University of

Strathclyde

Engineering

Department of Mechanical and Aerospace Engineering

Assessing the performance of a reservoir-based wate

source heat pump

Author: Alasdair Cameron Morton

Supervisor: Mr Paul Tuohy

A thesis submitted in partial fulfilment for thegquerement of the degree
Master of Science
Sustainable Engineering: Renewable Energy Systamh$h@ Environment

2013



Copyright Declaration

This thesis is the result of the author’s origiredearch. It has been composed by the
author and has not been previously submitted famexation which has led to the

award of a degree.

The copyright of this thesis belongs to the authmater the terms of the United
Kingdom Copyright Acts as qualified by UniversitiyStrathclyde Regulation 3.50.
Due acknowledgement must always be made of thefumey material contained in,

or derived from, this thesis.

Signed:Alasdair Morton Date: §' September 2013



Abstract

Heat pumps are a technology growing in popularity & means of generating
“renewable” heating for buildings on both small destic and large industrial scales.
Although air or ground source systems are more contyrinstalled in the UK, water

source heat pumps (WSHPs) can also offer benefés @onventional heating when
implemented correctly and in suitable conditiongdging whether a particular body
of water may be appropriate as a heat source istnaight-forward however, and

there is little guidance available in the literatur

The University of St Andrews in Fife is planningdonstruct an Energy Centre in the
nearby town of Guardbridge, sited on the premides fmrmer paper mill. The site
includes a 37,000 frfreshwater reservoir which has the potential taubed as the
source of a WSHP, notionally contributing towar@stmng of buildings which will be
on site. This project aims to investigate the feifisy of employing the reservoir as
the heat source for a WSHP, and the potential pegonce of a WSHP scheme in

operation across a typical year.

Firstly a mathematical model of the reservoir wasated using the open-source
Freemat programming environment, using a combinatid empirical and first
principles energy calculations. This was validat®d comparison with a similar
existing model and actual depth-temperature measnts performed in the
reservoir. Components were then added to modetffieet of open and closed-loop
heat pump schemes operating in the reservoir argrieal relations for heat pump
heating capacity and coefficient of performance RfOwere created using
manufacturer's data. The modelling results indidhtg while an open-loop scheme
would be unable to operate for a significant pdrithe year, and was therefore
deemed unsuitable, a closed-loop scheme has tlemt@btto provide significant
heating capacity of greater than 1 MW at a watdpututemperature of 8 or 35C,
with COPs of approximately 4 — 6 across the yeaerg&fore the project concludes
that further investigation is merited into the piial costs and technicalities of
installing and integrating a WSHP operating witk tkservoir into the wider project

at Guardbridge.
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1 Introduction

The need for alternative and efficient means ofgygeneration are now undeniable,
and with the Scottish government having set a tafge 50% gross electricity
production from renewable sources by 2020 (ThetBboGovernment, 2012), there
is a need for more efficient homes and workplace®rder to accommodate the
changing face of energy provision. Heat pumps aee such technology which may
in the future play a key role in the provision déaner heating provision, provided
that the electricity used to operate them can Haidd from renewable sources.
With efficiencies often quoted by manufacturersaedund 400%, the advantages
seem obvious, but careful consideration must bergte the relative advantages of a
heat pump over other heating systems. Significarttgat pumps operate most
efficiently when the heat source supplying thenr, (ground or water) is warmer.
Therefore performance is generally lower in coldkeather when the heat is needed
most. In order to assess the merits of a heat peagh case should then be analysed
carefully in order to determine the likely perfomnca and heating capacity which can

be obtained from a source.

The University of St Andrews is in the early stagégplanning the construction of an

energy centre, which will employ a number of reneleaechnologies and energy
efficient building design in order to reduce eleity and heating demand. As part of
this project, an investigation is to be carried oub the potential to use a large
reservoir, formerly used to provide cooling waterthie paper mill which previously

occupied the site, as a heat source for the operati a water source heat pump
(WSHP). In theory, this may be able to fulfil al fome of the heating demand at the
energy centre, supplementing a planned biomas®rbsyistem and solar heating

panels.

The aim of this project is to provide an initialaghility analysis of a WSHP
operating with the reservoir as a heat source. s Wil be achieved through
mathematical modelling of the reservoir to obtairegbected source temperatures,
followed by the development of empirical relatidonspredict the performance of a
number of heat pump sizes and configurations, faarge of operating conditions.
The interaction of the heat pump and reservoir fiwklly be assessed by integrating
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the mathematical model and heat pump performante idaorder to predict the
heating capacity and coefficient of performance RE@hich may be expected from

the system.

The report will begin with a literature review gig a background into the general
operation of heat pumps, a discussion of variodterdnt WSHP systems, and
existing schemes operating in the UK and elsewhang, finally a summary of
previous mathematical models to predict the temperebehaviour of a water body.
The methodology employed will then be elaboratadluiding a brief description of
the reservoir and the Guardbridge site, the thmalebasis for the reservoir model
and of the heat pump performance relations forredlathe results of the modelling
will follow, including a brief validation of the servoir model, a discussion of factors
affecting the reservoir temperature, and finalliscussion of the expected heat pump
performance of open- and closed-loop heat WSHPnsebelt will conclude with a
summary of the key findings and suggestions foth&mr work recommended to be
performed.
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2 Literature review

An initial literature review was conducted in orderinvestigate a humber of topics
relating to heat pump operation, surface water GSlHRd reservoir temperature
modelling. Firstly, the basic operating principtdsheat pumps are described and how
performance is measured is discussed. The review thcuses on surface water
GSHP systems and their operation, including closmid open-loop systems, a
comparison of the two, and includes a number ofmptes of lake-based systems
currently in operation. The review concludes witthegcription of three approaches to

reservoir temperature modelling which have beeripusly undertaken.

2.1 Heat Pumps

Heat pumps have seen increasing popularity in the, @lthough overall
implementation remains relatively low. Total annuadtallation figures increased
from 2,000 in 2006 to 21,000 in 2011 (PostNote,30In 2011, total UK sales were
at 366,000, and forecasts predict a total numbeangiallations in 2015 of around
640,000 (Karpathy, 2012). Whether this figure isieeed or not will depend
significantly on changes to governmental legiskatiparticularly the Renewable Heat
Premium Payment Scheme (RHPPS) and the Renewahtdrtéentive (RHI).

2.1.1 Basic principles

Heat pumps are used to transfer low-grade heat &dow-temperature source to a
body at a higher temperature. This process is camymosed in the household
refrigerator, in which heat is extracted from th@dcbody inside the fridge and
released to the external environment (i.e. thehkig. In the case of a heat pump in a
cold climate, the user is generally interestedimdbe extraction of heat to maintain a

cold environment, but in the addition of heat iatbalready warm environment.

The Clausius statement of the second law of theymaaics states that a cyclic
device cannot be used to transfer heat from a cdte hotter body without the
addition of some work. Therefore, the operationadfieat pump requires electrical
energy. The basic operation of a heat pump relethe vapour-compression cycle.
An example of the simplest case is shown in Figufebelow and is known as the

reversed Carnot cycle.
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Figure 2.1 Reversed Carnot cycle (Tuohy, 2013)

A working fluid, also known as a refrigerant, iedgo transfer heat from one body to
another. Looking first at point 1, the refrigeraxists as a liquid-vapour mixture. A
compressor is used to increase the temperatur@rasdure of the liquid such that it
transitions into the gaseous state (saturated vapshown at point 2. The refrigerant
then passes through a heat exchanger in contdctanbbdy at a lower temperature,
which cause it to condense and release heat, batlit tbecomes a saturated liquid.
The expander then allows the refrigerant to retarits original lower temperature. T

as a liquid. Finally, between points 4 and 1 tHegerant absorbs heat from a hotter
body and begins to vaporise. While this cycle eotietical and cannot be achieved in
practice, it illustrates how heat can be transtefrem a colder to a hotter body by a
heat pump. A key point to note is that the refrggrmust have a sufficiently low

evaporation temperature in order to function efifety.

In reality, heat pump cycles are more similar tattehown in Figure 2.2. Several
differences can be observed between this cycldhaidghown in figure 1. Firstly, the
expander is replaced by an expansion valve in wihieh fluid undergoes an
irreversible isentropic expansion. Secondly, thea@sion process from 4-1 is
allowed to continue to the saturated vapour line. (all the refrigerant is in the

gaseous state).
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Figure 2.2 Practical vapour-compression cycle (Tuohy, 2013)

Higher energy efficiencies can be obtained by emiptp multistage cycles, so-called

because they employ more than one compression stageh can be further subdivided into

compound and cascade systems. Examples of botshaven in Figure 2.3. A compound

system employs two compressors which are connaatedries, with intercooling between

the compression stages. Compound systems offerlesmadmpression ratios, higher

compression efficiency, a larger overall refrigenat effect and a lower discharge

temperature after compression (Chua, 2010).
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Figure 2.3 Two-stage vapour-compression cycles, compountt@md cascade cycle (Tuohy, 2013)
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A cascade cycle employs two single-stage refrigmratycles. One cycle operates at
a lower evaporating temperature, and this cycleoke® heat from the body to be
cooled. The other cycle operates at a higher ewdipgr temperature and heat is
exchanged between the two cycles by an intermededtexchanger.

2.1.2 COP, SPF values and heat pump performance

The property by which the performance of a heat pus evaluated is most
commonly its coefficient of performance (COP). Bumply this value gives the ratio
of heat added or removed (depending on whethelingeatr cooling) out of the

system, to electricity consumed in operating itugit is expressed simply:
COP=2
w

WhereQ is the heat added or removed from the systen\Vérgithe work performed
by the system to remove this heat (i.e. in the fofra pump). The COP of a device is
dependent upon whether it is used for heating olirmg, and can expressed according
to the convention adopted in Figure 2.4:

Values of COP can varying significantly dependinghmth the exact nature of the
system and the conditions under which it is opegatiCOP values quoted by
manufacturers should have been obtained adheringNtb4511 (ECS, 2007) and
values can vary significantly. Field trials condedttby the Energy Savings Trust
showed that installations of GSHP systems in theHdld COPs of 1.3-3.6 (Energy
Savings Trust, 2010). A more realistic assessmenéat pump performance is given
by the seasonal performance factor (SPF). In ceinttaa COP value, the SPF is
calculated over the basis of an entire seasonjgingva much more relevant view of
heat pump performance (IEA, 2013). An additionaffgrenance measure is that of
system efficiency, which was developed by the Ep&gvings Trust. This includes
not just the heat pumps itself but the entire Imgatietwork, including additional

pumping (of surface water in the case of a laket#aSSHP for example), and any

backup heating required.
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Figure 2.4 Operation of a refrigerator and heat pump (Tu@®i,3)

device

Heat leakage
from surroundings

Cold space

Heat pump performance is highly dependent uponetmperature range in which it is
required to operate (i.e. the temperatures atvhparator and condenser). The COP

for the ideal reversed Carnot cycle can be showreto

Tc
Ty-Tc

COP =

It can therefore be seen that the COP of a heatppwit be maximised when

operating between two temperatures with a smalpegature difference. This means
that heat pumps operating in colder climates ateetbsuited to supplying heat at low
temperatures, and are therefore best used for dpeating by underfloor heating
which requires lower temperatures of aroundC3&ompared to around &D for

conventional wall-mounted radiators (Carbon Trustjated).

2.2 Surface water GSHP

Surface water heat pumps utilise sources of watethe earth’s surface, including
lakes, ponds and rivers as sources of low-grade Ahough the source of heat is in
fact water and not the ground, heat pump systentki®kind are known as surface
water GSHPs, as a distinction from air-source. Haanps of this kind can be

broadly subdivided into closed- and open-loop syste

2.2.1 Closed-loop schemes

In a closed-loop scheme, a heat transfer fluidr{radlly an antifreeze solution) passes
through a heat exchanger and absorbs heat fronwéter body. This fluid then
travels to the evaporator where the heat is giyetouhe heat pump evaporator. Such

schemes are similar to those commonly buried umdengl in GSHP applications,
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with the exception that thermal contact is madevbenh the heat exchanger and water
body rather than earth or rock. The amount of agath can be extracted from such
a scheme is limited by several factors, as giveBanks (2012). Namely, the short
term limit is presented by the effectiveness ofigfar between the water and the heat
exchanger. In the longer term it is limited by th&e at which heat can be replenished
to the body from which it is being taken, knowrtlaes thermal budget (Banks, 2012).

