University of

Strathclyde

Engineering

Department of Mechanical and Aerospace Engineering

Assessing thd-easibility of Water Source Heat Pumps
Supplied by Renewable Power @neration for

Scottish Communities: Isle of Arran CaseStudy

Author: Jakub Vrba

Supervisor: Dr Paul Tuohy

A thesis submitted in partial fulfilment for the requirement of the degree
Master of Science
Sustainable Engineering: Renewable Energy Systems and the Environment

2017



Copyright Declaration

This thesis is the result of the authordos
author and has not been previously submitted for examination which has led to the

award of a degree.

Thecopyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained in,

or derived fromthis thesis.

Signed: s;rm..;m M{; Date 25. 8. 2017

&



Abstract

This project aims to assess the technical, financial and environmental feasibility of
using water source heat puntpsprovidelow-carbonheating for communities living

on the Isle ofArran. The investigated technology was designed to function as an
alternativesolution tohigh power consumption electric heaters¢conventionafossil
fuelled heating systems. The proposed commuaityied system could increase the
independence and resilience of involved communities, whilst decreasing fuel poverty

rate in the area

The feasibility studyconcentrated on a small community in Blackwaterfedh an
annualheatdemandof 496 MWh, which requred a water source heat pump ®m
with a capacity of 105 kW. Thenergy modelling process with a step of one hour
resulted in a seasonal performance factor of 3.7 in one opelgtear. The rest of the
demand wasnet by heat stored in a thermal sta@dagnk with a capacity of 12,300
litres, and al5-kW backup immersion heatéw ensure reliable heat sup@il-year

round.

The hourly based gpply-demand phase included renewable power generation through
solar PVs that were evaluated as the most feasHoleition regarding the
Blackwaterfootcommunity. The PV system with a rated power outpuB@fkW
supplied mor e t hamuapdves cansumptien anthilstmenengtidgs
additional profit to the communitgsovernmentncentives, such as Fegud Tariff and

Renewable Heat Incentive, were considered in the financial evaluation process.

Finally, the establishednethodology was tested on a future-gffid communitysite,
expected to be based next to Merkland BuFhis site was designed to harness
hydropower potential for heat and power generation, whilst using surplus power for
other purposes, such adternative forms of transport. This procee provedthe
applicability and flexibility of the water source hgatmp technology even in small

scale applicationswvhile having vastly positive environmental and social impacts
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1. Introduction

Scotland is one of the worlttades in terms of implementing renewable energy
systems into their electricity network, which is heavily driven by national targets and
policies. In 2016, the last Scottish chiaéd power station Longannet was officially
closed, whilst54% of gross electrigit consumption was sourced from renewabples
which is nearly three times greater than ten yearg@gottish Government, 2017a)
Furthermore, Scotland has set an ambitious target of meeting 100% electricity

consumption from reneable sources by 2020.

Although these electricity generation statistics and targets are remarkable milestones,
nonrrenewable heat generation remains the main obstacle of moving tcavaiae
sustainable, low carbon future. Heat generation is currenihypnssble for more than
half of Scotlandods total e n er-glectricalthents u mpt i o
demand was generated from renewable sources in(3eb&ish Government, 2017b)
Unlike intheelectricity sector, Sutland has one of the lowest percentagfaenewable

heat generation in the entire E{$cottish Government, 2017bYherefore, the
implementation of low carbon heating systems is expected to increase rapidly in the
upcoming yars, which has also been confirmed in the draft Scottish Energy Strategy
published in 2017. This enhancement of space and water heating technologies within
the UK domestic and nedomestic sectors is crucial if the 2050 target of reducing

greenhouse gas &) emissions to 80%eompared to the 1990 levels to be met

One of the key players in the low carbon heating transition are water source heat pumps
(WSHPs)that have gained momentum fiecent years, especially due to numerous
successful installations across the coumdrymew Gode of Practice for surface water
source heat pumps prepared by the Chartered Institution of Building Services Engineers
(CIBSE)has been recently launchedbocst uptake of this technology in the UK. The
code is supported by the Department of Energy and Climate Change (DECC), and
introduces the best practice procedure and the minimum requirements for the whole life

of the system to meet ambitious national tar¢etBSE, 2016)

The expansion of renewable heat generation should, howseeonly ensureghe
reduction of emissionbut also decrease fuel poverty, which remains a major issue

especially in rural areas of Scotland. Things project seeks to evaluate feasibility

1



of usingwater source heat pumps supplied by renewable power gendaatieottish
communities situated on the Isle of Arran. The island represents a typical rural location
out with the national gas grigvhich leads to an increased risk of fuel povettie to
the use of insufficient electric heaters and expensive fossil fuels that must be imported

from the mainland



1.1. Overall Aim and Objectives

Scottish communities in rural areas often use-r@mewable soursesuch agoal and
kerosendo heat their dwellings, as they aret connected to the national gas network
Alternatively, electric heaters are installed in the housestwlbiad to expensive bills,
thereforeincreased risk of fuel povertylhis project ans to assess the technical,
financial and environmental feasibility of usingitersource heat pumgsupplied by
renewable power generatiahpt cald providelow carborspaceheatingand hot water
for communities living on Scottish islandparticularly on the Isle of ArranThis
technology couldunction as an alternativeolution tofossil fuelledheating systems
andbr high power consumption electric heatevhich could increase the inglendence

and resilience of involvedommunitieswhilst decreasig fuel poverty rate in the area
The key objectives of the individual project are following:

1. Describethe function of both conventional asthte of the amvater source heat
pumps.

2. Include a brief overview ofsmallscale renewable power generation
techndogieswith an emphasis on innovative systeam&l community owned
schemes

3. Preparea concisemethodology hat could be replicated in other communities
situated on Scottish islands, mainlardevenabroad

4. Establish théheat demand in the selectedmmunityand determia how it is
currently being met

5. Establishpotentialrenewable energgesourcsin the selected area

6. Design the system icomputer based energy modelling progsam

7. Discussthe technical, environmentadnd social feasibility of the poposed
systemanddeterminerelated barriers to deployment.

