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Highlights
1 High resolution multenergy model (electricity, heat, gas) for domestic dwellings
1 Space heating, domestic hot water, cooking, and electrical appliancensdbls
1 Accurate assessment of heating system and dwellinghtla¢inertia
1 Various market/network relevant model applications demonstrated

Abstract

Increasing interest in low carbon electtioermal heating technologies, such as electric heat pumps and
combined heat and power units, may in the near future significantly change the character of domestic
electricityand gasdemand profiles. To understartde impact of adoption of such technologies it is necessary
to appreciate fully the multenergyaspects of such technologies, and indeed of any other domestic energy
service demansl Such holistic treatment is necessary to fully capture the effects ofcict@nce in various
energy service demands within and across dwellings. To that end this paper introaludedetailsa high
resolution domestic multi-energy model comprised of physically based space heating, domestic hot water
(DHW) cooking and electri¢appliance modelsGiven the potential for thermal storage the heating system

and building elements particular attention is given to the space heating model, whicldéschuilding, heat
emitter, buffer tank and heating unit models, capturing the nedet intertemporal dependencies, heat
transfer rates and system inertia. The powand interestof the presented model is demonstrated through
exploration of a selection ofvarious possible applications, includingmongst others effect of input
energyheating technology substitutiomn consumption profiles of different energy vectpeffect of thermal
inertia, and investigation of dwelling diversity. Additionally the importance of high granulaniogdellingis
demonstrated.The presented model can be liged by many actors involved in energystems for various
purposes. For examplelectricity distribution network operators for modelling of network peak demand,
demand aggregators for estimation of potential demand side flexibility, government agemciesdessing
incentive scheme costslectricity retailers for understanding the impact electrothermal technology
adoption upontheir demand portfolio or potential heat network operators for understanding the demand for
heat in an area.
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Abbreviations

ASHP Air Source Heat Pump
CHP  Combined Heat and Power
COP  Coefficient ofPerformance
DHW Domestic Hot Water

DR Demand Response

EHP  Electric Heat Pump

ETT ElectreThermalTechnology
GSHP GroundSource Heat Pump
NEED National Energy Efficiency Database
WSHP Water Source Heat Pump

Notation
0 set of electrical appliances
specific heat of waterkg/kg°Q
set of cooking appliances
thermal capacitancef the storage heatecore kJ/°Q
thermal capacitance of the outer portion of the external wall/{Q
thermal capacitance of the inner portion of the external w&/fQ
thermal capacitance of floqkJ/°C)
thermal capacitance of heat emittekJ/°C)
thermal capacitance of the inside zone of the building (including furnish{kr@s)XC)
thermal capacitance of the internal wkJ/°C)
thermal capacitance of the pipewo(kJ/°C)
0 Uy, EHP coefficient of performance, giveourceand heating system temperatures
set of DHW consuming appliances
CHPRelectricitygeneration kW)
Electrical appliance electricity consumption (kW)
fuel consumption of gas boiler (kW)
fuel consumption of CHP (kW)
fuel consumption of EHP (kW)
DHW thermal demandk(V)
cooking thermal demand{V)
heat generationgas boile(kW)
heat generation, CHP (kW)
heat generation, EHP (kW)
heating systermet heat transferkw)
cooking heat gainkiV)
energy flux from the heating elemerk\/)
metabolic heat gaink{V)
solar gain on external building elemenk¥\()
solar gain on internal building elements (through glazikgy)(
heat exchange through ventilation (with external environmeRt)/j
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appliance DHW consumptioRg/s)

heating system watemass flow rateKg/s)

thermal efficiency of CHP

electrical efficiency of CHP

efficiency of gas boiler

electrical applianceonsumption(kw)

cooking applianceonsumption(kwW)

appliance radiatin factor

combined thermal resistance of ceiling and the flow® kW)
thermalresistance of the natural heat transfer path between the core and indoor environment
(°C/kwW)

thermalresistance of the forced heat transfer path between the core and indoor environment
(°C/kW)

half of the thermal resistance of the inner portion of the external all/kW)
half of the thermal resistance of the outer portion of the extal wall(°C/kW)
thermal resistance between the floor and indaamvironment(°C/kW)
combined thermal resistance of glazing and dq8&/kW)

thermal resistance between heat emitter and indaarvironment(°C/kW)
half of the thermal resistance of the internal wélIC/kW)

thermal resistance between the pipe and the flgdC/kW)

external surface resistan¢@C/kW)

internal surface thermal resistanexternal wall(°C/kW)

internal surface thermal resistane@ternal wall(°C/kW)

external switch

“¥ ¢ ~oigternal switch
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delivery temperature of DHWQ

heating systenflow temperature {Q

maximumflow temperature of heating system watetQ)
external temperature evolution°Q

dwelling waterintake temperature {Q

heating systemeturn temperature {Q

heat source temperature (°C)

heating system watetemperature ¢Q

operating state otlectricalappliance

operating state of cooking appliance

operating state of DHW appliance

temperature ofstorage heatercore node {Q
temperatureof outer portion of the external walPQ
temperature of inner portion of the external waflQ
temperature of floor node°Q

temperature of heat emitter node’Q)

temperature ofindoor environment(including furnishingsYQ
temperature of the internal wall’Q

temperature of the pipework nodeQ
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1 Introduction

Climate change, increasiegergycosts and concerns regarding energy security are encouraging interest in
new low-carbonenergytechnologies In this context, besides the efforts to decarbonise electricity through
renewable electricity sources, more and more emphasis is recently being put onto decarbonisation of the
heating sector, througlthe shifting of primary energy usage away from fodsiél based heating systems or
through more efficienuseof such fossitesourcesThe domestic sector, in particular, is seen as one of the
main targets for heating sector decarbonisation, particularly in the UK where domestic heating accounts for
57% ofheat usagdl]. Various strategies have been proposed for decarbomisaif heating2], and all of

them somehow involve a closer interaction of electricity and heat.ddeit is expected that househaoldvel
electrothermal technologiesETT- as anytechnology which links electricity and heat may be termed) will be
increasinglymportant components ofhe low carbonenergytechnology mirsof the future. ETT that are

likely tobecome moreand morerelevant includeelectric heat pumps (EHRhcluding air source, water source
and ground source versions (ASHP, WSHP and, GSHéxtively)andcombined heat and power (CHP) units
Additionally, electricboilersand ekctric storage heater basdtkatingsystemsand, with regards to process
heat, electric cookingnay, giverthe expectedsubstantial decarbaisation of the electricity gridalso beome
more pertinent.