There are two primary means by which heat may b&aebed from the system, either
by coils of HDPE piping, or by flat plate heat eaolgers (Banks, 2012). Images for
both systems are shown figure 2.5below. A slinky arrangement takes the form of a
series of parallel and overlapping coils, commaaryployed in GSHP applications
since they can reduce the overall land area redjE@ergy Savings Trust, 2004).
Alternatively, bundles of loose coil may be laictla¢ water bottom, normally affixed
to a frame or within a wire cage. These arrangesnean be seen to more suitable to
man-made water-sources, where the pipes can bénlaildce before water is added
to the construction. Alternatively, coils may bdixad to a raft, floated out and
subsequently sunk to the bottom of the water bddys last approach has been
employed for example by a domestic project in tha&d District (R & M Wheildon
Limited, 2012). Omer (2008) suggests that closeg lscheme require 26 m/kW of
heat transfer piping, and around 79.2kw of pond surface area.

Figure 2.5 Heat exchangers for closémbp surface water heat pumps. Coiled HDPE pi
affixed to a steel frame (left) and Slim Jifnflat plate heat exchanger (right). Images takem
(Wheildon’s, 2012), (AWEB Supply, 2013).
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An alternative method which has been employed paraber of projects is the use of
flat plate collectors, which offer a significantlgwer heat exchanger area due to a
higher heat transfer coefficient (Banks, 2012). Neav Lanark Conservation Trust
has installed three panels of this kind in a fastihg Mill lade after there was
concern that a slinky type arrangement may have baeked into a nearby turbine
(The Green Blue, 2013). The performance of theeplétas been found to be lower
than claimed by the manufacturers, and additiodatep were installed to meet
demand — double the original area (Phillips, 20EBRt plates were also adopted by
the Clyde Maritime Trust in the River Clyde for therpose of transferring heat to an
80kW heat pump scheme aboard the restored Gleallskip, now used as a visitors’

attraction (The Scottish Government, undated).

In both of the above cases, Slim Jhplates were used. These plates are pre-
fabricated steel or titanium plates, available inwenber of sizes according to the
application ranging from the SJ-02T with approxiendimensions of 0.6 m by 1.8 m
to the SJ-10T with approximate dimensions 1.2 ndleym (AWEB Supply, 2013).
Amongst the benefits cited by the manufacturer easy installation and easy
scalability — more plates can be easily added system in order to create greater
capacity. Fluid input and output is normally byiagte inlet and outlet, shown in
Figure 2.6. Plates can be assembled into arraysdigl frames, and should be held
above the lake floor to prevent sediment build up.

Figure 2.6. Four SJ-10T plates with inlet and outlet tube®V@&B Supply, 2013)
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2.2.2 Open-loop schemes

In an open-loop scheme, water is extracted fromsinerce and heat is extracted
before being returned at a colder temperature. Susbhheme will often require a
submersible pump if the water body is greater thd&m deep, otherwise a ground-
mounted suction pump can provide adequate heaavéingrove more convenient to
install and maintain (Banks, 2012). An additionahsideration is the potential for
debris, biofouling and corrosion in the piping ahelat exchanger system. These
issues can be managed with the use of filters takeénpipes, and with prophylactic
heat exchangers which remove the risk of foulimgnfithe heat pump evaporator and

placing it instead on the heat exchanger.

In designing such systems it is important to sitake and outtake pipes sufficiently
far away from one another in order to prevent whadescribed as thermal “short-
circuiting”, i.e. colder water from the system @uitimixes and is subsequently
returned via the inlet, decreasing the COP. Therdso a heightened risk of freezing
in open-loop schemes, as water is cooled from lewperatures without the
possibility of anti-freeze to prevent ice formatiofBanks, 2012). Greater
consideration must be given to the effects on ahiifieawith an open-loop scheme,
and licences may need to be sought for the extracti water from a source (Stiebel
Eltron, 2013). One of the first examples of wataséd GSHP adoption in the UK
was an open-loop scheme, extracting water fronRikker Wensum in Norwich. The
plant room containing the main components of thet pemp is shown in Figure 2.7).
Built in 1948, the system delivered a peak powe248 kW (147 kW on average) and

monitoring of the system showed an average COPA4&f (Bumner, 1948).
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Figure 2.7: An early example of heat pump heat generaticdhénUK (Banks, 2012)

2.2.3 Comparison of closed- and open-loop schemes

The relative advantages and disadvantages of claseédpen-loop schemes should
be considered in the decision to pursue either setp. In terms of energy
efficiency there are several factors which showdbnsidered. Closed-loop schemes
will have greater energy losses associated witrcéinger fluid as it travels from the
water source to the heat pump evaporator, whiclmarencountered in an open-loop
scheme (Banks, 2012). However, greater pumping pawk be required for an
open-loop scheme, since the static head assocvatbdthe lake depth must be
considered. As stated previously, in cold climaipen-loop schemes are at greater
risk of freezing due to the lower volume of wateed in the heat exchanger, and

greater consideration must be given to corrosiahkaofouling.

While it is generally accepted that open-loop scbemffer better energy efficiency

due to the fact that heat is transferred directiynfthe source to the refrigerant, rather
than through an intermediate heat exchange witlaresfer solution, each case must
be assessed individually and rules-of-thumb areadeisable or easily applied (Egg,

2011). A summary of the comparison between openchrskd loop WSHP systems

is given in Table 2.1.
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Closed-loop Open-loop

Efficiency May be lower due toNo losses to a closed loop, hut
temperature losses in transfggumping energy must also be
to closed Iloop, howeverconsidered
pumping costs are low

Licensing No extraction license required  Extractimense required for hig
volumes, discharge consent may
also be required

=

Maintenance| Possible biofouling of hedequirement for corrosion resistant
exchanger, but no risk ofequipment if pH non-neutral, water

corrosion at evaporator filtration also necessary
Ice formation| No risk of freezing at Risk of freezing at evaporator at
evaporator, though risklow temperatures

remains at heat exchanger |in
cold weather

Table 2.1 Comparison of closed and open-loop WSHP scheMasGen, 2012)

An indication of possible system configurationgyigen in Figure 2.8. Note that the
pink loops denote anti-freeze solution, the blamBpk denote the refrigerant loop,
while blue loops indicate water loops. The firstulkbbe a conventional heat pump
unit located in the site to be heated, suppliea@mwanti-freeze loop which would pass
through the reservoir then into the site. This wlotdquire infrastructure in laying

piping to carry the anti-freeze solution. The setegstem, known as a split-system,
would employ a shorter anti-freeze loop, insteadmding the heat pump refrigerant
circuit such that an evaporator is placed besigeréservoir, while the condenser
remains in the main site. Lastly and open-loop esysis shown where water is

extracted, passes through the evaporator and shtben ejected from the system.

2.2.4 Lake-based GSHP case studies

As has been previously mentioned, the heat sowrca heat pump may take one of
several forms. The use of a large body of watea asurce offers key benefits: high
thermal capacity and a good heat transfer mediuverighe thermal conductivity of
water is ~0.58 WK™ compared to ~0.024 WK™ for air and 0.15-2 WK™ for
soils). Several examples of the use of ponds akeklas sources for heat pumps in

the UK and elsewhere have been found and are beddnere.
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King’s Mill Hospital, Mansfield, UK

A lake-based GSHP scheme has been constructedngiskMill hospital in 2008.
The scheme is reported to be the largest of itd kirEurope, with a cooling capacity
of 5.4 MW and a heating capacity of around 5 MW r{&e-Reuse-Recycle, 2009,
Banks, 2012). A total of 45 heat pumps are emplayethe site to provide hot water
for space heating at 25 and chilled water at®6 for cooling. The heat source for the
scheme is a lake with volume of approximately 826,87 (given its surface area of
165,000 m and an approximate depth of 5 m), with annual &naprre variations of
3-21°C at the lake surface. The design temperaturenoheat exchanger fluid used
in the scheme is between -2°@0(winter-summer) and heat exchange takes place on
140 stainless steel flat plate “Slim Jim” exchasgagiving a total heat exchange
surface area of 1560 “nfsee Figure 2.9) . The scheme is quoted as sa@Ego
MWh of gas and electricity annually, and in termk performance, seasonal
performance values of between 4 and 7 have beapvach(i.e. the average COP

over the heating season) (Banks, 2012)
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Figure 2.9 Flat plate heat exchangers at King’s Mill befbeng submerged (AWEB Supply, 2013)

Westport Lake Visitors Centre, Stoke-on-Trent

The Westport Lake is the largest body of watethm ¢ity of Stoke-on-Trent (Stoke-
on-Trent City Council, 2013a), though an exact wrducould not be sourced. The
lakeshore includes a visitor centre which was cetepl in 2009 and includes as part
of the design a GSHP operating on the lake (Stok&rent City Council, 2013b). An
11kW heat pump utilising 600 m of coiled heat exade piping was installed,
providing low-temperature water for an underflogating system in addition to
domestic hot water. The building includes a numifeother technologies including
solar thermal and PV systems and has had signifieaognition for its design
(Stoke-on-Trent City Council, 2013b).

Waterton Park Hotel, Wakefield, UK

Walton Hall near Wakefield is cited in the centfeadarge 26 acre (105,219)make

on a man-made island (UFW Limited, 2013). An aliinstallation of a 60 kW heat
pump for pool heating was installed, and afterdtieeme proved successful a further
two 60 kW pumps and an additional 24 kW pump tad kiearemainder of the leisure
area, 17 guest rooms, bar, restaurant and meetomgsr via traditional wall-mounted
radiators. Heat transfer in the lake is by 3200 mweighted medium-density
polyethylene (MDPE) piping. Monthly savings of anou£3,500 have been cited by
the hotel as a result of reducing oil consumptidR\{ Limited, 2013).
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Great River Medical Centre, West Burlington, lowa

This large-scale project has been recognised asatbest water-source scheme in
America, with a cooling capacity of around 5.3 MWlliant Energy, 2013). This
includes around 132 km of pipe coils arranged i d6ds in a purpose-built, 61,000
m® lake beside the hospital, serving 800 water-tok@iat pumps throughout the
building. The array of heat exchanger coils is shawrigure 2.10.

Figure 2.1Q0 Aerial view of the heat exchanger array at GrBater Medical Centre (KIWW
Engineering Consultants, 2013)

2.3 Modelling of thermal reservoirs

In order to understand the performance of a heafppoperating with a body of water
as a thermal reservoir, it is important to underdtavhat is known as the “energy
budget” of the water body. Several previous auth@ge developed mathematical
models of reservoirs. The basic principles behimmes of these models will now be

discussed.

A Model for Simulating the Performance of a ShallowPond as a Supplemental
Heat Rejecter with Closed-Loop Ground-Source Heat ®#mp Systems, Chiasson,
et al. (2000)

Chiasson, et al. (2000) developed a model of al®hapond in the TRNSYS

modelling environment (Type 230) to investigatepdential use as a heat rejecter for
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a GSHP. The model is built on the lumped capac#tamethod, which implies the
assumption that the pond can be treated as a $ndhe with a uniform temperature.

