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Abstract- This paper illustrates a comprehensive model of an energy management system and a novel algorithm in a building
in a grid-connected state. This study attempts to provide an approach including a scheduling algorithm and a hybrid model of
electricity generation to reduce the electricity consumption cost and increase the reliability of the grid in summer due to the
great demands of electricity for using air condition systems. The model consists of cogeneration of a photovoltaic system and a
diesel generator with a battery storage system. The electrical consumption profile of home appliances used in the daytime is
modeled. Then an algorithm is introduced to observe and schedule the electrical appliances and charge and discharge the
batteries in an optimal way. The results depict that the unified model and proposed control strategy are performed successfully,
and the peak of electrical demand is eliminated appropriately. The occupants also can benefit financially in grid-connected
mode by selling extra domestic electricity generation to the grid over the peak time period.

Keywords Home energy management system, demand response program, photovoltaic system, diesel generator, battery

storage system.

Nomenclature Table

t Time Crax | The maximum capacity of the battery in the fully charged mode
N, The number of appliances Pet The battery charging power (kW)

H, The control horizon (24Hr) Pyt The battery discharging power (kW)

tg Sample time (s) DOD | Depth of discharge

(o Power of appliance n (kW) Pt Grid power at time t (kW)

D, Duration of appliance n being operated | P, , Aggregated power demanded at time t (kW)

A, Additional run time of appliance n Pp Total power demanded from the grid at time t (kW)

. Battery charging efficiency Py The total power demand from the grid in a day (kW)

i Battery discharging efficiency Chy The control signal of appliance n at time interval t

t, Time of use of electricity price SOC | State of charge of the battery

C The maximum cost S State of the battery at time t (kWh)

S, The start time of appliance n S, The initial state of charge of the battery at time t

e, The off-time of appliance n Pyt The power generated by the diesel generator at time t (kW)

CEI,I The control signal of appliance n Pt The power generated by the photovoltaic system at time t (kW)
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1. Introduction

The smart grid concept correlates with the energy
management system (EMS) [1] which has been broadly
studied for discovering approaches to implement in an
electrical distribution network. Resiliency as a new concepts
has been investigating. A resilient network can tolerate risky
events and failures such as cyberattacks and bad weather
conditions [2]. In [3] the techno-economic and environmental
comparison of two different resilient energy systems has
been studied. Other approaches are summarized in mitigating
electricity loss [4] and adding energy resources mainly based
on renewable energy resources [5] and storage systems [6,
7]. Various types of storage systems can be used in the grid
such as fuel cells, batteries, H2-tank, ultracapacitor, and
electrolyzer [8]. Besides, electrical vehicles contribute to
support the distribution network during peak time by
discharging the stored electrical energy [9]. One of the
promising techniques to help the distribution network in
energy management is demand-side management (DSM).
Demand-side management encompasses a set of actions to
encourage consumers’ consumption behavior to use
electricity less over the peak time periods. DSM can be
implemented in various ways which are categorized into
three main classes including energy efficiency approach,
demand response, and strategic load growth. Energy
efficiency strategy attempts to enhance the energy efficiency
of home appliances through performing energy efficiencies
programs or replacing them with more efficient ones [10]. In
strategic load growth, it is assumed that increasing electrical
demand is unavoidable due to weather conditions and
increased use of electric vehicles. Therefore, using dual-fuel
equipment and machines could contribute to reducing the
electrical demand level [11]. The demand response technique
provides financial incentives for end-users to shift the time of
use of appliances from peak to off-peak time periods or
curtail the using of loads for grid stability enhancement [10,
12]. Demand response is classified into two main categories
including market-based program and reliability based
program in literature [13]. In the reliability-based program,
the main aim is to control home appliances to reduce load
voluntarily or involuntarily [14]. In market-based program,
consumers tend to adapt their consumption in accordance
with the real-time price of electricity in order to minimize
their cost [15]. The conventional method for implementing
the market-based strategy is the time of use method which
means that the electricity price is predefined in accordance
with the peak or off-peak time period [16]. Therefore, the
consumers are pursued to shift the time of use of
interruptible appliances from peak hours to the off-peak
hours when the electricity tariff is inexpensive. This
rearranged consumption pattern based on price varying leads
to help keeping electrical generation and consumption
balance, peak-shaving, valley-filling and the grid stability
[17]. As it was mentioned, load control is the key idea of
demand response program. From that point of view,
household loads would be categorized into four main types;
uncontrollable, interruptible, uninterruptible, and curtailable
loads [18]. The time of use of an uncontrollable load cannot
be shifted at all such as television. The time of use of an
interruptible load can be shifted from peak time period to off-