Increased penetration of such Efhay have significarimplications forthe relevantenergy businesses and
networks. In particular, significant changes are expected to happen for both the gas (currently most of
domesticheat is producedn the UK through gas boilgrand the electricity sectsrfrom multiple perspectives

of the businesses, for instance in terms of the volume of gas and electricity to be traded in long term and short
term energy marketsln additionr el evant t o
minutes or even shorter in some cases), whose importance is rising with the penetration of variable renewable

fast

sources in the systengTT are being more and more investigated in terms of potential to provide Demand
Response (DR3]-5], particularly thanks to the intrinsic thermal storage that is often available in buildings (in

physical” hatwat ers tawcks asr dshulding fabadDR medeling and changes h

in energy market engenderreeedfor modeling energydemand profilesvhen different ET are appliedn
much greater detail than done so fdn addition, his more detailed modelling will also be more and more
relevant forlocal distribution networkmpact and in particular for the electrical netwdi®. In fact,ETT units
may be characterized by substantial electrical power rating (whether for generatioor €4, or
consumption, as for EHP, for instance) and@a@ne to coincidencacrossdwellings, which could cause

substantial changes in the electrical network loading (increase in the case of EHP and decrease in the case of

CHP, potentially)On the othe hand, the gas network will also be affected in a somehow complementary way
(loading increase in the case of CHP and decrease in the case of EHP).

All the potential issues mentioned abotheat might arise with different types of ETi€ed to be quantified

with a suitable time resolution and a powerful methodolo@peingcapable to model and quantify not only

energy consumption in individudivellings but also across a range of them, particularly for network impact
purposes besides market trading aspetisnce there is a cleascope to develoanew domesticmulti-

energy modelviths ev er al key features that,6 ttogethefinrcanyaut hor s
previously presented modeMore specifically, key features of the proposed model are dsvisl

1.

Separation ofmulti-energy services frommulti-energy inputs (with respect to the building envelope,
which means modelling of inputs from relevant networks and marke®) model the effect of
adoption of various EITon energy input flowst is ne@ssary to understand the demand for the
energy service that th&TTis to serve. Thereation of a clear separation between service amulits

(in a multienergy contextrreates clarity oflwellingenergy demands and consumpti®and enables
the effect ofswitching energy servicdsetween input energy vectaito be studied Such distinctions
have been employed at the cignd countrylevel, at annual resolution for the purposes of policy level
study[7], [8] but not at a resolution usefub deal with the abovehallengs,distribution network

el ectricity balancin

k n
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and “ f a sandlysisnmaparticeldras also mentioned belawn addition, the proposed model
automatically captures the correlation between electricity and heat consumption while taking into
account the activity profiles, while other models usually focugleatricity orheat consumption only
[91H11]

2. Accurate representation of system energy storageepresentation of thermal storage associated
with ETTis crucial as the inertia eated by such storage is likely to be material when considering
thermal demand at high resoluticand this feature is critical for DR modelling purpos#silst
thermal storagen the form of hot water tank$4], [12]and in building fabri§13]-{16] has previously
been considered, there is no approach which considers the possibly considerable impact of heat
storage in heat emittergtogetherwith heat storage in hot water tankbuilding fabric buffer tanks
and the interactions of such componepts

3. Representation of diversity For networkimpact, new energy market, and BRidies accurate
modelling of diversity oflwellings(including behavioural aspects, which can have significant effect
[17]) is necessary,sathe diversity of thenergydemand of an aggregation divellingscan have
significant impact ometwork peak demand[18]. Additionally such understanding may be useful for
aggregators seeking a diverse aggregation to mitigate the challenge of demand forecCHstiaghe
ability to model several dwellings, and correctly capture the effect of diversity and, in case,
coincidence, is necessanyarticularly when considering a muéthergy view (for instance, electricity
and heat may have different diversity and peak characteristics as resulting from different drivers,
which need to be opportunely modelled}apturing athe requisite detail for multiple energy
vectors,both diversity across dwellings and coincidence within dwellings is difficult given amount of
information and the size of the modelling taskevious approaches either focus on creating large
scale datasts using distributions of appliance ownership and,dee electricity only{19], [20]or for
multiple energyvectors[7], which capturediversity but due to the poblem sizepot coincidence of
demand within dwellingso r “ ar ¢ h et yam eréated| suehlas [B1h(gestricity only) and
[22] (multiple energyvectors),which reduce the number of individual dwellingdlowing
computationalpower to be utilisedn modelling coincidence of energy demands/applianegker
than in modelling a large number of dwellings opposed to the above workisiswork captures
both diversity and coincidengéor multiple energy vectordn addition, the proposed model has
intrinsic flexibility to implement different control strategies and quantify the outcomes in a diversified
fashion and at a very high time reatibn for different buildings, which is again crucial to estimate
collective building behaviour in network impact and demand response studies.

4. High granularity- A model which is capable of operating at one minute time steps may be considered
necessary fonetwork impact studie$6] and provision of DR servicasn d “ f ast ” mar ket
[23], given the potentially large effect of model resolution on res[2&. Whilst there does exist a
comprehensive electrigitmodel at this resolutiof20] this does not separate energy service from
input energy vectorsand thus does not facilitate a mukthergy perspectiveand is thus inadequate
in particular,for the study of ETpenetrationand in general to assess the energy system gbardue
to alternative ETT options

Whilst some efforts have been made to developdelswhich address some of these key featuf@s{11],

[20], [25H29], these modeldail to qualify as truly multenergy as they are eithéechnology specifiaith
respect to the ETT considergidr example considering only heat punip€], [25]or only CHP plant[9], [26],
[27], do not include all energgemands(e.g. cooking]9], [10], [25H27], or fail to consider all possible energy
inputs[11], [20] As mentioned above, the ability &asily andealistially represent diversityand coincidence
of various energy demands across many dwellifigequired,is another key advantage with respect to
established buildig simulation tools, such dsr instance[28], [29] In fact,such tools are able to produce
relevant demand profiles for a single building for appliartbes affect the thermal balance of a building
however,these toolscannot easily capte diversity/coincidence of energy demands across and within
dwellings nor generate demand and fuel profiles for multiple dwelliffgrsfact such tasks would be very

nt
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laborious in such toolg)r generate demand profiles for electrical appliantieat do na affect the thermal
balance of a building. Conversely the presented model is designed to realistically model diversity and
coincidence of various energy demand profifieluding electrical appliancesjthin and across many
dwellings, with ease

On the above premises, this papgaesensa novel highresolution domestic multenergymodelthat can be

adopted to deal with the aforementioned challengeshec ont ext of sustainable and

systemawhich feature high penetration of disbuted energy resourcedlore specifically,i Section2 we
detail aseries ofinteractingdomestic energy use models which address the four sggmfienergy usesta
domestic level (DHW, space heatimgoking and electrical applianceshe latter alsdancluding lighting.
Thesemodels produce profiles of end use energy demand (thermal energy in the case of space heating, DHW
and cooking; electriddor electrical appliances) which can then be mapped to the appropiiguet energy
vectordependent on the technology selection. Interacticarsd commonalitiebetween the models (such as
heat gain from cooking, whidiffect the demand fosspace heatingand occupant activity profilesvhich drive
demand formultiple energy services) ampportunelycaptured to ensure realistic coincidence of energy
demandsln Sction 3, some of thekey features of the model (separation of energy services frgut energy
vector, representation of storage, representation of diversapnd high granularifyand their impacts are
demonstrated Sction4 containsthe concluding remarks of thepaperand bridges to future works