The fundamental guiding equation is expressed:

daTr
Qin — Qout = Vpcp at

whereQ, gives the heat transfer rate into the pdpgly is the heat transfer rate out of
the pond,V is the volume of water in the pong,is the water densityg, is the
specific heat capacity of the water ashtVdt is the rate of change of temperature of
the water. A number of heat transfer mechanismsansidered in the model: solar
gains; thermal radiant surface heat transfer; ociwee surface heat transfer;
conductive transfer to the ground; transfer duewter inflow and outflow;
evaporation at the surface and heat transfer frélmchas part of the GSHP loop, and

these are illustrated in Figure 2.11.
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Figure 2.11 Energy flows for a thermal pond according to tiedel of Chiasson, et al. (2000)

Solar gains are expressed by the relation:

Qsotar = 1(1 — p’)Apond (2.1)

wherel is the incident solar flu\ong the total pond area ana is the reflectance.
The value ofg is calculated according to the angle of solardantce, which is
calculated for each timestep of the model by retetigiven in Duffie and Beckman
(1991). The incident solar flux is obtained frontdb weather data collected at 15

minute intervals.
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Thermal radiation can account for a significant rdegof cooling during the night
(Chiasson, et al., 2000) and is accounted for byearised radiation coefficienh,
which is expressed:

Tpond + Tsky) 3
3

Where ¢ is the emissivity coefficient of the wateg is the Stefan-Boltzmann

h, = 450(

coefficient, Tpong IS the surface temperature of the water Bggls the sky temperature
which is calculated from a relation in Bliss (196Ihe sky temperature can also be
calculated by the relation found in Davies (2004):

Toky = Tair (0.8 + (Tap — 273)/250)*

whereTgp is the dew point temperature at the given conatiorhe heat transfer is

then calculated by the relation:

Qthermar = hrApond (Tsky - Tpond)
Surface convection is also included, though Chiagsates that this mechanism is
less significant than other heat transfer mechasistar convective transfer the pond
is modelled as a flat plate and the correspondimgelations for free and forced
convection are used, namely:
Nu = 0.54Ra'/* (10*<Ra<107 - laminar)
Nu = 0.15Ra'/?®  (107>Ra>10'" - turbulent)

Where Nu is the Nusselt number and Ra is the Rgtyleimber which is calculated:

_gB(nL?
N va

Ra

Where g is the acceleration due to gravity, is the thermal diffusivity,5 is the
volumetric thermal expansion coefficient amds the kinematic viscosity of aiqT is
the temperature difference between the pond arahdir is the characteristic length.
In the case of a plate the characteristic lengtaisulated by:

L = Apﬂ
Ppona
wherePpong is the total perimeter. In the model the tergs and v are evaluated at
the film temperature, which is the average tempeeadf the pond water and the air.
These values were obtained from analytical relatipresented in Irvine and Liley
(1984). The convection coefficient is calculatenhrthe relation:

_Nuk

)
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wherek is the thermal conductivity of air at the film tperature. Forced convection
is calculated in a similar fashion, and the largenvection coefficient is used to
calculate the energy transfer by:

Qconvection = PeApona(Tair = Tpona) (2.2)
Heat transfer to the ground was calculated usingraytical expression developed
by Hull, et al. (1984) which can be used to caltuthe total U-value for the pond-

ground interface by the relation:

Ugrounda = 0.99 ( ground ) +1.37 (M)
dground - dpond Apond

pond)

Where Kgroung iS the thermal conductivity of the groundyund is the depth to the

Qground = UgroundAground(Tgroundwater

nearest heat sinkdyong is the pond depth an@lyoundwater iS the temperature of the
constant heat sink. This assumes that the heafrtwst the pond bottom is lost by

transfer to the nearest constant temperature &ik&n to be the groundwater table.

Heat transfer by the addition or abstraction ofematvhich may be used to model
both groundwater losses/addition or rainwater foaneple, is calculated from the

expression:

Qwater = Qpcp (Twater - Tpond) (2.3)
WhereQ is the volumetric flow rate of the water.

The major source of heat loss from the pond is enason. The model uses the |-
factor analogy to calculate water mass loss by @edion:

1y, = hg(Wair — Weurr)
Wherehy is the mass transfer coefficiemt;; is the humidity ratio of the ambient air,
Wsurf IS the humidity ratio of saturated air at the pauniface. The coefficiertty is
calculated by the Chilton-Colburn analogy as:

hy = he
a= cpLe?/3

Whereh is the convection coefficient as previously ddseul,c, is the specific heat
capacity of air at the pond-air film temperaturel &® is the Lewis number defined
as:



Wherea is as previously defined ardhg is the binary diffusion coefficient. The heat
transfer by evaporation is then calculated by:

Qevaporation = RrgAponai
Where hyg is the latent heat of evaporation. An additionaint Qg was also
developed to calculate the heat transfer from tbedpto the loop of the heat

exchanger coil which is not discussed here.

The change in temperature of the pond is exprebgegekpanding and rearranging
equation (1) shown previously to give:

d_T _ (Qsolar + chermal + Qconvectian + Qground + Qgraundwater + Qevaporation + Qfluid)
dt Vpc,

This can be seen to be of the form:

dT

- x.T + x,
WhereT is the pond temperaturg; represents all those heat transfer terms which
multiply T andx; all those terms which do not. In the model thisedr differential

equation is solved at each timestep in order tainlihe new value of.
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Figure 2.12 Validation results of the model presented in G&dm, et al. (2000)

The Chiasson model was validated for the casesotif bo heat rejection into the
pond and with heat rejection into the pond and s¥emvn to provide good agreement

with measured pond temperatures over a week lomgpdyesee Figure 2.12.
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Temperatures predicted by the model were within7°C6of the average pond

temperature during the test period.

Heat Balance Analysis to Validate the Heat Dissipain Rate of a Man-Made
Lake as a Heat Rejection Device in a Power Plant,dyes, et al (2012)
A similar but simpler model is presented by Hayetsal (2012). This model was
developed to investigate the heat rejection rag leke used as a condenser by a gas
power plant. The basic energy equation used imtheel is given by:

pVcpdT = Qconvection + Qconduction T Qevaporation + Usotar +

Qemittea T Qcondenser

In this model the heat transfer mechanisms corsidare: natural convection at the
lake surface; conduction through the lake bed; losat by surface evaporation; heat
gain from solar radiation; radiative loss to thg;dkeat gains from the power plant

condenser.

Solar radiation is calculated by (2.1) as previpwestplained, but in this model the
incident angle is determined by a method describetisieh (1986). The surface
reflectivity is determined by a curve produced hyffiz and Beckman (1974) for a
blackened surface.

Radiative losses are calculated by the equation:

Qemittea = AEWJ(T\/;‘; - Ts4ky)
Where all the symbols are as previously definedvéie@r it is not clear how the sky
temperature was determined in this model. An aoltii term was developed for

condenser heat rejection into the p@gngensevhich will not be discussed here.

Convective transfer is determined by (2.2) as m @hiasson model. However, the
heat transfer coefficieri; is obtained from tabulated values which give thkig for
different wind speeds. Where intermediate wind dpewere encountered linear

interpolation was used.

Conductive transfer on the lake sides and bottome wet considered in this model,

based on the findings of a previous model by PeaadtKavanaugh (1990).
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Evaporative losses were modelled by the methodcpbesi by the American Society
of Heating, Refrigeration and Air-Conditioning Sgists (ASHRAE 2009). The
Carrier equation for energy lost by evaporatioexpressed:

Qevaporation = A(95 + 0.425v) (R, — F)
WhereA is the surface area of the ponds the velocity of the air (i.e. wind spee

and P,, and P, are the saturation vapour pressure at the lak@dmture and the

partial vapour pressure of the ambient air.

The output of the model was validated by comparisbthe lake water temperature
predicted by the model with measured values ove2.5a month period. Good
agreement was observed between actual measureeértgnmes and those predicted
by the model. In addition, the contributions of ttegious heat transfer mechanisms to
the overall lake temperature were quantified (sgeré 2.13). It was observed that
evaporation was the primary heat loss mechanisrh vadiative and convective
losses have much lower contributions to overall lhess. It is important to note that
model validation was performed using a large lak#) a surface area of 220 acres
(890,308 M) and a depth of around 5 ft. Therefore care magtken if applying this

model to a lake of a significantly different size.
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Figure 2.13 Results of the Hayes, et al. (2012), model shgw&ative contributions to heat transfer
at (top left) noon and (top right) midnight in Jufidve lower graph shows the model validation result

for the month of July.
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An Introduction to Thermogeology: Ground Source Heding and Cooling, Banks
(2012)

A third approach is presented by Banks (2012), whes the main heat transfer
mechanisms as: evaporative heat loss; sensible Heat (comprising
convective/conductive transfer with air); conduetivansfer with the ground; short-
wave solar and long-wave radiation from the cloagd atmosphere; reflective losses;
back radiation from the water; advective heat fRigemprising heat loss/gain from

surface and ground water inflows and outflows.

Banks suggests that solar radiation reaching thmel man be found from literature
sources, and that the albedo for short-wave radiaian be assumed to be between 6-
10%, with lower values for long-wave radiationcéted in Laval (2006).

Back radiation (i.e. thermal radiation emitted Ihe tlake surface) is taken from
Hostetler (1995) as:

Qpack = SUA(TW)4
Where the symbols are as previously defined.

The heat transfer due to addition or removal ofewet defined by the basic equation
(2.3) as adopted by Chaisson, et al.

Evaporative losses are said to be determined Iygregmpirical relations based on
local studies, basic theoretical relationships gisibalton’s law, or by more
theoretically based methods (perhaps such as #eat by Chiasson, et al. (2000)).
The rate of evaporation can be calculated accordiryformulae derived by the US
Geological Survey as:

E =9.68 x 10~ *v,,5(e; — e,)
HereE is the evaporation rate in*gtm? (ms?), vug is the wind speed at 8 m above
the water surface [}, & is the saturated vapour pressure of water at tErw
surface temperature [Pa] aeglis the vapour pressure of the surrounding air.[Pa]
Banks notes that, is also equal to the vapour pressure of saturaitedt the dew
point temperature. If not known, the dew-point temgpure can be calculated by the
relation devised by Magnus-Teten:
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Where:

Q—( af )+1 (RH)
BAVET YA
Here Tqp is the dew point temperaturéC], a = 17.27,b = 237.7C, T is the actual
temperature anBH is the relative humidity expressed on a scale DRE. pressurey
can be calculated by the relation:

e, = 610.8 X exp [% (2.4)
Therefore the value o&, can be similarly calculated by replaciigwith Ty in

T
e, = 610.8 X exp [b“?] (2.4) above.

From the calculation of the evaporation rgfehe energy loss can then be calculated:

AL,pywE
Qevaporative = W

Wherel, is the latent heat of evaporation [MJ/kg] apglis the density of water
[kg/L].

Sensible heat transfer between the air and thervgabalculated based on the Bowen
ratio, which is given as:
Qsens - l/)c (Tw - Ta)

Bowen ratio = =
Qevaporative (60 - ea)

Here the termy is the psychometric constant in Pa/K where:

_ SCairPatm
be =107
0.622L,

In this term&4; is the specific heat capacity of air [J/k&hm is the atmospheric

pressure [Pa] and, is as previously defined.
Banks comments that heat fluxes with the groundbmatargely ignored due to low

thermal conductivity of geological materials anavltemperature gradient between

the ground and water in the reservoir (Banks 2012).
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A long-term thermal equilibrium temperature canntlioe established by solving the
energy balance:

Qevaporative T Cpack T Usens + Qnp = Osotar
Where it has been assumed that the ground andceusfater flows into the lake are

negligible.

In this section, a literature review was performedorder to determine the basic
operation of heat pumps and how performance is unedsthe specifics of surface
water GSHPs and their operation in closed- and -bpgm schemes. Finally a
number of mathematical models developed to invastighe temperature behaviour
of a water body were summarised. The next chapidrpnoceed to explain the
methodology adopted in this project, including aafgtion of the site and of the

mathematical model developed to represent bothefervoir and the heat pumps.
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Heat transfer mechanism

Chiasson, et al. (2000)

Hagy, et al. (2012)

Banks (2012)

Solar radiation

Qsolar = I(1 — pl)Apond

| from local weather dat@ by calculation

Qsolar = I1(1 — p,)Apond

| from local weather dat@ from curve

= n
st - ApondRex(a-‘- b Dj

n = actual hours of direct sun
D = number of daytime hours
R.x= extra-terrestrial irradiance

a, b= constants in Linacre (1992)

Q|W = (258+ 3Tsur)Ap0nd

In both cases ig constant at 0.08.

