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Home energy management systems (HEMS) play an important role in optimizing
energy consumption. These systems manage the electricity consumption of
household appliances using demand response programs based on real-time prices.
The main goal of these systems is to reduce electricity costs and increase energy
efficiency. In this paper, a price-base demand response approach is proposed for a
smart home with different types of home appliances, including electric storage and
thermal storage systems. In the proposed method, various appliances are
considered in the smart home modeled by the energy hub system. An objective
function is developed for daily management simultaneously addressing electricity
costs to provide comprehensive management for smart homes. The proposed
model examines how the smart home energy system responds under various
conditions. Additionally, stochastic optimization accounts for the probabilistic
nature of demands, photovoltaic (PV), and wind energy. The simulation results
indicate that the consumer's payment cost is 79 cents and the emissions cost is 7
cents. The numerical results demonstrate the effectiveness of this approach.

Keywords: Demand Response, Home Energy Management System (HEMS),
Thermal Storage Systems, Energy Hub System, Smart Home, Household
Appliances.
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1 Introduction

As power systems are restructured and modern communication
infrastructures are developed, there is an increasing focus on
involving consumers in energy management systems. The
demand side management program can lower production,
transmission, and distribution costs by altering the grid's load
profile. By implementing the demand response (DR) program,
consumers who are willing to cut back on their usage have
helped decrease consumption during peak hours.
Consequently, there is no need to invest additional funds in
creating production capacity for brief periods each year. The
main objective of a demand response program has always been
to level out the load profile. Developing incentive programs is
crucial to boost consumer participation in demand-side
management. Smart home users benefit from reduced
electricity bills in the short term and lower tariffs over the long
term. However, experience indicates that consumers are
typically reluctant to cut their consumption, particularly during
peak hours, as they value their comfort and convenience. As
smart homes evolve, customers gain the ability to control their
electricity usage, leading to lower electricity costs. Smart
meters and home energy management systems (HEMS) are
crucial in overseeing demand response activities in residential
areas [1]. The primary incentive for consumers to use HEMS
is to save on costs, which necessitates altering or reducing
electricity consumption, often at the expense of daily comfort
[21.HEMS facilitates demand response programs for
residential customers. Consumers adopt these programs to
gain economic advantages and avoid blackouts. While the
primary motivation for participation is financial and economic
benefits, consumers also contribute to enhancing grid
reliability indirectly. In recent years, several research works
have been focused on the design and discussion of demand
response programs.The importance of energy storage systems
has become so significant today that numerous studies are now
focused on estimating the charging and discharging profiles of
electric vehicles connected to the grid [3].In [4], a risk-
constrained bidding strategy was proposed for the smart grid,
taking into account plug-in electric vehicles (EV) and demand
response (DR) applications. In [5], the authors introduced a
method for forecasting household loads. Their model
examined how price-based demand response programs
influence the load patterns of smart homes. In [6], the authors
proposed an energy management system designed to manage
distributed energy resources, aiming to lower residential
energy consumption and optimize battery usage. In [7], the
authors presented an optimal home energy management
approach in which consumers reacted to various drivers of
demand response (DR) programs. The findings indicated that
different motivation levels exerted varied impacts on the
consumers' comfort index. In [8], a comprehensive
optimization method was developed for utilizing various home
appliances, taking into account customer preferences.
Additionally, a distinct system was designed for the charging