8. Recommend the type and system design to the community on the island if
evaluated as feasible.

9. Study thepotential applicability to a future offrid site that could follow the
established methodmdy to demonstrate its flexibility



1.2. Overall Approach

Since there are many low carbon heating systems that couddstigated, this project
concentrate primarily on water source heat pumpdherefore, the second chapter
identifies fundamental principles of the technology, and describes the Iatest
improvements and scientific findings. Bmsure thatealworld insightis provided

case studies from different countries are investigated.

To guaantee that heating is provided from renewable sources, the possibdihatf

scale renewable power generation systeéonseet the required electricity consumption

of the heat pumpsareto be part of the projectThe third chapter includes a brief
ovewiew of micro hydropoweand solar P\systems, whilst puttingmphasis on the

most recent innovations in the system design, as well as focusing on those schemes

owned by local communities in Scotland.

Design apprach and software evaluation is tt@re ofthe fourth chapter that aims to

find the best possible methods and tools for the analytical section. This should ensure
that a wide range of optiomgeretaken into consideration before selecting the tools that
wereused to design the proposed systemthis project seeks to address a+watld
problem, many different computbased toolsane into play to ensurterobustness

of the recommended outcomes.

The fifth chaptefocuses on developingdetailedmethodologyhatcould be replicated
elsewheren the futureThe provided methodologyoncisely states atif theimportant
steps that were undertaken throughout the pra@bter communities within, and out

with, Scotland, could eventually follow this procedure.

The analysis, results andiscussion of technical, environmental aswtial aspects
related to the proposed devetoent arehe backbone of the sixtthapter.This section

also briefly introduces the renewable energy projects on the Isle of Arran, which has
been chosen as a casedst To assureéherobustness of the project, a specific location

on the island was selectead model the system and run numerous simulations.
Furthermore, this section concentrates on barriers to deployment, and how those could

be overcomdy various incetive programmesThe last part of the chapter is focused



on testing the established methodology on a potentiaraff site on the island to

demonstrate its applicability and flexibility that could be replicated elsewhere.

The lastpart of the thesis isoncentrated on a final discussion and conclusion that
brings all the researched outcomes together, whilst recommending the best solution to
the investigated sites. Finally, further work that anwBen working on this project that

could be executed in thature is concisely outlined in the last section of the thesis.



2. Literature Review Part I: Heat Pumps

The fundamental principle of a heat pump is to extract low temperature heat from a
given source, and transfer it to a high temperature #imkas LordKelvin who first
cameup with theidea of using heat pump system to provide heatingveillings, with

the first UK officially reportednstallationat theNorwich Corporation buildindSingh,

et al., 2010)Although the system design has clearly changed significantly since this

milestone, theinderlying concepltasremairedunchanged

The second law of thermodynamics discovered by Clausis states that heat cannot freely
flow from a cold object to a hot one Witutexternal force being applied on the system.
This means that, in the case of a heat pump, electrical power is requinad ttze
compressarThe same principle is used in a conventional fridge, where heat is being
removed from the internal space, ahdmped to the surrounding environment. This
operation keeps the interior at a desired temperature, whilst the back of the fridge is
warming up. Heat pumpused for space heating and hot water essentially work as a
reversed fridge. Although electricity iecessary throughout the process, the amount is
significantly lower compared to the heat deliverBok ultimate difference betwedme
refrigeration cycle anthe heat pump cycle is captured Figure 1.

The equired heat can be taken from different sources, such as air, ground or water,
where eacltompriseof unique physical mperties. Although heat pumpsspecially

the ones using ground as a heat sow@nccasionallycalledgeothermal deviceshe

main heat source is solar enef@mW geothermal vs 100W solg}larke, 2016)

This gives the technologysubstantial advantage compared to other heating systems,

as solar energy is abundant and entirely renewable.

Heat leakage
to surroundings
Q2 =Q+W

Work W

Warm space

Surroundings

Cyclic
Cyclic device
device

Heat leakage

Surroundings
from surroundings

Cold space

Figure 1. Fundamental difference between refrigeration cycle (le
and heat pump cycle (righffuohy, 2016)



2.1. Vapour Compression Cycle

A heat pumpconsists of four main stages where each is represented by a unique
component. Tase include compressor, condensxpansion valveand evaporator.
Firstly, arefrigerant is passed through a compressor which leads to increased pressure
and temperature. Condensation occurs in the second stage, where compressed vapour
turns into a liquidstate whilstpressure remains unchanged. Tisisvhere heat is
delivered to the building. Afterwards, high pressurised liquid experiences a pressure
drop whichcauses the evaporatiolm case of space heating and hot water generation,
theevaporator is plced outside to gain heat from the source, as heat always flows from
hot object to a cold oné.ow pressure refrigerant in a gas state is then passed through
thecompressor, and the cycle is complefgtk identical cycle can also be used for air
conditioring, in which casehe condenser is placed outside to dump the heatland
evaporation process occurs inside to cool down the internal rooms. This flexibility
illustrates one athemany advantages compared to other conventional heating systems.

A schemadt of the hat pump cycle can be seerFigure 2

Although a heat pump is a low carbon technology that uses renewable heatssource
externalforcemust be applied on the system, to ensure that energy is transtetined

heat sink. This external work is delivered in a form of electricity that is consumed by
the compressoiThe change of pressure and enthalpy in each stage of an ideal vapour
compresion cycle is shown ifrigure 3. In reality, the curves are not linear due to

various heat losses and natural imperfections.

