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Abstract

Influencing households to adopt sustainable energgsumption behaviour is
important to the transition towards a sustainablergy future. However, if one aims
at influencing the energy consumption habits ofgbeoone should also be able to
estimate the resulting effects on the entire enegstem. Residential demand
response to reduce load on the electricity netwwak largely been impeded by
information barriers and a lack of proper undermditagn of consumers’ behaviour.
What are not well understood and are of greataéstanclude load disaggregation, the
behaviour of customers when responding to demasgbrse request, load shifting
models and their impact on the load curve of thktyutThere is concern among
demand response practitioners, for example, thaiadd response in the residential
sector may simply move the peak problem with sé¢eden one point in time to
another. However, unavailability of appliance-ledeimand data makes it difficult to
study this problem.

In this paper, a generalized statistical model dgenerating load curves of the
individual residential appliances is presented.sEhdata allow one to identify the

relative contribution of the different componentstite residential load on a given

residential feeder. This model has been combinéld démand response survey in a
neighbourhood with 400 households in ChristchuMén Zealand, to determine the
effect of customers’ behaviour in reducing the hbmurhood’s winter peak demand.
The results show that when customers’ are givermmedd information, they would

voluntarily act to reduce their peak demand by &ald®©% during the morning peak

hours and 11% during the evening peak hours. Tineadd responsiveness of the
individual appliances is also presented. The affeness of customer behaviour
modification in maintaining system reliability itsa presented.
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1. Introduction

Demand response is defined broadly as “changekeatrieity usage by the end-use
customers from their normal consumption pattermesponse to changes in price of
electricity over time, or to incentive payment dgsd to induce lower electricity use
at times of high wholesale market price or wheneysreliability is jeopardized”
[USDOE, 2006]. Demand response resource is simpé rhagnitude of load
reduction that occur when demand response signaivien. One of the main
objectives of demand response analysis is to deterthis resource during demand
response event for the purpose of the event asadysl program evaluation. Two key
measurement components are essential to the detgiom of demand response
resource.

= Baseline — the consumption or demand that would have oedurif the
demand response had not taken place.

= Responsive Load- the observed consumption or demand that occuesiwh
the demand response signal is given and the aatedpparticipation is
achieved.

Since the responsive load during demand resporset & usually known, the key
challenge is how to accurately estimate the baselinthe baseline and responsive
load could be modelled, then demand response msowould simply be the

mathematical difference between the baseline amdetsponsive load, as illustrated in
figure 1.
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Figure 1: An illustration of demand response rese@stimation problem

The demand response resources is usually estirantedaggregate. In the residential
sector, a better understanding of the customenti@imaor the usage behaviour of the
different components of the residential load magodbe required. One of the main
barriers to residential demand response is the Eclproper understanding of
residential customers’ behaviour in respondingemand response requests [DRRC,
2007]. There is a concern among demand responsttiorzers that demand response
in the residential sector may simply move the paakblem with scale from one point
in time to another. Load disaggregation or the bigha of the different components
of the residential load will be required to stuttystproblem, especially the effect of
load shifting models on the aggregate load. Howawsgivailability of appliance-level
load data makes it difficult to study this problein. the following sections, a
generalized model to generate the load curve fiwemindividual components of the
residential load is presented. These data allowo@mgentify the relative contribution
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of the different components of the residential ltathe sector’'s peak demand and the
effectiveness of the individual households’ appi@sin reducing the peak load on
the electricity network.

2. Development of a Generic Appliance-based Load Curve

The appliance-load curve model is a “bottom—-up” rapph of generating the

aggregate load profile of residential customerswinich the pattern of usage of
individual appliances are represented. The bottpnapproach has been used, for
example, in the load model by Capasso et al. [Gapak994], where probability

functions representing the relationship betweenddégraand of a residential customer
and the psychological and behavioural factors glpa¢ households were established
through the use of a Monte Carlo method. Estimatimgse relationships at the
individual household level makes the Capasso emnatel highly complex because
these factors are extremely subjective and notyedsfined with any certainty at that

level.

In this study, the load curves of the major houkktappliances whose aggregate
defines the load profile of residential customeeyevgenerated using the method of
diversified demand. This method was developed byd&on in 1940 [GAnen, 2008]
to estimate the load on distribution transformergemw measurements of the actual
load are limited. The diversified demand method $&en increased interest in recent
times due to the revived interest in residentianded response and the need for
component by component analysis of residential.ldd&& method is straightforward
and makes use of standard behaviour of the vatygpes of household appliances as
applied to a group of residential customers through of statistical correlations.
According to the diversified demand method, if &aion can in aggregate be
considered statistically representative of thedessiial customers as a whole, a load
curve for the entire residential class of customeas be prepared. If the same
technique is used for other classes of customemslas load curves can be prepared
[GOnen, 2008]. The construction of the appliancadl@urve requires certain load
information to be available. Load saturation aratlidiversity data are needed for the
class of customers whose load curve is to be gesteréhe diversified demand takes
into account the fact that households may not beyua! the electrical appliances that
constitute the connected load of the house atdaheedime or to their full capacity.
The load curve is constructed from the most prabatdd — the load that creates
demand on the distribution facility.