and discharging of storage devices. In [9], the authors
developed an integrated home energy management system that
engaged in a demand-side management program and utilized
smart home computing through a smart home operation
platform. In [10], the authors examined the effects of
integrating a smart thermostat with a home energy
management system. In [11], the authors minimized the total
energy cost and thermal discomfort of a sustainable smart
home with heating and air conditioning loads over an extended
period. In [12], the authors presented a MILP model for an
energy management system aimed at reducing electricity
consumption costs. The loads were categorized into two
groups: thermostat-controlled loads and non-thermostat-
controlled loads. The proposed model also integrated battery
storage systems and distributed generation systems. In [13],
the authors explored the use of second life battery energy
storage systems (SL-BESSs) to enhance the home energy
management system. Meanwhile, [14] investigated the energy
planning of a house equipped with solar heating, air
conditioning, and water heating systems under real-time
pricing. However, the study did not account for the correlation
between electricity prices and ambient temperature. In [15], an
energy management system was proposed that incorporated
plug-in electric vehicles (PEVs), solar photovoltaic (PV)
panels, battery electrical energy storage (BEES), and demand
response (DR) programs. The model assessed the effectiveness
of various DR programs on smart home performance.
Similarly, in [16], the authors introduced a predictive home
energy management system for a residential building,
integrating a plug-in electric vehicle, a photovoltaic array, and
a heat pump. In [17], the performance of a home energy
management system under the export rate was compared with
one under a time-of-use (TOU) tariff. The energy hub model
was excluded in this study. In [18], an advanced satisfaction-
based home energy management system using deep
reinforcement learning was proposed for planning controllable
and removable appliances; however, this model was not
structured as an energy hub and did not account for the
uncertainty of renewable resources. A joint scheduling model
for electric and natural gas utilities in home energy
management systems (HEMS) was proposed in [19]. In [20],
the authors introduced a smart charging approach for off-range
electric vehicle chargers in home energy hub (HEH)
applications, utilizing direct current sources such as
photovoltaics and battery storage systems. In [21], an
integrated approach for optimal planning and operation of
energy hubs, considering the effects of wind energy resources,
was developed. This study accounted for the stable
uncertainties of electricity demand, heating, cooling, and wind
power energy. Various scenarios were created using the Monte
Carlo simulation method, and these scenarios were then
reduced using the K-means method to check the uncertainty
parameters in the model. Emission reduction was not included
in the proposed model. Table 1 provides a comparison of
several related research studies.
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TABLE 1. Taxonomy of the model used for designing DR-based

HEMS.
B
3 e § ‘§ g ‘? g )
References 2 :.51 éa é § E % :[::s
H e 5 < 8
=
[16], [17] v v - v v -
[13] v v - - v -
(8] v v - v v -
[15],[181,[19] v - - - v -
(2] - - - v v -
[61.[1] v 4 - - v -
[20] v - - v v v
(4] v v - v - -
[21] v v - v - v
[71,[9] v - - - v -
Proposed model v v v v v v

Y/N denotes that the subject is/is not considered.

The list of contributions presented in the paper is as follows:

e Innovative Demand Response Framework

o Comprehensive Appliance Integration

e Diverse Distributed Energy Resources (DERs) Utilization

o Strategic Energy Storage Integration

o Facilitation of Energy Trading

o Application of Stochastic Modelling

e Economic Efficiency through Objective Function

Optimization

e Practical Validation and Effectiveness
This paper is organized as follows. Section II describes the
methodology and mathematical formulation of the proposed
model. Section III introduces the case studies and discussion.
Finally, conclusion is presented in Section IV.

2 METHODOLOGY

As shown in Fig. 1, the home energy management system
modifies the smart home's performance based on signal prices.
The proposed model includes a smart home with diverse
electrical, heating, and cooling loads. Fig. 2 illustrates the
optimization structure, aiming for consumers to engage in the
demand response program and manage their energy systems
effectively.
The objective function is stated in Eq. (1) that the goal is to
pay the lowest cost by the consumer for using the appliances
of a smart home.

Min(Jy +J2 +J3) 1)
J1. J2, J3, in the above equation are respectively expressed as
follows. J; refers operating cost of HEMS (cents/kWh) and,
J> is the cost of pollution and /5 is load shedding.

