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Abstract—Home Energy Management System creates the scopes to
small household electrical appliances users to participate in the demand
response programs. Among several load controllable -electrical
household appliances water heater is more suitable. Integration of water
heater is considered to manage the demand response events that can
contribute to smart grid technology. This paper represents a
thermodynamic load model for a water heater, which is considered as
to be controlled through direct load control for demand response
program. The daily electricity consumption and temperature profile of
the heater is also considered, the direct load control method is activated
to the heater as soon as the energy consumption reaches to 1 kW, with
the effects the device is turned off for next one hour. In results, it gained
a significant reduction in the electricity consumption for the users
without making any discomfort as temperature does not reduce to
disruption level. Real time electricity pricing is also compared which
implied financial benefit to the consumers. The result exhibit that the
method applied to this heater can contribute and participate in the
demand response events.

Keywords—Home  Energy Management Demand
Response, Direct Load Control, Load Modelling.
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I.  INTRODUCTION

There is increase in electricity generation by renewable
energy resources due to the growing need.of low-carbon
electricity. Demand response (DR) helps to make a balance
between the load and power generation<in our, conventional
electrical infrastructure. It gives emergency support to the grid,
fill valleys, shave peak load. The vast advantages of electric
water heaters (EWHSs) usage makes it an appropriate candidate
for the DR purpose. Electric water heater consumes a major
power (7.5% to 40%) in the residences total energy
consumption [1]. The switching actions in that type of heaters
are very flexible as the elements are resistors and there is no
support of reactive power needed from the grid [2]. There is also
no energy waste for balancing services and these heaters can be
used as energy storage additionally [2]. It is very useful for the
home energy management system as it has load shifting and
shaving services.

The electrical household appliances are considered as the
major parts of the house due to using necessity [3]. With the
increase of load density in the residential sectors there is a

chance of increasing power consumption too. The consumption
problem considered as one of the major problem in recent years
[4]. The smart grid solutions are the best in recent years to
support renewable energy potential by giving electrical grid
flexibility [5,6,7]. It is possible to provide benefits to the
suppliers, customers and also the grids by developing smart
grids [8]. By means of using DR and energy from several
renewable energy sources a balance can be made between load
and power generation. For the implementation of DR in
residential sectors, the houses must consist of smart intelligent
technologies for example smart meters, smart sensors, smart
plugs and other smart devices [9].

Load model is required for the customers to understand the
overall power consumption and signals. from the utility
including the smart grid concept expansion. and
implementation of DR control strategy-[10]. It is not so easy
rather challenging to understand load models though several
studies and uses regarding load model has already done in last
years. To obtain precise load models with new techniques a
brief study is necessary which can.match simulated behaviours
with measured real data [11]- Load modelling is very important
to study the residential DR-events at the distribution circuit
level also to study consumer action.

The main-purpose of using DR in residential system is to
penetrate customers power consumption reduction activities.
The pricing, DR signals are set by the prior agreements
between consumer and the utility [12,13]. Home energy
managements (HEMS) requires studying customers
behaviours which can be achieved by home appliance
modelling [14]. Home appliance modelling is also important to
understand the control strateges of DR events. Several
researchers have considered physical load models in the case
of HEMS and residential DR studies. In this paper, improved
modelling of electric water heater (EWH) has developed based
on the physical characteristics of the appliances. A case
analysis with real data of an EWH has been studied to validate
its participation in DR event with the integration of HEMS.

The rest of paper is organized as follow. Section 1l
represents the description regarding HEMS. EWH modelling
is represented in Section Ill. A case study in Secion IV
validates the performance of proposed system, and its results
are provided in Section V. Finally, the main conclusions of the
paper are mentioned in Section VI.

Il. HOME ENERGY MANAGEMENT SYSTEM (HEMS)

The growing electricity demand and the evolution of smart
grids have conferred the advanced opportunities for the HEMS.

