liu, G., Van der Wielen, P.W,].J., Medema, G. and

Van der Hoek, ].P. (2020) Effects of cold recovery technology on the microbial drinking water quality
in unchlorinated distribution systems. Environmental Research 183, 109175.
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1.1 Introduction

Drinking water supply requires raw water abstraction and treatment, followed by storage, transport
and distribution of finished water. The water treatment processes are selected and adopted to purify
water for drinking purposes based on the quality of the incoming water and the quality standards
of the drinking water to comply with (Elfas-Maxil et al., 2014;van der Hoek 2012). Further, the
produced drinking water is distributed through extended drinking water transport and distribution
systems (DWDSs) (Prest et al., 2016a;van der Kooij and van der Wielen 2014). Worldwide, the
biological stability of drinking water is maintained cither by limiting nutrient concentrations (Prest
et al.,, 2016a) or by applying a disinfectant residual to minimize the regrowth of microorganisms

(Berry etal., 2006).

Drinking water supply requires energy for production and distribution purposes (e.g. overall
between 4-13 MJ/m? in the Netherlands) (Gerbens-Leenes 2016). Drinking water distribution
systems also contain thermal energy as a surplus of cold or heat. For example, in the Netherlands,
1,160 million m? of drinking water is distributed annually by 120,000 km long DWDSs (Frijns et
al.,, 2013;Hofman et al., 2011;Liu et al., 2017b). The temperature within these DWDSs remains
in general below 10°C during winter which offers a potential for cold recovery, and above 15°C

during summer which offers a potential for heat recovery.

In the Netherlands, the potential of thermal energy from surface water, wastewater and drinking
water has been analyzed. Of a future total heat demand in the build environment of 350 PJ per year,
40% can be covered by thermal energy from surface water, 16% by thermal energy from wastewater
and 2% by thermal energy from drinking water (Kruit K. 2018). For cooling purposes, thermal
energy from surface water and drinking water may be attractive, although no extensive analysis
has been made yet. In the case of Sanquin (full scale application of cold recovery, in Amsterdam,
the Netherlands) for which location this study was based, thermal energy from drinking water was
selected because supply (drinking water main) and demand (Sanquin) are located close to each other

and surface water is not available nearby.

In Amsterdam (the Netherlands), the temperature within the DWDS is between 4-10°C in
winter and between 15-20°C in summer. These temperatures offer possibilities to recover thermal
energy by direct heat exchange: in case of cold recovery, drinking water exchanges its cold with a
warm carrier medium (e.g. air, water, glycol, etc.) inside a heat exchanger and slightly heated water
flows back into the DWDS (Blokker et al., 2013;van der Hoek 2012;van der Hoek et al., 2017).
According to a previous study, the theoretical thermal energy (cold recovery) potential for the city
of Amsterdam is around 2800 T]J/year and an estimated energy required for space cooling for
non residential buildings in Amsterdam is around 2161 TJ/year (Mol et al., 2011;van der Hoek et
al., 2018). In this case DWDSs offer cnough cooling capacity that can either be stored in aquifer
thermal energy storage (ATES) systems during the winters and that can be used in upcoming
summers to provide space cooling, or utilized directly without intermediate storage during winters

for facilities with extensive cooling requirements (e.g. blood banks, data centers, hospitals).
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In principle, cold recovery from DWDSs is technically feasible, and environmentally and financially
beneficial (van der Hoek et al., 2017). However, the temperature increase of drinking water due
to cold recovery might influence the microbial activity and community of bacteria in bulk water
and biofilm within DW DSs (Blokker et al., 2013;Elfas-Maxil et al., 2014;van der Hoek 2012). It
is known that temperature changes can influence biological water quality, such as the reported
seasonal fluctuations in adenosine triphosphate (ATP), total cell count (TCC) and changes in
microbial community dynamics of bulk water (Hammes et al., 2008;Kelly et al., 2014;Liu et al.,
2013a;Pinto et al., 2014;van der Wielen and van der Kooij 2010). It has been documented that
opportunistic pathogcns (e.g. Legionella pneumop/ﬂilﬂ, Pseudomonas aeruginosa, Mycobﬂcterium
avium complex and Stenotrophomonas maltophilia) could occur at temperatures above 25 °C (Tsao et
al.,2019;van der Wielen et al., 2013) and biofilm growth could be accelerated at high temperatures
(Boe-Hansen et al., 2002;Fish et al., 2016;Flemming and Wingender 2010). However, the impact
of energy recovery from drinking water on water quality is not well understood. Therefore, it is
critical to assess the potential impact of increased water temperature, due to cold recovery, on the

microbial water quality within drinking water distribution systems.

The main objective of this study is to investigate the effects of temperature increase induced by cold
recovery on 1) biomass within DWDSs, quantified as ATP and TCC; 2) microbial community
composition and diversity, profiled by illumina sequencing and 3) occurrence of selected
opportunistic pathogens within DWDSs. Additionally, biofilms were also examined at the end of

the experiments to assess potential impacts induced by cold recovery on biofilm.

1.2 Materials and Methods

1.2.1  System description

1.2.1.1 Pilotdistribution systems

Asillustrated in Figure 2.1, three pilot scale distribution systems (DSs) were designed and operated
in parallel from May to December 2016. The DSs were situated in the laboratory of TU Delft.
They were supplied continuously with unchlorinated drinking water (referred as Feed Water) from
treatment plant of Evides, Rotterdam, the Netherlands. Each of the experimental DSs had an
internal diameter of 25 mm and a length of 10 meter (residence time of water within DSs was 60
seconds), and was made of polyvinyl chloride-unplasticised (PVC-U) pipes. For this experiment
the flow rate was set at 4.5 I/min (0.15 m/s), which is based on normal flow velocities within Dutch
drinking water distribution systems. For water sampling, small taps of PVC-U were installed in
cach DSs. For biofilm sampling at the end of the study, from the pipe surface, 25 cm long PVC-U
coupons were designed and inserted in all the three DSs: these are sections of pipes with valves
on both ends. All the DSs were equipped with flow and temperature sensors, for continuously
monitoring the flow and temperature of feed water and outgoing water. Dasy Lab software (version

13.0.1) was used for system monitoring and data logging.
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Figure 2.1: Overview of the pilot facility consisting of three pilot distribution systems. DS-1: Cold recovery system;
DS-2: System with non-operational Heat Exchanger (HE) and DS-3: Reference system. The overview shows the
sampling locations (FW: Feed Water, ACR: After Cold Recovery, AHE: After the non-operational HE, REF:
reference system), position of taps, coupons, HE (plate HE, where drinking water passes through the plates parallel
to the plates with hot medium and absorb hear by hear transfer), recirculating hot water unit, temperature sensors
and computer system connected with the experimental setup.

1.2.1.2 Design of operational Heat Exchanger system

Among the three DSs, DS-1 is the system that mimics cold recovery, which leads to an elevated
drinking water temperature of 25°C after passing the heat exchanger (HE). For this purpose a
plate HE (Minex, SWEP, Sweden) was used for the cold recovery to simulate the cold recovery
situation at Sanquin project in Amsterdam, the Netherlands. Within the HE, on the plate surface
heat is transferred between two fluids within a short time span (few seconds), cold (the drinking
water under examination) and hot (recicrculating water). The HE consists of 6 plates, 3 plates
for hot recirculating medium, 2 plates for cold drinking water and 1 blank plate. After having
passed the HE and having absorbed the heat to gain the set point temperature of 25°C (which
mimics the effect of cold recovery on the drinking water, which supplies cold with subsequent
temperature increase), drinking water flows further through the main pipe and passes the whole
length of DS-1. For recirculating heated water a hot tank (RVS boiler, AquaHeat, The Netherlands)
along with a pump (Magna3, Grundfos, The Netherlands) and temperature sensor were connected
with the hot channel of the HE. This setup was connected with a computer system through a
frequency controller to further regulate the temperature on the HE surface, in order to maintain the
threshold of 25°C (T ) in drinking water leaving the HE after cold recovery. This set point, T,
was maintained throughout the entire experimental period, irrespective of changes in the feed water
temperature based on seasonal variations. The difference between the maximum temperature (T, )
after cold recovery and Feed Water (FW) is referred here as AT. During the current experimental
period the AT was between 5-18°C (Figure S2.1 A).
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1.2.1.3 Reference and control systems

Similar to DS-1, DS-2 is the control system in which a non-operational heat exchanger was
connected to the main pipe. In this control system, drinking water is passing the heat exchanger but
no heating medium is flowing on the other side of the plates, thus water comes out of HE without
temperature change. This system is operated in order to see if the HE itself has any effects because
of the different HE plate material (stainless steel, with negligible biomass production potential
of <15pg ATP/cm? (Tsvetanova and Hoekstra 2010)), the additional surface area in contact with
water, and changes in hydrodynamics (Re <500)._DS-3 is the reference system in which no HE
is placed, mimicking a Dutch non-chlorinated drinking water distribution system without cold

recovery. Throughout this study, it was used as a reference to compare with the cold recovery system.

1.2.2 Sampling

Water samples were taken every 7 days during the experimental period from Feed Water (FW), after
operational heat exchanger, where temperature of drinking water increased to 25°C, mimicking
cold recovery (ACR) (DS 1), after non-operational HE (AHE) (DS 2), and reference (REF) (DS3).
After 38 weeks of experimental duration, biofilms were also sampled, in duplicate, from all three
DSs (ACR, AHE and REF). For biofilm analysis, the valves on both sides of the pipe coupons were
closed and the coupons were taken out of the systems and filled with DNA-free water (Thermo
fisher scientific, Sweden). To remove the biofilm from the coupons, the pipe coupons were pretreated
in 30 ml water by ultra-sonication, at a speed of 40 KHz, in a water bath (Ultrasonic 8800, Branson,
USA) for two minutes. This sonication procedure was repeated for two additional times (Liu et
al., 2014;Magic-Knezev and van der Kooij 2004). The obtained suspension of 90 ml was used

for further analysis. All microbiological analysis were performed within 24 hours after sampling.

1.2.3 Quantification of Biomass

1.2.3.1 Adenosine triphosphate and Total cell count

Bacterial cell numbers and active biomass were determined by measuring cell counts and the total
adenosine triphosphate (ATP) concentration from both water samples (n=104) and biofilm samples
(n=6). Cell counts were measured by a flow cytometer (C6-Flowcytometer, Accuri Cytometers, USA)
using the same protocol that was previously developed and tested for drinking water samples (Prest
etal., 2013). Total and membrane-intact cell counts were distinguished by adding two stains (SYBR
Green 1 and propidium iodide) simultaneously as described by Prest et al. (2013). Active biomass
was determined by measuring total ATP concentrations from both water and biofilm samples
using a reagent kit for bacterial ATP and a luminometer (Celsis Advance Luminometer, Charles
River, USA), as described previously (Liu et al., 2017a;Magic-Knezev and van der Kooij 2004).
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1.2.4  Microbial community composition and diversity

1.2.4.1 DNA extraction and amplicon sequencing of 16S rRNA genes

DNA was extracted from 104 water samples (2 litres of water was filtered for each sample) and 6
biofilm samples, using a DNeasy PowerBiofilm kit (Qiagen, USA). Due to low amount of DNA
(<2ug/ml), 5 of the water samples were excluded for 16S rRNA gene sequencing analysis and the
duplicate biofilm samples were pooled together for achieving enough DNA to further process
the samples for 16S rRNA gene sequencing. For 16S rRNA gene sequencing, the V3-V4 region
of the 16S rRNA gene was amplified using primers 341F: 5-CCTACGGGNGGCWGCAG-3’
and 785R: 5-GACTACHVGGGTATCTAATCC-3’ (Thijs et al., 2017). Paired-end sequence
reads were generated using the Illumina MiSeq platform. FASTQ sequence files were generated
using the Illumina Casava pipeline version 1.8.3. The initial quality assessment was based on data
passing the Illumina Chastity filtering. Subsequently, reads containing the PhiX control signal were
removed using an in-house filtering protocol at BaseClear laboratory, Leiden, the Netherlands. In
addition, reads containing (partial) adapters were clipped (up to 2 minimum read length of S0bp).
The second quality assessment was based on the remaining reads using the FASTQC quality control
tool version 0.10.0. The final quality scores per sample were used further downstream to analyse
Bioinformatics. All sequencing files were deposited in the sequence read archive (SRA) under

accession number PRINA475793.

1.2.4.2 Data processing and statistical analysis

The obtained sequence libraries (which consisted of 4,945,856 sequences) after quality control
from FASTQC were imported into the Quantitative Insights into Microbial Ecology (QIIME2)
(version 2018.11) pipeline (Caporaso et al., 2010). The sequences were further screened, at the
maximum length of 298 bp and minimum of 253 bp, denosied paired ends were merged and
chimeras were removed using the inbuilt Divisive Amplicon Denoising Algorithm 2 (DADA2)
(Callahan et al., 2016). The remaining representative sequences were clustered to operational
taxonomic units (OT Us) at an identity of 97%. The sequences were normalized at sequence depth
of 5,532. For taxonomic assignment, feature-classifier plugin in QIIME2 was used against the
SILVA database (132 release) for generating taxa bar plots and heat maps. Both, alpha (Shannon,
Pielou’s richness, observed OT Us) and beta (weighted UniFrac) diversity indices were calculated
using phylogenetically based rooted tree (generated by aligning sequences using MAFFT plugin for
phylogenetic reconstruction in FastTree), using QIIME2 diversity plugin. Further, Kruskal-Wallis
(pairwise) test was performed on alpha diversity indices to determine the similarity/dissimilarity
distances within the groups when data was divided based on locations and months (for water
samples). The differences amongdifferent groups were determined by using quantitative beta diversity
distance metrices (weighted UniFrac) and their statistical significance was calculated by performing
permutational analysis of variance (PERMANOVA), with 999 permutations and using pairwise
approach, to determine the effects of different groupings based on sampling location. Principal

coordinate (PCO) plots were generated using weighted UniFrac distance in emperor plot plugin.
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1.2.5  Identification of targeted microorganisms

1.25.1 Legionella spp.

Samples from both the water phase (only during months of June-August, for possible occurrence
of Legionella within feed water) and the biofilm phase were tested for cultivable Legionella spp.
The colony forming units (cfu) of Legionella spp. were determined using buffered charcoal yeast
extract agar according to NEN standard 6265 (van der Wielen and van der Kooij 2013). The positive
and confirmed colonies of Legionella spp. were tested for presence of Legionella pneumaphila or
non—pneumop/ﬂila species, with MALDITOF (Matrix Assisted Laser Desorption/Ionization Time
of Flight Mass spectrometry) according to the protocol used at Het Waterlabortarium (HWL),
Haarlem, the Netherlands.

1.2.5.2 Quantitative Polymerase Chain Reaction (QPCR)

The number of gene copies of the selected bacterial species (Legionella anisa, Mycobacterium
kansasii, Pseudomonas aeruginosa, Stenotrophomonax maltop/ﬂz'lia Chit A ) and protozoan species
(Vermamoeba vermiformis) were determined using quantitative PCR (qQPCR). For all the 5 targeted
species both water and biofilm samples were analyzed. The gPCRs used to quantify these species
have been described previously (van der Wielen and van der Kooij 2013). For each organism, targeted
genes, primers, probes, and type of PCR, its protocols and efficiency are given in Table S2.1. The
qPCR results were only reported for samples that had an amplification efficiency higher than 20%.

1.3  Results

1.3.1  Microbial quantification

Cell counts and ATP concentrations in drinking water are shown in Figure 2.2. Both ATP and
cell counts showed comparable values among the distribution systems (DSs) (2-8 ng/l ATP, 2.0~
6.5x10° cells/ml), indicating that the introduction of HE and increase in temperature has a minor
influence on the concentration of planktonic bacteria and their activity in water. A clear seasonal
trend was noticed in FW, showing higher cell numbers and ATP concentrations during summer
(June to August) when the temperature of the incoming water is higher than 15°C, than during the
winter (Oct-Dec) when temperatures of the incoming water is lower than 15°C. The ACR, AHE
and REF systems did not influence this observed seasonal pattern in the water. Furthermore, the
seasonal trend was also observed for the ATP concentrations measured in the water leaving the

treatment plant (Figure S2.1B).
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Figure 2.2: Cell counts and ATP concentrations in water samples taken from the feed water and the three pilot
drinking water distribution systems (FW: Feed Water; ACR: After Cold Recovery; AHE: After non-operational
Heat Exchanger and REF: Reference).

In contrast to the water samples, 3.6-5.3 times more biofilm was formed after introducing cold
recovery (ACR: 7.5x10° cells/cm? 475 ATP pg/cm?) compared to biofilm formed without cold
recovery after non-operational HE (AHE: 1.4x10° cells/cm? 89 ATP pg/cm?) or the reference
system (REF: 1.9x10° cells/cm?; 130 ATP pg/cm?) (Figure 2.3).
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Figure 2.3: Cell counts and ATP concentrations of biofilms sampled from the three pilot distribution systems with and
without cold recovery (ACR: After Cold Recovery; AHE: After non-operational Heat Exchanger and REF: Reference).
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Moreover, the membrane-intact cell count in the biofilm from the ACR system (10° membrane-
intact cells/cm?) was 10 times higher than in the biofilm from the other two systems (10° membrane-
intact cells/cm?), whereas membrane-intact cell numbers were comparable for planktonic bacteria

among all systems (Figure S2.2).

1.3.2  Microbial community comparison

1.3.2.1 Alpha diversity

In total, 1,565,519 sequences were generated after QIIME2 quality filtering process and these
sequences have been assigned to 47,644 operational taxonomic units (OTUs). In bulk water,
comparable numbers of OT Us were observed for FW (472+128), ACR (476+126), AHE (485+136)
and REF (481+133). Although seasonal differences were observed and the number of observed
OTUs, Shannon index and Pielous’s evenness differed between different months, no differences
were observed between different locations (Figure $2.3). The months were grouped together based
on the temperature of the feed water: the first group was from June to October (17-21°C) and
the second group consisted of May and December (14-16°C). The differences in temperature
between these two groups were statistically significant (Kruskal-Wallis , p<0.05) (data not shown).

Fewer OTUs were observed in the biofilms (88-295 OTUs) compared to the number of observed
OTUs in bulk water. For the biofilms formed in the systems without cold recovery, comparable
numbers of OT Us were detected (295 and 288 OTUs for AHE and REF). Both are higher than
the number of OT Us observed in the biofilm formed in the system with cold recovery (ACR, 88
OTUs). The results of the Shannon index (ACR: 4.2; AHE: 6.9; REF: 7.2) and Pielou’s evenness
(ACR: 0.64; AHE: 0.84; REF: 0.87) showed significant differences in alpha diversity between
the systems with (ACR) and without (AHE and REF) cold recovery (Kruskal-Wallis, p <0.05).

1.3.2.2 Betadiversity

Results of bacterial community similarity analysis revealed different clusters for planktonic bacteria
and biofilm (Figure 2.4A), and these differences were also statistically significant (p<0.05). Minor
differences in bacterial community were found among water samples from all systems, while
significant differences were observed among bacterial communities in the biofilm samples: the
biofilm ACR clustered separately from the biofilms in AHE and REF systems, which clustered
closely together. Comparing the water samples taken every month, the bacterial community
composition of the samples were clustered based on seasonal variations corresponding to the
microbial dynamics of the incoming drinking water (Figure 2.4B). Water samples from each
month clusterd separately and these differences were significant (p<0.05), as can also be seen
by the percentage of variance explained by the two coordinates in Figure 2.4B (21.3 and 14.0%,

respectively). Furthermore, the differences between sampling locations were not significant (p>0.05).
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Figure 2.4: Principle coordinate (PCO) plots based on weighted unifrac distance matrix, A) for both water
(WA) and biofilm (BF) samples, and B) for only water samples. Samples from feed water and from the three pilot
distribution systems: ACR, After Cold Recovery; AHE, After non-operational Heat Exchanger; REF, Reference
and FW: Feed Water for only water phase.

1.3.3  Microbial community composition

For both planktonic bacteria and biofilm, the bacterial community was dominated by Proteobacteria
at phylum level, with a relative abundance of 41-44% for water and 55-95% for biofilm, followed
by the phyla of GN02 (8-9%), Planctomycetes (8%), Bacteroidetes (6-7%), OD1 (6-8%), and
Cyanobacteria (1-2%) in water (Figure 2.5A), and the phyla of Cyanobacteria (0.2-0.8%), OD1
(0.2-3%), Nitrospirae (0-3%), Chlamydiae (0-7%), Bacteroidetes (0.2-9%) and Planctomycetes
(1-16%) in the biofilm (Figure 2.5B).

No significant changes in microbial community composition were observed among the bulk water
samples from different locations (p>0.05) but microbial composition differed significantly between
months (p<0.05), which was similar to the results of the beta diversity analysis. At the class level,
relative abundances of Alpha and Gammaproteobacteria were changing over the time period, where
we observed >11% Gammaproteobacteria from June-October and <11% in the months of May and
December. Comparable to this was the observation that >20% Alphaproteobacteria was found
from June-August and < 20% during months of May and from Sep-December (Figure $2.4A). In
addition, the orders of Betaproteobacteriales, Pseudomonadales, Rhizobiales and Flavobacteriales
were changing over the period of time as well. Higher relative abundance of Pseudomonadales and
Flavobacteriales was observed after cold recovery compared to feed water and the other two locations
(REF and AHE) (Figure S2.4B). At the genus level, a higher relative abundance of Psendomonas
spp- (2.5%) and Chryseobacterium spp. (2.3%) was observed in the bulk water (Figure 2.5C) of
the ACR system than in the other two systems (Psendomonas spp in AHE: 0.5% and REF: 0.5%;
Chryseobacterium spp 0.1% in both REF and AHE).
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In the biofilm phase, the relative abundance of Proteobacteria was clearly higher in the ACR
system (95.0%) than in the AHE (81.4%) and REF (57.5%) system. Also, at class level the relative
abundances of Alpha and Gammaproteobacteria were higher in biofilm ACR (55% and 27%
respectively) compared to both biofilms without cold recovery situations, REF (37% and 22%
respectively) and AHE (30% and 14% respectively). The orders of Pseudomonadales, Legionalles
and Sphingomonadales were also higher in abundance within ACR biofilm compared to other two
locations without cold recovery (Figure S2.5). Further, at genus level a higher relative abundance
of Novosphingobium spp. (23.9%) and Legionella spp. (1.9%) was observed after introducing cold
recovery (ACR system) compared to the AHE (0.2% Novosphingobium spp. and 0.03% Legionella
spp.) and REF (0.02% Novosphingobium spp. and 0.01% Legionella spp.) systems (Figure 2.5D).
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Figure 2.5: Taxonomic composition for the identification of microbial community groups; ar Phylum level, 4)
Jfor water and B) for biofilm, and ar Genus level C) for water and D) for biofilm samples from the three pilor
distribution systems (ACR: After Cold Recovery; AHE: After non-operational Heat Exchanger; REF: Reference
and FW: Feed Water for only water phase).
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1.3.4  Opportunisitic pathogens

In bulk water, 10-40% of the samplcs were positive for Legz’onel[d Spp- (>100 cfu/l, Figure 2.6
A) across all systems, with no significant changes caused by applying cold recovery. In the biofilm
phase, cultivable Legionella was detected in the REF system (3 cfu/cm?) (Table 2.1), but it was not
detected from the ACR and AHE systems. The MALDITOF results revealed that the detected

Legionella spp. colonies were not L. preumophila.

q-PCR results showed that L. anisa was detected in all water samples with comparable numbers
(2.6x10°-1.5x10*gene copies/l) between the systems (Figure 2.6 B). In the biofilm, L. anisa was
only detected in the biofilm formed in the system with cold recovery (ACR: 7 gene copies/cm?)
(Table 2.1). V. vermiformis, a host protozoan for Legionella, was also detected in all water samples
at numbers between 3.5%10?-1.4x10° gene copies/l (Figure 2.6 C). In the biofilm, V. vermiformis
was detected in the system with cold recovery (ACR: 1.6x10° copies/cm?), but not in the systems
without cold recovery (AHE, REF; Table 2.1).

Similarly, in all water samples S. maltophilia was detected with comparable concentrations,
although they were slightly higher after applying cold recovery (ACR: 1.5x10% AHE: 1.14x10°
; REF: 2x10? gene copies/l; Figure 2.6 D). In the biofilm, S. maltophilia was below the detection
limit in all samples (Table 2.1). Psendomonas aeruginosa and Mycobacterium kansasii were not

detectable in all water and biofilm samples.
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Figure 2.6: A) Percent positive samples of Legionella spp. in drinking water, B) Cell copies of Legionella anisa,
C) its host protozoa Vermamoeba vermiformis and D) Stenotrophomonas maltophilia measured by gPCR from
water samples. The sampling locations for water are FW: Feed Water; ACR: After Cold Recovery; AHE: After
non-operational Hear Exchanger; REF: Reference.
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Table 2.1: Colony forming units (cfu) of Legionella spp. and cell copies determined with gPCR, of targeted microbes
in bioftlm samples within pilor DWDSs, from all sampling locations (ACR: After Cold Recovery; AHE: After
non-operational Heat Exchanger; REF: Reference; UD: under detection limit).