I =1 3 »
= y—

%
Ag

condensation

Expansion Valve

Pressure
expansion

e o)

@ L > Evaporator @

evaporation

Enthal
h e h . h h

er,i erg er.o ..
Figure 2. Four main stages of a typical h Figure 3. PressuréEnthalpy diagram of an ide:
pump cycle(ESRU, 2011) vapour compression cyc{Ruz, et al., 2017)



2.2. SystemPerformance

The main indicator to recognise performance of a heat pump is the coefficient of
performance (COP). It is stated a ratio of the net heating capacitythe effective
powerinput, and should be officially measured according to ISO 1-:225898, which
includes international standards for testing and rating for performance of water source
heat pumpglSO, 2015) Therefore,COP of a heat pump can be accurately measured
by taking the amount of heat transferred to the heat sinkai@) dividing it by the
amount of electricity power dragged by the operating equipment &8/shown in

Equation 1

#/ 0 — Equation 1

Alternatively, there is a relationship between temperature of refrigerant in condenser
4 , and evaporator4 . This solution has the advantage of requiring only two

thermocouples to calculatiee COP of the ideal Carnot cyclas shown irEquation 2

#1/ 0 — Equation 2

It can be seen that the highest COP is achieved when the tam@erdatondensation

is the closest to the temperature of evaporation. This is whyetiiemance of an air
source heat pump decreases with lower outdatly temperature. This often leadsato

poor air source heat pumperformance when the heat demaehks and generally
unstable performance throughout the year, especially in countriesasuthe UK.
Moreover, heating is usually required during the evening and night when the outdoor
bulb temperature is the lowe8&n the other hand, ground and watssth at sufficient
depths,are represented blatively stable temperatures not ordyring the 24-hour

period but also throughout the whole year.

Although COP is an important characteristic of the system, it does not proyide an
informationabouthow the heat pump performs in a long term. By contrast, seasonal
performance factor (SPHReflects a more realistic view of performance, as it is
measured and calculated over an entire se@dorton, 2013) In the UK, every heat
pumpmust be designed widgnCOP of 2.9 or higher and SPF must achieve a minimum
of 2.5to receive government incentives for low carbon heat genert@&GEM,

2014) Therefore, these values could be used

8



In 2016, the Department of Energy andn@ie Changpublished a neort dedicated to
monitoring performance of ground and water source heat pumps installed around the
UK. The overall SPF ranged from 1.3 to 4.2 with an average dfHughes, 2016)
This statistic demonstrates that the majootyheat pumps are dgsied and installed

correctlythese days.

The performance of heat pumps is relatively stable throughout the system lifetime,
althoughregular maintenance is required. The expected working life of commercial
heat pumps is estimated2§ years which gives this technology significant advantage
in terms of lower replacememtte, sinceconventional domestic boilers have an

expected lifespan of only 15 yed&ngh, et al., 2010)

2.3. Heat Exchangers

The core principle of a heat pump is to transfer heat from one place to the other, which
requireshe useof a heat exchangerow temperature heaixtraced from the primary
sources passed through the cycle and highly pressurised into a vapour beériegen

the condensation stage. At this stage, heat is transferred from the refrigerant to the water
circuit which distributes heat around the buildidg ensure that heat transfer is
maximally efficient,a countetflow heat exchanger with numerous shelges should

be usedTuohy, 2016)Both cycles are completely separated, and therefore water and

working fluid are never physically mixed.

Inside the building, heat transfer is mainly executed through natural convédien.
cheapest and most common practise is to use of radiators that are mounted to the wall.
Underfloor heating has been becoming increasingly popular in the past decades, as it
provides higher comfort to the residents, while the water temperature in the pipes ca
be significantly lower, which decreases heat losses thus saving money. According to
the OFGEM research paper from 2015, an avesagétish3-bedroom householasing

aheat pumps a primary heating soure®uld saveapproximatel\200 per yeaif an
underfloor heating system is installed instead of a conventional rad@ESBEM,

2015) Upgradingto underfloor heating is, however, very expensive, and therefore

usually installed only imew builds.



2.4. Refrigerants

An appropiate selectiomof arefrigerant type is a crucial aspect that has to be addressed
when designing any heat pump systétefrigerants significantly affect the technical
performance of a heat pump due to diffengmysical propertieat different pressures
Fluids that are ideal for transferring heat from the source to the heat sink are, however
oftenhighly environmentally unsuitabl&hese negative impacts have been overlooked

in the past, when fridges contained toxic substances that were released to the
atmosphere and contributed towam®ne depletion and global warmigBolaji &

Huan, 2013) Therefore,a recommendeavorking liquid should provide high COP,

while havingminimal impact on the environment.

There are numerous refrigeta that are banned or at leesgjulated by international
agreementsHydrofluorocarbos (HFC) and hydrochlorofluorocarbons (HCFCs) are
typical exampls of manmadeworking fluids that have been usedrmany industrial
processes, including heating and cooling technologies, whilst having a substantial
impact on the environment. In October 2016, Mealrprotocol adopted thi€igali
Amendment that adds HFCs to the list of controlled substances. This amendment has
been strongly supported by the European Union to regulate use of refrigerants that are
harmful for the atmosphere. Following this actittre European Commission published
official papers that provide relevant information about alternatives to tegséated
greenhouse gas@suropean Commission, 20178pme of he possible substitutes are

shown n Table 1.

To evaluate environmental suitability of different refrigerar®pbal Warming
Potential (GWP) measuhas been establishetfater has a GWP of 1 which represents
the most climatdriendly solution. By contrasthe GWP values of many HFCs are in
thousand, which clearly demonstrate¢he urgency to find appropriate alternatives
Working fluids that often replace HFCs are ammoniaariddue to their low GWP
values and high potential to achieve good technical performahé¢e.must be
however, highly pressised to meet sufficient COP, and ammonia is toxic which
increases the health and safety costs relatdfietqorevention of potentidéakage
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Moreover, the production of ammoniaaikighly energy intensive process, which often

means higher usage of fossil fuels.

