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The EU renewable energy directive (2009/28/EC) has set a range of national targets to
collectively raise the average renewable share across Europe to 20% by 2020. Northern
Ireland and Ireland have set their own ambitions 40% electricity consumption from
renewables by 2020 and 10% and 12% renewable heat by 2020 respectively for Northern
Ireland and Ireland. Air source heat pumps have been identified as a major contributor
towards reaching renewable heat targets and decaibation of heat. In order to maintain

a working grid however system constraints result in limitations on wind generation often
resulting in curtailment overnight in low demand hours with high wind. Full electrification of
heat also gives rise to the ne@ity to increase generation and reinforce the electricity grid.

A more costeffective solution would be a more sophisticated method which would balance
energy production and demand through energy storage. Using high temperature heat pumps
domestic retrofitapplication is possible and when combined with energy storage, demand
side management (DSM) control strategies, and user incentives it could be possible to
provide a deployable means of balancing fdispatchable windyeneration with heating

demand.

Theresearch presents operational performance of a retrofit high temperatascadenir-
source heat pump (ASHP) and thermal store which ypsesicly available reatime and
forecast electricity grid data for Northern Ireland using a low cost network condecte
Raspberry Pi computer to automate dynamic charging and discharging of a thermal store
based on the state of the grid demand in r¢iahe. The ASHP can reach a flow temperature

of 8QJC at 11kW nominal output, thus avoiding replacement of radiators imtoepied test
house.The ASHP impact on peak grid demand is minimised by shifting thermal energy stored
at low grid demand. Operational data shows the system is capable of providing 8.7% of the
daily demand from storage but the overall system COP drofis%b compared to a COP of
2.27 when heating the house directly. The impact is an increase of on average 1.2p/kWh
thermal delivered to the house compared to direct only heatligweverthe CO2e intensity

of the combined system was 30 gCO2e/kWh therma letensive than a gas boiler tested

in the same house.

The ASHP was also run as a hybrid coupled with the test house existing gais Ipaitatiel
mode (one heat source active at any one time ariy}his situation the gas boiler effectively
replacedthe thermal storeto provide DSM avoiding the HP impacting on peak grid demand.

In addition, the hybrid was run using a rémhe electricity market price signal as an
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alternative to a reatime grid demand signal. A small test was also run with the IsBrias
with the gas boiler. Due to the lack of a combined control, this mode resulted in reduced

operating efficiencyhoweverthis could be removed with simple control optimisation.

The Raspberry Pi enabled low cost robust fully automated smart griditipéor relatively

little cost. The occupants of the test house were unaware of the source of the heat and
maintained the existing heat controls. Occupant thermal comfort was never compromised,
and occupants were never encouraged or discouraged to he& teating system any
differently to the gas boiler installation. The research shows that carbon intensity of domestic
heating can be lowered when using an ASHP. Coupled witkdestined thermal storage

the impact of electrified heating on the grid metrk can also be managed with simple and
cheap technology without compromising on user thermal comfort. This will come with an
efficiency compromise due to storage losses however if storage coincides with otherwise

curtailed wind energy overall grid effizicy will increase.
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3-PV Three port valve

AC Alternating current

AGU Aggregated generator unit
ASHP Air source heat pump

BR Boiler room

CQe Carbon dioxide equivalent

COP Coefficient of performance

CSsVv Comma separated value

DC Direct current

5StdF ¢ Temperature difference

DHW Domestic hot water

DNO Distributor network operator
DPDT Doublepole doublethrow

DSM Demand side management
DSR Demand side response

DSU Demand side unit

GHG Greenhouse gas

GPIO General purpose input and output
GSHP Ground source heat pump

HP Heat pump

IQR Inter-quartile range

10T Internet of things

I-SEM IntegratedSingle Electricity Market
KPI Key performance indicator

kw KiloWatt

kWh KiloWatt hour

LPHW Lowpressure hot water

Itr Litre

mA Milli-Amp

Micro-CHP Micro combined heat and power
z Diameter

PCB Printed circuit board

PCM Phase change material

PSU Power supply unit

PWM Pulse wave modulation

RHI Renewable heat incentive

S Seconds

SCOP Seasonal coefficient of performance
SEM SingleHectricity Market

SEMO SingleHectricity Market Operator
SH Space heating

SMP System marginal price

SNSP System norsynchronous penetration
SPDT Singlepole doublethrow

SPF Seasonaperformance factor
TRV Thermostatic radiator valve

Vv Volt

Wh Watt hour
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Figure 11 Operating principles of a direct return two pipe heating systemon-condensing
(condensing systems would employ different flow and return temperatures). Taken from
WALKINS (2010). . eeeieeeeeee ettt ettt e e e e e e e e e e s e e e e e e e e anbrnn e e e e e e aanne 7

Figure 12 Example layouts forew heating systems in dwellings up to 150and for
replacement boilers in all dwellings to ensure building regulation compliance. Adapted from

(BEAMA LIMItEA, 2018).. .. eeeeeeieiiiiiiiiiie ettt e e e e s e e e e e e e annes 10
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Figure 17 High temperature aito-water cascade heat pump (Daikin, 2018)................ 19
Figure 18 Solar collector with heat store (Viridian Solar, 2017)..........ccccccvvvvvveeveenneen. 20

Figure 19 Alksland Irish wind total dispatch down volumes in 2017 summarised by hour of
day. Curtailments (SNSP) refers to curtailment in order to reduce systersymghronous
penetration; Curtailments (HiFreg/MinGen) refers to curtailment attempting to alleviate a
high frequency event or in order to facilitate minimum levels of generation on the system to
satisfy reserve requirements, priority dispatch or to providmping capabilities. (EirGrid &
1@ N 2 0 R PSR SURR PP 25

Figure 110 Forecast electricity energy market price (SMP), forecast market demadd, an
forecast wind generation for all Ireland electricity network. Data sourced from EirGrid (2015).
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Figure 111 Ireland SingleElectricity Market (SEM) overview (Mullany Engineering
CONSUIANCY, 20L6).....cceiueeeiiiieeeiiit et e et e e e e e st e e e e e e ib e e e e e e e e anneees 27
Figure 21 Cascade heat pump schematic (DECC, 20168).........cccvvvieeerrniiiinineeennnnns 32
Figure 22 Control hierarchy in the context of HPs in a smart grid (Fischer & Madani, 2017)
Figure 23 Passive intelligent controller strategy for HPs at the building level (Fischer &
MAAANT, 2007 )eeeeee et a et e e e e e e e e e e aaaaaaeaeeaaaaeaaaaand 49
Figure 31 Front elevation of test houses located on Jordanstown campus of Ulster University.
.................................................................................................................................. 51

Figure 32 Test house 64 and guard chamber floor plan (house 63 is identical with the
exception of the guard chamber located to the right side of the building). Ground floor plan
is on the left of the figure and*floor plan is on the righof the figure..............cccccce. 52

Figure 33 Schematic of the original central heating system fitted in the test houses 63 and
64. Centraheating flow to the ground floor (GF), 1st floor, and DHW cylinder are monitored
separately, as well as hot water draw off from the DHW cylinder. All radiators except the
bathroom radiator (heat leak radiator) have thermostatic radiator valves attachdterke

WCQ YR WwQ NBLINBaSyid Ff.24..l.y.R.NBEILIZNIWS f AYS

Figure 34 Circuit diagram of the original heating control circuitdige the test houses. SH
2-PV is normally closed, opening when energised. DHR®V 3s normally port B (not
energised), migbosition when Wh is energised, port A when Wh and Gr are both energised
(also causes internal switching to energise Or). Power aml@owill cause DHW-BV to
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maintain position. Terminals for DHW-F3/: WhWhite, GrGrey, O+Orange, BBlue

(R LT0 L= 1) TP T PP PP PRTPR PR 55
Figure 35 Rear of test house on campus. HP and monitoring equipment located in right shed.
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Figure 36 Shed with cascade HP. Outdoor unit ShQWR.............cevvevieiiieeiiiiiiiiieeeeeee, 59

