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Abstract

There are lots of worldwidattentionspaid to the greenhouse gas (GHG) emissions,
which can result in serious climate change issues. Hence, finding ways to save energy
and GHG emissions become important. Moreover, the energy demand from the
residential sector accounts for around 30% of th& #nergy demand, which shows

that it can be a potential way ¢tontributeto reducing GHG emissions. Ebhermore,

the electric vehicl¢EV) is going to play an important role in reducing GHG emissions,
however, with the growth dVsin the community, ta low voltage (LV) distribution
network (DN) will be affected directly. Therefore, investigating reducing the energy
demand from domestic dwellings angnimising the impacts ofEVs charging on

dwellings andDNs become significantly important.

Firstly, the energy demand of a domestic dwellingriedelledin the EnergyPlus.
Potential energy savings from building material, photovoltaic/thermal (PV/T) panels,
LED 11 ights abelhviowsae analgsadtarsd 6improving the energy

efficiency is investigated

Then, coupling by EnergyPlus and Matlab through Building Control Virtual Test Bed
(BCVTB) interface, the DwellingeV Integration Mode(DEIM) is established as the
foundation for impact analysis &Vs charging on the esrgy demandh the dwellings
andDNs. An individual domestic dwelling isiodelled Then loaeshifting method and

the battery storage energy system (BSES) are useditiae the peak power demand
in the dwelling, whichareproved to be feasible and be able to smooth the daily power

demandorofile.



Further, in orderd solve the issues caused BYs charging, such as voltage drop,

power loss etc. on DN, the impactsedfs charging on the LV DN aranalysedased

on a typical net wor k, a n-gtid, tohsesting af he ®/pt o f d
and a battery storage systeqgdisiusedtpr oposed
minimisethe impacts oEVs charging, and it is proved to be useful for reducing the

voltage drop, the voltage disqualification ratelthe power loss.

Finally, an ordered charging strategy (OCS)EMs using the expected power is
proposed taminimise unbalanced load and increasinggualified voltage caused by

EVs charging.Additionally, the OCSusing the expected powesr combined with the

BSES to further reduce the impacts. This method not only reduces the capacity of BSES,
makes the voltage of DN qualify, but also smoothes the daily power demand. It solves
the voltage drogaused by randomaVs charging and overcomes the disadvantage of

thelargedeploymenbof EVson the DN.
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Chapter 1 Introduction

The climate change causeg the Greenhouse Ga&HG) emissions has been paid
attention from all over the world and reducing the emissions becomes crucial. The
energy demand from the residential sector accdan80% of the total energy demand,
which indicates that it has potential energy savings totbhegducehe GHG emissions

[1]. Furthermore, uptakdectric vehicle (EV) also take an important role to reduce the
GHG emissions, however, with the growthEdfs, thedistribution network DN) will

be impacted directlj2]. Therefore, the research on how to reduce the energy demand
of the dwellings andninimisethe impacts oEVs chargingon the dwellings an®N

becomes significant.

1.1 The Trend of GHG Emission

Coal, oil and natural gas, the major fossil fuels, have greatly promoted the development
of the modern civilization. However, on the other seaessivaisage irthe pastfew
decades has resulted in dramatic global emissiorGH§s, which can affect many
aspects. The mostell-knowneffect isglobalwarming, which can trigger many critical

problems such as the ice melting, sea level raisiog3].

Climate change and global warming have been gradually drawn attention by public
recent years. In the UK, a legally binding target was set for CO2 emission reductions
of at least 26% by 2020 and 80% by 2050, compared to 199(04¢vEommittee on
Climate Change (CCC) has released a series of carbon budgets to accomplish this target
by identifying contributions from each sector. As buildings are responsible for carbon
emissions, especially for the residential sector, CCC expects carbon reductions by 2020

saving of 10%20% from 2005[5][6]. Furthermore, the goals of reduciegergy

2
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consumption and emissions become achievable when building energy consumption is

well understood and properly estimated.

According to the current crucial needs of reducing@hés emission and decreasing
reliance on foreign oil supplies, the development of renewable energy becomes a very
important key step in the whole chain, such as photovdRaig, wind generator, heat
pumps andEV. The EV is powered by the electricity thadrawnfrom the grid, and

it becomes even mornvironmeral friendly when the electricity is generated from

renewable energy sources.

Overall, the objective of reducing the GHG emissions is aldeh@ve through using
renewable energy, such as PV and wind power generation, and low carbon technologies,

such as heat pumps aB¥s.

1.2The Changes ofEnergy Demand in Dwellings and Potential

Energy Savings

Energy consumption of the residential sed¢ttkes account for averages around 30%
worldwide, particularly 31% for the UK shown in Figure [Z]L. Due to this significant
energy consumption level, more and more &it@nhas been paid to understand the
characteristics of energy consumption in the residential sector, which will help guide
the network operators regarding any reinforcements of system infrastructure. And
investigating the potential energy saving of dwegg to reduce the energy demand

becomes useful.
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World, 31% Japan26%
\ | r Malaysia 19%
UK, 31%\ . .
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Mexico, 23% _—
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Figurel.1 Worldwide ResidentiaEnergyConsumptior7]

In order to response the climate change and energy supply/deimaneisthas been
paid in understanding the detailed energy demand characteristics of the residential
sector to encouge efficiency, technology implementatietc., such as solar thermal

panels PV panels, small wind generai@ndheat pump etc.

The energy demand of residential buildings consists of reabyeneusegroups, and

the percentage @nduseover allenergyconsumption is shown in Figure 18]. The

space heating is the major requirement for the domestic dwellings in tderiuhg the

winter period, while the space cooling is less needed during some hot summer times.
This energy demand is used to support the thermal losses incurred across the building
elements due to the conduction, convection, and infiltration/ventilatrandmtaining

a comfortable temperature in the dwellings. Domestic hot Btd), the energy is
required to heat water to an appropriate temperature for occupants and appliance uses.

Appliances and lighting consume energy in order to keep their normitams.
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4% 0.50%
\ /_

i Space heating

& Domestic hot water

~ Appliances and lighting
u Space cooling

« Other uses

Figurel.2 Percentage dtachSub End-useEnergyConsumptioif]

The energy demand of the residential sector is changing. Consequently, there is
definitely a need for understanding ttearacteristiof future domestic dwellings and

investigating ways to save energy of dwellings.

1.3The Benefits and Challenges dEVs Uptake

Nowadays, EV iaitilised widely in many countriegas a new renewable technology.
And it is poweredby the electricity which is albe to achievezero orlow emissions.
Promotion ofEVsis regarded as one of the solutions for alleviating problems caused
by energy crisis, environmendl pollution and climate warming based on relevant
researcheskEVs are lowcarbon travel as well as consumption part of intermittent

renewable energy.
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1.3.1EVsd6 Gr owi ng

In order torespoml to the global waming effect,EVs become an important equipment
worldwide Many countries have announced policies to encourage the development and
deployment oEVs. By the end of 2014, there were over 0.66 millivis driving on

the road worldwide, accounting 0.08% of total vehi¢fs Brief EV stock amongst

different countries is illustrated by International Energy Agency (IEA) showigimre

4; Norway
WY EV Stock: 40887
EVSE Stock 6,208
(¥)Canada Netherlands m P
Stock: 10,778 &V Stock: 43.7¢
EVSE Stock: 3,117 T SV s AW Sweden
EVSE Stock: 12,114y NP EV Stock: 6,990
EVSE Stock: 3,100
@ Germany
EVSlodk 24419
« B Denmark EVSE Stock: 2821
YW eV Stock: 2,799
EVSE Stock: ¥T21
\ &/
Stock: 743
SE Stoc 30 \
& e ‘ ' ® Japan
- £V Stock: 108.248
. EVSE Stock: 11,511
United States Italy
EV Stock: 275,104 EV Stock: 7,584 5
= el el () EVSE Stock: 2520 0 China
) EV Stock: 83,158
France < EVSE Stock: 20,000
EV Stock =
EVSE Stock: 8600 .
India
EV Stock
EVSE Stoc a8
South Africa & =
EV Stock: 48 -

Figurel.3 EV Stock Levels Around the @vld [9]

From Figure 1.3, it can be seen that the USA, Japad China are the top the
countries having the largest EV fleets among the global EV stock, which are 39%, 16%
and 12%, respectively. The countries in Europe have relatively less sti6els,dhere

are still six countries in the top ten list, which are Netherlands, Norwanc&ra
Germanythe Grea8Britain, andltaly. And the energy demand BWVsis going to take

account of around 10% of the total energy in some European coyb@jgdl].
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1.3.2EVs Charging Impacts onDNs

With large penetration uptakes©Ys, it is crucial to understand how the EV charging
demand is distributed across the network, in order to assess the load affecting the power

grid.

The EVs chargingbehaviouris hard to expect and predict as it is totally up to the
driveroés willing, an dtradelingrfeeds vallmave different e r s
charging patterns. The charging pattern can be varied in terms of chargvweg po

charging period, charging start time and charging location.

According to the EV manufacturer, the charging power of an EV is quite huge (3 kW
at least) comparing with all other appliances in the dwelling when the charging process
occurs at home, wbih means the EV charging demand will contribute the highest
electricity consumption among household appliances. Consequently, a large amount of
EVsmay impose a significant impact tre DN operation and planning, such as power
guality issues. Then in ordéo analyse quantify andminimisethe impacts caused by

theEVs, it is necessary to have a better understandifgy/sfchargingdemand.

With the EVs uptake,EVs charging impacts on theN will be huge. It will increase
the total demand of the currddN andeffect on each sector of the network, which will
result in creating new peak power demand, voltage drop, freqetataiisationissues,
power losses and shorting equipment lifetifh2][13][14]. Therefore EVs charging
on theDN is threatening the network safety and operation.

7
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1.4The Challenge of DNs Operation Based on New Energy

Demand

With the fast developing in the integration of renewable energy and low carbon
technologies into domestic dwellings, suctP&spanels, heat pumps aiy/s etc., in
response to the UK emission target, the characteristics of this new energy demand will

clearly have different impacts @N in terms of spatial and temporal aspects.

The implementation of PV panels, small wind generatord heat pump will
dramatically change the characteristics of energy demand in domestic dwellings as
these renewable technologies will improve the energy efficiency, especially the energy
generators can provide -@ite electricity usage within the dwellings instead of drawing
the electricity from the grid. Moreover, the improved building fabric, LED lights and

optimisedo ¢ ¢ u pbahatiosir@vill contribute toincreasng energy efficiency.

Based on the nature &Vs charging events, the energy demandWs charging will

have patial and temporal characteristics. And the most of the charging event is going

to occur at home level as for most B¥s6 f i nal destination wil
Consequently, the energy demand of domestic dwellings will be changed, and the new

peaks of tk electricity demand will occur correspondinfl].

All theseinnovatiors will bring many positive impacts for reducing the GHG emission

and achieving the UK target. However, the new integrated energy demand may have a
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massivampact on thédN operation and planning. On the operation side, it can lead to
voltage violation, thermal limit violation, power losses, phase imbalaand
harmonics. On the planning side, it may create much bigger peak power demand than
the current leve ending with additional investment on network reinforcement. Hence,

it is necessary toinimise the impactsby usingthed w e | | nianogyréd sconcept,

load-shifting method and ordered controlEW¥s charging.

1.5Research Contributions

The main contributions of this thesis astegorise@s follow:

1 The Analysis of Potential Energy Saving of a Future Domestic Dwelling

using EnergyPlus

The energy demand of a domestic dwellinghizdéled using EnergyPlus based on an
existing Electric Wme from Corby. And the potential energy savings from new
building material,photovoltaic/thermalPV/T) panel s, LED | ights

behavioursare investigated to increase the energy efficiency of the dwelling.

1 Reducing the Peak Power Demand of the Dwelling caused by the EV

Charging using the DEIM

Based on the analysis of the EV chargogmand and the energy demandthe

dwelling, the Dwelling-EV Integration Model(DEIM) is established viduilding

and
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Control Virtual TEST BEDBCVTB), which is the foundation of the further analysis.
An individual dwelling ismodelledto analysehe impacs$ of the energy demaimlthe
dwelling caused by the EV alging, and loaghifting method and thBattery Storage
Energy SystenBSES are used to reduce the peak power demandraondth the daily

power demanth the dwelling.

1 Minimising the Impacts ofEVs Chargingon LV DN usingt he Dwel | i ngo

Micro -grid

Large scales oEVs charging will cause lots of issues on ttew Voltage(LV) DN.

Based on t behavioucsshd gpoahasticscharacteristics of the EV mobility,

the model ofEVs charging demand is established and itssdifor invstigating the

impacts ofeVschargingonthéV DN. And t he d-greisproposgdte mi cr o

minimisethe impacts oEVs charging, such as voltage drop and power losses.

1 The OCS of EVs using the Expected Powewith the BSES

In order toaddress the issues caused by the uncontrBNextharging on th&V DN,

an Ordered Control Strateg§OC9 using the expected powes proposed, which is
approved to be feasible. Additionalthhe OCS using the expected power is combined
with the BSESs proposed, whichan reduce the capacity the BSES athsmooth the
power demand of the network that overcomes the stochastic characteriBiits of

charging.

10
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1.6 The Framework and Outline of the Thesis

9 The Framework of the Thesis

Deterministic | EV Charging _>|
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Figurel.4 The Frameworkof theResearch

Theframeworkof the wholeresearclhis shown in Figurd.4. Firstly, theenergydemand

of an individual dwelling is modelledin the EnergyPlus and thgotential energy
savings have beemalysedThen, thédDEIM has beemestabliskedthroughBCVTB and
anindividual dwelling is investigated teeduce the peak power demarfdhe dwelling

using the load shifting and the BSES methods. And last but not the least, based on the
occupant8behaviarrsand thestochasticharacteristis of EVs mobility, EVscharging
demand isnodelled FurthermorekEVschargingmpacts of th&.V DN areinvestigaed

and different methods, the BSES and @QCS of EVs using the expected power are

proposed taminimisethe impacts.

11
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9 Outline of the Thesis

In chapter 2, a comprehensive literature review is given regarding available methods
and approaches of energy demanddelling of dwellings, current states of the EV

technology and the impacts BVs charging orthe DN.

In chapter 3, the energy demandha domestic dwelling isiodelledn the EnergyPlus

based on the Corby Electric home, and also the factors, including new building
materi al s, PV/ T panel s behavielsaré invgshigatedteand t he
analysethe potential energy savings tine dwelling, in order to improve the energy

efficiency of the dwelling.

In chapter 4, th®EIM is established using the BCVTB. And an individual dwelling is
modelledto analysethe impacts of the energy demamdthe dwelling caused by the
EV charging, ad loadshifting method and the BSES are usegckthuce the peak power

demandn the dwelling.

In chapter 5, the power demandfschargingisnodelledc onsi deri ng t he o0c¢
behavioursandEVsO mo b i | ietimpacts &f rtadje scahes BVs charging on a
UK typical LV DN is analysed Then, the conceptgridasf t he d

proposed taninimisethe impacts oEVs charging on th®N.

In chapter 6, aOCSusing the expected power and the BSES is proposed to address

the impacts of thencontrolledEVs charging on th&V DN. And this strategy is not

12
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only able to reduce the capacity of the BSES, but also smooth the daily power demand

of the network.

In chapter 7, the findings from this study are summarised and the future works, that can

be done to improve the current work, are mentioned as well.

13
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Literature Review
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2.1 Introduction

In this chapter, a comprehensive literature review is given regarding energy demand
modelling and energy savings in residential buildings, integratmgdelling the
currentstate of EVtechnologythe modellingof the EV charging demand and studies
carried out by many otheresearche®n impacts andninimising methods ofEVs

charging orDN.

2.2 Modelling of Energy Demand in Residential Buildings

Energy consumption of the residential sector takes account-fa®%6of total energy,
and averages around 30% ndowvide, particularly 31% for UK[7]. Due to this
significant energy consumption level, more and more attention has been paid to

understand the characteristics of energy consumption in the residential sector.

Energy consumption of other major sectors such as commercial, industrial is well
understood than residential sector due to tbemtralisecownership, selinterest and

high levels of regulation and documentation. Compare with those sectors, the reasons
why residential sector is still undefined are that a) it has a wide varietycis® sizes,
materials and geometries, b) the occugaetiaviourvaries widely and could be the
dominant factor impacting energy consumption, c) privacy issues and cost effect limit

the meter distribution and energy data collection.
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In response to energiemand estimation, climate chan@#G emission and the lack
of the knowledge, there is a need of better insight into detailed energy consumption
characteristics of the residential sector in an effort to promote conservation, efficiency
and low carbon témology implementation, such as-site renewable energy, PV,

combined heat and pow@ZHP) ancEV.

2.2.1The Modelling Classification of Building Energy Demand

The high level of classifications ofodellingbuilding energy demand theresidential

sector carbe broadlycategorisednto, topdown and bottorup [17], shown in Figure

2.1. Topdown models use the estition of total residential sector energy demand with
other related variables to attribute the energy demand to make up the entire housing
sector. Bottorrup models simulate the energy demand of each individual or a small
group of houses and then expend ¢éhessults with reasonable weight factors to
represent the national level. In this research, the focus was matie bottomup

method.

The topdown approach works at an aggregated level, especially pointing at fitting a
historical time series of nationahergy consumption data. And it tends to be used to
investigate the relation between the energy sector and ecgh8hayd identify factors
defining changes in energy consumption dieon the longerm. However, it does not

distinguish energy demand of residential sector, due to individual end uses.

16
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There are commonly two groups of tdpwn models: econometric and technological
[17]. The former models are based primarily on price and income, atadtdrenodels

are made up according to broad information of housing stock.

The advantages of tegown modelling are thelessinput data iformation needed
compared with the bottomp approach, which the aggregated data are widely available.
And the drawback of this approach is its reliance on historical data. Furthermore, the
top-downmodellingapproach is not capable of identifying key aréa improvements

for reduction of energy consumption considering its lack of detail in the energy
consumption of individuaénduse and the impact of deployment of new low carbon
technologies integrated into residential buildings is not able to beagedltegarding

energy consumption reduction.

The bottoraup approach is based on the energy consumption of indivishaalse
houses or a small group of houses and then a representative weight factor of the samples
is applied to reveal the energy consuimmptat the national level. Normally, there are

three methods in the botteap approach, statistical, engineering and hybrid methods.

Statistical met hods, abaseloon kistodcalndataa the 0 b | ac k
regression analysis igilisedto estalikh therelationbetween thenduseand building

energy consumption. Then the model can be used to estimate the energy demand of
buildings that represent the residential stock. Engineering methods, also known as
6white box©6, is a method that usermstopower r
account for the energy consumption in dwellings. The hybrid method, also known as

6grey box6, it is hybrid with two met hods

17
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model to represent the structure of the dwelling and then identifies the important

parameters.