Table 1. Climatefriendly alternatives to HFCs and HCF(&Suropean Commissic
2017a)

) Global Warming Properties to be  Commercial
Alternative . P
Potential (GWP) addressed availahility
Hydrocarbons 3-S5 Flarnrmahle Irnrmediate
COs (R744) 1 High pressure Immediate
Arnrmonia ) .
Toxic Immediate
[(MHZ, R717)
VWater (R718) 1 Mo risks Immediate
R32 [(an HFC) 675 Mildly flarnrmable Irnrmediate
Immediate/Short-
HF s 4-9 Mildly flarmmahble /
term
R3Z-HFO . .
200-400 Mildly flarnmable Mid-term

blends

There is not a universal refrigerant that is ideal for all types of heating and cooling
technologies that would also be environmentally acceptable. Therefore, each
application should be considered individually, and the conclusion will vary according
to given circumstances. fle echnical performance of working fluids with low GWP
value that could be usesbecifically for high temperature heat pumps has been
investigated at the Royal Institute of Technology KWhere six different fluids are
evaluatedPalm, et al., 2016)The authors concluded that EBRs a refrigerant with a

very high critical temperature, whilst having a GWP value as low as 2. This means that
DR-2 seems like an idealimatefriendly solutionin cases where §h temperatures

are requiredThe relationship betwedhe vapour pressure and temperaturetoiied
working fluids is shown inFigure 4 In reality, other aspects including financial
feasibility or health and safety issues need to be consitiefedethe refrigerant is

finally selected
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Figure 4. The relationship between vapour pressure and temperature of investigated refrige
(Palm, et al., 2016)

2.5. Heat Distribution and Losses

Heat distributionand related losses are important aspects that significantly influence
the overall performance of any heating system, which also applies to domestic-and non
domestic heat pump technolodiy.single buildings, radiators or underfloor heatang
primarily responsible for dmat distributionas discussed i€hapter 2.3. Since heating
systens areusually placedvithin a short distancéom the buildings or even inside
them heat loses are generally low. On the other hand, heating systemsetxht f
multiple buildings must take into consideration heatsdes that occur in the
underground piped’he concept of using leeating systenfrom a centralised location

to deliver heat into more buildings is called district heatidgl), which is currently
gaining momentum in Scotland as a part of thaft Scottish Energy Strategublished

in 2017.

2.5.1.District Heating

District heating is not a new concept, as the first system was iraptethalready in
1880 in the USA, and a similar design was used for 50 y&ievenson, 2016)
Although district heating schemes have become a backbone of heat distritvatiany
European countries, UKas been left behindith the lowest deployment of DH in the
entire EU.Many European countriesave implemented heat networks that supply

towns or even entireities, whereas in Scotland, individual boilers heating each
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building or flat are the main source of héatottish Government, 2017&)evertheless,
this trend has startet change, and many DH projeasross Scotland have been
proposed in recent years. Aleplanned and built DH schemes in Scotlandlmaseen

in Figure 5.

District Heating Schemes
*  Opesaticnel
* In Development

Figure 5. Planned and existing district heating sites across Scatkoudtish Government, 2017a

It can be seen iRigure 5 that most schemes are situated within towns and cities, where
population density is relatively high, which leads to lower heat losses in the pipes.
Application of DH systems in rural areas might be more problematic, especially in
places where individualdildings are disperseth these cases, DH schemes are usually

not technically and financially viable optioHowever, eversmall rural communities

can benefit fromthe district heating concept, distances between tttvellings are
relatively short to miimise heating losses that occur during heat distributraieed,

the Scottish Government has been supportive through incentives and grants to increase
the deployment of DH schemast only within itslargest citiesbut also in rural areas

to decrease &l poverty and meet ambitious renewable heating targets.

Although Scotland is moving in the right direction with regards to deployment of DH,
there are countries which have already reached remarkable achieverhentsare
more than 1®00 DH systems inalled in the EU, which distributes heat to
approximately 70 million EU citizensn particular,Scandinavian countrieare the
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leaders in implementing DH schemes. More than 50% of heating demands of Sweden
and Denmark are supplied through DH schenmesuding fast evolving systems that
use 4" generation district heatingoncept(European Commission, 2017b)

While conwentional district heating schemeften use gas boilers and other fossil $uel
powered systems, the new concepts move towards more sustainable solutions, such as
biomass boilers, industrial waste heat recovery, laogde heat pumps and solar
thermal collectors, or geothermal enerd@yden, 2015) The 4" generation district
heating concepthas several advantages that increase efficiency and integration of
renewable energy technologies. Many conventional DH systems use steam for heat
distribution, which results in higher losses compared to low temperatater
distribution system. Moreover, fourth generation district energy networks are built from
prefabricated materials, udeesmart storage concept, and are controlled and monitored
through advanceslystemgESRU, 2017)

These advancedontrol systerafunctionnot onlyastime and temperatun@gulators

but also asnetering and billinglevicesof energy use in individual buildinggthin the

district heating schem@All the aforementioned aspects can be controlled by a heat
interface unit (HIU), also called 6heat box
by CIBSE. The HIU should be installed within each house of the community to provide

a useifriendly plaform for residents to serve their requireme(@BSE Journal,

2011)

2.5.2.Piping

Conventional pipes are made from prefabricated materials and consist of three main
elements; carrier pipe, appropriate insulation and outer jaclkebtect the pipe from
undesirable damag® bending Heat lossesn pipeline networks can be considerably
reduced by using insulation materidgwever, achieving minimal heat losses by using
anexcessive amount of insulation is neither technically maricially feasible. Thus,
energy savings and capital costs should be balanced to find an optimum solution. A

schematic of a ammonly used pipe is shown Kigure 6
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Outside wall
Insulation

Figure 6. Schematic of a conventional pipeline used for heat distrib@@bang, et al., 2017)

There are many types of piresulated pipes that can be usedHleatsupply To keep
the capital cosand space requireas low as possibjéwin pipes should be used in the
caseof heat distribution provided by heat puntpsllow circulation of input and output
water in the same pipinteel pipesgenerallyhavea longer lifesparand resistance
against hostile conditionswhereas drawbacksclude lower bending flexibility,
challenging jointing and higher lambda value which negatively influences heat losses.
High-performancepolymer pips with polyurethane(PU) foam are ideal for large
systems over long distances, due to high level of insuld®olymer pipes witltross
linked polyethyleneREX) foam are defined by excellent flexibility due to corrugated
outer jacketBoth types of polymepipes can be purchased from Wikanufacturers,
which can result in & / reduction of 2% (Rehau, 2017)The three discussed types

are shown inFigure 7.