Figure 37 Retrofitted cascade HP. Indoor HP unit and thermal storage tank shown59

Figure 38 Left (A): thermal energy storage taimistalled with factory 50mm spray foam
insulation. Right (B): thermal energy storage tank installed with additional 100mm glass fibre
1T U]F= 11 [ PP PP PUPP S PPPPPPRPPRY 6.1

Figure 39 Schematic layout of heat pump retrofit (house symbol represents central heating
system outlined in Figure-3). The top image shows the complete schematic. The flow and
return pipe work for the heat pump/thermal store was connectigd tee fittings to the gas
boiler flow and return water circuit respectively. Manual gate valves were used to isolate the
gas boiler water circuit and the heat pump/thermal store was used as the primary heating
source for house 64. The heat pump and that store was set up to operate in direct mode
(middle image) and charging/discharging mode (bottom image) with automated switching
via 2 3port valves (lines in middle and bottom images are removed for clarity). The pump
attached to the thermal store wasot used for the project............cccccveeiiiiiiieneeennns 63

Figure 310 Circuit diagram of controls used to implement the heat pump/thermal storage
modes described ifrigure 39. The call for heat switch represents the original call for heat
signal which powered the gas boiler and central heating circulation pump (see Figire 3
The changeover switch SWL1 in this figure was placed just before the gas boiler andgoump s
the wiring could be manually switched between gas boiler operation or HP and thermal
storage operation. The HP has its own power supply and is activated by voltage free switching
either by relay B or relay C. Relay B is energised by a call for heatvftioim the original
household heating controls whereas relay C is energised by a custom designed automated
controller. The purpose of relay C is to store heat in the thermal store when there is a
calculated benefit to do so. Relay A is also energiseddogubtom controller and its purpose

is to switch the heating system to discharge the thermal store when there is a calculated
DENEFIE 10 UO SO. . nrreeee e e 64

Figure 311 HP direct mode heating. Highlighted in red is the energised lines when there is a
call for heat from the house. Electric flows through the normally closed contact of relay A,
powering the 2 Zorts valves (1 and 2 Figured3 turning them to port A, and the coil of
Relay B is also energised in turn activating the. HP............ccccvivvv 64

Figure 312 Thermal store charging mode. Highted in red are the energised lines
AYRAOFGAY3 GKS OANDdzA G 2LISNY A2y ® I Odzatz2zy Oz2yli
5A3 hdzi w oIt SOl to tN@coildf Relay €. Software designed for the controller

decides the optimum timéo activate Dig Out 12 and in turn Relay C and subsequently the

HP is turned on. Referring to Figuré3the 3 port valves are not energised and so are

normally in port position B. In the meantime, if there was a call for heat from the house in

this mode the circuit would default to direct heating mode and thermal store charging would

cease until the call for heat ended.............oooiiiiiiiiiie e 65

Figure 313 Thermal store discharging mode. Highlighted in red are the energised lines
AYRAOFGOAY3 (GKS OANDdzAG 2LISNI dA2yod ! Odzadz2y O2ydN
5A3 hdzi mwéoltsOgplytd tNPcoildf Relay A. Software designed ferctimtroller

decides the optimum time to activate Dig Out 11 and in turn Relay A. Subsequently a call for

heat from the house will power the central heating pump thus discharging heat from the

thermal store to the central heating system. Referring to Feg&® (charging or discharging
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mode) the 3 port valves are not energised and so are normally in port position B, therefore
the house central heating system will extract heat from the thermal store when the central
heating pUMP IS ACHVALEA.............viiiiiie e 65

Figure 314 Schematic hydraulic layout of HP/Gas boiler hybrid system. Modifications to the
hydraulic configuration detailed in Figure93dnclude the addition of a further two-port

valves (labelled 3 and 4), additional pipe work, and a check valve on the gas boiler flow line.
The modifications allow the system to switch between gas boiler as primary heating system
to HP/thermal store viaustom designed controller and wiring configuration. In addition, the
configuration allows the HP and gas boiler to cascade in series with the HP feeding the gas
boiler return so that the HP can provide a lower thermal lift and the gas boiler providing a
secondary additional thermal lift to produce flow temperatures of§@IC...................... 67

Figure 315 Hybrid gas boiler only mode (lines removed fiusiration). In this mode the
controller calculates it is more efficient/preferable to use the gas boiler oapprBvalve (3)

is energised and moves to port position A. The gas boiler can be used instead of the thermal
store for DSM in conjunction Witlhe HP..............oooviiiiiii e 67

Figure 316 Hybrid HP only mode (lines removed for illustration). In this mode the controller
calculates it is more efficiefpreferable to use the HP only.-@ort valves (4, 1, and 2) are
energised and MOoVve t0 POIt POSILION A.......iiiiiiiiieiiiieee e 68

Figure 317 Hybrid HP and gaseries mode (lines removed for illustration). This mode was

run as experimental with the purpose of achieving a higher HP COP and improved heat power

for the house rather than for DSM purposes. In this mode-all8Q& | NB L2 4 SNBRX
central heatingvater circulates through the HP where it is heated firstly, and then through

the gas boiler where it is further heated. In this situation both the HP internal variable speed

water circulation pump and the main central heating circulation pump will beHomvever,

it was envisaged that the variable speed circulation pump in the HP would regulate down to

its lowest level to achieve the desired delta T across the HP flow and return........... 68

Figure 318 Hybrid circuit schematic. The circuit diagram detailed in Figl@&\8as modified

to control the modified gas boiler/HP hybrid system detailed in Figetd.3r'wo additional

3 port valves were adade(BR1 and BR2) along with 2 additional relays (relay D and relay E).
The manual changeover switch located in the boiler room was also replaced with a-double
throw double-pole changeover switch. The circuit allows complete automated control of the
system ing the custorbuilt controller and software. The controller has the ability to
control the circuit via the DC-#It circuit which will switch relays A, C, D, E, using digital
output pins 11, 12, 13, 15, respectively depending on the desired operaticie walculated

by the controller software. The manual changeover switch allows the automated control of
the system in one position and standard gas boiler function in the other (automated control
circuit is isolated). This allows the house heating systetmate a backup in the event of
controller or HP failure or for HP SEerviCing PUIPOSES........ccoeviiiiiiieieeeiiiiiieeee e e 69

Figure 319 Gas boiler only modenergised AC 230 V shown as red line). This is the default
mode of the system which will be active with no input from the controller (Relay E not
energised). When a call from heat comes from the house (Figdne3®PV (BR1) will be
energised and move fport position A (see FigureI®) and the internally linked valve switch

will close subsequently powering the gas boiler and central heating pump. Wiring the gas
boiler and central heating pump via theP3/ internal switch provides safety in the event of
valve malfunction (will not come on untitBV (BR1) is in port position A)................... 69

Figure 320 HP only mode (energised AC 230 V; thickinedenergised DC 6 V; thin red line).