ACR AHE REF
Legionella spp. (cfu/cm?) 0 0 3
Legionella anisa (copies/cm?) 7 UD UD
Vermamoeba vermiformis (copies/cm?) 1.6x10° UD UD
Stenotrophomonas maltophilia (copies/cm?) UD UD 3x10!

1.4 Discussion

1.4.1  Effect of cold recovery on planktonic bacteria in drinking water

Generally, our data set revealed that introducing cold recovery technology in a pilot drinking
water distribution system has minor influences on the presence, concentration (e.g. ATP and
TCC), and type (community composition and diversity) of microbes and presence of selected
opportunistic pathogens in drinking water, where it was observed that temperature is an important
selection pressure for microbes (Proctor et al., 2018) and temperature increase in water systems
can lead to an increase in bacterial quantity and a decrease in diversity of microbes (Inkinen et al.,
2016;Proctor et al., 2017). One example is the observed correlation between cell counts and seasonal
temperature fluctuations (Fish et al., 2015;Henne et al., 2013;Lautenschlager et al., 2010;Liu et al.,
2013b;Prest et al., 2016b). In our study, we also found seasonally triggered differences in drinking
water microbiology, although the overall microbial active biomass (ATP) and cell numbers remain
stable over the study period. However, changes were observed in microbial community composition,
with certain microbial groups remaining higher in summer and relatively lower in abundance
during times when temperature was lower than 14-15 °C. But, seasonal fluctuations change water
temperatures for a long period, while in a cold recovery system, the water resided in the system,
inside the HE, for a very short time, in this study only 60 seconds.

Interestingly, at the genus level, it was observed that the relative abundance of Pseudomonas spp.
(from 0.5 % to 2.5%) and Chryseobacterium spp. (from 0.1% to 2.3%) increased, but only when
the temperature differences between feed water and water after cold recovery were higher than
9°C, which was the case during spring and winter periods (AT=9 °C). This is reasonable, because
Pseudomonas spp. prefers to grow in warm tap water under oligotrophic conditions (Proctor et al.,
2017). For the cold recovery system, the regrowth of Pseudomonas spp. might be triggered by the
exposure to higher temperature on the surface of HE during winter season (AT29 °C) . The optimal
temperature for Chryseobacterium spp. growth is between 25-28 °C (Gallego et al., 2006). Our
findings suggest that there are no significant effects of cold recovery on drinking water quality at
the set temperature of 25°C. Future research is needed to understand the potential impact of larger
temperature differences/higher drinking water temperatues in cold recovery systems. On the basis of
the seasonal change of the feed water mcrobiome in this study, it is desirable to continue investigating
them when cold recovery technology is applied. For example, to define the threshold for drinking

water temperature (T ) in distribution systems and the maximum temperature differences (AT).
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1.4.2  Effect of cold recovery on biofilm bacteria

Compared to planktonic bacteria in drinking water, biofilms were more responsive to the increased
temperature caused by cold recovery, which is plausible given the longer exposure time of the
biofilm compared to that of bulk water (38 weeks vs. 60 seconds). Although there is no previous
study regarding the effects of temperature changes on biofilm developed inside drinking water
distribution systems, the significant impact of temperature on the physical structure, quantity
and community of biofilm has been widely observed across other different aquatic systems, such
as river sediment biofilm (Villanueva et al., 2011), sea water biofilm (Smale et al., 2017), biofilm/
biofouling in membrane systems for water purification (Farhat et al., 2016) and biofilm in hot water
premise plumbing systems (Proctor et al., 2017). The significant increase of biofilm concentration,
at 38 weeks, after introducing cold recovery (5 times more ATP) is consistent with previous studies,
which reported higher biofilm concentrations resulting from temperature increase, and concluded
that bacterial growth kinetics were governed by temperature in the biofilm phase (van der Kooij
and van der Wielen 2014;Villanueva et al., 2011;Vital et al., 2010).

Similar to the quantitative results, significant changes in the bacterial community composition
and diversity were observed, confirming the previously reported importance of temperature in
structuring bacterial communities (Smale et al., 2017). This study found the system with cold
recovery formed biofilm was less diverse in bacterial community than the other systems without
cold recovery. The higher relative abundance of Methylibium spp., Polaromonas spp., Leptothrix
spp., Nitrospira spp., Pseudomona spp. and Sphingomonas spp. in the system without cold recovery
corresponds to the early stage of biofilm development (Martiny et al., 2003;van der Kooij et al.,
2018), while the less diversity, more Novosphingobium spp. and Legionella spp., less Nitrospira spp.
and Betaproteobacteriales in the biofilm from the system with cold recovery agreed with later stage
of biofilm development that approaching a stabilized microbial community (Martiny et al., 2003).
This may indicate that the biofilms in the system with and without cold recovery might at different

stage of biofilm development due to the differences in temperature.

This shows that constantly stable and higher temperature inside the cold recovery system over the
period of 38 weeks has selected for less diverse and more stable biofilm community composition
compared to fluctuating temperatures inside the systems without cold recovery. However, in the
present study the biofilm was sampled at the age of 38 weeks and the duplicate biofilm samples from
all the three DSs showed good reproducibility in terms of microbial activity, as well as the results of
biofilm samples from DSs without increase in temperature (REF and AHE) were highly similar. It
is recommended to have long term studies following biofilm development dynamics to have a good
understanding on the effects of increased temperature induced by cold recovery. The present study

demonstrateed that the experimental setup is suitable and reliable for future long term studies.

1.5  Practical implication and recommendations

The present study simulated the introduction of cold recovery into a drinking water distribution

system that will increase the water temperature locally to 25 °C. According to the biomass
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concentrations and community compositions, no significant deterioration of microbial water
quality was observed; though changes were found in the biofilms, there is no evidence of mass
transfer between biofilm and bulk water causing any changes in microbial water quality irrespective
of increased biofilm concentrations. The influence of the formed biofilm on the microbiological

water quality needs to be studied on the long-term during the cold recovery process.

Regarding the presence of selected opportunistic pathogens in our study, under the conditions
applied (AT between 5-18 °C and a maximum temperature after cold recovery of 25 °C) and the
feed water used, cold recovery does not pose a health risk. However, in the biofilm phase after
cold recovery we did observe a higher concentration of Legionella anisa and its host protozoa,
which indicates the potential growth of these temperature sensitive microbes in the biofilm phase.
This needs further investigation in the biofilm phase (for example by inoculating the system with
potential opportunistic pathogens) to see their behavior under different temperature settings (both

AT and maximum temperature after cold recovery).

For future rescarch, besides the above recommendations of establishing temperature thresholds of
T and AT and conductinglong term dynamic studies on biofilm development and water quality,
it is recommended to investigate the contribution of nutrient levels on the effects of temperature
increase and the response of an already established and old biofilm that has been developed over
decades in distribution systems, to the sudden introduction of higher water temperature. A reason
for this is that in a previous study it was found that the exposure to higher temperatures resulted
in greater biofilm detachment (Fink et al., 2015). Therefore, it is important to study potential risks
associated with such water temperature changes and subsequent biofilm detachment, which is the

same as so called “transition effects” (Liu et al., 2017b).

The operational application of this concept in Amsterdam, the Netherlands, at a specific location
(providing thermal energy for cooling to Sanquin, a company that produces products from blood
plasma which requires a huge cooling capacity) is running with a temperature threshold of 15 °C as
the maximum allowable drinking water temperature (T ) after cold recovery (van der Hoek et al.,
2018). Based on further research on drinking water quality under various temperature profiles during
cold recovery, it may be possible to push the upper temperature threshold higher (e.g. from the current
15°C to the 25 °C in the Dutch water regulation) which will significantly enlarge the potential of
energy can be recovered. This will not only increase the potential of recoverable energy by increasing

the AT, but will also significantly extend the period over the year this concept can be operated.

1.6 Conclusion

From the perspectives of the bacterial quantity, community composition and the studied
opportunistic pathogens, it is evident that our study showed minor effects of cold recovery on
the bulk water. For the community composition of planktonic bacteria, cold recovery increased
slightly the relative abundances of Psendomonas spp. (0.4 % to 2.4%) and Chryseobacterium spp.
(0.1% to 2.1%). Regarding the selected microorganisms, increasing the temperature to 25 °C did
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not show any influence, except the slight increase of S. maltophilia gene copies (2x10? to 1.5x10°
gene copies/l). Some differences were observed between the biofilm formed in the pilot distribution
system with and without cold recovery (e.g. higher biomass and lower diversity of the community).
A long term study (at least 2 years) on the potential influences of cold recovery on the dynamics of
biofilm formation and detachments is highly recommended to have a solid understanding regarding

the biofilm related processes after introducing cold recovery.
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CHAPTER3

Abstract

Drinking water distribution systems (DWDSs) have been thoroughly studied, but the concept of
thermal energy recovery from DWDSs is very new and has been conceptualized in the past few years.
Cold recovery results in a temperature increase of the drinking water. Its effects on drinking water
quality and biofilm development are unclear. Hence, we studied both bulk water and biofilm phases
for 232 days in two parallel pilot scale distribution systems with two temperature settings after cold
recovery, 25 °C and 30 °C, and compared these with a reference pilot system without cold recovery.
In all three pilot distributions systems (DSs) our results showed an initial increase in biomass
(ATP) in the biofilm phase, along with occurrence of primary colonizers (Bezaproteobacteriales) and
subsequently a decrease in biomass and an increasing relative abundance of other microbial groups
(amoeba resisting groups; Xanthobacteraceae, Legionellales), including those responsible for EPS
formation in biofilms (Sphingomonadaceae). The timeline for biofilm microbial development was
different for the three pilot DSs: the higher the temperature, the faster the development took place.
With respect to the water phase within the three pilot DSs, major microbial contributions came
from the feed water (17-100%) and unkown sources (2-80%). Random contributions of biofilm
(0-70%) were seen between day 7-77. During this time period six-fold higher ATP concentration
(7-11ng/1) and two-fold higher numbers of high nucleic acid cells (5.20-5.80x10* cells/ml) were
also observed in the effluent water from all three pilot DSs, compared to the feed water. At the end
of the experimental period the microbial composition of efluent water from three pilot DSs revealed
no differences, except the presence of a biofilm related microbial group (Sp/aingomonada[me), within
all three DSs compared to the feed water. In the biofilm phase higher temperatures initiated the
growth of primary colonizing bacteria but this did not lead to differences in microbial diversity
and composition at the end of the experimental period. Hence, we propose that the microbiological
water quality of DWDSs with cold recovery should be monitored more frequently during the first

2-3 months of operation.

Keywords: Cold recovery, drinking water distribution system, temperature increase, microbial

water quality, primary colonizers, microbial source tracking, biofilm

This chapter has been published as: Abmad, ].1; Dignum, M.; Liu, G.; Medema, G.; van der Hoek,
J.P. (2021) Changes in biofilm composition and microbial water quality in drinking water distribution
systems by temperature increase induced through thermal energy recovery. Environmental Research

2021, 194, 110648.
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1.1 Introduction

Thermal energy recovery from drinking water distribution systems (DWDSs) is a novel and
innovative concept. In the Netherlands the temperature within DWDSs stays between 4 and
10 °C in winter and between 15 and 20 °C in summer (Ahmad et al., 2020; Van der Hoek et
al., 2018). This means that drinking water contains thermal energy, in the form of cold or heat,
which provides opportunities to recover this energy for cooling or heating purposes. According
to a previous study, the theoretical potential of cold recovery from drinking water for the city of
Amsterdam is around 2800 TJ/year while the energy required for space cooling for non-residential
buildings in Amsterdam is estimated to be around 2161 TJ/year (Mol et al., 2011; Van der Hoek
etal., 2018). So, in principle DWDSs harbour enough cooling capacity that could be recovered in
the winter and stored underground, through an aquifer thermal energy storage, to provide space
cooling in summers, or utilized directly in winters for facilities with extensive cooling requirements

(e.g. blood banks, data centers, hospitals).

However, the cold transfer to the user, with subsequent heat transfer to the DWDSs, will cause
the drinking water temperature to increase. How this increase will affect the microbiology in
unchlorinated DWDSs has not been explored yet. These distribution systems have their distinctive
micro-environments, where the biological stability of drinking water is maintained by limiting
nutrient concentrations (El-Chakhtoura et al., 2015; Prest et al., 2016a; Van der Kooij, 1992; Van
der Kooij and Van der Wielen, 2013). The microbial environment of DWDSs consists of loose
deposits (Liu et al., 2014), suspended solids (Liu et al., 2013), water phase (Prest et al., 2016a; Prest et
al., 2016b) and biofilm phase (Fish et al., 2016). Among these, biofilm and water phase contain the
dominant part of the biomass (more than 80%) (Liu et al., 2017) in unchlorinated DW DSs. They
contribute significantly in shaping the microbiome of drinking water during distribution (Hull et
al., 2019; Ling et al., 2018). An increase in temperature after applying cold recovery might affect
these habitats (water and biofilm), as temperature is a crucial environmental factor for microbial
growth and community dynamics (Kelly et al., 2014; Rogers et al., 1994). Especially, growth of
biofilms (Diaz Villanueva et al., 2011), proliferation of opportunistic pathogens (OPs) (Van Der
Wende et al., 1989; Wingender and Flemming, 2011) like Psexdomonas and Legionella (Van der
Kooij and Van der Wielen, 2013), occurrence of discolored water (Zhou et al., 2017) and sudden
changes in microbial water quality parameters (like ATP and cell concentration) (Potgieter et al.,
2018; Prest et al., 2016a) are linked with temperature changes. For this reason, it is highly important
to investigate the effects of cold recovery on microbial water quality and biofilm characteristics to

understand the impacts of full scale application in more detail.

Hence, the current study was initiated with the goal to determine the potential changes in
microbiology, both in terms of drinking water quality and microbiome, in DWDSs due to
cold recovery. The study was carried out using pilot scale distribution systems. We studied two
temperatures after cold recovery, 25 °C and 30 °C. The reason for choosing these two temperatures lies
in the fact that the former is the maximum limit for the drinking water temperature within DWDSs

in the Netherlands (Smeets et al., 2009; Staatscourant, 2011). In case no changes are observed at
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25°C, a temperature of 30 °C will significantly enhance the potential for cold recovery. However,
this higher temperature may result in changes in microbiology. So, despite the fact that by Dutch

law it is not allowed, the higher temperature was chosen as an extreme case for research purpose.

We hypothesized that the microbiology of DWDSs will be different after an increase in temperature
of the water due to cold recovery application. For this purpose we studied both water and biofilm
phases within pilot scale, unchlorinated drinking water distribution systems. Time series data of ATP
concentrations, total cell concentrations, heterotrophic plate counts, Aeromonas spp., Legionella spp.
and next generation gene sequencing (NGS) were generated (over a period of 232 days) to determine
changes in microbial community composition of both water and biofilm. Microbial source tracker
was used in combination with the NGS data to determine the relative contribution of feed water
and biofilm microbiology on drinking water microbiology coming out of the pilot scale distribution
systems. This analysis of the interactions of biofilm and water phase at higher temperatures
(after applying cold recovery) will help water companies to take into account the potential

consequences of applying cold recovery on shaping the microbial water quality within DWDSs.

1.2 Materials and Methods

1.2.1  Location and design of pilot scale distribution systems

Three pilot scale distribution systems (DSs) were designed and operated for almost 232 days from
April till November, 2018 (Figure 3.1). The pilot scale DSs were situated at the drinking water
treatment facility “Leiduin” of water utility Waternet near Amsterdam, and fed continuously with
unchlorinated drinking water (Feed water (FW) from this plant . Details of the treatment of the

source water can be found in (Baghoth et al., 2011).
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Figure 3.1: Three, 30-meter-long (each), pilot scale distribution systems (DSs) supplied with unchlorinated feed
water, continuously for 24/7 for 232 days, to study the potential impacts of recovering cold. All the sampling sites
Jor both water (W) and biofilm (Bf) samples were labelled. (W, = feed water, W, = water from reference system,
W' o= water afier cold recovery (T, = 25°C), W, * .= water afier cold recovery (T, = 30°C), Bf, = biofilm

Jrom veference system, Bf, .= bioﬁlrkﬁrmed after cold recovery (T, =25°C), Bf, .= biofilm formed after
cold recovery (T, =30°C).

Among the three pilot scale DSs, DS-1 and DS-2 are the systems in which the temperature of the
feed water was increased by using a heat exchanger (HE) to an elevated drinking water temperature
of 30 °C and 25°C respectively (HE description in supplementary information). After having
passed the HE and having absorbed the heat to gain the maximum (T ) set point temperatures
of 30 and 25 °C, the heated drinking water flowed through the pipes and passed the whole length
of the DSs. The set points were maintained throughout the entire experimental period, irrespective
of changes in the feed water temperature due to seasonal variations. DS-3 is the reference system,
where no heat exchanger was used and the temperature of the drinking water followed the seasonal
variation of the source and treatment plant. This represents the Dutch non-chlorinated drinking

water distribution systems. Throughout this study, it was used as a reference to DS-1 and DS-2.

Each pilot scale DSs had an internal diameter of 25 mm and a length of 30 meter, and was made of
polyvinyl chloride-unplasticised (PVC-U) pipes. For this experiment the flow rate was maintained
at4.51/min (flow velocity 0.15 m/s), which is based on typical flow velocities within Dutch drinking
water distribution systems. All the DSs were equipped with flow and temperature sensors, for
continuously monitoring the flow and temperature of the water. Dasy Lab software (version 13.0.1)
was used for system monitoring and data logging. The difference between the temperature of the

feed water and the temperature after cold recovery was termed as AT.
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1.2.2  Sampling points and sampling frequency

For water sampling, small taps of PVC-U were installed within each pilot scale DSs (Figure 3.1).
During the study period, the water samples were taken every two weeks from each of the DSs at
four sampling points: W, _(feed water: treated/finished drinking water coming from the treatment
plant), W_° W, °(

total 64 (16 weeks X 4 points) water samples were taken and analysed. For biofilm sampling from the

after passing the heat exchangers) and W_ (from the reference system). In

pipe surface, 30 cm long PVC-U coupons were designed and inserted in all three pilot DSs. These
pipe sections have valves on both ends for easy removal. Duplicate biofilm samples were collected at
different days of the study, starting from day 7 till day 232 (D, D, D,, D, D, D, , D, ). In total
42 biofilm samples were collected from the three pilot scale DSs (from DS-1 referred in this study
as Bf30 %o from DS-2 referred as sz5 ° and from DS-3 referred as Bfref). From each system, biofilm
sampling was started from the distal end of the system in order to avoid disturbances within the
systems related to the sampling procedure. For both water and biofilm samples, all microbiological

analysis were performed within 24 hours of sampling.

1.2.3  Biofilm samples preparation

For biofilm analysis, the valves on both sides of the pipe coupons were closed and the coupons were
taken out of the systems and filled with 30 ml of DNA-free water. To remove the biofilm from the
coupons, the pipe coupons were pretreated by ultra-sonication, at a frequency of 40 KHz, in a water
bath (Ultrasonic 8800, Branson, USA) for two minutes. This sonication procedure was repeated
twice (Liu et al., 2014; Magic-Knezev and van der Kooij, 2004). The obtained suspension of 90 ml
was used for further analysis, and results for each measured parameter were normalized based on

the surface area of the pipe coupon (236 cm?) and the obtained suspension volume.

1.2.4  Analyses

1.2.4.1 Dissolved organic carbon (DOC), Heterotrophic plate count (HPC), Aeromonas
and Legionella spp.

From both water and biofilm samples cultivable bacteria (HPC), Aeromonas spp. and Legionella
spp. were analysed according to the Dutch standard procedures for these parameters (NEN-6222,
NEN-6263 and NEN-6265 respectively), as described in (Van der Kooij et al., 2018). Dissolved
organic carbon (DOC) was measured only from water samples according to the Dutch procedure
(NEN-1484)(Zlatanovié et al., 2017).

1.2.4.2 Adenosine triphosphate and total cell count

Bacterial cell numbers and active biomass were determined by measuring cell counts and the
total adenosine triphosphate (ATP) concentration from both biofilm (n = 42) and water (n = 64)
samples. Cell counts were measured by a flow cytometer (C6-Flowcytometer, Accuri Cytometers,
USA) using the same protocol that was previously developed and tested for drinking water samples
(Prestetal., 2013). Total and membrane-intact cell counts were distinguished by adding two stains
simultancously as described by Prest et al. (2013). Active biomass was determined by measuring

total ATP concentrations from both biofilm and water samples using a reagent kit for bacterial ATP
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and a luminometer (Celsis Advance Luminometer, Charles River, USA), as described previously
(Magic-Knezev and van der Kooij, 2004).

1.25  DNA extraction and 16S rRNA gene sequencing

To examine the microbiome of the pilot scale DSs, DNA was extracted usinga DNeasy PowerBiofilm
kit (Qiagen, USA) from both water samples (n = 64) and biofilm samples (n = 42). Each sample (for
water, a volume of 2 litres and for biofilm, 30 ml suspension from each sample) was filtered through
247 mm polycarbonate filter (0.22 um pore size, Sartorius, Germany). Subsequently the filters were
stored at 20 °C and further used for DNA extraction according to the mentioned protocol. For
16S rRNA gene sequencing, the V3-V4 region of the 16S rRNA gene was amplified using primers
341F: 5-CCTACGGGNGGCWGCAG-3 and 785R: 5-GACTACHVGGGTATCTAATCC-3’
(Thijs et al., 2017). Paired-end sequence reads were generated using the Illumina MiSeq platform.
FASTQ sequence files were generated using the Illumina Casava pipeline version 1.8.3. The initial
quality assessment was based on data passing the Illumina Chastity filtering. Subsequently, reads
containing the PhiX control signal were removed using an in-house filtering protocol at BaseClear
laboratory, Leiden, the Netherlands. In addition, reads containing (partial) adapters were clipped
(up to a minimum read length of 50 bp). The second quality assessment was based on the remaining
reads using the FASTQC quality control tool version 0.10.0, where low quality sequence ends were
removed (Quality score = 30) and remaining sequences were used further downstream to analyse
Bioinformatics. All sequencing files were deposited in the sequence read archive of the NCBI

(National Center for Biotechnology Information) under theaccession number PRINA613992.

1.2.6  Sequence data processing and statistical analysis

The obtained sequence libraries after quality control from FASTQC were imported into the
Quantitative Insights into Microbial Ecology (QIIME2) (version 2019.7) pipeline (Bolyen et al,,
2019). The sequences were further screened (at the maximum length of 298 bp), denoised, paired
ends were merged and chimeras were removed using the inbuilt, Divisive Amplicon Denoising
Algorithm 2 (DADA?2) (Callahan et al., 2016). The remaining representative sequences were
clustered to operational taxonomic units (OT Us) at an identity of 97%. For taxonomic assignment,
feature-classifier plugin in QIIME2 (2019.7) was used against the SILVA database (132 release)
for determining the microbial community composition at different taxonomic levels. Further,
core microbial community was defined based on OTUs which were present among at least 80%
of the samples (in the water phase) and in both duplicates in the biofilm samples, with a relative
abundance higher than 1%. The taxa bar plots were generated based on core OTUs at different

taxonomic levels of Class, Family and Order.

Both alpha (Shannon, observed OTUs, piclou’s eveness) and beta (Jaccard distance matrix and
weighted Unifrac) diversity indices were calculated using phylogenetically based rooted tree (generated
by aligning sequences using MAFFT plugin for phylogenetic reconstruction in FastTree) and with
asampling depth of 2000 sequences using QIIME?2 diversity plugin. Principal coordinate analysis

(PCoA) plots were generated using Jaccard and weighted distance matrix in emperor plot plugin.
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Single factor ANOVA and pearson correlation were performed in Microsoft Excel for mac (version
15.40), to determine the significance of differences between quantitative microbial parameters
(ATP, TCC, HPC, DOC) and correlation of these parameters with feed water temperature and
AT, for both DS-1 and DS-2.

1.2.7  Source tracker for microbial source tracking of bulk water from DSs
After assigning the taxonomic classification, the obtained OT'U table was used as input for microbial

source tracking of efluent water from the three pilot DSs (W .°_, W, °, W ). The source tracker

25 C 30 C ref’
method was previously described by (Knights et al., 2011). 15'116 method identifies the extent of
contributions of each source to a designated sink by comparing their community fingerprinting. The
obtained results show the percentage contribution of each source to the sink. In this study feed water
and biofilms from each respective DS were defined as sources and effluent water from each pilot DS
on a particular sampling day was defined as sink (Table 3.1). The analysis was performed using default
settings with a rarefaction depth of 1000, burn-in 100, restart 10, alpha (0.001), and beta (0.01)
Dirichlet hyper parameter. The analysis was performed with QIIME software and percentages were

calculated as previously described and also applied for drinking water communities by (Liu et al., 2018).