J1= D R0() * D Aoy (6 * Py (6.5) * At

SES teT

- Asell(t) * sell(t)s) * At] (2)
+ Z Lang(t) * Gb(t) x At

ter
J2 = Zses Ro(s) * eer|Pouy(t.5) * (Ceo, * Eco, +
Cso, * Eso, + Cno, * ENOX)] + Yeer Hb(t) *

(3)
(CcoZ * Ebcg, + Cso, * Ebsg, + Cyo, *
Ebyo,)
J3= Z Ro(s) * Z Pns(t,s) * Lanyg(t) 4)
SES teT
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Fig. 1 Proposed smart home structure

Forecast stage

Historical stage

PV output PV output
‘Wind output ‘Wind output
Load demand Load , Weather

J Information

Weather forecast

Scheduling stage

Objective:
Minimize electricity bill
Constraints:
(1) DR constraints from LSE
(2) Constraints ofESUs |
(3) Constraints of TES Initial SOC
(4) Power balance constraints Dol of ESUs
(5) Constraints for appliances and TES and EV
- Non-interruptible
- Interruptible
- Thermostatically controlled
(6) Constraints of heating load
(7) Constraints of boiler
(8) Constraints of uncertainty modeling
(9) Hub modeling

Control decisions
for appliances

Fig. 2. HEMS optimization framework.

Ppyy and Py, are the power that is exchanged with the grid
(kW).Apyy is Electricity buying prices (cents’kWh) and A,y
is Electricity selling prices (cents’/kWh). Lang is gas price and
Gb is amount of gas purchased for the boiler. Power generated
by boiler shown with Hb. Pns is the amount of energy not
supplied and Lanygis Unsupplied energy costs. Different
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types of devices have several advantages and disadvantages in
terms of HEMS-based operational strategy. According to the
ability of control, household devices can be divided into
controllable and uncontrollable appliances. Based on
operational characteristics, controllable appliances are
classified into:
1) Non-interruptible appliances (NIA) modeling
For non-interruptible appliances, when a device is turned on,
it must operate continuously for the duration of its designated
runtime and should be turned off upon completion. In this
paper, three NIAs are included such as a washing machine and
two dishwashers. The constraints related to NIA during the
planning horizon are defined as Eq. (5) to (7):
ufPP() =0 vt €[1,L)UU,Ng] ,Vi

Q)
E Anon
PAPP() = ufPP(O) « Ppi" Yt € [LU], Vi
(6)
E Anon
JHTLi=1
Z ufPP(t) = Tpq* WP ()
=
' ] 7
—uffP(-1) vj ”
€ (LU —Ty,+1) Vi
E Anon
APP

Equation (5) shows the time when the devices are off. u;""" is
a binary variable for equipment, if it is 1, it means that the
device is on, and if it is zero, it means that it is off. Equation
(6) shows the power consumption of the device during
operation. P/AP? is power consumption of the appliance i and.
P,?f P is appliance nominal power Equation (7) shows the
minimum time the device stays on.

2) Interruptible appliances (IA) modeling

In interruptible appliances, when the equipment is turned on,
it can be turned off during operation, or even its power can
increase or decrease. In this paper, one pool pump and two
electric vehicles are considered. Constraints related to
interruptible appliances are defined as Eq. (8) to (10):

PAPP() =0 vt € [1,Li)

8
U (Ui,N7] Vi € Ay, ®
Ui
APP ~ EAPP :
Z PAPP() x At > Ej Vi ©)
t=Li
€Ay, VtET
0 < PAPP(t) < PAPP vt
=11 ()— R ] (10)
eET ,vl € Ain

Equation (8) shows that if the interruptible appliances are
outside of the operating range, the device must be turned off.
Equation (9) states that the total power consumption of the
interruptible appliances must be at least equal to the energy
that the user specifies, in other words, the amount of energy

required for the appliances. E/APP

is Energy consumption of
appliance i.Eq. (10) specifies the power consumption limits.
3) Thermostatically controlled appliances (TCA) modeling
Thermostat-controlled appliances, such as air conditioners and
electric water heaters, consume electrical energy to regulate

temperature. In this paper, WH and AC, the most important

thermostat-controlled appliances in a smart home, are
considered. These appliances adjust the temperature through
an integrated thermostat within their system. Constraints
related to thermostatically controlled appliances are defined as
Egs. (11)- (18):

