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Preface

The thesis that lays or shines -if it is on your computer screen- in front of you
is entitled ’the effect of thermal energy recovery on the ecology of a small slow
flowing freshwater ecosystem’. It was written in commission of water author-
ity Aa and Maas and it is her contribution to the ’Greendeal Aquathermie’
which has the objective of developing and sharing knowledge regarding large
scale application of Hydro Thermal Energy (HTE) in the Netherlands.

The first reason for undertaking this research and writing this thesis however,
is the Master’s program Environmental Sciences at the Open University in
which I have invested quite some time sins the end of 2015. My motivation
to follow this program was, and still is, creating synergy between people and
the environment, supported by technology. The research behind this thesis,
I think, is a beautiful example of working towards such a synergy in which
people, supported by HTE technology, get a comfortable warm home without
harming the natural environment.

It has been a very educational research and I have seen many enthusiastic,
involved and interested people who, one way or another have the intention
to make the world a better and sustainable place. One of the most important
people during this research was Stef Boesten. Once a month you provided
me with the trust, enthusiasm, necessary critical notes and humor that kept
me going. The winner in critical notes however, was Wilfried Ivens; thank
you very much for all the constructive remarks that formed this thesis, for the
cup of coffee at the ’kickoff’ and of course for the other courses. During the
Master’s program I have also met Angelique Lansu, Dennis Uit de Weerd, Joop
de Kraker and Paquita Perez Salgado. You have been very inspiring teachers
to me and you deserve an applause for your dedication in educating people in
the field of sustainability.

Within water authority Aa and Maas I want to thank (the sharp eyes of) Maaike
van Roij for seeing the opportunity for, and points for improvement in, this re-
search and Paul Bos for providing me with the job that enabled me to perform
this research alongside many other inspiring sustainability driven (waste) wa-
ter projects. Furthermore, the encouragement and the constructive feedback
of Maarten Nederlof and the support and curiosity of Bram Spierings, Edith
Roelofs, Djamo van der Krabben, Sanne Relou and Koen Dorn amplified my
enthusiasm in performing this research.

A lot of my appreciation goes out to the people I met at Deltares. The experi-
ence, involvement and feedback of Pascal Boderie and Rick Wortelboer have
played a very important role. Besides, Ronald Roosjen and Ida de Groot have
encouraged me by acknowledging the value of this research and the meetings
with Gerben van der Geest helped me in the startup phase. From Frank Col-
las, researcher at the Radboud University, I received essential information and
future inspiration, for the ecological analysis. Thank you!
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The inspiration that made me decide to go for a master title came from some
open minded academic nerds how showed me how fascinating the world of
sciences is. When I say ’mechatronics’ they will now who I mean. I want to
say thanks to two academic friends in particular. Tim Assman, you gave me
the Python course and a lorry full of enthusiasm that made this whole research
possible. Menno Lauret, as a system annalist you understood the challenges
of my research, you monitored my progression and by being available in the
background you gave me the confidence to finalize this.

In the end one of the most important things in a person’s life, to be able to
accomplish higher goals and dreams, is the support of family. For example, the
support I get from my brothers, Antoine and Rogér, by laughing at me when
it comes to vegetarian eating habits which actually disguises that they care
about me and that they will be there when I need them. Just like my little sister
Valérie, busy with adolescent things but careful when needed. I am happy to
be your brother! I am very grateful for all the love and admiration my mother
gave me; the endless persistence and eagerness I received from my father; the
calm but priceless support of Ronald and the good care of Wilma. I realize that
I am fortunate with the immeasurable amount of love from Oma Ditje. And I
am thankful for the wisdom and encouragement of Oma Boot who showed me
the beauty and importance of books. Your grateful laugh is engraved in my
memory forever.

My biggest fan in the last years turns out to be Balou. He was always around
and has given me more attention than I sometimes could handle; with his nails
in my arm, begging for food; walking over my keyboard kindly asking for a
pet over his cheek; but also curled next to me on the couch with his head on
the edge of my laptop telling without words that he supports me as long as
necessary.

Finally, the most important person I want to thank, how also brought Balou in
my life, is Melita. My beautiful girlfriend who I love dearly. The last couple of
years haven’t been easy at all. But we have kept on walking and the best thing
has yet to come. I am proud of you and the things you have accomplished
so far. Not only finalizing your education and finding your new job but even
more important, the person you have become. I want to thank you with all of
my heart for the mountains of love you give me whether I am happy, tiered or
busy with thinking. And thank you for the same love you put in the delicious
food that you make and with which you snared me. Volim te!

Maurice Ramaker

’s-Hertogenbosch, October 30, 2020
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Abstract

The Netherlands is searching for alternative technologies for heating the built
environment to reduce gas mining activities under the province of Groningen
and to reduce the emission of greenhouse gasses. Recovery of thermal energy
from small (maximum 20 m wide and 3 m deep), slow flowing (maximum 10
m3/s) fresh surface water ecosystems (stream) with Hydro Thermal Energy
(HTE) can be such a technology.

This thermal energy recovery results in cold water discharge that affects the
temperature of a stream which can subsequently influence the biological activ-
ity, and thus the ecology in a stream both positively and negatively. Since bio-
diversity loss is also a major global environmental problem one should avoid
the negative effects and enhance the positive effects on the ecology. There-
fore, it is important to know to what extend the ecology of a stream is affected
by thermal energy recovery with HTE. To come to this knowledge a dynamic
model, with a selection of thermal influence characteristics and ecological in-
dicators, has been built to generate insight in the annual interaction between
HTE and the stream ecology.

The thermal characteristics describe the whole of thermal energy demand and
the thermal influence on the stream. The incoming thermal energy in the
stream is the first characteristic. With the extracted thermal energy (cold water
discharge) as the central characteristic we determined the resulting tempera-
ture of the stream; the longitudinal range of the thermal influence along the
stream and the available thermal energy for the built environment.

The ecological indicators were selected because they have a direct quantifiable
relation with (changing) temperature, quantifying literature was available and
they cover multiple trophic levels. The general thermal water quality score was
based on general water quality classifications as a function of the temperature
of a stream. The fish spawning potential is based on a time (over a year) win-
dow and a temperature window at which a fish species, present in the Dutch
fresh surface water, is able to spawn. With a Specie Sensitivity Distribution
based on temperature, the Potentially Not Occurring Fraction of freshwater
bivalves could be determined.

A hypothetical case based on a stream called the Goorloop near Helmond, the
Netherlands, with two HTE-system configurations, has been applied in this
model. The outcome, which varies considerably due to variation in the flow of
the stream, is the size of the thermal influence:

a) The temperature decreases with 1.15 up to 18.1 ◦C

b) The longitudinal range is 0.5 up to 10 km

c) The available thermal energy for the built environment is 22 up to 44 TJ

By calculating the status of these ecological indicators with the daily temper-
ature before and after (resulting temperature) HTE, the annual effect of cold
water discharge by HTE on the ecology is:
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a) The general thermal water quality score increased with 1%;

b) The fish spawning potential decreased with 1 up to 24%;

c) The potentially not occurring fraction of bivalves increased with 35 up to
108%

This research can form the base for future research for both specific cases and
generic guidelines for thermal energy recovery from a stream with HTE. The
model can be developed further with additional ecological indicators and present
stressors, a more accurate longitudinal range and more advanced thermal en-
ergy recovery strategies. Besides, more streams and longer time frames could
be applied.

We conclude that HTE affects the ecology of a stream both positively (early
summer) and negatively (late winter and spring) and that the developed model
can help identify the moments in time at which these effects occur.
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1 Introduction

Humankind stands for one of its biggest challenges in its history. The latest
reports of the Intergovernmental Panel on Climate Change (IPCC) and the In-
tergovernmental Science-Policy Platform on Biodiversity and Ecosystem Ser-
vices (IPBES) show that the global climate is heating up due to anthropogenic
greenhouse gas (GHG) emission (IPCC, 2018) and that biodiversity is under
heavy pressure due to anthropogenic interference in ecosystems (IPBES, 2019).
Climate change is resulting in melting and shrinking ice caps and glaciers. One
will experience more extreme weather conditions with more and higher peaks
in rainfall and drought and the sea level will rise. Moreover, 1 of the 8 million
species on earth are on the edge of extinction as a result of reducing quality of
ecosystems (IPBES, 2019). Herewith the ecosystem services they provide are at
risk.

Governmental organizations have a big responsibility in solving the global
warming problems. This was acknowledged by a substantial amount of par-
ties all over the world by subscribing the Paris Agreement on the 5th of October
2016 (United Nations, 2016). Burning fossil fuels such as oil, natural gas and
coal, is an important source of GHG emission in the form of CO2 and con-
tributes considerably in global warming (IPCC, 2018). For this reason the use
of fossil fuels should be reduced substantially.

The Netherlands mine natural gas from the largest gas field of Europe under-
neath the Dutch province of Groningen. The Netherlands is highly depen-
dent on this natural gas both for heating the built environment and on the
income from trade (Vlek, 2019). However, the mining activities also result in
earthquakes which have increasing negative impact, ranging from damage to
buildings to stress-related health problems, on thousands of inhabitants of this
region.

One may conclude that alternative technologies for heating the built environ-
ment are required. Technologies that are not based on fossil fuels and do not
negatively affect the quality of ecosystems. This research treats thermal energy
recovery from water, which could be such an alternative technology. Figure 1
visualizes the place of this technology in the context of the discussed environ-
mental problems and the relationship with the topics that will be discussed in
the following subsections of this introduction.

1.1 Thermal energy recovery from water

Thermal energy recovery from water could be a technology that supplies heat
(and/or cold) to the built environment (STOWA, 2018c) based on renewable
resources. It extracts thermal energy from surface water (de Graaf et al., 2008;
Idsø & Årethun, 2017) and/or sewerage water systems (Meggers & Leibundgut,
2011; Frijns, Hofman, & Nederlof, 2013; Dürrenmatt & Wanner, 2014; Inayat &
Raza, 2019) and is currently being adopted in the Netherlands. CE Delft and
Deltares (2018) and de Boer, Scholten, Boderie, and Pothof (2015) estimated the
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Figure 1: Sketch of the problem context and description of this research. Bold text
are key aspects. The thick arrows resemble the main problem line. Dotted arrows
complement the context by assigning the secondary aspects. Italic text resembles a
paragraph in the introduction or problem description.
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theoretical potential of thermal energy from surface water1 at 43% (150PJ) and
from waste water at 16% (56PJ) of the total2 (350PJ) heat requirement of the
built environment of the Netherlands. This means that, a substantial reduction
in use of natural gas and CO2 emission could be reached since considerable
less energy from fossil fuels is needed to produce this thermal energy. This
research will focus on thermal energy recovery from surface water.

A variety of names is used for recovery of thermal energy from water. In Dutch
the term aquathermie is generally accepted, comparable to aquathermy in
French. However, in english Water-thermal Energy Production System (WEPS)
is used by Idsø and Årethun (2017). Deltares (n.d.) and IF Technology (n.d.-b)
use the expression energy from surface water and hydro-thermal energy is
used by IF Technology (n.d.-a). The latter is also used by Jagusztyn (2011) for
a principle comparable with ocean thermal energy conversion which was in-
vented by Claude around 1930 (Chiles, 2009). For this research we will use the
term hydro-thermal energy (HTE) and we define it as: extraction of thermal
energy from a surface water system.

For extraction of the thermal energy from a surface water system one guides
the water (partly) through or alongside a heat exchanger. This heats up the
medium of a heat pump system that flows through a separate circuit of the heat
exchanger. Due to a difference in temperature between the systems, thermal
energy can be exchanged through the heat exchanger. The thermal energy in
the heat pump system is then transported to the (collective) heat distribution
system in the built environment. The cooled down surface water remains in,
or is pumped back into, the surface water ecosystem.

It is still possible to extract heat from the surface water if the temperature is
lower than ten degrees Celsius. From an efficiency of energy generation point
of view a higher temperature of the surface water is more advantageous. How-
ever, thermal energy requirement of the built environment is highest in winter
season. This contradiction is called seasonal counter-cyclical differences and to
overcome this a thermal energy storage system is used. The most commonly
used storage system in the Netherlands is an Aquifer Thermal Energy Stor-
age system (ATES) where thermal energy is stored in a water containing layer
(aquifer) in the ground. However, an artificial drilled well can also be applied
and is called a Borehole Thermal Energy Storage system (BTES). The surface
water system and the water of the thermal storage system are kept separate. In
figure 2 the explained working principle is depicted.

As a result of the extraction of thermal energy from the surface water system
the temperature of the surface water will decrease3. This can be seen as anthro-
pogenic manipulation of an ecosystem and since temperature influences rates
of biological activity (Dodds & Whiles, 2010) it could influence the ecology in it.

1Under the condition that district heating and ATES is applied and surface water and thermal
energy user are within range of 5km of each other.

2Required thermal energy in 2050, after application of thermal energy saving measures in the
coming decades.

3It is also possible to use the same heat pump system for cooling the built environment. In that
case the medium in the heat pump system is warmer than the surface water at place of the heat
exchanger. The surface water will heat up due to uptake of thermal energy from the heat pump
system.
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Since influence on the ecology could have negative influence on the biodiver-
sity these effects should be taken into account when designing and applying
HTE-systems (STOWA, 2018c). In this study we make a start with this.

Figure 2: Hydro Thermal Energy (HTE) working principle, modified from Waternet
(2019). The surface water is cooled by the heat pump system and the recovered thermal
energy is stored in an ATES. Later on the stored thermal energy is recovered from the
ATES, the temperature is increased by the heat pump system and heat is delivered to
the built environment. In this cycle only heat is exchanged between water bodies not
the water itself.

1.2 Current developments

HTE is not an entirely new technology. In Norway an HTE-system in a fjord is
providing 30 GWh of thermal energy to the surrounding built environment
(Idsø & Årethun, 2017). In their review on district cooling systems Inayat
and Raza (2019) sum up several examples of hydro-thermal energy systems
in China, Hong Kong, Stockholm and Hawai that use seawater for cooling the
built environment. In the Netherlands 66 HTE projects (Netwerk Aquathermie,
2020a) have been realized in combination with surface water. This way several
thousand homes are heated with HTE. Driven by the Regional Energy Strat-
egy (RES), the national and integral decarbonisation vision, and the Transition
Vision Warmth, regional governmental organisations are now exploring the
possibility of using the full potential from HTE. The objective of the national
government is to decrease the CO2 emission with 95%, compared to 1990, by
2050. All regions that published their strategies (20/30) at the moment of writ-
ing consider HTE as an important local source of sustainable thermal energy
(Netwerk Aquathermie, 2020b).

The Dutch water authorities are responsible for governance related to water.
They originate from local collaborations that build the first dikes well before
the 13th century and organized surface water level control. Now they are di-
vided over 21 regions with the primary task of establishing and maintaining
the water quality as described in the Water Framework Directive (WFD) and
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managing the water level to protect all inhabitants from flooding and maintain-
ing a water level high enough for nature and agricultural processes. As HTE
is directly related to the surface water systems managed by the water authori-
ties they are involved with the development and application of this technology.
HTE can help decreasing their own use of natural gas and GHG emission and
the water authorities want to facilitate the Dutch society in doing so. However,
they also have concerns regarding the application of HTE and the possible ef-
fect on the surface water ecology. A negative influence would be in conflict
with one of their primary tasks: establishing and maintaining a proper surface
water quality. Moreover it would be in conflict with solving the global problem
of biodiversity loss. This research addresses this concern by investigating the
potential influence of HTE on the surface water ecology.