Figure 7. Preinsulated twin pipes; steel pipe (leftjital, 2017) polymer pipe with PU
foam (middle), polymer pipe with PEX foam (rigltBehau, 2017)
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2.5.3. ThermalStorage

Energy storage should be an integral part of any heat pump systemttiesd@chastic

nature of electricity prices, and intermittency of renewable energy sdbeateare used

to generate electricity. Without any energy storage implemeateeit pump system
would have to rely completely on current electricity available by tid &uch a
soluton would be neither economicabr secure in areas of national grid supply, and
impossible irsustainableff-grid areas where individual houses or whole communities
are dependent on renewable energy power generation. Neverteeakeggstorage in

the case of heat pump systems is usually provided by hot water storage tanks that are

appropriately insulated to avoid undesirable heaeks

Sensible heat, latent heat or chemical reactions are the three main forms of thermal
storage that aabe usedRecent years experienced a significant evolution of new
thermal storage technologies that include phase change materials, cryogenic storage or
molten salt for concentrated solar systgifBenanos & Votyakov, 2016)Although
generated heat can be stored in many ywalggch will certainly improve in the future
insulated hot water storaggnks are expected to be appropriate for the purpose of this
project. This technology is well established, thus represents a rediadblnancially
affordable solubn that can be purchased with a secure warranty, which is often a very

important factor for vulnerable rural communities

The type and size of hot water tank depend on each individual situation. Small tanks
with negligible stratification (hot water travels up and cold water stays doeag
represented by low inertia and ability to respond to heating demandqueily
(Varga, et al., 2017MWater inside of the smathnks can be heated up fast and supply
heat almost immediately. On the down s&le;h asystem might benable to generate

and store heat when the electricity prices are the lowest, or when conditions for
renewable energy generation are favourable. Byraset, large storage tanks are able

to haness renewable energy potential atore heat for later uséhis is especially
necessaryor district heating schemes to meet demand of multiple dwellireyge
storage tanks tend to be however, mexpensiveand cannot respond as quickty
variable heating demand@herefore, most hot water storage tanks are designed to be a

compromise of these featuresd should be assessed on a-tgsease basis
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Figure 8 shows atypical domesticheat pump system wittmplementedhot water
storage tank. It cabe seen that hot water storage tanks takagignificant amount of

space compared toother heat pump component®Vith regards to the piping
connections, colder water is taken from the bottom part of the tank and passed through
heat exchangers in the condenser. Hot water gathered in the tankttrdlelsop, thus

the pipe distributing hot water around the buildigigis placedin the toppart of the
storagdank.

Figure 8. Hot water storageahk as a part of a conventional heat pump sys
(Solo Heating Installations, 2017)
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2.6. Types of §stems

Heat pumps arpart of renewable heat technologies that are supported by the Scottish
Government. Although heat pumps have been gaining momentum in the recent years,
they currently supply only 6% of latenewable heat generated in Scotland, which
corresponds to 236 GW(scottish Government, 2017&)lost common are air source

heat pumps that have the advantage of low capital cost and uncomplicated installation.
However, theirCOP varies significantly throughout the yeaspecilly in cold and

humid climates such as the UKClarke, 2016) Ground source heat pumsrizontal

or vertical)provide more stable performance all year |dmg, higher capal cost and
cumbersome building procedure are the main drawbacks that slow down deployment
of this technology. Water source heat pumps benefit from high conductivity of water,
and providea relatively stable COP throughout all seasons. Moreaveasly one
quarterof domestic heat demand in Scotland lies within one kilometre of a major river
and 22% within one kilometre of the coastlif&cottish Government, 20178)hese
statistics demonstrate an enormguogential that hasemained untappeavhich is the

main reason whthe Scottish Governmerg investing into feasibility studies fastall

WSHP systemsacross the countty o decar boni se ScAlthteendds en

types ofheat pump technology can be seenFigure 9.

Multipurpose installation

/4

Vertical collector
Horizontal collector

Figure 9. Schematic of different heat source for multipurpose ufldgat Pump Critique, 2017)
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WSHPs are designed to transfer heat from the water source, such as rivgonake,
manmadereservoir or sea, to the heat sink. The mass of water must be large enough to
be prevented from freezing. This technology is generally restricted to areasthéhere
water source is relatively close to the heat demand side to ensure thiaskesa are
minimised. Fortunately, many Scottish communities, towns and cities are situated
within a short distance from large water souMtSHPs can be divideidto two main
categories; opefoop and closedoop. Each type has its own advantages and
drawbacks, thus there is not a universal relgardingwhich type is more feasible to
implement.The funcamental difference between opeop and closedbop systems

can be seem Figure 10.

Figure 10. Graphical schematic of an optop (left) and closedbop (right) WSHP system
(Kensa Heat Pumps, 2017)

2.6.1.0penLoop

Openloop systemgalso referred tasdndirect rely onan additional pump that draws

water from the source, passes it through the heat exchangers, and then pumps the water
back to the source where it was taken from in the first place. This means that power
consumption of these systems is generallhWéigompared taheclosedloop systems.

On the bright side, undesirable heat losses are avoided, as water passes directly through
the heat exchangeédpenrloop WSHP systems can be used in residential or commercial
buildings, and in district heating andating systemsDue to economic reasons, open

loop systems tend to be used for large scale applicdtpider & Mitchell, 2016)

Additional capital costs are not linkedly to the water circulation pump. Appropriate

prevertion against corrosioneeds tde considered,speciallyin those systems that
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must withstand seawater conditipnghich are geneldy more expensivalue to the
necessity of special anticorrosive materidlshigh volumes are extracted from the
primary heat sourcémore than 20 cubic meters per day), an offiatatractiordicence
from a relevant authority igequired (Environment Agency, 2016)Moreover,
appropriate protection of water creatures needs to be considgredént any animals

or debrisbeing sucked into the systein.Scotland, these conditions are supervised by
the Scottish Environment Protection Agency (SER#ally, additional maintenance

is required compared to the clodedp systems. The evaporatdrosild be cleaned
frequently, as the heat transfer can decrease by 75% within only five months of
operation without regular cleanirfiosen, 2015)All these aspects are projected into
the capital cost of the system, hence #ugér scale usagdn example of a largscale
water source heat pump with an oplEop systeminstalled in Drammen by Star

Refrigerationis shown inFigure 11.