In this mode the HP will heat the house directly as in Figtge\®@hen this mode is required

the controller will activate digital output pin RPi Pin 15 thereby energising and switching
Relay E. This in turn will emggse 3PV (BR2) which will move to port position A (see Figure
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3-16) and the internally linked valve switch will close. If Relay A is not energised the HP will
come on and provide heat directly to the house central heating system. If the thermal store
wasto be used instead of the HP in this situation, this could be achieved by energising Relay
A (as detailed in Figure18). Wiring the HP/thermal store via the internally linked switch of
3-PV (BR2) provides safety in the event of valve malfunction (@tilcome on until 3PV

(BR2) IS i POIt POSITION A)...coei et e e e e e e e e e e e aaaaaaaeas 70

Figure 321 Gas boiler and HP hybrid series mode (energised AC 230 V; thitkered
energised DC 6 V; thin red line). In this mode the HP feeds the gas boiler return which then
circulates heated water to the house central heating system as detailed in FigiteThis

is achieved by switching Relay E and Relay D via controllied digiput RPi Pin 15 and RPi
Pin 13 respectively. With both relays switched, a call from heat from the house circuit results
in 3-PV (BR2) moving to port position A and subsequently the internal switch of the valve
causes the HP to come on. AdditionayRV (BR1) will also be activated and move to port
position A and subsequently the internal switch of the valve will cause the central heating
pump and gas boiler to come on. It should be noted that in this mode both the HP internal
water circulation pummand central heating pump will be active. However, it was envisaged
that the variable speed circulation pump in the HP would regulate down to its lowest level to
achieve the desired delta T across the HP flow and return..............ccccevveeiniiiiiennenn. 70
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Figure 325 Top view of Raspberry Pi Controller with Custard Pi stacked on top (digital outputs
are highlighted). The digital outputs 11, 12, 13, 15 are conttdile the Raspberry Pi GPIO
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Figue 3-26 Raspberry Pi control circuit for ASHP retrofit and thermal store control setup
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1 INTRODUCTION

1.1 Introduction

A revolutionof UK heating supply will be necessary to meet the carlednction targets set

out in the Climate Change A¢R2008) The act is @ommitmentby the UK government to
significantly reduce greenhouse geasiissionsby at least 80% of 1990 levels by 2050. In
addition the UK has made pledges to the global effohte Paris Agreeme(2015) to reduce
emissionsin order to prevent global average temperatures exceedidg &bove pre-
industrial levels and to pursue a warming limit of IC5As a current member of the European
Union, The EU renewable energy directiy2009/28/ECpplies whichhas set a range of
national targets to collectively raise the average renewable sharesadtoirope to 20% by
2020. Northern Ireland and Ireland have set their own ambitions on 40% electricity
consumption from renewables by 2020 and 10R&ETNI, 2011and 12%(Eirgrid, 2014)
renewable heatby 2020 respectively for Northern Ireland and Irelaftie implications of
iKS 'Y @248 G2 tSI@gS GKS 9! KlFa yz2id OKIy3S
legislated carbon budgeteemain as a means of achieving global climate change targets

(Committee on Climate Change, 2018)

Air source heat pumps have been identified as a major contributor towards reaching
renewable heat targets and decarbonisation of heat (Department of Energy & Climate
Change, 2013; Artecarét al., 2013). In order to maintain a working grid however system
constraints result in limitations on wind generation often resultingémerationcurtailment
overnight in low demand hours with high wind. Full electrification of heat also gives rise to
the necessity to increase generation and reinforce the electricity grid. A morestfestive
solution would be a more sophisticated method which would balance energy production and
demand through energy storage. Using high temperature heat pumps damestiofit
application is possible and when combined with energy storage, demand side management
(DSM) control strategies, and user incentives it could be possible to provide a deployable

means of balancing nedispatchable wind generation with heating dand.



1.2 Domestic Energ€onsumptior& Fuel Poverty

Across all sectors in the UK approximately 46% of total final energy consumption was for
heating(approximately 80% of which is produced from fossil fueisbhis total 63% and 14%

is for space and wateneating respectivelf(Eames, et al., 2014)n the UKin 2015 the
domestic sector wasesponsible for 29% of the total final energy consumption of which

approximately 80% is for space heating and hot water den{B&dS, 2017c)

In Great Britain the dominant fuel used for heating is mains gas accountir2g,fb41,801
households or 78 @according to the 2011 UK Census which is summaristabilel-1. The

table shows heating type breakdown of fuels used in the provision of heating for households
with at least one usual residenin each of the four countries in the Ukn comparison
Northern Irelanddomestic heating is dominated by heating derived from heating@ill.
central heating in Northern Ireland accounts for 437,269 households or 62.2% compared to
120,956 or 17.2% for gas central heating although this hasased to 237,199 as of quarter

4 2017 (UREGNI, 2018What is striking from the figures ifiable 1-1 is the level of
households in the UK reporting no installed central heating, 682,826 or 2.6% of UK
households. Although Northern Irelahdsby far the smallest proportion across the UK with
3,766 households or 0.5% reporting taMe no central heating in 2011, fuel povertaimajor

issue in Northern Ireland.

Fuel poverty is defined as a household which spends more than 10% of its income on fuel in
order to maintain a satisfactory level of heating ofi2dn the living room and I8 in other
occupied rooms. Official figuresrf Northern Ireland put the level of fuel poverty at
staggeringd2% in 2011, higher than households in Great Britain and the Republic of Ireland
and one of the highest in Western Eurg@de Consumer Council NI, 20J&byures foGreat
Britain stand at:England11% in 2015(BEIS, 2017a)Scotland34% in 2016(Scottish
Government, 2018)and Wales 23% in 201@eaumont, et al., 2016)uel poverty is
generally a result of multiple factors including: energy inefficient housing stock; low
household income; high fuel costs; andder occupancy (those most vulnerable to fuel
poverty tend to live in larger homegjhe Consumer Council NI, 2018he consequences of
fuel poverty can have severe impacts on soci€tye result of having to limit heating due to
poverty can be cold and damp homes or trying to maintain a satisfactory level of thermal
comfort can leado debt or restriction of expenditure on other essential items. Fuel poverty
and cold homes arassociated with a wide range difect health impacts including increased
mortality (excess winter deaths) and morbid{tgeddes, et al2011) It has been estimated

by Geddes, et a(2011)that excess winter deaths in the colder quarter of housing is almost



three times higher than the warmest quarter of housing, due to it being ¢ddaly(2003)
analysed excess winter deaths across Europe and found ttleae was a common
misconception that countries with milder climates wdess susceptible to excess winter
deaths from cold strain, in fact colder countries with higher building standards than the UK,
had much lower rates of excess winter deatierbidity (health conditions) associated with

cold housing include respiratory reoilatory and mental health conditions as well as those
conditions which can be exacerbated by cold homes including common colds and flu, arthritis
and rheumatismgGeddes, et al., 2011Jhe reasons for the higher rates of fymverty in
Northern Ireland has been attributed to a combination of climate, low incomes, high fuel

prices and in particular the dependence on oil, an unregulated fuel, for home heating.

The dominance of oil heating in Northern Irelaisddue to the relatively late arrival of gas

supply to the country which wamlyintroducedin 1996 via the Scotland to Northern Ireland

gas pipeline initially supplying the Greater Belfast and Larne afidagthern Ireland
Executive, 201 ¢ KS ySiG62N)] 61 a SEliegeR 2084 atid?2006 KS am
which has 36,100 connections as of Q4 2QUREGNI, 2018further work to extend the
YySGig2N] = aDlFa G2 GKS 2Sadé o 52017 ahicNBrSsRo T dzf €
connect a further 40,000ustomers over the next 40 yeawsith an investment of £250

million (Gas to the West, 2017If the scheme achigesthese figures it would represent an
investment of £6,250 per customer for 5.7% of households in Northern Ireland (using number

of households in NI frofiablel-1 and basic assumption that all new connections would be
domestic and number of households remains unchangdsiien these figures an
timeframes it is clear that oil heating wi#main thedominant form of home heating fuel in
Northern Ireland unless there is a momentum shift toward alternative heating rod#that

can at leasbffer convenience and affordability on a par wigas central heatingThe best

solution for home heating will be the most sustainabfgion which can meet the neeasf

the present without compromising the ability of future generations to meet their own needs

by finding the optimum balance between the threeain aspects of sustainability: the

environmental aspecthe social aspe¢and the economic aspect.