Corresponding to the characteristics of the bottgmapproach, the input data is
required in detail, including building properties such as geometry, matandl
construction in fabric, equi pment and

activities, indoor comfort settings and schedules of equipment and appliances.

Residential Energy Demand

Top-down approach Bottom-up approach

Econometric || Technological Statistical Engineering Hybrid

Figure2.1 TheHigh-LevelClassifications oModelling EnergyDemand inthe ResidentialSectof17]

The most important advantage of the botioprappoach is that it has the capability of
identifying the areas to improve in dwellings to reduce the engegyandsince it
determines the energy consumption of eachues®l Furthermore, it is able to model
integrated new technologies in each individual diwgl The drawbacks of the bottem

up approach normally are the difficulty in gathering so much detailed information,
complexity in calculation pr obebavisurdma n d

dwellings that could vary widely.

18
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2.2.2Input Data Infor mation

Modelling energy demand of residential buildings is complicated, and it relies on input

data to calculate or simulate energy consumption. Depending on the availability of the

detailed input data, which can be dramatically varreddellingtechniques will be

different. Input data required to develop energy demand models of residential buildings
includephysi cal characteri st i loebavioursapplidnees dwe |l | i |
usage, weather conditiorend historical energy consumptions. This information can

be innational level or individual dwelling values.

The preliminary estimation of the energy consumption of residential buildings is
normally published by governmentdowever, this estimation may be treated as the
indicators, as it could be inaccurate siitcdoes not account for unreported energy

consumptions.

In order to obtain more detailed information, house surveys are the basic data collection
method. These surveys target at a small sample of populations to determine the
characteristics of buildingsccupants and appliances penetration levels and attempted

to define the house geometry and envel op,
thermal comfort settings. In the UK, Time Use Survey (TUS), 206Dwvas conducted

by NatCerand undertook by thousds of participants, and it contains detaileehddir

dairies completed at the fins granularity of time spent by population on varies
activities. TUS can be employed for the purposeanaidelling energy demand in

residential buildings.
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The estimationfousage of appliances in residential buildings can be achieved by using
the energy meters. This method installs energy metering devices on each household
appliance, which consumes large energy, to determine both energy consumption and
theusageprofile asa function of time. However, this detailed level of data information

is very rare considering its prohibitive cost.

2.2.Engineering Method of Energy Demand Modelling in Dwellings

The engineering method is the only method that can be used to fully develop the energy
demand in dwellings without any historical energy consumption data. And the models
developed in this research is basedttmmengineeringnethod, therefore in the later

section, this method will be explicitly introduced.

In the engineering method, models can be as simple as an estimate of space heating,
which is the energy required to maintain the living space at a comfortable temperature
by supplying thermal losses incurred across the building envelope, based on the climate
through the use of heating degree day (HDD), or it can be as complex as a
thermodynamic and heat transfer analysis on all type of energy conservations within
the dwellngs. Usually, there are three techniques defindtierengineeringnethod,

distributions, archetypes and samfié].

Distributionsarethe technique that employs distributions of appliances ownership and
use the power rating of each equipment or appliance to calculate the energy demand o
each enduse. Since the energy demand in residential buildings is calculated separately,
the interactions amongnduses cannot be revealed. Through aggregating the
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equipment and appliances to a national level, the energy demdhd residential

sectorcan be estimated. Saidur et Bl]developed a residential energy model of

Malaysia based on different distribution estimates of ownership, power rating, schedule

of applances. The national annual energy consumption was estimated based on each
appl i anc e@apasast al.f19] buttluggan aplance use profile of the Italian

residential sector based on distributions obtained from housing surveys. Richetrdson

al. [20]developed a highesolutbn energy demand models of UK by using the Mafkov

chain method. This model was based on the

Time Use Data, 2000.

Archetypes arethe technique that firstlgategoriseshe housing stock based on age,
size and house type etc., and then for each category, one archetype can be developed to
estimate the energy demand. Finally natldelledarchetypes are scaled up to represent
the national housing stock by multiplying themmbers of houses, which are in each
archetype. Huang and BroderifKl] develgped a model of space heating and cooling
loads of the American buildings using two archetypes of residential buildings, which
were simulated in 16 different regions. Shimedaal.[22] built up a residential erd

use energy consumption model of city Osaka. 20 dwelling types and 23 occupant types
were defined to represent the diversity of households in the city. Clark¢23] alsed

the main determinants of energy demand in Scottish buildings to ogevbé
representative thermodynamic class, which madelledand simulated in the building

performance simulation software E&P

The ampleis the technique that uses the actual sample house information as the input

data to thenodelling This method igapable of capturing the wide diversity of houses
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with the stock. By using an appropriate weighting factor ntleelellingof the sample
house can represent the energy demand in residential buitahirigs nationallevel.
One of the advantagestbie sampe technique is that it can realistically reflect the high

degree of variety of actual dwellings. Larsen and Nesbal@&rdeveloped a model

of Nor wayos dwel | i ngs usi ng 2013 househo

unspecified endises must be estimated in order to account for earefysein energy
demandmodelling Swan et al[25] were focusing on a national residential energy
model of Canada using nearly 17,d@fuses. The detailed household information was

converted to detailed house models for building energy demandellingin ESPr.
In this research, the engineering method of bottipnapproach wastilised since the

actual and detailed residential buildiimgformation is available fomodelling the

energy demand in dwellings, which is also an advantage of this study.

2.3Energy Savings in the Dwelling

The factorsthat affect the energy demama the dwelling consist of the building
insulation, lighting syste, ando ¢ ¢ u pbehaviosirétc. In this section, the building
materi al, PV/ T panel shehatdarBare Icangderedsas then d

potential energy saving ways in the dwelling and wilabalysed

2.3.1The Building Material

22
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In order tomaintain a comfortable living environment in the dwelling, a lot of energy
will be consumed. Hence, improving the insulation of the exterior wall of the dwelling
to reducing the energy demand of dwelling, especially for winter, becomes an effective
way [26]. Furthermore, thragh reducing the energy demandhe dwelling, the needs

of the fossil fuel will also be reduced and the GHG emission will be reduced

consequently27][28].

Using insulation material is a simple way to achieve energy savings and reduce energy
demand in buildings, and it is easy to be implemented in domestic, commercial and
industrial buildings. The insulation material is normally formed by the testdted or
composite material, such as suchfibseglass mineral woo] andfoam etc. and it is
capable of reducing the heat floy29], which contributes to lower the heat exchange
between the dwellif§0] and the external environment and maintain the indoor
temperature. And also, it can reduce the cost of building and operating the dwelling

[31].

Normally, the insulation material can be divided into inorganic and orgahie.
inorganicinsulation material is formed by neenewable material, such as mineral
wool andfibreglass The aganicinsulation material is made up by natural vegetation
or renewable material, sa@s kapok, wool and wodithre [32], and it has been widely
used because of its renewable, recyclingrao@toxic characterists33]. Combining
inorganic and organic insulation material is able to achieveinsllated performance
with low cost. Additionally, transggrent material is widely used as skylight because of

its capability of absorbing solar eneri@g].
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The code fosustaimble homes is a method foertifying and assessing thesignand
constructionof new sustainable dwellingsncluding nine aspects, which are energy
and carbon dioxide emissions, water, material, pollytamawaste etc. And the code
is rated from 1 to 6, the bigger the number is, the mostaimble the dwelling i§35].
And in this research, the energy demand amtgngial savings of the dwellings with
code 3 and code pB6]are investgatedrespectivly throughthe insulation material

using the attributes of the U value.

2.3.2PV/T Panels

Solar can provide thermal energy and electricity for the dwelling needs, which solar
panels and PV panels are the typical appbeeti The solar panels are only able to
provide thermal energy, which is not in high demand in summer and the energy
generated will be wasted. The PV paragisable to generate electricity, which can be
mostly used in the dwelling, however, the efficientyhe PV panels is relatively low,
10%20%. PV/T panels can generate thermal energy and electricity inbrefag the
efficiency of using solar energy and contributing the energy savings in the dwelling.
Therefore, implementing PV/T panels is a reasonable and efficient way tdohelp

reducetheenergydemandn the dwelling[37].

Even PV/T panels are natcouning much in the markeimprovingthe technology is
still a hot topic inresearchHe et al[38] desigred a PV/T panel usingiuminium alloy

materialand the system efficiency can reach 40%. Pei €88].proposed a PV/T
panels that using new thernmapes and the thermal arelectrial efficiency are 41.9%
and 9.4%. Li et al[40] usedconductivesilica of PV/T panels taimprovethe thermal
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and electricity to 37.37% and 14.08%. Nowadagspbiningthe PV/T panels with heat
pumps becomes popular. Xu et[dll] introducel a system ointegrating heat pump
and lowconcentrating solar PV/T panels, it has the electrical efficiency of 17.5% in

sumirer.

Reducing theenergydemand inthe dwelling can baccomplisied byimproving the
utilisation of solarenergy In thisresearchsolar panels, PV paneBndPV/T panels

will be compared.

2.3.3LED Lights

Installing LED lights is not only helping &awe building energy42], but alsaeducing
theemissios of carbon dioxid¢43]. In the lighting system, LED lights are one of the
mostadvanced technologes [44], and it can reduce thenergydemand by 85% with
longer lifetime [45]. However, LED lightswere not widely used in some European
counties [52]. Hence, in 2009, European CommissiaygiRationset a statue to
encourag@ LED lights in the dwelling instead of incandescent laif&. In this
researchincandescet lamps and LEDights are going to be compared regarding the

energysavings of the dwelling.

2340ccupantso6 Behaviours

Occupanis behavour is one important factan impacting theenergydemand irnthe

dwellings and it is one of the inpabaracteristis of the bottorrup modellingmethod
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[47]. The occupaid behaviaris complex due to manyncertainies, such abfestyles
andculturedifferenceq48], and recently, it is proved to be one of the most important
factors of determiningthe heating deman@49]. Especially, the desired indoor
temperatures different for each occupant, which will impact #ergydemand irthe
dwelling directly [50]. From thequestionnair@and analysis carried ourt China, Ruan

at el[51] conclude thatorderlypeopleneed higher indoaiemperaturewhich results

in higherenergydemand irthe dwelling. Moreover, occupariiging in the dwelling
depend on the naturakntilation and infiltration, which also will impact thenergy

demand irthe dwelling[52].

According to the current research, there are some models of the dcchghaviours
available[20][53][54]. For all of these models, the TUS d§i&] is used, which is

based on the analysis of thousands of peopl
is also used to model a typical of fice wor
behaviouris modelledthrough controlling the thermostats and the heat pump in the

dwelling.

Although energy savings in the dwelling has drawn a lotvofld-wide attention the
current researches are more focusing on the savingstfremdividual aspect, and
comprehensive applications are not proposed. In this research, the factors including
new buil ding materi al, PV/ T bghavioug are LED |

investigated to prove their capabilities of improving the energy efficiency in the

dwelling.
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2.4Integrating Modelling

There is some software developed for designingnaodellingbuildings, and they are

able to estimate the energy demand, model Hegting, Ventilating and Air
Conditioning(HVAC) system, lighting system, illuminatipandacoustics etc. Each
software has its own outstanding features than others, however, all of them has
limitations and may nofulfil a | | t he US55 hsodler toesatidhs the
requirements from the user, it will need lots of engineers to develop and update the
software, which needs financial support. Therefore, integratinguttienty avalable

software to achieve multiple objectives

Integratingmodellingis formed tosatisfythe special needsf users and at least two
software will beemployedto solve differentialalgebréc equatios and achieve
exchange daf®5]. For the energy demamnabdellingof dwellings, Lawrence Berkeley
National Laboratory (LBNL) an&indhovenUniversity of Technologyhave done lots

of researcheandcommited todevelopng modellingtools.

Many researchers have done some works trying to establisimnectionbetween
differentmodellingtools. Treka et a[56] suggested a method to ensuredbeuracy
of the results fronmtegratingdifferentmodellingtools. Wetter et a[57] disaussed the
definition and principle of integratingrodellingtoolsanddevelogd theBCVTB as a
platform toconnet and integratalifferent softwareRiedereet al.[58] developed a
method to integrate the MATLAB/Simulink and TRNSYS to modeé&racteristis of

buildings. Sagerschnig et aémployedBCVTB as theinterfaceto integrate the

EnergyPlus and oneffice building set up in MATLAB to model and estimate the
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energydemand. The oife structure and HVAC systeanemodelledn the EnergyPlus
and the control signal is generated from MATLAB, which Huvantage of both
software arautilised However, thesimulationtimes aredramaticallyincreasd [59].
Jones integrated TRNSYS and MATLAB, using the geratjorithmtoolboxin the
MATLAB to solve theoptimisation issues insustaimble dwellings. However, the
operation anaptimisationof the HVAC system were not conside€@]. Yahiaoui et
al. [61] proposed a method to link MATLAB and E$Rhrough TCP/IP, Internet
socket to achievimtegration And it isapprovel that MATLAB is better ircontrolthan
ESRr. BeausoleiMorison et al. proposed a simulator tieahtairs thecharacteristis

of TRNSYS and ESP and it has been testf&P].

In thisresearchthe BCVTB is used to integraBEnergyPlus and MATLAB to achieve
themodellingand analysis of thenergydemand of dwellings. Furthermore, the heat
pump and the EV will beontrolledby MATLAB to reduce the peak power demand in

the dwelling.

2.5The EV Technology

The use oEVsis a widelywell-recognisedow carbon technology in the world, not

only due to its source of power can be obtained from renewable energy, but also its help
on reducing the GHG emission from the transport sector. And moreover, it can
contribute to reduciop the energy crisis of those countrigat rely on imported

petroleum.

1 Types ofEVs
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There are three main typesE¥s on the market, which are classified by the degree of

electricity used as their energy source.

The first one is called Hybrid Electric VehiclesEMs), which is powered by both
petrol and electricity. The electric energy is generated by the vehiclevigsélfaking

system to recharging the battery. The electric motor helps to slow the vehicle and uses
some of the energy normally converted to heat by the bralggs ktat off using the
electric motor, and then the petrol engine steps in as speed risses.thMo motors are
controlled by an internal computer, which ensures the best ecdmemayiourfor the

driving conditions. In the market,EY/s are very commoiktVs on the road, such as

Honda Civic Hybrid and Toyota Camry Hybrid.

The second one is nametligin Hybrid Electric Vehicles (PBVS), this type of EV

is powered by both petrol and electricity as well. However, the battery installed in
PHEVscan be recharged by both the braking system and an external electrical charger.
The petrol engine extendsetihange of the vehicle by recharging the battery as it gets
low. The manufactures of these P¥svary greatly depending on the choice of primary

energy sources, such as Toyota Prius and Mitsubishi Outlander PHEV.

The lastone isBattery Electric Vehicle$BEVS), also known as Full Electric Vehicles
(FEVSs). This type ofEVs s only powered by electricity andbes not need petrol
engine, fuel tank or exhaust pipe, which makes it the erostonmersl friendly as it

produce zero CO2 emissions. It needbdacharged by an external electrical charging
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outlet to charge the battery, additionally, it can also be charged by the braking system.

There are many manufacturers offer this type$, such as BMW i3 and Nissan Leaf.

1 EV uptakes in the UK

The fastgrowing ownership oEVs has been happening over the last few years. More
than B2,000 lightduty EVs had been registered in the UK until Dec. 043]. Until

Dec. 2016, the Plum fleet in the British was th#ourth largest in Europe. And the
registereceVsfrom Jan. 2011 to Dec. 2017 is shown in Figure[@42, it can be seen
that PHEVsis growing fast during these years thaE\& as it is much easier accepted
by people, by comparing the cost and also the anxiety of the battery cap&diyfor

driving between PBVsand BEVs.
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Figure2.2 RegisteredeVs until DEC. 201764]

In the manufacturing market, the registered numbers of thEtbpstsellingEVs are
shown in Figure 2.3, proged by Next Green C#83]. It illustrated nany popularEVs
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in the UK from 2014 t@017, and the alime best selling EV is Mitsubishi Outlander
PHEV around 30,000 registered by the 3rd quarter of 2017. The Nissan Leaf ranks
followed by the Mitsubishi Outlander PHEYV is the secbedtsellingEVsin the UK

market. Furthermore, there are Mercedes Benz C 350e, BMW i3 and Renault Zoe etc.

Top 15 ultra-low emission (ULEV) registrations nel)'(é nca r
by model (UK) 2015-2018 g o g ool

160,000

® Mitsubishi Outlander PHEV ® Nissan Leaf
140,000 = BMW 330e “BMWI3

Mercedes BenzC 350 e u Volkswagen Golf GTE

120,000 " Tesla Model S ¥ Renault Zoe

uBMW 530e = Volvo XC90 Twin Engine

® Tesla Model X ® Volkswagen Passat GTE
100,000

¥ Nissan e-NV200 ® Audi A3 e-tron .

# Toyota Prius Plug-In

80,000 Soumce: DFT VEHICLE LICENCOING STATISTICS

Anavvsis: Next Gaeen Car, Decemser 2018 i
60,000
40,00 = S—
——
- I I
0

Q42015 Q12016 Q22016 Q32016 Q42016 Q12017 Q22017 Q32017 Q42017 Q12018 Q22018 Q32018

<

<

Figure2.3 Top 15 ULEV Registrations byModel (UK) 2015- 2018[63]

1 UK Government support

UK government is carrying out many EV trials and grants to strongly support EV
uptake in the UK, for EV trails such as My Electric Avenue, Electric Nation, for EV

grants such as Plug Car GrantEV Home Charging Scheme.

My Electric Avenueisa3year@fe mé6s Low Car bon Networ ks fu

been carrying out trails to discover the impact that charging clustEkgsohight have
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on local electricity networks at peak times. And it has been hosted by Scottish and

Southern Energy Power Distributi@nd led by EV Technology.

Electric Nation is a Western Power Distribution (WPD) and Network Innovation
Allowance funded projed65], and it is on track to achieve its target of recruitiog 7
people buying or leasing nelaVs to take part in a trial to ensure the UK can charge
EVsat peak times as the uptakeEdfs. This Electric Nation trial is only taking place
in certain locations in the UK, whigh the WPD network area the South Wes&outh

Wales, West and East Midlands.

The Plugin Car Grant offers the opportunity of price reduction for the people who
purchase qualifie@Vs, and it is automatically deducted from the retail price, hence,

no additional paperwork needs to be complete $avings is approximately 35% of

the cost of a car, up to a maximum of either £2500 or £4500 depending on the category

the model belongs to, also it applies to vans and motorcycle.

Electric Vehicle Home Charger GratEVHCG) provides a grant of up t6600 for
individual EV owners who have taken keepership of a neseconehandeligible EV
on or afer 1st2018[66], thisEVHCG offers the opportunities for EV owners to offset

some of the upfront cost of the purchase and installation of a domestic recharging unit.