Thermal radiation

Qthermar = hrApond (Tsky - Tpond)
T ond + Tsk }
by = s (T2t T
T 3
whereTgy is calculated:
1/4

Tsky = Tair(0'8 + (po - 273)/250)

Qemittea = AEWG(TMA; - Ts4ky)

the source ofgy is unknown

— 4
Qback - EUA(TW)
Tsyassumed to be zero

Convection with air

- Tpond)

where h; is the larger of either forced or natural conwatt|

Qconvection = hcApond(Tair

coefficients

- Tpond)

where h, is taken from tabulated values fi

Qconvection = hcApond (Tair

various wind speeds (linear interpolation)

Dr

l/Jc (Tw - Ta)

Qsens = Qevaporative W

N.B. author notes this relationship is not appliea

in areas of high wind speed

o

Conduction to ground

k k P,
Ug‘round — 0.99< ground ) + 1.37< ground pond)
dground - dpond

Qground = UgroundAground (Tgroundwuter - Tpond)

Apond

Not considered

Not considered

Water addition/abstraction | Q,,q.er = Q0¢y(Twater — Tyond) Not considered Quater = Q0¢p(Twater = Tpona)
Evaporation Qevaporation = PrgAponality Qevaporation = A(95 + 0.425v) (R, — F,) ALypyE
Qevaporative = W

j-factor modelri,, = hy (Wair - Wsurf)

Chilton-Colburn:h; = z

h¢ _
CPL62/3 ’ Dap

E =9.68 x 107 *v,5(ey — €,)

Table 2.2 Summary of heat transfer equations used in thiemsarvoir models
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3 Methodology

In the following section, a basic description otk tiGuardbridge site, and more
specifically of the reservoir will be presented.isitvill be followed by a description
of the mathematical modelling performed, includihg equations used to capture the
physical processes in action, the platform used, t#we sources for climatic and
environmental data. It will conclude with a destiap of the methodology used to
capture heat pump performance across a range petatares in the model.

3.1 Site description

The former Guardbridge Paper Mill is located in thidage of Guardbridge,
approximately 12km south-east of the city of Dunded 7km west of the town of St
Andrews in Fife, Scotland. The paper mill operated the site from 1872-2008,
having originally being built as a distillery (RCAKS, 2011). In 2008 the site was
purchased by the University of St Andrews, whichngl to develop a low carbon
energy centre incorporating laboratories, spin-oatnpanies and a number of
renewable and low-carbon energy technologies. fngect forms part of the
feasibility study into potential technologies to bged on-site. The site includes the
Guardbridge Mill Loch Reservoir, which is locatgepeoximately 500m northwest of
the main site (see Figugl).
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Figure 3.1 Guardbridge site location (Ordnance Survey, 2012)
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Figure 3.2 View of the former Guardbridge Paper Mill (DC Thson & Co., 2013)

Size and dimensions

The Guardbridge Mill Loch Reservoir was constructedl887 and has a quoted
volume of 30927 The approximate dimensions of the reservoir hoeve inFigure

3.3: Aerial view of the reservoir (Google Earth, 20kh8jow. Historical records show that the
water level has been held between 6-8 ft, butdbadf April 2013 was at around 6 ft
(1.8288m). The maximum level is quoted at 10’ 62(&). The total surface area of
the reservoir is quoted as 11,508 athough this will vary according to the water
level (University of St Andrews, 2004). In all apsis performed the surface area is
assumed to be fixed at 11,506.tmages of the reservoir site are shown in Figure
3.4.

Figure 3.3 Aerial view of the reservoir (Google Earth, 2013)
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Figure 3.4 Views of Guardbridge Mill Reservoir from the Sbatnd West

Construction

The reservoir lining is known to be clay, and aoremf April 2013 says that no
obvious leakage could be detected (Halcrow, 201L3. historical diagram shown in
Figure 3.5 indicates that there is an inner linofgbrick with a further lining of

“puddled clay”. This material has a very low hydrawonductivity which makes it

extremely watertight.

Figure 3.5: Historic record of the reservoir section

Water source and destination

The reservoir is supplied with water from a milliéafed by the Motray Water, which

has been dammed upstream, and a 14 in. and 1jpewere subsequently installed
to take water from the dam to the reservoir. Togethese inflow pipes are estimated
to provide a maximum flow of 0.183st". Water abstraction from the reservoir is by
an 18 in. pipe which takes water directly from teservoir to the filter house on the
Guardbridge site. The flow rate delivered by thisteaction pipe is quoted as also
being 0.18 r’s™. Water can also be taken directly from the Motéater to the filter

house via a bypass (see Figure 3.6).
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Figure 3.6. Reservoir piping network. The 18 in. pipe from tieservoir to the filter house is marked in red] the bypass in blue
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3.2 Thermal modelling of reservoir

An hourly timestep simulation was developed arotimel reservoir to predict the
hourly temperature variation across a typical y&ais program would then be used
to evaluate the performance of a heat pump operatiith the reservoir as a

temperature source.

3.2.1 Theoretical basis

As previously discussed in section 2.3, there areiaber of important heat flows
associated with the reservoir. The model develdpedhis study takes into account
heat transferred by: solar radiation; thermal raoina evaporation; sensible transfer
and water addition/abstraction. The theoreticaishés the calculation of each of
these terms will now be discussed. These equati@ns chosen for the simplicity in
their application, while capturing the key behaveoand energy flows within the

reservoir.

Solar radiation
Radiation from the sun is the main source of heaafwater body such as a reservoir.
The energy supplied to the reservoir by direct difdise radiation is calculated by
the formula:

Qsotar = Areservoir(1 = pI (3.1)
Here Areservorr is the surface area of the reservoif[mo is the reflectivity of the
reservoir surface andis the global incident solar radiation (i.e. dirend diffuse)
[Wm?]. As has been previously mentioned in section £, reflectivity of the
reservoir to incident light is dependent upon btit nature of the light and the
incident angle at the air-water boundary (Duffiel @eckman, 1991). The reflectance
Is given by:

P=Ta—T

Whereris the transmittance of solar radiation by thdex of the reservoir ang is

the absorbance of the water. This is calculatethéyelation:

—ud
T,=e cos6;,
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Wherey is the extinction coefficient for wated,is the pond depth [m] ané is the
angle of refraction of the solar rays at the swfa€ the reservoir. The angle of

refraction is calculated by Snell’'s Law:

. , Nair
0, = sin~! (smei

nW
Whereny, andn,, are the indexes of refraction for air and watexd & is incident
angle of the light on the reservoir surface. Thedue is taken from internal
calculations performed in the TRNSYS weather modubetine, which uses

ASHRAE correlations (Chiasson, et al., 1999). Timmdmittancer is calculated by

1(1-n 1-7r)\ =4
T=— + ecosoy
2\1+n, 14+r

Wherer, andrare the parallel and perpendicular components efufipolarized

the relation:

radiation, calculated from:

_ tan®(6, — 6)
= tan? 6, +06)
_ sin*(6, — 0)

n= sin?(6, + 0)

Thermal radiation
A body with a finite temperature will emit longwawhermal radiation to its
surroundings. In the case of a reservoir, the gngensfer can be considered to be

between the water surface and the sky. It canfitrerée calculated by the relation:

Qthermat = Areservoir0&w (T\fﬁ - Tfky) (3.2)
HereAesenvoiriS as previously definedris the Stefan-Boltzmann constant [KK™],
& is the emissivity of waterT,, is the water temperature [K] arfidyy is the sky
temperature [K]. The emissivity of water is takesm @97 for all calculations as
documented by Robinson and Davies (1972). Sky testyre values are taken from
processing climate data through the TRNSYS weatbponent Type 15-3.

Evaporation
Evaporation from the water surface has been showontribute significantly to heat
losses from a reservoir (Hayes, et al., 2012)hérhodel, energy lost by evaporation

is calculated by the relation (Banks, 2012):
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Qevaporation = 11.57Ly,py EAreservoir
HereL,is the latent heat of vaporisation of water [k3'kgo is the density of water
[kg LY, E is the evaporation rate [mm ddyand Aresenoir is @s previously defined.
The evaporation rate can be calculated accordinge@nalytical formula developed
by the US geological survey as (Banks, 2012):

E =9.68 x 10~ *v,,5(ey — €4)

Herevysis the wind speed at a height of 8 metres from muldevel [ms], & is the
saturation water pressure [Pa] aegl is the actual vapour pressure at ambient
temperature [Pa]. The saturation vapour pressudewater vapour pressure can be
calculated based on the relations (Banks, 2012):

o = 610.8¢(B7Ta7)

€y = 610.86(%)

Here Tqyp is the dew-point temperature taken directly fromathier dataa andb are
constants with the values 17.27 and 23Z.7and RH is the relative humidity

expressed between 0-1.

Sensible transfer

Heat transfer between the air and the water is tgieghby the Bowen ratio, which
describes the ratio of heat transfer by sensibieesaporative mechanisms for water
bodies to air (Banks, 2012):

. Qsensible l/)c(Tw B Tair)

Bowen ratio= =

evaporation (60 - ea)

Here ¢ is the psychometric constant and can be assuntadtéa value 65.95 Pa'k
at atmospheric pressure. The total sensible hexadgfer can be expressed then:

_ (Tw - Tair)
Qsensible - Qevaporationl/)c (eo _ ea)

Water addition
Water may be added to the reservoir from anothéemi@ody, such as the mill lade.
This is accounted for the in the model by an addél heat transfer term which is

calculated:

Qwater = ap,,Cpwater (Triver — Tw)
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Where q is the volumetric flow rate f&1], Co,air IS the specific heat capacity of water

[J kg* K] andT,ver is the temperature of the river water.

Reservoir loop heat exchanger — Slim JiftY'

Heat transfer between the reservoir and the Sim*Jheat exchanger plates can be
modelled as natural convection on a vertical flatgp The Rayleigh number is
calculated by:

_ gplnL?
- va

Ra

Where g is the acceleration due to gravity fingis the volumetric thermal
expansion coefficient [K], 4T is the temperature difference between the icasarf
and the ambient air [K]yis the kinematic viscosity [fg"], ais the thermal
diffusivity [m?s*] andL is the characteristic length [m] which in this €as the
vertical height of the heat exchanger (=1.292 maf&J-10T plate). The Prandtl

number is calculated by:

Wherec, is the specific heat capacity of water [3'kg], p is the dynamic viscosity
[kg m™'s?], equal to the water density multiplied by theddmatic viscosity, andis
the thermal conductivity [WitK™]. According to Incorpera, et al., (2007) the Niisse

number for a vertical flat plate can be calculdigd

0.387Ral/é

T

The heat transfer coefficiehte can then be calculated by:
_Nuk
he — I
All fluid properties in the above calculations axaluated at the film temperature

Nu =] 0.825 +

which is given by:

T _ Tw + Tfluid,ave

WhereTiuid avelS the average temperature of the anti-freeze #aidlis given by:

T . — Tfluid,l'n + Tfluid,out
fluid,ave 2
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WhereTsig in IS the temperature of the anti-freeze as it enterdieat exchanger and

Thuig outlS the temperature as it leaves the heat exchanger.

The heat transferred to the anti-freeze solutidhes calculated by:
Qruia = hneAne(Treservoir — Truiaave)

WhereA¢ is the total heat exchanger area. It should bednbiat in order to
determine the average fluid temperature in ordeletermine the heat transfer, the
fluid outlet must be known. Therefore an iterafprecess must be undergone
whereby the value dffiq outiS @assumed, and then refined in steps until tHeviahg
condition is met:

|hheAne (Treservoir — Triuia,ave) = €p.gTg (Trria,out — Tiuiain)| < 5000
Wherec, g is the specific heat capacity of the glycol sauotandi is the mass flow

rate through the heat exchanger.