1.3 Results

1.3.1  Microbial activity in the biofilm phase

The three pilot distribution systems showed similar patterns of biofilm development both in terms of ATP
and cell concentration (Figure 3.2aand 3.2b). Growth reached an initial maximum biomass within the first
28 days, then decreased to a minimum on day 140 and finally increased till day 232, at the end of sampling.
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Figure 3.2: Biomass formation measured in terms of ATP (a) and cell concentration (b), from biofilms formed
over the period of 232 days, within three pilot distribution systems (Bf, = biofilm from reference system, Bf,
* = biofilm formed after cold recovery (T = 25°C), B, * .= biofilm formed after cold recovery (T, =30°C)).

max
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On day 7, the ATP in Bf  was 95 £ 3 pg/cm?, and continued to grow till day 28. Itreached a
maximum biomass concentration of 1100 pg/cm?and then decreased to a minimum on day 140
(100 pg/cm?),and subsequently reached a maximum of 2050 + 1000 pg/cm? on day 232. The latter
measurement showed a large difference between the duplicates. For szs °0 the same maximum
level in ATP was observed earlier on day 14, which then decreased to a minimum of 115 pg/cm?
on day 140, and increased again to 815 + 77 pg/cm”* on day 232. The maximum ATP in Bf, °_was

observed on day 7 (740 + 300 pg/cm?) and decreased from day 7 through day 140 (53 + 7 pg/cm?)
and reached an increased final concentration on day 232 (530 + 56 pg/cm?).

Similar to the growth patterns of ATP, an initial maximum cell concentration was observed in
the Bf  on day 28 (1x107 cells/cm?), then a minimum was observed on day 140 (1x10¢ cells/cm?)
and an increased final cell concentration (3x107 cells/cm?) was observed on day 232. In Bf_° a
maximum cell concentration was measured on day 14 (1x107 cells/cm?), a minimum on day 140
(1x10¢ cells/cm?) and a final concentration of 2x107 cells/cm? on the last day of sampling. Bf, °.
showed an initial maximum cell concentration of 6x10°¢ cells/cm? on day 7, which then decreased
to a minimum on day 140 (9x10° cells/cm?) and finally an increase was observed on day 232
(4x107 cells/cm?) (Figure 3.2b). Interestingly, from day 28 through day 232 the Bf,_° and Bf, °.
showed comparable cell concentrations (Figure 3.2b), intact cell counts (1x10°~6x10¢ cells/cm?)
and HPC counts (3x10%-2x10* cells/cm?) (data not shown here). Later on, from day 84 till day

232 a comparable microbial cell concentration was found within all three biofilms.

Legionella spp. and Aeromonas spp. were not found in the biofilms using plate counts, neither in
the situation with cold recovery, nor in the situation without cold recovery. They were absent in

the feed water and no growth was observed in the biofilms.

1.3.2  Microbial activity in bulk water phase

During the experimental period, the temperature of the W, ranged from 8.9 t0 21.2°C and AT for
W,,°cand W °was between 9 and 21 °C and 4 and 19 °C respectively (Table $3.2). Irrespective of
the seasonal variations in water temperature, the feed drinking water used for this experiment was
biologically stable with Assimilable Organic Carbon (AOC) concentrations below 10 + 2 ug-C/1
(data from Waternet). DOC ranged between 1.2 and 2.0 mg C/I (Figure S3.1). The ATP (Figure
3.3a) and total cell concentration (Figure $3.2a) of W, _varied between 2 and 3 ng/land 1.00-1.80

x10° cells/ml, respectively, the observed HPC were between 2 and 20 cfu/ml (Figure $3.2¢).
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Figure 3.3: Microbiological water quality measured by ATP (a) and high nucleic acid cells (b), from feed water

(W, = feed water) and all three sampling sites from pilot distribution systems (W .= water from reference
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system, W, ° = water after cold recovery (T, =25°C), W,,° = water after cold recovery (T, =30°C)).

From day 7 to day 77, ATP levels in the effluent drinking water from all three DSs were higher
than in the feed water (Figure 3.3a). This was most pronounced in W_, where a maximum ATP
concentration was observed on day 35 (31 ng/l), followed by a decrease till day 77 (3 ng/l). Later
on, a more or less stable ATP concentration (2-3 ng/l) was observed between day 84 and the final
sampling day 232. The maximum ATP concentration in the W, _° (11 ng/l) and W, °. (7 ng/I) was

measured on day 7, a decrease on day 77 (4 ng/l) and a final ATP concentration of 2 ng/l on day 232.

Overall, from all four sampling sites of water, the total cell concentration (Figure $3.2a) remained
higher from day 7 to day 77 (1.70-1.90 x10° cells/ml) and later on a stable and lower cell
concentration was observed till day 232 (7.60 x10%~1.10 x10°cells/ml). Similar to the results of ATP,
high nucleic acid (HNA) cells increased considerably within W, °, W,.°_and W _ .compared to
W, between day 7 and 49 (Figure 3.3b). From all three DSs maximum HNA cells (5.20-5.80 x 10*
cells/ml) were observed on day 35, then decreased to 2.40-2.70x10% cells/ml on day 84 and reached
a final concentration of 9x10°~1.70x10* cells/ml on day 232. Regarding low nucleic acid (LNA)
cells, no differences between sampling sites were observed but overall a decreasing trend in total
LNA cells was noticed in all water samples (Figure $3.2b), along with a decrease in W, temperature
(Pearson’s r = 0.5). The heterotrophic plate counts (Figure $3.2¢) showed an increase in the colony
forming units within the three systems compared to the W, and significant (p < 0.05) differences
in HPC were observed between all four water sampling sites (W, W, °, W, °_and W ).

30 C

Legionella spp. and Aeromonas spp. were not detected from the W, and no regrowth was observed

after applying cold recovery (W,.° W, °_) or within W__ (results not shown).

25 C’7730 C
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1.3.3  Microbial diversity and biofilm composition

The biofilm was characterized by a steady increase in species diversity (shannon diversity index)
and evenness (pielous’ ¢). With respect to observed taxonomic units (OT Us), very few numbers of
OTUs were observed from biofilm samples on day 7 (Figure 3.4a), with higher numbers observed
inBf (34 + 3) compared to Bf, ° (18 + 4) and Bf, °. (20 £ 4). In the Bf  a decrease in OTUs was
noticed from day 7 to day 14 (25 + 7), and later an increase from day 28 to day 232, by reaching the
maximum number of 266 + 30 OTUs. In the Bf,, °. and Bf, °. OT Us were increasing between
day 7 and day 232 and reached a maximum of 289 + 4 and 245 £ 30 OTUs, respectively. Overall
Bf, . showed lower numbers of OTUs compared to Bf,_° . and Bf .. In terms of species diversity
(Figure 3.4b) and evenness (Figure 3.4¢), Bf  was steadily increasing from day 7 (diversity: 1.2 +

0.7, evenness: 0.2 + 0.1) and reached its maximum on day 232 (diversity: 7.3 £ 0.2, evenness: 0.9 £

0.01). Bf,.° . and Bf, ° were more diverse (1.6-1.8) and even (0.4) at day 7 compared to Bf , then

steadily increased and reached a maximum on day 49 (diversity: 5.3-5.6, evenness: 0.7-0.8). Then

adecrease was observed between day 49 and day 84, and an increased final diversity (7.2-7.4) and

evenness (0.9) was measured on day 232.
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Figure 3.4: Microbial communiry diversity, richness and evenness measured by a) number of observed taxonomic
units (OTUs), b) Shannon diversity index and c) as pielow’s e from all biofilms formed within three pilot

distribution systems (Bf, .= biofilm from reference system, Bf, * .= biofilm formed afier cold recovery (T, =25
°C), Bf,)* .= biofilm formed afier cold recovery (T, = 30°C)).
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In total, four core Phyla were observed (Table $3.3a) comprising 95-100% of the microbial
communities among all biofilms, on different days. As shown in Figure $3.3, Proteobacteria was
the most dominant phylum constituting almost 90-100% of the microbial community between
day 7 and day 28 in Bf _° _and Bf, °0 and till day 49 in BfmF The four dominantly observed classes

25 C 30

were Gammaproteobacteria (30-95%), Alphaproteobacteria (1-50%), Planctomycetacia (1-6%) and
Deltaproteobacteria (1-5%), simultaneously over the period of time. From day 7 till day 232, the relative
abundance of Gammaproteobacteria was decreasing and three other classes (Alphaproteobacteria,

Planctomycetacia, Deltaproteobacteria) were increasing in abundance respectively (Figure $3.3).

At the Order level, Betaproteobacteriales (Figure 3.5a), was most abundant in Bf _°_ (88%) and Bf.

30

°c (87%) on day 7 and in Bf (82%) on day 14. During day 7-49, at Family level (Figure 3.5b), the
community composition data showed Burkholderiaceae (member of order Betaproteobacteriales)
and Sphingomonadaceae as the most dominant microbial groups among all three biofilms (Bf ,
Bf .°_and Bf, ° ). Where the highest relative abundance of Burkholderiaceae was observed on day

25 C 30 C

7 within all biofilms (Bf_: 78%, Bf,.° : 87%, Bf, ° : 86%), its relative abundance decreased over

25 C* 30 C*

time. Sphingomonadaceae was observed in Bf,_° . (6%) and Bf, ° . (8%) starting from day 7 and in

5 C 30 C

Bf , (13%) on day 14. The relative abundances of Burkholderiaceae and Sphingomonadaceae were
gradually decreasing when biofilms became more diverse with the presence of other microbial

groups, such as Xanthobacteraceae, which was observed in Bf, ° .and Bf, °_on day 28 and in Bf

on day 49 with the relative abundances of 3% and 1%, respectively. Simultaneously, occurrence
ofLegionellales in Bf, ° , Bf

o
30 o Phs ¢
Among other groups the higher relative abundance of Psendomonadaceae was observed on day 7

in Bf (17%) and Bf.° (5%), and on day 140 in Bf, ° . (15%). Overall, six core taxa (Table S3.3b)

30 C
were observed in biofilm samples belonging to these dominant microbial groups.

and in Bf _ (1%) on day 28, 49 and 84 respectively was noticed.
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Figure 3.5: Microbiome of biofilms shown as relative abundances (%) of core microbial groups, at both Order (a)
and Family (b) level of taxonomic classification, from three sampling locations, developed within pilor distribution
systems (Bf, = biofilm from reference system, Bf, * .= biofilm formed afier cold recovery (T, =25°C), Bf,,
* .= biofilm formed after cold recovery (T, =30°C)).

1.3.4  Microbial diversity and composition of bulk water

Based on gene sequencing analysis of drinking water samples from the feed water and effluent
water coming out of the three DSs (W/'25 °0 W% and Wrcf), the OTUs, shannon diversity and
community evenness were fluctuating considerably over the course of this study and largely followed
avarying pattern of the feed water (Figure 3.6a). From day 7 through day 182 more fluctuations
were observed in numbers of OT Us, with an average number of OT Us ranging from 141 to 200
and with a very high standard deviation of 107-179. In contrast, comparatively stable numbers
of OTUs were observed from day 196 through day 232 ranging between 58 + 25 and 87 + 82.
Similar results were observed for the other alpha diversity metrices like shannon diversity index
(Figure 3.6b) and pileou’s evenness (Figure 3.6¢). These metrices showed a more diverse (Shannon
index: 5.1 + 2.5) and noticeably even (pielou’s e: 0.7 + 0.2) microbial community from day 7 to day
182, and a relatively less diverse (Shannon index: 3.5 + 1) and less even (pielou’s e: 0.5 + 0.1) but

comparatively more stable/consistent community from day 196 to day 232.
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Figure 3.6: Alpha diversity of water samples measured by a) observed taxonomic units, b) Shannon diversity
and ¢) pielous’ e, in order to determine the community richness, diversity and evenness from all four sampling
locations (W, = feed water, W ,= water from reference system, = water after cold recovery (T w=25°C, ),

of
W, .= water after cold recovery (T, =30°C)).
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Furthermore, the community composition data revealed similar patterns as the community diversity
indices. In total, three core phyla were detected from W, and A\ five from W, and four from
W.,,° (Table $3.4a). Five major classes were observed (Figure $3.4), comprising 20-100% of the
total microbial communities in all water samples. The most dominant were Gammaproteobacteria,
Parcubacteria and Alphaproteobacteriain W, and W . In'W_° and W, °_ two additional classes
were also observed, namely Subgroup 6 (Phylum Acidobacteria) and Actinobacteria.

At Family level of taxonomic classification, four major microbial groups were observed in all
water samples (Figure 3.7), with Burkbolderiaceae (10-80%) and Psendomonadaceae (10-70%)
as the most dominant groups, followed by Mezhylophilaceae (4—40%). Sphingomonadaceae was
only observed in samples from W, ¢ (1-9%), W_ ° (1-8%) and W__(1-3%), starting from day 7

25 C 30 0C (
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through day 232. Pseudomonadaceae (5-69%) was observed at all sampling points and its relative
abundance was higherin W,.° ., W_ °.and W compared to W, , between day 7 and day 77. Later
on, no pattern was observed for its occurrence. Also, periodically a higher relative abundance of

Burkholderiaceae was measured in W, between day 7 and 182, but W, W, % and W_ showed
comparatively less variation in its abundance during this time period.

® Rhizobiaceae WX 16 ¢ WSphing eae Burkholde ® Methyloph W Pseud: eae  WUnclassified, others

100
80

Time (days)

Figure 3.7: Microbiome of drinking water, represented by relative abundances (%) of core microbial groups, ar

Jamily level of taxonomic classification. From all four studied sampling sites (W, = feed water, W, = water from
reference system, W, * .= water after cold recovery (T, = 25°C), W, * .= water afer cold recovery (T, = 30°C)).

Overall, very few (<10) core taxa (relative abundance >1% and present in 80% of the samples from
cach sampling location) were observed from water samples. All of those were belonging to the above
mentioned microbial groups, from all water sampling locations (Table $3.4b). Comparatively, more
taxa were detected from the water phase after applying cold recovery (W, .°, W, ° ) than from the

25 C 30 C
reference and feed water (W _and W, ).

1.35 Source tracking of bulk water communities within three DSs

For the microbial communities of bulk water coming out of the three DSs (\Wmf, W00 W, e c)’ feed
water (W, ) and biofilm (Bf , Bf _° , Bf, ° ) bacterial communities were treated as potential sources.
Within all three DSs, W, was the main contributor towards the microbial bulk water communities,
alongwith contributions from unknown sources. Within all three pilot DSs, the contributions of
biofilm communities to the bulk water microbial community showed a random pattern but it was
corresponding with the initial higher ATP and HNA cell concentrations of bulk water. At the start
the biofilms made an initial maximum contribution, then the contribution decreased and finally

increased, except for the 30 °C system where the decrease and increase were observed twice (Figure 3.8).
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Figure 3.8: The results of source tracker method, showing percent contributions of microbial commaunities from
different sources (feed water =FW, biofilm from relevant pilot DS=Bf; Unkown sources) into sinks (W, o= water
Jrom veference system, W, ° .= water after cold recovery (T, =25°C), W, ° .= water after cold recovery
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(T =30°C))on each water sampling day.

max

The results obtained from the source tracker for the W showed the W, as the main contributor

(52-100%) from day 7 till day 232 and the contributions of W, were varying over time based on
the contribution from unkown sources (3-38%) and from Bf . The latter has an input of 20% on day
7 and a maximum contribution on day 49 (68%). The contribution of Bf ;decreased between day
77 and day 84 (0-4%) and was increasing again from day 98 (12%) to day 182 with a contribution
of 26%. Later on, from day 196 till day 232 W, was observed to contribute 62-100%.

In the W, °_, feed water also made the major contributions (26-98%) and the contributions from

unknown sources ranged from 2 to 79% over the study period. Bf,

o

5 C
on day 21 (30%) and a decrease or no contribution was observed from day 35 till day 126. Then

made the highest contribution
an increase was seen from day 140 to 182 (21-30%) and a final contribution of 5% on day 210.

In the W, °_ from day 7 to day 232, feed water contributions ranged from 17 to 96% and the
unknown sources were contributing 2-57%. The Bf, °_ had a maximum contribution from day 21
to day 77 (7-15%), then a decrease or no contributions from day 84 to day 126 and again an increase
was observed on day 140 (12%). Later on, a decrease or no contribution was seen on day 168, then

an increase was observed on day 182, and a final contribution of 29% on day 220.

1.4 Discussion

1.4.1  Influence of cold recovery on the early growth and development of biofilms
The microbiological characteristics of the DW DSs have been studied widely and thoroughly both
for chlorinated (Douterelo et al., 2013; Potgieter et al., 2018) and unchlorinated systems (Prest et
al., 2016b; Vital et al., 2012). The current study focused on the microbial impacts of application of a
new technology, cold recovery, within unchlorinated systems. Especially development and growth of
the biofilms were studied dynamically over time to trace changes during their formation, as biofilms
are the micro-environments which are thought to be long-term residents (from days to decades)
within DWDSs (Flemming et al., 2016; Henne et al., 2012; Van Der Wende et al., 1989). Bacterial

biofilm development on pipe surfaces are characterized by a series of developmental stages, which
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includes: 1) initial preconditioning of surface (recruitment of organic substances from bulk water;
as soon as (minutes/hours) the surface is exposed to flowing water, on which bacteria will attach),
2) attachment of primary colonizers, 3) growth of attached bacteria, 4) protozoans grazingand 5)
finally detachment of bacterial cells from biofilm into the flowing bulk water (Mathicu et al., 2019).

Development of biofilms at different temperatures has not yet been studied inside DWDSs, but a
study on river water has reported an acceleration of microbial colonization at higher temperatures
(Diaz Villanueva et al., 2011). Similarly, we observed here temperature as a controlling factor for
the initial growth of biofilms within unchlorinated pilot DSs, not only by accelerating the primary
colonization (higher relative abundance of Betaproteobacteriales starting from day 7) of microbes
within biofilms, grown at 30 °C (Figure 3.5), but also by enhancing the early biomass formation in
the biofilms, developed at 30 °C after cold recovery, which grew faster at the beginning (day 7), in
terms of ATP and TCC (Figure 3.2). At the higher temperature, the peaks in biofilm development
(ATP and TCC) during the first 50 days occurred earlier. The biofilm at 30 °C became more diverse
and complex in microbial community composition earlier (day 14) compared to the biofilms which

were grown at lower (Bf,°_ on day 28) and fluctuating (Bf on day 49) temperatures (Figure 3.5).

The biofilms that developed in all three pilot DSs, although following an independent timeline for
their development, showed an increase in biomass, along with occurrence of primary colonizers
(Betaproteobacteriales) and consequently a decrease in biomass and an increasing relative abundance
of other microbial groups (amoeba resisting groups; Xanthobacteraceae, Legionellales), including
those responsible for EPS formation in biofilms (Sphingomonadaceae) which protects them from
outer stresses (Balkwill et al., 2006; Fish et al., 2016). This biomass decrease was possibly related
to protozoan grazing within the first 50 days (Van der Kooij et al., 2018), which was observed
on day 28 in Bf,_°_ and Bf |

reached a more even/mature state of growth (Henne et al., 2012), in terms of microbial diversity

°.-and on day 49 in Bfref(Figure 3.2 aand b). Later in time, biofilms

and abundance, which has been observed here around day 49 for biofilms grown after cold recovery
(25°C, 30 °C) and day 84 for reference biofilms (Figure 3.4).

The microbial similarities among biofilms after day 84 showed that feed water quality and
composition determines the microbial diversity and composition of more stable/mature biofilms
(Lingetal., 2015; Neu et al., 2019). The environmental conditions (Rogers et al., 1994) (temperature
in this case) only play a significant role during early primary colonization and growth of microbes,

where differences in microbial composition and biomass were observed among the three pilot DSs.

1.4.2  Influence of biofilm development on pipe surface on bulk water characteristics
In the first few months of operation (7-77 days), the amount of biomass, as measured by ATP and
specifically the number of high nucleic acid (HNA) cells in the bulk water from all three DSs was
higher than that in the feed water (Figure 3.3b). This was most pronounced in the system without
cold recovery (W ). HNA cells are associated with active biomass (Lebaron et al., 2001) and

primary colonizers (Proctor et al., 2018). Indeed, higher relative abundance of these groups (primary
colonizers-Figure 3.7) was observed in the bulk water in the pilot DSs, from day 7 to day 77. The
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increased presence of these groups in the bulk water is possibly linked to the fast growth of biomass
and proliferation of primary colonizers (Betaproteobacteriales, Pseudomonadales, Sphingomonadales)

(Van der Kooij et al., 2018) within biofilms on the pipe surfaces.

Furthermore, the presence of a biofilm associated bacterial group (Sphingomonadales), only in
effluent water (W _,W,.°, W, ° ) of the DSs and not in the feed water, shows the detachment of
these cells from biofilm into the bulk water. This is confirmed by the results of the microbial source

tracking (Figure 3.8), where microbial communities of biofilms (Bf , Bf,_°, Bf, °_) along with

25 C° 30 C
feed water communities showed a relevant contribution to the efluent wastcr from all three DSs.
The increased contribution from biofilms coincided with the initial maximum biomass growth
within the biofilms. In the system without cold recovery (W) these were observed later (on day
49, between day 98 and day 112 and from day 140 to day 182) than in the 25 °C and 30 °C systems
(on day 21, day 49 and from day 140 to day 182 (25 °C) and from day 196 to day 220 (30 °C)). The
biofilm in the reference system was relatively dense for a longer period, during which increased
ATP and HNA were observed in the bulk water (W ). Thus it can be inferred that it took a longer

period to form more stable biofilms in terms of detachment.

The microbial composition of the bulk water was largely determined by the composition of the feed
water as revealed by the source tracking, which showed remarkable fluctuations in numbers of OT Us
and in diversity. The higher numbers of OT Us within the feed water on different days of study (day
21,49, 98,112, 140 and 182, Figure 3.6a) did not affect ATP concentrations and cell numbers for
all three systems, and similar abundance and diversity were observed in effluent water of the DSs
after cold recovery and the reference system. Overall, similar microbial groups were present in the
feed water (Figure $3.5) but with different relative abundances on different days of the study (Figure
3.7).Itis noted that the upstream treatment processes (biologically activated carbon filtration and
slow sand filtration) contain biofilms that are allowed to mature over long periods of time. The
ﬂuctuating microbial composition of water after treatment with slow sand filtration was previously
described (Bai et al., 2013; Oh et al., 2018), and is linked to scraping the schmutzdecke layer
while periodically changing the sand filters, resulting in varying microbial composition, evenness

and diversity of efluent water from the treatment plant (Chan et al., 2018; Haig et al., 2015).

Opverall, cold recovery with subsequent increase in temperature to 25 and 30 °C showed no negative
effects on microbial drinking water quality parameters (ATP, TCC) as compared to the reference.
The observed changes in bulk water characteristics relative to the feed water were mostly linked with
formation and growth of biofilms on pipe surface, during initial growth and decline periods (day
7-77). However, there were some differences in water after the cold recovery systems compared to
the feed water and the reference water, for example the presence of specific OT Us (Methyloversatilis,
Sphingobium, Sphingomonas) . The occurrence of Methyloversatilis is possibly related to its
utilization of low molecular weight carboxylic acids released from pipe surfaces under warm water
conditions (Smalley et al., 2015; Van der Kooijj et al., 2018). However, this bacterium’s nutritional
conditions and growth kinetics are not studied here and require further research. Further, the

Sphingobium and Sphingomonas are relevant to biofilm formation and colonization of bacteria on
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pipe surface (Costerton et al., 1995; Flemming et al., 2016), which caused their regrowth in the
water phase within the pilot DSs.

1.5  Practical implications for water utilities

Our study showed how cold recovery, or increase in temperature, influenced the microbiology
within DWDSs, such as faster primary colonization by Betaproteobacteriales. These may serve as
prey for amoeba (Van der Kooij et al., 2018), which is followed by the simultaneous occurrence of
amoeba resistant microbial groups (Xanthobacteraceae, Legionellales) in the biofilms. In contrast to
observations from biofilms, Legionellales were not found in bulk water samples, but their persistent
presence in the biofilms (within the DSs operated at 25 and 30 °C till day 232) might lead to a
regrowth problem in the bulk water under favourable circumstances of higher temperature after
cold recovery. Also the presence of Pseudomonas (in the feed water, as well as in the pilot DSs) asa
core OTU among all water samples and their regrowth in biofilms needs to be closely monitored

while applying cold recovery.

Hence, based on our findings new drinking water distribution systems need to be monitored more
frequently within the first 2—3 months of applying cold recovery for possible effects on water quality
parameters, like ATP, TCC (especially HNA cells) as well as for opportunistic pathogens like
some species of Legionella and Pseudomonas. This is similar to the transition effects of changing
quality of the feed water (Chcn etal., 2020), where it was also suggestcd to monitor the system for
a period of six months during which the system is restabilized in terms of microbiological water
quality. The application of cold recovery in existing DWDSs which are already in operation since
many years or decades may similarly require a comparable transition period to achieve stable and
uniform microbiological characteristics in terms of water quality, biofilm development and habitat

formation inside the pipes.

1.6 Conclusion

Cold recovery from drinking water results in a subsequent increase of the drinking water
temperature. The higher the water temperature after cold recovery, the faster the primary
colonization stage of biofilm development.

Higher temperatures did not lead to higher biomass density or differences in diversity in the
biofilm.

The primary colonization stage of biofilm development on new pipes led to increased biomass
activity (ATP) and, specifically, increased numbers of HNA cells within the water phase, which
was most pronounced in the reference system without cold recovery.