1.3 Problem description

In surface water systems water temperature is one of the most important en-
vironmental factors for rates of biological activity (Dodds & Whiles, 2010) of,
among others, freshwater fish (Leuven et al., 2011; Whitehead, Wilby, Battar-
bee, Kernan, & Wade, 2009) and bivalves (Verbrugge, Schipper, Huijbregts,
van der Velde, & Leuven, 2012). As explained above, HTE influences the water
temperature and the thermal balance in the surface water system4. Thereby
HTE could have considerable influence on the ecology of surface water ecosys-
tems. Although the application of HTE could lead to a reduction of GHG emis-
sion one should prevent negative effects on the surface water ecology.

1.3.1 Ecological effects of thermal influence

According to ’the guideline for HTE’ of STOWA (2018b) both positive and neg-
ative effects on the ecology can result from thermal influence by HTE. Table 1
provides an overview of some examples of these potential effects which will
be discussed below. We categorize these in positive and negative effects on the
ecology meaning respectively enhancing or decreasing (the support for) inter-
action between organisms and their biophysical environment.

A decrease in temperature could have positive effects on the aquatic ecology
such as a reduction in dominance of blue algae (van der Grinten et al., 2007).
Moreover, the negative effects that come with climate change such as more and
longer periods with lethal high temperatures and anaerobe conditions (Alterra,
2007), could be limited if thermal energy is extracted from the water (STOWA,
2017a) with HTE5. In figure 3 an increase of both water and air temperature as
a result of climate change can be observed. A further increase of these temper-
atures can be expected in the future (IPCC, 2013) as can be seen in appendix
A. An increase in water temperature limits the chemical saturation of dissolved

4The water temperature is never static and there is always thermal interaction (heating up or
cooling down) with several environmental factors. If the water temperature changes the balance
in this interaction changes.

5Off course these effects could also be enhanced if thermal energy is added in the case HTE is
used for cooling the built environment and no ATES is applied.
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Table 1: Possible effects of thermal influence on aquatic ecology. Examples for both
positive and negative effects of temperature increase and decrease with respect to the
nominal temperature. ’+’ means an incline of the aspects and ’-’ means a decline of
the aspect. Upper limit is defined in existing guidelines, lower limit has still to be
determined.

Negative ecological effect Positive ecological effect

Temp.
increase

+ sensitivity for toxic substances 1

- dissolved oxygen1

+ competition position of exotic
species1,2

+ metabolism and growth
of organisms

Temp.
decrease

- metabolic process of fish3

- growth rate of juvenile fish3

+ mortality of juvenile fish4

- distribution of fish4

- activity of fish4

+ dissolved oxygen5

- blue algae dominance 1

- botulism risk5

Sources: 1) van der Grinten et al. (2007), 2) Whitehead et al. (2009), 3) Lugg and Copeland
(2014), 4) Astles, Winstanley, Harris, and Gehrke (2003), 5) STOWA (2017b)

oxygen in water which leads to lower oxygen concentrations. At the same time
the increase in water temperature can lead to lower oxygen concentrations due
to an increase in biomass production which leads to more detritus produced
and a higher demand of oxygen from mineralization processes (personal com-
munication, R. Wortelboer, June 8, 2020). Moreover, higher water temperature
can result in an increase in exotic species (Whitehead et al., 2009; van der Grin-
ten et al., 2007), increased sensitivity of organisms for toxic substances and an
increased risk for botulism van der Grinten et al. (2007).

However, negative effects in ecological water quality are also reported in case
of lowering the water temperature. Lugg and Copeland (2014) observed a de-
crease in the metabolic processes and growth rate of fish and an increase in
mortality of juvenile fish in a review on cold water pollution impacts on bio-
logical processes of aquatic organisms. In the case of cold water pollution be-
low the Burrendong Dam in an Australian river Astles et al. (2003) found that
juvenile native fish grew considerably less than the ones under natural tem-
peratures. In the same study a reduction in survival, distribution and activity
of these fish were observed.

1.3.2 Cold water discharge in the Netherlands

The national tool developed for the assessment of ecological consequences of
thermal pollution in rivers (RIVM, n.d.) is only suited for warm water dis-
charge and not for cold water discharges. The RIVM advises to limit warm
water discharge to 3 ◦C with an absolute thermal limit of 28 ◦C (van der Grin-
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Figure 3: The average increase of air and water temperature in the period of 1988-2006
with respect to 1887-1961. Modified from (STOWA, 2011). Air temperature was based
on KNMI measurements. Mooij et al. (2007) modeled the water temperature based on
the IJselmeer (lake) in the Netherlands.

ten et al., 2007). However, no legal and regulatory framework on temperature
decrease is available and also no other guidelines regarding cold water dis-
charge are available within the Netherlands (van Megchelen, 2017; STOWA,
2017a; de Boer et al., 2015).

It was concluded by Boderie, van Geest, and van Megchelen (2018) that, at
this moment, it is not possible to learn from practice about the influence of
cold water discharge by HTE on the ecological water quality in general due
to a limited amount of available (measurement) data. Theoretical research of
Boderie and Wortelboer (2018) shows that the ecological effect of cold water
discharge by HTE-systems is negligible when applied to large fast (up to 700
m3/s) flowing water systems such as the river Rhine and Meuse. However, the
category small and slow flowing rivers (up to 10 m3/s) such as the Roer and
the Aa and stationary water systems are relatively vulnerable for cold water
discharge due to the limited water volume. Therefore, there is a medium to
high risk of thermal and ecological effects and further research is required. For
this reason, the emphasis of this research will lay on cold water discharge in
small, slow flowing surface waters of the Netherlands. From now on called
streams.

Until this moment only one study has been performed on the ecological effects
of cold water discharge by HTE on a shallow freshwater body in the Nether-
lands (van Megchelen, 2017; Wortelboer, 2018). This study took place in Hoog
Dalem (Gorinchem, the Netherlands) where a HTE-system extracts heat from
a shallow surface water between half June and half September by decreasing
the temperature of 150 m3 water per hour with 3-5 ◦C. A reduced production of
algae was observed but no significant changes in specie assembly and presence
was measured (Wortelboer, 2018).
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1.3.3 Key problem

It is expected that, due to the high energetic potential of HTE, there will be
a substantial increase in HTE-systems in the Netherlands in the coming years.
However, uniform rules and guidelines for the discharge of cold water to streams
are absent at this moment. In combination with the limited understanding of
the ecological effects of the cold water discharge this delays a responsible and
synergetic implementation of HTE in especially streams. Therefore, it is nec-
essary to gain better insight in the ecological effects of cold water discharge in
streams.

1.4 Objective

The objective of this research is to contribute to the understanding in the ef-
fect of the cold water discharge of a HTE-system on the ecology in streams
ecosystems. This is done by development of a model. This model calculates
the effect on several ecological indicators of streams after the deployment of a
hypothetical HTE-system. The developed computer model forms a basis for
further research and a more advanced model. The results from the analysis,
regarding the effect on the ecology, help the Dutch water authorities in the de-
velopment of a governance structure to assess new HTE inquiries. Based on
the obtained information about ecological degradation risks and potential syn-
ergetic ecological enhancement opportunities, the water authorities can make
better informed decisions on the implementation of HTE.

1.5 Research questions

The main research question that needs to be answered with the model we de-
veloped is to what extend is the ecology of a streams affected by thermal
energy recovery with HTE? The sub-questions which correlate to the construc-
tion and application of the model and which should lead to answering the main
research question are:

1. Which characteristics, that describe the thermal interaction between ther-
mal energy recovery with HTE and a stream ecosystem, have a significant
influence on the thermal balance of the ecosystem?

2. What is the size of the thermal (influence) characteristics, as a result from
thermal energy recovery by HTE?

3. Which ecological indicators can be used for quantification of the effects
of cold water discharge on the ecology of stream ecosystems?

4. What is the status of the ecological indicators before and after cold water
discharge by HTE?

The order of answering the questions is schematically depicted in figure 4. De-
termination of the characteristics that describe the thermal interaction between
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the HTE-system and the stream ecosystem is essential to formulate an answer
on the size of the cold water discharge. By combining this with a set of eco-
logical indicators that are temperature dependent we are able to determine the
status of the ecology. Both the cold water discharge and the current and new
ecological status can provide us with an indication of the resulting effect of a
HTE-system on the ecology of a stream ecosystem.

Figure 4: Research question tree
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2 Methods

In this chapter we will explain the steps taken in this research that lead to the
assembly of the model, which we use to analyze the potential effect of cold
water discharge from HTE on the ecology of a stream ecosystem. In figure 5
the relationship between these steps is depicted. In appendix C the relation
between the research questions and the method parts is depicted. The assem-
bly of the model plays a central role and it was designed with the predefined
general model components. To come to the model we firstly defined the char-
acteristics and specifications that describe the thermal interaction between the
stream ecosystem and the HTE-system. Thereafter, we defined the ecological
indicators that can be used for quantifying the effect on the ecology.

Figure 5: Diagram describing the relationship between the main aspects of the applied
methods in this research. The calculation of the resulting temperature forms the base
for all other calculations.

The model was split in a thermal part and an ecological part. After several
iterations of assembly, programming and verification of these parts, the model
was used to generate insight in the effect of the cold water discharge on the
ecology by running it with a specific case. The definition of this case was split
in a HTE-system and a stream ecosystem part. It is described separately from
the thermal and ecological model parts to make the model generic applicable
with other cases in the future. The selected thermal characteristics and ecolog-
ical indicators are already depicted in figure 5 to provide the reader with an
overview while reading this chapter. A description of the programmed model
and an explanation of the verification process will end this chapter.
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2.1 Basic assumptions and scope

Before starting to explain how the model was built and how the analysis was
performed we will treat the main assumptions and the scope in more detail.

2.1.1 Assumptions

Temperature influences biological processes (Dodds & Whiles, 2010), therefore
we assume that HTE will have effect on the ecology of a stream. Ecosystems are
very complex but we deem that by the use of several ecological indicators we
can get insight in the effect cold water discharge from HTE has on the ecology
of a stream as a whole. Moreover, many aspects of an HTE-system and the
context in which it is applied can vary considerably. In this research we assume
that:

a) The assembly of the HTE-system in the context of the total thermal energy
solution looks like as depicted in figure 6b

b) Thermal influence from cold water discharge is considered at a cross-section in
the stream as depicted in figure 6a

c) Temperature (change) is homogeneously divided over the cross-section of the
stream

d) Water flow is constant through both the stream and the HTE-system over
a day

For the specific case treated in this research:

a) Temperature of the stream was based on historic measurement data

b) Water flow through the stream was based on historic measurement data

c) Water flow through the HTE-system is:

• half of the water flow through the stream (Configuration 1)

• average of the water flow through the stream (Configuration 2)

2.1.2 In scope

The following aspects define what is within the scope of this research:

a) Stream (ecosystem): The geometric definition of Wortelboer (2018) for a
slow flowing small fresh surface water ecosystem is used: maximum
width of 20 meter and a maximum depth of 3 meters and a maximum
flow of 2 percentile 10 m3/s.

b) Temporal scale: All seasons will be considered and the time resolution is a
day.
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c) Spatial scale: This research is applied on streams in the Netherlands.

d) WFD water types that are included are: R4, R19, R5, R6, R7, R12, R20.
Appendix B displays an over view of all water types including a short
(Dutch) description.

(a) Schematic depiction of the assumed thermal situation.

(b) Schematic depiction of the assembly of a HTE-system in the context of a thermal energy
solution. Red arrows symbolize relatively warm water flows. Blue arrows symbolize relatively
cold water flows. Vertical waved lines are heat exchangers.

Figure 6: Schematic depiction of system assumptions

2.1.3 Out of Scope

The following items are excluded from this research although they may have an
effect on the ecology of a stream:

a) Cleaning procedures, with among others ionisation and electrolysis tech-
nology, to prevent contamination of the HTE-system.

b) Induced flow, in the stream, generated by the HTE-system.

c) Expected climate change effects on stream temperature.
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2.2 General model components

The model is composed out of the standard building blocks depicted and ex-
plained further in appendix G. The quantifying data, used for the calculations,
deserves some extra explanation. The data in the model can be categorized as
follows:

1. Generic thermal data

2. Generic ecological data

3. Stream ecosystem data

4. HTE-system data

Generic thermal and ecological data both quantify the generic components
used to set up the model and required for performing the calculations with
the model. The thermal data relate to the calculations performed in the ther-
mal analysis and the ecological data relate to the calculations performed in the
ecological analysis. These data categories will be explained and filled in under
respectively section 2.4 and 2.6. The stream ecosystem data and HTE-system
data include all data that quantify the specific case at hand. The content of
these parts will be explained in section 2.7.

2.3 Thermal characteristic definition

The natural thermal balance in a stream determines the temperature of the
stream and with this a certain biological activity. The amount of heating and
cooling of the stream and the amount of movement of the heat in the stream de-
termines this balance and with this the temperature of the water. Temperature
increase is the effect of solar radiation, exchange of heat with the atmosphere
and natural warm water inputs such as: precipitation, condensation, ground-
water and incoming streams and rivers. Temperature decrease is established
by back radiation, evaporation and the input of cooler water (Sweers, 1976;
Dodds & Whiles, 2010). Moreover, upstream thermal pollution may influence
the temperature as well.

The essence of an HTE-system is extracting thermal energy from a stream, with
the objective to fulfill a certain thermal energy demand, which results in ther-
mal influence on the stream ecology. Therefore, the thermal characteristics
cover the whole of the thermal energy demand and the thermal influence on
the source (stream). In figure 7 the defined characteristics are depicted.

Incoming thermal energy [J/day] is the thermal energy available in the stream
up to the freezing point of water and was selected because it is the subject that
is eventually influenced by HTE.

Extraction of thermal energy [J/day] is the amount of thermal energy that is
recovered from the stream by HTE, which is the cold water discharge and thus
the influencing factor.
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Figure 7: Coherence of the thermal characteristics (in grey) that describe HTE from
demand (thermal energy available for built environment) until the thermal influence
on the stream ecosystem (resulting temperature and the longitudinal range).

The resulting temperature [◦C] is the outcome of the influence from HTE on
the stream and is dependent on the ratio between incoming and extracted ther-
mal energy. This determines the effect on ecological indicators with a temper-
ature dependency, at point of the HTE-system.

The longitudinal range of thermal influence [m] is required to specify the size
(length) of the part of the stream that is influenced and thus how far the eco-
logical effect could reach. We assume that the cold water discharge of HTE
is distributed homogeneously over the stream cross-section (6a) at the HTE-
system. In other words, we assume that the output water from the HTE-system
is mixed perfectly with the water from the stream. With this, we exclude so
called thermal plumes from this research that may have influence on 2D and
3D distribution of the thermal influence.