From what has been introduced ahavean be clearly seen thidte UK government
is strongly spporting the EV developingnd also the associated charging infrastructure.
With the rapid EV uptakes, the charging needk\¢$ will have huge impacts on the

DN, therefore, the impact analysis becomes important
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2.6 The Current State of Modelling EVs Charging Demand

Expected large penetration BVs in the future will lead to an increase in electricity
demand. In order to assess the effects on the power systessfimation ofEVs
charging demand is necessary. Many researchers paid attentroadtling EVs
chargingdemand, and there are many models in the literature. Therefore, in this section,

the stateof-art of EVs charging demanthodellingwas elaborated.

In the literature, there are mainly two approacteshodel EVs charging demand,

which can beategorise@sdeterministic and stochastic approaches.

9 Deterministic Approach

In reference[67]-[68], EVs chargingdemandwas modelledusing a deterministic
approach. The EV charging load wasdelledbased on some typical and realigiMs

in the vehiclés market

Waraich et al.[67] preseted an agenbased traffic demand model to model the
charging demand d&Vsover a day. And a simple PEV model with a standard charging

rate was assumed, which is 3.5kW.

Hadley et al[69] forecasted the potentiahpacts of PHEVs on electricity demand,
generation structure and emissions levels in 2020 and 2030 in the U.S. The charging

characteristics of PEVs were presented with constant charging rate at 1.4kW, 2kwW
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and 6kW were selected in this study, and alsacHaging schedule was assumed as

evening charging & pm, 6 pmand night charging &t0 pm, 11 pm.

In [70], Richardson et al. demonstrated how controlling the rate at vif\istcharge

can lead to better utilization of existimgetworks. A technique based on linear
programming is employed to determine the optimal charging rate for each individual
simulated EV to maximize the total power can be delivere@&\ts while within
network limits. Regardin&Vs charging demandhodelling the EV battery was based

on a lithiumion battery technology of 20kWh, with a constant chargatg at 4kW

until 95%stateof charge(SOQ of batteryand then 1.5kW until fully charged.

Valseraet al.[71] analysedhe impact ofEVs charging ora MV power gird through
determining a relation between EV model battery characteristics and its charging
process. Th typical EV, Mitsubishi4iMIiEV, was used in this paper. Additionally, for
each individial simulated EV, the initial @C beforethe chargewas assumed at 20%,

and 4 hours to be charged to 100%.

Guo et al[72] established a model to evaluate the impact of factors on the aggregated
EV load. EV battery size, charging power rate, charging habits anebfiome pricing
(TOU) policy arethe main factors examined in the paper. Alndlinear regression
method was used to build a linear EV charging model. The constant charging rate was
employed in the model, and also the EV energy consumption was reasassltyed

to be 3.042miles/kwh.
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Kintner et al[68] estimated the regional percentages of the energy requirements for the
U.S. light-duty vehicles stock that could be supported by the iexjsnfrastructure,
which took into account congestion in regional transmission and distribution systems.
Regarding th&&Vsd  mo bniodeliing &ll EVswere assigned with a certain distance

travdled per day in this study.

1 Stochastic Approach

The uncertainties ahodellingof EVs charging include when and how EV is going to

be charged and how long it is going to be charging. All these factors are determined by

2 aspectswhich areEVsO dr i vi ng Eysat ctceangi agdcharacter
formeroneEVsd dr i ving patterns, i s rthehaviolfy depen
and it has stochastic nature, which is normally difficult to predict and model. The latter
one,EVsO char ging char ac S@CGof B battaryswhichhasddr i ven

relationwith the battery type, the capacity of the EV battery and distaacelled

In[73]-[74], the characteristic oEVSO mo b i | nnotleyled usisgs stochastic

approach, th&Vsbcharging load is based on some reasonable assumption

Lojowskaet al.[73] presented a stochastiwodellingof EVs charging demand driven

by transportation patterns using Monte Carlo pthoe, where three key variables, time

of vehiclesd arrival and departtiavelled t i me at
distances, were selected from a transportation databaseotteilingthe mobility of

EVs. And also the impact of EV load on theinatl power demand of The Netherlands

wasanalysed
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Soares et al.75] proposed a stochiis model considering mobility variables, and the
EVsb characteristics, battery capacity, ene.l
determined by a Gaussian distribution with given values derived from a project

database.

Rassaei et al76] modelledthe stochastic nature &Vsd ¢ h abehgvioorgnd
answered the questionB¥sd demand response in helping to
demand. And the results showed that it is possibdecommodateVsfor all the users

in the system. FAEVsO mo lmbdellingy the author employed Gaussian distribution

and nonruniform distribution for determining the arrival time, charging time and

departure time oEVSs, respectively. And a Nissdeaf with 24kWh battery capacity

was assumed in this study.

Mohsenian et a[77] pointed out that an uncertain departunegtisignificantly changed
the analysis in optimizing the charging schedule of EV, and also the author obtained a
closed form solution for the stochastic optimization problem that is formulated to

schedule charging d&Vswith uncertain departure times.

In [78], Pantos adopted Monte Carlo technique in this paper, and it was used to generate
asetoffutur&eVs6 char ging demand profiles based on
futureEVsO | oad a tedlamaunt ofeurcpriioty involved. For detailedsd

chargingmodelling EV was based on a fixed battery capacity at 25kWh.
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Shahidinejad et a[79] addressed the shortcomings of standard driving cycles used in
mimicking the realworld driving behaviourdy using a large database of one year of
measured data collected from many participated cities. And the authors described a
methodolgy for statistical analysis of collected data and used infodelling the

power demand dEVs. It took into account various factors including distadiieen,

car velocity, trip duration, trip purpose, a deferred charging event.

Wang and Infield80] made an effort on generating accurate EV driving patterns by
using highresolution data through a Marco Chain Monte Carlo simulation. Then
simulated driving patterns were assigned to each EV, in ordaraigsethe network

impacts due tdVs charging. When looking at the individual EV charging demand
modelling the BMW i3 wasutilised and charging rates were assumed at standard

charging at 2.4kW and fast charging rate at 7.4kW.

In [74], authors Ashtari et al. compared deterministic simulation results withestioc
methods regarding howtli®/sd mo bi | i t y a mddelledAadtieiresuf habi t s
was shown that the stochastic method proposed by authors in this study was more

accurately captures the relationshifedMsd d e p ar t u rtravellingtime.i val and

Overall, there are twapproachingf modellingEVs chargingdemand, whiclarethe
determinismandthe stochastic method. In this research, determinism is used to model
an individual EV charging demand and its impact on the dwelling, furthermore, the
ways tominimisethe impact are proposed. When considering a community level, there
are a lot ofEVs, the ddy travel distancechardng needs and occupaatsehavwours

are showingstochasticharacteristis, hence, thetochastianethod ofmodellingEVs
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chargingdemand i€mployed to reveal theseharacteristis. And the impact caused by

EVschargingand the vays to reduce #reanalysed

2.7Impacts of EVs Charging on DNs

With the increasing penetration BVs, the stochastic characteristicsE)s charging
will definitely increasethe uncertainty in network operation and large saleS\(s
uncontrolled charging camsultin disastrous impactsn DN. Theimpacts come from

stability, power quality of the network.

1 Impacts of The Network Stability

From[81], it pointed the impacts d&Vscharging to the power demand, that with 10%
penetration oEVs, the power demand is increased 17 29d 20% oEVs, the power

demand is increased 35.8%.

In [82], authorsJ. Tayloret al. concludel that the importah factors toanalyseEVs
chargingon theDN are thepenetratiorlevel and thestochastidehavwours. And two

methods are proposediterminismandstochasti@analysis method.
W. Denholmet al[83] pointed out that the uncontrolldelVs charging may further

increase the peakalley and whenEVs charging is shifted to the midnight, the

efficiency of the network is increased.
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From[84], a method was proposed based on a tydalto evaluate the impacts of
EVscharging on the network. And two case studies were carried out and the investment
and energy demand with diffamt EVs penetrations weranalysed And, the relations

amongst the penetration levelyestmentandpower loss were concluded.

In [85], the impacts oEVs chargingdemand on theapacityof thenetworkequipment
wereinvestigatedAnd from theinvestgation, it showed that even with Igynetration

of EVsin thenetwork it is still possible taverloadthe current equipment.

From [86], it showed that during theff-peakperiod of thenetwork EVs charging
demand can baccommodatedhowever, there is stilh possibility that the systemis

overloacatd.

And a reaDN in Portuguese was analyses@yCamust al.[87], and it indicated that

with high penetratiorof EVs charging theoverloadmight occur

1 Impacts of Power Quality

The impact ofEVs charging of the power quality in the network was investigated by
G. A. Putruset al.[88]. It pointed out that the uncontroll&/s charging could result

in unbalanced voltage distribution, even voltage instability.

The impacts of uncontrolledVs charging of the voltage quality and power loss in the
network wereanalysedbased on a real IndiaDN data[89]. 10%, 20% and 30%

penetration level ofEVs were considered, and it showed that the impacts of
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uncontrolledeVs charging orDN is little duringthe off-peakperiod. However, during

the peakperiod, the power loss was increased and the voltage quality was reduced.

In [70] Richardson et amodelledthe EV charging demand and also investigated the
effects of this charging on the power system, especially for exifdiNg And
demonstrated how controlling the rate at wHidfs charge can lead to better utilization

of existing networks. And authors conducted a conclusion that by controlling the
charging rate of individual vehicles, high penetrations can be accommodated on
existing residential networks with ondittle or no need for the system infrastructure

upgradng.

Leeet al.[90] pointed out that when margVs connected to grid during a short time,

the power quality problems can occur such as voltage violation, unbalance, harmonics,
and emphasied that it is necessary tanalysethe effect of power quality on the
distribution system. Authors developed a model of an EV battery charger and carried
out simulations irDN, considering typical charging variables such as the number of
EV connected eachour and EV penetration level. And a conclusion was made that
about 20% EV penetration the voltage exceeds the limit. However, in this study, only

the impacts of residential EV charging on voltage violations weatysed

C. Farmeet al.[91] pointed out that due to the stochastic characterisi®/sttharging
demand, which is unique and different. The impact&\s$ charging on the network
were analysedand the issues it could be increased power demand, overloaded,

harmonics and unbalargteoltage etc.

40



Chapter 2 Literature Review

Overall, with the increasing penetration of s in the DN, the impacts caused by
EVscharging are dramatically increased. Currently, most of $earehes concentrate

on two aspects to quantify the impacts, which are reliability, pogusality, and

operation economy. The methods of investigating these aspects are normally based on
certain assumptions and scenarios, such @&Valkcharging are happening duritige
off-peakperiod, which is able to satistyVs charging needs, but does not consider the
userso6 preferences. anblysethe ampacts tausedsbyVe ec es s ar

charging during the actual charging period and the stochmtaviourof EVs.

2.8 The Charging Strategies oEVs

The LV DN will be firstly impacted by large scales BVs charging hence, most of
the optimised EVs chargingstrateges focus onavoidng overload reducingpeak

valley and power loss, and savingestnent cost. And aoptimisedchargingstrategy
of EVsis able taninimisethe peakvalley demand92], which will befurtherdiscussed

in detail.

From[93], S. Gao et akoncluded the impacts of the EV connected tdxNdrom the
steadystate and dynamic point of view. And it provided a referendedgnamic

analysis of impacts caused By's charging

In [94], threeEVscharging stragies were proposed By K. Kristoffersen et albased
on the constraints ohetwork security, including uncontrolled charging, delayed
charging and smart charging. The relation between the charging strategies and the

maximum capacity of accommodatingetBVs wasanalysedand it pointed out that
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ordered control ofEVs charging is an inevitable requirement to increase the EV

penetration.

Mullan et al.[95] investigated th@otential impacts oEVs on the Western Australian
electricity grid, the options for managing those potential impacts and constraints. In this
study,theauthorsevaluated the worst case scenarios by assuming all vehicE¥'sire
which account for over 200,0@)/s. The authors pointed out the electricity supply and

transmission industry can achieve significant sheortl longterm benefits.

Chao et al[96] developed a statistical time series based approach to quantify the
voltage violation due t&Vs and small wind turbines. This statistiegdpro&h allows

for a quick analysis of the probability of daily voltage violationsDiN, and thus
provides effective solutions in system regulation. And authors have conducted that the
approach they introduces ¢apable of reducing the computational requirement by over
98%. However, the EV charging types and characteristitised in this study are

simplified.

Babaei et al[97] analysedhe effects of plugn EVs charging on the local 400V and
10KV electric disttbution systems in the city of Gothenburg, Sweden, using steady state
power flow analysis, where the yearly peak load is selected for simulation. Authors
made a conclusion of that overloading of line and transformers would occur when
simultaneous chargind the plugin EVsduring the peak loageriodand voltage drops

in both residential and commercial systems are acceptable.
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From [98], it showed that the simulation time and complexity becamadwantage
when theobjectiveis to minimisethe power loss with theonstraits of minimum load

fluctuation which is important to theeattime dispath.

In [99][100], theoptimisedchargingstrategyof EVs was based on thminimisingthe
charging cost. The relation between the batteilyargingrate and theSOC was
considered. And it proved that the proposbdrgingstrategyhas theadvantageof

reducingthe chargingcost and peakalley power demand.

In [101], the queuing theory and broadcast were involved to dgeNtscharging. And
it concluded that through reasonably choosing the information from broadcast, the

average number dVs charging during peak periodtise lowest

Denholm Pet al.[106] proposed a way to reduce the new peak power demand caused
by EVs charging by controlling the charging time. And the TOU electricity price was
employed to arrangEVs charging duringhe off-peakperiod, which mightesultin
creating a new @k power demand. Hence, dividing the charging time and interlacing

charging were used to avoiding creatagew peak.

In [102], the economic incentive was used to control the charging tileB¥gfsuch as
TOU electricity price, which could lead users choosmghargeEVs beween 23:00

and 07:00. However, it only introduced the ideas.

Overall, thechargingstrategief EVs are mainly focusing ominimisingthe power

loss andvoltage drop. Besides thesegeducing peak power demandncreasing
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penetratiorlevel andreducingchargingcost are feasible. Usingasonablehargirg
stratey of EVs charging is able to reduce the impacts of the netwelibility and

economyoperatiorand it is aressentiastep toaccommodatargepenetratios of EVs.

Consequently,ifti s r e s e ar c lbehavioursend siochastigpchanatterigtics
are consideretb investigate the impacts BVs charging on a typical UKV DN, and
the methods taninimise the impacts. Additionally, it can contribute pooviding a

theoreticabprinciple forthelargedeployment oEVs.

2.9Summary

In this chapter, the modelling approach of energy demand in residential dwellings and
the potential energy savings are revealed and summarised. Then the modelling of EVs
charging, its impaston the DN and the feasible methods to minimise the impacts are
categorised. Based on the current research status, the following reseaady@esls

are proposed:

Currentmethoa of modelling the energy demand of dwellings and the potential energy
savings are mostly focusing on the attribute of the material or equipment, such as
improving the material insulation of the dwelling, increasing the efficiency of using

solar energy and nvestigating the characteristics
However, the sensitive analysis of each aspect has not been undertaken
comprehensively. Hence, in this study, the EnergyPlus is employed to establish the

detailed model of the Electric hwe in Corby, analyse the energy demand of the
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dwelling and the sensitive analysis of the potential energy savings is carried out to

investigate the ways of improving the energy efficiency in the dwellings.

It is obvious that when large scales of BMsaedin dwellings, the energy demand and
peak power demand of the dwelling will increase correspondingly which will results in
many effects on networks. Most of the current researches are only focusing on the
control of electrical equipment in the dwelling ¢urtail the impacts of EVs charging,
however, the comfort level is not taken into consideration. Therefore, in this research,
the BCVTB is employed to connect the detailed dwelling model and the determined
EV model. With the consideration of the comftevel, the control strategies are

proposed to minimise the EVs charging impacts.

At the moment, the most analysis of the large scales of EVs charging on DN is using

the deterministic method, which is failed to represent the stochastic behaviours of EVs

and not able to reveal the actual EV charging behaviours, especially, someagast
scenari os may not be considered. Therefore
and EVsd mobility have been taken into cons
charging demand and analysing the impacts of the EVs charging on the DN. Through

buil ding the -dirdythé BSESD ig énsploykd to reduce the impacts

caused by EVs charging.

Ordered charging is recognised as an effective method to minimigegaets of EVs
charging on LV DN. Most of current state of the research is capable of smoothing the
power curve when EVs are charging, which is not targeting at the whole day time

period. In this study, based on the ordered charging, the OCS of EVs ghasgig
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expected power with the BSES is propotechinimise the impacts of the EVs charging
on LV DN, which is proved that it is able to smooth the power demand curve during

whole day.
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The Analysis of Potential Energy
Savings of a Future Domestic

Dwelling using EnergyPlus
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3.1Introduction of Energy Demand of Domestic Dwellings

The planning of ®N is normally based on the prediction of the energy demand of the
considered area, hence the prediction of the energy demand of the certain area becomes

crucial. According to the previowmalysiS the residential sector contributes a huge

percentage in the energy demand over all sectors. Therefore, it is essential to understand

and evaluate the format of the energy demand of domestic dwellings.

With the innovation in the newuilding material and low carbon technologi€&d/¢
and PV/T etc.), the energy demand future buildings is changing. Hence, the
understanding of the energy demand of future domestic dwelling is impaevtaci,is
analysedn this chapter. The Electric hee of the Corby homes is employed in this
chapter and EnergyPlus is used to itigede the electricity demand the dwelling.
Moreover, the new buildinghaterial] PV/T, LED lighting and occuparéibehaviours
areanalysedo evaluate the impacts of difent factors on the energy demand of the
domestic dwelhgs. Regarding the impacts BVs charging, it will be investigated in

the following chapters.

The energy demanih the dwelling,analysedin this chapter, mainly focus on the
electricity part. Because of the investigation in the later chapters of the impacts of an
EV charging in a residential building and large scalelS\t$ charging on thé®N, the

electrical power ishe majorconcern.
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3.2EnergyPlus

3.2.1Introduction

EnergyPlus a thermal simulation engine, has bekveloped by the United States
Departnent of Energy (DOE) and LBNILt works for architects, engineeendmany
researche€nergyPlugan simulate building energy performance, aim at investigating
the relation among building parameters, environmental variablesthe HVAC
system. lthelpsto pointout the places where the energy efficiency can be improved of

building systenfl].

3.2.2The Concept and Function ofThe EnergyPlus

EnergyPlus is a timeto-time simulation engine fomodelling energy demand in
dwellings and itadopts forwaranodellingmethod. The forwardnodellingmethods
output variables (energgemangl are predicted after put variables and system
structure and characteristics are determifié@re are mainly three modules, the load
module, the system modulendthe device module, simulatinggetherto model the

energy demand in a buildifig3].