It is a management system for DR to improve the energy
consumption and production profile from consumer demand
side. The main tasks of the HEMS are to create production
schedules and optimal consumption. In order to complete the

method several conditions for example load profiles, costs of
energy, environmental issues and customer comfort are taken
into consideration. It can reduce electricity operational cost for
a certain percentage, the peak demand of the households, can
minimize energy waste, and it is eco-friendly. It is an advanced
type of technology that can response the altered condition
without human interaction.

Home energy management is developed by the reduction of
energy usage, increase in energy efficiency and building
integration of renewable energy sources. The assurance of the
smart grid technologies can therefore be fulfilled if it can make



sure the greater engagement, response and assistance from the
residential consumers [15]. To effectively participate in the DR
programs introduction of HEMS is very important. In DR
activation program, it is required to correspond with an
automated program by an optimization algorithm which is
known as HEMS. They have active participation and
contribution regarding household DR as well.

The HEMS can contribute to all kinds of DR programs [16].
The development of HEMS and its expansion with smart
metering system, monitoring of smart household, advanced
computer technologies for electricity management is occurred
during recent years rapidly [17]. HEMS is considered as the
fundamental part in the electricity distribution system that
creates the scope for residential customers to participate in the
DR program. A HEMS makes a DR operation full automated
which is very convenient to use by the consumer. The main
operation of the HEM is to monitor and manage all the
operations of the household appliances and to provide the
desired output based on the required settings[18].

For smart home energy management (SHEM) the DR
programs in small residences is mostly important. For
successful demand-side management of smart grids smart
HEMS is considered as the most fundamental system [19].
Human-machine interface in smart houses is used to monitor,
control and scheduling in real-time based on the set preferences
of the user. HEMS require studying customers behaviours
which can be achieved by home appliance modelling. Home
appliance modelling is also important to understand the control
strategy of DR. Several researchers have considered physical
load models in the case of HEMS and residential DR studies.
The minimization of the customers cost is the main catalyst of
using HEM in the household appliances. The output is obtained
as the energy consumption schedule of appliances: It is
controllable by solving an optimization-based HEM prablem
[20].

HEMS is a part and parcel of smart grid energy technology.
It is a combination of the hardware and software interconnected
systems that can manage the household energy consumptions
[21]. The HEMs and its functions can be summarized as: A
managing system which is responsible to. work. for the
management of energy consumption, production, grid
integration, modification by providing the information to the

consumers.

It does not require any human interaction to run the overall
system.

It makes the option to control the household appliances to
be modified by the third parties or the consumer
themselves by using smart devices and technologies.

The design and architecture for HEMS varies according the
requirements and.desired outputs. In last years, several HEMS
for DR purpose have been developed by using appropriate
hardware and software. The overall architecture of the
proposed model in HEMS is illustrated in the Fig. 1. The focus
of the model is given to control the electrical water heater
during DR events. For this purpose, a HEMS is employed in
the model to control and manage the electrical water heater
during DR events.

As you can see in the Fig.l, the HEMS have
communication with the DR managing entity, which can be
considered as an aggregator. The entity defines the DR events,
and transmits the related information to the HEMS, therefore,
HEMS control the related devices based on the amount of

reduction. In this paper, it is considered Direct Load Control
(DLC) for the DR participation of the residential consumer
[21].

In the meanwhile, smart meter utilized in this model
measures the real-time electricity consumption of the electrical
water heater and transmits the information to the HEMS to be
transmitted to DR managing entity.

DR managing
Entity

—— Power flow

Smart Meter

e Water Heater
~ - - Communication

Fig. 1. A smart household representation with electrical water heater.