0<PP(t) < PYFP VvteT,vie WH (11)
t t
Z PYH (k,s) * At > Z pon(® vt
k=1 k=1 (12)
ET,Vie WH
pwh(t) = 1x m(t) * Ly * (Tu,i(t) - (13)
Teotd) VtET,VieWH
t
ZP}’VH (k;s) * At <A =M % C,, = (6,7 —T0)
k=1
: (14)
+ prh(k) VteT,Vi
k=1
€ WH

o < T,,(t) < 6} vt €T, Vi € WH (15)
0 < PAPP(t) < PAEP VteET,Vie AC  (16)
Tyi(8) = Ty (t = 1) + [ Woue (8) = Ty (t = 1]
+y* PAPP(t) x At vt a7
>1,teT,VieAC
o < T, (t) < 67 Vvt €T,Vi € AC (18)
Equation (11) shows the power consumption limits. It is clear
from Eq. (12) that the power consumption of water heater from
hour 1 to # must be at least equal to the power required to heat
water from hour 1 to ¢ time. P'# is Thermal from WH, which
is generally used for hot water and p,,;, is Hot water drawn
demand (kg). Equation (13) shows the amount of required
energy for heating. A, m, ¢, ,T,; and T.y4 are Constant
(1/3600000) for unit conversion, The mass of water consumed,
Specific heat of water, Determined temperature of appliance i
(°C), and cold water temperature (°C) respectively. Equation
(14) states that the power consumption by the water heater
from the first hour to t must be at most equal to the energy that
remains in the water heater in addition to the energy needed to
heat the water, Also, it is clear from Eq. (15) that the
temperature of hot water should always be between the range
determined by the user. Equation (16) shows the power
consumption limit of air conditioning. Equation (17) shows the
relationship between indoor temperature and AC energy
consumption. Equation (18) presents that the temperature
inside the building should always remain within the range
determined by the user that 8,7 and ™ are Maximum and
Minimum desired temperature (°C) respectively.
Here the storage system refers to a set of batteries that can store
electrical energy and deliver it to other devices or even to the
main grid when needed. Constraints related to the electric
energy storage systems are as Eqs. (19)- (24):
PESS(t:5) + PR (L)
= nfss * Pss(ts) vt (19)
ETVsES
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0 < Pggs(t,s) < Riss * ppss(t) vteT Vs
(20)
€S
0 < Pls(t,s) < Rffgs * (1 — pgss(t)) Ve @1
ETVsES
Sess(t,s) = Sgss(t — 1,5) + ngss * Piss(t,s) * At
1
— vt 22
Tlgss * Pbgss(tfs) * At @)
>1,€eT VsES
Sgss(t,5) = SEEs + niss * Péss(t,s) * At
1
- Vs ©3)
Niss * Pss(ts) * At
€sift=1

SR < Spos(t,s) S ST VtET VsES (24)
P¥5¢ and P32l are Energy consumption of appliances from
ESUs (kW) and Selling energy to grid by ESUs respectively.
nEss and nes are Charging efficiency of the ESUs and Selling
energy to grid by ESUs discharging efficiency of the ESUs
respectively. Pigg and P are charging power of the ESUs
(kW)and discharging power of the ESUs (kW) respectively.
Skss is charging power of the ESUs (kW)and discharging
power of the ESUs (kW) respectively. SoC of ESUs (kWh).
Also, thermal energy storage can be used in a smart home.
There is a tank in this home where hot water is stored and its
loss can be reduced by isolating it. Constraints related to the
thermal energy storage unit are in equations 25 to 27:

Sres(t,s) = Srgs(t — 1) + nfps * Prgs(t,s) * At (25)
1
- Nfgs * Plps(ts) * At v
>1,€ETVsES
Sres(t,s) = STs + nfgs * Pigs(t,s) * At (26)
1
- Nfps * Ples(ts) = At
eSift=1

STUR < Srpo(t,s) S STHY  VtET Vs€ES 27
Pfps and Pfg are charging power of the TES (kW) and
discharging power of the TES (kW) respectively. n%gs and