Tablel-1 Number and proportion of households in the, Wih at least one usual resideitty typeof main space heating fuel. The data is from the 2011 UK
Census. Figures for England and Wales sourced from Office for National S{@@dt&)sScotlandsourced from National Records of Scotld2@d14) and
Northern Ireland sourced from NIR&A12)

Central Heating England % Scotland % Wales % Northern Ireland % UK Total %
All categories: Type of central
22,063,368 100.0 2,372,777 100.0 1,302,676 100.0 703,275 100.0 26,442,096 100.0
heating in household
No central heating 594,561 2.7 54,965 2.3 29,534 2.3 3,766 0.5 682,826 2.6
Gas central heating 17,386,813 78.8 1,761,431 74.2 993,557 76.3 120,956 17.2 20,262,757 76.6
Electric(including storage
. 1,828,589 8.3 317,831 134 72,176 5.5 24,671 3.5 2,243,267 8.5
heaters) central heating
Oil central heating 848,145 3.8 135,223 5.7 113,984 8.7 437,269 62.2 1534621 5.8
Solid fuel (for example wood,
_ 149,694 0.7 26,209 1.1 24,987 1.9 18,120 2.6 219,010 0.8
coal) central heating
Other central heating 357,916 1.6 16,608 0.7 11,618 0.9 4,083 0.6 390,225 15
Two or more types of central
897,650 4.1 60,510 2.6 56,820 4.4 94,410 134 1,109,390 4.2

heating




1.3 UK Dmestic Typical Heating System
1.3.1 Wet Central Heating

The most common form of domestic heating in the UK is hydronic central heating systems in
whichheat is produced at a central source, typically from a gas or oil boiler, and distributed
around the whole building, typically via pipes and room radiatéran Tablel-1 we can see

that 2.6% of households in the UK have no central heating systems and in Northern Ireland
specifically the proportion imuch lover at0.5%.The system is designed so that normally
habitable or used rooms and spaces are heated to achieve guaranteed temperatures under
certain conditionsIn all hydronic domestic central heating systems water is chosen as the
medium used to transfeheat from the central generation point, commonly referred to as
the boiler, to the heat emitters from which it is returned to the boiler to repeat the cycle.
Water is chosen as it is low cost and readily available however the disadvantages of water
are itslow boiling point and high freezing pojnénd corrosiveness to metallic materials
(Watkins, 2011)

Hydronic domestic central heating systems are classified as low pressure hot water (LPHW)
which in the UK equates to systemgtwtemperatures less than 100 and static operating
pressures in the range ofcl3 bar absolutgWatkins, 2011) LPHW systems are considered

a suitable design for domestic properties were temperatures are below)d@Qoiding
potential hazards of flash steam in the event of pipe or valve failures. Traditional design used
flow temperature of 83Cand delta T 0 of 11-12]C, resulting in a return temperature of
71JC(Watkins, 2011)The inroduction of condensing boilers has resulted in an increase in
the designw do lower the return temperatures which is needed to condense flue gases and
thereby optimiseboiler efficiency. This has &nockon effect of requiring larger heat

emitters.

Low temperature heating systems can be further categorised as open or sealed systems. In
an open systenman open feed and expansion cistern are incorporated with the systems
operating at atmospheric pressure plus the static head created by the feed andséapan
cistern and flow temperatures not exceedingl82In a sealed system the feed and expansion
cistern is replaced by a sealed expansion vessel allowing the heating system to operate at a
slightly higher pressure above atmospheric and a slightly highertemperature is also
achievable, in the region of &% JC (Watkins, 2011) Flow temperatures above 92

however require additional consideratida be given to heat emitters to avoid scald risk and



therefore it is unlikely domestic systems will be designed with flow temperatures exceeding
82)C.

The circulation of the heat transfer medium is typically either by grdthigrmo-siphon) or
by pumped circulation. Full gravity heating systems are no longer instdlddlly forced
water circulation for heating and hot water is the most efficient arrangement in most

instances.

There are numerous piping arrangemefas UK danestic heating systentseamely: onepipe
systems; twepipe systems; twepipe reverse return systems; twaipe radial systems; and
micro-bore systems. &harrangement hasheir own advantages and disadvantades the

most commonly used methqdhe two pipesystem illustrated inFigurel-1 (Watkins, 2011)

will be discussed here. The arrangement offers good versatility swrsdiitable for large
commercial buildings down to small domestic residential systeFhg two-pipe system
consists of a run of two parallel pipes, one pipe delivers heated water to each heat emitter
and the other pipe is dedicated to returning the wateorfr each heat emitterThe main
advantage of this system over the op@e system is that each heat emitter receives water
at the temperature it leaves the boiler (not counting pipe heat losses) and the return
temperature is the same from each heat emitteat isreturnedto the boiler.Whereas in a
single pipe system were water flows in a single circuit foora heat emitter to the nexiheat
emitter, the entering temperature will get progressively low€he disadvantagef the two-

pipe systenis the cost of the additional pipe warRhe system can also suffer from a flow
imbalance due to differing lengths of flow and return pipeworkahhtan result in increased
flow rates in emitters closest to the boiler. To alleviate this the system should be balanced

using the lockshield return valves on the heat emitters or using regulating valves.

Figurel-1shows an opetventedheatingsystemwhich was historically favoured by installers

in the UK. More recently sealed systems have become more common in the UK which
involves replacing the feedhd expansion tank with a sealed expansion vessel and using a
direct connection to the water mains for filling the heating system and regulating the sealed
system pressure. The piping arrangement showrigurel-1 would otherwise be the same.

The illustration irFigurel-1 also incorporates a dom#és hot water cylinder (DHW) into the
system. If a combi boiler is used, which can provide instantaneous hot water, the cylinder is
omitted, and mains water is heated directly (and separately from the main space heating

system) at the boiler and fresh hest mains water is delivered to the point of demand.
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Figurel-1 Operating principles of a direct return two pipe heating systamn-condensing
(condensing systems would employ different flow and return temperatures). Taken from
Watkins(2011)

1.3.2 Basic Heating Controls

There are 2 mainategories in which heating system controls may fall into: (1) Controls for
safety; (2) Controls for comfort and energy efficiency. Controls for safetincorporated in
heating system design to provide a critical function in order to prevent seriowgadrifjury
occurring in the event of a malfunctioning component within the syst@&enerallymost of

the safety devices are integrated into the heating appliance (including burner safety controls)
with the exception of the safety relief valve. The safetlef valve automatically prevents

high pressures in the system from developing by exhausting excessive pressures which may
develop above the safe operating pressure. It should be located at the boiler or on the boiler
flow pipe as close as practicallpgsible.It should be set so that the maximum design

pressure is not exceeded.



Controls for comfort and energy efficiency have developed greatly sircenstallation of

the first domestic central heating systeniBhere is now a minimum standard of system
control required by building regulation$he drives for control advances has been lifestyle
changes were flexibility and automatigrovide greater convenience, the desire to have
greater control over the thermal comfort conditions within the home, ath@ments in
electronic controls and subsequerducing costs, and the increasing awareness of the need
to reduce energy consumption and improve energy efficiefitye control capabilities have
developedfrom simple on/off, through to timed controls, roorthermostats controlling
single or multiple zones within the house, basic hot water storage control to separate space
heating and hot water control, right through to fully digital wireless controls which can
control individual radiators, room temperaturegnd hot water storage requirements
remotely via mobile phone appkloweverthe basic premise of what good systems controls
should do has remained fundamentally unchanged since the installation of the first domestic
central heating systems. The main objees of the control system should seekamvide an
automated method of maintaining thermal comfort throughout the heating season, regulate
the system so thait operates as designed, ensure the heating system operates at maximum
efficiency thereby redung running costs, conserving energy, and reducing the carbon

footprint of the home.

The most basic controls in dwellings up to 15@rich include a domestic hot water cylinder
consist of a boiler interlock, space heating control via a single room thermostat, generally
located in the most occupied roomand a hot water cylinder thermostat. Both the space
heating and hot water control shuld be independent and programmable via a timer. It is
generally good practise to install thermostatic radiator valves (TRVS) in all rooms apart from
the one with the room thermostat. For heating systems without hot water storage were hot
water is producd instantaneously via a combination boiler the same applies excluding the

needfor the hot water control.