DWDSs need to be monitored more frequently for microbiological water quality, after start
of the application of cold recovery in terms of microbial composition and diversity during the

first 2-3 months of operation.
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Heat Exchanger description:

For increasing the temperature of water and mimicking cold recovery, two plate heat exchangers
(HE’s) (Minex, SWEP, Sweden) were used for each of the cold recovery system. Within the HE,
on the plate surface heat is transferred between two fluids within a short time span (few seconds),
cold (the feed drinking water) and hot (recirculating water). The HE consists of 6 plates, 3 plates
for hot recirculating medium, 2 plates for cold drinking water and 1 blank plate. For recirculating
heated water a hot tank (RVS boiler, AquaHeat, The Netherlands) and temperature sensor were
connected with the hot channel of the HE. This setup was connected with a computer system
through a frequency controller to further regulate the temperature on the HE surfaces, in order to

maintain the threshold of 25 °C and 30 °C respectively, in effluent drinking water leaving the HEs.

—H=Wfw  —e=W250C —4—=W300C —0— Wref
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Figure $3.1: Dissolved organic carbon measured from all drinking water samples (W = feed water,

W .= water from reference system, W,_°_= water after cold recovery (T, =25 °C), W, °_ = water after
25 C max 30 C

re

cold recovery (T, =30°C)).
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Figure $3.2: Biomass from drinking water samples measured as a) Total cell concentration, b) Low nucleic
acid (LNA) cells and ¢) Heterotrophic plate counts (HPC), from all studied sampling sites (W, = feed water,
W

.= water from reference system, W, ° .= water after cold recovery (T =25°C), W, °.= water after cold
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Figure $3.3: Percent Relative abundance (%) of core microbial groups at Class level of taxonomic composition,
from all biofilm samples (Bf .= biofilm from reference system, Bf,_°_= biofilm formed after cold recovery

25 C
(T, =25°C), Bf, °.= biofilm formed after cold recovery (T =30°C)).
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Figure $3.5: Principle coordinate analysis (PCoA) of water samples shown here are based on measures from
Jaccard distance matrix (representing presence or absence of OTUs). This figure includes samples of feed water
(W) and effluent water from all three distribution systems, DS-130 °C (W, °.), DS-225°C (W,° ), and

30 C
DS-3 REF (W, ), from day 7 through day 232 of experiment (as shown in colour scheme).

REF)

Table $3.1: The microbial community sources used by source tracker method for determining their

contributions (%) in efluent water (sink) from each system on designated sampling day.

Sink Days Sources

Feed water samples (days) Biofilm samples (days)
7 7 7
21 21 7+14
35 35 7+14+28
49 49 7+14+28+49
77 77 7+14+28+49
84 84 7+14+28+49+84
98 98 7+14+28+49+84
112 112 7+14+28+49+84
126 126 7+14+28+49+84
140 140 7+14+28+49+84+140
168 168 7+14+28+49+84+140
182 182 7+14+28+49+84+140
196 196 7+14+28+49+84+140
210 210 7+14+28+49+84+140
220 220 7+14+28+49+84+140
232 232 7+14+28+49+84+140+232
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Table §3.2: Temperature details for the drinking water throughout the study period. Here its representing
the temperature of the feed water (W, ) and reference water (W) samples and the differences (AT) between

ref

the temperature after cold recovery systems of both pilot cold recovery distribution systems (DS-1 and DS-2).

Temperature (°C)

Temperature W, andW . AT W __°_

D, 12.6 12 17
D, 15.2 10 15
D, 16.2 9 14
D, 18.7 6 11
D, 19.2 6 11
D, 19.2 6 11
D,, 20.4 5 10
D, 21.2 4 9

D, 18.4 7 12
D, 17.2 8 13
D, 17 8 13
D, 15 10 15
D, 14.7 10 15
D,, 13 12 17
D,, 11.8 13 18
D 8.9 16 21

)
[

Table $3.3: a) Major core phyla and b) core taxa (at genus level), observed from all biofilm samples
(Bf .= biofilm from reference system, Bf,, °.= biofilm formed after cold recovery (T =25 °C), Bf,

25 C

°.= biofilm formed after cold recovery (T = 30°C)).

m

& Bfref Bfli l‘C BfS() “C
Core Phyla Planctomycetes Bacteroidetes Actinobacteria
observed Proteobacteria Planctomycetes Bacteroidetes
Proteobacteria Planctomycetes
Proteobacteria
b  Phylum Class Order Family Genus

Bf , Protecobacteria Alphaproteobacteria ~ Sphingomonadales  Sphingomonadaceae Sphingobium
Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Sphingomonas
Proteobacteria Alphaproteobacteria  Sphingomonadales ~ Sphingomonadaceae Sphingopyxis
Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Methyloversatilis

Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas
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Table $3.3: Continued

b  Phylum Class Order Family Genus

Bf,, Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Novosphingobium

‘¢ Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Sphingobium
Proteobacteria Alphaproteobacteria ~ Sphingomonadales ~ Sphingomonadaceae Sphingomonas
Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Sphingopyxis
Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Methyloversatilis
Proteobacteria Gammaproteobacteria Pseudomonadales ~ Pseudomonadaceae  Pseudomonas

Bf,, Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Novosphingobium

‘¢ Proteobacteria Alphaproteobacteria  Sphingomonadales  Sphingomonadaceae Sphingobium
Proteobacteria Alphaproteobacteria  Sphingomonadales ~ Sphingomonadaceae Sphingomonas
Proteobacteria Alphaproteobacteria  Sphingomonadales ~ Sphingomonadaceae Sphingopyxis

Proteobacteria Gammaproteobacteria Pseudomonadales ~ Pseudomonadaceae  Pseudomonas

Table $3.4: a) Major core phyla and b) core taxa (at genus level), observed from all water samples (W, = feed

water, W = water from reference system, W,_°_ = water after cold recovery (T =25°C), W, °_ = water
ref 25 C max 30 C

after cold recovery (T = 30°C)).

Observed Phyla Acidobacteria Acidobacteria Acidobacteria Acidobacteria

Patescibacteria Actinobacteria Actinobacteria Patescibacteria
Proteobacteria Patescibacteria Patescibacteria Proteobacteria
Planctomycetes Proteobacteria
Proteobacteria
b  Phylum Class Order Family Genus
. Parcubacteria Parcubacteria
. . . Candidatus . .
Patescibacteria Parcubacteria . ) group bacterium  group bacterium
Kaiserbacteria

CG1_ 0250 68 CG1 0250 _68
Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae  Duganella
Wi Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae  Polaromonas
Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae  Undibacterium
Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceac  not available

Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceac  Pseudomonas
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Table $3.4: Continued

b  Phylum

Patescibacteria

Proteobacteria
Wt Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Actinobacteria

Class
Parcubacteria

Alphaproteobacteria

Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

Actinobacteria

Epsilonbacteracota Campylobacteria

Patescibacteria

W, Proteobacteria
o
c

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Proteobacteria

Patescibacteria

Proteobacteria

0W25 Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Proteobacteria

Parcubacteria

Alphaproteobacteria

Alphaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

Gammaproteobacteria

Parcubacteria

Alphaproteobacteria

Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Gammaprotecobacteria
Gammaproteobacteria
Gammaproteobacteria

Gammaproteobacteria

Order

Candidatus
Kaiserbacteria

Sphingomonadales
Betaproteobacteriales
Betaproteobacteriales
Betaproteobacteriales
Pseudomonadales
Corynebacteriales

Campylobacterales

Candidatus
Kaiserbacteria

Rhizobiales

Sphingomonadales
Sphingomonadales
Betaproteobacteriales
Betaproteobacteriales

Pseudomonadales

Candidatus

Kaiserbacteria

Rhizobiales

Sphingomonadales
Sphingomonadales
Sphingomonadales
Betaproteobacteriales
Betaproteobacteriales
Betaproteobacteriales

Pseudomonadales

Family

Parcubacteria
group bacterium
CG1 02 50 68

Sphingomonadaceae
Burkholderiaceae
Burkholderiaceae
Burkholderiaccae
Psecudomonadaceae
Nocardiaceae
Thiovulaceae

Parcubacteria
group bacterium
CG1_02_50_68

Rhizobiaceae

Sphingomonadaceae
Sphingomonadaceae
Burkholderiaceae
Rhodocyclaceae
Psecudomonadaceace

Parcubacteria
group bacterium

CGL_02_50 68

Rhizobiaceae

Sphingomonadaceae
Sphingomonadaceae
Sphingomonadaceae
Burkholderiaceae
Methylophilaceae
Rhodocyclaceae

Pseudomonadaceae

Genus

Parcubacteria
group bacterium
CG1_02_50 68

Sphingopyxis
Aquabacterium
Polaromonas
not available
Pseudomonas
Nocardia
Sulfuricurvum

Parcubacteria
group bacterium
CG1_02_50 68

Allorhizobium-
Neorhizobium-
Pararhizobium-
Rhizobium

Sphingobium
Sphingopyxis
not available
Methyloversatilis
Psecudomonas

Parcubacteria
group bacterium

CGI 02 50 68

Allorhizobium-
Neorhizobium-
Pararhizobium-

Rhizobium
Sphingobium
Sphingomonas
Sphingopyxis
not available

not available
Methyloversatilis

Pseudomonas
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CHAPTER 4

Abstract

The surplus of thermal energy in the form of cold within drinking water distribution systems
(DWDSs) can be used as a potential energy resource for space cooling. The temperature of the
drinking water increases after cold recovery, and how this increase in water temperature affects
the biofilm development within DWDSs is not yet clear. The current research studied biofilm
development within three pilot distribution systems. The high temperature (HT) system, with an
operational heat exchanger, operated at a constantly stable and high temperature of 25 °C for a period
of 99 weeks. Comparisons were made with a reference system (REF, without heat exchanger) and a
control system (CR, with a non-operational heat exchanger) which were operated at relatively lower
and fluctuating temperatures (AT=4-20 °C). This study showed that cold recovery influenced the
carly stages of biofilm development. This was quantified by observing a different pattern of biomass
growth (ATP and cell counts) for HT biofilms, whereas REF and CR biofilms showed similar
results. From 32 weeks onwards to 99 weeks, the temporal trend for HT biofilms showed 2-3.5
times less biomass compared to REF and CR biofilms. Further, the community diversity indices
revealed that all three DWDSs reached to a similar diversity and eveness at week 12 (Shannon:
7.0£0.07, pielou’s e: 0.9£0.01) but in system with cold recovery the pattern to reach this diversity
was smoother compared to a decrease in diversity observed at week 7 (Shannon: 3.7+0.1, pielou’s e:
0.7+0.01) in systems without cold recovery. These results showed that a constant high temperature
of water results in an earlier steady state growth in the biofilms, while the biomass activity remains

lower as compared with biofilms developed under more variable low drinking water temperature.

Keywords: Microbial community and diversity, biofilm development, drinking water distribution

system, temperature, biofilm, microbial succession
This chapter is in preparation for publication as: Abmad, ]I, Van der Wielen, P.W.J J., Liu, G.,

Medema, G. and Van der Hoek, J.P. Tempaml development asz'oﬁlm: within non-chlorinated
drinking water distribution systems at bigh temperature ﬂﬁer thermal energy (cold) recovery.
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1.1 Introduction

Under the influence of climate change the temperature of the ambient air is increasing (Stocker et
al., 2013) and is consequently triggering higher cooling requirements. The greenhouse gas emission
related to space cooling accounted for more than 2.4% in United States, which will keep increasing
with the changes in climate (US Energy Information Administration, 2016). To reduce the carbon
footprint and to use more sustainable sources for cooling, drinking water distribution systems
(DWDSs) are providing an opportunity to recover thermal energy in the form of cold during
winters by use of a heat exchanger, when the temperature of the water is below 10 °C (Van der
Hock etal,, 2018). The recovered cold can be stored underground via aquifer thermal energy storage
(ATES) systems, to be used in the upcoming summer for cooling purposes (van der Hoek, 2012).
However, cold recovery from distribution systems increases the drinking water temperature and
might influence the microbial water quality and biofilm development in the DWDSs downstream
of the heat exchanger (Ahmad et al., 2020).

Worldwide, the biological stability of drinking water is maintained either by limiting nutrient
concentrations (Prest et al., 2016b; Van der Kooij, 1992) or by applying a disinfectant residual to
minimize regrowth during distribution (Berry et al., 2006). Despite these approaches, the presence
and regrowth of microbes as well as the seasonal fluctuations in the microbial water quality (in terms
of adenosine triphosphate (ATP) concentrations and cell counts) within DWDSs are recognised
(Pinto et al., 2014; Prest et al., 2016b; Proctor and Hammes, 2015). DW DSs harbour several micro-
environments, namely bulk water (Prest et al., 2016a), biofilms (Chan et al., 2019), suspended solids
and loose deposits (Liu et al., 2013). The microbes in these microenvironments may affect the quality

and safety of the drinking water from production to customers’ tap (Fish et al., 2016a; Liu et al., 2014).

Amongall these microenvironments, specifically within unchlorinated systems, biofilms are long
residents in DWDSs (days-decades) (Fish et al., 2015; Henne et al., 2012) and constitute more than
80% of the DWDSs microbiome (Liu et al., 2017a). Inside the biofilms, microbial communities
are protected from external stress because of formation of extracellular polymeric substance (EPS)
(Fish et al., 2016a; Flemming and Wingender, 2010). However, microbes within the biofilms are
responsive to changes, e.g. changes in temperature or drinking water quality (Ahmad et al., 2020;
Liu et al., 2017c) and are also thought to be the potential reservoirs for opportunistic pathogens
(OPs) (Van Der Wende et al., 1989; Wingender and Flemming, 2011). Until now limited knowledge
is available on temporal development of biofilms within unchlorinated DWDSs at an increased
temperature. Either studies were reported for mature biofilms (20 years) (Henne et al., 2012) or very
young biofilms (few days to few months) (Deines et al., 2010; Fish et al., 2015; Van der Kooij et al.,
2018; van der Kooij et al., 2005b). There is only one study that has reported long term succession
(three years) of biofilms within unchlorinated DWDSs but this research has not investigated the

effects of temperature increase on biofilm development (Martiny et al., 2003).

The effects of increase in drinking water temperature were studied previously in water heater systems

in relation to their temperature setting and impacts on growth and proliferation of opportunistic
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pathogens e.g Legionella pneumophila (Dai et al., 2018; Rhoads et al., 2015; Wang et al., 2015). In
DWDSs the biofilms formed at an increased temperature were studied in shower hoses (Proctor et
al., 2016; Proctor et al., 2018) and water heaters (Proctor et al., 2017; van der Kooij et al., 2005a).
According to our knowledge no studies were performed focusing on the effects of instantaneous
increase in temperature, as a result of cold recovery, on temporal biofilm development within
unchlorinated DWDSs. Therefore, the objective of this study was to investigate the influence of
increase in drinking water temperature as a result of cold recovery from unchlorinated DWDSs, on
the biofilm development in terms of microbial activity, and community diversity and composition

over alonger period of time.

1.2 Materials and Methods

1.2.1  Pilotdistribution facilities with and without cold recovery

Three pilot scale distribution systems (DSs) were designed and operated for almost 99 weeks from
May, 2016 till February, 2018. The pilot scale DSs were situated in the laboratory at Water Lab of
TU Delft (Figure 4.1), and fed continuously with unchlorinated drinking water (Feed water (FW)).
The FW is produced at and distributed from a drinking water treatment plant located in Rotterdam,
the Netherlands. The water, originating from surface water (river Meuse), is treated using granular
activated carbon filtration and UV disinfection as final treatment steps, and distributed without

maintaining a residual chlorine disinfectant during distribution.

Each pilot DS had an internal diameter of 25 mm and a length of 10 meter, and was made of
polyvinyl chloride-unplasticised (PVC-U) pipes. For this experiment the flow rate was maintained
at 4.5 1/min (0.15 m/s), which is based on normal flow velocities within Dutch drinking water
distribution systems. For feed water sampling, a small tap of PVC-U was installed at the beginning
of the distribution systems. For biofilm sampling from the pipe surface, 25 cm long PVC-U coupons
were designed and inserted in all three pilot DSs: these are sections of pipes with valves on both
ends. All the DSs were equipped with flow and temperature sensors, for continuously monitoring of
the flow and temperature of the feed water and outgoing water. Dasy Lab software (version 13.0.1)

was used for system monitoring and data logging.
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Figure 4.1: Three, 10-meter-long (each), pilot scale distribution systems (DSs) supplied with non-chlorinated feed
water, continuously for 24/7 for 99 weeks. All the sampling sites for feed water and biofilm were labelled (Biofilm
HT = biofilm formed after cold recovery (T, = 25°C), Biofilm CR = biofilm formed after non-operational heat
exchanger and Biofilm REF = biofilm formed in the reference system,).

Amongthe three DSs, distribution system 1 is the high temperature (HT) system where temperature
of the feed water was increased by using a heat exchanger (HE) to an elevated drinking water
temperature of 25 °C, mimicking the cold recovery situation (HE description in Supplementary
information). After having passed the HE and having absorbed the heat to gain the set point
temperature of 25 °C, heated drinking water flowed further through the pipe and passed the whole
length of the HT system. The set point was maintained throughout the entire experimental period,
irrespective of changes in the FW temperature based on the seasonal variations. Distribution system
2 is the control system (CR) with a non-operational heat exchanger in which the temperature was
not increased. In this system drinking water passed through the heat exchanger without heating,
thus water came out of HE without temperature change. This system was operated in order to see
if the HE itself had any effects on biofilm development because of the HE plate material (stainless
steel, with negligible biomass production potential of <15 pg ATP/cm? (Tsvetanova and Hoekstra,
2010)), and the additional surface area. Distribution system 3 is the reference system (REF) in
which no heat exchanger was installed and also the temperature was not increased, mimicking a

Dutch unchlorinated DWDS.

1.2.2  Biofilm and feed water sampling

Duplicate biofilm samples were collected during 99 weeks for studying both the biomass formation
(ATP and cell concentration) and microbial diversity and composition (next generation gene
sequencing) of biofilms. Sampling was done after 1,2, 4, 7, 12, 20, 32, 52 and 99 weeks of operation.

In total 54 biofilm samples (9 times X 3 systems x duplicate samples) were collected from the three
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pilot scale DSs. From each system, biofilm sampling was started from the distal end of the system

in order to avoid disturbances within the systems related to sampling procedure.

For biofilm analysis, the valves on both sides of the pipe coupons were closed and the coupons were
taken out of the systems and filled with DNA-free water. To remove the biofilm from the coupons,
the pipe coupons were pretreated in 30 ml water by ultra-sonication, at a frequency of 40 KHz,
in a water bath (Ultrasonic 8800, Branson, USA) for two minutes. This sonication procedure
was repeated for two additional times (Magic-Knezev and van der Kooij, 2004). The obtained

suspension of 90 ml was used for further analysis.

The duplicate FW samples were obtained every two weeks throughout the study period for studying
both the biomass activity (ATP and cell concentration) and microbial diversity and composition
(next generation gene sequencing) in water phase. In total 104 water samples (52 weeks x duplicate

samples) were analysed.

The samples were stored in a refrigerator at a temperature of 4 °C and all microbiological analysis,

for both biofilm and water samples, were performed within 24 hours of sampling.

1.2.3  Analytical methods

1.2.3.1 Adenosine triphosphate and total cell count

Bacterial cell numbers and active biomass were determined by measuring cell counts and the total
adenosine triphosphate (ATP) concentrations from both biofilm (n=54) and feed water (n=104)
samples. Cell counts were measured by a flow cytometer (C6-Flowcytometer, Accuri Cytometers,
USA) using the same protocol that was previously developed and tested for drinking water samples
(Prestetal., 2013). Total and membrane-intact cell counts were distinguished by adding two stains
simultancously as described by Prest et al. (2013). Active biomass was determined by measuring total
ATP concentrations from both biofilm and feed water samples using a reagent kit for bacterial ATP
and a luminometer (Celsis Advance Luminometer, Charles River, USA), as described previously

(Liu et al., 2017b; Magic-Knezev and van der Kooij, 2004).

1.2.3.2 DNA extraction and 16S rRNA gene sequencing

To identify the microbial community composition and diversity of the pilot scale DSs, DNA was
extracted usinga DNeasy PowerBiofilm kit (Qiagen, USA) from samples of both feed water (n=104)
and biofilm (n=54). Each feed water (volume of 2 litres) and biofilm (30 ml suspension) sample was
filtered through 47-mm polycarbonate filter (0.22 pm pore size, Sartorius, Germany). The filters were
stored at =20 °C and further used for DNA extraction according to the mentioned protocol. For
16S rRNA gene sequencing, the V3-V4 region of the 16S rRNA gene was amplified using primers
341F: 5-CCTACGGGNGGCWGCAG-3"and 785R: 5-GACTACHVGGGTATCTAATCC-3’
(Thijs et al., 2017). Paired-end sequence reads were generated using the Illumina MiSeq platform.
FASTQ sequence files were generated using the Illumina Casava pipeline version 1.8.3. The initial

quality assessment was based on data passing the Illumina Chastity filtering. Subsequently, reads
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containing the PhiX control signal were removed using an in-house filtering protocol at BaseClear
laboratory, Leiden, the Netherlands. In addition, reads containing (partial) adapters were clipped
(up to a minimum read length of 50bp). The second quality assessment was based on the remaining
reads using the FASTQC quality control tool version 0.10.0, where low quality sequence ends were
removed (Quality score=30) and remaining sequences were used further downstream analysis. The
duplicate biofilm samples of week 20 and 32 (from all the three systems) and two feed water samples

did not generate enough sequences to be included in the results.

1.2.3.3 Data processing and statistical analysis

The obtained sequence libraries after quality control from FASTQC were imported into the
Quantitative Insights into Microbial Ecology (QIIME2) (version 2018.11) pipeline (Caporaso et
al., 2010). The sequences were further screened (at the maximum length of 281-298 bp), denosied,
paired ends were merged and chimeras were removed using the inbuilt, Divisive Amplicon Denoising
Algorithm 2 (DADA?2) (Callahan et al., 2016). The remaining representative sequences were clustered
to operational taxonomic units (OTUs) at an identity of 97%. For taxonomic assignment, feature-
classifier plugin in QIIME2 (2018.11) was used against the SILVA database (132 release). The taxa

bar plots were generated based on OT Us at different taxonomic levels of Class, Family and Order.

Both alpha (Shannon, Pielou’s richness, observed OTUs) and beta (weighted Unifrac) diversity
indices were calculated using phylogenetically based rooted tree (generated by aligning sequences
using MAFFT plugin for phylogenetic reconstruction in FastTree) and with the sampling depth of
2000 sequences, using QIIME2 diversity plugin. The differences between biofilms formed in the
three pilot scale DSs and between various ages, were determined by using permutational analysis of
variance (PERMANOVA), with 999 permutations and using pairwise approach. Principal coordinate

analysis (PCoA) plots were generated usingweighted distance matrix in emperor plot plugin.

Single factor ANOVA and pearson correlation were performed in Microsoft Excel for mac (version
15.40), to determine the significance of differences between quantitative microbial parameters (ATP,
cell counts) and correlation of these parameters with feed water temperature and temperature difference

after cold recovery (AT = difference between FW temperature and temperature after cold recovery).

1.3 Results

1.3.1  Feed water characteristics
As shown in Table 4.1, FW physico-chemical composition remained stable over the period of two
years. The dissolved organic carbon (DOC) concentration ranged from 2.00 to 2.20 mg C/1. Other

parameters like pH, nitrate, nitrite, ammonium and total hardness were also stable throughout the study.
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Table 4.1: Physico-chemical characteristics of the feed water used for biofilm development within three pilot
distribution systems, during 2 years of the study period, starting from May, 2016 till January, 2018.

Dissolved organic carbon (mg C/1) 2.15+0.17
Assimilable organic carbon (ug/l ac-C) 21.83 £8.87
Ammonium (mg NH_*/I) 0.01 £ 0.01
Nitrate (mg NO, /1) 10.28 + 1.71
Nitrite (mg NO, /1) 0.01 +0.01
pH 8.04 % 0.10
Total hardness (mmol/I) 1.49 + 0.06
Temperature (°C) 13.65 +6.38

During the experimental period, a clear seasonal trend in the temperature of the FW was observed
(Figure 4.2). A higher water temperature (2 15 °C) was measured in the period from June to October
and a lower water temperature (< 15°C) was observed in the months from November till May, in
both consecutive years 2016 and 2017 respectively. Overall the temperature ranged between 5.1 to
20.6°C. The ATP concentration in the FW was between 2 to 7 ng/l (Figure 4.2 a) and cell numbers
varied from 2x10°-5x10° cells/ml (Figure 4.2 b). Both ATP concentrations and cell numbers
concentrations were moderately correlated with the seasonal temperature differences in the feed
water (R? of 0.49 and 0.36, respectively).
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Figure 4.2: Microbiological quality and temperature of the feed water within three pilot distribution systems,
measured as, a) ATP and b) cell concentration, over the period of time from May, 2016 to January, 2018.
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Regarding the microbial community composition of the FW, in total, from 102 feed water samples
1,437,113 sequences were generated and assigned to 4,974 operational taxonomic units (OT Us).
The taxonomic analysis of the FW samples at phylum level revealed that Proteobacteria was the
most dominant phylum with relative abundance of 40-67%. The other dominant groups were
Patescibacteria (6-25%), Planctomycetes (5-11%), Bacteroidetes (4—14%), Actinobacteria (1-17%),
Cyanobacteria (2-5%), Chloroflexi (1-3%) and Nitrospirae (0.5-3%) (Figure 4.3a). At Class level (4.3
b), 30-20% of bacterial communities consisted of unknown classes. Six bacterial classes accounted for
70-80% of the remaning community, namely Alphaproteobacteria (14-25%), Gammaproteobacteria
(10-50%), Deltaproteobacteria (3-11%), Parcubacteria (1-14%), Planctomycetacia (4~7%) and
Bacteroidia (3-15%). At Family level of taxonomic classification (Figure 4.3 ¢) 50-90% of bacterial
groups accounted for unknown families and small proportions were identified as Parachlamydiaceae
(0.50-1.50%), Xanthobacteraceae (0.50-1.50%), Burkholderiaceae (2—44%), Sphingomonadaceae
(1-2%), Legionellaceae (0.20-1.50%) and Pseudomonadaceae (0.15-1%).