The energy transferred to the heat pump evapo@tiumpis calculated by the
empirical relations given in Table 3.1, and is d&sed in section 3.3.2. The fluid
return temperature to the heat exchanger is themdy:

Qneatpump

Triia,in = Trivid,out — W
Herec, 4is the specific heat capacity of the glycol solntjigkg'K™], which is
calculated according to MEGlobal (2008) as:

Cpg = 4186.8(0.89889 + 5.1554 X 1074T)

It should be noted that it has been assumed tleahdlat transfer process with the
greatest thermal resistance is that between tleevas water and the heat exchanger
surface, and as such, transfer through the exchavajis and between the exchanger
inner surface and the anti-freeze fluid is not aber®ed. This is justified since the heat
transfer by natural convection is known to be digantly lower than that by forced
convection as will be experience in the heat exghgnand the walls of the heat
exchanger can be assumed to be thin and thus dordweill be negligible. The
density of the glycol-water solution is assumedhaéve the same density as water at
the same temperature. This is justified as theipegravity of 30% ethylene glycol
solution in the expected temperature ranges ditigrenly around 5% (Engineering
Toolbox, 2013).
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Energy balance
The change in temperature of the reservoir carxpeessed:

d_T _ (Qsolar + Qsensible - chermal - Qevaporation + Qwater - Qfluid)
dt Vpcy

The model calculates the heat transfer terms base¢le reservoir temperature at the

previous timestepy, then calculates the new temperature by the oslati

(Qsolar + Qsensible - chermal - Qevaporation + Qwater - Qfluid)
Vpc,

Tepnr =Te +

The heat transfer processes surrounding the penillustrated in Figure 3.7 overleaf.
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Figure 3.7: Energy flows around the model reservoir
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Figure 3.8 Flow chart denoting general logic of the resertemperature model
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3.2.2 Program platform

The program was created in the open source Freenvabnment (Freemat, 2013).

The software is free to download and run and haswture similar to that of the

commercial MATLAB package. The platform was chosee to its relative ease of

use and flexibility. Copies of the various versiaighe code used in the project can
be found in appendixes 6.1 and 6.2. Versions ofntlgerial properties calculations
used are given in appendix 6.3. The general progrgorithm is shown in Figure

3.8.

3.2.3 Climate data

Data for this model has been acquired using thernational Weather for Energy
Calculation (IWEC) files available at the Energyu$lwebsite for the weather
monitoring station at RAF Leuchars (U.S. Departn@nEnergy, 2012). These files
are created using hourly weather measurements fakewmp to 18 years, and solar
data estimated from Earth-Sun geometry and weathatitions such as cloud cover.
Sky temperatures were calculated using the TRNS¥&tlver module based on the

same IWEC weather file as an input.

River temperatures were acquired for the MotrayaWat a monitoring station ~ 2.5
km from the reservoir, at Burnside Cottage, St Malk (NO44033 22381). Monthly
temperature measurements were acquired from theisbc&nvironment Protection

Agency (SEPA) for the years 2000-2012 and averafjedl data taken to give an
average monthly temperature profile (SEPA, 2013)pddynomial curve was then

fitted to the monthly data in order to give an apmate hourly temperature profile.
Water flow rate for the Motray water was obtainedni National Environment

Research Council (2013). Daily flow rate measurdas@rere obtained for the years
2000-2012 and averaged to approximate a “typicatiual flow rate profile.

The location of the weather monitoring station airér monitoring point relative to
the reservoir are shown in Figure 3.9. The Motraterw monthly temperatures and

daily flow rates are illustrated in Figure 3.10.
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Figure 3.9 Position of Motray water monitoring point (1) aRéA\F Leuchars weather station (2)
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Figure 3.1Q Motray water monthly river temperatures and polyial curve fit, and river flow rate
data (averaged over 2000-2012). The horizontalinedshows the maximum flow rate into the

reservoir as quoted in the Reservoir Act log book
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3.3 Heat pump integration

3.3.1 Heating demand profile

The heating schedule of the Guardbridge site welldetermined by the pattern of
occupation of the site buildings, however a genasslumption is made that it will
follow fairly standard working hours, with additiaintime in the morning in which to
bring the initial building temperature to the temgiare set point. A typical schedule
is assumed to take the form shown in Figure 3.¥htidg operation begins at 7.00 in
order to reach the temperature set-point for the sif the working day at 9.00, and

continues operation until 18.00.

A general figure for the annual heating demandhat Guardbridge site has been
estimated at 3842 MWh (Yarr, 2013). This equateagdproximately 397 kW as a
base heating demand across 12 months. In reaigyntti not be evenly distributed
however, and demand will be higher in winter thaimmier. A more accurate

determination of the peak heating was outwith ttage of this project.

100% =mmmm———————— e e —————————

Heat pump power output

0% T T T T r )
00:00 04:00 08:00 12:00 16:00 20:00 00:00

Figure 3.11 A typical office heating schedule
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3.3.2 Heat pump performance

Heat pump performance was modelled on the ClimaagemECS-W series of
reversible water source heat pumps. This unit @ila@ve in a range of nominal
heating capacities from 187 — 860 kW, and cooliagacities 174 — 801 kW.
Manufacturer’s technical data was used to genefaii® for typical COP and heating
capacity for three different models, the RECS-W28B7 kW), 1902 (468 kw) and
3202 (860 kW). Performance data for these threeefsodas obtained from the
manufacturer’'s website (Climaveneta, 2013). Addaicdata for performance outwith
the temperature ranges provided by the manufattuliggrature were obtained by

manufacturers software and provided by Young (2013)

In order to assess heat pump performance, condgtesitperatures of 86 and 56C
are assumed, representing what might be considerddw’ output temperature,
perhaps for direct underfloor heating, and a ‘hightput temperature for integration
into another heating network or for use in modenv-temperature radiator heating
systems. Figure 3.12 shows the COP and the hea#ipgcity at both condensing
temperatures for a range of evaporator enteringpéeatures for all three models.
Using known data points, a linear interpolatiorused to derive empirical relations
between the evaporator entering temperature an@@t and heating capacity of the
heat pump. These empirical relations were then asetthe basis for estimating heat
pump performance for a range of evaporator temypegst Note that in the case of an
open loop system the evaporator temperature islgithpt of the reservoir water,
whereas for a closed loop system it is the temperadf the glycol solution after

circulation through the heat exchangers in thervese
A fixed volumetric flow rate is assumed for eachd®lp based on the manufacturer’s

quoted value. Summaries of the empirical relatidesved and the volumetric flow

rates for each model are given in Table 3.1.
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Heat pump | Volumetric | Condenser CORP relation Heating capacity
model flow rate | temperature (COP =) relation Qneatpump
[m°h] [oC] [kW]
0802 24.7 35 0.126%, + 3.8461 | 6.448p, + 134.1
50 0.0877;, + 2.6803 | 6.048B, + 120.16
1902 61.1 35 0.1203, + 3.8227 | 15.70B,+ 334.34
50 0.0817;, + 2.6543 | 15.01%, + 303.26
3202 114 35 0.126%, + 3.9645 | 29.098, + 618.1
50 0.0864, + 2.7764 | 27.22B, + 556.46

Table 3.1 Empirical relations for estimating heat pump perfance

In this section, the methodology taken in the pbjeas been discussed, including a
description of the site under investigation, ansbenmary of the mathematical basis
and implementation of a thermal model of the resiervit concluded with a
discussion of the approach taken to assess heagi parformance across a range of
temperatures. The results of the modelling performall be presented in the

following section.
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Figure 3.12 Performance of RECS-W heat pumps
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4 Results

The results obtained from modelling of the reseranid heat pump system will now
be discussed. This will begin with a comparisorihef results of the reservoir model
with a previous model and experimental measuremdnisill then continue with

some general comments regarding the temperatuiaivarobserved in the reservoir

during the year. Finally, the results of an opemd alosed-loop heat pump scheme
will be presented.

4.1 Thermal reservoir model

4.1.1 Validation

Results of a one year simulation are shown in leigufL, alongside results from the

model created by Chiasson, et al. (2000) and impieed in the TRNSYS
environment.

—Hourly timestep ——Chiasson, et al. (2000)
25 4
20 A
o
L.15
g
3
s
8
£ 10 A
2
5
0 T T T T
0 2000 4000 6000 8000
Time [h]

Figure 4.1 Annual reservoir temperature using hourly timpsée@d monthly energy balance models.
Also shown is data taken from the model of Chiasstaad. (2000) implemented in TRNSYS

53



The general match between the predictions of thalydimestep model and the
Chiasson, et al. model shows good agreement, \mtl s/ariations at a number of
points. The most significant of these occurs atdtat of the year when reservoir
temperatures are at an annual minimum. This isebeti to be caused by the
conditions used to initiate the simulation, whiclifed slightly between the two
models, and thus can be neglected. Over the cairseone year simulation, the
average difference in the reservoir temperaturdipted by the two models is low, at
~0.30°C. The maximum difference in temperature is alsatinely small at ~1.4%C.
Since the model developed by Chiasson, et al.,beas validated previously, this
may serve as a basic means against which to validetthermal reservoir model. In
the absence of experimental data for the annuafves temperature, this comparison

with an already validated model seems a reasoréiielaative.

Measurements of the reservoir temperature were @ad®5.00 August 1 by research
staff at the University of St Andrews. Depth measuents were performed at
approximately half and full depth in addition totla¢ water surface. Figure 4.2 shows

all data points collected and Table 4.1 summatisesiveraged results
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Figure 4.2 Temperature-depth measurements at the centhe @aardbridge Mill Loch
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Depth [m] | Average temperature fC]

0 20.35
0.93 19.70
1.77 19.47

Table 4.1 Summary of temperature-depth measurements

Comparing these results with those obtained froenrttodel, the model predicts a
slightly lower temperature of 18.4D, compared to an average temperature of
19.84C as measured. However, since the model is basé&ymical” annual weather
data, a small variation from the measured resaltsot unexpected. Notably, higher
than average solar radiation intensities in thek&g@evious to the temperature-depth
measurements in the reservoir are likely to havesed a higher than average
temperature for this time of year. However, thisildonot be confirmed due to the
absence of climate data for the period in question.

A second point to note is the thermal stratificatiat is shown to exist in the
reservoir. This of the order of 1 Kdifference between the top and bottom surfaces.
This can be considered to be fairly small consmigeruncertainties in both the
measurement equipment and in the mathematical madelthus does not invalidate

the lumped capacitance approach adopted in thelmode

4.1.2 Reservoir temperature trends

With reference to Figure 4.3, the general trenthanreservoir temperature over the
year is clearly defined. Over the first three maentf the year there is a gradual
increasing trend, which then increases signifigantter a shorter time period, and
then returns to a more gradual increase in temperaPeak temperatures occur in
July, with a maximum temperature of 23.43K. Sigrafit variation is observed

according to climatic conditions, with air tempewrat and solar radiation incident on
the reservoir the two climatic factors with greate@sfluence over the reservoir

temperature. Figure 4.4 shows the trends of therves temperature alongside the

ambient dry bulb temperature and the monthly awerdgly solar insolation. The
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sudden rise in reservoir temperature near the bhewnof spring (~2000 h) can be
seen to be related to an increase in the ambietegraperature during this period.
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Figure 4.3 Guardbridge Mill Loch temperature variation oeeyear
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Figure 4.4: Influence of ambient temperature and solar ingmaon reservoir temperature
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An indication of the relative importance of the fdweat transfer mechanisms in the
model is shown in Figure 4.5. Heat loss by therradiation is shown to be fairly
constant throughout the year, while evaporativedesbecome greater in the summer
when the greater difference in temperature betweemneservoir and the air drives the
process. Similarly, the sensible heat transfer betwthe two bodies is greater in the
warmer months for the same reason. Clearly ther saldiation absorbed by the
reservoir is very significant in the overall temgieire across the year, and is the most
significant means of heat transfer. In the winteriqd, it can be seen that the heat
transfer to the pond is much smaller and more bGloseatches that lost by
evaporation. Therefore it is during this periodtttiee reservoir will be much more

sensitive to temperature changes which a heat puthimtroduce.
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Figure 4.5 Heat transfer in and out of reservoir by varimechanisms across a year
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One thing that is clear from the model is that tegervoir is highly responsive to
changes in environmental conditions, and the teatper can vary be several degrees
in a 24h period. Thus the performance of any heatgpwill be highly variable on

this short timescale, in addition to much largacfuations on a longer time basis.
4.1.3 Open-loop scheme

An open-loop scheme could extract water from tisem&ir by pipe and transport this
to the main heat pump unit(s). As was discussesation 3.1, there is an existing 18
inch pipe which takes water from the reservoir itite main Guardbridge site via the
filter house, which could potentially be used foistpurpose. Additionally there is a
14 inch pipe which can take water directly from thidl lade upstream and bypass the
reservoir, feeding directly into the filter hous&ence an open loop scheme would take
water directly from the reservoir, it would be nesary refill the reservoir to
compensate this water loss. The modelling perforheedbeen based on maintaining
a constant water level at all times, though in aldy the water level may be

maintained at a higher or lower level as desired.
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Figure 4.6 Reservoir temperature in relation to minimum epieg temperature for an open loop heat
pump scheme
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Figure 4.6 illustrates the reservoir temperatunes @ typical year in relation to the
minimum operating condition of an open loop heahpwscheme. The manufacturer’'s
quoted minimum evaporator entering fluid tempemtigr8C, which means that for

an open loop scheme using the reservoir water tireany heat pump will only be

operable at reservoir temperatures above this teaafyye. This limit is also advised
by other sources (YouGen, 2012), which note that i put in place to prevent
problems with ice formation on the evaporator reeahanger. Maximum evaporator
inlet temperature for the heat pump is quoted d8C28hich should not present a
problem given the annual temperature trend of &semvoir, which has a maximum
value of ~23.2C. Cold water could also be mixed with the resargapply water if

temperatures were to exceed this upper value.