In England the upgrading and new installation of heating appliances is covered by The
Building Regulations 2010: Conservation of Heat and Power stingxDwellingdart L1B

(HM Government, 2018yhich includes the most recent set of amendments which came into
force in April 2018The document corresponds to the Northern Ireland building regulations:
Part F (Conservation @iiel and power) of the Building Regulations (Northern Ireland) 2012
(The Department of Finance and Personnel, 20TBe most recent amendment adds the

requirement of the control system, described in the prior paragraph, ttudeone ofthe



following flue gas heat recovery; weather compensation; load compensation; smart

thermostat with automation and optimisation.

In order to ensureompliance with the regulatiorfSigurel-2, adapted from(BEAMA Limited,
2018) illustratesseveralcontrol systems for dwellings up to 158for new or replacement
boilers with a hot water cylinder angithout (combination boiler) Forsystems with a hot
water storage there are two common methods of circuit con{sgleFigurel-2, images 4).
Thisis either by using two 212 NIi Y2 (i2NARAaSR QI f dSaitpOg¥yY2yf
arrangement, or by usingsingle3-port motorisedmid position valvecommonly known as

I Gt Fyé | NNty B&widugsiuse a. specific wiring configuration and a
programmer so that space heating and domestic hot water can be independently controlled.
The control user camanually or preprogramme either or both circuits to switch pwith
regulation,in turn, via dedicated thermostats. The wiring configuration is desiggwethat if

both thermostats are satisfied the boiler will switch off and avoid cycling or running when
motorised valves are closed. This is known as a boiler inte@mifort is maintained in
rooms without electronic thermostats via TRVs which shut affiators once a prset
comfort level is reached. For combinatitwilers water is heated instantaneously at the
boiler so the control for hot water storage is not required and therefore excluded. In practise
this simplifies the installation and wiring reiged for a combination boiler which at its
simplest will have a single thermostat connected via a wired or wireless connection directly
to the boiler circuit boardDwellings with a floor area greatendan 150n% may use the same
control technique but with the inclusion of a second independently thermostatically
controlled space heating circuit (normally one per floor). This normally requires the addition

of another motorised Zort valve and thermostat.

Generallyspeakingthe described methods of heatirgystem control will be by far the most
commonly encountered for the most common types of conventional heating (gas and oil
boiler central heating systems), especially were the boiler has beplaced or the home

was built in the last 145 years. The maidifference which may be encountered is the level

of sophistication oprogrammerand thermostatused More recently this is moving towards
digital smart controls which have become cheaper in price, have much greater functionality
and flexibility,are sinple to install or retrofit due to wireless communication ability, and

provide greater opportunity for energy savings through automation and machine learning.
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Figure 1-2 Example layouts for new heating systems in dwellings up teni%Md for
replacement boilers in all dwellings to ensure building regulation complianagtetbifrom
(BEAMA Limited, 2018)
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As mentioned previously the 2018 amendment to building regulations requires the inclusion
of one of: flue gas heat recovery; weather compensation; load compensation; smart
thermostat withautomation and optimisatiorFlue gas heat recovepye-heats the incoming
mains water used for hot water to reduce the gas required to reach the desired hot water
temperature. Weather and load compensation adjust the flow temperature of the water
circulaing through the radiatorglependingon the outdoor temperature or heating load
respectively. Lower flow temperatures complement condensing boilers which work more
efficiently with returning watertemperatures of 53C or under as greater heat can be
recoveed from the flue gasessSmart thermostats as mentioned are becoming increasingly
popular. Their function can vary dependant on the brand of device but the main functions
include remote control via smart phone app, the ability to learn how long your hakest

to heat up and therefore the ability to optimise the time your heat is switchedhws
removing the guessing inherent of fixed timeasdalsooccupancy sensing so that the heat

is switched off or turned down when the home is unoccupied. Anotheoniggnefit of these
devices is that the operating firmware can be remotely updated allowing software changes
that can further enhance system efficiency without having to update the boiler for example.
The devices, in some cases, can also be used as alosmitroller to control wireless TRV
valves allowing rooms to be heated at different times meaning for example bedrooms could

be heated before bedtime only rather than all day when they are less likely to be occupied.

As mentioned, smart controllers can fer great benefits for the occupant in terms of
improving thermal comfort and increasing heating efficiency through much greater flexibility
and remote system control. There is however a further potential with these devices and that
is combining heatingantrol with time-of-use tariffs and energy storage to provide a grid
balancing service. This is most attractive when we conglieicase ofelectrified heating

with a heat pumpHeat pumps are seen as having a major role in efforts to decarbonise the
domestic energy secto(Department of Energy & Climate Change, 2013; Arteconi, et al.,
2013)however there is a resultant increase in electricity demasdyas and oil begin to be
RAaL F OSR YR | a adzOK3X KgidNEB ILBIRYELA ¢okAS f LINRSOSERS
is no current clear government policy or clear market incentive to realise the potential of
domestic heating flexibility aside from theatlitionalEconomy 7 style of thinking. This results

in reluctance or delayed response by heat pump manufactures in investing and designing
smart enabled heat pumps, put simply, because it is unclear what they would be designing
for. Smart controllers carherefore fill a vacuum, as they serve a primary function orientated

around user functionality and comfort. Software on these controllers can easily be updated
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to provide the required demandideresponse (DSR) functionality by switching heat pumps
on and df, charging/discharging thermal stores at the most appropriate tinoesather than

on/off control there could be a setback function which reduces the thermostat temperature
or reduces flow temperature depending on the level of DSR requineaddition by allowing

third party controls and software (i.e. not that of the heat pump manufacturer or energy
suppliers)there may be the potential for greater innovation and competition in the
technology and software, the potential for greater returns for the morwner, and
therefore likely greater uptake of such technology. The grid side is then managed by the
system operator sending out a simple signal to indicate the desired demand side response,
and the energy supplier supplies electric on an incentive baésef. This simple method

means all participants in the smart grid get rewarded.
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1.4 Alternative Domestic Heating Methods

1.4.1 Heat Pumps

A heat pump is a thermodynamic device which uses a refrigeration cycle to extract low grade
heat from a source and eject aghier temperature heat to a sink. In ggnplestterms heat

is moved (pumped) from one place to another by being absorbed by a substance and
conveyed to the point of delivery by that substance, where it is rele@gkdkins, 2011)The
substance used is known as a refrigerafnhis definition is applicable to all pieces of
refrigeration equipment, air conditioners and chillers using a refrigeratiarie,so theyall

are effectively heat pumpsHowever,i KS G SNY & Kéérally rédemdd Jér urditss 3
which supply heat as the primary end product rather than air conditioning or refrigeration
which removes heat to provide cooling as its primary function. Some heat pumps can be
reversed to provide heating in winter and coolimgsummer but for domestic houses in the

UK which most commonly use radiators the function would neither be suitabiemnally

necessary.

For UK domestic heatirapplicationsa heat pump replaces a conventional oil or gas boiler
and provides thermal engy using radiators or underfloor heating. Heat pumps are better
suited to underfloor heating applications due to the lower flow temperatures required but
they may be retrofitted to the existing radiator system. This may require replacing the
radiators with larger ones or high temperature units do exist which can achieve flow
temperatures equivalent to oil or gas boilers. Conventional heat pumps are electrically driven
and because they move low grade heat from a source and concentrateliigisgradeheat

at a sink,they can produce a greater amount of heat energy than the electrical energy
consumed to power the compressofans or pump.Therefore,for heat pumps that can
achieve a coefficient of performance (COP), which is defined as useful heat oeddyid

total electricity in, greater than a variable threshold value, will produce heat cheaper than a
conventional fossil fuel powered boiler, even though electricity is more expensive than oil or
gas. The COP threshold value is described as variabledeeitasidependent on the relative
price of domestic oil or gas, the COP of the fossil fuel boiler (efficiency), and the respective
price of domestic electricity. In additipthe carbon dioxide footprint of an electrical heat
pump producing an equivalent amount of heat as an oil or gas boiler will be less carbon
intensive, above a certain COP threshold, even though the electricity is derived from a
national power station whickises fossil fuel with transmission and distribution losses of the
electricity also considered. The COP threshold value of the heat pump gets consistently lower

as the carbon intensity of the source electricity reduces i.e. as greater volumes of renewable
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energy make up the national electricitfherefore,heat pumps have googotential for
reducing the carbon intensity of heating homes and will only get better as reliance on fossil

fuels for electricity production reduces.