The load module is used to simulate the interaadimongbuilding envelope, outdoor
environment and indoor load3he system module issed tosimulate & loop
equipment fan, coil andrelated control devicesf the air conditioning systemThe

device module isised to simulationooling and heating source devisech adoilers,
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pumps, cooling towers, energy storage equipment and power generationejLegc.
In EnergyPlus, these modules are simulaietultaneouslyand the flow chart of the

simulation is shown below in Figure BLD4].

Description ofWeather

Dry bulb temperaturg
wetbulb temperaturg
cloud coverwind speed
atmospheric pressure

Description oBuilding

Location, design data, TheLoadModule
building data, HVAC Y
zone, internal load,

"| Peak load of building

operation schedule, hourly load
infiltration.
Description ofSystem il

Type and capacitgf The SystemModule

system, ontrol and
operation timefresh air
rate

Y

System hourly load

Description ofPlants \ 4
ThePlantModule

Type and capacitgf
plant characteristic Energy demand and
parameterattached consumption

device energy type

A 4

Figure3.1 The Flow Chart of theSimulation Procedure in EnergyPI{&04]

9 The Load Module

The load module is the simulation based on the outdoor environment, the building
envelope and the indoor load. In EnergyPlus, the simulation time step can be
customigdup to 1minnormally 10mins or 15mins is selected.
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The heat balance method is used in EnergyPlus to calculate the load according to the
first law of thermodynamics. The equation of the heat balance is established based on
the outside heat balance process, wall comolugrocess and inside heat balance
procesfL05], and theschematic diagram of the heat balance method is shown in Figure

3.2[105].

Outdoor air
convection

Surface heat balance

Long-wave

Solar radiation radiation

A

) 4
Through external
wall conduction
A

I
L

I
I
I
ighting equipmen ndoor hest source : :
radiation Y radiation I
Internal surface I
— heat balance I
Transmission of rface long wave [
solar radiation 1 radiation _ + _l

I

Air convection in
each area

. Air heat balance ndoor heat source
Osmotic air .
convection
Cold air sent by
air conditioner

Figure3.2 Schematic iagram ofthe Heat Balance Mthodin EnergyPIluEL05]

|
—_———— -
|

.

1 The System Module

The systenmodule, controlling thair conditioning components of the cooling and

heating equipmentincludes transmission and distribution equiprfi8]. It is
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controlled by many different schedules, throughangingthose schedules and
temperatureset poing. The air sourced heat pump (ASHP) is employed as the heat

source.

9 The Device Module

The devicemodule in EnergyPlus includes cooling and heating equipment, such as
boilers, heat pumpgighting equipmentandappliances etf103] And it is modelled

by regression fitting method in EnergyPlus, whitle performance data from the
manufactoryis used to obtain the equation for describing the operatiaracteristics

and energy consumption of the equipment. For the lighting equipment and appliances,
the rated power andeatrelatedparameters have to libe availableinputs for the

simulation.

3.3The Energy Demand inFuture Domestic Dwellings

3.3.1lintroduction

The domestic dwellings constructed in Corby consist of three types, named Control,
Electric andGas homesThe Control home represerthesemidetachediwelling of

the UK current standard, wdti is used as the baselinetlmis work The Electric and

Gas homesarepurposely built to be Zero Energy Bill homes, apparebibyh of them

are equipped with low carbon technologies &metl to increase the efficiency of the

energy system and reduce the annual energy bills. Moreover, the concept of Zero
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Energy Bill homes also aims to reduce GHG emissions and helps to achieve the target

set by the UK governmei6].

These three typed dwellings are located in Corby, which is a city in Nottinghamshire
UK. They are constructed by Electric Corby, who aims to make contributions of
building a sustainable communitand in this research, the dwelling named, Electric

Home is used as thmoddling base.

3.3.2The Construction and Material

The construction of Electric home is shown in Figure Bt&information is provided
by the McBains Cooper Consulting Lid.can be seen th#teground floor comprises
of a hall, a kitchena WC,a dining room and a living room while 3 bedrooms, an en
suite, a bathroom, store roomandan electrical room constitute the first floor of the

dwelling.

Figure3.3 The Construction ofElectric Home
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The material characteristics of each building element dlactric homds shown in
Appendix, TableA-1. All the thermal characteristics of building material are obtained

from architecturglanprovided by the constructor.

One more thing in here needs to be mentioned is that befodeling the building
contracturen EnergyPlusthe location and orientation of the building have to be set in
advancevia longitude and latitudeas location and the orientation will affect the
calculation of solar irradiations and also solar heat gains in buildihg&lectric home
selected for thenodellingis facing Northeast with.638°eastlongitude and 52.505°

northlatitude

The information of the construction and material of the Electric home is the input of
themodellingand isestablishedn DesignBuilder firstly, and then will be exported to

EnergyPlus for the main simulation process.

DesignBuilder a commercial softwarenormally is employed as a usénendly
interface for EnergyPlusAfter drawing the building structure and setting up all the
materials of eaclvuilding element in [@signBuilder software, thel&ctric home is
ready to be export to EnergyPlus for furtimeodelling and simulation The Electric

home drawing in DesignBuilder shown in Figure 3.
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Figure3.4 ElectricHomeModelledin DesignBuilder

3.3.3HVAC System

The Electric home consists of a loftountedASHP, connecting with PV/T panels as

the main energy sourcéhe anergy system of Electric home is shown indf&3.5.In

the HVAC system of the Electric home, the storage tank is supplied by the ASHP and
PVI/T panels and it will support the space heating via underfloor heating and fan assisted

radiators, to maintain the dwelling within the comfortable range.

The keatpump is a wetknown low carbon technodly intherenewable energy market
Typically, there are two types of heat pumps widely deployed in the UK, ground source
heat pump (GSHP) arASHP. The GSHP absorbs heat frimaground, while ASHP
absorbs it frontheair. Compared witlthe GSHP, the advantages of ASHP are, firstly,
the insallation cost is laver, and secondly, the spagktthe installationis relativel

smaller
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Space Heating use
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Figure3.5 The Energy System ofElectric Home

Heat pumps normally have two operation modes, copéind heating.Typically, in

the UK, most of the heat pumps are installed for the space heating in winter. An
evaporator, a condenser, an expansion yaarel a compressor are the basic
components for a heat pump, and two working cycles\aporatiorand conénsation,
which are ntroducedbelow. And in this research, the ASHP is used inradelling

same as in the Electric Home.

After the refrigerant gasompressed in a compresstienit will be passed to the
condenser. In the condensation process, thie iiessure and hot gaseliquefied by

going through a heat exchanger and usually transferred the heat to either the water of
the storage tank or surrounding indoor air. Subsequently, the relatglhy
temperaturdiquefied refrigerant passes througie texpansion valve where it expands

to the cold liquefied refrigerant. Then it comes to the last process, the cold liquefied
refrigerant reaches the evaporator, and it bec@tms pressure antbw-temperature

gas by absorbing the heat from ambient air.

The electric power of ASHP can be obtained from equatidr),(@hereQ is the output

of the ASHP in thermal energy a@Pis thecoefficientof performancfl07].
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F)e:i
COoP

(3-1)
The thermal energy generated by the ASHP can be calculated from equ&t)ow(3
ereQuis the rated thermal capacity ands the coefficient of the thermal capa¢it

7].
Q=2Q, (3-2)

In this chapter, the rated thermal capacity of the ASHP is 8kW with 3.2 @@dRhe
inlet air temperaturef the ASHPis 22C. Theoperatng temperature in the storage
tank is between 6€ and 69C. The operating relation between the ASHP and storage

tank is shown in Figure 3.Additionally, the indoor temperature is set to 23°C.

3 T r r 70
ASHP Storage Tank
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Figure3.6 The OperatingRelationBetween the ASHP anftorageTank
PVIT panels areadopted in Electric homes. Regardingrmal PV pane] it only
generates electricity from solar radiatisrnereaghe thermal energy being wasted and

the efficiency ofthe PV panelis reduced by around half percent for every degree of

temperature ris above 25legres on averaggl108]. While thePV/T panel, a hybrid
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technology, overcomes the drawka mentioned above, aitchlsosaves lots of space
of the roof. In eaclielectrichome an aggregated 20 PV panels have been installed
on the roof with a different orientationto contributethe energy demands the

dwelling.

Theprocess of thelectricity generation iPV/T panels idollowed the same principle

as the normal PV panels. When solar radiation is incident upon the PV part of the PV
panel, the electrons in the panel get acawd enter the conduction band resulting in
the generation of DC electricity. Then an invertenécessaly employed here to
convert generated electricity from DC to AC. The protection of isolators is compulsory
by the law when any local generation igr@ted into a building, which is basically a
mechanical disconnector employe@59 relay was installed in Corby homes as a
protection device. This device monitors the power quality of the mains supply
considering its voltage andrequency when it detects he power quality is

compromised, and then the A\generation will be disconnected from the system.

The thermal energy generated from/PYanels follows a simple procedure simiiar

a solar thermal panel. Water, as the circulated fluid, runs thropghapsorbing the
heat produced bthe PV generation process. The thermal energy stored in this high
temperature water will be transferred in the storage tank and used |aDamhestic
Hot Water(DHW) usage and space heating.

Theoretically, the approach ofiodellingthe PVT panels in EnergyPlus regarding

electrial powerP and thermal energ@wermaiare defined if108]:

P= &urf Gr factivﬁ total (3_3)
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Where Awrf is the total surface are&r is the total incident solar radiatiofictve

represents the fraction of active solar cells @gsl indicates the total efficiency.
chermal = AsurfGT facti\/é7 therm: (3_4)

Wherefactive is activefraction of the PYT collector, anddmermal indicates the thermal

efficiency.

The total area of PV/T panels adopted in the Electric home is 26%4fntoefficient
effectivearea is 0.9, and ttedectrical efficiency and thermefficiency are 14.08% and
37.37%40]. The solar radiation and outdotamperatureare usedthe Birmingham

weather profilg09].

3.3.40c c u p Behavows

Oc c u p dehavisudsactually take a dominant role in energy consumption of
residentialbuildings For instance, theccupant8 daily use of appliances, lighting,

heating andhe DHW will all affect the energy demand in the dwellirgnd many
researchers stress atbehavioesiniresiqemtial buidngse of oc

with regards tdhe estimationof energy demand, such @40][111].

The patt er nbelabioursscrecagpisedad asnajor uncertainty factor in
estimate energy demairdresidential buildings, andis very hard to predict, j212],

the Leeet al. made a comprehensive overview of the stdtart of occupantselated
data collection, monitoringandmodellingapproaches. Yilmaz et al. presented a new

approach to bottomp stochastic occupanbehaviour modelling in residental
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buildings, and it stated that occupabthaviour varies dramatically between

households.

In this chapter, an office worker is assumed to live in the Electric home. And the
occupands activity, the usage of the appliances, the DHW, the HVAC and the lighting
from the occupant are the factors considered emutrolled by schedules in the
EnergyPlus. The office workér activity in each roonm weekdays and weekends
categorisedn Tade 3-2, the hours showing in each room represents the occupant is

active during that period.

The DHW usage along the time of the office worker is shown in TaBleltge actual
usage is equal to the product of peak flow rate and flow rate. The HVAC sigssen

to availableany time with the contravailability from the occupant.

Table3-1 Occupands Activity in Different Rooms.

Name Weekdays Weekends
Kitchen 06:00~07:00, 18:00~20:00 08:00~09:00,18:00~20:00
Living room 07:00~08:00, 20:30~22:00 | 09:00~10:00, 17:00~18:00, 20:30~22:!
Bathroom 20:00~20:30 20:00~20:30
Bedroom3 (Waking) 22:00~23:00 22:00~00:00
Bedroom3(Asleep) 23:00~06:00 00:00~06:00

Table3-2 Usage of thédot Water

Peak Flow Rate Schedule
Name
(Ls) Weekdays Weekends
GroundFioor: 0.002 06:00~06:10is 1, | 08:00~08:101s 1,
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Kitchen Water Outlet

07:50~08:00 is 0.2,
18:00~18:10is 1,
19:50~20:00 is 0.2;

09:50~10:00 is 0.2,
18:00~18:10is 1,
19:50~20:00is 0.2

GroundFloor:

06:10~06:20 is 0.2,

08:10~08:20is 0.2,

0.002 19:50~20:00 is 0.5, 19:50~20:00 is 0.5,

WC Water Outlet . )
22:50~23:00is 0.3 23:50~24:00is 0.3
FirstFloor: 0.02 06:10~06:30is 0.2, | 08:10~08:30is 0.2,

Bathroom Watefutlet

20:00~20:30is 1

20:00~20:30is 1

3.3.5Lighting System

The lghting system is normallyrecognisedas a major component cgnergy
consumption in commercial buildings, butlso accountfr an important consumer

in residential buildings. The lighting system is not only treated as a significant
electricity consumelbut also it acts as an internal heat g#inlissipates appreciable
heat tothe spaceduring the operating period, which can be used as an internal heat
gain, thus reduces the heat requiredtfer space heating. Needless to mention, an

accurate estimate tiielighting system is of importance.

Table3-3 Usage of the Lighting System

Schedule
Location Power(W)
Weekdays Weekends
GroundFloor: Stairs1 15 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
GroundFloor: Hall 25 07:30~08:00, 18:00~18:30 09:30~10:00, 17:00~17:30
GroundFloor: Kitchen 50 06:00~07:00, 18:00~20:00 08:00~09:00, 18:00~20:00
GroundFloor:
15 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
StorageRoom
GroundFloor: Dining 40 07:00~08:00, 20:00~21:00 09:00~10:0020:00~21:00
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GroundFloor: WC 15 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
GroundFloor:
Living Room 40 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
First Floor:Stairs2 15 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
FirstFloor:A_C 15 06:00~08:00, 18:00~23:00 08:00~10:00, 17:00~24:00
First Floor:Bedroom1 40 0 0
First Floor: Bathroom 15 20:00~21:00 20:00~21:00
First Floor: EnSuite 15 20:00~21:00 20:00~21:00
FirstFloor: Bedroom3 40 22:00~23:00 22:00~24:00
First Floor: Bedroom2 40 0 0

Theelectricityconsumed by a lighting system depends on how many lights installed in
the building the power rateand the total operating time. The primary source of heat
from lighting comes from entihg elementsnd it consists of radiation and convection,
which is normally determined by the fraction of consumed endrgg. power rate,
fractions and schedule of thighting in each room areummaisedin Table 34, and
theVisible fraction andthe Convection fractioof the lights are 0.1®.84respectively

[45].

3.3.6Appliances

Electrical appliances installed in the wB=itial buildings also account for a
considerable bulkercentagef totalelectricityconsumptionThe attention needs to be
paid here is that, in many circumstances, the pgeaker demand in residential

buildings usually occursoincidently with many elgrical appliances used at the same

time. The energy consumed by electrical appliances is highly dependent upon the
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o0 ¢ ¢ u pbahaviosiréfor example, while the use of eclectic kettles, an electric hob or

microwave can also be occupied for making dinner.

Moreover, some of the appliances also hsiag@lar characteristics ahelighting, and

it can providethe heat to the space around it. For eptanwhenTVs and computer

monitorsareon the operating mode, the heat is goingowemitedto the surrounding

air. In EnergyPlus, this heaémitting is represented through convection fraction, and

the variables omodellingappliances in the Electric home are listed in Tabfe 3

Table3-4 Usage of Appliances

Convectim Schedule
Equipment Location Power(W) Eraction
Weekdays Weekends
) GroundFloor: 50
Fridge/Freezer _ 0.2 00:0024:00 | 00:0024:00
Kitchen (meanvalue)
GroundFloor: :00~06" 08:00~08:30,
Kettle _ 2000 0 06:00~06:30,
Kitchen 18:00~18:30 | 18:00~18:30
GroundFloor:
Microwave . 1250 0 06:30~07:00 | 08:30~09:00
Kitchen
GroundFloor: 09:00~10:00;
TV1 o 124 0.1 07:00~08:00
Living Room 17:00~18:00
GroundFloor:
Oven 2125 0 19:00~19:30 | 19:00~19:30
Kitchen
Washing GroundFloor:
406 0.2 20:00~20:30 | 20:00~20:30
Machine Kitchen
GroundFloor:
Hob . 2400 0 18:30~19:00 | 18:30~19:00
Kitchen
GroundFloor:
Laptop o 141 0.1 20:30~22:00 | 20:30~22:00
Living Room
FirstFloor:
TV2 124 0.1 22:00~23:00 | 22:00~24:00
Bedroom3
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3.3.7The Modelling of the Energy Demand in the Electric Home

Theannualenergy demand of the Electric home is summarised in Tablen® Figure
3.7. And in themodelling 1% Januaryand 3¢ Januaryare selected as the typical
weekend and weekday for wintef! duly and &' July arechose for typical weekend

and weekday isummer.

The net total energy demairdthe dwelling is the energy demand obtained from the
power grid, which the electricity generation from the PV/T is considefée.
corresponding daily power demand and the room temperature for each typiea¢ day
illustrated in Figure 3.8And the energy demand and the peak power demand of Electric

Home on each typical day are summarised in Tafle 3

Table3-5 Annual Energy Demand of Electric Home

PVIT

Source Total | Electricity | Net Total | ASHP | Appliances Fggris;d Lighting
Generation

Electricity

(KWh) 8439.14| 2948.61 | 5490.53 | 4769.26| 2490.04 738.77 441.07
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Figure3.7 TheEnergy Demandf Electric Home in Different Segment

From Table 36 and Figure 3.7, it can be seen that the ASHP iddh@nantsegment

of the net total energy demand in the Electric home, which accounts for 57%. The
appliances are 30% over the net total energy demahadrayn 5% of the energy demand

is from lighting.Consequentlyreducing the space heating demand can be considered

as a potential way of saving energy in a dwelling.

Table3-6 The Energy Demand and the PeakvenDemand of Electric Home on Typical Days

Time 15t Jan 34 Jan 15t Jul 3 Jul
Net TotalEnergy (KWhH 40.12 38 11.27 11.14
Peak Demand (kW) 5.277 5.275 4,274 4.813
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Figure3.8 Daily Power Demand and the Room Temperature for Each Typical Day

From Figure 3.8 and Table7 it can be obtained that the total power demand in the
weekday ad the weekend is quite similar, only the peak during theodayrredat a
different time determined by the occupénbehaviours However, the total power

demand in winter is much higher than in summBecaus®f the space heating demand
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in winter is higher than in summer and the DHW needs will be the main demand in

summer.

3.4The Impact Analysis of the Energy Demandn the Dwelling

Considering Different Factors

In this section, new building materials, PV/T,REighting and occupanidehaviours
are chose as the factors &ralysinghe impacts of the energy demand in the dwelling.
And daily, monthly and annual energy demands are illustrated for the analysis,

respectively.