Taking this into account, the simulation resultggast that an open loop scheme
would be unable to operate in the weather conditiexperienced at Guardbridge for
a significant part of the year, approximately 6 mhen During this time reservoir

temperatures are predicted to be below the mini@i@rthreshold for safe operation.

Similarly, the temperatures which could be expedtedhe Motray water are also
unlikely to meet the minimum threshold for a simifaoportion of the year, ruling

this out as an alternative heat source for an dpep scheme. It can therefore be
concluded that an open loop scheme would likelyoperable only during the best
part of the spring and autumn, and the summer msprabsuming that antifreeze

cannot be added to the water due to environmegdsbins.

The likely performance of an open loop scheme dyitiese warmer periods will now

be discussed. Simulations were performed for REC8302, 1902 and 3202 models,
at condensing water output temperatures 8€38nd 56C. Reservoir flow rates were

as described in section 3.1 and COP and heatiraritgwalues were calculated using
the relations given in Table 3.1. The results fexr RECS-W 0802 model are shown
in Figure 4.7, for 1902 in Figure 4.8 and for 320Figure 4.9.
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Figure 4.7 Performance of RECS-W 0802 heat pump in open sobgme
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Figure 4.8 Performance of RECS-W 1902 heat pump in open sobgme
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Figure 4.9 Performance of RECS-W 3202 heat pump in open tobigme

Neglecting those periods during which the heat miane incapable of operation due

to low temperatures, the COPs may be as high &sab.ihaximum, and around 3.31

at the lowest simulated value. The results are samsed in Table 4.2.

Heat pump Condenser COP Heating capacity
model output [kW]
temperature Max. | Min. | Avg. | Max. | Min. | Avg.
0802 [Og 6.75| 4.86 5.62 283 186 226
50 469 | 3.38 391 260 169 206
1902 35 6.53| 4.79 550 688 460 558
50 449 | 3.31] 3.79 641 423 512
3202 35 6.72| 498 5.70 1270 857 1027
50 466 | 347, 396 1150 774 929

Table 4.2 Summary of results for open loop heat pump scheme
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The results suggest that an open loop scheme qumolide substantive heating
capacity, and high COPs, according to the timeeafryand the exact nature of the
system adopted. It is clear that a lower water wutpmperature of 3& gives a
higher COP and higher heating capacity, and shthédefore be adopted if at all
possible over a higher temperature output. It shaido be noted that the heat pump
model with the lower heating capacity gives sligiitigher COPs than the larger unit.
This may suggest that using several smaller units @ single unit with a larger
capacity may be marginally beneficial in terms lué COP achieved, although other
considerations would need to be considered, suckddsional piping required and
space considerations. Additionally, when the higltewr rate required for additional
small units is taken into account, the overall resie temperature is be lower which

results in a small decrease in performance.

Generally, it can be seen that due to the high fim@s permitted in the system due to
the high volume of water in the reservoir and thrgyé pipe already in place, a heat
pump with a significant capacity could readily aggeron this flow with good COPs.
However, the fact remains that an open-loop schemeld only be operable for
around half of the year, mainly during warmer weativthen heating demand is likely

to be lower. The merits of such a scheme are therdfighly questionable.

Any water abstracted from the reservoir for useam open loop system would
normally be returned to the Motray Water from whithwas originally taken.
Legislation regarding the management of fresh watditats is required by the
European Union Fresh Water Fish Directive (DirextA06/EE/EC), and enforced in
Scotland through the Surface Waters (Fishlife) ¢6ifecation) (Scotland) Regulations
1997. These regulations define limits on the temfoee variation permitted in rivers
due to thermal discharge according to two clasdifins, salmonid and cyprinid
waters, of which the Motray Water is a salmonidevdSEPA, 2007). The legislation
states that at the edge of the mixing zone dowarstref a thermal discharge, the
temperature must not exceed®C®f the unaffected temperature, and the temperatur
must not exceed 21°6. However, there do not appear to be similar &ipns for

the case of heat extraction from a water body.
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Consideration must also be given to the water tyal particular the water pH.
Water with a lower pH (acidic) will results in pdems with corrosion of pipes and
the heat exchanger, requiring corrosion resistapipenent to be used. Similarly
water with a high pH may cause scaling. The Baglisre in Figure 4.10 shows the
range of pH and alkalinity in which water can bensidered stable. Alkalinity is

measured in parts per million of calcium carbor{@aCQ).
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Figure 4.1Q The Baylis curve which indicates required watdrgnd alkalinity for stable water

(Mountain Empire Community College, n.d.)

Consideration must also be given to the energyireduo pump the water from the
reservoir to the heat pump unit. As mentioned ctise 2.1.2, the COP does not take
into account additional energy costs associateld pamping water from the reservoir
to the heat pump and onwards to the Motray watker@fore more detailed system
design and pumping energy costs would need to lolorpeed in order to fully
understand the energy economics of such a scheme.

4.1.4 Closed-loop scheme

A closed loop scheme would operate by placing &sef heat exchangers in the
reservoir, through which an anti-freeze solutiorp&ssed, collecting heat from the
water, before carrying this to the evaporator & tieat pump unit. This type of
system has the advantage that the anti-freezeeaedoiced to temperatures less than

0°C and remain as a liquid, thus allowing heat transtt lower temperatures than
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water alone. In the case of the Guardbridge ditis, ¢dould take one of two basic
forms, a normal or split system, as elaboratecatien 2.2.3 (see also ). Note that in
the modelling performed, heat losses for eitherahte-freeze or refrigerant solutions
are not considered, and therefore neither systespesifically modelled. However, it
is the understanding of the author that a conveatisystem where the evaporator
and condenser are located together is normal peacti

In order to maximise the temperatures in the resenand thereby achieve the
highest possible performance from a closed-loopesyswater from the Motray water
should be used to replace the reservoir water vibeiperatures in the Motray are
higher than those predicted in the reservoir. Retgrto Figure 4.6, it is observed
that it will be beneficial to replace reservoir watwith lade water during
approximately the first 3 and last 2 months of ylear. All simulations assume this
behaviour. Simulations were performed using varioeat exchanger areas and heat
pump models, assuming 30% glycol solution as thasfer fluid. The results are

shown in for the three models are shown in Figuié 4Figure 4.12 and Figure 4.13 .
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Figure 4.11 Performance of RECS-W 0802 in closed loop scheme

64



—Heating capacity (350C) ——Heating capacity (500C)

650 4 -~ COP(350c) = COP (500C) -7
=550
=
2
o
2
2450
o
o
£
5
T 350
250 . T T T 2
0 2000 4000 6000 8000
Time [h]

Figure 4.12 Performance of RECS-W 1902 in close loop scheme
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Figure 4.13 Performance of RECS-W 3202 heat pump in closed k&cheme
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The results are also summarised in Table 4.3. dta heat exchanger area used for
each model of heat pump was as shown in TableThdse exchanger areas were
selected on the basis of experimentation which sldothat this was the minimum
exchanger area required to maintain an evaporat@rieg temperature of greater
than 0C, which was given by the manufacturer as the minmmncondition for an
output of 56C (Young, 2013).

Heat pump Condenser COP Heating capacity
model output [kW]
temperature Max. | Min. | Avg. | Max. | Min. | Avg.
0802 [OBS:S] 6.48| 3.76 4.71 268 130 179
50 451 | 2.66] 3.30 247 119 163
1902 35 6.23| 3.74 460 648 323 436
50 430 | 2.63] 321 606 298 404
3202 35 6.32| 383 4.69 1160 586 786
50 441 2.72] 331 1071 539 723

Table 4.3 Summary of results for closed loop heat pump sehe

Heat pump | Heat exchanger| Approximate number
model area [n’] of SJ-10T plates
0802 100 9
1902 250 23
3202 450 41

Table 4.4 Heat exchanger areas used in simulations

The results indicate that a closed loop heat pucherae could successfully operate
in the reservoir, with the potential for high hegticapacity with a maximum capacity
of 1160kW using a single RECS-W 3202 heat pump aittund 41 heat Slim Jim

plates, if an output of 38 was selected. Due to the significant temperatariation

in the reservoir over the year, there is consedyentignificant range of heating

capacities and COPs according to the season, wdtabrange of approximately 550
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kW for the largest heat pump model. Therefore,caitfh the RECS-W 3202 has a
guoted heating capacity of 860 kW, it could ordlfably support a maximum load of
closer to 500 kW when used at the sources tempegtn this situation. It should

also be noted that in the winter season, whenrgeaigmand is likely to be highest,
that the COPs achieved are fairly low, with a mimmof around 2.72 for the 3202,

and even lower for smaller capacity units.

In considering the possibility of a larger capaesiygtem, multiple pumps may be used
with separate heat exchanger circuits. For examgere 4.14, shows the expected
performance from 2 RECS-W 3202 heat pump unitsaiper with independent heat

exchanger circuits in the reservoir, each with B800f heat exchanger area. Due to
the large volume of water contained in the resepailarge amount of heat can be
removed before any serious drop in performancebeagxpected. However, it should

be noted that a significant heat exchanger arealdvoeed to be implemented,

perhaps around 1100°mequivalent to approximately 100 SJ-10T flat plagat

exchanger panels.
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Figure 4.14 Performance of two RECS-W 3202 heat pumps irosetd loop scheme
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The main limiting factors in the size of heat pusystem which would be introduced
are namely then the heat exchanger surface araagédo support the system.
However if we assumed that the reservoir surfaea af 11,500 ffis equal to the
reservoir floor on which heat exchangers may begalaand each plate has a
footprint of ~0.38 i (AWEBGEO, 2013), it is observed that only aroun8?® of the

reservoir floor would be required to house platesrder to house 100 plates.

An additional issue which has not been considardtie modelling performed is that
of ice formation on the surface of heat exchandgep. Since the glycol fluid in the
heat exchanger is at times beloWC0a layer of ice is likely to form on the plate
surface due to the transfer of heat from the resewater to the glycol. Figure 4.15
shows the change in the reservoir temperaturephtig glycol entering and leaving
the heat exchanger system for a single RECS-W paa® with an output of 3&,

for various total heat exchanger areas. It is dleara larger total heat exchanger area
will reduce the risk of ice formation on the platsmce the average temperature of
the glycol will be greater. Additionally, any frosbuld be spread over a greater area
which would reduce the overall reduction in heahsfer. However, greater
modelling would need to be performed in order tidvainderstand the effects of ice

formation on the heat exchangers.