2 Model description

The domestie@nergymodel described in this paper is comprised 6f\M, space heatingookingand electrical
appliancemodek. Dependent on the ElMused for the provision of the DHW, space heating and cooking energy
services the energy profiles of the models will map to eithef gaslectricityas the input energy vectors to

the dwelling(seeFigure ).
BT e P

Electrical
appliance model

Electricity
consumption/
generation

Dwelling energy
Domestic energy profiles

models

Figurel: Domestic energy models to energy profile mapping

The constituent modeldetailed aboveare describedubsequentlywith particular focus on the space heating
model whichis more complexiven the heat storage in building and hegfisystem componentall

presented models share a common basis in active occupancy and occupant activity profiles, which describe
when occupants i@ present and awake and when they are employed in various household activities (washing,
cooking, watching VI etc.) These profiles are generated following psetrdadom processes as required

(allowing the capture of dwelling diversityddditionally the space heating model and electrical appliance

model share a common basis in solar irradiance profiles. Témaeon bagsare crucial aghey ensure

realistic representation of the coincidencethe energy demangrofileswhich characterise domestic energy

Litis important to highlight that here natural gas is assumed to be the input energy vectors in terms of fossil
“fuel” and relevant network. However, the toothee!l | i
types of fuels such as, for instance, biofuels.

ng
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use and can have a substantial impact on energy demaofiles at the levels of individudlwellingsaswell as
aggregatios.

2.1 DHW model

The fundamental bases of tHi2HW modelas described blgigure 2arefourfold. The first basis & set of
DHW using appliances present within tiheelling including bath and/or shower units. This list enables the
mappingof DHW related activity profilesvhich constitute the second basis, to DHW usdgpeseactivity
profiles describe, for thewellingin question, all the activitiesf all occupants which are potentially DHW
using(cooking, laundry, washing)aking intoaccount the list of applianepresent these activities can then
be mapped toappliance operatiomprofiles, for each applianc&ulsequently the thircbasis a set of
parameters relatedo the specific (in terms of time) DHW consumption of eappliance can be applied to
translateappliance operatiomprofiles per appliancgto DHW volume profile§per appliancg Thesearethen
aggregated to produce théwellinglevel DHW volume profilé-inally the fourth basis, the temperature
differential between water that is brought into thdwellingand the water that is delivered as DHW, is applied
to translate the DHW volume profile to a DHW thermal demand profile.

. ) /N
Listof DAHW =08 Appliance DHW volume DHW thermal
appliances ¢ 3 S
operation profiles profiles demand profiles
present
Specific DHW Intake and DHW

g consumption per delivery water

Laundry appliance temperatures

Cooking

Mapping of
activities to
appliances

Activity profiles

Figure2: DHW model

The DHW modeatanbe representeg giventhe set of DHW consuming applianc&d,(@ppliance operating
profiles(6 j , appliance DHW consumption () andthe temperature of DHW deliveryY ) and intake
Y ), as shown in equation (1) below:

O Y Y w 0 & (1)

2.1.1 DHW model calibr ation

Calibrationof the DHW modelvasperformed using data from a study conducted by the UK Energy Savings
Trust[30]. The study measured DHW consumption by volume at 112 properties. To create a comparable
dataset for thecalibration 100 DHW priiles were created using activity profiles and DHW appligoresence
statistics from the CREST mofRf)] (with the distribution of occupant number per dwelling set according to
[31]), appliane DHW consumption statistics frof32] and intake water and DHW delivery temperatures from
[30]. The DHW model average daily consumption per dwelling was calibrated by varying the bath/shower
water volume, whilst the shapof the daily consumption profile was calibrated by varying the split of morning
to evening showerbaths. The overall average daily consumption of ttedibrationdata set (123 litres)
comparesverywell with the equivalent measure frofi30] (122 litres), as doethe consumption distribution
profile.
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2.2 Space heating model

Thespace heating mael is constituted of buildingsub-modeland a heaing systemsub-model, linked
throughthe heating systenmeat emitter which transfers heat from the heating system to the building. The
space heating model &ructured and connected as shownhigure 3

” ~
Vg AN
l r > < T \
EhHW | ” DHW H Heating H Buffer »l Heat | -‘7?‘}'*’@’} ‘I
erma . . S 4 LX
demand tank unit(s) tank emitter i1 1 I 11
\ /
| Y .
~
Heating system sub-model ~ -

Building sub-model

Figure3: Space heating model composition

Thebuildingmodel represents the buildingtructureand the heat emitter (radiator, unddtoor system,

storage heater) as a series of nodes. Those nodes are characterised by their thermal capacity and the paths
between them by their thenal resistance. Disturbances to the systenthia form of the temperature

evolution of connected nodes (such as the external air nodeteading system water node¥olar radiation
(applied to thebuildinginternalwall and building external wall) andt@rnal gaingrelated to ocaipant

metabolism, cooking and building ventilatisre also represented and applied. Tigildingmodel can be
describedusing the electrical analogue approathrough extension of thiapproach which has been often
applied in the field of building modellirf@3], [14], [16], [33], [34]to include the heat emitter systei35].

The second sumodel of thespace heating model is the heating systentrmodel. This suimodelis an
energy transfer model whictiescribes the generation, storage and distribution of h&arr hydroniqwater
based)systemstiis linked to thebuildingmodel through the heat emittenode. The temperature of the heat
emitter nodeis dictated by the energy transfer from the heating unit/bufféar both hydronic andtorage
heater systems the heatinggstem model describes the generation, storage and provision of DHW.

Below thebuilding sub-model is described through detailing the component electrical analogues and their
state-space equation systems. Subsequently the heating systermsutel is described through detailing the
interaction of the system elements, tharious possible heatg unit modelsand theheating system controls

2.2.1 Building model

The exact form of théuildingmodel varies dependent on the type of heat emitter (radiator, untieor
system or storage heater) and the state of the heat distribution system (on ofTb#)form varies by emitter
type to accurately reflect the differing composition of the modelled heat emitters and the differing heat
transfer paths The form also varies by tistate of the heat distribution systemo reflectthe dual role of
heating systen; as a medium for the distribution of heat when the heat distribution is active, and as additional
thermal capacitance in the system when the heating system is ina&elew(Figure 4 the building electrical
analoguemodelis described andubsequentlythe various heat emitteelectrical analogue modebre also
described The heat emitter models a@ccompanied by the relevant sets of stafpace equations which
formalise therelationship between théuildingsystem nodes anthe relevanttemperature evolutions and
energy fluxesThe statespace equation systems are discretised using the Gracddson method36], a
numerically stable finite difference method

The building model employediisade up offour nodes, which are characterised by node thermal
capacitancesThe paths betweerthese nodes areharacterised by their thermal resistarez@here are two
nodes for the outer wall (outer leaf and inner leaf), one for the indoor environment and one for the internal
wall. This form is deemed appropriates it allows the possibility to accurately repraséuildings with cavity
wall construction (given the two nodes for the outer walhich are common in temperate climates, suchras
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England where 66% of domestic buildings have cavity wall constr8fi@nrhe system is perturbed by the
temperatureevolution of the external environmer{fly) and by energy fluxes related tolar radiation(lse, ls),
cooking(l), occupant metabolisrfl,,) and ventilation (l,). The building model is describé&uFigure 4

Figure4: Building modeklectrical analogue

Thethermal resistance of the paths between the nodee determined by the physical properties of thedes
(building components), as are the various thermal capacitances. The system disturbances, external
temperature evolutiorand energy fluxes, aneser definednputsor, such as for metabolic heat gain, a
function of a user defined input (in this caseealling occupancy)

Giventhe buildingelectrical analoguenodelthe completebuildingmodel can be described fully by appending
the appropriate heat emitter electrical analoguss previously described the form of the heat emitter model
varies by heat ertter and system state. Five options are possible. Esdbscribed below withts associated
state-space equation system.