peak period such as rechargeable appliances. An
uninterruptible load cannot be stopped during operation like
washing machine and dryer. Lamps, for instance, can
willingly be turned off by consumers at any time. This type
of load takes account of curtailable loads to reduce electricity
consumption. Home energy management system (HEMS) is
an applicable efficient approach to optimize energy
consumption in residential units encompassing various
techniques, technologies, and models for local generation
and consumption. In HEMS, renewable energy resources,
battery storage systems, and on-site diesel generators can be
employed to provide consumers with electricity in demand
over the peak time period and support the power grid [19].
Through implementing a DR program alongside using
renewable energy resources, HEMS could act more effective
and efficient to reduce electricity consumption [20]. The
integration of renewable energy resources is investigated in
the literature in both grid-connected and stand-alone modes
[21, 22]. A battery storage system is normally employed to
alleviate the uncertainties of renewable energy resources
exploitation [23]. Electrical vehicles are commonly
considered as a backup system to support the power grid
during the peak time period [24, 25]. Renewable energy
resources and fossil-fuel-based generators can be used to
charge electric vehicles [26]. However, it tends to replace
diesel generators with renewable energy sources to reduce
environmental contamination [27, 28].In [29] a home energy
management system with solar photovoltaic system is
introduced. Also, in [20] another home energy management
system supported by wind-solar-battery has been studied.

In this paper, a solar-diesel-battery is investigated in
grid-connected mode. In addition demand response
programming is employed for peak-shaving that allows
building to sell extra electricity generation to the grid. The
main contributions of this paper are listed as follows:

» A comprehensive model for the energy management
system is proposed including a photovoltaic system, diesel
generator, air condition system, battery storage system..

» The household electrical system is connected to the
grid and there exists bilateral electricity trade between the
residential unit and the grid.

» A novel strategy control is proposed to minimize
daily electricity consumption cost.

» The demand response program is applied to obtain
the most financial benefit from peak-shaving.

» The changing electricity tariff is considered for
electricity cost calculation.

2. Problem Definition

This study aims to provide a solution to decrease the
electricity consumption cost in the residential sector and
boost the reliability of the grid. In this regard, an energy
management system is designed and implemented including
a photovoltaic system, an energy storage system, a diesel
generator, uncontrollable, interruptible, uninterruptible,
curtailable loads, and air conditioning system with changing
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power consumption based on the indoor and outdoor
temperature in a day. The entire scheme of the home energy
management system (HEMS) is depicted in Fig. 1. The daily
electricity demand curve and the solar power generation
trend of the building are shown in Fig. 2. The HEMS
proposed in this paper is investigated in grid-connected
mode. In the grid-connected mode, the main energy source of
the building is the power grid. The diesel generator sound
pollution and air pollution would affect the comfort level of
occupants [30]. Hence, using diesel generators should be
limited to a certain time period. Alongside these local
generators, an energy storage system based on battery exists
to store extra electrical power generation to use over the peak
time period [24, 31]. The batteries can be recharged by the
grid, the photovoltaic system, and the diesel generator. Also,
the battery storage system aids HEMS in eliminating the
effects of photovoltaic generation uncertainties. The state of
charge of batteries requires a control system to set the battery
state to charging or discharging mode [32, 33]. When the
electricity tariff is changing based on time of use, an
effective solution to manage electricity demand is a demand
response program that is applied to the building. The air
conditioning system and home appliances are considered as
loads. Based on consumer’s flexibility, some of the
appliances are used over the off-peak time period rather than
the peak time period. In this way, the cost of electricity
consumption can be reduced. In other words, there is a trade-
off between consumers’ comfort level and the cost of
electricity [34].

Solar Pannel

Power Grid

Diesel
Generator

Fig. 1. The scheme of home energy management system.
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Fig. 2. Daily energy consumption and generation.