Overall, few variations were observed among the microbial community abundance of the FW
samples throughout the experimental period, except for the changes which were seen in the period
from June 2017 to January 2018, where a higher relative abundance of Gammaproteobacteria (>25%)
was observed. Simultaneously, at the family level a higher relative abundance of Burkholderiaceae
was also observed, its relative abundance was 22-36% higher as compared to June 2016 to January
2017. Overall, no significant correlation was found between temperature and bacterial relative

abundance of the feed water.
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Figure 4.3: Microbial community composition of the feed water, supplied to all the three-pilot distribution systems,
at, a) Phylum level, b) Class level, and c) Family level of taxonomic classifications. Identified over the period of
99 weeks, from May 2016 to January 2018.

1.3.2  Quantitiative development of biofilms

1.3.2.1 Reference and control systems

Figure 4.4 a shows the ATP concentrations of the biofilm over the period of 99 weeks. The biofilms
developed in the reference (REF) and control (CR) systems were fed with the seasonally variable
FW temperature. The biofilm development in both REF and CR systems showed similar patterns
in the biomass growth starting from week 2 of biofilm sampling: an increase in the beginning,

followed by a decrease in biomass and reaching a maximum concentration at the end of the study.
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Temporal development of biofilms within DWDSs after TED

In week 1, a higher ATP concentration (230 pg/cm?) was observed in the REF biofilm compared
to alower ATP concentration in the CR biofilm (10 pg/cm?). After week 2, the ATP concentration
in the REF biofilm (60 pg/cm?) decreased, whereas an increase was observed in the CR biofilm
(120 pg/cm?). In both systems (REF and CR) ATP concentrations increased from week 2 onwards,
and reached a comparable biomass of 300-345 pg/cm?at week 7. Between week 7 and week 12, a
decrease in ATP concentration was observed in both the REF (minimum 76 pg/cm?) and CR
(minimum 110 pg/cm?) biofilms. Later on, from week 12 to week 99 the ATP concentrations
increased and reached a maximum concentration of 530 pg/cm?*and 580 pg/cm?® in both REF and

CR biofilms respectively.

The dynamics in cell counts were comparable to the dynamics in ATP concentration (Figure 4.4 b).
Higher cell numbers were observed in REF biofilm (2.9 x10¢cells/cm?) after week 1 and decreased
t0 9.9 x10° after week 2. Cell numbers in CR biofilm increased during this period from 5.3 x10°
cells/cm? to 1.5 x10° cells/cm?. Subsequently, cell numbers increased from week 2 to week 7 in both
REF (2.90 x10¢cells /cm?) and CR biofilms (3.30 x10¢ cells /cm?) followed by a decline from week
7 to 12 (week 12: REF 8.7 x10°cells/cm? and CR 1.5 x10° cells/cm?). An increase in cell numbers
was observed in both systems from week 12 onwards and reached to a maximum number at week

99 (REF 1.1 x107cells/cm? and CR 8.9 x10°cells/cm?).
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Figure 4.4: Microbial quantification of biofilms developed within three pilot distribution systems (DSs), measured
in terms of a) ATP concentration, b) rotal cell counts and c) intact cell counts. Biofilms were sampled from three
systems: Reference (REF), Control (CR) and high temperature (HT) after cold recovery.
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1.3.2.2 High temperature system after cold recovery

The HT biofilms were developed at a constantly stable and higher water temperature (25 °C), as
a result of cold recovery, compared to varying FW temperature in the REF and CR systems. The
biomass activity in HT biofilms showed a different pattern than in the REF and CR biofilms
(Figure 4.4a). First, a steady increase in ATP concentration was observed from week 1 to 7 (from
22 pg/cm? to 215 pg/cm?, respectively). From week 7 to 20, a decrease in ATP concentration was
observed (minimum 105 pg/cm?), followed by an increase between week 20 and 32 (maximum
220 pg/cm?). Finally, from week 32 onwards a decrease in ATP concentration was observed and
an ATP concentration of 165 pg/cm?*was measured at week 99. Overall, the ATP concentration
of the HT biofilm at week 52 and 99 was 1-3 times and 2-3 times less compared with CR and
REF biofilms, respectively.

The HT biofilm showed comparable dynamics in total cell counts as was observed for REF and
CR biofilms (Figure 4.4b). An increase in cell numbers was found from week 1 to 7 (1.0 x10° - 4.4
x10° cells/cm?) and a decrease was observed from week 7 to week 12 (minimum 1.9 x10° cells/
cm?). In week 99, cell numbers reached a maximum of 8.7 x10° cells/cm?2. Similar to the ATP
concentration, but in contrast to the total cell count results, the intact cell numbers of all three
systems were comparable till week 32. Afterwards, intact cell numbers in REF and CR biofilms
increased slightly while in HT biofilms intact cell numbers decreased or stabilized (Figure 4.4¢).

1.3.3  Microbial communities of biofilm

1.3.3.1 Reference and control systems

From the 42 biofilm samples 493,138 sequences were generated and were assigned to 1,040
operational taxonomic units (OTUs). The microbial diversity of the biofilms in REF and CR
systems were characterized by numbers of observed taxonomic units (OTUs) and by measuring
the Shannon and pielou’s e diversity indices (Figure 4.5). At the begin, in week 1, the REF (41£21)
and CR (48+16) biofilms showed a comparable number of OTUs (Figure 4.5a). At week 2 there
was adecline in OTUs within REF biofilm (24+4), but an increase was observed in the CR biofilm
(54+1). Thereafter, an increase in OT Us was found from week 2 to 4 in both REF (81+6) and CR
(76£37) biofilms, followed by a decrease from week 4 to 7 (REF: 47+6; CR:38+2). Later on a
continuous increase was observed in the REF biofilm and maximum number of OTUs (206+6) was
observed at week 99. On the other hand, in CR biofilm a maximum number of OT Us were observed
at week 12 (239+1) followed by a decrease from week 12 onwards, reaching 176+1 OT Us at week 99.

The development of community eveness (pielou’s e, Figure 4.5b) and diversity (Shannon diversity,
Figure 4.5¢) indices showed comparable results as for the development of OT Us. A steady increase
was observed in the beginning from week 1 to 7 followed by a decrease in diversity and eveness from
week 4 to 7. Later, an increase was observed from week 7 onwards in both REF and CR biofilms.
Biofilms in both systems were becoming equally even and diverse around week 12 (pielou’s e:
0.940.01, Shannon: 7.0+0.07) and minor changes were observed afterwards (from week 12 to 99).
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Figure 4.5: Temporal microbial diversity of biofilms, observed in terms of;, (a) operational taxonomic units

(OTUs), (b) species evenness and (c) Shannon diversity index, from all three pilot scale distribution systems;

Reference (REF), Control (CR) and high temperature (HT) after cold recovery.

During the first 7 weeks the bacterial community composition of both REF and CR biofilms
varied considerably. At Family level (Figure 4.6), from week 1 to 2, the bacterial community
composition consisted of five major taxa, that constituted 80-90% of the total community and
were identified as members of the Family Burkbolderiaceae (45-75%), Sphingomonadaceae (6-
16%), Pseudomonadaceae (3-11%), Rhodocyclaceae (2-5%) and Xanthobacteraceae (2-9%). From
week 2 to 7, the relative abundance of Sphingomonadaceae increased to 45-48% and the relative
abudance of Burkholderiaceae decreased to 24-26%. Furthermore, between week 7 and 12 a
decrease in relative abundance was observed for the three major Family taxa Burkholderiaceae
(10-15%), Sphingomonadaceae (4%) and Pseudomonadaceae (0.10~0.30%). This decrease in relative
abundance in week 12 was consistent with an increase in abundances of other bacterial groups,
which were identified as Hyphomicrobiaceae (3.50%), Xanthobacteraceae (3%), Legionellaceae
(1.50%), Parachlamydiaceae (1.10%) and Mycobacteriaceae (0.80%). The unassigned taxa (68-73%)
has the higher relative abundance starting from the age of 12 weeks in both REF and CR biofilms.
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Finally, from week 12 to 99 no major changes were observed in terms of differences in relative

abundances of major OT Us.
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Figure 4.6: Microbial community composition, at Family level of taxonomic classification, of biofilms developed
over the period of 99 weeks, within three pilot distribution systems: Reference (REF), Control (CR) and high
temperature (HT) after cold recovery.

1.3.3.2 High temperature system after cold recovery

The biofilms grown at high temperature after cold recovery (HT) showed a steady increase in their
bacterial diversity indices (Figure 4.5) from week 1 to 99. This is in contrast to the increasing and
decreasing patterns of diversity indices as observed in CR and REF biofilms, where a prominent
decrease in diversity indices was observed at week 7. The HT biofilm has more OT Us after week
1 (54+4) than the biofilms in the REF and CR systems, and were progressively increasing till it
reached a number of 180+6 OT Us at 12 weeks. A stable number of OT Us was observed from week
12 t0 99 (190+7) (Figure 4.5 a). Similarly, both pielous’ e (Figure 4.5 b) and shannon (Figure 4.5.c)
diversity indices showed an even and diverse HT biofilm from the age of 12 to 99 wecks (piclous’
€:0.940.0 and 0.940.01, Shannon: 7.0+0.0 and 7.040.0 respectively).

From microbial community composition perspective at the Family level Sphingomonadaceae (21%)
and Burkholderiaceae (61%) were two most dominant families at week 1 (Figure 4.6). After week
2, diverse bacterial families were observed, such as Rhodocyclaceae (19%), Pseudomonadaceae (9%)
and Legionellaceae (1%). At the age of 4 weeks Xanthobacteraceae (2.50%) and Parachlamydiaceae
(1.30%) were also present in the biofilm along with higher relative abundance of unassigned taxa
(41%). The increase in these Family taxa was associated with decrease in relative abundances of
Sphingomonadaceae (13%) and Burkholderiaceae (33%) after week 2 and a further decrease in
Pseudomonadaceae (2.50%) after week 4. Overall, the HT biofilm consisted of more diverse bacterial
groups at week 7 (8 major taxa with > 0.5% relative abundance) compared to REF and CR biofilms

(5 major taxa with > 0.5% relative abundance).

The beta diversity among the biofilm samples from three DSs and different age groups is shown by
Principle coordinate Analysis (PCoA) plot based on Weighted Unifrac distance matrix (Figure 4.7).
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No significant differences (PERMANOVA= p > 0.05 ) were observed among biofilms from all three
DSsand between the age group 12 to 99 weeks. But significant differences(PERMANOVA= p < 0.05

) were observed among the biofilms from 1 to 7 week old within all three studied distribution systems.
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Figure 4.7 : Principle coordinate Analysis (PCoA) plot, based on Weighted Unifrac distance matrix; Reference
(REF), Control (CR) and high temperature (HT) after cold recovery.

1.4 Discussion

The development of biofilms is a continuous process and consists of various stages and these stages
are clearly characterized in the literature (Mathieu et al., 2019). These stages include: 1) initial
preconditioning of surface (recruitment of organic substances from bulk water; as soon as (minutes/
hours) surface is exposed to flowing water, on which bacteria will attach), 2) attachment of primary
colonizers, 3) growth of attached bacteria, 4) protozoans grazing and 5) finally detachment of

bacterial cells from biofilm into the bulk water.

The current study was focused on how an instantancous increase in temperature (upto 25 °C), as
a result of cold recovery, influenced the biofilm development within unchlorinated DWDSs over
a long period of time (99 wecks). The development of biofilms was studied, at high temperature
and compared with reference and control systems, in terms of microbial quantification (ATP and

Total cell count) and microbial community composition.

104



Temporal development of biofilms within DWDSs after TED

Mostly feed drinking water bacterial communities are thought to be responsible for initial surface
colonization of pipes (Neu et al., 2019). In our study we also observed that certain bacterial groups
(Sphingomonadaceae, Burkholderiaceae and Psendomonadaceae) were continuously present in
the FW (Figure 4.3 ¢) and also detected in the biofilms during the first two weeks of biofilm
development, within all three pilot scale DSs (Figure 4.6).

Along with feed water, temperature is another crucial parameter in controlling the initial biofilm
microbial colonization (in this case the first 12 weeks: Figure 4.5) and a higher temperature results
into steady and even microbial population within the biofilms (Olsen et al., 2019). It is known that
at high temperature more food is being consumed by microbes because of selection and competition
for survival within a particular environment (Diaz Villanueva et al., 2011; Lienard et al., 2016;
Maraén et al., 2018; Scheikl et al., 2014). In our study as a result of constantly stable and higher
water temperature after cold recovery (25 °C) a smooth pattern is observed in HT biofilm to reach to
asteady phase of diversity and evenness at the age of 12 weeks, as compared to REF and CR biofilms,
which showed a slight decrease in diversity and evenness at the age of 7 weeks before reaching to

the similar diversity and evenness, as of HT biofilms, at the age of 12 weeks (Figure 4.5 b and c).

Along with the selection of more diverse microbial communities, a constantly stable and high
temperature also results into less active biomass within biofilms (Inkinen et al., 2014). In our
experiments, at the end of the study period of 99 weeks, cold recovery at 25 °C (HT biofilms)
resulted into a biofilm development that has less biomass activity (ATP and intact cell counts)
compared to the biofilms in the REF and CR systems. CR biofilms have 1.8-3.5 times and REF
biofilms have 2.5-3.2 times more biomass compared to HT biofilms, between 52 and 99 weeks,
respectively (Figure 4.4). The recovery of cold from DWDSs at 25 °C seems not to adversely affect
the community composition of biofilms within unchlorinated DWDSs. Further, both the REF
and CR systems showed similar behavior in terms of biomass concentration, microbial diversity
and composition patterns. This means that the presence of a heat exchanger, as an extra material in
contact with drinking water within DWDSs, seems to have limited effect on biofilm development.
However, biofilms are thought to be potential reservoirs of opportunistic pathogens (Wingender
and Flemming, 2011), and future investigations are required on effects of cold recovery in terms
of presence and proliferation of opportunistic pathogenic microbial groups within biofilms to
develop further insights. This may be done by targeting microbes of specific concern (e.g Legionella

Spp- Pseudomonas spp-» Mywlmclerium spp. ) under different temperatures after recovery of cold.

Recently changes in terms of biomass activity, microbial diversity and composition at high
temperature were already observed in the first 12-32 weeks of biofilm development (Ahmad et al.,
2021; Ahmad et al., 2020) and the same is observed here within all three studied DSs (CR, REF
and HT system). Later, after a period of 32 weeks within all three studied DSs, biofilms become
more stable in terms of microbial diversity and composition. Our study covered a period of in total
99 weeks. In contrast, in the past most of the experimental studies that were done to track changes
during development of biofilms, only investigated a period less than 32 weeks (Deines et al., 2010;
Douterelo et al., 2018; Fish et al., 2016b; Pinel et al., 2021). This time period is not long enough
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to establish conclusions about the microbial community structure within biofilms, as biofilms

are still in a developing phase during this time period and show varied composition and diversity

patterns. Long term biofilm developmental studies (more than 32 weeks) should be performed to

better understand the effects of different environmental parameters, such as temperature, on the

behavior of microbial community structure and biomass activity within biofilms.

1.5 Conclusion

The higher water temperature (25 °C) within drinking water distribution system, after cold
recovery, results in the formation of 2-3 folds less active biomass (in terms of ATP and intact
cell counts).

All three DWDSs reached to a similar diversity and eveness at week 12 but at a constant
temperature, after cold recovery, the pattern to reach this diversity is smooth compared to a
decrease in diversity observed at week 7 in systems without cold recovery.

Under the influence of increased water temperature due to cold recovery, the biofilm reached a
steady/stable growth phase faster (between 32-52 weceks) as compared to systems without cold
recovery (52-99 weeks), in terms of biomass activity.

The presence of a heat exchanger itself in a cold recovery system in DWDSs has no effects on
biofilm development in terms of biomass activity and community structure, it is the temperature
increase that affects biofilm development.

Long term investigations are required to study the changes happened during biofilm

development at microbial community composition level.
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Abstract

Thermal energy recovery from drinking water has a high potential in the application of sustainable
building and industrial cooling. However, drinking water and biofilm microbial qualities should be
concerned because the elevated water temperature after cold recovery may influence the microbial
activities in water and biofilm phases in drinking water distribution systems (DWDSs). In this
study, the effect of cold recovery on microbial qualities was investigated in a chlorinated DWDS.
The chlorine decay was slight (1.1%-15.5%) due to a short contact time (~60's) and was not affected
by the cold recovery (p > 0.05). The concentrations of cellular ATP and intact cell numbers in the
bulk water were partially inactivated by the residual chlorine, with the removal rates of 10.1%-
16.2% and 22.4%-29.4%, respectively. The chlorine inactivation was probably promoted by heat
exchangers but was not further enhanced by higher temperatures. The higher water temperature
(25 °C) enhanced the growth of biofilm biomass on pipelines. Principle coordination analysis
(PCoA) showed that the biofilms on the stainless steel plates of HEs and the plastic pipe inner
surfaces had totally different community compositions. Elevated temperatures favored the growth
of Pseudomonas spp. and Legionella spp. in the biofilm after cold recovery. Compared with a
previous study with a non-chlorinated DW DS, chlorine dramatically reduced the biofilm biomass
growth but raised the relative abundances of the chlorine-resistant genera (i.c. Psendomonas and

Sphingomonas) in bacterial communities.
Keywords: Cold recovery; Chlorine; Drinking water microbial activity; Biofilm community structure
This chapter is based on: Zhou, X., Abmad, J.L., van der Hoek, J.P., Zhang, K. (2020) Thermal energy

recovery from chlovinated drinking water distribution systems: Effect on chlorine and microbial water
and biofilm characteristics. Environmental Research, 187, 109655.
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1.1 Introduction

Fossil fuels have made up the majority part of the energy resources worldwide in the past decades
(Painter, 2020). However, the extensive use of these traditional energy sources poses lots of
environment issues, such as global warming (Lelieveld et al., 2019). In 2015, the United Nations
Paris Climate Conference reached a consensus that the global temperature rise should be well
below 2 °C and efforts should be pursued to limit it to 1.5 °C (Painter, 2020; Rogelj et al., 2016).
Therefore, in order to achieve this target, the pursuit of new and clean low-carbon energy resources
is necessary (Jiang et al., 2010). Recently energy recovery from the water cycle has been suggested,
including thermal energy from surface water, groundwater, wastewater and drinking water (Mol
etal., 2011; van der Hoek, 2012). With respect to surface water, energy recovery has already been
successfully applied in practice. In the Netherlands, the water from lake “Ouderkerkerplas” is
used for office building cooling, and a reduction of greenhouse gas emissions of nearly 20 kton
carbon dioxide (CO,)-equivalent/a can be achieved (van der Hock et al., 2018). In many European
countries, groundwater plays a role in the underground thermal energy storage systems and is widely
used at full scale (Sanner et al., 2003). In the urban water cycle, heat recovery from wastewater
via heat exchangers has been intensively studied (Elias Maxil, 2015; Elfas-Maxil et al., 2014), and
shower water has also been applied for heat recovery from wastewater in a pilot study (Deng et al.,
2016). Recently, the concept of thermal energy recovery from drinking water has been proposed,
and researchers have proven its possibility (Bloemendal et al., 2015) and explored the potential
technologies in practical use (De Pasquale et al., 2017; Guo and Hendel, 2018; van der Hoek et
al., 2018). However, its application still has a long way to go due to several risk concerns (Hofman
and van der Wielen, 2015). The most important one is the microbial risk concern of the water
quality. Because of the heat exchange, the water temperature in drinking water distribution system
(DWDS) will experience an elevation, which may pose effects on microbiological growth and
activity in both bulk water and biofilms (Hallam et al., 2001; van der Wielen and van der Kooij,
2010). In our previous study, such effects were evaluated in a pilot-scale non-chlorinated DWDS

(Ahmad et al., 2020). However, no research has been conducted in a chlorinated one.

As a key influencing factor in DWDS, temperature can affect both chemical and biological
processes (Lietal., 2019). Chlor(am)ine decay rate can be accelerated with increasing temperature
(Monteiro et al., 2017; Sathasivan et al., 2009). This can be explained by two major reasons: (i)
chlor(am)ine self-decay is a temperature dependent reaction, and the reaction rate is higher at higher
temperature (Monteiro et al., 2017); (ii) elevated temperature can change the microbial activities
(Ndiongue et al., 2005). Additionally, the efficiency of chlorine disinfection is quite sensitive to
temperature (Benarde et al., 1967; Butterfield et al., 1943; Collins, 1955). Collins (1955) studied
the chlorine disinfection on a chlorine-resistant species Pseudomonas fragi, and found that for equal
destruction of P. fragi at 4.4 °C and 21 °C, approximately twice as much time was required at 4.4 °C.
In another Mycobacteria gordonae inactivation study, the chlorine disinfection efficiency doubled
when reaction temperature rose from 4 °C to 16 °C, and dramatically increased eight-fold when
temperature reached 25 °C (Le Dantec et al., 2002). The microbial water quality in DWDS can be
affected by water temperature (Blokker et al., 2013; van der Hoek, 2012). It has been documented
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that seasonal temperature changes can result in fluctuations of microbial quantities (e.g. adenosine
triphosphate (ATP), heterotrophic plate count, total cell count (TCC) and coliform) (LeChevallier
etal,, 1996; Prest et al., 2016; van der Wielen and van der Kooij, 2010) and changes of bacterial
community dynamics (Pinto et al., 2014) of bulk water. Some researchers have reported that specific
opportunistic pathogens favor to be present at relatively higher water temperatures (Dai et al,
2018; van der Wielen and van der Kooij, 2013). Apart from microbes in water phase, biofilm
growth in DWDS can also be promoted by high temperatures (Fish et al., 2016). Tsvetanova and
Dimitrov (2012) reported that significant correlations between biofilm HPC density and water
temperature were detected in plastics pipes. Hallam et al. (2001) found that biofilm activity was
approximately 50% lower at a temperature of 7 °C than at 17 °C. In a recent study, differences in
both bacterial and fungal community compositions at two different temperatures (16 °C and 24
°C) were observed at family level (Preciado et al., 2019). In conclusion, temperature can regulate

various reactions within DWDS.

In our previous study, the effect of cold recovery (with subsequent sudden temperature rise in the
distributed drinking water) on microbial characteristics in both water and biofilms were investigated
(Ahmad etal., 2020). However, the results were obtained through a non-chlorinated pilot DWDS.
As chlorine is still widely used in drinking water disinfection worldwide, a similar study associated
with thermal energy recovery is necessary in a chlorinated DWDS. Therefore, the aim of this
study is to explore the effect of temperature increase on chlorine, chlorine disinfection and
microbial characteristics in a pilot-scale chlorinated DW DS subjected to cold recovery. Specifically,
chlorine decay, bulk water microbial activity and biofilm community structure (diversity and
composition) were investigated under the influence of cold recovery. The results could promote

a better understanding of the effect of cold recovery on microorganisms in chlorinated DWDSs.

1.2  Materials and methods

1.2.1  Chemicals

Sodium hypochlorite (NaClO, 60-185 g active chlorine L") was purchased from BOOM Lab, the
Netherlands. Sodium acetate (NaAc) (500 g) was obtained from Honeywell Research Chemicals,
USA. Sodium thiosulfate (Na,S,0,) solution (0.1 N) was from Merck KGaA, Germany. Phosphate
buffer solution (PBS) tablet was purchased from ThermoFisher Scientific, Sweden.