Generally, heat pumps thawill be installed in a domestic home will use a vapour
compression refrigeration cycle which utilises an electrically driven compressor. The

thermodynamic cycle, taken from Watkins (201i&)llustrated inFigurel-3.

Low Pressure High Pressure

High Temperature High Temperature
Low Pressure High Pressure

Vapour : A Vapour
Compressor \
Low Grade Heat Heat Higher
Heat Source Reclaim Rejection Grade Heat
from Water Sink to
or Air

/ High \ Water or Air

{ Temperature
| Low Al
;\Temperalure

Evaporator —| L ! Condenser

Low Temperature h Low Temperature
Low Pressure High Pressure

Lo Expansion L
Liquid/Vapour Valve Liguid

Figurel-3 Heat pump vapour compression cy@/¢atkins, 2011)

The cycle has four basic components comprisimgmpressor, condenser, expansion valve
and evaporator.Superheated refrigerant vapour at low pressure enters the compressor
where it is compressed to a high temperature high pressure vapour. It then enters a
condenser which is either an air or water hestchanger which sinks heat from the
refrigerant (as it is lower temperature) cooling the vapour refrigerant and causing it to
condense to a subooled liquid which is still at high pressure. From the condenser it enters
an expansion valverhich causes arpssureand further temperature dropThe refrigerant

then enters the evaporator as a low pressure low temperature mixture of liquid and vapour.
In the evaporator the refrigerant absorbs heat from a low grade heat source (typically air or
water) causing th refrigerant to evaporatebefore returning to the compressor as a

superheated low pressureapourto repeat the cycle
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Heat pumps are generally categoridegithe type of heat source and heat sink they use. For
domestic applications the heat sourcenigrmally air source or ground sourbewever any

form of low grade or waste heat is suitable as a sourthe heat sink refers to the method

of delivery of heat to the house. For retrofits the heat sink would be water source using a
heat exchanger as theondenser to transfer heat from the refrigeration cycle to the house
hydronic central heating system. The heat sink could alsgidair where air is blown over

the condenser warming the air which is then delivered to the rooms to be heated via ducting.
However,air heating is not a common method of home heating in the THérefore,onlya

description of an aito-water heat pump and a ground source heat pump will be detailed.

Figure 1-4, taken from Watkins(2011) illustrates a typical aito-water heat pump
configurationwith an external evaporator and internal condenser. Flow temperatures for an
air source heat pumgASHP)re typically 3545JC as indicated on the figure. This flow
temperature is particularly well suited to underfloor heating systems which have a large
surface area for heat emissioHowever,for radiator systems the flow temperature is not
high enoughand generally flow temperatures in excess od®%are required with traditional

radiator systems designed for a max flow temperature k382

Figurel-5, taken from Watking2011) illustrates a typical ground source heat puf@SHP)
which is ideal for domestic properties. In this configuration a continuoys ddbigh-density
polyethylene pipe is laid in a shallow trench in which a brine solution is circulated absorbing
low grade heat from the groundThe horizontal shallow trench method is much less
expensive than vertical borehole ground source heat pumpshvequire a specialist drilling
companyto drill and commission a weloweverthe horizontal method requirea largearea

for the pipes.The attractiveness of a GSHP over an ASHP is the higher COP achievable, and
therefore despite the higher upfront gtallation cost, the GSHP may be cheaper over its
lifespandue to lower running costsTypical installation costs are in the region of £6;000
£8,000 for an ASHP, and £10,8008,000 for a GSHEnergy Saving Trust, 2018SHPs can
achieve a higher COP than an ASHP becausenofre stablesource temperatureDown to

15m in depth the temperature is approximately equal to the mean annudkaiperature

of 8-11JCfluctuatingin this rangeseasonally and below thidepththe temperature increases

on average by 2.6 per 100n{BGS, 2017)n contrast the air temperature varies across the
day with the minimum temperature likely to be the point of greatest heat demand. For
example, the winter averagainimum and maximum air temperature for the UK in 2017 was
2.2)C and 7.9C respectivelyAs an example of reaborld comparable COP values fa8HPs

and GSHPs, a large scale field study emanating from the UK Renewable Heat Premium
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Payment (RHPP) policycstred seasonal performance factors of 2.65 and 2.81 respectively
(Lowe, et al., 2017aHowever,despitethe higher efficiencies achievable, domestic GSHPs
are often not practical in urban environments due to laclswfficient space for horizontal

configurations or lack of access for drilling machinery for vertical borehole configurations.

To circumvent the low flow temperatureypical of domestic HPsa heat pump may be
installed alongside a conmgonally fuelled Ioiler as illustrated ifrigurel-6 (Watkins, 2011)
This results in a hybrid systamwhich the heat pump serves as tlead boilerand the fossil
fuel boiler is arranged to fire when tHow temperature needs boosting in order that the
heating system will operate correctlyhe return temperature should be designed to return
as low as possible, around -3BJC, in order tomaximise heat pump efficiengiatkins,
2011) The hybrid system can be designed to inudifferent ways with the priority generally
being to meet the heat demand as efficiently as possibtnt©@l strategiesmay look to
optimiseCQ intensity or cosbf the heat produced dependant on the operating efficiency of
the heat pump at an external temperature sabint. Having twoheating sources using
different fuels also opens potential for a demand side contnatsgy based on grid signals
as previously discussed in the controls sectldd.2 in which, for example, the fossil fuel
boiler could be reliedipon at times of high grid electricity demand, high grid electricity price,
or high grid electricity carbon intensitidowever,without a method of thermal storage the
heat pump is less able to take advantage of low electricity grid demand, price, omcarbo

intensity as the household heating demand would need to coincide with these events.

This type of hybrid system comes with the addéidadvantage ofincreased system
complexity withpotential impact on the performance of the individual heat sources which
may be dependent on an optimised control strategy to package the heat pump and boiler
together so that they work in harmonin particular the conventional boiler may cycle more
frequently on low load conditions reducing its efficiency, and as such vatl mecontrol
system which can prevent this occurrencEhere will also be increased maintenance
requirement and therefore cost. The main advantage being that the thermal comfort of the

occupants i€nsured,and a backup heat source is available in the ¢wee might fail.

An alternative to the hybrid system for achieving conventional flow temperatures is the use
of a cascade heat punifke the examplellustrated inFigurel-7 (Daikin, 2018)TheDaikin
Altherma airto-water heat pump is a domestic cascade heat pump which uses two
refrigeration cycles to extract thermal energy from ambient air source dovenperatures

as low as20JC. The unit can deliver flow temperatures on the central heating water side up
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to 8QJC and is available in 114, and 16kW capacity. The manufacturer states a nominal COP
of 2.50 for the 11kW version with a flow temperature @iJ8 and return temperature of

70JC at an ambient dry bulb temperature o¥G(Daikin, 201Q)in order to put the COP value

into context, in the UK a minimum seasonal performance factor (SPF) of 2.5 is required in
order to be elgible for domestic renewable heat incentive payments (Riith higher
payments for HPs with higher SPEOFGEM, 2018 he SPF is effectively the average COP
measured across the year i.e. useful heat produced by the HPnpemadivided by total
electricity consumed by the HP per annuffor context, n the UK the average air
temperature in 2017 was 9J8 and the longerm average air temperature was
between 1981 and 201(Met Office, 2018)

The advantage ofa high temperatureheat pump is the ability to retrofit into an existing
central heating system which uses high temperature radiators and removes the need for a
backup heaterAlthough lower temperature HPs will undoubtedly have highdesShis

often neither practicahor financially feasible to retrofit wet underfloor heating unless major
refurbishment of the property is taking place. Oversizing of radiators to accommodate lower
flow temperatures is another solution however this is Ihaxpensive and disruptive and
requires additional spacevithin in the hone. With useable wall space atver greater
premium,it is far from a perfect solution. The high temperature heat pugiherefore ideal

for the boiler refurbishment markeof whichthe UK has one of the largest in the world with
domestic boiler sales of 1.7 million units in 20d#6a total of 26 million boilers installed
throughout the country(BSRIA, 2017 not only removes theneed to disrupt or altethe
current central heating systetout it is a particularly attractive solution forfajrid gas areas

like Northern Ireland were domestic heating is predominately reliant on oil heating as
detailed in sectiori.2. In addition, when rplacing an oil boiler, the oil tank can be removed,
increasing useable spacehilst also removing a potential environmentair fire hazard.
When replacing a gas boiler the risks associated with this fuel source are also removed.
Replacing a fuel source wh needs to be burned with an electric heating source also reduces

the risk of carbon monoxide poisoning which is potentially fatal.