Vs

n%gs are charging efficiency of the TES and discharging
efficiency of the TES respectively. A small Photovoltaic panel
with a 1 kW capacity is also used in this smart home. Equation
(28) states that the generating power of PV unit can be used by
indoor appliances or injected into the grid. p,, is Generating
energy of PV (kW).
PESE(ts) + PSL(E.s) = Poy (£5) vt (28)
ETVsES
A small wind turbine with a 1 kW capacity is also used in this
smart home. It is clear from Eq. (29) that the actual production
power of the wind turbine can be used for two purposes. It can
be injected into the grid or consumed by the home appliances:
wina (£5) + Pyt (£5)
= Pyina (t.5) vt (29)
ETVsES
Equation (30) expresses the power balance that ensures the
generated energy must be equal to the consumption for each
hour. Pns and Py, are amount of energy not supplied and

Power of the non-controllable household appliances must run
(kW) respectively.
Ppyy (t,s) + P (t,s) + Pyina(t,s) + PEsé(t,s)
+ Pns(t,s)
= Pgss(65) (30)
£ PP (D)
i€A
+ Pmustmn ®) vt
ETVsSES
Equation (31) shows the total amount of power sold to the grid:
Poeu(t,s) = PEgL(t,s) + PES (ts) (31)
+ Pl (t,9) vt
ETVsES
Equations (32) and (33) ensure that power purchased from the
grid and power injected into the grid cannot occur
simultaneously. N;, N, and pgrq are defined as the
maximum power that can be purchased from the grid, the
maximum power that can be purchased from the grid, and a
binary variable: 1 if the grid supplies power, 0 otherwise,
respectively.
Py (t,5) < Ny * figrig (t) VtET VsES (32)
Py (t,s) < N, * (1 — Ugria (t)) VteT Vs (33)
€S
In this paper, wind and solar production sources are used as
renewable sources, whose output power is a function of wind
speed and solar radiation, respectively. In this study, the
uncertainties caused by these sources have been modeled using
scenario generation and using the Weibull and Beta
distribution functions. An energy hub represents an interface
between different energy sub-structures. In this paper, smart
home appliances are considered such as dishwashers, washing
machines, pool pumps, electric vehicles, uncontrollable loads,
heat pumps, water heaters, boilers, thermal loads, electric
storage, thermal storage, gas network, electricity grid, and
renewable sources to model the smart home by an energy hub
system. Constraints related to boiler and hub energy are in the
form of Egs. (36)-(43):

Pfgs(t,s) = Hbrgs(t,s) + Prys (£,s) Ve )
ETVsES

Ples(t,s) = HIL(t,s) + HIE (ts) vt 37)
ETVsES

Hb(t) = Gb(t) * Nb VteT (38)

0 < Hb(t) < Hp™ax VtET (39)

Hb(t) = Hbyy(t,s) + Hbr(t,s)
+ Hbrgs(t,s) VteT, Vs (40)

€S
PAPP(t) = PIgE (65) + Pyt (6,5)
+ PHH (t,5) VteET, Vs (41)
€S,Vi e WH
Dh(t) = H%)]is(t;s) + Hbyy (t,5)
+ PHH (t,5) VtET Vs  (42)
€S
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PP (t,5) = HYES (6,5) + Hbyy (t,5)
+ PUH (t,5) VtET Vs (43)
€S

It is clear from Eq. (36) that the charging power of the thermal
storage must either be supplied by the boiler or WH. Equation
(37) states that the power discharged by the thermal storage is
consumed by the thermal loads or heats water. Equation (38)
shows the production power of the boiler. Equation (39)
presents the production limit of the boiler. It is clear from Eq.
(40) that the generated heat of the boiler is used for heating
water, and thermal loads stored in the storage tank. From Eq.
(41) it is understood that the power produced by WH can be
stored in a storage tank, used for heat water or thermal loads.
Also, Eq. (42) states that the thermal loads must either be
supplied by the storage device, supplied by the boiler, or
supplied by WH. Finally, Eq. (43) determines the total power
consumption of heat water. Hbygg , PYL , PWH  pWH HIL
HYH  PWH and Dh are defined as follows: the heat that the
boiler supplies to the thermal storage, the WH power used to
heat water for storage, the WH power used to heat hot water,
the WH power used for thermal loads, the heat that the storage
provides for thermal loads, the stored energy used for hot water
consumption, the thermal energy from WH, which is generally
used for hot water, and the thermal load, respectively.