2.2.1.1 Radiator systems

Heat transfer between the radiator and the indoor environment is modelled through defining the resistance of
the hea transfer path (R.;). When the heating system is in an active state the temperature evolution of the
heating system water (} is dictated by the heating system energy transfer model &s2€). When the

radiator heating system is not operating (i.e. the water of the heating system is not circulating and hence is not
acting as the heat distribution mediurtt)e heating system is considered inactive the inactive stat¢he

thermal capacity of the water of the emitter {becomes relevanithermal capacity of the structure of the
radiator, typically steel, is small and considered negligifleg. active and inactive radiator suaodels are

shownin Figure5.

T
Rhe_i 2 I Rhe-i Xhe HI
—I H ’_‘ 1 —l '—‘—I 1

Figure5: Active (left) and inactive (right) radiator electrical analogues

Thebuildingsystem described by the appendingeither radiator submodek (Figure 3 onto the huilding sub
model Figure 4 can be formalised by state-space equation systenThe statespace equation systefior the
active radiator systemare shown in (2), with the equivalent system for the inactive radiator system shown in
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(3).0, 6, 6 and'Oare the matrices of the statspace system The ron-trivial elements of matrices, 6, 6
and'Ocan be found i\ppendix A

& & Y
Q o @ a0
Qo © 6 o 040 0 G 2
6 6 o
& Y O
) I ny
'nyw(b ¥ fyw(b o B "0
a8y @ Om(b & O o o o )
N N 'O
¢® o d® o

In (2) and (3) ando dictate the relationship between each system node according to the heat transfer paths
illustrated inFigure 4andFigure 56 and'O define the effect of the external system disturbances, that is
temperature evolutions and energy fluxes, on the system nodes. Note that, in the inactive state, the radiator
heat emitter becomes another system node, interacting with other nodes as definédathylst the
“Ytemperature evolution does not exist.

2.2.1.2 Under-floor heating system
The design of undetoor heating systems necessitates a different model to that of radiator systems. Under

floor heating systeraconsist of pipework, carrying the heating system water, underneath a floor structure
which acts as the heat emitter. The floor structure may have significant thermal capHui$ypecessitateshe
structure shown irFigure 6which specifies heat transfeaths between the pipework and the floorg(#Rand
between the floor and the indoor environment; (R Also acknowledged tke thermal capacityf the floor
node (@ and, when in the inactive state, the thermal capacity of the water in the pipew@jk (

X
Rf-i X Rp»f Rf-i X¢ Rp‘f &
-:lj*_—:»—O—{l- -CITD--I H
e C
Lo Ie

Figure6: Active (left) and inactive (right) undefloor system electrical analogues

Again the statespace equations of the system are describ&dafid (5) for the active and inactive states
respectively.nn comparison toZ) and (3) the equations hava addition the floor noded ). The nontrivial

elements ofmatricesO, "Q "Oand"Oare given imMAppendix A
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2.2.1.3 Storage heater

The structure of the storage heater sufiodel (Figure 7 varies from that of the hydronic systems described
above as the system does not feature a heat distribution medium. Heat is gendnagéd by an electric
resistance heatenWhen operated(by switch™Y ) the heaterproduces an energy flux wdh acts on the
storage heater corewhich has significant heat capacity due to the presence of ceramic bricks (for that
purpose). The core stores heat which is transferred to the environment through natural heani$srced
heat loss. Natural heat loggcurs at all timesvhilstforced heat los®ccurs wherenacted(by switch™Y )
by forcing air over the core and into the indoor environment. The natural heat transfer is characterised by the
thermal resistance of the storage heater enveloe). The forced heat transfer is characterised an
equivalent thermal resistance value (R The thermal capacity of the store is characterised H},C
represents the energy flux from the electric resistance heakbe statespace equations for the storage
heater system are given gguation (6) Again the nortrivial elements of the coefficient matricé&nduvare
given inAppendix A

Xe R

Sion—off‘ Rc-if
1 —
' Ihe _éeon—off
« 1

Figure7: Storage heater electrical analogue (based [38])
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2.2.2 Heating system model

The heating system modelliaked to thebuildingmodel through the heat emitter for hydronic systenhs.the
general case the heating system consists of fmmmponents, linked together by flows of hot water and
complementary return flows of cooled water. The components #ire heating uni¢s) (constituted of a

primary heaer and possibly an auxiliary heaj, the buffer tank, the emitteand the DHW tanksgeFigure §.

The basic layout of the system is based on descriptions of systems which incorporate all the detailed elements
[39]. For hydronic heating systentise systemmay reduce through removal of the buffer tank DHW tank

whichare not compulsory feature For storage heater based systems the heating system will reduee to
maximum of twonodes(heating unit and DHW tankand in case one node (heating urdt) spae heating is
modelled through the storage heater electrical analogkig(re 7.

Hot water

€ 5 ~ >
Auxiliary
heater P )
i i

—_ H H
e B 1 I
1 1 M L IR
I DHW ! e [ |
| tank | H ! Heat
' 1 1 Buffer
| 1 | 1 emitter

I

Indoor
environment

i
=~~~ Prima

. 1 ]
A heater| ¢ | | "7 777

RPN

>
Cold water
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Return water

Figure8: General heating system layout
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The heating system model is based on net heat transfer between nodeBjgae 8 Each transfer is based on
water flow rate(a ), water flow temperature(’Y ), water return temperatureg(”Y ) andthe specific heat
of water(® ), see Q).

o Y Y o G 7

2.2.2.1 Heating unit models

The heat transfers from the heating units are dependent on the rated heating power of the heating unit and
the remaining heat capacity difie return heating system water. The model for each type of unit is defined
below. The exception the storage heaterGvent h e st or ar@gesasaheatemiter dndheat storeas
well asa heating unitit is modelled as part of thbuildingmodel, see2.2.1.3

2.2.2.1.1 Gas boiler

For the gas boileheat generation is set according to thas boilelgasconsumption("O, set either to
maximum or according tdwellingheating load if variable heat transfer is considered, @géhe boiler
efficiency £ , which varies by operating leyelndthe heat capacity of the heating system wat&he heat
capacity isletermined by the specific heat capgcof the heating system watef® ), the maximum flow
temperature("Y ), the return temperature (Y ) and the heating system flow raté {§ (8). Thisdefinition
ensures that the heating system water is not heated beyds uppertemperature limit.