1.2.2  Experimental set-up

As displayed in Figure 5.1, the pilot chlorinated system operated in the laboratory of Delft
University of Technology consisted of a chemical dosing subsystem (CDS) and three parallel
pipelines, which were (i) an experimental pipeline with an operational heat-exchanger (OHE)
(Pipel), (ii) a reference pipeline with a non-operational heat-exchanger (NOHE) (Pipe2), and (iii)
a reference pipeline without a HE (Pipe3). The detailed information about the two HEs and the
reason of setting two reference pipelines have been discussed in our previous study (Ahmad et
al., 2020). The set-up was supplied with drinking water from the treatment plant “Kralingen” of
drinking water utility Evides, Rotterdam, the Netherlands, and subsequently dosed with NaCIO
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solution and NaAc solution (appropriate AOC supplement). This was necessary because in the
Netherlands hygienically safe and biologically stable drinking water is produced, without a residual
disinfectant and with a very low AOC concentration, below 10 pgacetate C L™ (Van der Kooijjetal.,
1995; Smeets et al., 2009). In the CDS (Fig. 5.1), NaClO stock solution (80-90 g Cl, L") and NaAc
stock solution (~ 45 mg acetate C L") were separately dosed by two peristaltic pumps (Watson-
Marlow 504U IP55 Washdown Peristaltic Pump) at a rate of 12 mL min™. At the dosing point,
the theoretical chlorine concentration in the bulk water was 0.1 mg Cl2 L, which is the normal
concentration of the residual chlorine in practical DWDSs. Due to the low AOC concentration (<
2 ugacetate C L") in Dutch drinking water (Ahmad et al., 2019), AOC should be supplemented
to mimic the production of biological not stable water in order to avoid limited microbial growth
rates on the pipe surface. Thus, according to the relationship between chlorine and AOC displayed
in a previous study (Ohkouchi et al., 2013), the AOC concentration in the experimental bulk water
was set 50 pug acetate C L' by dosing NaAc. In order to completely mix the dosed chemicals and
feed water, a static mixer (Stock Schedule 80 Threaded PVC Mixer, Koflo Corporation, USA)
was installed at the main pipe before the three parallel pipelines. Each parallel pipeline, made of
polyvinyl chloride-unplasticised (PVC-U), had an internal diameter of 25 mm and a length of 10 m.
For this experiment, the flow rate was set at 3.3-3.8 L min™ (0.11-0.13 m/s), which is within normal
flow velocities in Dutch DWDSs. In Pipe 1, the water temperature after the OHE was elevated to
25 °C (the maximum admissible drinking water temperature as mentioned in the Dutch drinking
water decree (State Journal, 2011)). All the pipelines were equipped with temperature and flow
sensors (Fig. 5.1), to monitor the flow and temperature of bulk water. Dasy Lab software (version

13.0.1) was used for system monitoring and data logging.
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Figure 5.1: Overview of the pilot-scale chlorinated DWDS.
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1.2.3  Sampling

For water sampling, small PVC-U taps were installed in each pipeline (Fig. 5.1): one was at the
front side (P1B, P2B or P3B) and one was at the back side (P1A, P2A or P3A). The water residence
time from the front to the back sampling points was around 60s. Feed water and water samples
from six taps were taken every seven days during the experimental period (2019 March 15® to 2019
August 9%, the data of 6™, 7*, 9" week were missing). At each tap, after flushing the water for 10
s, 100 mL of water was collected for chlorine determination, and 1 L of water was collected in a

sterile glass bottle containing adequate Na S, O, (quenching residual chlorine) for microbial assay.

For biofilm sampling, 25 cm long PVC-U coupons (pipe sections with valves on both ends) were
designed and inserted at the end part of each pipeline. At each biofilm sampling time (1%, 2™, 3rd,
4™, 7% 13% week), biofilms were sampled backwards from the end (plA, p2A and p3A) of each
pipeline in duplicate; and at 21 week, biofilms from both the front sides (p1B, p2B and p3B) and
back sides ((p1A, p2A and p3A) of all pipelines were sampled in duplicate and in quadruplicate
(two for biomass quantification and two for DNA sequencing), respectively. The two HEs were
also disassembled for biofilm collection. To detach the biofilm from the coupons, pipe sections
were filled with sterile PBS, placed in a water bath (Ultrasonic 8800, Branson, USA) and treated
by ultra-sonication at a frequency of 40 kHz for 2 min. The biofilms grown on the inside plates of
cach HE were collected in a similar way. The PBS containing detached microbes were subjected

to microbial analysis.

1.2.4  Chemical and microbial analysis

1.2.4.1 Aquatic chemical analysis

Free chlorine was determined by a chlorine cuvette test kit (LCK 310, HACH LANGE, Germany)
and a photometer (DR 3900, HACH LANGE, Germany). Total organic carbon (TOC) was
analyzed by a TOC analyzer (TOC-V CPH, SHIMADZU, Japan). pH was determined by a
portable pH meter (Multi 3420, WTW, Germany) with a pH-Electrode (SenTix" 940).

1.2.4.2  Biomass quantification

Bacterial active biomass and cell numbers were quantified by measuring adenosine triphoshpate
(ATP) concentration and cell counts of both water samples and biofilm samples (through the
PBS containing detached microbes). For water samples, cellular ATP (cATP) concentration was
determined to reflect the active biomass using a reagent kit for cATP (QGA™, Luminultra, Canada)
and aluminometer (PhotonMaster™, Luminultra, Canada), while to quantify biofilm active biomass,
total ATP (tATP) was determined using a reagent kit for tATP (QG21W™, Luminultra, Canada)
instead. Cell counts were detected by a flow cytometer (C6-Flowcytometer, Accuri Cytometers,
USA) using the same protocol that was previously developed and tested for drinking water samples
(Prestetal., 2013). TCC and intact cell counts (ICC) were simultaneously distinguished by adding
two stains (SYBR Green I and propidium iodide) as described by Prest et al. (2013).
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1.25  DNA sequencing and bioinformatics analysis

1.2.5.1 DNA extraction and 16 S rRNA genes sequencing

Each PBS containing biofilm sample was filtered by a vacuum pump through a 0.22 pm
polycarbonate membrane (25 mm in diameter) to collect biomass for DNA extraction. The total
DNA was extracted from the membranes with a Fast DNA® SPIN Kit for Soil (Mpbio, Santa Ana,
California, USA) according to the manufacturer’s protocol. The concentration and purity of the
total DNA were measured by a NanoDrop NC2000 spectrophotometry (Thermo Fisher Scientific,
Wilmington, Delaware, USA).

Primers 338F (5-ACTCCTACGGGAGGCAGCA-3’) and 806R (5-GGACTACHVGGG-
TWTCTAAT-3") were used to amplify V3 and V4 regions of 16S rRNA gene. PCR amplification
was performed usinga ABI 2720 PCR (Applied Biosystems, Foster City, California, USA) with a
total volume of 25 L containing 5 uL of 5 x reaction buffer, 5 uL of 5 GC buffer, 2 L of AINTP
(2.5 mM), 1 pL of forward primer (10 uM), 1 uL of reverse primer (10 uM), 2 uL of DNA template,
8.75 uL of ddH20, 0.25 uL of Q5 DNA polymerase. Thermal cycling conditions were as follows:
an initial denaturation at 98 °C for 2 min, and 25-30 cycles at 98 °C for 15 5, 55 °C for 30's, and 72
°C for 30 s, with a final extension at 72 °C for 5 min. Following amplification, PCR products were
purified by VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China), and then quantified usinga
microplate reader (BIOTEK-FLX800, USA). The high-throughput gene sequencing was performed
on the Illumina MiSeq platform by Personal Biotechnology, Co., Ltd. (Shanghai, China).

1.2.5.2 Data analysis

Raw sequence data were quality filtered and analyzed using QIIME 2 (version 2019.4). Reads were
processed by removing tags and primers, and the reads with an average quality score <20 and read
lengths <150 bp were discarded. After being processed, reads were assembled by FLASH v 1.2.7
with the overlap between R1 and R2 reads >10 bp. High-quality representative sequences for each
operational taxonomic units (O'T Us) were assigned using UCLUST with 97% sequence identity.
Taxonomic classification was carried out using Greengenes 16S rRNA gene database Release
13.8 (DeSantis et al., 2006). Relative abundance (%) of individual taxa within each community
was calculated by comparing the number of sequences of a specific taxon versus the number of
total sequences. Alpha diversity of each microbial community was estimated based on Chaol and
Simpson index, respectively. Bray-Curtis dissimilarities were based on individual OTUs, and they

were computed for the principal coordinates analyses (PCoA) using PAST 3.

1.2.5.3  Statistical methodologies

The paired T test was used to determine the significant difference of chlorine, TCC and ICC
from the front and the back sampling point of each pipeline. The Wilcoxon signed-rank test was
performed to determine the significant difference of cATP from the front and the back sampling
point of each pipeline. The Friedmand test was used to determine the significant difference of water
quality parameters from different pipelines. Pearson analysis was used to determine the correlation

between cATP reduction and chlorine demand. The significant level was set as p = 0.05.
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1.3 Results

1.3.1 Bulk water

1.3.1.1  Chemical parameters and temperature of feed water

During the experimental period, the pH and TOC of the feed water were within the normal value
ranges (7.6 + 0.2 and 3.0 + 0.7 mg/L, respectively) as displayed in Table 5.1. As shown in Fig. 5.2
(a), the feed water temperature was 9.3 °C at the start of the experiment and increased steadily to
21.4 °C at the end of the experiment, resulting in a temperature difference (] T) in Pipe 1 (the
system with cold recovery with a set point of 25 °C after cold recovery) ranging from 3.6 to 15.7
°C. Thus, it can be inferred that the long-term temperature gap in Pipel might cause potential
microbial difference of bulk water and biofilms at P1A.

Table 5.1 Microbial and physiochemical parameters of the feed water.

Time (week) cATP (pg/mL) TCC (10°cells/mL) ICC (10*cells/mL) pH TOC (mg/L)
0 191 / / 7.56 /

1 3.11 / / 7.44 /

2 3.05 6.96 9.54 / /

3 3.39 / / 7.77 /

4 2.43 / / / 2.78
5 395 / / / /

8 2.00 3.61 6.69 / /

10 2.64 / / / /

11 3.64 / / / 3.88
12 7.54 / / / /

13 4.01 4.64 10.3 / /

14 15.7 / / / /

15 2.45 / / / 2.45
16 7.29 / / / /

17 4.32 2.77 5.57 / /

18 6.83 / / / /

19 5.84 / / / /

20 6.47 / / / /

1.3.1.2  Freechlorine

As shown in Fig. 5.2 (b), chlorine experienced slight decreases between two sampling points in
all pipelines (1.1%-15.5%). However, paired T-test showed no significant difference of chlorine
concentration in Pipel and Pipe2 with HEs (p > 0.05), and significant difference (p < 0.05) only in
Pipe3 withouta HE. Also, the Friedmand test conducted at the end point of three pipelines showed no
significant difference (p > 0.05), indicating the residual chlorine at P1A, P2A and P3A were similar.
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Furthermore, the chlorine demand (chlorine concentration difference of two sampling points, PA
and PB) did not display notable regularity with the change of time in both three pipes (Fig. S5.1).

1.3.1.3 Biomass

The microbial activity in the feed water reflected by cATP showed an increasing trend during the
experiment from 3.11 to 6.47 pg mL" (Table 5.1), which was in accordance with the variation
patterns of cATP at three front points P1B, P2B and P3B (Fig. S5.2). Fig 5.2(c) showed cATP
reductions in all three pipes, but only Pipel and Pipe2 showed significant differences (p < 0.05)
according to the Wilcoxon signed-rank test. Additionally, the cATP concentration decrease in
Pipel (0.63 pgmL™") and Pipe2 (0.69 pg mL™") were both higher than that in Pipe 3 (0.40 pgmL™").
The results showed that the decrease of microbial activity caused by chlorine was more obvious in
the two pipes with HEs, but no significant difference could be found between Pipel and Pipe2.
Moreover, Pearson correlation analysis did not show positive correlation between cATP reduction
and chlorine demand (p > 0.05).

As shown in Fig. 5.2 (d), there was no significant difference (p > 0.05) in TCC among all samples
with a narrow average concentration range of 5.51-5.81x10° cells mL™. Conversely, ICC showed
significant decreases in all three pipelines (p < 0.05), and the average reduction rates in Pipel, Pipe2
and Pipe3 were 29.4%, 24.7% and 22.4%, respectively. However, the ICC reductions showed no
significant differences among the three pipes (p > 0.05).
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Figure: 5.2 (2) Feed water temperature, (b) free chlorine, (c) cATP and (d) cell counts of bulk water samples.

1.3.2 Biofilm
1.3.2.1 Biomass growth

The biofilm biomass growth of the back parts of three pipelines was monitored during the whole

experiment. As can be seen from Fig. 5.3 (a), the biofilm biomass increased slightly to the values
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0f 0.91-2.49 pg cm™ during the first 7 weeks, and no significant difference could be found among
three pipelines. However, after 7 weeks the biomass rose dramatically in all biofilms, especially
for plA where the biofilm developed at a relatively high temperature of 25 °C. At week 21, the
biofilm biomass of pl1A, p2A and p3A were 26.5+1.5 ATP pg cm?, 14.6+6.6 ATP pg cm™ and
10.2+1.7 ATP pg cm?, respectively. Additionally, the final biofilm biomass reflected by both ATP
and TCC (Fig. 5.3 (b)) showed that the obvious difference between the front and the back biofilm
could only be found in Pipel (p1B (14.8 ATP pgcm?; 6.2x10% cells cm?) vs. plA (26.5+1.5 ATP
pgem?; 1.7x10° cells cm?)).
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Figure 5.3: Biofilm growth at (a) the back part of three pipelines and (b) comparison of biofilm biomass at week

21 among six sampling points.

1.3.2.2  Bacterial community

In order to explore the bacterial community of different biofilm samples, high-throughput
sequencing based on 16S rRNA gens was used. The results of p1A, p2A and p3A were shown as
the average values of the duplicate samples, while results of OHE and NOHE were presented as
single sample. Two alpha diversity indices including Chaol (species richness estimator) and Simpson
(species diversity index) were used to analyze the biodiversity of the bacterial communities (Fig. S
5.3 (a)). p3A biofilm had the highest Chaol and Simpson indices, indicating the highest community
richness and evenness among all pipeline biofilms. p1 A biofilm showed higher community richness
than p2A biofilm, while its community diversity was lower than the latter one. Regarding HE
samples, the Chaol index of OHE was less than half of the value of that of NOHE. However,
the Simpson index of OHE was more than twice of that of NOHE. This indicates, although
the OHE biofilm community had a lower species number comparcd to NOHE, its species were
distributed more evenly. PCoA on the OTU level were plotted to compare the bacterial community
compositions of different biofilm samples (Fig. S 5.3(b)). It is clearly shown from the plot that p1A,
p2A and p3A biofilms were clustered in one group while the Bray-Curtis distances of NOHE and
OHE biofilms were both far away from the pipeline group as well as from each other.

The major bacterial phylum and genus in each biofilm sample are shown by bar plots in Figure
5.4. At the phylum level, Proteobacteria (75.6%—-87.%) were dominant in all samples, followed by
Bacteroidetes (3.6%~15.3%) and Planctomycetes (0.3%—4.8%). At the genus level, the top three

genera in all biofilm communities were Pseudomonas, Sphingomonas and Sphingobium. Regarding
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the pipe samples, Pseudomonas and Sphingobium were found to be more abundant in p1A biofilm
(20.2% and 17.4%, respectively) compared to p2A biofilm (2.9% and 5.3%, respectively) and p3A
biofilm (2.7% and 12.8%, respectively). The other major genera with the highest relative abundance
in plA biofilm were Methyloversatilis (4.4%), Rhizobacter (2.7%), Novosphingobium (2.3%) and
Legionella (0.14%). As for the HE samples, OHE biofilm had more Psexdomonas (17.3%), Ralstonia
(7.2%) and Vibrionimonas (13.4%) than NOHE biofilm (2.0%, 7.2% and 4.4% for Pseudomonas,
Ralstonia, and Vibrionimonas, respectively).
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Figure 5.4: Bacterial community compositions of biofilm samples at (a) phylum level and (b) genus level.

1.4 Discussion

1.4.1 Bulk water

Due to the important role residual chlorine plays in controlling microbial regrowth in DWDS, its
decay should be carefully investigated. The rate of chlorine decay has been shown to be sensitive to
water temperature. Ndiongue et al. (2005) reported that in a simulated DWDS reactor, chlorine
demand could rise from 0.5 CI,mg L" to 1.1 Cl, mg L when temperature increased from 6 °C to 18
°C. In another study (Monteiro et al., 2017), authors also proved that the reaction rate coefficient
of chlorine decay increased significantly from a water temperature of 10 °C to 30 °C. Additionally,
the wall decay coefficient (the rate of wall chlorine decay in pipeline) showed to be related to the
specific surface area (SSA) of DWDS (i.e. the pipe-wall area per unit of pipe volume) (Rossman et
al., 1994; Vasconcelos and Boulos, 1996), which reasonably leads to a hypothesis that the increasing
SSA brought by the HE in the two HE-installed pipelines of this study may affect the reaction
rate of chlorine decay. However, the results obtained in this study showed limited chlorine decay
in our set-up, and the difference of the decay in three pipelines could not be distinguished clearly
as well (Fig. 5.2 (b)). In the previous studies associated with chlorine decay, detectable chlorine
concentration reduction was monitored by minutes or hours, but in our experiments the contact
time of chlorine and bulk water as well as pipe wall was only ~60 s, which resulted in a slight

chlorine decay and insignificant difference among different pipelines.

The detectable decreases of cATP (Fig. 5.2 (c)) and ICC (Fig. 5.2 (d)) in each pipe demonstrated
that the chlorine level (0.1 mg Cl,/L) in this study could partially inhibit the microbial activity
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in the bulk water within a short contact time. However, such inhibition showed no obvious
difference between Pipel and Pipe2, indicating limited effect of sudden temperature increase on
the chlorine inactivation. The disinfection rate of chlorine is temperature-dependent as discussed
above. Nevertheless, as with the absence of a temperature effect on chlorine decay, the absence of
a temperature effect on microbial inactivation in this study could also be explained by the short
contact time. It should be noted that the pipelines with HE showed larger microbial reduction (Fig,
5.2 (c)) than Pipe3 (without HE). It may be hypothesized that a HE could enhance the disinfection
efficiency of chlorine towards microbes, although this could not be confirmed by a chlorine demand
increase in this study. A possible explanation for the enhanced disinfection efficiency may be that
the closely-aligned plates designed for increasing heat-exchange efficiency in the HE provided
several micro-channels for the water flowing through the HE, which enhanced the mixing efficiency
of the potential reactants (Li et al., 2007). This might improve the contact frequency between
chlorine and microorganisms and subsequently result in a promotion of disinfection efficiency.

However, the actual mechanism should be further investigated.

1.4.2 Biofilm

In this study, each pipeline biofilm underwent a “lag time”, when biomass increased slowly on
the pipe surface. This is consistent with a previous study, where detectable biomass was present
on the 40 day after the beginning of biofilm formation (Wang et al., 2019). In the lag time,
reversible and irreversible attachment of microbial cells successively happen on the pipe surface
before the cell proliferation (Liu et al., 2016). Our results showed a much faster biomass growth
rate of the biofilm at a higher constant temperature (25 °C) than the ones in the lower fluctuating
temperatures (13.3-21.3 °C) after the lag time (Fig. 5.3 (a)). This finding is in accordance with the
previously obtained conclusion that an elevated temperature increases biofilm growth, especially
in the presence of biodegradable organic matter (Hallam et al., 2001; Tsvetanova and Dimitrov,
2012). Within the common water temperature range, the increase of temperature can promote
the microbial cell secretion of extracellular polymeric substances (EPS), a key substance for the
microbial early aggregate on the pipe surface (Herald and Zattola, 1988; Yu et al., 2019), and
enhance the activity and growth rate of the attached cells (Mayo and Noike, 1996). In contrast,
Ndiongue et al. (2005) and Ollos (1998) reported that the temperature effect on biofilm growth
became limited when biofilms were in a steady state. Therefore, it can be hypothesized that the
biofilm biomass of p2A and p3A might have been closer to that of p1A if the biofilm growth time

was long enough toreacha stcady state.

Alpha diversity analysis revealed that due to the higher temperature (approximate 27 °C) of the
OHE’s wall surface than that of NOHE’s (Ahmad et al., 2020), the biofilm of OHE had less diverse
but more stable community composition than NOHE, which was rewarding to maintain the water
quality after the cold recovery. PCoA analysis showed that the community compositions of p1A,
p2A and p3A clustered in one group (all on PVC-U surface), compared to OHE and NOHE (both
on 316 stainless steel (SS) surface), indicating surface material could shape the biofilm community
structure. This could be supported by the former studies which confirmed that pipe materials could

affect the diversity and composition of the biofilm community (Norton and LeChevallier, 2000;
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Yu et al., 2010). The investigation of community composition showed much higher Psexdomonas
proportion in the biofilms developing in the higher temperatures (p1A and OHE). It has been
reported that Psendomonas spp. favors growing in warmer water under oligotrophic conditions
(Proctor et al., 2017). The temperature gap between warm samples (plA and OHE) and cold
samples (p2A, p3A, NOHE) might result in the predominance of Pseudomonas in the warm
samples. Additionally, the relative abundances of other genera like Sphingobinm, Novosphingobium,
Methyloversatilis, Ralstonia and Legionella were also found higher in warmer biofilms (pl1A or
OHE), and all of them were previously discovered as major inhabitants in the warm environments
like hot pipes or geothermal springs (Farhat et al., 2018; Jiang et al., 2016; Mahato et al., 2019;
van der Koojj et al., 2017). Because of the likely pathogenic risks brought by Pseudomonas and
Legionella (Hwang et al., 2007), their higher proportions in the biofilms during and after the cold
recovery should be heeded.

1.4.3  Comparison between chlorinated and non-chlorinated cold recovery DWDSs
In our previous study (Ahmad et al, 2020), the effect of cold recovery on the biofilm formation in
anon-chlorinated system was investigated. In that study, after 38 weeks of experimental duration,
5.3 times more biofilm was formed after cold recovery (475 ATP pg cm?) compared to biofilm
formed without cold recovery (89 ATP pg cm?). However, in the present chlorinated DWDSs,
the biofilm biomass after 21 weeks with and without cold recovery was only 26.5 ATP pgcm? and
14.6 ATP pg cm?, respectively. This means the biofilm biomass was much lower in the chlorinated
system than the non-chlorinated system. Although the total biofilm forming time of the previous
study was nearly twice (21 weeks vs. 38 weeks) of that of this study, this could not explain 6 to 18
times more biomass in the former case than this one. Therefore, the main reason for this massive
difference could be attributed to the negative effect of chlorine on the biofilm formation. The
presence of chlorine could degrade the bacterial cell-membrane functional groups to slow down
the microbial depositions onto the pipe wall and, therefore prevented the reversible to irreversible
transition of cell attachment to surfaces (Xue and Seo, 2013). Furthermore, chlorine could reduce
the microbial growth rate of the attached microbes (Butterfield et al., 2002). It should be noted that
the increase in biomass (the ratio of the biomass with and without cold recovery) was also hindered
by chlorine in our chlorinated DW DS compared to the previous non-chlorinated one (1.8 and 5.3
times for chlorinated system and non-chlorinated system, respectively). In other words, the cold
recovery effect became less obvious in the chlorinated system. This might be due to the promotion

of chlorine inactivation towards biofilm when temperature increased.

Regarding the difference of the biofilm community compositions of the two studies, the chlorine-
resistant bacteria (CRB) genera Pseudomonas and Sphingomonas (Butterfield et al., 2002) were more
abundant in the chlorinated biofilms (2.7%-20.2% and 5.8%-18.8%, respectively) than the non-
chlorinated ones (0.2%-2.3% and <1.0%, respectively). This was in accordance with other studies
which reported that the use of chlorination could lead to the selection of CRB, including several
opportunistic pathogens (Ingerson-Mahar and Reid, 2013; Sun et al., 2013). Moreover, in this
study the abundances of Pseudomonas and Sphingomonas were both higher in plastic pipe biofilms
(Psendomonas: 2.8%-20.2% and Sphingomonas: 9.5%~-12.3%) than HE biofilms (Pseudomonas:
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2.0%-17.2% and Sphingomonas: 2.5%—6.4%) under the same temperatures (Fig. 5.4), suggesting
surface materials could also affect the abundances of CRB in biofilms. Unfortunately, due to the
lack of biomass data of HE biofilm, the CRB densities on plastic pipe inner surfaces and HE SS
plates could not be compared directly. However, according to a previous biofilm formation study
under long-term high chlorine level (Zhu et al., 2014), the biomass density in the stabilized biofilm
on SS pipe was lower than that on plastic pipes. Thus, in the consideration of both biomass and CRB
abundance, SS pipe material can be recommended to prevent the proliferation of CRB in DWDSs.

1.4.4 Outlook for future research
Considering the experimental results obtained in this study, specific topics should attain attention

in future research concerning cold recovery from chlorinated DWDSs:

(1) In order to investigate the cold recovery effect on the chlorine decay and microbial inactivation
efficiency, prolonged contact time should be achieved by using experimental set-ups with longer

pipelines. Also, the effect of initial chlorine concentration should be studied.

(2) The processes that take place between the plates of the HEs should be fully investigated. The
interaction between chlorine and microorganisms inside the HE needs to be intensively explored.
Chlorine decay inside the HE is of concern, especially for HEs after prolonged running times,
when biofouling and corrosion are present on the plate surface (Murthy et al., 2005). Additionally,
a proper residual chlorine level should be determined to balance microbial control and chlorine-

induced corrosion on the HE plate surface (Martins et al., 2014).