Figure 11. Largescale river source heat pump with an ofmp system
manufactured by Star Renewableckgyy (Star Refrigeration, 2016)

Despite the fact that opdoop systera use another pump to circulate the water from
the source, these systeran achieve high COP values even on a-@nm basis19
openloop WSHP systems, withominal capacitiesfrom 35 kW t06.8 MW, were
investigated in NorwayDuring the operational time, an average seasonal heat pump
heating COP was 3.1, ranging between 2.1 af&pitler & Mitchell, 2016)
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2.6.2.ClosedLoop

Closedloop systems are fundamentally very similar to ground source heat pumps,
except that fact thahe thermal exchange is made between water ssuather than
earth.In closedloop systems, heat transfer fluid, whishusually water with added
antifreeze substances, absorbs heat from the water sandgeasses it through the heat
exchangemhich is placed in the evaporatdihese systems experience greater heat
losses compared the opeAoop schemesas the fluidhas to be transferred from the
water source to the evaporator. On the other hand, the overall power consumption is
generally loweras water does not have to be pumped from the sdbioee there is

not a direct contact betweehe evaporator and waterody, a risk of corrosion is
eliminated.This is advantageous especially in seawater installations where advanced
and more expensive anticorrosive materials would be otherwise reduisdtition,

there is no danger tiieevaporator being frozen, althdugttention must be paid to the
heat transfer fluid, hence the antifreeze solution requiren(iéioigon, 2013)

The ype of thermal transfdtuid plays an important role in terms of environmental
considerations. This is duettoe reason that any potential leakégen the closedoop

system would immediately affect the water ecosystem. Thus, thxdciy of the

used antifreeze solution is highly important before designing the system. Ethylene
glycol is often used in grounsburce heat pump installations due tdots viscosity,

however it is poisonous, therefon®t recommended for water source applications.
Although propylene glycol or ethanol have higher viscosity, they could be possible used
as reliable alternatives due their lower level of toxicity(Banks, 2012) Other
alternatives thaare available on the market and claim lower toxicity than previously
mentioned substances are thermal transfer fluids based on vegetable extracts or organic

salts(Environment Agency, 2011)

Heat exchangers placed inmater bodyare either coiledhigh-density polyethylene
(HDPE) pipesor flat plate heaexchangers. The formé more feasible in cases of
lower water depth available, which includes smaller rivers and areas with shallow
coastline. Coils are arranged sfinky overlapping patterns, which aadten used to
install ground source heat pusi reduce the overall ar@éde latter represents a more

solid solution, which takes up more space, however is less likely to be damaged by
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external factors, such as floating objeictgshe waterBoth types of heat exchangers

that are used to extract heat fradme body of water are shown kigure 12.

Figure 12. Heat exchangers used for clodedp systems; coiled HDPE pipes (le
(Kensa Heat Pumps, 201&hd flat plate heat exchangers (rigiftyveb, 2017)

Closedloop systems generally require less maintenance than-loppnsystems,
although they are more vulnerable to high flow rates in riverhegscan float away.
Moreover, they can be damaged by passing boats when placed in the river or sea
(Lyden, 2015) These risks can beowever, eliminated by adequate field research that

should be followed by appropriate desi@nd precise installation

2.7. RealWorld Implementation

Water source heat pumps have become a successful technology supplying heat in
domestic and nedomestic sectors not only in Europe, but also worldwide. Although
the majority of applications are used for either large commercial buildings, social
housing, or multiple dwellings as a part of district heating schemsall fraction of

the total number of installatioria the UK are installed in individual family hoes
(mainly in rural areas)An example of a small scale WSHRilisation is the River

House in Cambridge, where the system provides heating to a famiseof four
members. Heat is taken from the nearby lake, and buried underground pipes transfer
heat tathe evaporator that is placed in the buildinge ¢losedloop systenwith coiled

HDPE pipegook less than three weeks to install, and resulted in significant financial
savings compared to the previosisuation whergas boilerwas usedThis is largely

due to the support from the Government through the domestic Renewable Heat
Incentive schem@ensa Heat Pumps, 2017)
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Moving from the smalkcale application to the other extreme, the world largest-open
loop WSHP system igsed for a district heating scheme in Stockholm, which includes
six seawater heat pumps with a total capacity of 180 MW. This system was originally
installed in the middle of 1980s, and has gone through numerous upgrades including
refrigerant replacemeni 2003 fromworking fluid R22 to R134a. Takingnto
consideration a heat pump COP of 3.75 during the winter time, it can be seen that
WSHP is a technology with long durability and relatively stable-i@ng performance
(Friotherm,2015) The enormous 2e of the system is shown Fiigure 13.

Figure 13. The largest water source heat pump scheme in the wb8AMW capacity
operating in Stockholm, Swedéfriotherm, 2015)

The vast majority of WSHPs are installed in places within the natedeetricity grid
coverage. Ofgrid installation with renewable power generation on site would be more
complicated de to stochasticity of renewables. Nonetheless, the technology could
providea reliable heating supply, if appropriate thermal storage was implemented. In
such a case heat pump would drag generated electricity when thehgeabnditions

were favourableand heating demand was low, and store this heat for lateilbee.
system size, including thermal storage technology, would have to be designed
individually for eachspecific case.

The technology has proven to be successfubath cities and rural areagities
generally benefit from more densely populated areas, which means lower heat losses in
the system. On the other hand, rural areas in Scotland are often not connected to the
main gas grid, thus heat pumps are capable of providinfjnancially and
ervironmentally attractive alternative to electric heaters and sgdteztied by coal or

kerosene. Loch Ness Shores Foyers Camping Site in F@presents an example of
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arural community that bene§ifrom a smalscak WSHP district heating scheme. A

60 kW hybrid system consists of a WSHP and solar thermal collectors that are installed

on the roof of the building to suppheating andot water forthe visiting customers.