Energy available for the built environment [J/day] is an essential characteris-
tic as this quantifies the primary function of an HTE-system: fulfilling a certain
energy demand.

2.4 Assembly of the model: thermal analysis

In this section we explain how the thermal model was built with the thermal
characteristics that were explained in the previous section. The base for the
model is illustrated in the communicative model in appendix G. It visualizes
how all model elements are connected and ’work’ towards (sub)outcomes of
the model. The thermal characteristics are divided over three model parts:

• Resulting ecosystem temperature (incl. incoming, and extraction of, ther-
mal energy)

• Longitudinal range

• Available energy for the built environment
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2.4.1 Incoming thermal energy

Incoming thermal energy EEB [J/day] refers to the thermal energy as a function
of time (t in day) that is present in the stream ecosystem and comes from up-
stream. EEB was determined with equation 1 in which TEB [◦C] is the temper-
ature of the ecosystem before influence by HTE. We assume that zero degree
Celsius is the reference temperature for this calculation. ρw and cw are respec-
tively the density [kg/m3] and specific heat capacity [J/(kg · K)] of freshwater.
QdE [m3/day] is the amount of water per day that passes the point of interest
in the stream ecosystem and can be calculated with equation 2. In this equation
QsE [m3/s] stands for the flow of water in the stream ecosystem and tday is the
amount of seconds in a day.

EEB(t) = TEB ·QdE · ρw · cw (1)

QdE(t) = QsE · tday (2)

2.4.2 Extraction of thermal energy

The extraction of thermal energy by HTE (EHTE(t) in J/day) from the stream
is based on the same principles as EEB and can be calculated with equation
3. In which ∆THTE is the temperature difference [◦C] between the water inlet
and outlet of the HTE-system as function of time (t in day). ρw and cw resem-
ble the density [kg/m3] and heat capacity [J/(kg · K)] of freshwater. QdHTE(t)
[m3/day] is the water flow through the HTE-system per day and was calcu-
lated by the use of equation 4. In this equation QsHTE [m3/s] is the water flow
through the HTE-system per second and tday is the amount of seconds in a day.
For the days on which EHTE is larger than EEB we corrected ∆THTE so that
EHTE is equal to EEB.

EHTE(t) = ∆THTE ·QdHTE · ρw · cw (3)

QdHTE(t) = QHTE · tday (4)

2.4.3 Resulting ecosystem temperature

We subtracted the thermal energy of HTE (EHTE in J/day) from the incoming
thermal energy EEB [J/day] (eq. 5). With this we get the modified amount of
thermal energy in the stream after HTE (EEA in J/day). With equation 6 we
calculated the resulting temperature of the stream TEA [◦C]. In which QdE is
the water flow through the stream [m3/day]. ρw and cw are the same density
[kg/m3] and heat capacity [J/(kg · K)] of freshwater as used before. For the
days ∆THTE was corrected, TEA will become zero. For this model it was as-
sumed that the temperature will be distributed homogeneously over the cross-
section of the stream that we analyse. TEB and TEA are used to determine the
status of the ecological indicators.
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EEA(t) = EEB − EHTE (5)

TEA(t) =
EEA

QdE · ρw · cw
(6)

In appendix G the communicative model of the incoming energy, extracted
energy and the resulting temperature part of the model can be found under:
Thermal Analysis - Resulting temperature.

2.4.4 Longitudinal range

With this part of the thermal analysis we provide a first estimation of the dis-
tance sr [m], in longitudinal direction of the stream that the thermal influences
reaches. For this we calculated the distance it takes for the stream to recover to
the natural thermal balance and with this the temperature before HTE.

The status of the ecological indicators -which will be treated in chapter 2.6-
is determined at the point of the cold water discharge. In figure 8 the rela-
tionship with the ecological indicators and the other thermal characteristics is
explained.

Figure 8: The relationship between the longitudinal range, the ecological indicators
and the thermal characteristics. The HTE-system extracts a certain amount of energy
from the stream and with this the stream ecosystem temperature decreases from TEB
to TEA. Thermal recovery takes place over the longitudinal range until the natural
thermal balance is restored and the temperature is back at TEB.

As mentioned in the former subsections we start with the temperature of the
stream ecosystem as it is before HTE. Than we extract an amount of energy
which results in the lower temperature of the stream after HTE. The status of,
and the effect on, the ecological indicators is determined with the temperature
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of the stream at the point of extraction of the thermal energy. After this, over
a certain distance, the temperature will recover back to the value it was before
HTE as a result of heat fluxes from convection, evaporation, radiation from air
and back radiation.

With equations 7, 8 and 9, we calculated the net heat exchange flux [J/m2/s]
at the water-air interface (φtot) after the energy extracting by HTE. These equa-
tions are based on research performed by Sweers (1976) which is still used in
prominent water quality modelling software (Deltares, n.d.). In these equa-
tions TEB and TEA are the temperature [◦C] of the stream respectively before
and after HTE. λ stands for heat exchange coefficient at the water-air interface.
f(U10) is the wind speed function in which U10 is the wind speed [m/s]. as is
the water surface [m2] which is one in this application of the equation as we
are only interested in heat exchange flux just before and just after HTE.

φtot(t) = −λ · (TEA − TEB) (7)

λ = (4.48 + 0, 049 · TEA + f (U10) · (1.12 + 0.018 · TEA + 0.00158 · T2
EA) (8)

f (U10) = (3.5 + 2.0 ·U10) ·
(

5 · 106

as

)0.05

(9)

With equation 10 we assume that the thermal balance of the stream is restored
at the moment the energy resulting from the heat exchange flux (φtot) is equal
to the energy extracted by HTE (EHTE). Both the surface A [m2] of the stream
and the recovery time tr [s] are required to come to a certain amount of energy
resulting from the heat flux. The surface of the stream is depend on the width
of the stream wE [m] and the longitudinal range sr [m]. The flow speed vE [m/s]
of the stream and the recovery time tr are required to calculate the range of the
recovery. With this equation we also assume that the heat flux is constant over
the recovery time and that the recovery process is linear from energy point of
view. In reality however, the heat flux changes as a result of the stream heating
up again. Which is a asymptotic process as depicted in figure 8. Therefore, the
outcome of this calculation should be interpreted as a first estimation of the
order of magnitude of the longitudinal range and certainly not as the actual
range.

EHTE
A · tr · φtot

=
EHTE

wE · sr · tr · φtot
=

EHTE

wE · vE · tr2 · φtot
= 1 (10)

To calculate the recovery time and distance the velocity of the water in the
stream vE [m/s] is required. This was calculated with equation 11. In this
equation QdE is the daily water flow [m3/day] through the stream, wE is the
width [m] of the stream and dE is the depth [m]. fca is the fraction of the wE · dE
cross-sectional surface that is filled with water. The time tr [s] that the recovery
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takes is expressed by equation 12 and based on equation 10. Eventually we cal-
culated the longitudinal distance sr [m] that the recovery takes with equation
13. This is the longitudinal range of the thermal influence.

vE =
QdE

wE ∗ dE ∗ fca
(11)

tr(t) =

√
EHTE

wE · vE · φtot
(12)

sr(t) = vE · tr (13)

In appendix G the communicative model of this part of the model can be found
under: Thermal Analysis - Longitudinal range of thermal influence.

2.4.5 Available thermal energy for built environment

To be able to describe the relationship between functional thermal energy6 and
the effect on the ecology, we determined the amount of energy that can actu-
ally be delivered to the built environment after it was extracted with HTE. To
this end we needed to take into account the amount of electric energy (from
the electrical grid) that is used by the heat pump(s) and which is added as ad-
ditional thermal energy to the HTE-system. Moreover, for the same end the
efficiency of the storage of the thermal energy in the ATES needs to be taken
into account. With this we assume that in all cases an ATES is used to store the
energy extracted from the stream ecosystem at one moment in time for another
moment in time7. The coefficient of performance (COP) gives us the fraction of
electric energy that was used for the total amount of thermal energy that was
delivered by the heat pumps in the HTE-system.

Equation 14 was applied to calculate the COP for the thermal energy extraction
from the stream to charge the ATES (COPCH). Equation 15 is used to calculate
the COP for the thermal energy extraction from the ATES to deliver it to the
built environment and with this discharging the ATES (COPDCH). In these
equations TEB stands for the temperature [◦C] of the stream ecosystem before
HTE. TATES and TBUILT are respectively the temperature [◦C] of the ATES and
the built environment. ηCOP is the ratio between actual COP and the theoret-
ical Carnot efficiency. We assumed this to be 0.6 (personal communication S.
Boesten, February 19, 2020). Both equations are based on Knudsen and Pe-
tersen (2017).

6energy that can be used for heating the built environment
7A configuration without a thermal storage system is excluded because it is not possible to

deal with the seasonal counter-cyclical differences in thermal energy availability and demand.
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COPCH(t) = ηCOP ∗
TEB + 273

TEB − TATES
(14)

COPDCH(t) = ηCOP ∗
TATES + 273

TBUILT − TATES
(15)

In this part of the model, equation 16 is used for calculating the total amount
of energy ECH [J/day] with which the ATES is charged per day (t). This is the
result of the energy extraction from the stream ecosystem EHTE [J/day] and
the COP of the heat pump used for charging the ATES. With equation 17 we
calculate the amount of thermal energy that we can discharge from the ATES
EDCH [J/day] for use in the built environment. This depends on the efficiency
(ηATES) of the ATES.

ECH(t) = EHTE ∗
COPCH

COPCH − 1
(16)

EDCH(t) =
ECH(t)

1 + 1 · ηATES
(17)

Eventually, the amount of thermal energy that is available for the built envi-
ronment EBUILT [J/day] can be calculated with equation 18. Again we needed
to take into account the COP of the heat pump (COPDCH) that is used for dis-
charging the ATES.

EBUILT = EDCH ∗
COPDCH

COPDCH − 1
(18)

In appendix G the communicative model of this part of the model can be found
under: Thermal Analysis - Energy available for built environment.

2.4.6 Quantifying data

In table 2 we list the primary input elements including their quantification and
units.

Table 2: Generic quantifying data used in model for the thermal analysis

Symbol Input element Quantity Unit
ρw Water density 998 kg/m3

cw Water specific heat capacity 4180 J/(kg · K)
as Water surface factor 1 m2
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2.5 Ecological indicator selection

We assume that temperature has an effect on the ecology of a stream. Streams
are very complex ecosystems however. Through the selection of ecological in-
dicators that have a temperature dependency we assume that we can get in-
sight in the status of the ecology of a stream. With this we also assume that
we are able to get insight in the effect of cold water discharge of HTE on the
ecology of the stream. The indicators should be quantifiable and quantifying
literature should be available to process them mathematically in the model.
Moreover, the ecological indicator should directly be related to the (chang-
ing) temperature of the stream.

The indicators that have been considered are:

• Macrophytes (Ecological Key Factor)

• Risk for blue algae bloom and/or botulism

• Chemical indicators (dissolved oxygen and/or electrical conductivity)

• General thermal-water quality

• Spawning potential of fish

• Potentially not Occurring Fraction (fish and/or bivalves)

Below we will explain the considerations that were made in the selection of the
indicators and the eventual selected indicators. For the latter more background
information is provided in section 2.6.

Macrophytes (aquatic plants) need a proper environment to establish and grow
and form the conditions for other organisms to do the same. Macrophytes as
used in STOWA’s Ecological Key Factor (STOWA, 2017a) has been considered
as an ecological indicator because it includes a temperature dependency. How-
ever, this temperature dependency was not directly based on temperature val-
ues but on the amount of shadowing along a stream (STOWA, 2018a)(personal
communication, G. van Geest, November 26, 2019). Therefore, a direct link
with the calculated temperature values before and after HTE cannot be made
and it was not included in the model.

A blue algae bloom (Cyanobacteria) is an excessive incline of a specific type
of algae population that can have a harmful effect on animals and the ecol-
ogy. The occurrence of Botulism (Clostridium botulinum bacteria) in a stream
can lead to intoxication of animals. The dissolved oxygen is a direct indica-
tor for the ability of a stream to support aquatic life (EPA, n.d.-b). Although
there is a dependency between the risk for occurrence of these bacteria, the
dissolved oxygen and temperature, they were not included in the model. The
eventual effect of a temperature change on botulism (Espelund & Klaveness,
2014) and blue algae blooms are not only influenced by temperature but even
more by chemical-physical ecosystem properties such as pH, nutrient concen-
tration (Lathrop, R. C., Stow, C. A., Panuska, J. C., Soranno, P. A., & Carpenter,

20



1998) and ecological quality in general (condition of biology, hydromorphol-
ogy and general physical chemistry (STOWA, 2018d)). The same is valid for
dissolved oxygen.

The conductivity is the ability of water to pass an electrical current and can be
influenced by temperature (EPA, n.d.-a). However, due to the complex corre-
lation with the ecological quality (Brezonik, 1994) it was assumed not useful as
a direct ecological indicator for the model at this moment.

The thermal water quality classification uses temperature to classify the water
quality of a stream (STOWA, 2018d). It is based on WFD guidelines and clearly
has a direct dependency with temperature and is quantifiable by means that
will be explained in section 2.6. Since it directly expresses the water quality of
the stream as a whole as function of temperature it is interesting to include this
in the model.

For the spawning potential of fish quantifying data with a dependency with
temperature are available in literature (van der Grinten et al., 2007). Fish have a
relationship with many other aspects of the ecology. They feed on among oth-
ers insects and plants and they are affected by changing chemical conditions
such as dissolved oxygen, acidity and temperature (EPA, n.d.-c). Dodds and
Whiles (2010) state that if a fish is able to reproduce it also should have energy
to grow and survive. This is visualized in figure 9. Therefore, the temperature
and (yearly) time window in which common Dutch freshwater fish species po-
tentially spawn could cover a considerable part of the ecology of a stream. This
is why we will use the spawning potential of fish in relation to the changing
water temperature as a ecological indicator in this model. In section 2.6.2 this
will be explained in more detail.

Figure 9: Conceptual visualisation showing the dependency of a fish’ required energy
for survival, growth, and reproduction as a function of temperature. If a fish requires
more than 100% of the energy available in the ecosystem for survival it will not grow.
However, if the sum of required energy for survival, growth and reproduction is less
than the available energy, reproduction should be possible (Dodds & Whiles, 2010).
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A Species Sensitivity Distribution (SSD) was described by Leuven et al. (2011)
and Verbrugge et al. (2012) as a "statistical distribution that describes the varia-
tion between species in sensitivity to an environmental stressor". Temperature
can be seen as a stressor and SSDs based on temperature are available for fish
(Leuven et al., 2011) and for bivalves (Collas, Buijse, Hendriks, van der Velde,
& Leuven, 2018). Quantification of the temperature dependency of fish and
bivalves is reasonably simple with the SSDs. Moreover, both SSDs include a
considerable amount of species (fish 61, bivalve 30). With this it was assumed
that these SSDs could serve as ecological indicators that provide us with in-
sight in the effect of decreasing water temperatures on the ecology. Eventually
only the bivalve SSD was selected as the effect on fish species is partly covered
by the fish spawning potential. With this SSD we determine the Potentially not
Occurring Fraction (PNOF) of bivalves.