3 CASE STUDY

A home equipped with various appliances connected to the
HEMS is used as a test system. Fig. 3 displays the price of
energy exchanged with the grid. Additionally, the smart home
includes uncontrollable loads, such as lighting, as depicted in
Fig. 4.

TEmoUR)

Fig 3. Information on the price of buying and selling electricity from
the grid.

Fig. 4 Must-run power over a day.

The primary objective of this case study is to minimize
payment costs. The simulation results indicate that the
consumer's payment cost is 79 cents and the emissions cost is
7 cents. Due to the uncertainty in power generation from
renewable sources, 10 scenarios were considered in the
proposed model. The amount of power produced by solar
energy and wind energy for 10 scenarios is shown in Fig 5 and
Fig 6, respectively.

1

Ppv(kWh)

Time [h]

Fig. 5 Amount of power produced by solar energy for 10 scenarios.

Put(kWh)

Time [h]

Fig. 6 Amount of power produced by wind energy for 10 scenarios.

Fig. 7 illustrates the amount of energy purchased from and sold
to the grid.

(kwh)

P
Grid

Time [h]

Fig. 7 Hourly purchase of energy from the grid or sale of energy to
the grid.
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Fig. 8 illustrates the charge and discharge power diagram of
the electric storage, along with its charging level. It is evident
that the electric storage charges during off-peak periods and
discharges during peak hours when prices are high.

ESS (KWh)

d]
v

0 5 10 15 2

T
En
L
0

:
—
T Iy
6 L 4
5L 4
3
2 | i
‘
w

Time [h]

Fig. 8 Energy change of ESUs in one day.

The power consumption of home appliances is shown in Fig.
9. The types of equipment used in the smart home include
washing machine, dishwasher 1 and 2, pool pump, electric
vehicle 1 and 2, air conditioner, water heater, and boiler. The
amount of energy consumption of each device is given along
with the scheduled hours of operation.

6

Boiler

=
H

3

1

APP (kWh)

Time [h]

Fig. 9 Schedule of household appliances.

The proposed model aims to minimize the electricity bill by
purchasing electricity from the grid during low-price periods
and charging the energy storage units (ESUs). It then
discharges the ESUs and sells electricity back to the grid
during high-price periods. As shown in Fig. 9, the boiler is
operated in the early hours when gas prices are low. Fig. 10
indicates that during the same period, the thermal storage is
charged and used to meet thermal loads. When gas prices rise,
thermal storage can fulfill the thermal demand.

It is known that during hours when the gas price is lower, gas
is utilized to produce heat with the boiler, which is then stored
for use during hours when the price is high.

TES (kWh)

Time [h]

Fig. 10 Energy change of thermal storage in one day.

4 CONCLUSION

In this paper, a new price-based home energy management
system is introduced aimed at reducing costs. The proposed
model considers various studies and includes all types of smart
home appliances with different characteristics. It presents a
demand response model based on precise pricing for smart
homes with diverse appliances. The energy exchange between
the smart home and the grid is calculated, and the optimal
times for operating household appliances to minimize
consumer costs are identified. According to the results of the
paper, the consumer can use her smart home appliances such
as washing machines, dishwashers, pool pumps, electric
vehicles, air conditioners, water heaters, and boilers in the
most optimal mode. Future work will explore peer-to-peer
energy trading among multiple HEMS and consider a
satisfaction model to offer flexible solutions with varying
levels of user satisfaction for residents, because, in addition to
the cost paid by the consumer, the level of customer
satisfaction with the use of their smart home appliances is
considered one of the important factors. The integration with
the Internet of Things (IoT) can also contribute to improving
communication between devices and enhancing the efficiency
of energy management. Ultimately, user interface
improvements can assist consumers in engaging more
effectively with their home energy management systems,
making it easier to monitor and control their energy
consumption. These topics represent important directions for
future research and development in the field of smart home
energy management systems and can lead to significant
advancements in this area.
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