3.4.1Building Materials

Regarding buding materials, the U value is defined to determine the insulation level
and the lower the U value is, the higher the insulatiomishis section, different U

values are employed to represent the different building materials.

Normally, the external wll and windows of a dwelling are layered up by many
different materials, and the U value in each layer is different which can be expressed in

the following equations.

R,(i)=d// (3-5)
R,=4 R.(] (36)
U= /]/RN (3-7)
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WhereRyis the thermatesistanced is the width anexs the thermal conductivity. And

nis the total layer numbers.

Hence, the U value of the external walls and windows of the Electric home can be

calculated from Table-3, which are 0.23W/ifK and 1.39W/riK, respectively.

The Code for Sustainable Homissa nationwideassessment method for rating and
certifying the performance of new homisvorks by awarding new homes a star rating

from 1 © 6. Some issues within the design categories are mandatory, aiteers
tradable. The assessment score is calculated based on the total percentage points
achieved for meeting manday and tradable requirementS§he U value for the

building elements in UK Code Level 3 and Level 4 is listed in Ta{@3a].

Table3-7 U Values of the UK Code Level 3 and 4 for the Building Elements.

UK Code Level 3 UK Code Level 4
Element
W/m2K W/m3K

External wall 0.25 0.23
Floor 0.22 0.22
Roof 0.18 0.18
Windows 1.6 1.4
Doors 2.0 2.0

According to the material characterist@zgegorisedn Table 31, the Electric home is
gualifiedfor the UK code level 4. And, for current built in the UK, most of the domestic
dwellings arequalifiedfor the UK code level 3. Therefore, the impacts af eilding

materials on energy demand will be investigated for the dwelling with the UK code
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level 3 and code level 4. Moreover, the focus is made on the materials of the wall and

the window, which are shown in Table93

Table3-8 U Values ofthe UK Code Level 3 and 4 in &ferials

UK code level 4 UK code level 3
Element Material Thickness U Value Thickness U Value
(mm) (W/m2K) (mm) (W/m?K)
Facing brick 102.5 102.5
Wall ysty 0.23 0.25
Concrete block 100 100
Plasterboard 125 12.5
Glazing 4 4
Window Air gap 19 1.39 16 1.64
Glazing 4 4

From the simulatn results, the energy demandhe dwelling with the UK code level
3 and code level 4 is shown in Tabld@. It can be seen that, with the higher UK code

level of the dwelling, the annual energy demand is reduced by 90.42kWh. Especially,

the energy demand from the ASHP is saved bySi&Vh.

Table3-9 The NetTotal Energy Demanih the Dwelling with Different UK Code Level

Annual Winter Summer
Net Total ASHP Net Total ASHP Net Total ASHP
Source Energy Energy Energy Energy Energy Energy
Demand Demand Demand Demand Demand Demand
[kWh] [kwh] [kWh] [kWh] [kWh] [kWh]

UK code level 3 5580.95 4848.01 2775.12 2013.92 -62.77 357.57

UK code level 4  5490.53 4769.26 2736.54 1980.31 -69.86 351.40

Savings 90.42 78.75 38.58 33.61 7.09 6.17
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In Figure 3.9, it shows the daily, monthly and anmet total energy demand the
dwelling with different UK code level. It can be seen thatrteetotal energy demand

is reduced in each month when the dwelling having the higher UK code level.
Especially in winter, the net total energy demand is reduced by 38.58kWh, and

21.02kWh inautumn 17.95kWh in spring and last but not least, 7.09kWh mraer.

Therefore, it can be conducted that the new building materials with the lower U value

areable to save energy in the dwellirggpeciallyfor winter.

3.4.2Solar Energy

Table3-10 Characteristic of thedar Thermal panel, PV panel and PV/T panel.

Technology Electrical Efficiency Thermal Efficiency General Efficiency
Solar Thermal Panel 0 55% 55%
PV Panel 12% 0 31.5%
PVIT Panel 14.08% 37.37% 70.72%

Solar energy igleanenergyand also known as a renewable energy source, which
normally used as soldhermalpanels, PV panelsand PV/T panels. Hence, in this
section, these three technologieswisedas the factors tanalysehe impacts of the
energy demanth the dwelling The detailed lzaracteristics of the solar thermal panel,
PV panelsandPV/T panels areategorisedn Table 311[8]. The area of these three
panelsis chose from the Corby home. The reason for the relatively small area of the
solar panel is that it is used to only plypDHW and part of the space heating, however,

the PV and PV/T panels are able to generate electricity for dwdlmegsls or even
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supporting the power grid, that normally, the larger area is, the more eledsicity

generated.

9 Solar Thermal Paneland PV/T Panel

The energy demand the dwellingseparatelywith the solarthermal panel an&V/T

panels is summarised in Tablel3. It can be seen that the thermal energy generated
from the dwelling with PV/T panels are higher than the one installed gudrmal

panel, which is 1619.48kWh. Hence, the operation need of the ASHP is less, and the
total energy demanith the dwellingis reducedby 600.93kWh. Moreover, because of

the electricity generation from PV/T panels, the net total energy dem#retiwelling

is reduced by 3549.54kWh.

Table3-11 TheEnergy Bemandin the dwellingwith Solar Thermal Bnel and PY¥T Panels

Annual Winter Summer
Net Net Net
Total ASHP | 1o ctricity | Thermal Total | ASHP | Total ASHP

Source | Ener Total
ay Energy . . Ener Energy
Demandl EM€T9Y | Deman | Generation Generation gpergy Dengr?/d Energy | pemand

Demand Demand Demand
Wh] | g | Tkt Lkwhi (WhE 1wy | VAT | g | kwn]

PVIT 8439.14| 5490.53| 4769.26| 2948.61 | 2105.3t | 2736.54| 1980.31| -69.86 | 351.40

Tﬁgrl;ral 9040.07| 9040.7 | 5313.43 0 485.86 | 3216.27| 2169.13| 1158.58| 364.35

Difference| 600.93 | 3549.54| 544.17 | 2948.61 1619.48 | 479.73 | 188.82 | 1228.44| 12.95

In Figure 3.10, the daily, monthnd seasonal net total enedgmandsn the dwelling
separately withhesolarthermal panel and PV/T panels digstrated. And from Figure

3.10, it can be conducted that the capability of the PV/T saving the
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energy is depending on the time period. The net total energy demand in summer is

reduced by 1288.44kWh, whereas 479.73kWh in winter.

1 PV panels and PV/T panels

The energy demanih the dwellingseparagly with PV panels and PV/T panels is
summarised in Table-B3. And the daily, monthly and seasonal net total energy
demandsn the dwellingseparately witlPV panes and PV/T panels andustrated in

Figure 3.11.

Table3-12 TheEnergy Bemandn theDwelling with PV Panek and PVT Panels

Annual Winter Summer

Total | NetTotal | ASHP Net ASHP | NetTotal | ASHP

Source | epergy| Energy | Energy | Electricity G-g:grr;t?(l) E-I;]Oetfl Energy| Energy | Energy
Demand Demand | Demand | Generatior 9 | Demand Demand | Demand

KWh Demand
[kwh] | [kWh] [kwh] fewn] [kwh] [KWh] [KWh] | [kWh] | [kKWh]

PVIT |8439.14) 5490.53 | 4769.26| 2948.61 | 2105.34 | 2736.54| 1980.31] -69.86 | 351.40

PV 9246.00) 6453.76 | 5469.56| 2792.24 0 2982.69|2182.03 88.77 | 432.29

Difference| 806.86| 963.23 | 700.30 156.37 | 2105.34 | 246.15 | 201.72| 158.63 | 80.89

From Table 313 and Figure 3.11, it can be conducted that the electricity generation
from PV/T panelss 156.37kWh higher than PV panels, because of the efficiency

improved by the circulating fluid reducing the temperature of the panels. Hence, PV/T
panels are able to gerate thermal energy, which saves the total energy demand and
net total energy by 806.86kWh and 963.23kWlareover,from Figure 3.11(b)the

net total energy demaniad the dwelling installed PV/T panels is lower than the

dwelling with PV panels in eaahonth.
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Figure3.11 The Energy Demanih the Dwelling Separately witiPV Panekand PV/T Panels

From the analysis above, the solar thermal panel is only ablgpfmrta part of the
thermal demand in the dwelling and the area of the roof isgmtpiedn an efficient
way. The PV panels can only generatectricity to contribute energy savings in the
dwelling, which the capability of this energy saving is limitedtasefficiency drops
when the temperature of the pagelting higher, while the PV/T panels are able to
generate electrical and thermal energy simultaneouslyhigtiiergeneral efficiency.
Moreover, the solar energy is better used for the energy savthg oiwelling when

the PV/T panels are installed.

343The Occupantsod Behaviours

The energy demand in a dwelling can be impacted by the ocsupahaviourswhich
including the occupanismovements, the usage of the appliances, the DHW, the
lighting, andHVAC system. Because of the difficulty déscribingandmodellingthe
occupantd movementgl8] and it is not the main focus in this work, hence, it is not
considered in this chapter. The usage of the appliances, the DHW, the lighting is
modelledand discussed iohapter3.3. Therefore, the operation of the ASHP and the
thermostat controlled by theccupants arenalysedin the following section to
investigate the impacts of the occupéariiehaviourson the energy demand the

Dwelling.

1 The Operation of the ASHP

77



Chapter 3 The Analysis of Potential Energy Savings of a Future Domestic Dwelling using EnergyPlus

Normally, the ASHP is set to be fully operational in order to satisfy the neetls of t
space heating and the DHW at any time. However, the dwelling cnopiedby the

office worker duringmostof thedaytime Hence, the ASHP can be shut down until 2
hours before the office worker returns. In this section, those two operation sctiemes o
the ASHP, the full operatigrand shutdown control will be used to investigate the
impacts on the energy demaimdthe Dwelling And typical weekdays in winter €3

Jan.) and summer'f3Jul.) are selected for tmeodelling
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Between 08:00 and 16:00, the ASHP is set tehiodown based on the office worker
activity in the weekday. The power demand of the ASHP and the indoor temperature

under two different operatiosthemesre shown in Figure 3.12 and Figure 3.13.
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From Figure 3.12 and Figure 3.13, it can be seentligehdoor temperature of the
dwelling in winter and summer are maintained within the comfortable living range.

Therefore, shutlown control of the ASHP is feasible.

The energy demands the dwelling with two different ASHP operation schemes are
shown in Table 34, and the daily, monthly and seasonal net total energy denmands

the dwelling arellustratedin Figure 3.14.

Table3-13 The Energy Demanih the Dwelling with Different ASHP Operation Schemes

Annual Winter Summer
Source Tolgae}rlrigﬁzigy Enl,\\lrgtyTDOé?rian ASHP Enel?lrg;-g:r?:and ASHP Ene"\lrggl-lrbc:atriland ASHP
[KWh] [KWh] [kwh] [KWh] [kwh kwh] | KWhI
Full Operatior] ~ 8439.14 549053 |4769.26 273654 |1980.31]  -69.86  |351.40
Srg’(’)‘f}?r%‘f"“ 7751.38 4802.89 |4155.10  2474.61 [1743.94  -101.87 |323.09
Savings 687.76 687.64 | 614.16| 26193 | 236.37 32.01 28.31

From Table 314 and Figure 314, when using thehutdown control of the ASHP
operdion, the total energy demanid the dwelling is reduced by87.7&Wh.
Especially the energy demand of the ASHP is reduce®b4.1&Wh. Moreover,n
summer, the energy demaiml the dwelling isrelatively low, so thatthe energy
demands of the ASHP undevo different operation schemes are not much different.
While in winter, the energy demand of the ASHP is dramatically reduced by

236.3kWh by usingshutdowncontrol.
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1 The Thermostat of the Dwelling

According to the ASHRAE 55, the comfortable temperature of the domestic dwelling

is between 194 and 27.7C [113]. Therefore, the thermostat is sevrh 19Cto

27°C to investigate thémpacts on the energy demandhe dwelling.

Table3-14 The Energy Demanih the Dwellingwith Different Thermostatetting

Thermostat
(°C)

19 20 21 22 23 24 25 26 27

Total Energy
(kWh)

74906 | 77086 | 79435 | 8188.4| 8439.1| 869B.0 | 8963.7| 92352 | 95255

FromTable3-15, it can be seen that thetal energy demarnid the dwelling is increased

with the increasing thermostat settings. Furthermibie total energy demarwhn be
reduced by around 226kWh when the thermostat decreasing one degree. Therefore,
changing thehermostasetting within the comfortable range dam a feasible way to

achieve the energy saving in the dwelling.

3.4.4LED Lighting

From Table 36, it can be seen that the lighting also consumes a lot of energy in the
dwelling. Therefore, using LED lighting instead of the normal lighting can be a

potentialway to achieve energy saving in the dwelling. In this section, the LED lights

with 0.8 visible fractionand 0.2 convection fractioare used to compare the normal

lights modelledin chapter 3.3.5. Assumdthving the sameillumination, the rated
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power of he normal lights and LED lights are listed in TaBl&6. And the energy

demandsn the dwelling with two different lighting areategorisedn Table3-17.

Table3-15 The Rated Power of the Normaghts and LED Lights

Local Stairs1l| Hall | Kitchen Storage Dining wcC Living
Room Room
Normal
Lights 15 | 25 15 40 15 40
(W)
LED Lights
3 5 3 8 3 8
(W)
Stairs2| A_C | Bedrooml1| Bathroom | EnSuite | Bedroom3| Bedroom?2
Normal
Lights 15 15 15 15 40 40
(W)
LED Lights
3 3 3 3 8 8
(W)

Table3-16 The Energy Demandas the Dwellingwith Two Different Lighting.

Source Total Energy Lighting System Heat Pump Pumps and Fans
[kwh] [kwh] [kwh] [kwWh]
NormalLights 8439.14 441.07 4769.26 738.77
LED Lights 8216.04 88.21 4882.29 755.5
Savings 2231 352.86 -113.03 -16.73

According to Table3-17, the energy demand from the lighting can be reduced by

352.86kWh when the dwelling installed LED lighting instead of the normal lighting.

However, the LED lights belong to cold lights, that the heat emitted from the lights is
low. This characteristic of ¢hLED lights will result in the increasing needs of the

ASHP to support the spacing heating in the dwelling. And it can be seen from Table 3
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16, the energy demand of the ASHP is increased by 113.03kWh and the energy demand
of the fan and circulating pumg also increased by 16.73kWh. Overall,ttital energy
demandin the dwelling is still reduced by 223.1kWh. Therefore, from the analysis

above, the LED lighting is a feasible way to achieve energy savings in the dwelling.

3.5Summary

In this chapter, the energy demand of the domestic dwellirapadysedthrough
modellinga representing dwelling, Corby Electric home, in EnergyPlus, and also the
factors, including new building materials, PV/T panels, the occuplaeitsivioursand

the LED lighting, are investigated tanalysethe potential energy savings in the

dwelling. The conclusions can be conducted as follow:

(1) The space heating is the dominaegmenin the energy demand of a dwelling.
Using the new building material with lower Wiue can be an important wé#
reduce the energy demamdthe dwelling.And with lower U valuethe energy
demand is reducewhost in winter, then autumspring, lastlyin summer due to

less energy needed.

(2) Thesolar thermal panel installéd the dwelling is only suftiient for part oheat
demand, ands efficiencyis relativelylow. The PV panelareinstalledto generag
the electricity however, when the temperature rismgthe panelthe efficiency
drops.The PV/T panelare able to generate both electricity and heat energy, which
resuts in higher efficiencyTherefore, PV/T installed in the dwelling is recognised

asa better way to use solar energy¢duce the energy demand.
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(3) When thecomfortlevel is satisfied, the ASHP with the skddwn control is proved
to be a solution to achieve the energy savings in the dwelling. And through
controlling the thermoat setting, the energy demaimdthe dwelling also can be

reduced.

(4) Through instding the LED lightingin the dwelling the energy demansreduced
dramatically.Because othe characteristics of the cold lighthe space heating
demand isncreasedhowever, overalhe energy demand in the dwelling is clearly

reduced. Hence, ugjr_LED lights is a feasible way to reduce the energy demand.
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Reducing the Peak Powe
Demand of the Dwelling caused
by the EV Charging using the
DEIM
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4.1 Introduction

With the large penetration of theVs, understanding and predicting the charging
demand oEVsbecome impoent forDN operation and reinforcement. While planning
and operating thBN, it is a challenge for the operators to reserve reasonable capacity
for any future loads. And also it is crucial for the current network to reduce the peak

power demanaof the dweling caused by the EV charging.

The EV charging profile can be evaluated by using either a deterministic method or a
stochastic approach. The deterministic methodugable for evaluating the EV

charging needs under any certain scenarios, while the stochastic approach is capable of
reeal i ng t he random behavioursendeo any @Enbdertaidr i ver s

scenariofl14].

In this chapter, the deterministic method is used with the consideration of the EV
battery type, the EV bgry capacity SOC etc. for deriving the EV charging profile.
Moreover, based on the analysis of the energy demand of the domestic dwellings using
EnergyPlus irchapter3, theBCVTB is employed in this chapter for achievirept

time control from MATLAB. Therefore, the BIM is established.

An individual household is chosen in this chapter, the energy demand of the household
with the EV charging can kenalysedhrough DEIM. Furthermore, the peak demand
created by the EV charging is possible to be reduced by sisiftgble loads and BSES,

which will be investigated in the following sections.
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4.2 The Analysis ofEVs Charging Demand

4.2.1EV Classification and Distribution

EVscan be classified in different ways. According to the type of technoldhessain

three types oEVs are HEVs, PHEVs, andBEVs. And based on the type of vehicles,

the BEVs can be classified into four typgkl5][116], shown in Table 4., according

to theEVs market investigation in Europe. Additionally, based on the use of vehicles,
more than 60% of the vehicles are owned primarily for commuting between home and
working place (Home Based WorHBW) in the UK116]. Therefore, the BEV, type

M1, under HBW, is chosen to be the E\odeled in this chapter.

Table4-1 EV ClassificationBased orthe Typeof Vehicle$115]

Vehicle Type Characteristics
L7e Four wheels witthe maximumunladen mass of 550kg for goods carrying vehic
M1 Passenger vehicle with up to 8 seats
N1 Goods carryingehicle with the maximumladen mass of 3500kg
N2 Goods carryingehicle with laden mas8500kg12000kg

The vehicles availability of households in 2016 from Road Use Statistics Great Britain
2016 is shown in Figure 4117], it can be seen that approximately 77% of households
have at least one vehicle, and the average number of vehicle per househddia 1.2

hence, in this research, one household with one EV is assumed.
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mNo car

mOne car

Two or more cars

Figure4.1 The Vehicle Availability of Householdin 2016[116]

In order to formulate the profilef the EV charging demand, it is necessary to have a
better understanding of the charging rate of an EV, which depends on the EV type and
also where and how the EV is going to charge. Till now the standard of EV charging is

not yet available worldwidfL18].