For the overall effect on the ecology we now make use of an indicator that
covers the thermal water quality as a whole. The spawning potential of fish
resembles a relatively high trophic level in the food chain of the stream and the
SSD of the bivalve species resembles a lower trophic level. This should provide
insight in the effect of thermal influences on the ecology of a stream as a whole
(personal communication F. Collas, July 31, 2019).

2.6 Assembly of the model: Ecological analysis

In this chapter the assembly of the selected ecological indicators in the ecolog-
ical part of the model will be explained. The stream ecosystem temperatures
(TEB and TEA) from the thermal part of the model serve as primary input ele-
ments for the calculations with the ecological indicators. By comparison of the
status of the ecological indicators based on TEB with the status of the ecological
indicators based on TEA we determined the effect on the stream ecology that
result from the cold water discharge by HTE.

Together they enable analysis of the ecological effect of the cold water dis-
charge of HTE.

2.6.1 Thermal water quality according to WFD

From water quality point of view it is not desirable if the temperatures of a
stream get too high (or to low). Therefore, within the WFD a classification
method was developed with which the water quality per water type can be
classified from ’very good’ to ’good’, ’moderate’, ’insufficient’ and ’bad’ as a
function of the stream ecosystem temperature (table 3). As we mentioned in
chapter 1.3 until shortly there was no need for guidelines and classification
methods for (too) cold water. Therefore, the initial objective was to define the
upper temperature limits. Which is the reason that the temperatures in this
classification method are based on maximum temperatures.

Therefore, it is not possible to tell something about the negative effect of cold
water discharge by HTE. However, by analysing whether the temperature of
the ecosystem rises to a higher quality classification under influence of HTE we
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Table 3: General water quality related to water temperature [◦C], supplied with a
quality score and divided over WFD water types that comply with our definition of a
stream. Modified from (STOWA, 2018d)

Water quality
Water type Very good Good Moderate Insufficient Poor
R4, R19 <14 <18 18-20 20-22.5 >22.5
R5, R6, R7, R12, R20 <23 <25 25-27.5 27.5-30 >30
Score [QSP] 4 3 2 1 0

can obtain insight in the positive effects of HTE. This also means that if temper-
atures, under influence of HTE, go below the temperature with the ’very good’
classification one cannot speak about positive effects anymore. Thus, if HTE
forces the stream temperature below the temperatures classified as ’very good’
this is not rewarded from ecological point of view. This is valuable for water
authorities because with this they are able to assess whether a HTE-system re-
ally has only the positive effects that some believe it has or whether there is a
limit to these positive effects.

To make relative comparison possible between the thermal situation before and
after HTE (TEB and TEA) we added a score for each class (see bottom row of
table 3). Based on the WFD water type of the stream used for the case, we were
able to assign the corresponding temperatures to the scores which is expressed
in ’Quality Score Points’ (QSP). One should be aware of the fact that this score
does not tell anything about the absolute quality of the stream and that it is
only meant for relative comparison between the thermal situation before and
after HTE.

For both the temperatures before and after HTE (TEB and TEA) we determined
the daily thermal water quality score according to the values in table 3. The
outcome is the quality score in as a function of time (t) in days, before HTE
QSB(t) [QSP] and after HTE QSA(t) [QSP]. We determined the absolute effect
of HTE by subtracting the daily score before HTE from the daily score after
HTE which results in a delta score (∆QS(t) [QSP]). By dividing the delta score
by the score before HTE we get the relative effect (∆rQS [%]) of HTE on the
thermal water quality of the stream.

By taking the sum of all daily quality-scores before HTE and after HTE we
get an annual score for both thermal situations; respectively AQSB and AQSA
[QSP/year]. The absolute effect of HTE ∆AQS [QSP/year] was determined by
subtracting the annual quality score before HTE from the annual quality score
after HTE. To determine the relative effect ∆rAQS [%] we divided the absolute
annual effect by the annual quality score before HTE.

In appendix G the communicative model of this part of the model can be found
under: Ecological Analysis - Thermal water quality score.
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2.6.2 Fish Spawning Potential

Research of van der Grinten et al. (2007) delivered an overview of the thermal
spawning preferences (appendix D) of the fish species that are present in the
Dutch fresh surface waters. This overview includes the moment of the year the
fish species can spawn and the temperature limits within they spawn. From
this overview we selected the fish species that are expected, and aimed, to be
present and preferably to spawn in the investigated stream. Subsequently,
in combination with the temperatures of the stream ecosystem before HTE
(TEB(t)) and after HTE (TEA(t)) we can determine whether a fish species is,
from thermal and timing point of view, able to spawn8. We do this by checking,
per day (t) and per fish species (i); is the temperature of the stream ecosystem
(TE) within temperature limits and is the date (t) within the time window of
spawning? This approach is visualised in figure 10.

Figure 10: Spawning potential determination per fish species. The solid line resembles
a hypothetical temperature curve over a year. All dashed lines resemble the time and
temperature limits within a certain fish species is able to spawn. The bold horizontal
lines are the resulting moments in time at which spawning is actually possible.

Subsequently, the spawning potential for both the situation before (SPB) and
after HTE (SPA) was determined by counting the number of fish (Ni) that are
able to spawn per day (t) (eq. 19). This is reported as the amount of ’Spawning
Potential Days’ (SPD). After that, we determined the annual spawning poten-
tial per fish species by counting the days on which a fish species (i) is poten-
tially able to spawn in the analysed period (Nt in days) before ASPB(i) [SPD]
and after HTE ASPA(i) [SPD] (eq. 20). The annual spawning potential before
ASPB [SPD] and after HTE ASPA [SPD] for all fish species together was cal-
culated (eq. 21) by taking the sum of all potential spawning days of all fish
species over the analysed period.

8This should not be confused with predicting whether a fish species will or will not spawn as
this depends on many more criteria and parameters than only temperature.
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SP(t) =
i=Ni

∑
i=1

SP(i, t) (19)

ASP(i) =
t=Nt

∑
t=1

SP(i, t) (20)

ASP =
t=Nt

∑
t=1

SP(t) (21)

The effect of HTE on the fish spawning potential can now be determined by
comparing the amount of potential spawning days for the thermal situation
before and after HTE. This was done per day (SP(t)) and over the analysed
year both in total (ASP) and per fish species (ASP(i)). To this end we deter-
mined the delta spawning potential [SPD] by subtracting the spawning poten-
tial before HTE from the spawning potential after HTE resulting in respectively
∆SP(t), ∆ASP and ∆ASP(i) . Moreover, the relative effect [%] of HTE on the
spawning potential was determined by dividing the delta spawning poten-
tials by the spawning potential before HTE, resulting in ∆rSP(t), ∆rASP and
∆rASP(i).

In appendix G the communicative model of this part of the model can be found
under: Ecological Analysis - Fish Spawning Potential.

2.6.3 Potentially not Occurring Fraction of Bivalves

Collas et al. (2018) applied the SSD method (introduced in chapter 2.5) to get
insight in the sensitivity for temperature on the occurrence of bivalve molluscs
in a European freshwater ecosystem. This research resulted in a deviation of
Potentially Not Occurring Fraction (PNOF) of the bivalve molluscs as a func-
tion of habitat temperature (figure 11). This includes both the lowest (min) and
the highest (max) temperature at which a the bivalve species occur. The mean
and the standard deviation that form this deviation are summarized in table
4. Together with the temperatures before (TEB(t)) and after (TEA(t)) HTE these
were used to calculate the PNOF [0− 1] in the model.

Table 4: From the research of Collas et al. (2018) we derived the mean (µ) and stan-
dard deviation (σ) for SSD of freshwater bivalves at both minimum and maximum
temperature [◦C].

Endpoint µ σ
[◦C]

Minimum habitat occurrence 6.20 4.29
Maximum habitat occurrence 26.5 4.88

25



Figure 11: Sensitivity distribution for the minimum habitat temperature (blue line)
and maximum habitat temperature (red line) of freshwater bivalve species and the 2.5%
and 97.5% confidence intervals (dashed lines). X-axis is the temperature [◦C] of the
ecosystem. The symbols represent species of the Corbiculidae (circles), Dreissenidae
(triangles), Sphaeriidae (crosses), Unionidae (diamonds), and Margaritiferidae (plus
signs) (Collas et al., 2018).

With equation 22, 23 and the daily average temperature of the stream (TE in
◦C) we can read the PNOF from figure 11. µmin and µmax are the means [◦C]
for respectively the minimal temperature and maximum temperature require-
ment in the SSD. σmin and σmax are the standard deviations for respectively the
minimum and maximum temperature requirement curve of the SSD. To de-
termine the eventual PNOF per day we selected the highest outcome of both
equations. In these formulas TE is substituted with the stream temperature
before (TEB) and after HTE (TEA).

PNOFmin(t) = 1/2 ∗
(

1 + er f
(

TE − µmin

σmin ∗
√

2

))
(22)

PNOFmax(t) = 1/2 ∗
(

1 + er f
(

TE − µmax

σmax ∗
√

2

))
(23)

The absolute daily effect (∆PNOF(t) in %) of HTE was determined by subtract-
ing the PNOF before HTE from the PNOF after HTE (eq. 24). The relative effect
on daily basis was determined by dividing the absolute effect by the PNOF be-
fore HTE (eq. 25).

∆PNOF(t) = PNOFA − PNOFB (24)

∆rPNOF(t) = ∆PNOF/PNOFB (25)
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To determine the annual effect we made a summation of the daily PNOF values
over the monitored year for both the situation before (PNOFB) and after HTE
(PNOFA). Thereafter, we divide it by the amount of analysed days (Nt) to get
an (annual) average PNOF (AAPNOF) (eq. 26). To determine the absolute
effect of HTE on the annual average PNOF of bivalve molluscs (∆AAPNOF)
we subtracted the annual average PNOF after HTE from the annual average
PNOF before HTE (eq. 27). To determine the relative effect ∆rAAPNOF we
divided the absolute effect by the PNOF before HTE (eq. 28).

AAPNOF =
∑t=Nt

t=1 PNOF(t)
N

(26)

∆AAPNOF = AAPNOFA − AAPNOFB (27)

∆rAAPNOF = ∆AAPNOF/AAPNOFB (28)

In the communicative model in appendix G, ecological analysis - Potentially
not Occurring Fraction of Bivlaves, we visualised the steps taken in the model
to determine the PNOF.

2.7 Case definition and application

A case was selected and applied to validate the model and to come to quan-
tified ecological effects which can be related to an amount of energy that be-
comes available for the built environment. For this case the built environment
should be close to a stream to make it likely that it is economically feasible to
build an HTE installation at this position. Preferably this case should be lo-
cated in the region managed by water authority Aa and Maas. Moreover, for
the stream ecosystem, quantifying data should be available regarding water
temperature, water flow, wind speed and geometry. For the HTE-system we
required quantifying data regarding the flow, temperature reduction, efficiency
of the heat pump and the ATES and the temperature of the built environment
and the ATES.

Based on these requirements a stream called the Goorloop at the height of the
city of Helmond, the Netherlands was selected. The Goorloop flows through
the built environment of the city of Helmond as can be seen on the map in
figure 12. Quantifying data of the stream was available for the time frame of the
22th of November 2018 until the 22th of November 2019. Which was guided by
the available stream temperature data. It was decided to design a hypothetical
HTE-system as no concrete HTE project was available at this location. In the
following paragraphs the quantifying data that was used for the case will be
explained in more detail and will be divided over the properties of the stream
and its environment and the properties of the HTE-system.
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Figure 12: Map showing the part of the Goorloop (yellow line) that flows through
the city of Helmond in the Netherlands. oGOORLO420 is the position where the
temperature is measured that was used for the analysis. At oGOORLO340 the flow
was determined.

2.7.1 Quantifying data: Stream ecosystem

The quantifying data for the case specific stream ecosystem is divided over
water temperature, hydraulic data and air data. This is historical data obtained
from several data sources which will be explained in more detail below. All the
input elements that were supplied with a quantity with the historical stream
ecosystem quantifying data are summarized in table 5. Appendix F depicts
the course of the stream temperatures, flow and wind speed over the period of
interest.

Table 5: Historical quantifying data obtained from 1water authority Aa and Maas and
2KNMI (n.d.) used in model with symbols and units as used in the model.

Symbol Input element Quantity Unit
TEB(t) Temperature Ecosystem before HTE1 Daily average ◦C
wE Width of the ecosystem1 4.25 m
dE Depth of the ecosystem1 0.5 m
fca Cross-section surface fraction ecosystem1 0.9 -
QE(t) Flow of ecosystem water1 Daily average m3/s
U10(t) Wind speed2 (’TG’ in dataframe) Daily average m/s
− WFD Water type1 R5 -
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Stream ecosystem temperature was obtained from a sensor implemented in
the Goorloop since the 22th of November 2018, called oGOORLO420 and located
at coordinates: 51◦28’54.6"N 5◦37’57.0"E. This sensor (fig. 14) was selected out
of three comparable measuring systems because it measures the water tem-
perature directly downstream of the city of Helmond and just before the water
enters an ecological interesting area. Since this position still lies against the
built environment it remains economically interesting to extract and use the
thermal energy from the water. Moreover, at this point it is interesting to de-
termine the potential effects HTE could have on the ecology downstream. Two
other temperature measuring points (oGOORLO360 and oGOORLO540) have
been considered but assumed to be less interesting because of the larger dis-
tance they have from the built environment. Temperature fluctuations in a day
have not been taken into account as the primary objective of this model aims
at seasonal effects9.

Figure 13: The position of the measuring system in the Goorloop that measures among
others water temperature.

Hydraulic data includes the flow (QE), the width (wE) and the depth (dE) of
the stream ecosystem at hand. The flow is obtained from the historical database
from water authority Aa and Maas and is accessed via Sobek software. The
location of the flow measurement is the water pump station Mierlo, upstream
located at the coordinates 51◦27’23.1"N 5◦39’23.3"E (fig. 12). There was no flow
data available closer to the temperature measurement point. The side streams
that connect to the Goorloop between the flow measurement point and the
temperature measurement point were excluded from the hydraulic data.

In general average day values were available from the 21st of May 2015 until
the 3th of November 2019. This means that flow data would be missing from
the 4th until the 22nd of November 2019 when referring to the time frame of the
temperature measurements. Moreover, there were some occasional missing

9Hourly water temperature data was available however
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values in the array. All missing data was filled in by using the previous, in
time, available value, also called forward fill.

The width and depth of the Goorloop were determined with the help of the
cross-section data, as depicted in figure 14, obtained from the GIS system of
water authority Aa and Maas. The cross-section that was used is positioned at
place of the temperature measurement.

Figure 14: A cross-section of the Goorloop (234001P1390) at place of measuring point
oGOORLO420 determined on the 22th of March 2012 showing that the width (wE)
is approximately 4.25 m, the depth (dE) is approximately 0.5 m and the cross-section
surface fraction ( fca) about 0.9 [−].