Definition of Terms

The following terms relating to the power supplydatiemand are worth defining
before the method of diversified demand is intraatlic

Diversified demand — the demand of the composite group, as a whélspmewhat
unrelated loads over a specified period of time &9 2008]. It describes the
variation in the time of use (or the maximum udeiwm or more loads.

Maximum diversified demand — the maximum sum of the contribution of the
individual demand to the diversified demand ovepecific time interval.

Connected load — the sum of the continuous ratings of load-corisgnapparatus
connected to the system.

Feeder — the circuit which carries a large block of poweamh the service equipment
to some points at which it is broken into smaliecuats.

Residential feeder- a feeder that serves only residential customerfiouseholds



Distribution transformer — the device use to converts electrical energyhigher
voltage to a lower voltage, with frequency identidaefore and after the
transformation.

Hourly variation factor — the ratio of demand of a particular type of l@aadincident
with the group maximum demand to the maximum denadntiat particular type of
load [G6Gnen, 2008]. It is simply the percentagembliance load that coincides with
the group maximum load.

Appliance saturation rate — the saturation rate of an appliance categodefsed as
the percentage of households that own at leasbbagiven appliance.

3. Modelling Approach

Figure 2 illustrates the approach used to estirttegeload curves of the individual
household appliances. 1,F~, F; and F represent typical residential feeders, H,
...Hm are houses on a distribution transformer whichfagleby the feeder£A;, A,
... Ap represent the different household appliances. Veeage maximum diversified
demand of the appliance categories for a groupustomers is calculated from
equation 1.

MDD (av,max)i = MDD i* ni (1)
n =m*s, 2)

MDD(a, max)i IS the average maximum diversified demand of guliapce category
for a group of customer®§/DD; is the maximum diversified demand of an appliance
per customern; is the number of appliance of that categanyrepresents the total
number of households under consideration, anepsesents the saturation rate of the
appliance categoryMDD depends on the total number of appliamcelrhe MDD
corresponding to different for some household appliances is presented i tabl
[GOnen, 2008]. As the number of applian¢efsincreases the maximum diversified
demand per customer (MDDdecreases until it becomes a constant at largadues.

The hourly maximum diversified demand, MQRE; is calculated from equation 3.

MDD (t, maxji = MDDi* ni* fi(t) (3)

fi(t) is the hourly variation factors of the applianaegoriesfi(t) depend on the

living habits of the individuals in a particularear and may differ from location to
location. These factors define the pattern of theslcurves. The maximum load on
the distribution transformer at any time is givep the sum of the maximum

diversified demand of the individual appliances adetermined from equation 4.

N N
MLT (t.ma) = >_ MDD (t,max) =) MDD*ni*fi(t) (4)
i=1 i=1
Where MLT{ may IS the maximum load on the distribution transferrat any hour of
the day, andN is number of appliance categories ( i.e. washiaghime, heat pump,
clothes dryer, etc.).

4. Case Study in Christchurch, New Zealand

The generic household appliance load curve metlggodescribed above was
applied in a case study in Halswell, a small neagltbood in Christchurch, New
Zealand, with approximately 400 households. Theswall neighbourhood was
selected as a location for the case study duestonitque nature as the only area in
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Christchurch which has its own residential feedérere are no retail, commercial or
industrial load on this feeder. It was selectedriake it possible to compare the
modelling results with the actual load measurethieyutility.

|F | [B||R]||E] Lateral Line |
[
Residential : Distribution
Feeders Lateral Line 2 Transformer

Customers/
Households

Hl H2 H3 HN
' Appliances

Figure 2: lllustration of the modelling approach &ogroup of customers

<l

Table 1:Maximum 30 minutes average diversified demand pstatners (kW) for
given numberrf) of appliance [GOnen, 2008].