In order to formulate the EV charging demand, it is necessary to have a better
understanding of the charging process of an EV, which depends on the type of the EV
and also wherand how the EV is going tbe chargel. Up to now, the worldwide
standard of the EV charging is not yet availdbl8]. In this chapter, the EV is charged

at a constant poweate, 6.5kW.

4.2.2The Battery Capacity and The Travel Range oEVs

In most oftheurbanareas, the lifestyles arichvelingbehavioursof people may have
certain patterns. And different patterns will require and determine some attributes of
EVs, such as thbattery capacity and the travel range.
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Figure4.2 Top 3 EV Models Rgisteed inthe UK Between 2014 and 2016

In the database of EU EMERGE projgri6], the smallest battery capacity is 10kWh

and largest is 72kWh. Obviously, the maximum travel rangéMsfis closely related

to the battery capacity. And according to the latest road use statistics Great Britain 2016,
most driving trips that people made are short trips, which 66% are less 5 miles and 95%
daily driving trips are less than 25mild4.7]. In the UK, tletop-sellingEVsare Nissan

Leaf, BMW i3 and Renault Zoe etc., and the total registekéxbf those manufacturers
between 2014 and 2016 are shown in Figure 4.2, and their battery capacity and travel

range are listed in Table2

From Table 42, it clealy shows that the battery capacities of the most poj\arare
between 22kWh and 30kWh, and the travel ranges are be84ggies and 14miles.
Based on this information, a fully charged EV is sufficient for the most ttaigling
purpose. Consequewnil most of the charging evenare going to happernin the
household. Therefore, in this chapter, the EV charging demand is investigated on the

household level.
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Table4-2 EVs Travel RangandBatteryCapacity

NissanLeaf
EV Model BMW I3 Renault Zeo
Leaf24 Leaf30
Travel range(milegkm) 84/135 107/171 114/183 94/151

Overall, the deterministic method is employeaitalysisthe EV charging demand in

a household with only one EV assumed. The Nissan Leaf, 24kWh, 6.5kW charging
rate, is chosen to be the EV model. And the charging scenario is that the maximum
travel range of the EV is reached, which means the SOC hibrbhageis 10%, and

the EV will be charged to 90% SOC.

4.3The DEIM

According to the EV charging characteristics and charging events mostly happen at the
household. The impacts of tpewerdemand of the EV charging in a dwelling will be
obviously massive. Especially, when an EV is charging around the peak power demand
of a dwelling, thus the new peak of the household will be created. However, the
capability of EnergyPlumodellingthe EV clarging in the dwelling and achieviagy

control strategies is very limited. Therefore, the BCVTB is introduced to establish the
connection between EnergyPlus and MATLAB, achieviegttime control through

DEIM.

4.3.1Coupling the EnergyPlus and MATLAB via the BCVTB
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1 The Characteristics of EnergyPlus and MATLAB

EnergyPlus is a professional software for simulativejuilding energy performance.

It uses a lot of detailed information of building construction and weather condition to
investigate thenergy demand in dwelling segments, such as heating, cooling, lighting
and ventilation, and it holdgreatvalue for engineering application. However, the
control of any appliances or equipment is achieved by using predefined time schedules,
and thereaktime control of any appliances and equipment cannot be accomplished

directly in the EnergyPlus.

MATLAB is a software, which is capable of integratingany different computing
language, program algorithm and create interface etc. and it aims for many
apdications, such as engineering computing, control desigtsignal processing etc.
Therefore, the integration of EnergyPlamd MATLAB will benefit from the
advantages of both software and it will give an opportunity for controlling any

appliances and equipment in any dwellings in real time.

9 Introduction of the BCVTB

In the literature, there are some researches accomptisdetirect coupling different
building energy analysis prograrfisl9][120][56][121]. However, the direct coupling

is facing some issues, such as the complex interfaces and slow simulation speed. The
architecture of the BCVTB is different from the above approach, it uses a modular
middlewareto couple any number of simulation programs. This approach provides a

central point for starting the simulation of all programs, establishing the communication
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channels, synchronizing the simulation time and stopping the programs, and it takes
advantagesf all software and will make models more feasible, simulating much fast.

Therefore, BCVTB is selected for this chapter.

The software architecture is a modular design based on Ptolemy Il, a software
environment for design and analysis of heterogeneotsrsygsit provides a graphical
modelling environment, synchronizes the exchanged datavesudlisesthe system

evolution during ruftime[57]. Figure 4.3 shows the architecture of the BCVTB.

Director

Simulator 1 i : Simulator 2

BCVTB
C library

+ configuration

configuration | '
' 1+ file

file

BSD Socket MG BSD Socket Jll BSD Socket HIMSH BSD Socket
Client : Server Server H Client

Figure4.3 Architecture of th@8CVTB[57]

In Figure 4.3, the middle with the dotted line, it marks the middleware that is used to
implement the BCVTB. The middleware has a director that triggers off each actor at
the synchronization time step. The directsoorganiseghe data exchange between

the actors. Each actor controls one simulation program. Prior to the simulation, the actor
writes a configuration file that specifies how the simulator can connect to the actor.
Finally, it sends a process signalgtart the simulation. It also starts a server that uses

the Berkeley Software Distribution socket (BSD socket). The simulation program reads
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the configuration file and connects to the actor through a BSD socket. This socket is

used to exchange data beemehe simulator and the actor.

In BCVTB, data is exchanged between the different simulation programs using a fixed

synchronization time step. And the sequence of exchanging data between simulators

and Ptolemy Il is illustrated in Figure 4.4.

Time steps i Initialization k?{] {(?1 ff‘f‘? 5 -3
"t =
simulatoril C Z : g
. :X2(0) s xe(1) K 1 X%2(2) .
< x1(0) ; o xa(1) : L xi(2) : x1(3)
Time gepsin ;"' : !,.* 5 K —
— e W e Y I ez P
BCVTB = g - ‘=
Initialization*s, k=0 P, k=1 iR k=2 i k=3
(o) ) Txel2) | ", xe(3)
: ' x1(0) ' xi(1) L xi(2)
Time steps ir * 8 ; ~
simulator2 Initialization k=0 k=1 k=2 k=3
Legend

[ callto a BCVTB Simulator actor.

----» Exchangedata between two BCVTB Simulator actors.

----- *+ Exchangealata between a BCVTB Simulator actor and a simulation program.
Initialization step in BCVTB, and in simulation program.

—> Time step in BCVTB, and isimulation programs.

xi(3) Variable x ofsimulatorl at time step 3.

Figure4.4 The SchematicDiagramof DataExchange betweeSimulators and BCVTH57]

In Figure 4.4, two simulators are going to exchange data via BCVTB, but more

simulators are feasible if needed. The dashed arrows indicate the data exchange

between the simulators and Ptolemy Il anddb#ed arrows show the data exchange

inside Ptolemy II.

94



Chapter 4 Reducing the Peak Power Demand of the Dwelling caused by the EV Charging using the

Firstly, the simulators have ftoitialise their data, and then these initial values will be
written to BCVTB, as illustrated by the arrow(0) for simulatorl. And then BCVTB

will send these initial values to the other BCVTB actors, as indicated by the dotted
arrows. Then, the process starts, Ptolemy Il sends the data including initial conditions
of simulators to the BSD sockets and the simutateceive them. This is indicated by

the arrow labeled:(0). When simulatorl receives td@ataand calculates the results,
which will be sent to BCVTB, then it will receive the new data from BCVTB. This

procedure will be repeated until the Ptolemy |l rezcits last time step.

4.3.2Interfaces Set up andthe Establishment ofDEIM

W

~ oS

EnergyPlus Matlab

Figure4.5 TheFrame ofDEIM

The frame oDEIM is shown in Figure 4.5, wherke model of the energy demaimd

the dwelling is built in EnergyPlus and the EVm®delledin MATLAB. The black

arrows indicate the data transmission of the temperature and power demand in the
dwelling and the green arrowspresent the data transmission of the control signals.
The currenttemperature and power demammdthe dwelling are sent to MATLAB
through BCVTB, and the control signal of the EV charging and heating system of the

dwelling will be determined in the MATLAENd sent back to EnergyPlus, based on
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the EV charging requirement with the data received from BCVTB. It can be seen that
through using BCVTB, the data exchange between two simulators can be achieved, and

corresponding interfaces set up will be introduicedetail.

1 Interfaces set up

EnergyPlus

—oo—o 2L |
| r |
: Externall nterface: Schedule i
' o External | nterface: Actuator !
interface | External Interface:Variable :
- BCVTB . Output:Variable |
: | ! EnergyManagementSystem:OutputV aricble
' Py L . !
| | ETT T — — —— —

| - |
L__?(it?[__' _Matlb
|
Matlab script i
|

Figure4.6 Interface Set upof EnergyPlus ad Matlab

From Figure 4.6, it shows the necessary interfaces set up in both EnergyPlus and Matlab
for using BCVTB. And it can be seéimatanexternal nterfacemodule has to be placed

in the EnergyPlus, which has the control availability of Schedule, Actuatat
Variable. The £hedulecan be used to overwrite schedules, which is widely used in
EnergyPlus for controlling appliances, equipment etc. The other two objects are used
in place of Energy Management System (EMS) actuators and EMS variables. The
Externalinteface will receive the data sending from BCVTB and stdmedrequired
information back to BCVTB. And theetup of Externalinterface in EnergyPlus is

shown in Figure 4.7.
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=========== ALL OBIECTS IN CLAS55:. EXTERMNALINTERFACE =—=—————=——==

ExternalInterface,
Ftolemyserver; - Name of External Interface

!~  ======———=c ALL OBJECTS IN CLASS: EXTERNALINTERFACE:SCHEDULE ==========-

ExternalInterface:schedule,

HeatingSystemstatus, I- Name
Any number , - schedule Type Limits Name
1; '- Imitial value

Figure4.7 Externalinterface Set Up in EnergyPlus

In Figure 4.7, théleatingSystemStatus a variable created for controlling the heating
system of the dwelling, which is determined in MATLAB. And the initial value is set
to 1, which means the heating system invilaem-up period is always on and it is only
valid in the warmup period. When the heating system in the dwelling is operating, the
variable HeatingSystemStatus is determined by the control strategy in the MATLAB.
And when HeatingSystemStatus is equal tedresents the heating system is on and 0

is off.

In MATLAB, it provides the interface for connecting the BCVTB and a MATLAB

script is used to set up the interface, which is shown in Figure 4.8.

From Figure 4.8, it can be seen that all variables habeitotialisedfirst andthe path

has to be added to the library. And thengbeckfdfunction is invoked to establish a
BSD socket connection between MATLAB and EnergyPlus, and based on this
connecton, the exchangeDoublesWithSocket function is usedctoeve the data
exchange between MATLAB and EnergyPlus at each time step. In Figure 4.8, retVal

flaRea simTimRea and u represent the values obtained from BCVTB and will be
used in the MATLAB. And MATLAB has to submit sockfdflawri" length(u)

simTimWri andw to the BCVTB.
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% Initialize variables

% ... (not shown)

%0434 % 4% e %4 94 3% 5% % % %6 a6 a6 %o 90 % B0 % B0 %% % %% %% B 6 B %6 B %0 % B % B % B %
% Add path to BCVIE matlab libraries

addpath( strcat(getenv( BCVIB_HONE ), * /lib/matlak’ ));

%% %0 % % %% %o % % %o a6 %o % %o % B %% B % %o %o B a6 B %o % B % B %% % %6 %6 B 6 B 6 B % B B e e
% Establish the socket comnection

sockfd = establishClientSocket { socket. efg’ ) ;

%% K 3 A% e 9 9 K B % % e o o B K B B % e B B e o B B B B e e
% Fzchange data (call this at each time step)

% ... (loop over each time step)

[retVal, flaRea, simlimRea, dblValRea ] = ..
exchangeDoublesWithSocket (sockfd, flaWri, length(u), simTinWri,w);
%% K 3 A% e 9 9 K B % % e o o B K B B % e B B e o B B B B e e

% Close socket at the end of the simulation

closeIPC(sockfd) ;

%K% % % % o e % K %o K B Mo B 6 o B %o % S S K e e e B B B S e B e
% Exit MATLAB

exit

Figure4.8 The MATLAB Script forinterface Set Up

9 Establishment of DEIM

With the interfaces set up successfully tire early section, the EnergyPlus and

MATLAB are able tobe connected via BCVTB, therefore TREIM is ready to use

and the configuration is shown in Figure 4.9.
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SDF Director BCVTB implementation of Co-Simulation of

= imeStap: 10°60 EnergyPlus and Matlab.
e beginTime: 0 Variables in EnergyPlus are passed to Matlab,
e endTime: 24"3600 where the controls are implementated and variables
are sent back.
Plotter
|
7 Plotter3

Matlab EnergyPlus M

Simulator L l Simulator]

Modified by Xaodan Nan

A 4

Figure4.9 The Configuration of th®EIM

On the top left of Figure 4.9, in greeolour, is the Synchronous Data Flow (SDF)

director, which is used for controlling the communication between simulators. The

section next to the SDF director is the place to set the time step, begin and finish time

of the simulation, and it has to be noticed @idbthose information has to be set exactly

the same in both EnergyPlus and MATLAB simulators, otherwise, it will not work.
EnergyPlus sends the dwellingds temperatur
MATLAB, and then MATLAB will determine the heaty system status and EV

charging needs in the dwelling for the next time step based on the control strategy, and

send the control signal tie heatingsystem back to EnergyPlus through BCVTB.

4.3.3The Impact of the EV Charging on the Dwelling

Based on th®EIM, the energy demand the dwelling considering the EV charging
can bemodelled The dwelling and appliances usage are the same as in chapter 3.3 and
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Nissan Leaf 24s selectegdwith Li-thium battery, 24kWh capacity, 6.5kW of charging
rate and 84 mike of the maximum travel range2]. And, the SOC before charging is
assumed to be 10% and SOC after charging is 90% with 67.2 miles. Furthermore, 3rd

Jan and Birmingham weather fikeselected for thenodelling

According to the energy demand model estdigld in chapter 3, the powsdemandn
the dwelling, when there is no EV charging while ASHP using-dbutn control, is

shown in Figure 4.10.
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Figure4.10 The Power Demanith the Dwellingwithoutthe EV Charging

In Figure 4.10, the blue line (Dweily) is the total power demaid the dwelling, the

black line (Appliances) indicates the power demand of the appliances and the green line
(Indoor Temp.) represents the dwelling temperaturemHFigure 4.10, it can be seen

t hat becaus e behaviotly hoemaltly,dhe merrang peadkspower demand
occurs between 6:08:00, and it is 4.878kW at 6:04 in tmsodelling And between
8:00-16:00, the occupant is out for work and the ASHP ist sltawn, only few

appliances are in operation, likedge. Additionally, the PV/T panels are generating
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electricity during this period andesultin negative values in power demand. In the
evening, the occupant arrives hoaral the evening peak power demand occurs around
18:0019:30, and it is 5.279kW at 18:31 in tmodelling Duringother period of the

day, the ASHP is operated based on the dwelling needs of maintaining the comfort

temperature.

According to[117], the most kely time of EV arriving home is 18:00, therefore, the
start charging tim¢SCT) of the EV is assumed to d8:00. The total power demand
in the dwelling considering an EV is illustrated in Figure 4.11, indicated by the red line,

Dwelling (+EV).

12 L L L L L ( L L L L L L 235
Appliances [ W
s 106 Dwelling H 23
=z g~ P‘éve"'ngT(JfEV) 1ﬂ 12250
T \ ndoor Temp. I .
< 122 3
=
e -21.5 o
: -
I—
8 21
-120.5
_2 r r [ r r [ r 20

[e)Bnl

[ [ r
8 10 12 14 16 18 20 22 O 2 4
Time (h)

Figure4.11 The Power Demanéh the Dwellingwith the EV Charging

Figure 4.11lillustrates the power demandthe dwelling when EV is considered and it
clearly shows that the evening peak power demand occurs at 18:31, 11.779kW, due to
the coincidence of thehargingneed of the EV and the original peak power of the
dwelling, the peak power demanfithe dwellingis increased significantly by 123%.

And this will havean enormousmpact on theDN. Furthermore, the power quality,
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power loss etc. of thBN will be impacted directly when a lot of dwellings are having

peak power demands aroutie sametime.

4.4 Reducingthe Peak Power Demanaf the Dwelling Caused by

the EV Charging

From chapter 4.3, itan be seen that due to the ENargingneeds, the peak power
demandof the dwelling will be increased dramaticaiyd it will directly affect the
power quality, power losses etc. on fBB. In order tominimise the impact, load

shifting and battery storage system are considered in this chapter.

4.4.1Reducing the Pe& Power Demandof the Dwelling using Load

shifting Method

Load shifting method will be employed when the comfortable level of occupants is
ensured toeduce the peak power demasfdhe dwelling ananinimisethe impacts of

the EV charging on the dwelling and the DN.

When considering load shifting, theazhderistics of the power demandthe dwelling

have to be understood clearly. From Tablé &nd Table &, it can be seen that the
power demand of lightings, computers, fridges etc. is highly depending on the
0 ¢ ¢ u phehavtiosirdwhich cannot be shé#d. The heat pump of the heating system
hasa periodiccharacteristic, and it aims to maintain the dwelling withindbmnfort

level, which isrecognisedhasa controllableload. Furthermore, the EV charging needs
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to be finished beforthenextdeparture and it can be shifted along the time but the total

energy demand of the charging is fixed. Therefore, the heat pump of the heating system

is controlled taeduce the peak power demaridhe dwelling and also the E8harging

is shifted to move the peak power demand. /
+ Gap Chargingdéd and o6Shi ft + A @jinutsst Charg
chapter taeduce the peak power demasfdhe dwelling caused by the EV charg.

The characteristics of the EV are used the same@kadpterd.3.3.

Table4-3 Three Scenarios of the Load Shifting Method

Scenarios Description
&hift Charging EV charging stas from 2300
EV charging starts from 23:00 and it charges when heat p
of the heating system is off
EV charging starts from 23:00 and it charges wheatpump
&hift + Adjust Charging of the heating system is off while the dwelling tempemaisar
set to a lower value

&hift + Gap Charging

f6Shift Chargingdé Scenario

Il n 6Shift Chargingd scenario, the EV charg
adding up the evening peak power demand. Woesidering the power demaimthe

dwelling, the EV charging starts from 23:00. In Figure 4.12 atshthe power demand

int he dwelling with 6Shift Chargingbé. And i

is reduced from 11.779kW to 9.215kW and reduced by 21.8%.
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Figure4.12 Power Demanih the Dwellingwith Shi ft Char gi ngd

f6Shift + Gap Chargingd Scenario

In this scenario, EV will be charged when the heat pump of the heating system is off to
avoid adding up of the power demand of the EV and heat pump simultaneously. And
EnergyPlus will send the status of the heat pump, dwelling temperature and current
powerdemand to MATLAB through BCVTBand therMATLAB will determine the

charging strategy of the EV.