Air data includes the wind speed (U10) at the stream which is used for cal-
culating the longitudinal range of the thermal influence in equation 7, 8 and
9. This data comes from an official KNMI measuring station located in Eind-
hoven, the Netherlands. Which is located approximately 18.5 kilometers from
the location of the defined case. Further properties of the weather station are
depicted in appendix E.

The water type that is accounted to the Goorloop is R5. Which is defined as
a slow flowing stream on sand (STOWA, 2018d).

Fish species preferred and present in the Goorloop are determined in collab-
oration with an aquatic ecologist from water authority Aa and Maas (personal
communication, B. Spierings, May 11, 2020). The fish species of which it was
expected and/or preferred to be present in the Goorloop are listed in table 8.

2.7.2 Quantifying data: HTE-system with ATES

Next to the stream ecosystem properties we also needed the thermal and hy-
draulic data related to the HTE-system. All the input elements that were sup-
plied with a quantity with this data are summarized in table 6.

The temperature change ∆THTE and the water flow through the HTE-system
QHTE are the most important parameter with which the energy extraction can
be controlled. ∆THTE was based on the values that are currently used in prac-
tice (STOWA, 2017a). The water flow can be changed considerably, therefore
two configurations have been defined (fig. 15).
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Figure 15: HTE-system flow configurations. Constant stream temperature decrease
(configuration one) versus constant thermal energy extraction (configuration two).
∆TE is the stream temperature decrease after HTE. EHTE is the extracted energy by
HTE. QE is the water flow through the stream.

With configuration one the temperature decrease of the stream is kept constant
by guiding half of the water flow of the stream through the HTE-system. This
means that when the flow through the stream increases, the flow through the
HTE-system increases as well. As a result the thermal energy extracted from
the stream will increase with a increased flow and vice versa. This way the
thermal influence on the stream is under control however, this asks for a flex-
ible HTE-system. From efficiency point of view it is preferred that a technical
system operates with a static load. Therefore, configuration two has a fixed
flow of 0.0877 m3/s based on the average flow through the stream in the anal-
ysed period. This configuration will have a constant energy extraction and
thus energy delivery. The temperature decrease in the stream will now de-
crease with an increase in the water flow through the stream and vice versa.
ηATES(t), TATES and ηCOP were based on expert judgement (personal commu-
nication, S. Boesten, January 15, 2020). TBUILD was based on the research of CE
Delft and Deltares (2018).

Table 6: HTE-system quantifying data used in model

Quantity
Symbol Input element Config. 1 Config. 2 Unit
∆THTE Temp. change -5 ◦C
QHTE(t) Flow of HTE water 0.5*QE 0.0877 m3/s
ηATES(t) Efficiency ATES 80 %
TATES Temp. ATES 16 ◦C
TBUILD Temp. built environment 70 ◦C
ηCOP Actual - theoretical COP ratio 0.6 [-]
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2.8 Programmed model

The programmed model was written in Python code and built with the com-
municative model (appendix G) as the blueprint. It consists out of six so called
model-blocks, the main-block and finally produces output data. In figure 16
the structure of the programmed model is depicted. Every analysis item de-
scribed in chapter 2.4 and 2.6 is programmed in a separate model-block. The
Main-block recalls the code of all model-blocks and finally processes all the
codes and data towards the output of the model. The code of every model-
block was built with a basic structure:

• Constants definition

• Read and clean data

• Compute all dates

• Plot graphs

• Export data

Under the constants definition we programmed all input elements including
the quantifying data that has a single value (e.g. density and specific heat ca-
pacity of water, ATES temperature and efficiency). Under ’read and clean data’
input elements that are based on a dataframe are red from a .csv file and are
made usable for the model (cleaning). Examples of such data frames are the
temperature of the stream as function of time and the spawning temperatures
and moments of the freshwater fish species. The code for the actual calcula-
tions is programmed under ’compute all dates’. To visualize the outcome of
these calculations several ’plot graph’ functions are programmed after that. Fi-
nally the outcome of the calculations is exported to csv-files.

Figure 16: Structure of the programmed model. In the ’main-block’ the code from the
’analysis-blocks’ is recalled and processed to the output data.
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2.9 Verification of the model

With the verification of the model we want to get insight in the validity of the
model. We performed this by:

1. checking the method and the results with experts

2. performing random checks for all main model parts

3. checking the sensitivity of the model output

2.9.1 Expert review

The experts that contributed to the validation process are listed in table 7. They
have performed a review on both the method and the eventual results of the
model.

Table 7: Reviewing experts

Model part Reviewing
expert

Function Institute

Thermal base Pascal
Boderie

Water Quality and
water rescources en-
gineer

Deltares

Thermal longitudinal
range

Pascal
Boderie

Water Quality and
water rescources en-
gineer

Deltares

HTE-system Stef Boesten PhD candidate Open Uni-
versity

Thermal water quality
score

Rick Wortel-
boer

Senior scientist Wa-
ter Quality and Ecol-
ogy

Deltares

Fish spawning poten-
tial

Rick Wortel-
boer

Senior scientist Wa-
ter Quality and Ecol-
ogy

Deltares

Potentially not occur-
ring fraction bivalves

Frank Collas Post doc researcher Radboud
University

2.9.2 Random check

For all main model parts a ’random check’ was performed to check whether
the calculations, as described in the method, have been programmed correctly
in the computer model.

Thermal analysis parts were checked by performing manual calculations. For
this we used the data temperature and flow data for the 1th of July. The answers
of the manual calculations have been compared to the values in the graphs
produced by the model.
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Thermal water quality results were checked by comparing the quality score
that was given by the model at the 1th of July with the temperature at the same
moment and the expected quality score that belongs to this temperature. If the
model works correct the quality score should be exactly the same.

Fish spawning potential part of the model was verified on correctness by
counting the potential spawning days for the Misgurnus fossilis and compared
this with the outcome of the model. If the model performs correctly these two
values should be exactly the same.

Bivalve PNOF calculations were verified by taking temperature of the ecosys-
tem (TEB) on the 1th of July and performing a manual calculation based on the
equations described in this method. Moreover, we derived the PNOF from the
SSD graph (fig. 11) at TEB. The values given by the programmed model should
be exactly the same as the manual calculation and should approach the values
that were red from the graph.

2.9.3 Sensitivity

To determine the sensitivity of the model for variance in the input elements we
performed a sensitivity analysis with both configurations of the HTE-system.
The subjects below were selected because these are essential for the results of
this research and it is expected that these have a considerable influence.

1. temperature influence by HTE

2. thermal recovery from linear to asymptotic in longitudinal range calcu-
lation

3. WFD water type

Temperature influence by HTE is the base of this research. Therefore we in-
vestigated the sensitivity of all annual results for a difference in temperature
change in the HTE-system (∆THTE). With this we can determine how sensi-
tive the annual outcome of all six parts of the model is for temperature fluc-
tuations and temperature inaccuracies. We compared the annual outcome of
all investigated aspects along a variation of temperature change in the HTE-
system (∆THTE) of +7, +5, +3, +1, 0 (status quo), -1, -3, -5, -7.

The longitudinal range of the thermal influences was calculated by using the
temperature difference between water and air at the start of the recovery pro-
cess. In real life however, inherently to the thermal recovery process, the water
temperature will increase and with this the temperature difference between air
and water will decrease. This slows down the temperature recovery process
as it will develop asymptotic instead of linear. With this part of the sensitiv-
ity analysis we investigate the sensitivity of the outcome of the model for this
simplification.
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To approach the asymptotic recovery process we calculated the longitudinal
range for the thermal situation on the 29th of June 2019 in three linear steps
instead of one in the model. For the first step we calculated the longitudinal
range from 0% till 33% (TEA + 0.33 ∗ ∆T) of the recovery temperature. For the
second step we calculated the longitudinal range from 33% till 66% (TEA +
0.66 ∗ ∆T) of the recovery temperature. For the third step we calculated the
longitudinal range for 66% till 100% (TEA + ∆T) of the part of the temperature
difference that had to be recovered.

WFD water type is currently defined as R5. However, the difference in ther-
mal water quality with respect to the stream temperature is substantial when
the water type group that includes R5 is compared with the group that includes
water type R4 and R19. With this part of the sensitivity analysis we determined
the sensitivity of the thermal water quality indicator for the water type that
was accounted to the stream. The entire analysis was remained the same only
the temperatures corresponding to the quality score indication of the R5 water
type was replaced with temperatures corresponding to the R4 water type.
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3 Results

The result of this research is insight in the effect of the cold water discharge
from HTE on the stream ecology. This consists of the size of the thermal in-
fluence and the status of and the effect on the ecological indicators. This in-
sight was generated with the dynamic model that was built and in which the
Goorloop case, with two HTE-system configurations (explained in fig. 15, was
applied. To refresh the readers memory we will shortly describe the selected
thermal characteristics and ecological indicators again in each subsection since
these form the core of the model.

The results of the analysis regarding the sensitivity of the outcome of the model
for variation of the temperature change in the HTE-system is depicted and
discussed in appendix I. Included in these results are: the annual extracted
thermal energy from the stream, the annual available thermal energy for the
built environment, the annual quality score, the annual spawning potential
and the annual average bivalve PNOF.

3.1 Size of thermal influence

The selection of the characteristics that describe the thermal influence of HTE
on the stream are in explained in chapter 2.3. The incoming thermal energy is
the amount of energy in the stream until the freezing point of water. The ex-
tracted thermal energy is the amount of thermal energy the HTE-system extracts
from the stream. The resulting temperature is the temperature of the stream
after thermal energy extraction by the HTE-system. This is the characteristic
on which all ecological calculations and the following thermal calculations are
based. The annual available energy for the built environment is the available ther-
mal energy after several conversions were made in the total thermal energy
solution in which the HTE-system is applied. The annual available energy
for built environment was assigned as an essential thermal characteristic since
this quantifies the primary function of an HTE-system. The longitudinal range
of the thermal influence is the distance from the point of thermal energy extrac-
tion until the point where the thermal balance is recovered to the specifications
before HTE. The stream cross-section area that was calculated for the longitu-
dinal range is 1.9 m2. The calculations of the last two characteristics are based
on the resulting temperature calculations. With the calculations behind these
characteristics we are able to tell what the size of the thermal influence of the
HTE-system on the thermal balance of the Goorloop will be.

Configuration 1 Figure 17a shows the course of the original temperature of
the stream before HTE (TEB) and the resulting temperature after HTE (TEA)
with configuration one. With respect to each other we see almost a constant
difference of 2.5 ◦C (fig. 17b). This is a direct result of the dependency between
the flow through the HTE-system and the flow through the stream ecosystem.
Although this is not an advanced calculation and result, it is depicted as a result
so that it can be compared with the resulting temperature and temperature
difference with the configuration two HTE-system.

36



The thermal energy that is available for the built environment per day over the
period that was analysed, is depicted in figure 17c. The curve has the same
profile as the flow through the stream (app. F. This is the result of the pro-
grammed dependency between the flow in the stream ecosystem and the flow
through the HTE-system. The annual amount of energy that is extracted from
the stream is 27.8 TJ and eventually 22 TJ is available for the built environment.

The longitudinal range for configuration one is depicted in figure 17d. The
course of λ is depicted in appendix H. On average the longitudinal range is
2.9 km. The longest range is 10 km on the 14th of March. The shortest range
is 0.5 km on the 1th of December 2018. The sensitivity of the model for the
assumption of a linear thermal recovery instead of the more realistic asymp-
totic recovery was +124% for the situation on the 1th of July. In appendix I the
sensitivity for the temperature change in the HTE-system of the extracted ther-
mal energy, the available energy for the built environment and the longitudinal
range is depicted.

Configuration two Figure 18a shows the course of the original temperature
of the stream before HTE (TEB) and the resulting temperature after HTE (TEA)
with configuration two. In figure 18b the difference between the temperature
before and after HTE is depicted. Here we see more variation in the tempera-
ture decrease than with configuration one. This is the consequence of the fixed
water flow through, and thermal energy extraction by, the HTE-system while
the incoming energy in the stream varies. The maximum temperature decrease
is 18.1 ◦ C on the 26th of June. The minimum temperature decrease is 1.15 ◦C
on the 16th of March. This is the result of respectively a relatively low and high
flow in the stream.

The energy that is available for the built environment per day over the period
that was analysed, is depicted in figure 18c. It is relatively constant as the flow
through the HTE-system is constant. The annual extracted energy from the
stream is 52.6 TJ and for the built environment 41.8 TJ is available. The longi-
tudinal range is depicted in figure 18d. The course of λ is depicted in appendix
H. On average the longitudinal range is 2.5 km. The longest range is 9 km on
the 14th of March. The shortest range is 0.5 km on the 1th of December 2018.
The sensitivity of the model for the assumption of a linear thermal recovery
instead of the more realistic asymptotic recovery was +120% for the situation
on the 1th of July.
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(a) Temperature course before and after HTE was applied.

(b) Temperature decrease after HTE was applied. Over the entire time period the temperature of
the stream decreased with 2.5 ◦C.

(c) Energy available for the built environment per day. The annual sum is 22 TJ.

(d) The longitudinal range that the thermal influence of HTE has, per day, in the direction of the
water flow. The average range is 2.9 km. The minimum range is 0.5 km. The maximum range
is 10 km.

Figure 17: Resulting size of thermal influence with configuration one HTE-system.
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(a) Temperature course before and after HTE was applied.

(b) Temperature decrease after HTE was applied. The maximum temperature decrease is 18.1
◦C and the minimal temperature decrease is 1.15 ◦C.

(c) Energy available for the built environment per day. The annual sum is 44 TJ.

(d) The longitudinal range that the thermal influence of HTE has, per day, in the direction of the
water flow. The average range is 3 km. The minimum range is 0.5 km and the maximum range
is 9.9 km

Figure 18: Resulting size of thermal influence with configuration two HTE-system.
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3.2 Ecological indicators: status and effect

In section 2.5 of the method chapter we discussed the selection of the ecolog-
ical indicators which can be used for quantification of the effect of cold water
discharge on the ecology of a stream. We have applied the general thermal-water
quality that classifies the water quality based on the temperature of a stream.
Moreover we applied the fish spawning potential with which we determined
whether abundant fish species have the ability to spawn based on a tempera-
ture and monthly time window. Furthermore, we applied the Bivalve Species
Sensitivity Distribution with which we determined the Potentially not Occurring
Fraction of Bivalves.

In the following subsections we will analyse the ecological indicators sepa-
rately, for the Goorloop case. For each indicator we will describe the status
before and after HTE, per HTE-system configuration, and we will describe the
effect of the cold water. Moreover, we will treat the results of several sensi-
tivity analysis. In appendix I the sensitivity for the temperature change in the
HTE-system of the thermal water quality, the fish spawning potential and the
bivalve PNOF is depicted and discussed.

3.2.1 General thermal water quality score

In this subsection we will describe the results regarding the status of the gen-
eral thermal water quality before and after HTE as well as the effect of HTE on
the general thermal water quality. A distinction is made between configura-
tion one and configuration two of the HTE-system. Moreover, we will discuss
the sensitivity of the model for the allocation of an R4 water type to the stream
instead of the official R5 water type10.