'O | ETO- h"Y Y © G (8)

2.2.2.1.2 Combined heat and power system

Heat generation by the CHP unit is defined similarly to that of the gas b®jldgléctrical generation of the
CHP is alsdefined in ) given the defined CHP electrical efficieey h , Which again varies by unit
operating levél.

0 iER - "RAY Y & & ©
lo & _ ﬁ

Additionally theremay be periods ofinit start-up/shutdown of the CHP during which there is electrical
consumptiorand no heat production.

2.2.2.1.3 Electric heat pump

Heat generation by an EHRSHP, GSHP or WSHKR)efined byt h e u n i t coefficieneofperforaante
(6 U Oy ,which varies according tive source temperature’Y, and heating system watetlemperature Y,
according to a performance mapat the user can inputvhich should capture thehanges irefficiencywith
the mentionedtemperature characteristics, for instance based on information from EHP manufagdtubhers
EHPRunit’ eonsumption('O , again, set either to maximum or accordingdeellingheating load, se®) and
the heat capacity of the heating system watas shown if{(10).

O GQE0 600 h'yY Y © a (10
In addition f the source temperature ahe EHHs lower than the activation requirement of defrost cydleen

the EHP will run at full power during defrost cycles, delivering no useful heat (as the heat is directed to
defrosting the heat exchangepuration andirequency of defrost cycles are modeputs.

It should be noted that EHP starting inrush currgt@], which can produce power spikes for several seconds,
has not been considered heréhe effects of such spikes ateansient andcan be considered an issue of
power qualityand as such out of scope for the present work



13

430 2.2.2.2 Heating system controls
431 Inthe above described heating system models the heat transfers illustrated are subject to controls which
432  dictate thesystembehaviour.For each energy transfer the relevant control is described below.

433 2.2.2.2.1 Heating unit(s)-DHW tank/buffer tank/heat emitter

434  Given the dual purpose of the heating usitto supply heat to the DHW tank and the space heating system
435  (buffer tank or heat emitter) there is necessarily a control to dictate how heat is supplied event of

436  coincident demand (i.e. priority for DHW or priority for space heating).

437  2.2.2.2.2 Heating unit(s)-DHW tank

438  The charging of the DHW tank is subject to a number of threshold controls designed to ensure that heat is

439  supplied at an acceptable temperature and that operating limits of the storage tank are not breached (see

440 right of Figure 9. Thesethresh |l d control s dictate that i f the DHW t an
441 t hreshold then the primary heating unit turns on unt.i
442 the primary unit being actixatedrytbei DH@nt ahkr &ahbbd
443 unit turns on until the ‘auxiliary wunit off’ temperat
444 by the primary unit whilst making additional heat available wite® lower temperature limi{which relatesto

445  the minimum desirable DHW temperaturis)approached.

446  2.2.2.2.3 DHW tank-DHW demand
447  Discharging of the DHW tank is subjecDHW demand, with heat delivered dependent on the DHW demand
448  profile produced by the DHW demand model

449  2.2.2.2.4 Heating unit(s)-buffer tank

450  Thechargingof the buffer tankis, like the DHW tanksubject to a number of threshold contralagainsee

451  right ofFigure 9.O0nce again the primary heating unit turns on
452 crossed, st ayi n g nanthrestoltlis teached. &, déspte thenpanmagy unit being activated

453 t he temperature f al | sthrdsteold @ictatad byehe deginedkhiedt émittery uni t on’

454  temperature)then the auxiliary unitis also activatedn t i | t het ‘'@afuk’i |t argshaoalid is re

Limits Control
thresholds
Maximum

Pri nit off
temperature Aty

Primary unit on

Auxiliary unit off
Required
DHW/heat

¥ Auxiliary unit on
emitter Y

temperature
455

456 Figure9: DHW/buffer tank thresholds for control

457  2.2.2.2.5 Buffer tank/heating unit (s)-Heat emitter

458  Thebuffer tankheating units}heat emitter controls are numerous and operate in a hierarchigh each

459  subsequent control only becoming relevant if the previous corigrplositive All the controls which involve

460  setpoint controlsare accompanied by a hysteresis value. This means that when the relevant system metric
461  crosses the boundary of the hysteresis zone (for exarsgi@oint-(hysteresis value/2)) the control becas

462  positive until the opposing hysteresis zone boundary is crosseg@et+(hysteresis value/2)Y.hose controls
463  are:
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1. Setpoint control on the outdoor temperature If the outdoor temperature falls below thiewer
bound the control is positive until thepper bound is surpassed.

2. Setpoint controlon the indoor temperaturelf the indoor temperature falls below the lower bound
the control is positive until the upper bound is surpassed.

3. Setpoint controlon theheat emitter temperature If the heat emittertemperature falls below the
lower bound the control is positive until the upper bound is surpassed.

In addition, if the heating unit is capable of p#td running (to reduce unit cyclingy if a buffer tank is
present afourth control is relevant

4. Vaiiable heat transfecontrol: when the heat emitter temperature iat the setpoint of control 3
above, the heating unibr buffer tankoutput is setto the emitter-indoor environment heat transfer
of the last time stepThis ensures more consistenindoor temperature and, if no buffer tank is
present, reduces heating unit cycling.

2.2.2.2.6 Storage heatersystem controls

For storage heater systems the controls which dictate the actuation of the internal and external switches (see
Figure § must be described.hE internal switch, which controls the storage heater charging, actuates
according to a user defined profile. Typically storage heaters are charged during electricity sygpeakoff
periods. The external switchg®verned by the firstwo controls detaiéd inO.

2.2.3 Space heating model calibration

Space heating model calibratievasconducted usingomprehensive survey data on English and Welsh
domestic gas usage from National Energy Efficiency Data (NEED) franjétoiREED data gives the average
annual gas consumption (for properties with gas consumption between 100 and 50,000kWh) for a sample of
2.9 million properties (2011) in England and Wales, disaggregated by dwelling type age. Given the known
predominance bgas boiler/radiator systems in the [ XKe model (with gas boiler heating unit and radiator

heat emitters) may be calibrated against this data by adjusting the most uncertain (due to the uncaptured
possibility of insulation improvements) and influentirameters, the building resistance and ventilation
parameters. Initial thermal resistance and ventilation, along with thermal capacitance values were taken from
[42]. Other physical parameters were derived from technical brochures and practical literature (for heat
emitter and storage parameter§}3]{50]. For the gas boileheating unitshe capacity parameters were set

to 12/18/24/30kWerma for flats/terraced/semidetached/detached dwellings respectively (to reflect a high
degree of boiler ovesizing which exists in realifg1]) andboiler efficiencywasset to 75%to reflect the

average efficiency of the population of currently installed gas bojE#2}. Outdoor temperature and radiation
profiles, for south and north England, frdsB] were usedfor the calibration (calibration data was an average

of north and south consumption, weighted by the regional spl[@it]). The behavioural parameters required
werethe dwelling set temperatures and the dwelling number of occupants (necessary for DHW consumption
and for generating active occupancy prof)légalues fothese parameters were derived frof81], [54]
Additionallythe assumptiorwas madethat heating is operated whenever there is an active occupaist

indicated in[54]. For the control parameters, the hysteresis values for the outdoor temperature, indoor
temperature and heat emitter temperature sebmts were set to 1C, PC and 14C respectively.