Figure 4.B is showing the power demamdt he dwel | i ng with oO6Shi ft
scenario. It can be seen that the peak power demand is reduced fronk\W11679
8. 716kW at 06: 11, which reduced by 26. 0 %.

peak power demand is reduced even more.
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Figure4.13 Power Demanih the Dwellingwith &hift + Gap Chargingy

From Figure 4.13, it can be seen that due to the shifted EV charging, there is a new
peak created in the morning, which indicates that the selected charging period is not
reasonable. Therefore, the EV charging starts from 21:@0dsen, and the power
demandin the dwelling is shown in Figure 4.14. The peak power demand is further

reduced to 6.830kW at 22:25, which is reduced by 42% compared with no scenarios at

all.

Power Demand (kW)
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Figure4.14 Power Demandh the Dwelling with &hift + Gap Charging(21:00)
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From Figure 4.14, the valid charging time of the EV is 3hrs between charging period
23:00 and 06:00, which means that the SOC of EV can be maximumly charged to 77%.
Therefore, when the EV charging nesdver77%, theSCThas to be set to 21:00 and

if not, 23:00 will be used.

Figure 4.15 shows the power demandhe dwelling when EV charging neei70%
andstartscharging at 23:00. It can be seen that the peak power demand is reduced from

11.779kW to 6.552W/, which is reduced by 44.4%.

12 L L L L L L L L L L L 235
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= gl Dwelling(+EV) 1225 :C,‘
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Or U 120.5
_2 r [ r [ r r [ r r [ r 20
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Time (h)

Figure4.15 Power Demandh the Dwellingwith &hift + Gap Chargin®(70%)

Overall, withé&hift + Gap Chargingy when the E\chargng needs smalker than 77%,
the SCTis set to 23:00, and if the Edhargingneedis over 77%, it will be 21:00 to
reduce the peak power demand.

f6Shift + Adjust Chargingd Scenario
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The 6Shift + Adjust Chargingdé Scenari o set:
values, but the comfort level of the dwelling is still satisfied, and the EV will also be

charged while the heat pump is off.

From 23:00, when the dwelling temperature is over 22 degrees, the heat pump is off
and then EV is going tohargeif the dwelling tenperature is below 21 degrees, the

heat pump is on and then EV stops charging. This process will repeat until EV is fully

charged.

In order to achieve this scenario, the BCVTB will be used. EnergyPlus sends the status
of the heat pump, dwelling temperatuand current power demand to MATLAB
through BCVTB, and then MATLAB will determine the status of the heat pump and
EV charging process of the next time step based on the information from BCVTB. The
control signal of the heat pump will be sent back to §yflus and the control of the

EV is competedn MATLAB.
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Figure 4.16 is the powerdemaimt he dwel |l ing with the O6Shi ft
can be seen that the peak power demand is reduced to 6.552kW, which is 44.4%

compared with no scenario employed.

Table 44 shows the dwelling temperature and peak power demand under different

scenarios] t can be seen that the dwelling temp
Chargingdéd and the o0Shift + Gap Chargingéb
Chargingdé, the dwelling temperature is bet:

comfortlevel.

Table4-4 The Dwelling Temperature and Peak Power Demand under Different Scenarios

Peak Power Reduced Dwelling
Scenarios Demand Percentage Temperature

kw % N
None 11.779 0 23
6Shift Chargi 9.215 21.8 23
23:00 & >77% 8.716 26.0 23
60 ShtHGagChar g| 21:00 &>77% 6.830 42.0 23
23:00 & <77% 6.552 44 .4 23

6Shift + Adjust 6.552 44.4 21~22

From Table 44, it clearly shws that the peak power demanél the dwelling is
dramatically reduced through employing these three scenarios, especially two latter
scenarios, the peak power demand is close to the charging power of the EV. And all
these scenarios successfulgluce the peak power demasfahe dwellirg caused by

the EV charging and are ablertonimisethe impacts on theV DN.
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4.4.2Reducing the Peak Power Demandsing Load-shifting Method

with the BSES

In Chapter 4.4.1, through using loadfshg, the peak power demand of the dwelling
is dramatically reduced. The power demand, while the occupants are not in the
dwelling, is relatively low and even the power is sent back to the grid when the PV/T
panels are generating. However, the power demand istgghewhile the occupants
are in the dwelling. Therefore, there is a clear pedley curve of the power demand

in the dwelling, which will affect the operation of th¥ DN.

Hence, BSES is installed in the dwelling together with the load shifting applied. When
the power demand is relatively low in the dwelling, the BSES wikthergedand is
going to discharge when the EV is charging or the power demand is high. It is able to

achiewe peak load shifting and smooth the power demand curve of the dwelling.

According to[117], 95% of the daily trip is shorter than 25 miles. And when the daily
trip is 25 miles, the energy demand i5I7kWh for Nissan LEAF 24 based on the
assumption of 80% radecapacity of the battery. Therefore, 10kWh BSES is selected
with 8kWh effective capacity. From Chapter 3, the annual electricity generation is
2948.60kWh and daily average generation is 8.078kWh, which the BSES can be

satisfied.

The charging period ohe BSESTb-chargingiS between 08:00 and 16:00, because of the

power generating of the PV/T panelslarlatively low power demand the dwelling.
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And the BSES is charged at a constant power Rag,which can be expressed in

equation (41),

. _(0.9- s0G...e)
inb — h T

inb " b- charging

(4-1)

whereSOG.et indicates the energy left in the BSES friime previousday, dins is the

charging efficiency, 0.95 is used, a@glis the capacity of the BSES.

When the charging demand of the EV is smaller than the energy stored in the BSES
(EV < BSES), the BSES will be discharged at 6.5kW and the EV charging will not
affect the peak power demaimthe dwelling. Furthermore, if ther@ much energy left

in the BSES, then it will be used teduce the peak power demanahe dwelling.

When the charging demand of the EV is larger than the energy stored in the BSES (EV
> BSES), the BSES will be discharged at a constant rate until 109 cdted capacity

reached. This process is done in the MATLAB of Ti&M.

TEV <BSES

When the charging demand of the EV is smaller than the energy stored in the BSES,
the BSES is going to discharge at a constant rate, §.&kdthe EV charging is not

going to increase the peak powerthe dwelling. When EV charging is finished and
there is energy left in the BSESQOGet, and then it can be used to reduce the original

peak power demand in the dwelling.

The discharging power rate of the BSES when EV charging is finishegd,can be

expressed in equation-@, wheretpeakis the total time of the origingdeak power
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demand of the dwellindasts anddout is the discharging efficiency, 0.95 is selected,

and the BSES is discharging at a constant rate.

h,.u|SOC,,- 0.1
Pub = tb( tQﬂ )Cb (2)

peak

Pmin is the minimum power rate of the dwelling duritpgak When Pouth <= Pmin, the
BSES is going to discharge Bsit, whenPout > Pmin, the BSES is discharged Bsin.
When the EV charging occurs at the same time of the original pwedr glemandn
the dwelling, the discharging power rate of the BSES is the total Bfifa@and the EV

charging power rate. And From Figure 4.10,tHagds 2.5hr an®Pminis 1.465kW.

Whenthedaily trip is assumeé as 5miles, the power demaindhe dwelling is shown

in Figure 4.17. The black line (BSES) is the charging power rate of the BSES, the blue
line (Dwelling (+EV)) represents the power demandhe dwelling without the BSES

and the red line (Dwelling (+EMvith BSES indicates the power demand the
dwelling considering the BSES. From Figure 4.17, it can be seen that the BSES is
charging between 08:00 and 16:00 constantly, and discharging during 18:00 and 19:30
when powerdemands in the dwelling increases, which reduce the peak power from
5.279kW to 3.814kW, equally 27.8%. When the EV starts charging from 23:00, the
BSES is discharging to compensate the power demand causedby.tAed when

the power demaniah the dwelling starts increases in the morning, the BSES discharges
again and it helps to reduce the peak power from 4.878kW to 3.413kW, which is 30%.

From the overalView, the daily power demand the dwelling becomes smoother.
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Figure4.17 Power Demanéh the Dwellingwith the BSES
TEV > BSES

When the charging demand of the EV is greater than the energy stored in the BSES, the
BSES is going to discharge at a constant power rate until reaching thef f8sated

capacity.

Whendetects an E\étartscharging,the chargingtime can be calculated based on the
SOCof theEV, SOGef, which is shown in equation &)

. 090G,

charging — EV
o hinevPEV

()

wherePevis thechargingpower rateof the EV, 6.5kWis usedanddinev represents the

efficiency of the EV chargind.95 is used

And the discharging power ragut of the BSES is determined by equatidrj.

_(0.9-0.C,
outb — T

charging

(4-4)
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Cois the capacity of the BSE&sumehat the SOC of BSEfingesrom 90% to 10%

Assuming the dwelligg ssenadeo, 0the f po®bar
dwelling is shown in Figure 4.18. It can be seen that the BSES is charging between
08:00 and 16:00 and discharging from 23:00 at 2.451kW when the EV starts charging.
And the peak power demand is reduced from 9.215kW to 6.764kW, which is 26.6%.

Moreove, the daily power demarid the dwelling is smoothed.

10 L L L L L L L L L L L T

BSES
Dwelling(+EV)
6 Dwelling(+EV) With BSES

Power Demand (kW)

[ [ [ [ [ [ [

[ r r [
8 10 12 14 16 18 20 22 O 2 4 6 8
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Figure4.18 Power Demandh the Dwellingunderdhift Chargin@with the BSES

Above all, when the dwelling installed the BSES, the peak power demand is further
reduced and it smooths the peadtley curve of the power demand, whigtinimises

the impacts on theV DN.

4.5Summary

In this chapter, based on the analysis ofdhargingneed of the EV, th®EIM is

established using the BCVTB to achieve intgong the energy demand modielthe
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dwelling and the EV charging model. It is the essential foundation for the further

analysis of the impacts of the EV charging of the dwelling and VhBN.

Based on th®EIM, an individual dwelling isnodelledin order toanalysethe power
demandin the dwelling when considering the EV charging. And through using load
shifting method and tnBSES, th@eak power demand of the dwellingused by the

EV charging is reduced.

A@)Based on the | oad shifting method, three
Chargingdé and o6Shift + Ardducetisetpeakpoaer gi ng o,
demandin the dwelling. And from the results, the dwelling temperature is
mai ntained under 6Shi ft Chargingdé and 65S
under O6Shi frtgi+n gAbd jsucsetn aGhiao , the dwelling
range of 2122 degrees. Most impiantly, thepeak power demand of the dwelling
is reduced dramaticallgspeciallyin the latter two scenarios, which can reduce the

impacts on théV DN.

(2) Based on th load shifting method, the BSES is considered in the dwelling to further
reduce the peak power demand caused by the EV and also the other peak. From the
results, it does help to reduce the peak power demand and also smooth the daily

power demand profileyhich is good for the network operation.

In this chapter, the peak power demand of an individual dwelling considering an EV

charging is dramatically reduced. However, when looking at a large sc&¥ sof
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charging, the impacts on th&% DN and possible ways toinimisethe impacts will be

discussed in the following chapters.
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5.1Introduction

Impact of large scales &Vs charging on distribution systems has been evaluated by
many researchers, however, the majority of the early studies have used a deterministic
approach to establish the travel patterns, collected data directly or expected values and
averages OEVscharaceristics[123]. This approach fails to reveal the stochastic nature

of travel behavioursof EV and the deterministic or averaged variables of EV
characteristic may not always reflect the acheddavoursof EVscharging, even some
extreme situation might be missed. In this sectits charging demand profiles with
different granularity are presented, and the impackEd$ charging on LVDN is

investigated in different EV penetration.

In chapter 4,he deterministic method is used to reduce the peak demand of a dwelling
when an EV is charged. However, thegerministic method does not reveal the random
nat ur e of beRavioudflld]anel due & the increasing diversity Vs in
theurbanarea, the daily travel distance, battery capacity and driving pattefs of

will have stochasticharactastics, consequently, thesdharacteriscs might result in

a new peak power demand.

Therefore, in this chapter, a community les€householdss analysedather than an
individual dwelling in chapted, and various factors are involved, such as EV battery
types, EV lattery capacitySOC daily travel range, maximum travel range etc. Monte
Carlo simulation, as a stochastiodellingapproach, is one of the most populhoices

in manyliteratureg80], also is employed in this chapter. Based on these methods, the

impacts ofEVs charging orLV DN are investigated, and a feasible method to reduce
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the impacts fronEVs charging is developed. In this method, each individual dwelling
is treated as micro-grid and a storage battery is installed in the dwelling to store PV
generation. WhertVs are starting to charge, the storage battery will discharge to
compensate the pegpower demand created BWVs and reduce the voltage drop and

power losof the DN.

5.2The Mathematical Modelling of EVs Charging Demand

A reliable model which iscapable of translating the travel pattern€Edfs into the
respective power demasids the key of establishinthe profiles ofEVs charging
demand. According to the drivepreferencesand travel patterns, the battery types
and capacity, travel range BVs, SCT, daily travel distance and etc. canrhedelled
based on certain distributions. In mditgratures the chargingpower of an EV was
assumed to be a constant valli2z4][80][123][125], which is not able to refle¢he
stochastic characteristics &Vs charging.Hence in this section, the mathematical
model ofthe chargingdemand profiles oEVs will be formulatedusingthe stochastic

method.

5.2.1Battery Types, Capacity and Travel Range oOEVs

Throughlooking at the current EV market in the UK, there are two dominant EV battery
technologies Leadcid andLithium-ion. Leadacid battery is the most widely used
batteries in the EV world, because the costlatively low, and it can be found and

bought easily from the local market, also it is generally consideredhe bafebattery.

11¢€
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However, Leaehcid battery is heavier compared with Lithiwom battery, which
affects the overall efficiencyLithium-ion battery can offer top performee and
optimum vehicle capacityMoreover, regarding battery lifespan/asts longer than
Leadacid battery. And in this research, it was assumed that 48éssHre using Lead

acid battery, and 60% akéthium-ion.

The paver demandPq, and SOCSOG, of Lithium-ion [126] and Leadacid[127] are

shown in Figue 5.1 and 5.2 with the 10mins time step.

Regarding the characteristiocbtheSOC and power demand profijéscan be seen that
the EV usingLithium-ion battery is able to be fully charged in 5hrs, however, the
charging timecostslongerto 7hrs forthe EV installedLeadacid battery. Moreover, it

can be found thafpr the Lithium-ion battery, the charging powernsostly stable in

4.5hrsatthe peak value of 6.5kW and then drops dramatically in the last half an hour.

And in Leadacid battery, the chairtg power is increased rapidly in first half an hour
then slowly reaches the peak of 6.4kW, and thers igradually down in5hrs.
Additionally, the SOC okeadacid battery reaches the 80% in approximately 3hrs, and

it takes around 3.6hrs for Lithition battery.

EV battery capacitp of type M1is determined by the capacity data from the EV
database of EU MERGE projddtl6], with the battery capacity between 10kWh and
72kWh. And the most proper probability density functionygfet M1is found to be

Gamma distribution shown in equatid®) with the parametdd= 4.5andb = 6.3

b? a
f(CEV|a' O:@CEV 7 (5-1)
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Figure5.1 The SOC andPower DemandProfile of the Lithiumion Battery[126]
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Figure5.2 The SOC andPower DemandProfile of the LeadacidBattery[127]

EV maximum travel rangeDmax is determined by the battery capacity. In the EV
database, th€ev and Dmax data ofEVs are provided, the mathematical relationship

12C
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betweerCev andDmaxparameters can be found by employing polynomial fitting shown

in Figure5.3.
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Figure5.3 The MathematicaRelationship between EBatteryCapacity andMaximumTravelRange

The red plus sign indicaeach individual EV battery capacity and its corresponding
maximum travel range fronthe database, and the blue square sign shtwe
polynomial fitting resultshatobtainedfrom equation §-2).

D, =0.001C_° -0.1228_.2 +8.77X3., -8.6 (5-2)

5.2.2The SCT of EVs

TheEVSCTmost | i kel y dep e nlkbkavieurswhicthaee assumed er s 6 t
to comply with their lifestyles. And its assumedn this chapteithat an EV starts
charging once it arrives home. As discussethmearlys ect i on, the drive

patterns have stochastic nature whishhard to capture by using deterministic
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approab, therefore, the SCDf each individual EV in thenodellingis determined
based on the probability of vehicles arriving home from the Time Use Survey (TUS),
2000 United Kingdonj16]. Particulady, there are some other surveys, like National
Travel Survey (NTS), Transport Statistics bulletetional travel survey, providirthe
participants dayo-day activities, however, the TUS data, it offers the detailed data on
privately owned vehicle use recorded over &h@dr period Q4:00amto 03:50am),
including time ofvehicledeparture and arrival home, average daily drivingetand
length etc. Moreover, the data recorded in TUS &dsgher resolution, 10mins
granularity, compared withther similar typs of surveyq128]. Therefore, TUS data

is employed in this chapter for calculating the SCT.

0.06
0.05
0.04

0.03

Probability

0.02

0.01

PP A VT T AT T T A D ™8IV D 8 S D L™ SO
SPPSP PSP FRSP RSP PSP
%57 6T T 90T TS ST ST N
Time/h

Figure5.4 The Probability of VehiclesArriving Home[16]

The probability of vehicles arriving home from TUS shown in Figieit can be seen
that around half of the vehicles recorded in the survey were arriving home between

16:00 and 20:00in order toestablishthe probabity modelling of the SCT of each
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individual EV, the Gaussian distribution, shown in equat®8)( is employed with the
parametersmean and standard deviati@s108(18:00) 1=10.8.

STG m)?
1 ( m

2s° 5-3
X e (5-3)

9(SCTm $)=

5.2.3The SOCof EVs before Charging

Developing theSOC of EVs before charging is one of the key steps in the whole
modellingof EV charging load profiles. It dominates the power demand prafilee
charging process of eaahdividual EV. Inliteratures the SOC before chargingas
normally assumed at a certain level when EV arrivétbate in [124], it was assumed

that battery returned with half its capacitinis assumption is reasonable based on the
fact that most of the daily trips are short, but it could not reveal the stochastic nature of

EVstravellingmobility.