In figure 19a and 20a the status of the thermal water quality score before HTE
(QSB) is depicted. The highest annual score that can be reached is 1460 QSP.
With the allocation of the original R5 water type we see that the temperature
exceeds the ’very good’ threshold from the 24th until the 30th of June and from
the 23th until the 26th of July. The quality score becomes ’good’ or even ’mod-
erate’. The annual thermal water quality score before HTE is 1445 QSP. When
the R4 water type is allocated to the stream the quality score starts exceeding
the ’very good’ threshold on the 18th of April. On the 18th of October the stream
temperature is recovered to the ’very good’ quality. The annual quality score
before HTE is 1123 QSP.

Configuration one In figure 19a the status of the thermal water quality after
(QSA) HTE for both the R5 and the R4 water type is depicted. In the situation
after HTE, and the R5 water type allocated to the stream, on the 25th of June and
on the 24th and 25th of July the temperature exceeds the ’very good’ threshold
and gets the classification of ’good’ (3 QSP). The annual thermal water quality
score after HTE is 1457 QSP. The absolute effect of HTE (dQSR5 in fig. 19b) is

10See table 3. e.g. in case of the R5 water type, a score of 4 QSP will be reached when stream
temperature is lower than 23 degrees Celsius. In case of the allocation of the R4 water type, tem-
perature needs to be below 14 degrees Celsius to receive a quality score of 4 QSP.
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an increase of the quality score with one QSP on ten days at the end of June and
at the end of July. The quality score is two QSP higher on one day in July. The
quality score does not drop below 3 QSP (good) any more. In figure 19c the
relative trend of the effect is depicted. The annual effect of HTE is an increase
of 12 points. When compared to the situation before HTE the score increases
with 0.83%.

When the R4 water type is allocated to the stream the thermal water quality
score after HTE starts exceeding the ’very good’ threshold on the 18th of May
and recovers on the 27th of September. The annual quality score after HTE is
1261 QSP. In this case the effect of HTE looks like dQSR4 as depicted in the
graph of figure 19b. The effect of HTE is positive to the quality score from
April until, through October. The quality score is raised mainly with 1 QSP
per day and on some days with 2 QSP. With this the annual effect of HTE
on the thermal water quality is an increase of 138 QSP which is +9.55% when
compared to the quality score before HTE.

Configuration 2 In figure 20a the status of the thermal water quality after
HTE (QSA) for both the R5 and the R4 water type is depicted. In case the orig-
inal R5 water type is allocated to the stream the annual thermal water quality
score becomes as high as possible; 1460 QSP. All the moments at which the
quality score before HTE were lower than ’very good’ are brought to the max-
imum score. The effect per day is depicted in figure 20b, dQS_R5. On annual
basis this means an increase of 15 QSP. The relative effect is depicted in figure
20c, dQS_R5. Annually the relative effect becomes +1%.

If an R4 water type would have been assigned to the Goorloop the thermal
water quality score would have looked like QS_R4. It starts exceeding 23 ◦C
-the ’very good’ water quality threshold- on the 1th of June and finally recovers
on the 1th of September. The annual score would have been 1372 points. The
effect of HTE would have looked like as curve dQS_R4 depicted in figure 20b.
In this case we also see a positive effect on the thermal water quality score
from April until, through October. The quality scores mainly raises with one
and two points on a day and in several cases with three points. The annual
thermal water quality score increases with 249 QSP. In figure 20c drQS_R4
describes the relative effect of HTE in this case. The annual effect of HTE on
the quality score is +17.05% . Moreover, the quality score does not drop below
1 QSP (insufficient) any more.
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(a) The status of the thermal water quality score before (QSB) and after (QSA) HTE for both the
R5 and the R4 water type. The annual sum for QS_B_R5 is 1445, for QS_A_R5 this is 1457,
for QS_B_R4 it is 1123 and for QS_A_R4 it is 1261.

(b) The effect of HTE on the thermal water quality score. Annually the effect is +12 points with
the R5 water type dQS_R5 and +138 points with the R4 water type dQS_R4.

(c) The relative effect of HTE with respect to the status before HTE for both the R5 (drQS_R5)
and R4 (drQS_R4) water type. The annual average increases respectively with 0.83% and
9.55%. Missing data points are caused by a score of 0 QSP in the situation before HTE since
this results in an infinite increase of the relative quality score.

Figure 19: The status of, and the effect on, the general thermal water quality score with
configuration 1 of the HTE-system.
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(a) The annual sums for QS_B_R5 is 1445, for QS_A_R5 this is 1460, for QS_B_R4 it is 1123
and for QS_A_R4 it is 1372.

(b) The effect of HTE on the thermal water quality score. Annually the effect is +15 points with
the R5 water type (dQS_R5) and +249 points with the R4 water type (dQS_R4).

(c) The relative effect of HTE with respect to the status before HTE for both the R5 (drQS_R5)
and R4 (drQS_R4) water type. The annual average increases respectively with 1% and 17.05%.
Missing data points are caused by a score of 0 QSP in the situation before HTE since this results
in an infinite increase of the relative quality score.

Figure 20: The status of, and the effect on, the general thermal water quality score with
configuration 2 of the HTE-system.
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3.2.2 Fish spawning potential

The status of the fish spawning potential before HTE (SP_B) is depicted in fig-
ure 21a. The first fish species are able to spawn on the 1th of February. We see
a steady incline towards summer and a steady decline towards autumn. After
August no fish species are able to spawn any more. The largest amount of fish
species (nine) are able to spawn on the 31th of May and on the 6th, 11th, 14th
and the 16th of June. The annual amount of fish spawning potential days is 882
SPD. In table 8 and 9 the status of the annual amount of spawning days per
fish species before HTE (SP_B) is depicted. In this table we also see the fish
species that are expected and aimed to be present in the Goorloop. The pike
(Esox lucius) has the most spawning potential days (143). The gudgeon (Gobio
gobio) has the least amount of spawning potential days (43).

Configuration one The status of the fish spawning potential after HTE (SP_A)
is also depicted in figure 21a. Comparable to the situation before HTE we see
a steady incline towards summer and a steady decline towards autumn. The
largest amount of fish species that are able to spawn is also nine. This is reached
on the 18th and the 22nd of May and on the 6th of August. The annual amount
of fish spawning potential days for the situation after HTE is 872. In figure 21b
the effect of HTE on the daily fish spawning potential is depicted. It starts to be
negative on the 2nd of February. The maximum decrease in spawning potential
is three fish species on several moments in May. The total amount of negative
fish spawning potential days is 105 in the analysed year. Starting from the 29th

of May until the 31th of October the effect of HTE is mainly positive. The largest
positive effect is a spawning potential increase of 3 SPD. The annual sum of
added potential spawning days is 95 SPD. Thus, in the whole year the amount
of fish spawning potential days will decrease with 10 SPD. When we compare
the absolute effect to the spawning potential before HTE we get the curve as
plotted in figure 21c. With respect to the situation before HTE the maximum
increase is 100% on the 27th of July the maximum decrease is 100% on the 20th

of August. On annual basis the spawning potential decreases with 1.13%.

The annual status of, and the effect of the configuration one HTE-system on,
the spawning potential of individual fish species is depicted in column dSP of
table 8. After HTE the pike (Esox lucius) is still the species that has the most
spawning potential days (149 SPD). The fish species with the least amount
of spawning potential days (25 SPD) is now the belica (Leucaspius delineatus).
The largest decrease in spawning potential is 21 days for the common rudd
(Scardinius erythrophthalmus). The largest increase in spawning potential is
28 SPD for the threespine stickleback (Gasteroceus aculeatus). When compar-
ing the effect of HTE on the spawning potential to the spawning potential be-
fore HTE, the spined loach (Cobitis Taenia) has the largest decrease of 35%. The
common nase (Chondrostoma nasus) has the largest increase of 44.4%.
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(a) The status of the spawning potential before (SP_B) and after (SP_A) HTE. The annual
spawning potential is 882 before HTE and 872 after HTE.

(b) The effect of HTE on spawning potential days. Annual effect is -10 days.

(c) The relative effect of HTE on the spawning potential days. Annual effect is -1.13%

Figure 21: The status of, and the effect on, the fish spawning potential with configura-
tion 1 of the HTE-system.

Table 8: Annual spawning potential before (SP_B) [SPD] and after (SP_A) [SPD]
the configuration one HTE-system, absolute (dSP) [SPD] and relative effect (drSP)
[%] per fish species.

Scientific fish species name SP_B SP_A dSP drSP
Barbatula barbatula 46 36 -10 -21.7
Cottus gobio 70 57 -13 -18.6
Esox lucius 143 149 6 4.2
Gasteroceus aculeatus 79 107 28 35.4
Gobio gobio 43 44 1 2.3
Leucaspius delineatus 45 25 -20 -44.4
Leuciscus leuciscus 82 83 1 1.2
Perca fluviatilis 101 125 24 23.8
Rutilus rutilus 75 86 11 14.7
Scardinius erythrophthalmus 95 74 -21 -22.1
Tinca tinca 103 86 -17 -16.5
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Configuration two The status of the fish spawning potential in combination
with the configuration two HTE-system is depicted in figure 22a. The first
fish species are able to spawn on the 1th of February. Until the beginning of
March this remains one species. Through March and the beginning of April
the spawning potential fluctuates between 4 and 1 SPD. Through April and
the first half of May the spawning potential drops to 1 SPD again. At the half
of May we see a sharp increase of the spawning potential. Until the end of July
this remains between 5 and 9 SPD with one dip at the beginning of July. On
the 1th, 14th, 15th and the 20th of June the most species (9) are potentially able to
spawn. At the end of July the spawning potential drops quite abrupt to 0 SPD
for the rest of the year with the exception of eight days on which one species is
potentially able to spawn. The annual spawning potential is 668 SPD.

In figure 22b the effect of HTE on the daily fish spawning potential is depicted.
It starts to be negative on the 6nd of February. The maximum decrease in
spawning potential is 8 SPD on the 8th of June. The total amount of nega-
tive fish spawning potential days is 341 SPD in the analysed year. Starting
from the 14th of June until the 31th of July the effect of HTE is mainly positive.
The highest positive effect is an increase of 5 SPD. The annual sum of added
potential spawning days is 126 SPD. Thus, in the whole year the amount of
fish spawning potential days will decrease with 215 SPD. When we compare
the absolute effect to the spawning potential before HTE we get the curve as
plotted in figure 22c. With respect to the situation before HTE the maximum
increase is 167% on the 27th, 28th and 30th of June. The maximum relative de-
crease is 100% on the 19th of February and on nineteen moments in August.
On annual basis the spawning potential decreases with 24.38%.

In table 9 the results for the status of, and the effect on, the annual spawning
potential per fish species are depicted. Also after the configuration two HTE-
system the pike (Esox lucius) remains the species with the largest spawning
potential of 150 SPD. The fish species with the least amount of spawning po-
tential is now the belica (Leucaspius delineatus) with 16 SPD. The tench (Tinca
tinca) has the largest reduction of spawning potential days (64 SPD). Six of the
eleven fish species see a reduction of more than 20 SPD. However, some fish
species see a minor increase. The pike has the largest increase of 7 SPD. When
the absolute effect is compared to the status before HTE than we see the biggest
reduction of 64.4% for the belica (Leucaspius delineatus). The relative spawning
potential increase is the largest (11.6%) for the gudgeon (Gobio gobio).
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(a) The status of the spawning potential before (SP_B) and after (SP_A) HTE. The annual
spawning potential is 882 days before HTE and 667 after HTE.

(b) The effect of HTE on spawning potential days. Annual effect is -215 days.

(c) The relative effect of HTE on the spawning potential days. Annual effect is -24.38%

Figure 22: The status of, and the effect on, the fish spawning potential with configura-
tion 1 of the HTE-system.

Table 9: Annual spawning potential before (SP_B) [SPD] and after (SP_A) [SPD]
the configuration two HTE-system, absolute (dSP) [SPD] and relative effect (drSP)
[%] per fish species.

Scientific fish species name SP_B SP_A dSP drSP
Barbatula barbatula 46 23 -23 -50.0
Cottus gobio 70 36 -34 -48.6
Esox lucius 143 150 7 4.9
Gasteroceus aculeatus 79 80 1 1.3
Gobio gobio 43 48 5 11.6
Leucaspius delineatus 45 16 -29 -64.4
Leuciscus leuciscus 82 50 -32 -39.0
Perca fluviatilis 101 100 -1 -1.0
Rutilus rutilus 75 76 1 1.3
Scardinius erythrophthalmus 95 50 -45 -47.4
Tinca tinca 103 39 -64 -62.1
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3.2.3 Potentially not Occurring Fraction of Bivalves

The status of the bivalve PNOF before the implementation of HTE is depicted
in figure 23a and 24a. In the situation before HTE the PNOF (PNOF_B) is rela-
tively high at the end of autumn and in the first half of winter. With the highest
PNOF of 0.87 on the 22th of January. It decreases when water temperature rises
at the end of winter and during spring. In April and May the temperature
of the stream is around 15 ◦C which results in a PNOF that approaches 0 on
multiple days. In summer temperatures rise above 15 ◦C which results in a
higher PNOF. The highest PNOF value in summer is 0.52 on the 25th of July. In
September the temperature of the stream has decreased to 15 ◦C again resulting
in a PNOF around 0. Starting from the end of October the water cools down
further and as a result of the minimum temperature requirement of the SSD
the PNOF rises. The average PNOF on annual basis, for the situation before
HTE is 0.24.

Configuration one The status of, and the effect on, the bivalve PNOF after
application of HTE with configuration one is depicted in figure 23. In figure
23a we see that the character of the PNOF curve (PNOF_A) is comparable to
the situation before HTE. However, the highest PNOF is now 0.96 on the 22th

of January. The stream temperature approaches 15 ◦C, and a PNOF of almost
0, in late May. The stream temperature is higher than 15 ◦C until September
and reaches the highest (summer) PNOF of 0.32 on the 25th of July. The stream
temperature drops below 15 ◦C again at the end of September. The annual
average PNOF in the situation after HTE is 0.32.

The absolute effect of the thermal influence of HTE on the bivalve PNOF is de-
picted in figure 23b. From the start of the analysed period until the end of May
the PNOF is, on average, 0.17 points higher than it was before HTE. The largest
increase is 0.23 on 37 days. From the end of May until the start of September
the PNOF is, on average, 0.07 lower. The largest decrease is 0.20 on the 25th of
July. In September the effect of HTE results in a higher PNOF again. The largest
increase is 0.23 on 11 days. On average the bivalve PNOF increases with 0.08
as a result of HTE. In figure 23c the relative effect (the absolute effect with re-
spect to the PNOF before HTE) is depicted. From the start until half of June the
PNOF increases between 6% and 280%. After relatively large fluctuations the
relative effect stabilizes between -40% and -70% until the start of September.
Again several large fluctuations can be seen until the end of September. From
then on the relative effect remains positive again with values between 35% and
280%. The annual average bivalve PNOF increases with 35 %.
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(a) The PNOF of freshwater bivalves before and after HTE application. The annual average
PNOF is 0.24 before HTE and 0.32 after HTE.