(3) In this work, cATP and ICC showed a decreasing trend in bulk waters, but no quantification of
specific species (e.g. pathogens) was conducted. The analysis of microbial community composition
and functional prediction showed that there were relatively high risks of pathogenic, antibiotic
resistance and human diseases related bacteria in the biofilms after cold recovery. As chlorine can
promote the detachment of cells from biofilms (Chen and Stewart, 2000), the potential detachment
of the risky bacteria should be monitored after the cold recovery where chlorine becomes more

active due to the rising temperature.

(4) In this scudy, chlorine resulted in higher abundances of CRB in biofilms. To mitigate the risk of
CRB, researchers have recently proposed several combined disinfection processes such as UV/CL,
UV/hydrogen peroxide, UV/peroxymonosulfate, etc. (Zhu et al., 2020; Zeng et al., 2020), although
most of these processes were only explored on lab-scale. Future studies may focus on optimizing
operation parameters to balance continuous disinfection ability and biofilm CRB control, and

large-scale application of these technologies in the practical field.
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15 Conclusion

This study explored the effect of cold recovery on the drinking water microbial quality (as cATD,
TCC and ICC), and biofilm growth and composition in a chlorinated DWDSs. Slight chlorine
decay was detected in all pipelines, but was not affected by the temperature increase. Chlorine could
partially inactivate the microbial activities in bulk water, and the inactivation efficiency was slightly
promoted by the HEs. The growth rate of biofilm biomass was significantly enhanced by water
temperature. The diversity and composition of biofilm microbial community were both shaped
by cold recovery and surface materials. For example, Psendomonas spp. had higher abundances
in warm biofilms. Compared to the previous results from a non-chlorinated DWDS, the effect
of chlorine in this study led to much lower biomass but higher abundances of chlorine-resistant

bacteria in the biofilms.
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Figure S 5.1: The variations of chlorine demand over time.
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Abstract

Drinking water distribution networks (DWDNG) have a huge potential for cold thermal energy
recovery (TED). TED can provide cooling for buildings and spaces with high cooling requirements
asan alternative for traditional cooling, reduce usage of electricity or fossil fuel, and thus TED helps
reduce greenhouse gas (GHG) emissions. There is no research on the environmental assessment
of TED systems, and no standards are available for the maximum temperature limit (T ) after
recovery of cold. During cold recovery, the water temperature increases, and water at the customer’s
tap may be warmer as a result. Previous research showed that increasing T up to 30 °C is safe
in terms of microbiological risks. The present research was carried out to determine what raising
T would entail in terms of energy savings, GHG emission reduction and water temperature
dynamics during transport. For this purpose, a full-scale TED system in Amsterdam was used as
a benchmark, where T s currently set at 15 °C. T  was theoretically set at 20, 25 and 30 °C to
calculate energy savings and CO, emission reduction and for water temperature modeling during
transport after cold recovery. Results showed that by raising T from the current 15 °C to 20,
25 and 30 °C, the retrievable cooling energy and GHG emission reduction could be increased by
250, 425 and 600%, respectively. The drinking water temperature model predicted that within a
distance of 4 km after TED, water temperature resembles that of the surrounding subsurface soil.
Hence, a higher T will substantially increase the TED potential of DWDN while keeping the

same comfort level at the customer’s tap.

Keywords: energy transition; cold recovery; cooling; carbon footprints reduction; drinking water

distribution networks; greenhouse gas emissions
This Chapter has been published as: Abmad, ].1., Giorgi, S., Zlatanovic, L., Lin, G., van der Hoek,

J.P. (2021) Maximizing Thermal Energy Recovery from Drinking Water for Cooling Purpose.
Energies 14, 2413.
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1.1 Introduction:

Resource recovery from the water cycle is gaining much attention. The focus is much on materials
from wastewater, such as nutrients, carbon, energy in the form of biogas and water itself [1-3].
Resource recovery from drinking water has also been described and is applied in practice, e.g.,
the recovery of calcite from the pellet softening process in drinking water treatment [4]. The
thermal energy from sewage water and wastewater treatment plant effluent has been pointed at as
avaluable resource [5,6]. However, at the same time, it is stressed that more research is needed into
environmental assessments of thermal energy recovery systems [7]. The potential of thermal energy
recovery from the water cycle, including wastewater, surface water, groundwater and drinking
water, has been estimated for Amsterdam and its surroundings, focusing on the possibilities to
reduce carbon emissions [8—11]. A specific thermal energy source appeared to be the cold water in
the drinking water distribution network [12]. Depending on the drinking water temperature in

the network, it can be used for both heating and cooling purposes.

Global warming is raising the earth’s temperature [13], and therefore, the demand for cooling
is growing substantially. In the European Union, the use of central and room air conditioning
units for space cooling has increased by 50 times from the 90's till 2010 [14]. In Amsterdam (the
Netherlands), the energy required for space cooling of non-residential spaces amounts to 2162
T]J/y [15,16]. Providing this energy with traditional cooling methods (i.c., mechanical cooling
or cooling towers) requires a huge amount of electricity and water and results in a high carbon
footprint [17-19]. Hence, there is a need to explore more sustainable cooling resources. Drinking
water distribution networks (DWDNis) contain much thermal energy in the form of cold. For
example, in Amsterdam, where drinking water is produced from surface water, the temperature
within the DWDN is between 4-10 °C in winter and between 15-20 °C in summer [20]. These
temperatures offer possibilities to recover thermal energy for cooling by heat exchange during
wintertime: drinking water exchanges its cold temperature with a warm carrier medium (e.g., air,
water, glycol, etc.) inside a heat exchanger, and the slightly heated water flows back into the DWDN
[20-22]. This cold temperature recovery from DW DN, mostly available during winter time with
low drinking water temperatures, is scarcely available during times of high cooling demand (ie.,
during summer with high drinking water temperatures). An option to overcome this hurdle is to
recover and store the low temperature in aquifer thermal energy storage (ATES) systems for later
use in summer. During winter the recovered thermal energy can also be utilized directly without

intermediate storage as free available cooling (Figure 6.1).
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cooling with cooling with
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Figure 6.1. Cold drinking water in wintertime (left) is directly utilized in winter periods for places with extensive
cooling requirements or is used for charging an aquifer thermal energy storage system (ATES) ro provide space

cooling in upcoming summer periods (right).

However, retrieving cold from DW DNs means increasing the temperature of the drinking water
during the energy exchange, which means elevated temperatures in the DWDN. After the use of
the drinking water by the customers, the drinking water turns into wastewater. Due to the higher
temperature of the drinking water after cold recovery, cold recovery does not compete with thermal
energy (heat) recovery from wastewater [5,11]. The higher the temperature of the drinking water
that can be allowed after cold recovery (T ), the higher the temperature difference between the
incoming drinking water and drinking water leaving the heat exchanger, and the longer the period
in the year the heat exchange can be applied. For example, a T of 18 °C means that when the
incoming water temperature exceeds 18 °C, during that time, the cold recovery cannot be applied.
Hence, a high T is attractive as it increases the energy recovery potential and carbon footprint
reduction potential of the system. The T __is determined by the effects an elevated drinking water
temperature may have on the microbiological water quality and the standard for the drinking water

tcmpcraturc at thC customer’s tap.

Concerning an elevated temperature, this may enhance microbial activity and proliferation of
temperature-sensitive opportunistic pathogens like Legionella spp. [23]. This may occur both in
the water and biofilm phase (the layer of microbes attached to the inside of the pipes), with possible
negative effects on water quality. Our previous pilot scale studies revealed that, with a drinking
water temperature of 25 °C and 30 °C after cold recovery, no negative effects were observed in the
water phase in terms of water quality parameters (like microbial activity: total biomass and cell
counts) and proliferation of opportunistic pathogens (Legionella spp.) [24]. However, the elevated
drinking water temperatures, due to cold recovery, did enhance the initial biofilm growth (in terms
of biomass) in the first 2-3 months of operation, compared to the biofilm growth in a reference
system, in which no cold recovery was applied. Later (after 3—4 months), when the biofilm reached
its steady growth phase, comparable biomass was observed in the systems with cold recovery and
the reference system. Within the initial three months of applying cold recovery at the pilot plant

scale, drinking water quality parameters (biomass activity and cell concentration) increased after

142



Maximizing Thermal Energy Recovery from Drinking Water for Cooling Purpose

cold recovery compared to the reference system but stayed within the standards of the Dutch

drinking water regulation [24].

The concept of cold recovery from drinking water has been of interest to water utilities for the
last years. The recovery of cold from DW DN or from drinking water reservoirs for use in district
cooling has been investigated and simulated for potential use in different countries applying
chlorinated DW DN, such as in Italy [25], France [26] and the United Kingdom [27]. However,
the cold recovery from drinking water is not yet conceptualized in any of these places because of
different reasons. Especially maintaining the drinking water quality after cold recovery was one
of the primary concerns. The chlorinated distribution systems are not thoroughly investigated
regarding the microbial water quality changes after cold recovery, except one pilot scale study, which
observed that the decay of chlorine was not effected by the temperature increase of up to 25 °C,
and this higher temperature also had no effect on microbial water quality parameters, such as total
cell countand ATP [28]. For full-scale TED application, microbial water quality investigations on
chlorinated DWDSs are required.

The feed drinking water that was used at pilot scale in this study and in full-scale studies in the
Netherlands for cold recovery, as well as its effect on microbiological water quality, originated
from non-chlorinated distribution systems and was of very high quality. Opportunistic pathogens
(Legionella spp.) were not present in the source drinking water, and the water was microbiologically
stable (AOC < 2 ug-C/L). These non-chlorinated drinking water distribution systems have their
distinctive micro-environments, where the biological stability of drinking water is maintained
by limiting nutrient concentrations [29-33]. Regarding the temperature-sensitive opportunistic
pathogens, under the conditions applied (T, of 25 °C and 30 °C) and the non-chlorinated feed

water used, cold recovery does not pose a health risk.

The T__ after cold recovery also depends on the allowed temperature of the drinking water at the
customer’s tap in the Netherlands, which is currently 25 °C [34]. However, it is known that the
drinking water temperature during transport will balance towards the soil temperature, which is
mostly below 25 °C [35],50a T,

the standard of drinking water temperature at the tap. This means that when the water temperature

. above 25 °Cafter cold recovery may be possible without breaching
is being raised for cold recovery purposes, a limit should be set to stay within the temperature
threshold of 25 °C at the end users’ tap.

More research is required regarding environmental assessment of thermal energy recovery systems,
and especially regarding cold recovery from DWDNs and the links between its potential energy,
maximum temperature limit and temperature at customers’ tap after recovering cold. Hence, the
objectives of the current study were (1) to determine the maximum time period within the year
to recover cold, related to the drinking water temperature limit after cold recovery (T, ) and the

temperature of incoming drinking water; (2) to evaluate the amount of potential thermal energy

and the subsequent carbon footprint savings by recovering cold from drinking water distribution
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systems; and (3) to determine the effect of balancing of the drinking water temperature with the

soil temperature during transport of the drinking water after cold recovery.

1.2 Methodology

For this study, the operational parameters, such as inlet feed water temperature, flow rate, outgoing
water temperature after cold recovery, soil temperature and pipe material, of a full-scale cold
recovery (TED) plant of Sanquin-Waternet in Amsterdam were used [15]. Based on the results of
the previous pilot scale studies [12,24], where no negative effects of cold recovery were observed on
the microbial drinking water quality with exit temperatures (after leaving the heat exchanger) up
to 30 °C, four values omeX were chosen for this study, 15, 20, 25 and 30 °C, respectively (defined
as a threshold for cold recovery). The value of 15 °C is the one currently allowed in the full-scale

operational system.

This was done to (1) determine the time span of the year over, which thermal energy in the form
of cold can be retrieved, (2) calculate the total amount of retrievable energy and (3) predict the
drinking water temperature of water flowing through the mains after cold recovery. The description

of the full-scale system is provided in the supplementary information.

1.2.1 Cold Recovery Time Period

The incoming feed water temperature (T , together with the acceptable drinking water

feed wa(cr)
temperature after cold recovery (T ), was used to determine the time period of the year over

max:

which cold can be retrieved. The daily T,
to December 2019 from the temperature sensors located at the inlet of the Sanquin-Waternet TED

data were collected for the period of January 2018

feed water

unit. The T values were set at 15, 20, 25 and 30 °C. The viable time period was that in which T,

was at least 1 °C lower than T .

water

1.2.2 Cold Recovery and Carbon Footprint Reduction Potential

Cold recovery potential depends on the available drinking water flow (F

fedwarer) a0d the temperature
difference (AT) between incoming drinking water (T, ) and drinking water after the TED

installation (T ). The maximum theoretical potential is thus directly related to the T . The

ax

formulas used to calculate the maximum energy were the following:

Formula for the cooling power (kW)
P(cooling) = Q - ¢, AT (i)

Formula for the retrieved energy

E=P-At (ii)
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where:

P: cooling power (kW);

Q: massflow rate of drinking water going through the heat exchanger (kg/s);

¢ heat capacity of water (kJ/kg/K);

AT: temperature difference between water before and after the heat exchanger (K);
E: energy recovered during a certain period Az (kWh);

At: period in which the energy is recovered (h).

The potential greenhouse gas (GHG) emission reduction from TED was calculated based on the
difference between the electricity usage of a TED installation and that of other cooling methods
(Table 6.1), multiplied by the GHG factor for the Dutch electricity mix, which is equivalent to
0.475 kg CO,/kWh [36]. For this study, other carbon emissions like CO, intensive flows (for
instance, from chemical substances used in cooling towers) or the CO, of the materials comprised

in the installations were not considered.

, 1 1 1
CO, savings = (— - —) *GHGy " —— (iii)
COPref  COPTED, 0.0036

where:

CO, savings: GHG potential reduction of TED system (kg CO,/G]J cooling);

cor, coefficient of performance of the reference cooling method (GJ cooling/GJ electricity);
COP,,: coefficient of performance of TED (GJ cooling/G]J electricity);

GHG ;: CO, emission factor of clectricity (kg CO,/kWh electricity);
1/0.0036: conversion factor between kWh and GJ.

Table 6.1. Seasonal COP for different cooling methods [37].

Cooling Method Coefficient of Performance (COP)

Cooling tower 80
Dry cooler 20
Hybrid cooler 35
Chiller 7
TED 100

1.2.3 Temperature Model

To determine the distance at which the temperature reaches soil temperature, the temperature
change after the cold recovery unit was predicted using a temperature model [35]. The network
configuration of the Sanquin full-scale system was used to build a hydraulic model (Figure 6.2) in
EPANET 2.0, which is a free software package for water distribution network modeling [38]. In the
Sanquin system, a portion of the drinking water coming from a 700 mm transport main is being
bypassed through a 250 mm pipe towards the heat exchanger unit (HE). After cold recovery, water
is being conveyed through a 250 mm pipe to the mixing point (point 4 in Figure 6.2), at which two
water streams, one coming from the HE and the other one from the transport main, of different

temperatures are mixed. Mixed water is being further transported to a water demand reservoir, which
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is located ~3850 m downstream of the mixing point (Figure S 6.1 Supplementary Information).
Drinking water temperatures were measured using sensors, which were placed: before the bypass, after

the heat exchange process, at the mixing point and before the demand point (point 12 in Figure 6.2).

HE

Pump & ; Non-return valve
] 'l [ [} ] 8 0 2
- * * * - * d
Reservoir Mixing point Demand node

Figure 6.2. Sanquin full-scale model in EPANET. 0—inlet point/reservoir, 1—4 bypass to the Heat exchanger,
HE—bheat exchanger, 4—mixing point, S—11 fictitious points, the mixing point (4), and demand node (12) used
to assign measured diurnal flow. The distance between the fictitious points is S00 m, except for the distance between
fictitious points 11 and 12, which is 350 m.

ATwater _ 2k
dt DPwater TCD, water

(Touter wall — Twater) (iv)

Hydraulics within the full-scale Sanquin system was simulated by EPANET 2.0, while an extension
to EPANET, multispecies extension, was employed to implement the temperature model equations,

shown below.

where T represents the bulk water temperature (K), T
water

outer wall

stands for the temperature of the
outer wall of the pipe (K), which is assumed to be equal to the temperature of the surrounding soil,

is the heat capacity of water and £ is the overall heat transfer coefficient

ris the pipe radius, C,,,mm

(W/m?K). The calculation of the overall heat transfer coefficient is further explained in the study
of Blokker et al. (2013) [35].

Because the HE unit at the Sanquin plant was operational only during winter days, temperature
dynamics in the system were modeled using input parameters for a random winter day. Apart
fromthe T__values (15, 20, 25 and 30 °C), also a reference case (T ) was modeled. This is the
water transport main of 700 mm without any HE unit or bypass and transporting water towards
the same reservoir at ~3850 m downstream the Sanquin location. On the day that was used for
the modeling purposes, T, was measured to be 11.5 °C. Water flow in the 700 mm main
varied between 840 and 940 m*/h, and the flow in the bypass was between 310 and 315 m’/h. A
summary of additional input parameters can be found in the supplemental material (Table S 6.1

in Supplementary Information).

1.3 Results

1.3.1. Operational Period of TED

The daily temperature of the feed water (T, in the years 2018-2019 is shown in Figure

)
feed water
6.3a. The average daily feed water temperature in the months of January—April was 8 + 2 °C, in
May-August and September—October the temperature remained between 16 +2°C and 12 + 2

°C, respectively, for both years. Overall, the temperature in the period January—August in the year
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2019 was 1 °C higher compared to the year 2018. The average AT that can be achieved in specific
periods in the year while recovering cold is summarized in Table 6.2. It ranged from 1.8 and 2.1
°C witha T of 15 °C in the period May—Aug in 2018 and 2019, to 21.2 and 20.4 °C with a T
0f 30 °C in the period Jan—-April in 2018 and 2019.

Further, in Figure 6.3b, the possible number of days in a year are shown for recovering the cold
from drinking water (TED). The results show that with higher T the cold recovery period is
longer. Compared to 143-193 days of cold recovery for T of 15 °C, the cold can be recovered
throughout the year (354-365 days) with up to 5-15 °C temperature increase when the T__is set
at 20, 25 or 30 °C.

—— Tfeed water —— Tmax 15°C ——Tmax 20°C Trmax 25°C ——Tmax 30°C

=

Temperature (°C)
w 3 3 8 B
Temperature (°C)

SRS IS I I L0009 DD
FEF E VT PP F T I

Time (days)

(b)

363 365 365
2018 #2019 M m i

193

15 20 Temperature (T °C) 25 30

Figure 6.3. (2) Daily temperature over the period of two years (2018-2019) and (b) potential cold recovery time
period (toral days in ayear) based on maximum temperature (T, ) of 15, 20, 25 and 30 °C after the heat exchanger.

max

Table 6.2. Average seasonal feed water temperature measured over the period of two years and relevant AT based
on maximum theoretical temperature (T, ) of 15, 20, 25 and 30 °C after the heat exchanger.

Vear Monehe AveTage T, 15°C T, _20°C T, _25°C T, 30°C
Tpgaee CC)£S.D AT (°C) £ S.D AT (°C)+S.D AT (°C)+S.D AT (°C) +S.D

Jan-Apr 8.8+2.2 64+2.1 11.1+2.3 161+2.3 212423

2018 May-Aug 16.6+ 1.49 1.8+ 1.1 34415 8315 13315
Sep-Dec 12.5+2.8 45+2.1 74428 124+2.8 174+2.8
Jan-Apr 9.6+ 1.8 5.4+1.8 104+ 1.8 154+ 1.8 204+ 1.8

2019 May-Aug 16.5+2.3 21407 3.8+2.1 85422 135+2.2
Sep-Dec  12.5+2.9 43+17 75429 125429 17.5+29
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1.3.2. Theoretical Energy Potential of TED

The retrievable energy from the drinking water can be increased by raising the maximum allowed
temperature after cold recovery and the flow rate through the heat exchanger. The thermal energy
for cooling that can be recovered is presented in Figure 6.4. This is calculated based on the feed water
temperatures in the years 2018 and 2019 and the T of 15, 20, 25 and 30 °C, which determines
the operational period of the heat exchange process. The maximum energy that can be retrieved
from the drinking water with flow rates between 150 and 1000 m*/h ranges from 14 to 630 TJ/
year, depending on the T after cold recovery. By raising the T __from 15 to 20, 25 and 30 °C,
the recovered energy for cooling can be increased by 250, 425 and 600%, respectively (Figure 6.4).
For this theoretical cooling recovery potential to be applicable, it is required that enough cooling
demand is available at such temperature levels.

——— Tmax 15°C Tmax 20°C Tmax 25°C —— Tmax 30°C
700

600

500

400

300

200 -

Retreivable thermal energy (TJ/y)

100

0 100 200 300 400 500 600 700 800 900 1000
Drinking water flow rate through the HE (m3/h)

Figure 6.4. Cold recovery potential from drinking water as a function of the drinking water temperature after
cold vecovery (T, ) and the drinking water flow rate through the heat exchanger (m’/h).

This energy recovery from TED, for cooling purposes, will result in the reduction of greenhouse gas
(GHG) emissions by avoiding the CO, emissions when using traditional cooling processes. Table 6.3
shows the results of the GHG emission calculations in CO,-equivalents. Since the latter is based on
electricity consumption only, the CO, savings are linearly related to the difference in COP of the
different cooling methods. Further, Table 6.4 shows the same results for a full-scale installation (our
case study Sanquin) at an operating flow through the heat exchanger 0of 250 m*/hand for T of 15,
20, 25 and 30 °C. These results show that if the Sanquin system becomes operational throughout
the year by gaining the T of 25 to 30 °C, it can save more than 600% CO, emissions compared
to its current capacity of savingsata T of 15°C, 473 ton CO,/y.
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Table 6.3. CO, emission of different cooling methods and relative CO, savings of the TED system compared to
each method.

CO, Emission (kg CO, Savings of TED in CO, Savings of TED

Cooling Method COP

CO,/GJ) Comparison (kg CO,/GJ) in Comparison (%)
Cooling tower 80 1.6 0.3 20%
Dry cooler 20 6.6 5.3 80%
Hybrid cooler 35 3.8 2.5 65%
Chiller 7 18.8 17.5 93%
TED 100 1.3 - -

Table 6.4. Potential CO, reduction of a full-scale (250 m’/h) TED system compared to the other traditional
cooling methods.

Savings CO, Emission Compared to Alternative

TED System Cooling Method (ton CO,/y)

T (°C) Energy Recovered (T]/y) Cooling Tower Dry Cooler Hybrid Cooler Chiller

max

15 27 9 143 66 473
20 56 18 296 137 982
25 113 37 596 277 1981
30 157 52 829 385 2752

1.3.3. Effect of Cooling Down Drinking Water during Transport after TED
Based on the flow of the incoming feed water and water flow through the bypass, inlet feed water
temperature, pipe material and soil temperature (Table S6.1 Supplementary information) from the

Sanquin full-scale system, the drinking water temperature after cold recovery in the water main

was modeled (Figure 6.5).
Treference = 11.5°C — Tmax = 15°C Tmax =20°C
Tmax = 25°C Tmax =30°C X Measured
20
5}
e
5 15 |
5
&
5 -
= 10
0 500 1000 1500 2000 2500 3000 3500 4000
Distance from the mixing point [m]

Figure 6.5. Measured drinking water temperature at the mixing point 4 (Figure 6.2) and at point 12 (Figure
6.2), and modeled temperature during transport from mixing point to reservoir entrance.
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Figure 6.5 presents the temperature profile starting from the point where the water, after having
passed the heat exchanger in the bypass, is mixed with the cold feed water that is coming from

the main transport line, as shown in Figure 6.2 and in Figure S6.1 (Supplementary Information).

The model prediction showed that the water temperature at the mixing point decreased with 2,
4.3,7.6,109 and 14.1 °Cata T__ after the HE of 15, 20, 25 and 30 °C, respectively (Figure 6.5).
The temperature at the mixing point was 1.3, 3.0, 4.7 and 6.4 °C above the reference temperature
(measured) at the mixing point for T of15,20,25and 30 °C, respectively. After a travel distance
of 3850 m (to the inlet of the reservoir), the water temperature further decreased by 0.4, 1.5, 3,
4.5 and 6 °C for T of15, 20, 25 and 30 °C, respectively. Despite the differences in T itcan be
observed that after 3850 m distance, the drinking water temperature in the main approaches the

reference temperature, close to the assumed soil temperature of 9 °C.

1.4 Discussion

1.4.1. Potential Energy and Cooling Down of Drinking Water after Cold Recovery
The cold recovery from drinking water distribution networks (DWDNs) has not been studied
broadly in terms of the total amount of available energy and temperature of the drinking water
within distribution networks after recovering cold. At the moment, there is only one full-scale
system (Sanquin in Amsterdam), where cold is recovered from a DWDN by setting the T at 15
°C [15] and the retrieved energy equals 30.000 GJ/year [37]. This study revealed that by increasing
the T from 15 to 20, 25 and 30 °C, the time span in which cold can be recovered would be longer
(Figure 6.3b), and the retrievable energy at any given moment would be higher due to a higher AT
(Figure 6.4). Moreover, a longer recovery period could mean that, for a given continuous cooling
demand throughout the year, more recovered thermal energy can be used for cooling directly,

allowing for a smaller ATES system.