Therefore, in this research with the objective of capturing the stochastic nakWe of
travelling mobility, the SOC oEVs before charging is calculated based on daily travel
range Dye, Of each individual EV. According to the general information available on
private vehicle trave]129], the probability distribution of aly travel range can be
obtained and the probability density functiari the daily travel range oEVs can be
expressed in equatiob-4).

1 2 Dre” 12 (5-4)

h(D.|m §)=————¢e? = O, %

Dtre \ 2p §

12:
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Where thee is the mean and is the standard deviation of the probability function.
Based on the data extracted fr¢h30], for type M1, the mean of the distribution is

22.3miles and the standard deviation is 12.2miles.

When the daily travel range is determined, the SOEMWH before charging then can
be derived from the equatiob-§), by assuming the SOC tfeindividual EV drops

linearly with the rangéraveled[81],
_ D
SOQef - /( SOQ - D ) (5'5)

where_ represents the coefficienf the energy efficiency oEVs, it is utilised for
considering the energy loss caused by the acceleration and decelerBsdefived

on the road when facingal traffic, and it could be varied randomly in the range of
[0.9,1.0]. SOG, is the SOC of an individual EV before travel and it is assumed to be

uniformly between 0.8 and 0.9.

5.2.4The Charging Demand Modelling ofEVs

From Figure 5.1 and Figure 5.2, the power demand and SOC of an individual EV at

charging timdch can be expressed in the following equatio®)and (57),

P, = f(ty) (5-6)

SOG = f(1,) (5-7)
Wheretch is the charging time in Figure 5.1 or Figure 322js the power demand at

time teh of an individual EV SOG is theSOC of the EV atime teh.
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Figure5.5 The Overall Structure of theModel.

When the SOC before charging of the B Gey, is determined, thignnercan be found
on either Figure 5.1 or Figure 5.2. Amngl can be calculated froraquation(5-8).
Consequentlythe power demand and SOC of an individual EV at any ticen be

calculated from equation {(&).
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tch :tch bef t SCT (5_8)

The overall structure of charging demanubdelling of EVs is illustrated inthe

flowchartshown below in Figur8.5.

5.3The Impacts of EVs Charging on LV DN and the

Minimisation

5.3.1Introduction of the LV DN

A typicalLV DN [131]is selected foanalysinghe impacts of large scales, community
level, of EVsOcharging. The configuration diie networkis shown in Figure 5.6 and
the detailed information of the netvkois categorisedn Appendix B, TableB-1. The
left side of the 500kVA transformer is thefficientnetwork supply, and at Bus 2, there
are 4 feeders, three of them are assumed to be constant loadachith62.4kW and
one of them ismodelledas acommunity feeder supplying 96 households with 24

households distributed on each bus, each phase has@&hwids.

The Electric home is selected as tnedelleddwelling in this chapter. The main
electrical consumers are electrical equipment and the EV, and the power generation is
from PV/T panels. The power factor is assumed to be 0.9 and the reactivefioover

PVIT panels and E& charging are neglected.
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BUS1 BUS2

500kVA 5 } P=3x62.4W

—>

@ BUS3 BUS4 BUS5  BUS6
| | | |

11kV 400V 24loads 24loads 24loads 24loads

Figure5.6 The Configuration ofV DN

Apparently, the worse impact &Vs charging onLV DN has much more chance
happening in January as power generation from PV panels is low andatyeof
electrial equipment is high. The power demdadelectrical equipment is generated
from [20] and the average generated power of PV pandlarinaryis shown in Figure

5.7. Due to all households are located closely, the power generation for each individual

dwelling is assumed to be the same.
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Figure5.7 Averaged PV Generation franuary

5.3.2The Impacts of EVs Charging onLV DN
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The time periodor the impact analysis is selected from 00:10 to 24:00 and the time

step is 10mins.
1 The analysis of theLV DN without EVs charging

The power demand profile of the electrical equipmenteach96 households is
generated based on the usage probabilitii Monte Carlo simulation methd@0],

and then the power floanalysis of thédN can be carried out using Newt&aphson
method.With the increasing simulation times, the minimuattage of the community
feeder is shown in Figure 5.8 in red sloand the black line represents the average
minimum voltage. When the number of simulatiomes is small, the values of the
average minimum voltage are varied. Ardh the increasing number of simulation
times, theaverageminimum voltage is going to beonveted Moreover,when the
number of simulation times reaches 10,000, akerageminimum voltage of the
community feedeiis converged at 97.57%yith standard deviation 0.25%vhich

means thaveragevoltage drop is 2.43%

0.985

0.98 [rous Susdnin T v

T y &G:}'«xif”}
0 0.975 AL OOULY.
£ ?
>
& 0.97 =%
£ -
=

0.965

0.96 1 1 1 1 1

0 2000 4000 6000 8000 10000

Simulation times

12¢

on

LV



Chapter 5

Mi ni mi sing

t he

|l mpacts of

Chagrigi ng

Figure5.8 The Minimum Voltage alon&imulation Times witbut EVs Charging

Theprobability of voltage drop on each bus in the netwigrksted inTable5-2. It can

be seerthat the voltage drop on BUS6 mairdgcurs between 2% and 3%, and the

voltage drop on each bus is within the UK vgeiaegulation;6% to +10%.

Table5-1 The Probability of VoltageDrop onEach Bus witlout EVs Charging

Unit:%
Drop
NN [0 1%)] (1% 2% (2% 3% (3% 4% (4%DP)
BUS2 100 0 0 0 0
BUS3 73.76 26.24 0 0 0
BUS4 0 99.95 0.05 0 0
BUS5 0 33.26 66.72 0.02 0
BUS6 0 2.23 95.73 2.04 0

Theaveragébus voltage of theommunity feeder is illustrated in Figure 5.9. It can be

conducted that the maximum average voltage drop24,.@8curs on BUS6 at 17:40.

Moreover, in Figure 5.8, it illustrated the minimum bus voltdgributionand its

average value varied with simutat times, whilefFigure5.9 indicates the average bus

voltage of the community feeder along the time. Hence, the former value should be

lower than the latter one.

on

LV



Chapter 5 Mini mi si ng the I mpacts of EVs Chargridng on LV D

. 0.98 10.995
=
RS
(0]
on
E
€ 0.96 0.6
0.94 |
1 0.985
2
BUS No.

517192123

9 11131
6 1357 Time/h

Figure5.9 The Average Bus Voltageistribution of the Community Feedwiithout EVs Charging

The voltage distribution on BUS6 is shown in g 5.10the blacksdid line indicates

the average voltage. Due to the peak power generation of the PV panels around 12:40,
the voltage drop at thitime is the smallest. Anthe BUS6 voltage of 28 364" and

8531" simulation are also shown in Figure 5.10, they all follow the similar trend with

the curve of the average voltage, but the individual stochastic characteristic is also

revealed.
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Figure5.10 The Voltage on BUS6 of the Community Feeder witheus Charging
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1 The Impacts Analysis of EVs Charging on theLV DN

Only one EV is assumed in each household wE¥s chargingin the community is
considered. And the stochashbehaviourof EVs chargingis modelledbased on the
method introduced in chapter25 Thenthe power flowanalysis of theDN can be
carried out usingthe NewtonRaphsonmethod. Theminimum voltage of the
community feeder whekVs are charging is illustrated figure5.11 in red dots, and
the black linaepresentghe average minimum voltage. And it can be seen that with the
increasing simulationmes, the average minimum voltage is converged at 93.49%6 wit

standardieviationof 0.67%, which means the/elsge voltage drop is 6.51%.
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Figure5.11 The Minimum Voleage along Simulation Times witVs Charging

Furthermore, the standadldviation of the average minimum voltage of the community
feeder when consideringVs charging is much bigger than the one, which is 0.25%,
when the network is withouEVs. Therefore, it can be derived that th@chastic
behaviourof EVs charging considered in tteoammunity results in the worse voltage

distribution in the network.
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Table5-2 The Probability of VoltageDrop on Each Bus withEVs Charging

Unit:%

Drop | (o (1% (2% (3% (4% (5% (6% (7% | (8% | (9%
Bus 1%) | 2%) 3%) 4%) 5%) 6%0) 7%) 8%) | 9% b)
BUS2 100 0 0 0 0 0 0 0 0 0
BUS3 0 15.62 | 84.33 | 0.05 0 0 0 0 0 0
BUS4 0 0 1.69 | 83.95| 14.29 | 0.07 0 0 0 0
BUS5 0 0 0 0.03 | 16.60 | 64.50 | 17.95| 0.88 | 0.04 0

BUS6 0 0 0 0 0.41 | 2251 | 54.65| 20.19 | 2.10 | 0.14

Theprobability ofvoltage drop on each bus of the community feeder&Nbicharging
is catergorisedn Table 53. It can be seen that on BUS5, 18.87% of voltage drop is
over 8o and 77.08% for BUS6. Consequently, this is a serious @sthee DN, which

necessary actions have to be made.

The comparisomwf the probability ofvoltage dropon BUS6 of the community feeder
between the network witho&Vs charging and consideriri§Vs charging is shown in
Figure 5.12. The black one represents thitage dropdistribution of the network
without EVs charging and the red onedicatesthe one consideringVs charging.
From the figure, it clearly shows that the voltage drop on BUS6 of the community

feeder wherkVs charging involved is much worse thére one withouEVs charging.
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Figure5.14 The Voltage on BUSG6 of the Community Feeder Vidis Charging

Theaveragéus voltage of theommunity feeder is illustrated in Figure 5.13. It can be
seen thathe maximum average voltage drop, 5.59%, occurs on BUS6 at 18:40. The
black solid line in Figte 5.14 shows the average voltagUS6, and the 3§ 152"

and 684% simulation results of the BUS6 voltage are also illustrated. It can be
conducted that the bus voltage of the random samples fod@ivailar trend asthe
average value, however, thedividual characteristis can be found because of the
stochastidehavour of EVscharging. In Figure 5.13, due to the peak pogererated

from the R/ panels around 12:40, tleeragevoltage drop is the smallest on all buses,
wheras, the maximum average voltage dr@pensaround 18:40 because BWs

charging.
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Figure5.15 The Total Power Bmand of the Community Feeder with/with@\s Charging
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Figure5.16 The Total Power Bmand of the Community Feeder with/with@\s Charging

The total power demand of the community feedeltustratedin Figure 5.15 and the
total power loss is shown in Figure 5.16. In bédgures, the black line shows the
scenario that withoutVs chaging and the red line indicates the scenario considering
EVs charging From Figure 5.15 and 5.16, it can be conducted that the total power
demand and the power loss are increased dramatically E¥eare charging, and the

peak power demand occurs aroudD.
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From the analysis above, whEN's are connected in the community, frebability of
the voltage being out of the UK regulation is quite high, 18.87% on BUS5, and much
worse on BUS6, which is 77.08%. Therefore, it is necessary to take actions addressing

the impacts oEVs chargingon theDN.

5.3.3The Configuration oft he Dwel | igndgd6s Mi cr o

————— Information interaction
— Energy interaction

Home energy
management system

5 Smart meter

. Ty ,
el =M =
ety e § g
e T WA .
Battery storage EV Home load

energy system

Figure5.17 The Configuration of the DwellirGg Micro-grid.

In order to address the impadaused byEVs charging on theeV DN, a system,

consisting PV generation aIS E S , i's established to form t
which is shown in Figure 571 The Home Energy Management System (HEMS) is

createdto gathe the information of power demania the dwelling. Based on the
householdoads whichis created by thelectical equipmentPV generation and power

demand ofEVs charging, theBattery Management Syste(BMS) of charging and

13¢



Chapter 5 Minimising the Impacts of EVs Chargingon LVDNnonsjy t he Dwedgrhdi ngoés

dischargingstorage batterys controlledto minimise the impacts caused bigVs

charging on th®N.

The charging andischarging rangeofstorage battergre assumed to be between 10%
and 90% of the rated capacjiB2] and the power rate of charging and discharging of
storage battery are adjustable. The BSES will be chavhgedthe power demand of a
dwelling islower thanthe expectedalue Pinim and also the BSES does not reach 90%
of the rated capacity. And it is &to smooth the power demaimdthe dwelling. The

charging power rate of the BSES damexpresskin the followingequation (59)

S inlim 'Ph t v t Pinlim R Bv' & SOG 0.9
()=S0 B0 B B B B2 S0 09 g
I

wherePinim is the expected power demandhe dwelling.

Pn is the dwelling loads frorappliancs.

Prvis the PV generation.

SOG represents the status of the energy stored iBBiES.

When HEMS detects an Eatarts charging, thehargingtime can be calculated based
on the SOC otheEV, which is shown irequation (510)

. 09-50G,

charging ~— EV
o hinevPEV

(40)

wherePevis theaveragechargingpower demand of the EV arghev represents the

efficiency of the EV charging.

During the E\6s charging period, if the energy stored in the BSES is sufficient for the
EV&s charging process, the discharging power rate of the BSES is equal to the charging

power of the E\ds. Othawise the BSES will discharge at a constant power rate until it

Mi cr
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reaches the 10% of thatedcapacity. Therefore the discharging power rate of the BSES

can be deriveth equation (511), which ignoring the efficiency d&Vs charging.

&M (SOG - 0.1) )

3 C, h.(SOG- 0.1 0.9 SO

Puo=l  Towseg (806096 4 9 9 a
1 P, How(SOG-0.1) G 2(0.9 -SOG @

wheredout is the discharging efficiency of the BSES.

SOG is calculatedby amperehour integration approaclihe equationis shown as

(5.12, whichignoringself-dischargeate and barge and dischargdficiency[133].
1 4
SOG = SOG, +C— p) P o (5.12)
b

whereSOGy representsghe initial SOC of the BSES.

Py >0, representshargingstatus P, <0, representslischargingstatus

Based on the mathematicabdellingof the EV charging demand introduced in chapter
5.2, the density and distribution of an ENargingprobability are shown in Figure 5.18

and 5.19.

Charging probability density of EV

5 10 15 20 25
Charge of EV/kWh

Figure5.18 The Densityof an EVCharging Probalitly

13¢

on

LV



Chapter 5 Mi ni mising the I mpacts of EVs Chagriggi ng on LV

Charging probability distribution of EV

5 10 15 20 25
Charge of EV/kWh

Figure5.19 The Distributionof an EVCharging Probability

From Figure 5.9, it can be seen that the charging demand of E¥%is less than

5.59kWh, 6.86kWh for 60% Vs, 8.50kWh for 709%&Vsand 11.07kWh for 80%&Vs.

Because of the normal charging and discharging rang&8ES is between 10% and
90% of the rated capacity, tleéficiencyof the BSESn discharging mode is assumed
to be 95% to satisfy 50%, 60%, 70% and 80¥s charging needs in 24hrs, thus 8kWh,
10kwh, 12kWh and 15kWfor the selectedcapacity of the BSES.

BSES installed in each dwelling not only helps to reduce the peak demaméhande

the impact orDN caused byEVs charging, but also reduce the electricity cost for the

household when thiame of use pricing system is employed in the network.

5.3.4Minimisin g the Impacts of EVs Charging on LV DN using the

Dwel | i nggiid Mi cr o
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No

EV ischarging

Calculating the
discharging power
of BSESand
discharging

Calculating the charging
power of BSES

Figure5.20 The Flow Chart of the BSES Operation.

In order tominimisethe impacs of EVs charging on the networlkssuming the BSES

is not charged when the EV is chargititgg power demanuh the dwelling should be
maintainedaround aPinim. And the flow chart of the charging and discharging process
of the BSES is shown in Figure 5.20. Whba EV is starting charging, then the BSES
will be discharged taninimisethe possible peak power demand on the network created
by EVs charging. Duringother time periogl the charging power rate of the BSES is
determined by the power demand thre dwelling, whichhelps to keep the power

demand irthe dwelling close to the expected value.

It is crucial todetermingthe expected powePinim. Higher Piniim selected will resulin
thetoo short charging period ehe BSESand the charging process of the BSES might
befinishedearly, which could result in theeak power demand in the dwelling. On the

other hand, if lowePinim is selected, the energy stored in the BSES for later usage

14C
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might not be sufficient. Therefordye optimal expected powé?inim, should satisfy the

following criteria

(1) Make the best use of the PV generation.
(2) There is energy left in some BSES wiirs charging idinished
(3) The BSES can be charging as full as possiige the total power demand the

dwelling could be smoothed.

inlim

6 | Pnet ﬁ

Power(kW)

_2 1 1 1 1 1 1 1 1 1 1 1 1
1 3 5 7 9 1 13 15 17 19 21 23

Time(h)

Figure5.21 The Schematic Diagram of theharging Process of the BSES.

Figure 5.21 is the schematic diagrafrihecharging processf theBSES. The red li@
represents the power demandhe dwelling. WherPne<Pinim, the BSESis charging
and the energy can be stored in the BSE®pse&rted as the shaded areakigure
5.21 and it is equal t®.9-SOCho) Co/dinb, WhereSOGypis the initial SOC of the BSES,

dinb the charging efficiency of the BSES.
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C,=8kWh
12+
Cb:10kWh
Cb=12kWh
—~ 17 -
B Cb 15kWh
<
= pn————
S08F
Q, PSSR
06 [~
.
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1000 3000 5000 7000 9000

Simulation times

Figure5.22 The Expected Power DemamdDwellings, Pinim

The Mento Carlo method is usednhodeland generate the power demamdwellings
andEVs charging for 96 households. Initial SOC of the BSES8rigen from thelast
iteration, where the first initial SOC of the BSES is assumed equally distributed
betweer0.1 and 0.9. The expected powerim, will converge eventually When the
capacity of the BSES is selected as 8kWh, 10kwWh, 12kwWh and 15kWh, the
correspondindPinim are shown in Figure 2. It can be seen that withe increasing
number of simulation times, tHnim, is converged to 538.5W, 623.7W, 710W and

839.2W ,hence600W, 700W, 800W and 900W Bf.im are selected for the BSES.
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(0) 15kWh of theBSES

Figure5.23 The Minimum Voltage of the Community Feeder with Different Capacity of the BSES

Based on different capacities of the BSES withPitsm, using the same method in
chapter 5.3.2a investigée the impacts oEVs charging on theDN, the minimum
voltage of the community feeder is shown in Figure 5.23 in red dots and the black line
represents the average minimum voltage. It can betlsatwith the increasing amount

of simulation times, the average minimum voltage converges atanceaiue, which

are 95.04%a 95.39%& 95.69% A 96.05% with the standard deviation of 0.48%
0.45% 0.41% 0.37% for 8kWh, 10kWh, 12kWh and 15kWh BSES respectively.
And the correspondingverage voltage drois 4.96%& 4.61%a 4.31%aA 3.95%.

Furthermore, with the increiag capacity of the BSES, the voltage drop and the
standard deviation are both reduced, which indicghgergethe capacity of the BSES

is, the better theninimisationof the impacts caused Vs chargirg on theDN.
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