(b) The difference between the PNOF of freshwater bivalves before and after HTE application
plotted along the times axis. The effect of HTE on the average PNOF is +0.08.

(c) The relative effect of HTE on the bivalve PNOF. The effect on the annual average is +35.43%

Figure 23: The status of, and the effect on, the bivalve PNOF with configuration one
of the HTE-system.
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Configuration two The status of the bivalve PNOF after application of HTE
with configuration two is depicted in figure 24a. The PNOF curve has a more
extreme character. From half of November until the end of February and in
April and the beginning of May the PNOF is often at values around 0.95. After
a rapid decline the PNOF stays below 0.2 from the second half of May until
September with an exceptional 0.95 peak at the beginning of July. With val-
ues varying between 0.2 and 0.9 the PNOF curve inclines again at the start of
September and approaches 0.8 at the end of November. The annual average
PNOF in the situation after HTE is 0.49.

The absolute effect of the thermal influence of HTE on the bivalve PNOF is
depicted in figure 24b. From the start of the analysed period until the end
of May the PNOF is, on average, 0.41 higher than it was before HTE. Several
peaks can be seen, at the end of April and the beginning of May, that are larger
than 0.8. The largest increase is 0.91 on the 23th and the 24th of April and on the
8th of June. From the end of May until the start of September the PNOF is, on
average, 0.08 lower than it was before HTE. The largest decrease is 0.41 on the
25th of July. From the start of September the effect of HTE results in a higher
PNOF again. The largest increase is 0.87 on the 16th of September. On average
the bivalve PNOF increases with 0.26 as a result of HTE.

In figure 24c the relative effect (the absolute effect with respect to the PNOF
before HTE) is depicted. From the start until half of June the PNOF increases
between 6% and 5498%. After relatively large fluctuations the relative effect
stabilizes between -4% and -92% until the start of September. From then on the
relative effect remains positive again with values between 14% and 6348%. The
annual average bivalve PNOF increases with 108.34 %.
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(a) The PNOF of freshwater bivalves before and after HTE application. The annual average
PNOF is 0.24 before HTE and 0.49 after HTE.

(b) The difference between the PNOF of freshwater bivalves before and after HTE application
plotted along the times axis. The effect of HTE on the annual average PNOF is +0.26.

(c) The relative effect of HTE on the bivalve PNOF. The effect on the annual average is +108.34%

Figure 24: The status of, and the effect on, the bivalve PNOF with configuration two
of the HTE-system.
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4 Discussion and conclusion

In this section we will discuss the strengths and weaknesses of the model and
the results of this study. Moreover we will appoint opportunities for further
research and development of the model. Thereafter, we will draw the conclu-
sions based on the applied method and the results produced by the model.

4.1 Discussion

The discussion of this research is built as depicted in figure 25. The model is the
base for this research and contains several unique aspects but also assumptions
and limitations. The same is valid for the implemented case of the Goorloop.
Running the model with the Goorloop case has produced the results that of
course still contain the unique elements and limitations of the previous steps
but also has some topics for discussion of its own. Finally, with all the pro’s
and con’s of the model, applied case and the results we discus the value of the
conclusions we can draw from this research.

Figure 25: Relation between aspects of the discussion

4.1.1 Model

Modelling the influence of thermal energy recovery with HTE on the selected
ecological indicators in a stream, makes this study unique. The selected eco-
logical indicators cover multiple trophic levels of the stream ecology. As men-
tioned before ecosystems are complex interactions between organisms and their
biophysical environment. Influencing one or more ecological indicators on one
or more trophic levels can, via a web of interactions, result in effects on the
entire ecology. Therefore, this model can be used to get a first insight in the
potential effect thermal energy recovery by HTE can have on the ecology of a
stream. Besides, although the size of the effects of HTE on the different ecolog-
ical indicators is not directly aggregatable, the course of the effects over time
can provide an indication of the direction (positive or negative) of the effect.
The model has some limitations however, which will be discussed below.

Firstly, the selected set of indicators do not cover all aspects of the stream ecol-
ogy. To determine the potential effect of thermal energy recovery more accu-
rately it is recommend to implement more ecological indicators. Macrophytes
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for example remain an interesting ecological indicator to include because of
their crucial role in a freshwater ecosystem (STOWA, 2017a). Besides, the used
bivalve SSD was based on European species and not all species are present
in the Netherlands and the specific stream (personal communication F. Collas,
March 5, 2020). This could lead to overestimation of the PNOF especially in
winter (personal communication F. Collas, July 29, 2020). Selecting the present
bivalve species, comparable to the approach with the fish species, would give
more representative results.

Limiting blue algae (Cyanobacteria) blooms is one specific ecological aspect
mentioned in many media (STOWA, 2018c) on which cold water discharge
from HTE could have a positive influence. This cannot directly be proved with
this model. However, an aquatic system with a good ecological quality has a
smaller chance for blue algae blooms than an aquatic system with a bad ecolog-
ical quality. With this one could say that positive effects on the ecology could,
but not necessarily, have a positive effect in reducing the chance for a blue al-
gae bloom. As this model does provide some insight in the potential positive
effect of HTE on the ecology it may help with designing a solution for the blue
algae problems.

Secondly, except for the fish spawning temperature no temperature trigger val-
ues11 have been taken into account. For bivalves these could provide insight
in the effect HTE could have on competition between endemic and exotic lob-
ster species (personal communication F. Collas, March 5, 2020). Temperature
trigger values also addresses the concern of many aquatic ecologists regarding
fish stopping their migration to their spawning ground as a result of thermal
plumes that form a cold water barrier (STOWA, 2018c). In this study a homo-
geneously divided temperature over the entire cross-section of the stream was
assumed. Although this is likely for (very) small streams it was not validated
and therefore it is a point of attention since the effect on the ecology also may
differ from the position in the cross-section of the stream.

Thirdly, present stressors such as chemical pollution and draught can play a
role. To predict the actual effect of HTE on the ecology of a stream it is recom-
mended to take these into account12.

Fourthly, the longitudinal range of the thermal influence reported in the results
provides a first idea of the order of magnitude of the size of the thermal influ-
ence. However, the sensitivity analysis shows that this is a significant under
estimation because of the linear simplification. Moreover, the change of the
size of the thermal influence, and with this the effect on the ecology, during the
recovery of the thermal balance was not taken into account.

Fifthly, the model includes only one HTE-system setup. Other system setups
are thinkable however. For example a system without thermal energy storage
and an HTE-system that combines warm13 and cold water discharge.

11Temperatures that trigger organisms to become active, start feeding, grow and reproduce.
12Important to mention is that the actual influence of an HTE-system on the ecology is depen-

dent on more influencing mechanisms than only the thermal influence. Also chemical (eco tox-
icological from anti fouling strategies), mechanical (damaging or killing organisms in the pump
installations) and hydrological (induced flow in the stream as a result of the pump installation)
influences can play a role.

13Which is a realistic configuration when cooling the built environment in the summer is also
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4.1.2 Case

The applied case of the Goorloop meets the requirements of the used definition
of a small, slow flowing freshwater ecosystem. The available daily temperature
and flow data enabled a detailed analyses. Moreover, the geographic posi-
tion of the case is representative since the built environment is close by which
makes recovery of thermal energy a realistic alternative solution for heating
the buildings of this region. The case has some shortcomings however.

Firstly, the representativeness of the single stream and the time frame of one
(historically warm) year can, from statistical point of view, be discussed. The
dimensions of the cross-section, the temperature and the flow can vary consid-
erably compared to other streams. To be able to produce more representative
results, to base generic guidelines on, it is recommended to use longer time
frames of at least 5 to 20 years (Hein et al., 2008) and to apply more streams at
various locations.

Secondly, in this study two, relatively extreme but simple, configurations of
the HTE-system were included. The results of the HTE temperature change
sensitivity analysis however, show a substantial variety in annual outcome of
the model with different temperature settings. Since many more configura-
tions are conceivable, applying several more advanced temperature reduction
strategies such as mentioned by CE Delft and Deltares (2018) may be interest-
ing. This could help generate insight for engineers to develop HTE-systems
that are optimized for both positive effects on the ecology and maximum ther-
mal energy recovery for the built environment. By application of the various
verification methods in this research we ensured that the model provides re-
sults that are replicable with other cases and HTE-system configurations.

4.1.3 Results

The objective of modelling the potential effects of HTE on the stream ecology
is to generate insight with which one can prevent negative effects and turn to
account the opportunities for positive effects. To date no modelling study has
been performed which generates results that provide insight in the potential
effect of HTE on the ecology in a stream on seasonal and daily basis, in relation
to the thermal energy that would come available for the built environment.
The produced results in this research clearly show were the effects on the in-
dicators are positive and where they are negative. We also see the moments of
transition between these two and we get an indication of the size of the effect.
Therefore the results can be used to determine the moments at which thermal
energy recovery is expected to have positive effects on the ecology and at which
moments thermal energy recovery should be avoided to prevent negative eco-
logical effects. Moreover, the longitudinal range shows us the size of the part
of the stream that is influenced. Which can be used as a weighing factor for the
effect on the ecology. This range can also be used to determine the minimal dis-
tance between two HTE-systems to prevent thermal interaction. Although the
results provide us with valuable information there are some points of attention.

part of the thermal energy solution.
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Firstly, we see excessive temperature decreases with the configuration two
HTE-system. This is the result of variation in the flow through the stream while
the amount of extracted energy by HTE remains the same. Many practical ar-
guments can be raised which makes this not possible. However, if the water
of the stream flows through the HTE-system multiple times because the flow
through the HTE-system is larger than the flow through the stream it is tech-
nically possible to lower the stream temperature in multiple steps. With this
temperature decrease of more than 5 ◦C can be realised.

Secondly, in the winter period we see an extremely high bivalve PNOF. It is
likely that this is the result of the inclusion of more bivalve species than actually
are present in the Dutch waters and the Goorloop.

4.1.4 Value of conclusions

The conclusions that can be drawn from the results have value for the specific
case that was analysed but also for the HTE in general. The moments in time on
which the positive effects occur correspond to the advised thermal energy ex-
traction strategy of CE Delft and Deltares (2018). This supports the conclusions
that are drawn regarding the moments in time at which thermal energy should
be extracted to only have positive effects on the ecology of the Goorloop. With
this the amount of thermal energy that was calculated to become available for
the built environment should also be a representative first estimation for this
case.

The other way around, since the outcome of this research shows that posi-
tive effects on the ecology can (only) be expected in summer this supports this
strategy for only extracting thermal energy in summer. This is valuable for the
development of a national regulatory framework and guidelines for cold wa-
ter discharge. As mentioned before however, it is recommended to, from sta-
tistical point of view, perform more and longer analysis with more ecological
indicators before using the outcome of this research as generically applicable
guidelines on future time frames and other streams.

4.1.5 Base for further research

Despite the discussion points the model that was developed in this research can
serve as a basis for future research. Programmed in freely available and world
wide supported Python code, the model can be developed further by any-
one interested and involved with the sustainable application of HTE-systems.
Other streams can be applied and other HTE related stressors can be imple-
mented. Besides, the model can be expanded with other ecological indicators.
The model can also be used to design the energy extraction for a certain stream
HTE-system combination, in a way mostly positive effects can be expected on
the investigated ecological indicators.
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4.2 Conclusion

In this chapter we will describe the answer on the main research question: ’to
what extend is the ecology of a streams affected by thermal energy recovery
with HTE?’

In the results we can identify moments in which the effect of HTE on the eco-
logical indicators, and with this the ecology as a whole, is mainly positive. We
can also identify moments in which the effect is mainly negative. Moreover,
there are moments in which there are no effects (neutral) and were the effects
vary between positive and negative. In table 10 we provide an overview of
the conclusions. Thereafter, we will describe the drawn conclusions regarding
the effect on the ecology and the relation with the longitudinal rang and the
available energy in more detail.

Table 10: Effect of HTE on the stream ecology categorized in Positive, Negative,
Neutral and Varying. Assigned per month from January (J) until December (D).
EBUILT was summed up for the particular period and has a range as a result of dif-
ferences in the HTE-system configurations. Under s the minimum and the maximum
longitudinal range in the particular period are depicted.

Effect Time [Month] EBuilt sr
J F M A M J J A S O N D [TJ] [km]

Pos. X X 3.0 – 6.0 2.0 - 4.0
Neg. X X X X 6.5 – 13.0 0.5 – 10
Neu. X X X X X 8.5 - 16.5 0.5 - 8.0
Var. X X 2.5 – 5.5 0.5 - 4.5

Positive are the main effects on the ecology from the second half of June until
the end of July. This can be appointed to the reduction of the natural peak
temperatures with HTE in this period in which all ecological indicators show
positive effects. With this it can be expected that the entire ecology will benefit
from the cold water discharge of HTE over a longitudinal distance between 2
and 4 km. These positive effects come with 50 up to 130 GJ of thermal energy
for the built environment per day with a total between 3 and 6 TJ (100-200
household equivalent14). The latter is depend upon the configuration of HTE-
system.

Negative are the main effects on the ecology from the start of February until
the end of May. Although there is no effect on the thermal water quality, the
fish spawning potential and the bivalve PNOF do show negative effects. There-
fore, it can be expected that the ecological quality will be affected negatively in
this period due to lower temperatures 15. Due to a relatively high fluctuation of
the flow in the stream the longitudinal range of these effects fluctuate as well,

14To help the reader to place the amount of energy in a context we also display how much
households could be heated with this amount of energy. For this we assume that a typical house-
hold needs 30 GJ/year for living space heating

15If we take into account the sensitivity of the thermal water quality for the allocation of another
water type the results could be interpreted more positive for this moment.
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from 0.4 up to 9 km. With the fluctuations in the flow, the thermal energy for
the built environment, that can be related to these effects, fluctuates as well.
Per day from 10 up to 250 GJ is available. Depend on the HTE-system con-
figuration these moments contain between 6.5 up to 13 TJ of thermal energy
(200-400 household equivalent13) in total.

Neutral are the effects in the time frame from the start of September until the
end of February. Although the bivalve PNOF still has negative effects, we see
no effect on the thermal water quality and the fish spawning potential. The
latter is the result of the temperatures that have become lower than required
for the highest quality score and in this time window no fish species prefers
to spawn. Therefore, we define the effects in this time frame as neutral. The
longitudinal range of the thermal influence fluctuates between 0.5 and 8 km.
The daily available thermal energy would be between 10 and 120 GJ and the
total amount of thermal energy over the analysed period would be between 8.5
and 16.5 TJ (280-550 household equivalent13).

Varying effects are seen in the first half of June and from the end of July un-
til the end of August. The results show both positive and negative effects on
the bivalve PNOF and the fish spawning potential. In these periods the tem-
perature is between fifteen and twenty degrees Celsius which seems to form
a tipping point for the effects. On a daily basis the available energy fluctu-
ates between 15 and 130 GJ. Depending on the HTE-system configuration this
moment can stand for 2.5 up to 5.5 TJ of thermal energy (80-180 household
equivalent13) for the built environment in total.