This successful eecamp project created local jobs, and supported local businasses

the area. The project has been successfully ngnsince 2013, and was subsidisgd

the Scottish Gover nme(detpidg It Happenr 20¢7)TiHeavi ng T
camping site during the construction process and the implech&eat pump system

are captured ifrigure 14.

Figure 14. Loch Ness Shores Foyers Camping Site in Foyers; district heating construction pr
(left), successfully installed heat pump system (rigkinsa Heat Pumps, 2017)

High flexibility of WSHP systemsn terms of various application is a crucial advantage
thatshould not be overlookedhe same system can provide space heating dilméng
colder months of the year, and-aonditioning during te warmer periods of the year

In addition, hot water cabe supplied throughout the entiyear, if thesystem is
designed for it. In that case, thet water temperature mustceed a temperature aif
least55 °Cto avoid alLegionellabacteriathat extensively grows in manade water
systems operating at temperatures betweeiC2ihd 45°C. Thistype ofbacteriacan
cause t he dsegpe @D),naad appeardespecially in lower temperature
water storage tanK€ollins, et al., 2017)Therefore, hot water systems, such as the one
installed in Foyers, are designed to achieve temperatures of arod@ité@revent
any risk of Legionellacontamination.The relationship between the growth rate of
Legionella bactea and water termgrature and time is shown kigure 15.
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Figure 15. The growth rate of Legionella bacteria related to water temperature ar
(Greater London Authority, 2014)

2.7.1.Crucifers Convenin VeniceCase Study

Many countries in the world are currently experiencing fast economic growth and
enhancement of living standards, which consequently leads to increased heating and
hot water demandand especially cooling demand durisgmmermonths. Indeed,
WSHP technology can tackle alithese aspectsvhich s demonstrateith theresearch

paper focusedn experimental analys the performance ad surface water source

heat pump system installed in Venice that was designed to meéiresd! dritical
demandgspace heating, hot water and cooli(gghibuola & Scarpa, 2016)

A seawatebased opetoop heat pump system was installed as a part of a retrofit
project of the Crucifers Convent historical buildinghich is captured ifFigure 16.
TheVenetian lagoon (the largest wetland in the Mediter&=dprovides an ideal heat
source for WSHP application, especially due to the proyimitthe buildings and
surroundinglagoon.The heat pump has a nominal capaaf 610 kW in a heating
mode, and 580 kW in a cooling mmdespectively. R113a was selecésda working

fluid, which has favourable physical properties for cooling systems, however extremely
high Ozone Depletion Potenti@DDP) value (0.9) and Global ¥ming Potential
(GWP) value (6,130), thusa more environmentally friendly solution coulbde

considereds an alternativin the future(Riemer, 2014)
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Appropriate water filtering was a critical challenge that had to be addressed, as the
lagoon water tend®tbe dirty due to numerous scarce sewers and refuse spills in the
city. Moreover, the presence of algae, sludge and urban waste related to the frequent
boat traffic negatively affect the water purifjhe nstalled sekcleaner filter is shown

in Figure 16.

Figure 16. The Crucifers Convent complex in Venice, Italy (left); s##faning filtering device (righ
(Schibuola & Scarpa, 2016)
The appliedseawater heat pump system achieved a winter COP of 3.66 between
October and April, and a cooling COP of 4.13 during the rest of the Tlearpower
consumption of the suction pump, which is necessary for anylopprsystem, was
consideredvhen calculating the COP valughis experimental analysis has proven the
flexibility of the system that has a capabilibywork reliably throughout all seasons of

the year.
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3. Literature Review Part Il: Renewable Power

Generation

To ensure that heajenerated througla water source heat pumip completely
renewable the required power consumption of the system needs to be met from
renewablesources Although theheat pump power consumptiansignificantly lower
compared to conventional electric heat¢hat are often used in areas outsifethe

main gas network, they stidl require reliable electricity supply to transfer heat from

the heat source to the heat sink. The core of the project is not to provide an overview of
all renewable power generati technologies that could be consideredweverthe
increased power demand related to the operatiorhedt pump should not be

completely overlooked.

Micro hydropower is one of the technologies that could be considered when
implementing any river sourdeeat pump technologyt appliesespeciallyto plaes

with abundant hydro resourcanda high concentration of environmentally protected
areas that would not be suitable for any lasgaleprojects, including large dams or
wind farm developments. Thisialso the case of Arran, whichvery limited in terms

of potential wind generation due to restrictions from Scottish Natural Heritage and
protected wildlife areagCalderwood & Logan, 2016)n the areas with insufficient
hydropower resourae the possibility of using solar PV panéhsteadwas assessed
All'in all, this project will investigatehefeasibility of using micro hydropower arat/

solar PV systems to supply power consumed by the low carbon heating syseem.
reasonwhy even small wind turbines were excluded from theiliddg study is
provided in Subleapter 4.1.
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3.1. Micro Hydropower

Hydropower is a reliable source of electricity that accounts for a quarter of renewable
generated electricity in Scotlandlithough the majority of this electricity comes from
large hydropower schemes built mainly in the second half ef28% century, the
Scottish Government currently supps mostly small and communigwned
hydropower projects instead of proposing lasgale schemes. Th@20 hydro targets

are to havel GW of community and locallpwned energy, which means that at least
half of newly consented projects should include shared ownership. Wider deployment
of small and micro hyro projects haseencontinuously supported through various
funds and loangScottish Government, 2017blheir cost distributiorbetween civil
engineering on site, required mechanical and electrical equipment and preliminary
planning documentation is significantly moreniform compared to largscale

schemes, where enormous capital must be @gedto the @nstruction stage as seen

in Figure 17.
80% 75%
W Civil Engineerin
70% gnecring
6% W Electro-mechanical

50% equipment

S0 . .
Planning+Design
405
30%

20%

10%

Large hydro-power plant  Micro hydro-power plant

Figure 17. Cost distribution of large and micro hydropower sche(B&sama, etal., 2017)