In addition, the climate change predictions, including more extreme weather conditions (higher
temperatures in summer, leading to increase in surface water and soil temperatures and thus higher
drinking water temperatures) in upcoming years [13], point at the fact that limiting the T__ to 15
°C will not be sustainable both in terms of energy recovery and economics. In addition, the drinking
water temperature within the transport mains is affected by the temperature of the subsurface soil,
which in turn is influenced by increasing air temperatures [39,40]. With an increasing drinking
water temperature, maintaining the T acl5°C will reduce the amount of retrievable energy.
This increase in temperature stresses the need to set the maximum temperature limit for TED

systems higher than 15 °C.

On the other hand, the T__is limited by the effects on the microbiological quality of drinking
water and the standard for the drinking water temperature at the customer’s tap (25 °C). The former
has been already described, and temperatures up to 30 °C have shown no negative impact [12,24].
However, this is specifically the case for non-chlorinated DWDSs with microbiologically stable

water and the absence of temperature-sensitive opportunistic pathogens, such as Legionella spp.
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in the drinking water before cold recovery. With respect to the temperature at the customer’s tap,
the temperature model (Figure 6.5) predicted that within a distance of 3.8 km, the temperature of
the drinking water after T of 15,20, 25 and 30 °C resembles the temperature of the surrounding
sub-surface soil. Apart from this, various other factors may affect the drinking water temperature
in the mains, like heat waves in summer periods, the presence of ATES systems in the subsurface
(for district heating/cooling) within the vicinity of the water mains and lastly, the depth of the
water mains within the soil (in the Netherlands water pipes are located 1-1.5 m beneath the surface)
[39]. It is also important to point out that, for simplification purposes, the burial depth of pipes was
assumed to be 1 m beneath the ground surface. Moreover, the soil temperature around the pipes
was assumed to be constant throughout the day, and no influence of soil moisture on thermal soil
properties was considered. As reported by Blokker et al. (2013) [35], these assumptions may cause
a deviation of up to 2 °C between predicted and measured temperatures. Given that one of our
objectives was to determine the distance at which the temperature reaches soil temperature after
increasingthe T t020,25and 30 °C, the deviation between predicted and measured temperatures

0f 0.4-0.6 °C is considered to be insignificant.

Furthermore, by increasing the T to0 20, 25 and 30 °C, higher AT andlonger periods for energy
recovery can be achieved, which results in more cooling capacity on one hand, and a smaller ATES
to overcome the period in which T would be exceeded, and no energy can be recovered, on
the other. However, still, it is important to do a case-to-case based extensive environmental and
economic assessment before choosing the location of TED systems, to avoid breach of microbial
water safety and exceeding the temperature standard at taps (as some transport distance is needed
to balance the drinking water temperature with the soil temperature), as well as to match the
locations of cold availability and cooling requirements, to make these systems more sustainable

and financially viable on the long run.

1.4.2. TED as an Innovative and Sustainable Cooling Source

Thermal energy recovered from drinking water for cooling can be used to provide either free cooling
(i.e., without using chillers to upgrade the quality of the cooling) or if drinking water is not cold
enough to provide the full load and quality of cooling needed, can be used as a pre coolant (for
instance, in series with a compression cooling machine) or act as a condensing fluid in chillers to
produce higher quality cold with a better chiller COP (coefficient of performance) [25]. The latter
will both reduce the energy use of the chiller and requires a smaller electricity connection, which

can in some cases be a limiting factor.

Based on the considered drinking water temperature profiles in Amsterdam (for the years 2018-
2019), cooling can be recovered from drinking water (TED) throughout the year by setting the
T__220°C (Figure 6.3b).

Free cooling from drinking water is a relatively energy-efhicient cooling method. Electricity is only

required for the pump, which extracts the water from the drinking water mains and pumps it to the

heat exchanger. The required electrical power will, therefore, depend on the size and shape of the
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heat exchanger (proportionally with the pressure drop), together with the efficiency of the pump.
The achieved cooling power will be, for a heat exchanger of a given shape and running flow rates,
proportional to the average temperature difference between hot and cold fluid (LMTD, Logarithmic
Medium-Temperature Difference), and therefore, to the efficiency of the heat exchanger. While
the exact COP of such systems will thus be dependent on specific conditions, in the examined

full-scale installation at Sanquin, it was assessed that such COPs range between 40 and 100 [37].

In any case, the TED system can be installed to (partly) replace less sustainable cooling methods;
these can cither be too energy-intensive methods (chillers) [19] or possibly methods with intense
water spillage (i.c., wet cooling towers) [17,18]. For example, if a TED system replaces fully or
partly the cooling provided by a wet cooling tower, electrical energy may be saved (depending
on the atmospheric conditions related to the temperature of drinking water; under particularly
cold atmospheric temperatures, wet cooling can reach comparably high COPs too [41,42]), and
make-up water and the chemicals used to treat the circulating water will be spared. Moreover, the
temperature approach (the difference between the exit temperature of the hot fluid and the entry
temperature of the cold fluid) for a liquid-to-liquid heat exchanger is in the range of 1 to 2 °C. This
means that, for equal drinking water and (wet bulb) outside temperatures, a TED system will be
more efficient compared to cooling towers, which have a temperature approach of 4 to 8 °C [19].
If a TED system replaces (fully or partly) the cooling provided by a chiller, energy will for sure be
saved (because the COPs of these systems are always by orders of magnitude different, typically
ranging between 2.40 and 6.39 [42]).

The exact sustainability gain from TED will depend on the reference situation. To determine
the overall sustainability gains from TED, modeling could be done by taking into account the
atmospheric conditions (and thus the operation performance of systems operating with outside air),
varying cooling loads in time and the temperature of the available drinking water for the cooling
[43]. Further, to assess the total environmental benefits of TED systems in addition to CO, footprint
reduction, a life cycle analysis (LCA) should be performed. This takes into account all environmental

effects and also includes the construction of the equipment and the yearly material flows [44,45].

1.4.3. Practical Implications

Based on this study, it is suggested to install TED units on large flow transport pipes (low > 250
m?®/h) either near the drinking water treatment plant or before the reservoirs. First, the availability
of higher flows will linearly increase the retrievable energy. Second, energy recovery close to the
drinking water treatment plant or just before the reservoir will have less impact on the water
temperature at the customers’ tap due to the longer transport distances or longer residence time in
the reservoir, which gives time to balance the elevated temperature after the energy recovery to the
soil temperature. Third, the larger TED systems with higher flows will become environmentally
and economically beneficial because of the higher CO, emission reductions and because of the
economies of scale, reducing the (relative) investment costs for TED installations [37]. Further,

where the TED units are not providing direct cooling in winter and are used for storing the cold (for

152



Maximizing Thermal Energy Recovery from Drinking Water for Cooling Purpose

providing space cooling in summer) or charging the ATES (for underground heat and cold balance),

these must be coupled with existing heating/cooling grids (ATES systems) to save the cost further.

The cold recovery potential in this study was calculated based on the days in which the temperature of
drinking water is lower than the maximum temperature allowed at the exit of the heat exchanger. It is
thus purely theoretical. In practice, operators may want to leave a safety margin (in Sanquin’s case, it is

1°C),and thus,if T is 15 °C, the cold recovery will not start if drinking water is warmer than 14°C.

1.5. Conclusion

This study examined thermal energy recovery from drinking water in a non-chlorinated drinking
water distribution system with a focus on maximizing the recovered energy for cooling purposes.

The conclusions are:

Higher water flows and higher T (water temperature limit after cold recovery) will allow more
energy recovery from drinking water for cooling purposes. In the Sanquin case, increasing T
from 15 °C to 30 °C resulted in an increase in energy recovery from 27 T]/y to 157 T]/y.

The drinking water temperature of the water after cold recovery with T of 15, 20, 25 and
30 °C will resemble the soil temperature within a distance of approximately 4 km. This means
that cold recovery from drinking water hardly affects the temperature of the drinking water
at the customers’ tap.

Thermal energy recovered from drinking water, for cooling purposes, can either be used for
free cooling or for enhancing the performance and efficiency of cooling units (either used as a
pre-coolant in compression cooling machines or as a condensing fluid in chillers).

TED systems having a higher coeflicient of performance (COP) results in a reduction of
greenhouse gas emissions by more than 90%, compared to traditional cooling methods, such

as chillers, dry coolers, hybrid cooler and cooling towers.
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Nomenclature

DWDNs
DWDSs
TED
ATES
GHG
AOC

fecd water
AT
cop
HE

reference

ATP

Drinking water distribution networks

Drinking water distribution systems

Thermal energy recovery from drinking water
Aquifer thermal energy storage

Maximum temperature standard after cold recovery
Greenhouse gas

Assimilable organic carbon

Incoming feed water temperature

and T

feed warer max

Temperature difference between T,
Coeflicient of performance

Heat exchanger

Reference temperature pipeline

Adenosine triphosphate
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Description of the full-scale cold recovery system

Sanquin produces plasma products from blood and has a huge cooling requirement to cool its
processes, round the year. It uses cooling from drinking water in cooperation with Waternet, the
water utility that supplies drinking water in Amsterdam. The cold is extracted from a 700 mm large
transport main of drinking water, operated by Waternet, by using a double walled heat exchanger
(HE). The heat transfer area of the HE is 715.5 m?, the flow rate on the cold side (drinking water)
is 500 m?/h and 552 m>/h on the hot side (65% water and 35% glycol) of the HE. The doubled
walled HE is used to prevent the mixing of drinking water with the hot medium(1]. This system
has been in operation already for almost 3 years (2017-2020), to recover cold from DWDN, with
the set temperature (T ) of drinking water up to 15°C after cold recovery. This limit was set by
the health inspectorate as precautionary principle, because at the start of the operation, effects
on microbial drinking water quality were not yet investigated. The source of this drinking water
is surface water and it results into huge variation in drinking water temperature during summer
(maximum 21°C) and winter (minimum 4 °C). Hence the cold is only recovered in winter months
when temperature of the drinking water remains lower than 15°C, if temperature is above this limit
the cold recovery system is not in operation. The position of heat exchanger, temperature and flow

sensors is provided in the scheme below.

Reference Influent
Line Drinkingwater
Y A 4

Chin) Temperature

b & TIR TIR
Flow sensor

= Heat Exchanger

[ -

Cooling
unit

TIR TIR

leecp—(
Warm drinking water

Cmr)

Reservoir

Figure $6.1: Schematic description of Sanquin- full scale cold recovery system in Amsterdam.
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Table S6.1 Model input parameters

Parameter Symbol
Water

Temperature of influent water (measured) T,
Thermal conductivity at 7.5°C A,
Prandtl number at 7.5°C Pr,
Thermal diffusivity 7.5°C o
Heat capacity at 7.5°C € acer
Soil

Temperature of the soil* T,
Thermal conductivity 10°C A,
Specific heat of soil 10°C €t
Thermal expansion coefficient at 10°C B
Kinematic viscosity at 10°C v
Pipes

Pipe wall thickness ol
Thermal conductivity of PVC pipes Py

P

Value

7.5

0.584
9.52
1.42x107
4094

9

2.2

1100
0.0035
1.005x10°¢

0.1d
0.19

Unit

°C
W.m.K!
m?s?!

Jkg' K

°C
W.m™.K?!
g
K-l

m?s?!

m

Wem1.K!

*- Assumption for the soil temperature is based on the real measurements at the station De Bilt[2] (which was

~9°C on the day used for temperature simulation) and reported difference between temperature in De Bilt

and the city of Amsterdam[3](~1°C).

1. vander Hoek,J.P.; Mol, S.; Giorgi, S.; Ahmad, J.L; Liu, G.; Medema, G. Energy recovery from
the water cycle: Thermal energy from drinking water. Energy 2018, 162, 977-987, doi:hteps://

doi.org/10.1016/j.energy.2018.08.097.

2. KNMI. Ground temperature. Available online: https://www.knmi.nl/nederland-nu/

klimatologie/bodemtemperaturen (accessed on 6

3. Visser, PW.; Kooi, H.; Bense, V.; Boerma, E. Impacts of progressive urban expansion on

subsurface temperatures in the city of Amsterdam (The Netherlands). HYDROGEOLOGY

JOURNAL 2020.
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CHAPTER7

This thesis was initiated with the goal to study the microbiological effects of thermal energy recovery
(cold) from drinking water distribution systems (DWDSs). Cold recovery from drinking water
will increase the temperature in the drinking water network and hence may change the microbial
community, including promoting growth of undesirable micro-organisms, such as Legionella
pneumophila. Both water and biofilm were extensively investigated for the potential effects of
thermal energy recovery from drinking water (TED) on the quantity and community of microbes.
In addition, the potential energy recovery and the corresponding reduction in Greenhouse
Gas (GHG) emission that can be achieved by TED were determined in a specific case. In the
end, the maximum temperature (T, ) that can be applied without any negative effects on the
microbiological water quality under the tested conditions was determined. In this thesis, the focus

was on the following four specific research questions:

I)  Whatare the changes in microbial drinking water quality within unchlorinated DWDSs
due to a sudden increase in drinking water temperature after cold recovery?

II) How does an instantancous increase in water temperature, as a result of cold recovery,
affects the biofilm development within non-chlorinated DWDSs?

III.) How does cold recovery affect the drinking water quality and biofilm development within
chlorinated DWDSs?

IV) What is the maximum allowable temperature (T_ ) after cold recovery, that will not
trigger the regrowth or proliferation of opportunistic pathogens within DWDSs with biostable
water? And what is the potential of energy recovery and the carbon footprint reductions by

recovering cold from drinking water?

To answer these research questions, studies were done at pilot scale unchlorinated and chlorinated
DWDSs, which were operated at two locations supplying biostable drinking water in the
Netherlands (Delft, AOC 2 2 pg C/L; Leiduin, AOC < 2 ug C/L). Two targeted temperatures
after cold recovery were studied (25 °C and 30 °C). Based on the experimental study, desk research
was conducted to determine the potential of energy recovery and the corresponding reduction in

carbon footprints for a specific application.

The detailed results were presented in previous chapters, this chapter is presenting the synthesis of
all chapters and the answers to the research questions. The four research questions will be discussed
and answered in sections 1.1 to 1.4. Section 1.5 focuses on the effects of AOC concentration on
microbiological processes during TED. Section 1.6 discusses the practical implications of TED
application for drinking water utilities. Section 1.7 gives a general conclusion and outlook on

applying TED in DWDSs.

1.1 Effects of TED at 25°C and 30 °C on water in
unchlorinated systems

To answer the first research question, two pilot scale studies were conducted. In the first study,
a pilot scale DWDSs with T of 25 °C after cold recovery was operated for 38 weeks and
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compared with two reference systems without cold recovery: one system with a non-operational
heat exchanger, and the other system without heat exchanger (chapter 2). The results among three
systems showed that cold recovery had no significant effects on the microbial drinking water quality,
including cell numbers, ATP concentrations, and the composition and diversity of microbial
community. In the TED system with T of 25 °C, higher relative abundance of Psexdomonas
spp- and Chryseobacterium spp. were observed, but only when the temperature difference (AT)
caused by TED was higher than 9 °C. It was observed that Pseudomonas spp. and Chryseobacterium
spp. were already present in the feed water, their relative abundance increased only after passing
through the TED system because of the high temperature at the heat exchanger surface. This is why
monitoring of the (feed) water microbial quality is highly recommended and special attention must

be given to the opportunistic pathogens which are more susceptible to changes in the temperature.

In the second pilot study (chapter 3),a T of 30°C was investigated for its effects on microbial
water quality. A TED system was operated at 25 °C and 30 °C and compared with a reference system
with a non-operational heat exchanger, and a control system without any additional equipment.
No significant differences were observed in the microbial community composition among effluents
of all three systems and the feed water, except the occurrence of the family of Sphingomonadaceae,
which was observed in the efluent water from all three systems (1-9%), while they were not
observed in the feed water (not observed as core OT'U or with a relative abundance <1%). The family
Sphingomonadaceae is relevant to biofilm formation and colonization of bacteria on pipe surface,
which possibly caused its presence in the water phase within the pilot scale DWDSs. Chapter 2 and
Chapter 3 revealed that the setting of T after TED at 25 °C and 30 °C does not have significant

effects on the microbial quality of drinking water under the conditions tested.

1.2 Effects of TED at 25°C and 30 °C on biofilm in
unchlorinated system

To determine the effects and contributions of biofilm on the microbiological quality of water after
TED, the effects of TED on biofilm development were investigated. By the end of the 38 weeks’
study (one time biofilm sampling), the results obtained for biofilms revealed that TED at 25 °C
did lead to a different biofilm with respect to the bacterial quantity and community (chapter 2). In
chapter 3, the dynamic of biofilms development were investigated for 32 weeks, with samples taken
at 1,2, 4,7, 12,20 and 32 weeks from a TED system (25 °C, 30 °C) and a reference and control
system. %antitativcly, similar growth trends were observed for all the systems, but with different
timelines, higher temperatures were associated with a faster biofilm development. The biofilm in
all systems experienced initial increase of ATP illustrating primary bacterial colonization (e.g.
Betaproteobacteriales). Afterwards, there was a decrease of ATP, but increase of relative abundances

of some groups (Xanthobacteraceae, Legionellales, Sphingomonadaceae).
It is clear that biofilm is more responsive to TED than the planktonic bacteria in water. The effects

of TED (T__ 25 °C) on biofilm development was further investigated for a longer period (99
weeks), with the biofilm sampled at 1,2, 4,7, 12, 20, 32, 52 and 99 weeks (Chapter 4). As observed
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during the 38 weeks’ and 32 weeks’ study (chapter 2, chapter 3), the 99 weeks’ study also found that
the early stage of biofilm development was influenced by TED. More specifically, TED induced
faster stabilization of biofilm, in terms of biomass activity, at 32-52 weeks compared to reference
and control system (52-99 weeks). The curve to reach more even and diverse bacterial community
(at week 12) is smooth in TED system compared to a decrease in microbial diversity (week 7) in
reference and control system. By 99 weceks, similar bacterial communities were established for all

systems regardless of applying TED or not.

When considering the effluent water, it was found that for all systems (TED, reference and control)
the formed biofilm (<11weeks) had significant contribution to the bacteria in water (up to 70%
according to SourceTracker, Chapter 3). In the same period, higher ATP and high nucleic acid cell

numbers were also observed in the effluent compared to the feed water for all systems.

1.3 Effects of TED at 25 °C in chlorinated DWDSs

The effects of TED on microbial quality of drinking water and biofilm development were
investigated for chlorinated DWDS with an elevated AOC content (50 pg C/L) (chapter 5), which
was assessed using the same experimental setup of chapter 2 by dosing chlorine in the influent (0.1
mg Cl,/L). No significant effect was noticed on the chlorine decay by the temperature increase after
TED at 25 °C. As observed in unchlorinated systems, the developmcnt of biofilm was signiﬁcantly
enhanced by the increased water temperature induced by TED. The diversity and composition of
bacterial community within biofilm were shaped by both the elevated temperature and the surface
material of heat exchanger. Higher relative abundances of Pseudomonas spp. were observed in

biofilms formed in the TED system compared to the reference and control systems.

1.4 Potential energy recovery and GHG emission
reductions as a result of TED application

In this thesis, the extensive microbiological investigations of TED (chapters 2-5) showed that
increase in drinking water temperature up to 25 and 30 °C did not affect the microbial drinking
water quality. The environmental assessment of TED (chapter 6) showed that a higher T
(temperature limit after cold recovery) will allow recovery of more energy from drinking water
for cooling purposes. In this way, the energy can even be recovered throughout the whole year by
allowing a T of 25-30 °C, without having impact on drinking water quality. The temperature
modelling study of a full scale TED (chapter 6), operated at T of 15-30 °C, showed that the
drinking water temperature after cold recovery reached to similar temperatures as the surrounding
soil temperature after a transport distance of 4 km from the point of the heat exchanger. The results
showed that by raising T from 15 °C t0 20, 25 and 30 °C, the retrievable cooling energy and GHG
emission reduction could be increased by 250, 425 and 600%, respectively. However, monitoring
of the quality of the drinking water is a pre-requisite for TED application within DWDSs to be

sure to provide hygienically safe drinking water at customers tap.
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15  TED application and effect of assimilable organic
carbon (AOC) within DWDSs

Assimilable organic carbon (AOC) is connected to the regrowth of microbes during drinking water
distribution. A maximum level of 10 ug C/L AOC is preferred in order to maintain the biological
stability during water distribution (Van der Kooij, 1992), specifically for DWDSs supplying water
without a residual disinfectant (as is the case in the Netherlands). In this thesis studies were done
at pilot scale unchlorinated DWDSs supplied with two different biostable drinking waters with
AOC = 2-10 ug C/L. It was observed that microbiome and biofilm forming potential of both waters
were different. It is known that DWDSs with lower AOC have lower biofilm forming potential
(Van der Kooij and Van der Wielen, 2013). However, in this thesis the biofilms developed in the
DWDSs with higher AOC had less active biomass in terms of ATP and cell counts (chapter 2
and 4) compared to DWDSs with lower AOC in terms of ATP and cell counts (chapter 3). This
difference is most possibly observed because of differences in the temperature of the feed water at

both locations and seasonal effects on the efficiency of the water treatment methods.

In this research, differences in biofilm development as a result of increased temperature after
cold recovery were observed compared to the reference systems. Both for the low (< 2 pg C/L,
chapter 3) and higher (> 2 pg C/L, chapter 2 and 4 ) AOC feed waters similar biofilm development
curves were observed after TED showing a higher biofilm formation in the beginning followed
by stabilization afterwards. Irrespective of the differences in the AOC levels of the incoming feed
drinking water, the water quality parameters (ATP, TCC) seems not to be affected by cold recovery
at both locations. However, from a global perspective, AOC = 2 10 pug C/L are very low AOC
levels. At higher AOC concentrations in feed drinking water, more difference may be expected in

the microbial processes after TED.

1.6  Practical implications for water utilities

This thesis has extensively studied environmental aspects of TED. Based on the current research,
itis concluded that TED is an energy-efficient cooling method. TED could be used as a source of
cooling, both as a free cooling (in winters) or to provide partial cooling (by use of ATES) in summer.
Application of TED is reccommended ata T __of 15-30 °C for unchlorinated and biostable DWDSs.
However, more frequent and dedicated microbial drinking water quality monitoring should be
done in the first 2-3 months of TED operation, because this study showed initial biofilm formation
resulted into frequent changes in community and diversity of microbes within DWDSs. From an
economic and sustainability perspective, drinking water utilities should install TED units on large
flow transport pipes (flow > 250 m*/h) cither near the treatment plant or before the water reservoirs,
in order to increase the retrievable energy and to gain higher CO, emission reductions. In addition,
TED application on large flow pipes or before water reservoirs will have less impact on the water
temperature at the customers’ tap, due to the longer transport distances or longer residence time

respectively. In additions, there are no direct household connections to the bigger transport pipes.
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1.7 General conclusion and future outlook

TED is an innovative and emerging concept and special focus must be given on choosing the
location of TED systems, to match the availability of cold (supply) and cooling requirements
(demand). If the location of supply and demand do not match, storage and transport of the recovered
energy is required which makes the system less attractive. Climate change with shortening the
length of the winter period and an overall increase in global air and water temperature could be
major concerns for TED. On the other hand, higher air temperatures will increase the demand for
space cooling. In addition to cold recovery, the recovery of heat from drinking water is also possible
by using the same technology. This may become even more attractive with rising drinking water
temperatures: the heat recovery potential increases while after heat recovery the temperature of
the drinking water is lower, which offers comfort to the customer and avoids microbial growth in

the drinking water transport and distribution system.

With the development of new sanitation concepts, introducing vacuum toilets, rainwater harvesting,
and grey water reuse, the drinking water consumption will go down and less drinking water will be
transported to the customers. Asbesides T also the available volume flow determines the potential
of TED (chapter 6), this may limit the effectivity of TED in new urban development projects.
Looking at the bigger picture, TED is part of thermal energy recovery from water, including also
thermal energy recovery from wastewater and thermal energy recovery from surface water. Taking
into account the energy transition and the European Green Deal, focusing on the abandoning of
the use of fossil fuel, the combination of these three may be an attractive option: they can feed
cooling and heating networks in the urban environment offering a sustainable energy system for

heating and cooling purposes, as shown in Figure 7.1.
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Figure 7.1. A future perspective for aquathermal energy, including TED.

Based on this thesis, it is recommended to further study the effect of TED on biofilm within
DWDSs, from the pipes that are already in operation for a longer time and host mature biofilms.
Important topics are how transition to TED will impact the microbial community composition
of old biofilms within these DWDSs, and how it may affect the microbial quality of drinking
water. There are specific groups of opportunistic pathogens (OPs) that are more sensitive to high
temperature and would more likely proliferate after TED or chances of their regrowth will be higher
on the surface of the heat exchanger. The OPs were not studied specifically in this research, but it

is recommended to study their regrowth and proliferation as a result of TED.

Globally most of the countries are supplying drinking water by maintaining chlorine as a residual
disinfectant and there lies an opportunity for the application of TED. For chlorinated DWDSs
a preliminary study was done for this thesis. More insight is required in terms of microbiological
assessment of TED to further explore the potential within chlorinated systems. Future research is
required to study the effects of cold recovery on chlorine decay over longer distances under the influence

of high temperature and to study the microbial inactivation efficiency of chlorine within the DWDSs.
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