The calibratiorresulted in adiscrepancyetween the model and NEED annual consumption fig(usimg
seasonal representative days to estimate model annual consumptidays than 5%or eachdwelling
type/age combination

2 Although the control may be considered unnecessary, as comfort can be ensured without such a control,
evidence as shown the existence of such apment (15.5°C in the UK)5]
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2.3 Cooking model

The cooking model is applicable to cooking appliances (hob/oven) which may switch between energy vectors
(gas/electricity). As with the DHWhd electricalappliancemodel, the cooking model has as a fundamental

basis aroccupant activity profileas in[20]. This profile describes whendavellingoccupant is engaged in
hob/oven cooking. This profile, together with cooking appliatyge (whether an electric/gas hob/oven is

present in the dwellingind consumption parameteygenerates aooking energy profile. Given the material
effect incidental heat gains from cooking can have on space heating demand the model also produces a
cooking heat gain profile, for integration with the space heating motk is achieved by applyingaoking
radiation factor to thecooking energy profileThe architecture of the cooking model is describeBigure 10.

List of hob/oven
cooking Cooking appliance Cooking thermal
appliances operation profiles energy profiles
present

Cooking incidental
heat gain profiles

Specific fuel Cooking radiation
consumption per factor per
appliance appliance

Cooking activity
profile

Figurel0: Cooking model

The two outputs of the cooking model can be represented mathematically by equdfidpand (12) below,
which give the cookinghermal energy demand and the cooking incidental heat gaiependent on the
cooking appliance power)(), the appliance operating staté (;) and the appliance radiation factar ).

(S nos 11)
0 N o hi (12)

2.4 Electrical appliance model

The electrical appliance mod@lefined here as including lightinig)based on that presented by Richardson et
al.[20], with several adjustments in ordéor the electrical appliance modéb serveto model only those

appliances for which dastitution by nonelectrical (e.g. gas) powered appliances is not realidécce the
architecture of the electrical appliance model is altered from that presentgddh given consideration of the
‘“cooking’ activity prof il eAdditionatlylaleelearéghemmal apgliearcesr i b e d
such as storage heater, water heater, cooking hobs/ofer with the exception of small cooking appliances

such as microwave, kettle, toaster etc.) are excluded from the list of @#gtusing appliances, as their

energy usage is captured by the above described modéis. adjusted architecture is presentedrigure 11

Active occupancy
profile

Electrical
energy
profiles

List of electricity
using appliances
present

Washing/dressing I
/
House cleaning '
Laundr Mapping of
Watching TV

activities to
appliances

Appliance
operation profiles

Appliance power
consumption

Activity profiles

Figurell: Electrical appliance modetierived from[20]
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Mathematical representation of the electrical appliance models belowwith the electrical appliance
electricity demandasa function of the electrical appliance powef () and the appliance operating staté ¢ ):

(0] norp 13

3 Demonstration of model features

The presented model hamnumber of features which offer important contributions to the field afrdestic

energy modellingvhich will beespeciallyrelevantfor application infuture low carbon energy systembo

demonstrate those features a number of tests have been undertaken. Rinsttpo d el ' s abi l ity t o s
the various energy services frometenergy inputsvhich provide those serviceas mentioned in the

Introduction, isdemonstrated. This showke possibility of mapping one set of energy service demand profiles

to numerousinput energy vectoconsumption profilegor exploration of the effect of heatingnit substitution

when considering differentEMIi t h r espect t o aSefondy theimpac of thé pregemce boi | er
and type of heat emitter on the system thermal inertia is studiglowing how increased heat emitter mass

affectsthermal behaiour of a dwelling imdoor environment Thirdly theability to represent the diversity of

an aggregation afwellings and the importance of this feature, is demonstrated through a studthereffect

of ETT adoption othe aggregation electricity consurtipn coincidence factgran important metricfor

distribution networkplanning purposed.astly theeffect of model granularity on model results is studied,

showing the impacbf model resolution on the characteristics of generated profiles

3.1 Input energy vector/ETT analysis

Although it may be considered intuitive that the provided energy service is separate froeméngy input
used to power that service, the distinction between the two is often not clearly defined. This hampers
attempts to understand the effect afnergy inputETT substitution. A valuablecontribution of the presented
model isthe ability to map any energy sepg demand profile tdhe relevantinput energy vectoprofile,
dependent on the EMmodelled.To demonstratéheseenergy service demand profiles for DHW, electrical
appliance and cooking profiles, along with an active occupancy profile (the main detetrofrepace heating
demand) were generated fortaree occupant dwelling (seEigure 12. Note that space heating demand
cannot be simply representeak a generiprofile (applicable to any dwelling type/scenaria are the other
energy service demandshis is becausepace heating demand @ependent on the temperature of building
elements and the heat emitter, which are dynamic and coupled, as well as the outdoor temperature, solar
radiation and building ventilation and thermal resistance charactesstithich makes space heating demand
dependent on the considered dwelling/environmental scenario

DHW demand
- Occupancy
--Electrical appliances demand

Cooking demand

Active oEcupancy

i

LR PN N U o T % o N

01234567B910_111213141516171819202122
Time, hours

i
“

23

Figurel2: Energy service demand profiles and dwelling active occupancy

These demand and active occupaipegfileswere then applied tadhe models of two dwelling types, semi
detached house and flat. The sedgtached dwellinghas total floor space (over two floors) of 96amd total
window area of 17rf) whilst the flat has floor space of 53r(rover 1 floor) and total window area of 12nThe
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564 semtidetached dwelling wamsulated tothe standard of mo d e rbnu i(defthedheresas those built

565 between 1944 and 1984yhi | st t he fl at was insul ated t okacht andard
566  dwelling was modelled with a set temperature of 21°C during times of active occupancy (there is no set

567  temperature atother times) and a 145 litre DHW tank. Environmental conditions (external temperatures and

568 irradiance) were defined as fartypical winter day, as shown fitigure 13

—Outdoor temperature

8 = Horizontal irradiance ’,/\ _\ 250

'S

J
]
=1
=]

N

Temperature,°C
w
~
3
Horizontal irradiance, W/m?

/

o
3

%23 456 7 8 9101112131415 16 17 16 19 20 21 22 23

569 Time, hours

570 Figurel3: Outdoor temperature and irradiance for a typical winter day

571  Figure 14hows the gas and electricityput demand if the space heatinand DHW is fulfilled by a gas boller

572  (through the associated heating system which incorposaseliator heat emitters) and the cooking is fulfilled

573 by gas. The relationship between electrical appliance demand and elecinijgityycan clearly be seen &an

574  the relationship between cooking demand and gas consumption. The large size of the gas boiler (typical in UK
575  applications) results in frequent cycling, as the operation of the gas boiler is constrained by the heat transfer
576  capability of the heat emitirs. Note thatthe relationship between DHW demand and gas boiler operation

577 cannot be discernedue to the disconnection between heat generation for DHW applications and DHW

578 demand caused by the presence dbEiWtank.