Appliances n=1 n=5 | n=10| n=20] n=4(
Direct Water Heater 1.1 0.37 0.2p 0.18 0.
Heat Pump 4.50 3.00 3.00 2.80 2.8
Electric Heater 7.00 4.00 3.50 3.20 3.1
Cloth Dryer 4.30 1.80 1.50 1.2( 1.0
Home Freezer 0.30 0.13 0.10 0.08 0.
Refrigerator 0.18| 0.077 0.06 0.0 0.C
Range 2.30 0.90 0.7( 0.60 0.5
Lighting & Misc. 1.10 0.65 0.60 0.55 0.5

The total number of each appliance categorywas determined by multiplying the
total number of households(= 400 in this case) by the appliance saturatioesrat
(s)- The appliance saturation rates for New Zealdtiddtricity-Commission, 2007]
were used for the location. The saturation ratieeat pumps was taken from a recent
BRANZ study [French, 2008]. The saturation rateelgictric heaters was adjusted to
reflect the situation at the Halswell area. Hal$wela relatively new suburb in
Christchurch with high penetration of heat pumpke Baturation rate of electric
heater is expected to be lower than the New Zeadarcage as space heating is done
mainly with heat pumps. Table 2 Shows the averageimum diversified demand
estimated for 400 households in Halswell, neighboad in Christchurch.

Estimation of the hourly variation factor, fi(t)

The hourly variation factord(t) reveal the behaviour characteristics of appliance
usage and depends on the living habits of the iddals in a particular location.
These living habits in turn are affected by theie@®conomic factors such as the
number of occupants in the individual householdsirtage and income. The hourly
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variation factors for New Zealand were estimatemimfrthe results of the first two

years report of New Zealand Household Energy Engl-Ri®ject (HEEP) [Stoeklein,

1998], and data from Orion Networks, the distribatcompany in the Christchurch
area. The HEEP study measured interval electragtyyand of household appliances
in winter in some regions in New Zealand. The daien the HEEP pattern of usage
and the information from Orion Network were usecetimate the hourly variation

factors shown in figure 3. Figure 4 shows the hoardximum diversified demand or

the load profile estimated for the 400 househollgh® Halswell residential feeder
compared with the actual profile measured by thityutn some selected days in

winter 2006.

Table 2: The average maximum diversified demancudatied for 400 households.

Diversified

Appliance Total demand per Maximum

saturation number of customer diversified
Appliances rate (%) appliance (kW) demand (kW)
Domestic Water Heater 87 348.00 0.72 250.56
Heat Pump* 35 140.00 2.60 364.00
Electric Heater** 93 372.00 3.00 1116.00
Clothes Dryer 34 136.00 1.20 163.20
Washing Machine 95 380.00 1.20 456.00
Freezer 64 256.00 0.08 20.48
Refrigerator 31 124.00 0.06 6.82
Fridge/Freezer 80 320.00 0.08 25.60
Microwave/Oven 78 312.00 0.50 156.00
Range 93 372.00 0.55 204.60
Lighting & Misc. 100 400.00 0.54 216.00

The appliance saturation rates were all taken ftoena recent study by the electricity commission
[Electricity-Commission, 2007] except * which waakén from recent BRANZ heat pump study
[French, 2008]. ** Saturation of electric heates leeen adjusted to reflect the situation as Halswel

5. Activity Demand Response in Halswell

In order to calculate the demand response resaifrtee Halswell neighbourhood,
the households’ willingness to adjust their demind hypothetical supply constraint
situation in winter obtained through survey in thaea was combined with the
appliance load data obtained through modelling {abte 3). The magnitude of the
customers’ Activity Demand Response (ADR) was datedl from equation 5. The
activity demand response of a customer group ime@fhere as the magnitude of
load reduction obtained as a result of customejastidg the usage of a given
household appliance.

ADR ity = MDDi (t) * dxi (5)

WhereADR(t) represents customer activity demand responsegbaigithe likelihood
that an appliance would be offered to participatedemand responselx, was
obtained by multiplying the probability that an &apce would be used during the
peak hours by the likelihood that the usage of saae appliance would be adjusted
in response to critical supply constraint at peakndnd hours. The survey results are
presented in table 3.

The average activity demand response for the Hélsweghbourhood is shown in
figure 5. The average activity demand responsendutie morning (07 — 08) peak



hours ranges from 2 kW for clothes dryer, reprasgrtist over 0.1% of the average
morning peak load to as high as 50 kW for eledigater, representing 3.4% of the
morning peak load. The highest activity demand aesp during the evening peak
hours (18:00 — 19:00) was 97 kW obtained from Ipeahp, followed by 32.6 kW
from washing machine, and 32.5 kW from electrictbealhe average activity peak
demand response was higher during the evening lpmais at188.4kW, representing
11% of the evening peak load, tham4 kW of the morning peak reduction,
representingnearly 10%of the morning peak load. Table 4 shows the deizility
demand response during the peak hours.