The generic conclusion , both for this case and HTE in general, based on the
results of this research, is that cold water discharge from HTE can potentially
affect the ecology of a stream both positively and negatively, depending on the
time of the year. To prevent negative effects on the ecology HTE should not
be applied in (late) winter16 and (early) spring. In line with the advice and
assumptions of CE Delft and Deltares (2018) and de Boer et al. (2015) HTE can
be applied in (early) summer to enhance positive effects on the ecology. More-
over, we see that the temperature decrease can be larger than the temperature
increase resulting from global climate change (fig. 3) that we have seen to date.
Specifically for the applied case the effects can have a range of several hundred
meters up to several kilometers and available energy can vary significantly
with the configuration of the HTE-system in combination with the flow of the
stream.

16Although some see this a solution to enable popular ice skating competitions as the ’elfste-
dentocht’ (van den Dobbelsteen, 2019).
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5 Recommendations

Based on the conclusions of this research we recommend to only extract ther-
mal energy with HTE from streams in summer and not in winter and spring.

In the discussion several topics were mentioned that deserve extra attention.
Investigating these topics could be highly valuable for both the role of HTE
in the Dutch energy transition and preserving the ecosystems that provide the
Dutch society with many other ecosystem services than only thermal energy.
Therefore, we recommend to perform additional research based on these topics
to generate more insight in the effects that cold water discharge by HTE could
have on the ecology of streams with the objective of enabling, large scale but
also responsible, application of HTE. The topics that deserve the most attention
are:

a) Select present bivalve species for bivalve PNOF analyses

b) Implement more ecological indicators in model (with a.o. temperature
trigger values)

c) Implement function for present stressors in model

d) Improve longitudinal range calculations with asymptotic recovery pro-
cess

e) Include more HTE-system setups and apply more advanced thermal en-
ergy recovery strategies

f) Apply more streams and longer time frames as case

In this future research we strongly recommend to keep applying an interdisci-
plinary system approach that includes both the need of the Dutch society for
sustainable and comfortable warmth ánd our responsibility for taking good
care of the freshwater ecosystems around us.
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A Future development of global temperature

Figure 26: Predicted temperature change for North Europe from June till August
(IPCC, 2013)
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B Water types according to the WFD

Water types according to the WFD. Water types relevant for this research are:
R4, R19, R5, R6, R7, R12, R20
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C Relation between research questions and method
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RESEARCH QUESTION TREE

METHOD DIAGRAM

Calculation of
Resulting temperature

Calculation of  
Generated energy for
the built environment

Calculation of
Longitudinal range

ECOLOGICAL analysis

ASSEMBLY of the model

Determination of
General thermal-

water quality

Determination of
Fish spawning

potential

Determination of
Potentially not

occurring fraction
bivalves

HTE-system Ecosystem
CASE definition

THERMAL analysis

PROGRAMMING 
of the model

VERIFICATION 
of the model

EFFECT OF THERMAL ENERGY RECOVERY WITH HTE ON THE
ECOLOGY OF A SMALL, SLOW FLOWING FRESHWATER

ECOSYSTEM

GENERIC MODEL
COMPONENTS

definition

definition of 
CHARACTERISTICS,

SPECIFICATIONS 
and INDICATORS

MAIN RESEARCH QUESTION:
To what extend is the ecology of a stream affected by thermal energy

recovery with HTE?

Subquestion 3: Which ecological
indicators can be used for

quantification of the effects of cold
water discharge on the ecology of

stream ecosystems?

Subquestion 1: Which characteristics, that describe the thermal
interaction between thermal energy recovery with HTE and a stream
ecosystem, have a significant influence on the thermal balance of the

ecosystem?

Subquestion 2: What is the size of the thermal characteristics, as a result
from thermal energy recovery by HTE?

Subquestion 4: What is the status of the ecological indicators before and
after cold water discharge by HTE?



D Spawning temperatures and moments

Overview of spawning temperatures and moments of freshwater fish species
that are expected to spawn in Dutch freshwater ecosystems
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E Weather station Eindhoven properties

Overview of the properties of the weather station located in Eindhoven which
was used for deriving air data at the position of the case.
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F Case data ecosystem

The case specific data of the Goorloop that was used as an input for the pro-
grammed model. From top to bottom: the temperature data for the ecosystem
(TEB) and the air (TAir); the flow data of the ecosystem (QE); the wind speed
(U10).
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G Communicative Model

The communicative model is composed out of the standard building blocks
depicted in table 11 and will be explained further below.

Table 11: Symbols for model components, modified from van Bussel (n.d.)

Model elements Symbol

Input element
Output elements
Driving forces

Conversion

Interaction

Quantifying data

Input elements are all elements or parameters that are used for performing a
calculation (conversion) in the model. These determine the base for all calcula-
tions that will be performed in the model and can be seen as primary elements.

Driving forces are the input elements that can and will be changed in the
model, and herewith introduce a change in the thermal and ecological outcome
of the model.

Conversions are the equations that describe how input elements correspond to
each other. More than one input element may serve as input for a conversion.

Output elements are generated by a conversion of the input elements. This
output element may serve as an input element again for a subsequent conver-
sion. These may be called intermediate output elements or secondary input el-
ements. The final output elements describe the effects of the changes in thermal
regime on aspects of the ecological quality of the stream ecosystem at hand.

Interaction describes the direct link of an element, driving force or conversion
with a subsequent conversion.

Quantifying data includes all data that are required for quantifying the pri-
mary input elements. The data is derived from multiple sources and eventually
conversed to quantified ecological effects.
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E_EB(t)
[J/day]

E_HTE(t)
[J/day]

ΔT_HTE *
Qd_HTE

* ρ_w * c_w

T_EB * Qd_E *
ρ_w * c_w

ΔT_HTE
[◦C]

c_w
[J/kg K]

ρ_w
[kg/m3 ]

Qd_HTE(t)
[m3/day]

Qs_HTE * tQs_HTE(t)
[m3/s]

E_EB -
E_HTE

E_EA(t)
[J/day]

T_EB(t)
[◦C]

Qs_E(t)
[m3/s]

t_day
[s/day]

Qs_E * 
t_day

Qd_E(t)
[m3/day]

E_EA / (Qd_E
* ρ_w * c_w)

*1

*1

4,180

86,400

997

*2

*2

Thermal Analysis - Resulting temperature

T_EA(t)
[◦C]

*1: Hystorical data from water authority
*2: HTE project data
*3: Hystorical data from KNMI

if 
E_EB < E_HTE

than
(E_HTE - (E_HTE -

E_EB)) / 
(Qd_HTE * ρ_w *

c_w) 

ΔT_HTE_corr
[◦C]



T_EA(t)
[◦C]

-λ * (T_EA -
T_EB)

ϕ_tot(t)
[J/m2*s]

T_EB(t)
[◦C]

(E_HTE / 
(w_E * v_E *
ϕ_tot))^0.5

v_E(t)
[m/s]

w_E
[m]

t_r(t)
[s] t_r * v_E s_r(t)

[m]

*1

*1

λ(t)
[-]

(4.48+0,049 ∗ 
T_EA+f(U10) ∗ 
(1.12+0.018 ∗ 

T_EA+0.00158∗
T_EA^2)

Thermal Analysis - Longitudinal range of thermal influence

E_HTE
[J/day]

f(U10)(t)(3.5+2*u10)*
(5*10^6/a)

U10(t)
[m/s]

a
[m2]1

*3

*1: Hystorical data from water authority
*2: HTE project data
*3: Hystorical data from KNMI

d_E
[m]

a_c
[m2]

Qs_E(t)
[m3/s]

w_E * d_E *
f_ca

Qs_E / a_c

*1 f_ca
[-]



*1: Hystorical data from water authority
*2: HTE project data
*3: Hystorical data from KNMI

T_ATES
[◦C]

T_BUILT
[◦C]

η_ATES
[-]

0.6*
(T_EB+273)/

(T_EB-
T_ATES)

0.6*
(T_ATES+273) 

/ (T_BUILT -
T_ATES)

COP_CH(t)
[-]

COP_DCH(t)
[-]

E_HTE *
COP_CH /

(COP_CH - 
1)

E_CH(t) /
(1+1*

η_ATES) 

E_DCH *
COP_DCH /
(COP_DCH

-1)

E_DCH(t)
[J/day]

E_BUILT(t)
[J/day]

*2

*2

*2

Thermal analysis - Available energy for built environment

E_HTE(t)
[J/day]

T_EB(t)
[◦C]

E_CH(t)
[J/day]

Σ E_BUILT(t) AE_BUILT
[J/Year]



∑QS_b

∑QS_A

AQS_A
[QSP/year]

AQS_A
[QSP/year]

AQS_A -
AQS_B

ΔAQS
[QSP/year]

QS(T)

Water 
quality 
matrix

T_EB(t)
[◦C]

Ecological Analyses - Thermal water quality score

determine 
QS

determine 
QS

QS_B(t)
[QSP]

QS_A(t)
[QSP]

T_EA(t)
[◦C]

KRW water type*1

*1: Hystorical data from water authority
*2: HTE project data
*3: Hystorical data from KNMI

ΔQS(t)
[QS]QS_A - QS_B

ΔAQS /
AQS_A

ΔrAQS
[%]



T_EA(t)
[◦C]

SP_B(i,t)
[SPD]

ΔSP(t)
[SPD / day]

SP_A(t) -
SP_B(t)

Spawning time
window

Spawning
temperature window

Spawning
matrix

Check within
window

1 (yes) / 0 (no)
(fs)

Within spawning
moment * within

spawning
temperature

Check within
window

1 (yes) / 0 (no)
(fs)

T_EB(t)
[◦C]

Check within
window

1 (yes) / 0 (no)
(fs)

Check within
window

1 (yes) / 0 (no)
(fs)

Spawning time
window

Spawning
temperature window

Spawning
matrix

Ecological Analyses - Fish Spawning Potential

Within spawning
moment (s,t)

[ 1  or 0 ]

Within spawning
temperature (s,t)

[ 1  or 0 ]

Within spawning
moment (i,t)

[ 1  or 0 ]

Within spawning
temperature (i,t)
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Ecological Analyses - Potentially Not Occuring Fraction of freshwater Bivalves
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H Lambda results

Figure 27: Lambda for the configuration one HTE-system

Figure 28: Lambda for the configuration two HTE-system
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I Temperature sensitivity analysis results

Since the temperature influence is the most important parameter of this re-
search we performed a sensitivity analysis on the dependency of the size of
thermal influence and the ecological indicators for fluctuations in the temper-
ature change in the HTE-system. In this analysis we applied both HTE-system
configurations. The results are depicted in respectively figure 29 and 30.

I.1 Size of thermal influence

The subtracted thermal energy and the available energy for the built environ-
ment displays a linear correlation with temperature change in the HTE-system.
The differences in absolute values can be accounted to the difference in the
flows of the HTE-system configurations. The sensitivity of the longitudinal
range for changes in the HTE temperature influence is relatively small and
linear. The spike between +1◦C and -1◦C shows that the linear approach for
determining the longitudinal range is not ideal.

I.2 Thermal water quality score

The dependency of the annual thermal water quality score with the temper-
ature change in the HTE-system shows an exponential declining course with
increasing temperatures with both configurations. The score will reach 1460 at
-7◦C with configuration one and at -3◦C with configuration two. We can con-
clude that the thermal water quality part of the model is not very sensitive for
a variation in temperature decrease. However, when temperature increases it
is quit sensitive.

I.3 Fish spawning potential

The sensitivity of the annual fish spawning potential for the temperature differ-
ence through HTE is significantly lower in the case of configuration one com-
pared to configuration two. Furthermore, the fish spawning potential has a
declining trend around the temperature change of -3 ◦C with configuration
one. Cooling further but also cooling less and heating up results in a declining
fish spawning potential. This decline has no dramatic course the differences
remain within a band with of about 10%. Configuration two however, has its
tipping point around 0 ◦C and the decline of the fish spawning potential is quit
dramatic in both directions and has a bandwidth of around 50%.

I.4 Bivalve PNOF

The sensitivity of the annual average bivalve PNOF for temperature change
in the HTE-system is significant. In the case of configuration one we see an
incline of about 50% between 0 ◦C and -7 ◦C. When the temperature increases
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we see a decline (which is positive from ecology point of view) of not more than
15%. With configuration two we see a larger sensitivity. Between a temperature
change of 0 and -7 ◦C the annual average PNOF increases with approximately
150%. When the temperature increases we see almost no change in PNOF up to
3 ◦C. However, between a 3 and 7 ◦C increase the PNOF increases again with
up to 60 %.

Figure 29: Annual sensitivity of size of thermal influence and ecological indicators for
the temperature change of the water that flows through the configuration one HTE-
system. From left to right and from top to bottom: thermal energy annually extracted
from the stream (AEHTE); thermal energy annually available for the built environment
(AEBUILT); annual average of the longitudinal range of the thermal influence (AAsr);
annual thermal water quality score after HTE (AQSA); annual fish spawning poten-
tial after HTE (ASPA); annual average of the potentially not occurring fraction of
bivalves after HTE (AAPNOFA).
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Figure 30: Annual sensitivity of size of thermal influence and ecological indicators for
the temperature change of the water that flows through the configuration two HTE-
system. From left to right and from top to bottom: thermal energy annually extracted
from the stream (AEHTE); thermal energy annually available for the built environment
(AEBUILT); annual average of the longitudinal range of the thermal influence (AAsr);
annual thermal water quality score after HTE (AQSA); annual fish spawning poten-
tial after HTE (ASPA); annual average of the potentially not occurring fraction of
bivalves after HTE (AAPNOFA).
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Glossary

ATES Aquifer Thermal Energy Storage.

BTES Borehole Thermal Energy Storage.

Built environment houses and utilities.

COP Coefficient of Performance.

Ecological indicator An ecological indicator represents the state or trend of
certain ecological condition over a given area and/or period of time.

Ecology interactions among organisms and their biophysical environment.

Ecosystem all living and nonliving community constituents (Dodds & Whiles,
2010).

GHG Greenhouse Gas.

HTE Hydro-Thermal Energy.

IPBES Intergovernmental Science-Policy Platform on Biodiversity and Ecosys-
tem Services.

IPCC Intergovernmental Panel on Climate Change.

KNMI Koninklijk Nederlands Meteorologisch Instituut (Royal Netherlands
Meteorological Institute).

PNOF Potentially not Occurring Fraction.

Recovery in the context of thermal energy recovery, it is the process of ex-
traction of thermal energy from a stream; in the context of longitudinal
range determination, recovery is the process towards a restored thermal
balance in the stream.

SSD Specie Sensitivity Distribution.

Stream small, slow flowing, fresh surface water ecosystem.

Thermal pollution anthropogenic discharge of warm or cold water that influ-
ences the natural thermal balance of a water ecosystem both positively
(temperature increase) and negatively (temperature decrease).

WFD EU Water Framework Directive (in Dutch: Kader Richtlijn Water) is a
European Water Policy for protection of water with the objective to get
polluted waters clean and ensure clean waters are kept clean. (European
Commission, 2019).
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The picture on the cover of this thesis was made in the Indre Oslofjord, from
a ferry that approaches Oslo in the early morning of the 19th of August 2014
(Ramaker, 2014).