In summary when we consider domestic retrofit in a country like Northern Ireland with a high
dependency on oil for heatinga hightemperature air source heat pump looks like an
attractive option for upgrading ageing boilers with minimum disruption for householders.
This is likely to be faster than extending the gas network with access possible to everyone

with an electric canection. It is likely grid reinforcing would be requiregt this may be a
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better investment strategy than investing in gas infrastructure given the need to decarbonise

the heating sector across the country, not just in urban areas.
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1.4.2 Sola Thermal

Using solar thermal energy for heating water is not a new form of technology however it is
alternative in the sense that it is not in widespreask as a form of domestic heating in the

UK. The sun radiates substantial enei@yhe Earth and the attractiveness of being able to
capture this energy in order to heat our homes is plain to bea.UK domestic context, solar
energy from the sun may becorporated into central heating systems for space heating,
raising DHW temperature, or as an energy source for heat pumps. The performance of such
systems is highly dependent on the useful amount of solar irradiation available at the

installation locatbn.

Use of solar for direct space heating is not particularly practical in the UK due to its Northern
latitude and therefore reduced solar irradiance in the winter months when space heating
demand is greatestiowever,it may be used to supplement a conventionally fuelled boiler

in autumn or spring months when sufficient levels of solar irradisgdstas a means to
reduce the quantity of fossil fuel required for space heatifgpically, in this arrangement, a
solar ollector panel would be coupled with a twin coiled thermal buffer stdfigure1-8
(Viridian Solar, 20174)lustrates anexample of such an arrangemer@n the solar sidea

pump activated by temperature sensor circulates brine through the solar collector and the
lower coil of thethermal store. Théuffer tank is also heated by a conventional boiler which
raises the tempgature up to a level sufficient for the central heating system and for DHW

purposes.

backup
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— tohot tap

L

central heating circuit

——— = cold waterin

-
i

—
o
B
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(]

I

Figurel-8 Solar collectowith heat storg(Viridian Solar, 2017)
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Although the system hae positive environmental impact due to reduced fuel consumption
and therefore carbon intensity, the low levels of solar energy available in the UK in the winter
when space heating is at highest demand mean that system may not make economic

sense withdng payback periods.

Combining solar energy with an @ource heat pump has the advantage of improving the
low-gradeheat sink available to the unit thereby improving the COP achievable for a standard
heat pump.Solar heat pumps will normally be classified as either direct or indirect. For a
direct system refrigerant is circulated through the solar panel which actiseasvaporator.
Direct systems are a packaged unit and are limited by the distance that the solar panel
evaporator can be from the condenser as well as the smaller size of the collector panel
meaning they are generally only suitable for small applicatibndirect systems use a
conventional solar collector which delivers heat to the heat pump evaporator. The number

of panels can be increased so thatder heat loads can be served.

Solar energy is much more commonly used for raising DHW temperature inktttuél to
reduced installation costs compared to those which incorporate a means of space heating.
In summerpeaksolar energy can provide up to 100% of required DHW of an average home
and reasonable proportions at other times of the ydaVatkins, 2011)Generally solar
heated DHW is either direct or indirect. The direct system heats water in a DHW cylinder
directly by circulating water through a solar collector panel. There are number of
disadvantages to this system includirgetrisk @ freezing in winter months, thpossibility

of the system reversing in wintethereby cooling the DHW cylinder, and the risk of
excessively high DHW temperatures in summer months. An indirect system is more common
in the UK which separates thelapheating circuit from the DHW circuit by means of a heat
exchanger in the DHW storage tank. This alleviates most of the disadvantages associated with
a direct systemAn improvement on thigs to use second storage cylinder to act as a thermal
buffer siore which preheats the main DHW storage cylinder. The addition means the solar
collector can be used all year round providing a good proportion of the DHW requirements
whilst alleviating potential issues such as reverse system operation resulting inleas
emitting heat when solar irradiation is lowdowever,the main disadvantagesre an

increased installation cost and space requirement.
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1.4.3 Biomass

Biomass heating is the practise of using a wagelled boiler to provide heating for a single
room or coupled with a central heating system to heat an entire home. Wood is generally
from fast grown crops and burned as wood pellets, chips, or logs. biecarlow carbon form

of heating so long as the wood burned is replaced by new trees and the carbon footprint of
cultivation, manufacture, and transportation of the fuel is small. This can be done by using
locally sourceduel. The main disadvantage of biass boilers are the space requirements,
the boilers are larger than oil or gas boilers and space is required in order to store the fuel.

This makes them less attractive for urban and built up environments.

1.4.4 Micro-Combined Heat andoier

Combined heat and peer is typically the process of recovering waste heat generated when
generating electricity which can then be used to provide a useful heat source. It is not a new
concept and is more common in a commercial setting being generally applied in electrical
power generating plants in conjunction with gas turbines, diesel engines, and coal fired
steam turbine engines. Microombined heat and power (mick€HP) is more recent and
refers to production of both heat and electricity for use in a domestiaffice-basal setting.
However,the primary goal is generally to produce heat with the ability to generate a small

amount of electrical power.

Micro-CHP units typically employ a gas or oil driven internal combustion engine which drives
an alternator thereby generatinglectricity. Waste heat is recovered from the engine and
combined with a secondagonventionaburner to produce thdotal heat requirement. The
adoption of micreCHP is normally limited by the size of units. Small wall hung units exist
similar in size to a gas boiler however the power outplbvg and a backup burner is often
required to fulfil the total heat demand of agtical home. Different ratios of heat and electric
production are achievable and excess electricity generated can be sold back to the grid if not
required. Although micreCHP still burns fossil fuels to produce energy, it is less carbon

intensive than using gas boiler and acquiring electricity from the grid separately.
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1.5 Renewable Electricityorthernlreland& Ireland

1.5.1 Wind Energy & Irish Electricity Grid

The eletrical grids of Northern Ireland and Ireland are operated as aislaiid power
system with a single electricity market (SEM) operated by The Single Electricity Market
Operator (SEMO) with SONI Limited and EirGrid plc as transmission system operators for
Northern Ireland and Ireland respectively (SEMO, 2015). Both countries have set a target of
40% renewable electricity to be reached by 2020. The installed wind generating capacity as
of November 2014 across the island was 2889 MW (IWEA, 2015) withraatestf between

4400 and 4900 MW installed capacity required to meet the 2020 targets (EirGrid & SONI,
2014). As a percentage of system size this will lead to the island of Ireland having one of the
highest penetrations of renewable generation in the wdiliirGrid Group, 2014Mowever,

it is not as simple as reaching these installed capacity volumes. The inflexible nature of wind
generation means for a number of reasons curtailment or constraint is often required

resulting in dispatcidown of wind generabn across the system.