The vast majority of micro hydro systems are-afitiver (ROR) schemes with a
capacity between 5 and 100 kW. Other types include-lolased and pumped storage
scdhemes, however these are more common fordscgée developmentRORschemes
can be divided inttwo main types. Upland schemes are charactebigéigh head and
low flow, whereas lowland schemese typically situated on more mature, lower

reaches oftte river thabenefit from theopposite characteristics with thead usually
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created by a small barragerophet, 2015)A typical small run-of-river schene is

presented ifrigure 18
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Figure 18. Small runof-river system landscape schemdfi&€EIC, 2017)

Most environmentadnd socieeconomicconcerns related to large hydropower plants
are practically negligible whert comes tomicro hydro systems. Schemes with a
capacity under 100 kWadnot flood useful land, damadecal ecosystes) affect
seismic activityor cause population displacement. Micro hydro projects are often
designed and built in an environmentally friendly way itoirfto the surrounding
landscape, whilst generating electricity to meet local demand without the need of using
large transmission lineddoreover, micro hydro systems are suitable for places with
abundant fish presence, which is an important aspect iry mparts of the world,
including ScotlandBotelho, et al., 2017)

Hydropower tirbines can be divided into two main categories; impulsereaction.

The selection of suitable type largely depends on available head and #owhiate

are the main aspects that should be considered throughout the initial assessment.
Related capital costs and expected efficiency during operation are more detailed aspects
that should also be considered before the final decision is madenathypes of
turbineshave been widely used across the world, and there is not one uniform type that

would be ideal for any situation.
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Impulse turbinesise the water velocity as a kinetic energy before ngpthe runner

and discharging atmospheric pressure. Therefore, these turbines cannot function as a
part of pumped storage schemes, as they are not submergedanios vork in a
reversed mode. Impulse turbines are mainly used forlneglal lowflow applications

to gain enough kinetic energy that can be squirted in the jets. A Pelton wheel is
characterised by blades that are symmetrically split into two parts to trarsfeofn

the kinetic energy to rotate the runner. A variation of this type is a Turgo wheel that is
based on a similar principle except the incoming watesgerom one side to the other

and it ismanufactured exclusively by Gilkes in EnglaBtERE, 2017)The last type is

a Crosdflow turbine, also known as Banchi or Ossberger. This turbine is represented
by a cylindrical runner, which is often made from sheet metal, and allows incoming
water to pass twice through the bladgyri@rossflow turbines are often used for micro
hydro applications in the UK, and especially at sites with higher heads available
(Renewables First, 2013asic schematic of each impulsedine is captured iRigure

19.

PELTON CROSSFLOW

Figure 19. Basic schematic of widely used impulse turbittégdroBPT,2017)

Reacton turbines benefit from the gained pressure to move the runneturbiree is

fully submerged, therefor@an be used in a reversed mode as a motor in pumped hydro
schemes. Reaction turbines are suitable for sites with higher flow rates and lower heads.
A Francis turbine is fed by water from spiral casing, and includes a runner with fixed
blades.Francis turbins havebeen a core part of many largnydropower schemes,
however aralso occasionallysed in micro hydro application&.Propeller turbine is

an axiakflow system that usually comprises of guide vanes. These turbines have
between three to six bled that are constantly aontact with flowing waterf-igure 20

shows basic schematics of the two main types of reaction turBinesiation of this

type is a Kaplan turbine which was invented by Czech scientist Viktor Kaplan. Kaplan
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turbineshaveautomatically adjustable blades to achieve high efficiencies at different
flow rates thus are often a feasible solution for loead micro hydro applications.
Another optiorfor small hydro projectsan be pump as turbine (PA3ystem that has
been successfully proven especiafiyleveloping countries as a lasgst solution with

a simple structural design. PAT systems are feasible even for very small flevamdte
headqBinama, et al., 2017)
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Figure 20. Basic schematic of two main reaction turbine types; Francis turbine (left) and Proj
turbine (right)(Clarke, 2016)

The suitability of specific turbines regarding availabéadh and flow rate is shown in
Figure 21 Turbines recommended for micro hydro projects are generally placed
towards thebottom left area of the graph. It can be seenttigliydro resource in the
given location must be evaluated first to narrow the scope of possible options that can

be further invesgated.
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Figure 21 Turbine selection regarding available head and flow(i#&goming Renewables, 2017
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Although the vast majority of hydropowschemes are built with reaction or impulse
turbines, other types have also been successfully demonstrated in projects across
Scotland. An Archimedes Screw is a graxbsed turbine that is suitable for extedy
low-head applicationd'he Archimedes Screw with a head of two meteas installed

near Aberdeen as a part of Donside Hydro Community project in 2016 to generate
electricity for the villagg(rated capacity of 100 kWwhilst providing an interesting

site for touristsThe Aberdeen Community Energy (ACE) project required a capital
investment of £1.25m, and became the first urban community hydro development in
ScotlandPowerTechnology, 2017)The sysem in operation is shawin Figure 22

Another state of thart conceptvhich has been testéa Scotland is the Water Engine
system that uses hydraulic rams to convert water motion into high pressure fluid to
generate electricityl his system is suitable for ultiawv-head applications, whilst being
environmentally friendly to fish that can swim through the syskdthout getting
harmed The Water Enginelemonstratiorprojectis proposed to béuilt by Water
Engine Technologies as part of Energise Galashiels Trusimmunity project to
harness the untapped hydro potential on the Scottish Boiliéeser Engine
Technologies, 2016)The proposed development received a funding of £24,000 from
Local Energy Scotland Challenge Fund, and is expected to supply 400 kW of
electricity to the towrfLocal Energy Scotland, 201 7Mhe Water Engine coept design
model is shown irFigure 23.

Figure 22. Archimedes Screw as a part of Donsid: Figure 23. The Water Engine concept
Hydro Community projectPowerTechnology, 2017,  design(Water Engine Technologies, 20
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