In order-to understand the DR event for electrical water heater
(EWH) in a.small house it is important to study and analyse
the EWH modelling:

I1l. EWH MODELLING

The idea behind EWH load modelling is to establish a
connection between its parameters and the total power
consumption. The parameters of an EWH consists of physical
characteristics, water temperature, ambient temperature and
water usage. The on/off status of the device is obtained by
including the parameters in a simulated model. In some cases,
it is very challenging to obtain the desired parameters from
EWH [22]. A single element electric water heater for
residential household is considered here. The benefit of using
single element EWH is that it can classify the thermodynamic
model by using heater power measurements only, it is easy to

clarify and simulate different loads. Such thermodynamic
model can be stated as[23]:
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(3) where C is thermal capacity, q t+ is heater power, G is
thermal resistance, Tou iS the ambient temperature, is water
density, c, is specific heat, wp is water demand, Ti, is inlet
water temperature.

For DR implementation, there are several EWHs models are
existing based on their functions. In [5], the considered



simulation model of outlet water temperature for DR purpose
is:
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where Fuater is the hot water flow rate (m®/s), Tine is the inlet
water temperature (°C), Viank iS the tank volume (m?), Awnk is the
tank surface area (m?), Runk iS the tank heat resistance
(°c.m®.h/btu), Tams is the ambient temperature, dt is the time slot
duration (t). The status of the device indicates whether it can be
operated for DR implementation or not. Mathematical
expression for this operation is [5]:
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Here, T is the dead band temperature (+2°C) andSn is the

DR signal. The DR signal controls the electric power demand
of the water heater. At the time of DR period, the consumer can
change the originated signal from the revised thermostat set
point.

The comprehensive one-node and two-node model for the
heat transfer process in an EWH is discussed in [24]. Itis a
thermal model which is used to control the heating device’s
on/off status. The one-node model of an EWH are considered
for our case. First order differential equation is used tormodel
the heat transfer processes. The model-can be stated as [25]:
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where, Qeiec is the resistor heating capacity (BTU/hour), m is the
water flow rate (Ib/hour),. C, is the thermal capacitance

(BTU/(Ib.°F)), Tw is the water temperature (°F), Tinet iS the inlet
water temperature (°F), UAwn is thermal conductance

(BTU/°F/hour), Tamb iS the room temperature (°F), Cw is thermal
capacitance (BTU/°F). The switching action of the heater can
be contralled by measuring the actual temperature of any given
time. It can be calculated by using this model.

IV. CASE STUDY

This paper represents a case study considering an electric
water heater’s load control, temperature profile, overall
consumption and price schedule. The case is studied and
analysed for the heater’s electricity consumption and its output
behaviour. The consumption and output data are obtained and
then considered for the participation in the demand response
events. Additionally, the electricity pricing method is also
considered and calculated to obtain the financial benefit.

x S (5)

The considered EWH is a single sensor heater from our
office building of Research Group on Intelligent Engineering
and Computing for Advanced Innovation and Development
(GECAD). This is the only heater existing in the building
which is used by several people. A temperature sensor is set
just outside the heater that can measure the water outlet
temperature in real time. A set temperature is also considered
to maintain the temperature level inside the EWH.

The purpose of the analysis is to model the heater for DR
events and to consider whether it can participate in DR events,
if not how it can be modified or developed to make sure that it
can participate in DR programs. It is also considered.to confirm
that it does not interrupt the comfort level of the consumers in
the building.

Fig. 2 shows the overall consumption and exit water
temperature with respect to the time in hour. It also shows
temperature fluctuations very:clearly. The data are taken for 24
hours period from a morning to. another morning with 5

minutes of interval.
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Fig. 2. Overall consumption for one day period.

The specific date of collecting data from the database is 171"
January 8.15 am to 18" January 8.10 am of the EWH of
GECAD building. Additionally, the market price is also taken
into consideration for the purpose of financial benefit
calculation. Initial market pricing data are taken form
Portuguese sector of Iberian Electricity Market (MIBEL)
(Www.omie.es).

The Fig. 2 also illustrates the electricity consumption and
fluctuations for the EWH. From there it is seen that there is
higher consumption in few certain hours for a certain period
which has impact on temperature rising. It can be clearly seen
from the figure that with the increase in consumption there is
increase in temperature of the heater. It also exhibits the overall

consumption profile of the EWH.