Additionally a greater heat exchanger area is shiowasults in more efficient overall
performance due to greater heat transfer to theoglgolution and hence a higher
evaporator temperature (see Figure 4.16). Thetsesulmmarised in Table 4.5 show
that a significant improvement in performance carobtained by increasing the heat
exchanger area beyond the minimum required for peadp operation. For instance,
taking the 3202 model as an example, increasindi¢iae exchanger area by 156 m
from 450 to 600 rhgives an additional minimum heating capacity of k48, and
increases the average COP by 0.18. This is equivébeadding approximately 14
additional heat exchanger panels.
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Heat COP Heating capacity
exchanger areq| [kwW]

[m?] Max. | Min. | Avg. | Max. | Min. | Avg.

450 6.32| 383 4.69 1160 58b 786

600 6.50| 4.02] 4.874 1201 631 827

850 6.67| 4.21) 5.08 1240 67b 868

Table 4.5 Summary of investigation in the effect of heatleanger area on performance

In the preceding section, results obtained fromheraiatical modelling were
presented. This included a comparison of modeltewith those of an existing
model and experimentally obtained data. Some disoa®f the annual temperature
profile of the reservoir was discussed and resudi® given for open- and closed-
loop heat pump schemes. The report will now coreldh a summary of the main

results obtained in the work and some suggestimmiifther work to be performed.
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various heat exchanger areas

——Heating capacity (450 m*2) ——Heating capacity (600 m”2)
1400 - ——Heating capacity (800 m*2) - COP (450 m”"2) -7

--------- COP (600 m*2) - COP (800 m”2)

E 1200

=

2

‘s 1000

©

Q.

]

3]

(=]

2 800

=

@©

(]

I

600

400

0 2000 4000 6000 8000
Time [h]

Figure 4.16 Relation between RECS-W 3202 {85condenser) heat pump performance and heat

exchanger area

70



5 Conclusions

In this project, an investigation was performeditite potential to develop a WSHP

scheme using a freshwater reservoir by the useradthematical model.

A mathematical model of a reservoir was developetié Freemat environment using
a combination of first principles and empiricaladations for heat transfer including

solar gains, thermal radiation, sensible trangeaporative losses and the addition of
water. Using local climatic data, this was valideb®th against an existing model and
with experimental measurements of the real reseteoiperature at a single point in

time. The model predicts annual minimum temperatofea few degrees and maxima
of around 22C.

Empirical relations were developed using manufaetsrperformance data to assess
the performance of a range of WSHP models, at uarevaporator temperatures.
These empirical relations were then used in contiminavith the mathematical model
to predict the performance of various heat pumesis. The results indicate that an
open loop scheme would be largely unsuitable dubddow water temperatures in
the reservoir during the colder months, despitemtslly high heating capacities of
over 1 MW possible due to the high flow rate andgeratures in the warmer months.
Similarly high COPs of around 4 or 5 depending lbe temperature output, either
35°C or 50C. It was also concluded that the flow rate avaddlom the reservoir is
sufficient to support multiple heat pumps in ortteincrease overall heating capacity.
It is also possible than the period of operationldde extended by increasing the
water flow rate during cold periods, which woultbal similar heat extraction overall
but with a lower temperature drop in the water. ldeer, this was not covered in the

project and could be looked at in more detail ath&r work.

In terms of a closed-loop scheme, it was showntthiatwould be able to operate year

round using an additional glycol loop in the res@anand Slim Jim flat plate heat

exchangers. Modelling showed that the reservoildcpotentially support multiple

heat pumps, supporting a heating load of over 1 Withf COPs of 3-4 at an output of
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50°C and 5-6 at 3. The advantage of a greater number of heat egengrlates
was also illustrated, with significant improvemenmts heating capacity and COP

achievable by increasing total heat exchange area.

However, further work should be performed in ortterconfirm the viability of a
closed-loop scheme. This would include further aese into the effect of ice
formation on heat exchanger plates during cold mexatwhich it is suspected will
reduce overall performance due to a reductionenhibat transfer coefficient between
the reservoir water and the plates. Investigationld also be performed into the
relative benefits of flat plate exchangers overvemiional HDPE loops, which were
not considered in this project. Greater considenatmust also be given to the
associated costs of any scheme, particularly thetsnever other potential options

such as air-source heating or a ground-source s¢hem

In should also be noted that in any forthcomingemt) the normal process adopted
would be to determine the maximum heating load etqok determine the lowest
reservoir temperature experienced, and selecttamysapable of producing the

maximum load at this minimum evaporator temperature
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6 Appendixes

6.1 Reservoir open-loop heat pump model

%Load climate file
climate_file=csvread('leuchars_climate.csv',1,0Fd¥column definitions see file

%Create water top up schedule
fill=(61.1/3600);

%Create heat pump schedule
hp_schedule=[0,0,0,0,0,0,1,1,1,1,1,1,1,1,1,1,0)0®,0,0];
heat_pump_profile=repmat(transpose(hp_schedule)}, 365

%Set initial and final timesteps

tstart=1; %Set initial time
t=tstart; %Set initial time
no_years=1,; %Set the number ofs/garun for

tend=8760*no_years; %Set end time

%Create empty matrix for results files

temperature_results=zeros([tend,3]); %Creatermir temperature results table
energy_results=zeros([tend,4]); %Créaiat transfer results table

%Define reservoir geometry

reservoir_area=11500; %Define reservaadm”2]
reservoir_volume=30927;  %Define reservoir wadu[m"3]
reservoir_depth=2; %Define resardaipth [m]
%Define reservoir parameters

extinct=10; %Define water extinctiomefficient
emissivity=0.96;  %Define water emissivity

nair=1; %Define air refractimmlex
nwater=1.33; %Define water refractioder

%Set initial values
reservoir_temp=climate_file(tstart,1); %Setialiteservoir temperature

Q_solar=0; %Set initial solar radiation heat transfer
Q_thermal=0; %Set initial thermal radiation heat transfer
Q_sens=0; %Set initial sensible heat transfer
Q_evap=0; %Set initial evaporative heat transfer

%%%0%%%0%% %% %% %% %% %% %% %% % % %% %% %% %% %% %% % %% % %

%Begin timestep
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while t<tend

%Load climate data

dry_bulb=climate_file(t,1); ®dry bulb temperature [0C]
dew_point=climate_file(t,2); %Skew point temperature [0C]
relative_humidity=climate_file(t,3); %Setative humidity [%]
solar_intensity=climate_file(t,4); %Spoal horizontal radiation intensity [W/m”"2]
wind_speed=climate_file(t,5); %8and speed [m/s]
sky_temp=climate_file(t,6); ea®ffective sky temperature [K]

solar_incident_angle=climate_file(t,8); %Setasohcident angle [0]
atmospheric_pressure=climate_file(t,10); %Set aphesc pressure [Pa]
river_temp=climate_file(t,12); #iSiver water temperature [0C]

%%%0%%%0%6%%0%%%%0%6%%0% %% % %% % %% %% % %% %% %% %% %% %% %

%Calculate solar radiation heat transfer

solar_incident_rad=solar_incident_angle*pi/180; %Convert incident angle to radians
refract=asin(sin(solar_incident_rad)*nair/nwater)¥Calculate angle of refraction
rperp=(sin(refract-solar_incident_rad))*2/(sin(eefr+solar_incident_rad))"2;

%Calculate perpendicular component of reflection
rpara=(tan(refract-solar_incident_rad))"2/(tan@eftsolar_incident_rad))"2;

%Calculate parallel component of reflection
TAOr=0.5*((1-rperp)/(1+rperp)+(1-rpara)/(1+rparadpCalculate transmittance of reservoir surface
TAOa=exp(-1*extinct*reservoir_depth/cos(refractPyCalculate absorbance of reservoir surface
reflectivity=TAOa-TAOa*TAOr; %Calculate reflectivity of reservoir saré
Q_solar=solar_intensity*(1-reflectivity)*reservoarea; %Calculate solar radiation heat gain [W]

%Calculate thermal radiation heat transfer
Q_thermal=reservoir_area*emissivity*(5.67E-8)*(@esir_temp+273)"4-(sky_temp”4)); %[W]

%Calculate evaporative heat transfer
€0=610.8*exp((17.27*reservoir_temp)/(237.7+resarvemp)); %Calculate saturation vapour
pressure [Pa]

ea=610.8*exp((17.27*dew_point)/(237.7+dew_point))%Calculate actual vapour pressure [Pa]
evaprate=0.000968*wind_speed*(e0-ea); %Calculate water evaporation rate
[mm/day]

Q_evap=(2.45*1*evaprate*reservoir_area*1000)/86.4%Calculate evaporative heat transfer [W]

%Calculate sensible heat transfer
Q_sens=Q_evap*66*(dry_bulb-reservoir_temp)/(e0-&d)V]

%Calculate energy transfer by addition and remo¥alater

if reservoir_temp>8 & heat_pump_profile(t,1)==1
Q_water=fill*density _water(river_temp)*water (cper_temp)*(river_temp-reservoir_temp);
water=fill;

else
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Q_water=0;
water=0;
end

%Calculate total energy flow and net energy flow
Q_in=Q_solar+Q_sens+Q_water, %Calculate paiat [W]
Q_out=Q_thermal+Q_evap; %Calculedat loss [W]

Q_net=Q _in-Q_out; %Cedde net energy transfer [W]

%Define reservoir properties
reservoir_cp=water_cp(reservoir_temp);  %Calculate pond cp
reservoir_rho=density _water(reservoir_temp); %0date pond density

%Calculate temperature change and new reservopesature
delta_T=(Q_net*3600)/(reservoir_cp*reservoir_voldneservoir_rho); %Calculate delta T for
timestep [K]

reservoir_temp=real(reservoir_temp+delta_T); %dateunew reservoir temperature [0C]

%%%0%%%0%6%%0%%%%0%6%%0% %% % %% % %% %% % %% %% %% %% %% %% %

%Save results to matrix
temperature_results(t,1)=reservoir_temp;
temperature_results(t,2)=water;
energy_results(t,1)=Q_solar;
energy_results(t,2)=Q_sens;
energy_results(t,3)=Q_thermal;
energy_results(t,4)=Q_evap;
energy_results(t,5)=Q_in;
energy_results(t,6)=Q_out;
%Set time for next timestep
t=t+1;

end

%%%% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% %% %% %% %
%Save model results to .csv file

plot(temperature_results(:,1)) %Plot temperature of reservoir
xlim([tstart,tend])

csvwrite('main_results.csv',temperature_resul&Write main results to .csv file
csvwrite(‘energy_results.csv',energy_results) %Write enegy transfer results to .csv file
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6.2 Reservoir closed-loop heat pump model

%Set initial and final timesteps

tstart=1; %Set initial time
t=tstart; %Set initial time
no_years=2; %Set the number ofsygarun for

tend=8760*no_years; %Set end time

%Load climate file
climate_file=csvread('leuchars_climate.csv',1,0Fd¥column definitions see file

%Load river flow rate file
river_flow_file=csvread('Motray_water_flow.csv',};0

%Create water top up schedule
schedule=[1,1,1,1,1,1,1,1,1,2,2,1,1,1,1,1,1,1,11.11];
river_top_up=repmat(transpose(schedule),365*no syEar

%Create heat pump schedule
hp_schedule=[0,0,0,0,0,0,1,1,1,1,1,1,1,1,1,1,0)0®,0,0];
heat_pump_profile=repmat(transpose(hp_schedulendcyears,1);

%Set conditions for iterative solution
limit=5000; %Set tolerance fieat transfer
temperature_step=0.005; %Set increments for teatyrer guess

%Create empty matrix for results files
temperature_results=zeros([tend,3]); %Creatermir temperature results table
energy_results=zeros([tend,4]); %Créaiat transfer results table