40 —T—T—T—T—TT—TTTTrTTT—7T—T—TT1 40—+

% Electr|C|ty consumptlon Gas consumptlon Electr|C|ty consumptlon Gas consumpﬂon
" 35

30 30

25 25
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5 1 5

o o e L O 1 LU gt 1
0123456 7 8 910111213 141516 17 18 19 20 21 22 23 0 7891011121314151617181920212223
579 Time, hours Time, hours

580 Figurel4: Energy input demands foresni-detached (left) and flat (right) dwellings, for gas boiler/radiator/gas cooking
581 options

582  If the space heatingrad DHW is instead fulfilled by a CHP unit (with tg;ait:arauxiliaryheateo4 then the

583 electricity and gas consumption will be as showfigure 15The spikes in gas consumption relate to the gas
584  boiler operation (which is triggered in this case as the CHP unit takes some minutes to start producing heat).
585  Again, inspection dfigure 15hows additional gas consumption related to cooking demand. During times of
586  CHP operation the electrical generationtbé CHP can be seen to offset electrical appliance consumption or
587  produce excess electricity when electrical appliance consumption is low.

3 Effidency of 75%
* CHP thermal efficiency 78%, electrical efficiency 13%. Auxiliary gas boiler efficiency 90%
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56 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23

Time, hours

Figurel5: Energy input demandor semidetached (left) and flat (right) dwellings, CHP/radiator/gas cooking options

Switching space heating, DHW and cooking energy services to fulfilment by electricity resultsniatielmaf
dwellinggas consumption-igure 16andFigure 1/show the electrical consumption of thdwvellinggiven such
afully electricalswitch, with space heating and DHsWppliedby ASHP (with auxiliary electric boiler, COPx
for aradiator basedand underfloor heating basedystemrespectively Electrical consumption can be seen to
generally coincide witldwellingactive occupancy as th&SHP operates to supply space heatifgception to
this coincidence can be seen in the radiator case as the AgHi#amore as the set temperature is reached.
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Figurel6: Energy input demands for sendietached (left) and flat (right) dwellings, ASHP/radiator/electric cooking
options
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Figurel?: Energy input demandfor semidetached (left) and flat (right) dwellings, ASHP/undéloor heating/electric
cooking options

® Reference COP values, taken from the a popular model available on the ket

SourcéFlow 35°¢| 55°C
temperatures

0°C 3.05|1.93
20°C 4.60 | 3.43
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Figure 18hows the electrical consumption of tlisvellinggiven fulfilment of space heating through a storage
heater, DHW through an electric boiler and cooking through electriking.As thestorage heater charging
window isbetween midnight and 7am there is significant load until just befam 6or the semidetached

house and just beforedmfor the flat (when the storage heater has been charged enough to serve the days
heat demand)The additional load just beforgamis due to the electric boiler heating up the DHW tank, as is
the load starting at 12pm.
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Figurel8: Energy input @mands for semidetached (left) and flat (right) dwellings, storage heater/electric cooking

In all cases the lower space hemtidemand of the flat, due to its smaller floor space and better insulation, can
be inferred from the lower dwelling gas/electricity consumption of the flat example in each case. Further the
energy inputtype, together with the heat generator and emitteyde, has differing effects on the thermal
behaviour of the dwelling. These effects are depicteBigure 19The primary differences can be seen to be
between the different types of emitters. The storage heater heats the dwelling fasib® iglue to ts size

which islarge compared to the size required to produce the necessary heat at that time. This is because the
unit is sizedo be able tomaintain the required heat transfer at later times of the day when the core
temperature is reduced. Also of mots slower rate of cooling of the storage heater heated dwellings. This is
due to the natural uncontrolled emission of heat from the storage heater core. The radiator cases heat the
dwellings the next quickest, with the und#oor system heating the slogstdue to the lower temperature of

that system(underfloor systems are primarily designed for constant or near constant operatibich would
render the slow heat rise shown here irrelevam)so of note is slower rate at which the unetror heated
dwellings cool, which is due to the larger thermal mass of the ufider emitter (the pipework and the floor
slab) as also elaborated below
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Figurel9: Building and external temperatures, by case, for seteitached cases (left) and flat cases (right)

3.2 Heat emitter thermal inertia impact

Another key feature of the model to highligistthe incorpoation of the thermal mass of the heat emitters
which may be capable of storisignificant amounts of heah the waterwithin the heat emitter and, in the
case of undefloor heating, within the floorThe heat stored in the emitter is defined as in (fiat)the
radiator case and (15) for the undéoor heating case.
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®w o (24)
® wo ®w wo (15)
631  Figure 2ademonstrates sucheatstorage,in the radiators and in thenderfloor heating systerf(pipework
632  and floor) for amodernsemidetached hous@n a typical winter dawith a gas boiler witla target
633  temperature of 22C (with 2C hysteresis) frorBam until 11am androm 4pm until 20pm.
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635 Figure20: Heat stored by heat emitter type, for a modesemidetached house with gas boiler heating

636  FromFigure 20t is possible to see the significant amount of heattban be stored in building heat emitters,
637  particularly in theunderfloor heating case. Of particular note is the de@ayhe amount of heat stored during
638 heating unit cycling and after the heating unit is turned off. Understanding this charactesistigdial to

639  understand the thermal behaviour of a buildinbhis igarticularlysalientwhen considering the impact of DR
640 calls (given heating by an Bjasthe capability of the heat emitter to buffer the effect of the loss (or in the
641 case of CHP, increas#)heating powetbecomes a key characteristic

642  To demonstratdurther the effect of heat emitter inertia on indoor temperaturigure 21shows the indoor
643  temperature for the above described cases, with the addition of a case in which there is no emitter (heat
644  generated by the heating unit is injected directly in the indoor environmethis could for instance be the
645  casewith utilization of fanheatersysems). Considering the various cases from aro@itiOpm, a drop of

646  approximately 1°C/hour can be observed for the no emitter case, 0.6°C/hour for the radiator case and
647  0.4°C/hour for the undefloor heating caseMore markedly considering the cases fro6am, the effect of the
648  heat emitter in limiting the heat transfer from heating unit to indoor environment can be obsef@udthe no
649  emitter casea rise of approximately 4.5°C/hour can be observed, with the equivalent numbers for the radiator
650 and undeffloor heating cases 0.9°C/hour and 0.7°C/hour respectividliseffectis due to the limited heat
651 transfer capability of heat emitters (dictated by their size) and further demonstrates the importance of
652 incorporating the heat emitter into space heating mdie.