Fig. 3 represents hourly real time pricing of the considered
days (for 24 hours) in Portugal. The price is taken form the
electricity market then it is considered to calculate the
approximate value for the consumers. As it is seen from the
figure that the prices of the electricity vary with the time so the
costs from demand side also vary according to the consumption
hour.

The objective is to know the amount of energy consumption
it can reduce of this EWH by using DR and smart controlling
system as it is beneficial for the end users. Also, it is analysed
how the consumers can be financially benefitted by reducing the
consumption after DR integration. It can contribute to the
national economy as well by reducing the consumption during
peak hours. The methodology is to turn off the EWH while the
consumption reaches to 1000 W by controlling the load directly
for next one hour.
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Fig. 3. Real time hourly electricity pricing for one day period.

Fig. 4 illustrates the restricted energy consumption for
electrical water heater. It can be seen in the Fig. 4 that there is a
control barrier in the consumption level of 1000 W. The red line
indicates the consumption control level of the EWH.

The result and the impacts are shown in the next part.
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Fig. 4. EWH restricted energy consumption.
V. RESULT ANALYSIS

The impact on the energy consumption after using the
EWH by proposed method is shown in the Fig. 5. As it can be
seen from there that when the consumption reaches to 1000 W
then it turned off immediately and continues to the next one
hour. The control method is considered here to control the
energy consumption by using load control. The output is the
energy usage reduction for that period which is beneficiary for
the consumers. From the result, it is found that the energy
consumption is reduced to almost half in that day after using
the load control method.
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Fig. 5. EWH load controlled energy consumption.

Fig. 6 shows the temperature difference between two stages
of the EWH. The first temperature profile<here is-normal daily
temperature and the second temperature profile is after
controlling the load. It can be seen very clearly the differences
between these two temperatures profile in the figure. It is found
that the difference is so low. that it does not make any
discomfort level for the users. By using-the proposed load
controlled method, it is assured that the selected EHW does not
affect the consumers consumption  behaviour and user
satisfaction.
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Fig. 6. Temperature difference between two stages.

The price reduction per unit electricity after using load
control is shown in the Fig. 7. From there it can be seen that
the price is significantly reduced based on the hourly
consumption of the EWH at the experimented day. The line in
blue indicates the price for users regular consumption and the
other line shows the price for users consumption after
controlling the load. So, it is another benefit for the both
consumer and the state.
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Fig. 7. The price difference between two stages.

After having a brief analysis, it is considered that our
experimented electric water heater can participate in Direct
Load Control (DLC) program of DR events. As it is found
that if the heater turns off for a certain period it does not affect
the consumers. The direct load control is mainly controlled
by the aggregators for a certain period when they need it.

Actually, they can use the DLC program during peak
hours to reduce the consumption. If it can confirm the
participation of our device in the DR event, then all can be
benefitted financially without having any discomfort.
Alternatively, it can control the load by using smart
controlling in the given method which is also beneficial for
the consumer.

CONCLUSIONS

In this paper, residential home appliances such-as
electrical water heater’s model with optimization-based
home energy management system is developed-for the
demand response participation purpose. Both operational and
physical characteristics are considered to achieve demand
response strategies. Integration of electric<water heater in
home energy management system is briefly discussed here.
It enables and make beneficiary for-small appliances to
participate in the DR events.

The experimental real data of an electric water heater is
considered for the analysis by using direct load control
method. After the analysis'it.is found that the electric water
heater can be considered for the direct load control during
this it can maintain_the consumers comfort level by suiting
their preferences: The . temperature does not change
significantly while using the direct load control method for
demand response to the heater. The direct load control
method reduces the consumers energy consumption which is
financially profitable. By using proposed method, it can be
concluded that the.indicated water heater is able to participate
in the demand response event.
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