1.5.2 WindDispatch DownCurtailment & Constraint

Renewable generation has priority dispatchowever there will be times when it is not
always possible to accommodate all priority generation while maintaining the safe, secure
operation d the power system. Therefore, security limits are imposed due to local and
systemwide security issues, which when reached require renewable generators to reduce
generation below their maximum available levels. This reduction is known as dispatch down

andis classified into either curtailment or constrafigirGrid & SONI, 2018)

Curtailment refers to the dispatckldown of wind for systenwide reasons (where the
reduction of any or all wind generators would alleviate the problem). Curtailisaequired

for five main types of system security limits includifigrGrid & SONI, 2013):

Systemstability
Operating reserve requirements
Voltage control requirements

Morning load rise requirements

ok~ 0D RE

Sygem nonsynchronous penetratio(lSNSP)

The first four generally impose a minimum generation requirement on conventional
(synchronous) generation and asch reduce the room for wind on the grid, whilst system
non-synchronous generatiofSNSH} a limit on norconventional generatiofi.e. renewable

generation) It is usually the first four which superse88ISP
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Congraint refers to dispatch down of windeneration formore localisechetwork reasons
(where only a subset of wind generators can contribute to alleviating the problem). This is
mainly for reasons of local netwomkfrastructure,such as too much wind generation for the

local network capacity aturing outages for example maintenance gugde works, or faults.

The limit ofsystemnon-synchronous penetratiogSNSPyvas until recently 50% in Ireland,
howeverthis has been upgradefbllowing successful completion of a 5 month trial after
which EirGid and SONI confirmezh 9" April 2018hat up to 65%variable renewable energy
could be handled on the grid at any given tiraayorld first,made up of mainly wind power
and contributions from solar and interconnector impofErGrid Group, 2018)he aim is to

ultimately increase the nogynchronous penetration limit up to a maximum of 75%.

Across the alisland electricity market 29.7% of electricity demand was provided from
renewables in 2017 of which 26.4% was from wind, 1.9% from hydro, and 1.4% from other.
Wind energy generated 9,280 GWh of which an estimated 386 GWh was dispatched down,
an increase of 159 GWh from 2016. The dispatotvn represents 4% of available wind
energy resource across the islafilrGrid & SONI, 201&igurel-9illustrates the impact of
curtailment and constraintsummarised by houof the day ér the whole of2017. It is
generally curtailment which dominates during the nigime hours (23:0809:00) over
constraint which generallarises throughouthe day (EirGrid & SONI, 2018} urtailments
(SNSP) refers to curtailment in order to reduce system-sythronous penetration
whereas curtailments (HiFreq/MinGen) refers to curtailment attempting to altevhigh
frequency event or in order to facilitatea minimum level of generation othe system to
satisfy reserve requirements, priority dispatch or to provide ramping capabilities.
Curtailment is particularly pronouncexver night when system demand isMer and there is

reduced ability to accommodate wind generation due to the limits previously mentioned.

With respect toFigurel-9it is clear that there is potential for creating a demand during night
time hours to reduce the high levels of curtailment between 23:00 and 09:00 in order to
make use of this energy whichatherwise effectively lost. It would be logical if we could
somehow harness this energy and store it until it can be effectively utilised, for example at
peak system demand, thereby improving the installed wind capacity and reducing peak

demand.



25

Constraint & CurtailmentVolumes (GWh)

= = ] N w w B & w
[= B o w o w o v O W o

Breakdown of Wind Constraints and Curtailments All Island

NN
]
Y

Y

NN

88|

O 0O 000 o o
e Qe e
Q d4 N o S v O
O O OO o o O

09:00
10:00

@ Curtailments (SNSP)
O Curtailments (HiFreq/MinGen)

B Constraints

13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00

Figurel-9 All-Island Irish wind total dispatch down volamin 201 Bummarisedy hour of

day. Curtailments (SNSP) refers to curtailment in order to reduce systesyncironous
penetration; Curtailments (HiFrddinGen) refers to curtailment attempting to alleviade

high frequency event or in order to facilitate minimum Iseélgeneration orthe system to
satisfy reserve requirements, priority dispatch or to provide ramping capabilEieSrid &
SONI, 2018)

In order to alleviate as much psssiblethe fundamental issues that give rise to curtailment
EirGrid and SONI have produced an operational policy knowihea®S3 programme:
Delivering a Secure Sustainable Electricity System (EirGrid & SONI, 2015). Within this the
need for facilities which can manage very high levels of instantaneous renewable penetration
(demand side management facilities) has been outlinedraarea requiring much work. As
part of the program system operators have taken a number of steps to update and develop
new system tools providing more accurate rale information, greater control and
monitoring facilities. One such tool used in contsdhe wind forecast tool. This tool provides

an estimate of the wind generation which will be available in the coming hours and days
ahead. The data is availaipeblicly (EirGrid, 2015and is illustrated irFigure1-10 for the

16th February 2015 along with forecast market demand syslem margingprice (SMP) for

the same day. It is the readily available data such as this that will help researgimamation

into development of demand side management capable technology.
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Figure1-10 Forecast electricity energy market price (SMP), forecast market demand, and
forecast wind generation for all Irelanteetricity network. Data sourced from EirGrid (2015).
1.5.3 Single Electricity Market (SEM)

In Ireland and Northeriireland,a Single Electricity Market (SEM) has operated from the 1
November 2007 combining what was two separate jurisdictional electricity etaikto a
single market operating across the island, a first of its KD@CAE, 2019 he goal of the
SEM was to provide electricity generation at the least possible cost to meet customer
demand whilst also maximising lotgrm sustainability and reliabilittDCCAE, 2019pn
October 2018he SEM transitined to a reformed market known as the Integrated Single

Electricity Market (SEM)n order to better harmonise markets across Europe.

The finer details of how the market operate acemplex, however a general simplified

overview is illustrated ifrigurel-11 (Mullany Engineering Consultancy, 2Q16lectricity on

the island is bought and sold via a single market pool whichcifitdéed by the Single

Electricity Market Operator (SEM@hich is a joint venture by the Northern Ireland system

operator, SONI, and the Republic of Ireland system operator, EirGrid Plc. SEMO, which is
regulated by the Northern Ireland and Republic @ldnd independent utility regulators,

facilitates market trading and eordination of financial dealinJREGNI, 2019kenerators

and suppliers participate in the market bilaterally buying and selling electricity to and from

the pool either orthe-day trading markets or spanning several years ahead. Electricity can

ta2 0SS AYLR2NISR 2N SELRNISR @Al GKS Aaftl yRQa

interconnectors) to Great Britain which is in turn connected to mainlandgur

The main components of the SEM are energy and capacity. Energy consists of the supply of
electricity with generators bidding into the pool a price for their generation for each half hour

of the day ahead. SEMO in turn determines, based on these peacegstem Marginal Price
(SMP) for each half hour trading window. The SMP is determined by ranking generators by

price in a merit listvith the highest price to meet demand (safely and securely) equating to
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the SMP. Those generators that are not on theritest (i.e. not required to meet demand)
do not get paid the SMP, thus creating a competitive market were the most efficient
generators tend to get utilisedThere is also a payment, paid by supply companies, for

generators providing capacity to the nkat which partially goes towards their fixed costs.

Figure 1-11 Ireland Single Electricity Market (SEM) overvié@Mullany Engineering
Consultancy, 2016)

1.5.4 Grid ServicedDemand Side Managemértequency Response

Grid services can be widely defined as built in flexibility on the grid in order to help manage
system security or electricity pridgdrough efficiency Grid services can encompass a wide
range of different techniqueshich can operate over different time scalasrder to achieve

this flexibility for example

9 Static peak reduction such bBghavioural changes in electric consumption over the
course of aday from domestic through to industrial consumers in response to a
variable price tariff;

1 Flexible demand measures which allow dynamic load shifting within the day
dependant on the system conditions on that day;

1 Ancillary servicesffering a faster demandeduction capacity onto the market in
response to a grid dispatch signal (similar to offering generation capeaciyfering

a demand ramping capacity make use of excess generation.

The normal operating frequency on the grid is between 49.8 Hz a@d-5Q when generation

and demand are equal the system frequency would be 50 Hz. Frequencies above 50 Hz are a









































































































































































































































































































































































































































































































































































