® Defined as the temperature difference between the radiator and the indoor environment



653
654

655
656
657
658
659
660
661
662
663
664
665
666

667
668
669
670
671
672
673
674
675
676
677
678

679
680
681
682
683
684
685
686

21

Temperature,C

—No emitter
---Radiator
-=Underfloor heating
/ - Indoor target

0 1 2 3 456 7 8 910111213 14 15 16 17 18 19 20 21 22 23

Time, hours

Figure2l: Indoor temperature, by heat emitter type for a modern serdetached house with gas boiler heating

3.3 Diversity study

Another key characteristic of the model developed is dbdity to representhe energy consumption, in
particular electricity consumptiordiversityof an aggregation afultiple dwellings, fovariousapplicatiors
such asn the field ofdistribution network impact studiesr resource portfolio modellingOne of the primary
metrics pertinent todistribution network impact studies is theoincidence factdt(inverse of the diversity
factor) of a group of dwellings, as this measure informs the capacity of the network needed to serve the
dwellings. Naturally theoincidence factocan vary significantly given the varying penetration of. Ejiven a
significant penetration of HTthe heat demandf the dwellings may also become relevant as better insulation
reduces heat demand, thus reducing space heat related electricity dewindreasing electricity generation
dependent on technologywarying amounts of thermal inertia in the system (foample through the
presence of thermally massivmderfloor heating, rather than a radiator system) may also imphet
coincidence factothroughtheir effect on space heating demand profiles

Toillustrate the impactthe adoption of ETT may have on dvird) electricity consumption diversifyigure 22
show how the coincidence factor varies figgregatios of semidetached dwellingsof various ages$eated

by aASHRunit with electricboiler backup and radiators. Results are showior an typicalwinter andextreme
winter day(defined by shifting théypicalwinter outdoor temperatureprofile down so that the profile hits

5°C at its lowest pointirradiance remains the sad-or each dwelling thASHRunit is sized to be able to
provide the thermal loaét design conditions (2T internal temperature;2.2°C external temperature) and
the electricboiler backup is sizedt 3kW. Active occupancy (it is assumed heating is only required when the
occupants and present and actiy®HW demand profiles (depeedt upon the number of occupants, which is
synthesised according {81]) and base electricity demand aassignedandomly for each dwellingeach
dwellinghas a DHW tank df45litres capacityand the cookinduel is electricity. For comparison the

equivalent coincidence factor plot is shown for dwellings heated by a 24kW gas boiler, with gas cooking (thus
electrical consumption only from electrical appliances and lighting).

Figure 22hows thatwhen switching heating from a gas boiler to an AShHPcoincidence factoat 500semk
detacheddwellingsincreases from 0.13 to 0.29/0.28/0.25 for old/modern/new buildings ftycalwinter,

and to 0.32/0.28/0.25 for old/modern/nevuildings for an extreme winter. The general increase in the
coincidence factor is due to lengthy running times for the A8 whichincrease the times of high load

across the aggregation, servitggincrease aggregation peak demand more than indi@igheak demandsThe

exact change of electricity demand coincidence varies according to dwelling age. This is due to the effect of
insulation level on unit running times. Although heating units are sized according to design heat demand,
average unit run thes increase as insulation level decreases given that incidental heating loads (which are not

" Defined as the ratio of maximum demand ofay gr egati on to the sum of each

b L
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considered during unit sizing) have a proportionately larger effect on better insulated dwellings (given their
smaller heat demand), reducing unit run times mdhnan in less insulated dwellings. Hertbe highest
coincidencss for theold dwellingaggregatior(and lowest for the new dwellingggregatiof andthere is

greater coincidence in the extreme winter case.
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Figure22: ASHP (electric boiler auxiliary)/radiatarase electrical coincidence factor plaiypical winter day (left) and
extreme winter day (right) for semtetached dwellings of various ages, with a gas boiler case for comparison

As well as the coincidence factmetric, which is primarily of use to network operators, another useful metric
may be the number of dwellings at which a certain level of coincidence is achieved. This measurin (taiksen
work at the 98" percentileof the difference between the maximum and asymptotic minimum coincidence)
may be useful for potential demand side aggregatbis. the cases shown hetieis measure i98 dwellings

for all insulation leveldn the typicalwinter caseand 69 in the extrene winter caseThis compares to 55 in the
gas boiler caselhis reduction in the dwelling number metrizetween average and extreme winter cases
result of dwelling electricity profiles becoming more similar as the heating load increases, a phemomeno
whichwill occurfor electricityproducingas well as electricitgonsumingeTr.

3.4 Granularity study

The hgh resolution of the modelepresents another principal contribution of this wolhepossibility of
operating atone minute resolution is a crucitdature fordistribution network impact studiegjiven the
extremely peaky nature of electrical consumption related to many electrical appliances (such as kettles,
microwaves, electric cookers et§l)8] and, if present, electric boilerédditionally the resolution is important
for the management of the whole electricity systeyiven the need to balance an electricity system at every
momentand in the light of increasing balancing requirements due to variable generation, including local
renewable generation such as photovoltaio demonstrate the effect of the varying the modes$olution

Figure 23howsplots of averageelectricity demand profilefor an aggregatiornf 2200modernsemidetached
dwellings heated byan AP with radiators on gypicalwinter dayat varying resolutionsThe plots

demonstrate, in this caséitle difference between resolutions of15 minutes. However there are significant
discrepanciedetween the smalleand large resolutions(30-60 minutes)of up to 0.5kW which may,

depending on the context, be significant. Of particular note is the discregartbg measure of peak demand.
The 60 minute resolution plot shows the 7am peak at around 3kW whilst the 1 minute resolution plot shows
the peak to be about 3.3k difference which results in the 60 minute plot depicting the daily peak as lying
in the evening rather than in the morninguch a discrepancy may significantfor distribution network

impact studiesincluding for voltage regulation issugg.
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Figure23: Electrical demand profile for a serdietached dwelling heated by an ASHP with radiators on a typical winter
day, at various resolutions

4 Conclusion

This paper describes a modelling framework that is capable of producing profiles fouthmain domestic
energyuses (DHW, space heatirpokingand electrical appliancgand mapping them to dwellingpput

energy vectolelectricity and gas) profile3he principal contributions of the framework are: the separation of
energy services fronmput energy vectarwhich allowsinvestigation of the effect ohput energyand ET
substitution; accurate representation of energy storage (in particular withtiat to heat emitters)enabled

by the physical basis of the space heating medgch allows realistic representation of the effect of thermal
inertia on dwelling thermal behaviour; representation of diverségabled by the avoidance of onerous
compleity; and high granularity, which ensures adequate representation of dwelling power demand,
especially relevant for distribution network studies.

Tests have been conducted to demonstrate these contributions. These tests have highlighted some specific
resuts includingmapping of energy service profiles to dwelling energy demand profiles dependent on ETT
(EHP, CHP, storage heater) selectiba,material effect of heat emitter thermal inertia on building thermal
behaviour(with significant variation depench on heat emitter type)the variability of electrical load
coincidence of dwellings witEHRunits dependent on dwelling ag@lthough threseresults are sensitive to the
specific control parameters used), atite propensityof lower resolution modellingo introduce discrepancies
when compared to high resolution profiles and potentially underestinaatd incorrectly locaté¢he peak
demand of an aggregati However it should be noted that these are just a sample of the possible ways the
model may bautilised; the parametric nature of the model enables furttstndies in multiple directions,
opening the possibility for the presented model to produce valuable insights into many areagtbénergy
system studies.
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a1 = —

12 = —

a1 = —

a2 = —

a3 = —
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