Figure 3: Hourly variation Factors determined fonter in New Zealand
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Figure 4: Estimated load curve for the 400 hous#hol Halswell compared with the

measured load by the utility in winter, 2006.
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Table 3: Likelihood of household appliance usagihafpeak times and the
corresponding demand response participation.

Likelihood of Peak
Usage (%)

Likelihood of
Demand Response
Participation (%)

Achievable
Household
Demand Response
Participation (%)

Appliances Morning Evening| Morning Evening Morning Evenir
Cloth Dryer 8 12 33 33 3 5
Computer 15 36 42 46 8 21
Dishwasher 12 31 37 36 6 14
Electric Kettle 65 61 13 19 10 15
Hair Dryer 46 4 31 35 18 2
Heat Pump 46 59 26 19 15 14
Heated Towel Rail 32 26 41 42 16 13
Microwave 44 49 22 17 12 10
Electric Heaters 21 18 33 28 8 6
Oven 9 47 49 40 6 23
Range 12 a7 42 24 6 14
Spa Pool 2 4 15 15 0 1
Stereo 10 6 33 33 4 3
TV 16 70 32 19 6 17
Vacuum Cleaner 17 12 35 35 7 5
Washing Machine 33 21 42 42 17 11

g

In a further analysis, the modelling result abowswompared with domestic water
heating load that are ripple-controlled by the ribsition company in the Halswell
area during critical evening peak hours. The restithis comparison is shown in
figure 6. The customer activity demand response lgiser than the domestic hot
water heating load that is ripple-controlled durthg evening peak hours indicating
the potential of voluntary customer demand resptmseaintain system reliability.
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Figure 5 Average activity demanresponse for 400 households at the morning
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Table 4: Peak demamdsponse (kW) for 400 househoin Halswell, Christchurc.

. Washing  Clothes . Electric  Heat
Peak Time Machine Dryer Range Microwave Heater Pump All
7.00 39.5 1.1 3.7 5.6 55.4 49.7 155.0
8.00 30.2 2.9 5.8 8.8 44.6 40.4 132.7
Morning 34.9 2.0 4.7 7.2 50.0 450 143.9
Average
0 i
A’Ofp'\gglr(”'”g 24%  01% 03%  05%  34% 3.1% 9.9%
18.00 32.6 2.4 28.6 6.4 36.8 113.4 220.3
19.00 32.6 1.8 8.6 4.7 28.1 80.6 156.4
Evening
Average 32.6 2.1 18.6 55 325 97.0 188.4
0 i
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Figure 6:Comparison cthe modelling results and ripplentrolled domesti
water keating load durin¢he evening peak hours in some selected da
winter 2006.




Demand Response in Christchurch

In order to calculate the potential of the actidgmand respon in Christchurch, the
peak demand reduction obtained for the 400 houdshal Halswell was pjected
onto the total numbehnouseholds in the Christchurch city (approximat&Bi,833
households). The resulting load curve after agtidemand response redistribut
was compared with theeasured loaon the entire Orion’s Distribution etwork on
the 19" of June 2006Note that the

» Measured load ia controlled load, as the Orion network had a day limit
of about 600 MW in 2006, and the peak lis controlledto remain below thi
limit.

= Load on the entire network has all customers (industcaimmercial ani
residential).

It was shown that the average mornpeak loadcould be reduced with the volunte
activity demand response by MW, representing 7.3% of the morning peak loac
the entie Orion’s network, while the evening peak loadlddoe reduced by 57.
MW, representing 9.3%Figure 8 shows the reduction in peak load if the res
obtained for the Halswell neighbourhood is projdctnto the total number
households in Christchch. This result is based on the assumption thatthe
households in Christchurch will behave the same wwaythe customers in t
Halswell neighbourhood. Indeea random demand responsé households i
Christchurch gave results similar to that of thdswell neighbourhoo
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Figure 7:lmpact of \oluntary activity demand response the entire Orion’
Networks

6. Conclusions

This papereports a generic methodolofor generating load curves of the individi
componentgappliances) that make up the aggregate load oypiaat residentia
feeder anckstimate the impact @ppliancedemand response on the load curve of
utility. The results of the survey conducted in Stwhurch about customers’
willingness to adjusthieir demand in a critical peak demand periwere used as
input into the model together with appliance sataraand load diversity to estime
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the voluntary activity demand response on a typrealdential feeder. The results
show that nearly 10% reduction in the morning pksid could be achieved. The
evening peak load could be reduced by just over.119% quite interesting to note

that this voluntary activity demand response is garable to the water heating load
that is usually rippled controlled by the electyadiistribution company in Halswell in

order to maintain system reliability. This suggetat, when customers are given
information and encouragement they would voluntet/to reduce their demand to
ensure system reliability.
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