%Define reservoir geometry

reservoir_area=11500;  %Define reservoir aneel]
reservoir_volume=30927; %Define reservoir volumé3imn
reservoir_depth=2; %Define reservoirtddm]

%Define reservoir parameters

extinct=10; %Define water extincticoefficient
emissivity=0.96; %Define water emissivity
nair=1; %Define air refraxtiindex
nwater=1.33; %Define water refractiodex

%Define heat exchanger properties

exchanger_area=850; %Define the heatamgdr area [m”2]
fluid_in=-6; %Set heatriséer fluid inlet temperature [0C]
fluid_out=fluid_in; %Set heat transfienid outlet temeprature [0C]
char_length_x=1.2192; %Define heat exgeaheight [m]
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volumetric_flow_rate=114; %Set transfer fluicigs flow rate [m”3/h]

%3Set initial values

reservoir_temp=climate_file(tstart,1); Seét initial reservoir temperature
Q_solar=0; %Set initial solar radiation heansger
Q_thermal=0; %Set initial thermal radiation heat sfan
Q_sens=0; %Set initial sensible heat transfer
Q_evap=0; %Set initial evaporative heat transfer
Q_pump=0; %Set initial heat pump capacity
fluid_average=real(fluid_in+fluid_out)/2; = %Saitial average glycol temperature
COP=3; %Set initial heat pump COP

filmW_T=(reservoir_temp+fluid_average)/2; %Setialifilm temperature
%%%% %% %% % %% % %% %% %% %% %% % %% % %% %% % %% % %% %% %% %% %% % %

%Begin timestep
while t<tend

t

%Load climate data

dry_bulb=climate_file(t,1); %Sdry bulb temperature [0C]
dew_point=climate_file(t,2); %Sew point temperature [0C]
relative_humidity=climate_file(t,3); %Setative humidity [%]
solar_intensity=climate_file(t,4); %Spoal horiontal radiation intensity [W/m”2]
wind_speed=climate_file(t,5); %%B@end speed [m/s]
sky_temp=climate_file(t,6); eaffective sky temperature [K]

solar_incident_angle=climate_file(t,8); %Sdasdincident angle [0]
atmospheric_pressure=climate_file(t,10); %Set afrheric pressure [Pa]
river_temp=climate_file(t,12); #Iiver water temperature [0C]

%%%0%%%0%% %% %% %% %% %% %% %% % %% %% % %% %% %% %% %% %% %% %% %% % %

Q_fluid_loss=0; %Set default heahsfer to fluid

Q_heat_abs=limit+1; %Set default heat fieamnt® fluid

%Calculate solar radiation heat transfer

solar_incident_rad=solar_incident_angle*pi/180; %Convert incident angle to radians
refract=asin(sin(solar_incident_rad)*nair/nwater Dl ; %Calculate angle of refraction

rperp=(sin(refract-solar_incident_rad))*2/(sin(e&fr+solar_incident_rad))"2; %Calculate
perpendicular component of reflection
rpara=(tan(refract-solar_incident_rad))"2/(tan@eftsolar_incident_rad))"2; %Calculate
parallel component of reflection

TAOr=0.5*((1-rperp)/(1+rperp)+(1-rpara)/(1+rpara)); %Calculate transmittance of reservoir
surface

TAOa=exp(-1*extinct*reservoir_depth/cos(refract)); %Calculate absorbance of reservoir surface
reflectivity=TAOa-TAOa*TAOr; %Calculate reflectivity of reserveirrface
Q_solar=solar_intensity*(1-reflectivity)*reservoarea; %Calculate solar radiation heat gain [W]
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%Calculate thermal radiation heat transfer
Q_thermal=reservoir_area*emissivity*(5.67E-8)*(@esir_temp+273)"4-(sky_temp”"4)); %[W]

%Calculate evaporative heat transfer
€0=610.8*exp((17.27*reservoir_temp)/(237.7+resarvemp)); %Calculate saturation vapour
pressure [Pa]

ea=610.8*exp((17.27*dew_point)/(237.7+dew_point);&tculate actual vapour pressure [Pa]
evaprate=0.000968*wind_speed*(e0-ea); %Calculate water evaporation rate [mm/day]
Q_evap=(2.45*1*evaprate*reservoir_area*1000)/860Lalculate evaporative heat transfer [W

%Calculate sensible heat transfer
Q_sens=Q_evap*66*(dry_bulb-reservoir_temp)/(e0-&&jy]

%Calculate energy transfer by addition and remo¥alater
if river_flow_file(t,1)>0.18

river_flow_file(t,1)=0.18;
end

if t>2160&&t<7296(t>10920&&t<16056
river_flow_file(t,1)=0;
end

Q_water=river_top_up(t,1)*river_flow_file(t,1)*deitg_water(river_temp)*water_cp(river_temp)*
(river_temp-reservoir_temp); %[W]

%Begin reservoir loop transfer module
if heat_pump_profile(t,1)==1

while abs(Q_fluid_loss-Q_heat_abs)>limit

%Calculate film properties
fluid_average=real((fluid_in+fluid_out)/2); %Calculate average transfer fluid temperature

[oC]

filmW_T=real((fluid_average+reservoir_temp)/2); %Calculate film temperature [0C]
C_p=water_cp(flmwW_T); %Define film specific heat capgdit/kg.K]
water_dynamic=water_dynamic_viscosity(flmW_T); @&fime film dynamic viscosity [kg/m.s]
water_beta=water_expansion(flmw_T); %Define film thermal expnasion coefficient
[1/K]

water_con=water_conductivity(filmwW_T); %Define film thermal conductivity [W/m.K]
water_density=density_water(flmwW_T); %Define film density [kg/m"3]
water_alpha=water_con/(water_density*C_p); %Define film thermal diffusivity [m"2/s]

water_kinematic=water_dynamic/water_density; %Define film kinematic viscosity [m"2/s]
water_Pr=C_p*water_dynamic/water_con; %Calculate Prandtl number

water_Ra=9.81*water_beta*(reservoir_temp-
fluid_average)*(char_length_x"3)/(water_kinematietter_alpha); %Calculate Rayleigh number
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water_Nu=real((0.825+((0.387*water_Ra"(1/6))/(14dR2/water_Pr)*(9/16))(8/27)))"2);
%Calculate Nusselt number
transfer_coeff=water_Nu*water_con/char_length_x;%Calculate heat transfer coefficient [W]

%Get glycol properties

cp_gly=cp_glycol(fluid_out);

glycol_density=density water(fluid_average);
mass_flow_rate=(volumetric_flow_rate*glycol_den$¥iB600;

%Calculate heat transfer
Q_heat_abs=transfer_coeff*exchanger_area*(resememnp-fluid_average); %Calculate heat
transfer to exchanger

Q_fluid_loss=(mass_flow_rate)*cp_gly*(fluid_out-ftl in); %Calculdteat
gain by fluid

%Perform check for correct outlet temperature
if Q_heat_abs<Q fluid loss
fluid_out=fluid_out-temperature_step;

else

fluid_out=fluid_out+temperature_step;

end

end

%Perform heat pump calculations
%Q_pump=1000*(6.4485*fluid_out+134.1); %Empiticalation 0802 @35
%COP=0.1262*fluid_out+3.8461; Piygirical relation 0802 @35

%Q_pump=1000*(15.709*fluid_out+334.3); %Empiticalation 1902 @35
%COP=0.1203*fluid_out+3.8227, Ebdpirical relation 1902 @35

Q_pump=1000*(29.092*fluid_out+618.1); %Empiricalation 3202 @35
COP=0.1266*fluid_out+3.9645; Efbpirical relation 3202 @35

%Q_pump=1000*(6.0486*fluid_out+120.16); %Empificalation 0802 @50
%COP=0.0872*fluid_out+2.6803; %Empirical relation 0802 @50

%Q_pump=1000*(15.014*fluid_out+303.26); %Empificalation 1902 @50
%COP=0.0817*fluid_out+2.6543; %Empirical relation 1902 @50

%Q_pump=1000*(27.223*fluid_out+556.46); %Empificalation 3202 @50
%COP=0.0864*fluid_out+2.7764; Ebdpirical relation 3202 @50

fluid_in=fluid_out-(Q_pump/(cp_gly*mass_flow_rate)) %Calculate new inlet temperature for
heat exchanger

else
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Q_fluid_loss=0;
end

%Calculate total energy flow and net energy flow

Q_in=Q_solar+Q_sens+Q_water, %Calculate heat gain [W]
Q_out=Q_thermal+Q_evap+(1*Q_fluid_loss); %Cadtelheat loss [W]
Q_net=Q _in-Q_out; %Calculate net energy transfer [W]

%Define reservoir properties
reservoir_cp=water_cp(reservoir_temp);  %Calculate pond cp
reservoir_rho=density _water(reservoir_temp); %0date pond density

%Calculate temperature change and new reservopesature
delta_T=(Q_net*3600)/(reservoir_cp*reservoir_voldneservoir_rho); %Calculate delta T for
timestep [K]

reservoir_temp=real(reservoir_temp+delta T);  %Calculate new reservoir temperature [0C]

%%%% %% %% %% %% %% %% %% %% % %% %% %% % %% %% %% % % %% %% %% %% %% %%
%Save results to matrix

temperature_results(t,1)=reservoir_temp;

temperature_results(t,2)=Q_pump;

temperature_results(t,3)=COP;

temperature_results(t,4)=filmW_T,

temperature_results(t,4)=fluid_average;

temperature_results(t,5)=fluid_in;

temperature_results(t,6)=fluid_out;

energy_results(t,1)=Q_solar;
energy_results(t,2)=Q_sens;
energy_results(t,3)=Q_thermal;
energy_results(t,4)=Q_evap;
energy_results(t,5)=Q_fluid_loss;
energy_results(t,6)=Q_heat_abs;
energy_results(t,7)=Q_pump;

%Set time for next timestep
t=t+1;
end

%%%% %% %% %% %% %% %% % %% %% %% %% %% % %% %% %% % % %% %% %% %% %% %%
%Save model results to .csv file

plot(temperature_results(:,1)) %Plot temperature of reservoir
xlim([tstart,tend])

csvwrite('main_results.csv',temperature_results) %Write main results to .csv file
csvwrite(‘energy_results.csv',energy_results) %Write enegy transfer results to .csv file
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6.3 Material property relations

Properties of water and glycol solution were calted according to the relations

given here.

6.3.1 Water

Density

bg0=999.83952;

bg1=16.945176;

bg2=-0.0079870401,

bg6=0.01687985;

bg3=-46.170461E-06;

bg4=105.56302E-09;

bg5=-280.54253E-12;
waterdensity=(bg0+T*(bgl+T*(bg2+T*(bg3+T*(bg4+T*bYP))/(1+bg6*T);

Specific heat capacity

ACP0=4.21534;

ACP1=-0.00287819;

ACP2=7.4729E-05;

ACP3=-7.79624E-07;

ACP4=3.220424E-09;
WCP=ACPO+T*(ACP1+T*(ACP2+T*(ACP3+T*ACP4)));
waterspecificheat=WCP*1000;

Dynamic viscosity

am0=-3.30233;

am1=1301;

am2=998.333;

am3=8.1855;

am4=0.00585;

am5=1.002,;

am6=-1.3272;

am7=-0.001053;

am8=105;

am10=0.68714;

am11=-0.0059231,;

aml2=2.1249E-5;

am13=-2.69575E-8;
wmu=am5*107((T-20)*(am6+(T-20)*am7)/(T+am8));
if T<20
wmu=10"(amO+am1/(am2+(T-20)*(am3+am4*(T-20))))*100;
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end
dynamic_viscosity=0.001*wmu;

Expansion coefficient
expansion=1.060228571E-5*T+3.956E-5;
Conductivity

ak0=0.560101;

ak1=0.00211703;

ak2=-1.05172E-5;

ak3=1.497323E-8;

ak4=-1.48553E-11;
conductivity=ak0+T*(ak1+T*(ak2+T*(ak3+T*ak4)));

6.3.2 Glycol

Specific heat capacity

afspecificheat=4186.6*(0.89889+((5.1554E-4)*T));
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