The proposed model of energy management system
leads to run stochastic planning to manage electricity supply
and demand [35]. Therefore, a scheduling method is
proposed and applied to minimize consumer cost and
maximize consumer’s contribution to domestic electricity
generation [36]. In this study, it is assumed that the building
is connected to the grid and able to sell extra electricity
generation to the grid to earn a financial benefit. It is given
that by applying the proposed HEMS the electricity cost
consumption would not only be minimized but also the peak
of load demand would be shaved and thus the grid could
benefit from that. The first step for scheduling is obtaining
the energy consumption profile and the time of use of
appliances during the day. Then, a scheduling method is
designed and employed for optimizing load shifting based on
a stochastic nonlinear model, scheduling use of home
appliances, the air conditioning system, switching on/off the
diesel generator, charging/discharging the battery storage
system, and the photovoltaic system. In the following for
analyzing the results, at first, the efficacy of load shifting is
analyzed in terms of the cost-benefit and the effect on the
daily electricity demand curve. Then the effect of applying
the photovoltaic system on the daily demand curve and
electricity cost is studied. After that, the same analysis has
been done for the diesel generator. Finally, the effect of using
load shifting method, diesel generator and the photovoltaic
system simultaneously is investigated on both the daily
electricity demand curve and the cost.

3. Mathematical Description
3.1. Home appliances and generation model

In this section, the daily schedule of using household
appliances, the air conditioning system, the diesel generator,
the photovoltaic system, and charging and discharging state
of the energy storage system are described mathematically.
In the following, the cost function in terms of electrical
energy consumption and generation cost is derived.
Minimizing electricity consumption is set as the main goal of
the problem in which the comfort level of residents is
maintained reasonably. Thereby, the time of using the diesel
generator is restricted to a certain time period during the day.
The electricity tariff is also changing based on the time of
use during the day leading to considering load shifting as a
cost-effective approach to demand response program.

The energy cost is calculated based on household
appliances scheduling and variable tariff price through
equation (1) as follows

He No

Jo =) > Ptityu

ntstu¥nt
t=1n=1 (l)

P,>0t, >0,n=1--- N, t=1---.H

c

Where the notations are listed and explained in
nomenclature table. In household appliances scheduling there
exist three types of constraints including the time of using
appliances, continuous operation and maximum cost of
energy. There would be extra constraints such as comfort
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level in case of need. The following formulas describe the
constraints mentioned above

H. N,
D> Patylints <C v

t=ln=1
en
D Upe =Dy +A, 3)
t=s
en
ch,t 'Cn,t+1'cn,t+2’”Cn,t+(Ni_1) =1 4)
t=s

The equation (2) demonstrates the maximum cost that
consumer anticipates to pay in a day. The additional
operation time might be needed for some appliances in some
cases which is described in (3). The continuous operation is
compulsory when appliances are being used. This issue is
described mathematically by (4). According to the
controllability of the household appliances the home devices
are classified into 4 categories including uncontrollable
(uninterruptible), curtailable, interruptible and adjustable
devices. Uncontrollable devices are not interruptible and
must work all the time. Curtailable devices can be turned off
at any moment if it is needed. The use of interruptible
appliances would be postponed and adjustable devices can be
used during certain time periods based on the flexibility of
consumers. The operational characteristics of household
appliances in terms of electricity consumption and operating
time are listed in table 1. This table is inspired by [37] and
localized based on a survey of residents’ electricity
consumption behavior living in a building. A set of
additional constraints stem from providing coordination
between household appliances are listed through equations
(5) to (21) [37]. Some household appliances interrelate with
each other and it means that a set of constraints should be
defined to demonstrate the interconnections between
appliances. The washing machine, for instance, is equipped
with a dryer. Thus, technically, drying up clothes could not
be done before washing clothes. On the other hand, drying
clothes could be interrupted and postponed to another time
period. Those mentioned working conditions lead to setting
constraints described through equations (5) and (6).

Cep +C7p <Lt =1---H, (5)
s; +Dy <sq (6)

Based on the survey, the TV and the DVD player or the
TV and the decoder are using at the same time [37]. This fact
is described by equation (7). On the contrary, the DVD
player and the decoder cannot be used simultaneously. This
constraint can be shown by equation (8). On the other hand,
whenever the TV turns off, the DVD player should be off
too. Equation (9) describes the state.

Cigt —Cip =0t =1---,H¢ (7)
Cipp —Cigp 2Lt =1+, H¢ (8)
if ¢;y; =0thency,, =0 9

As a general rule, lights would be turned on while their
respective room is being used. The maximum consumption
power of each device is limited and shown by equation (10)

0<P, <P™ (10)

The charging and discharging of the batteries are
continuously carried out. The state of charge of the batteries
is described by equation (11).

t t
St =So+7 ) Posts =1ta ) Pyg 1<t<T  (12)
y=1 y=1

It is obvious that the battery will be considered as a
consumer while it is charging and as a generator while is
discharging. The cost function of SOC of the BESS entails
minimizing the cost of charging and maximizing the cost of
discharging. Thereby, the cost function of the charging
operation is obtained by the equation (12).

T
‘]b,c = ch,ttuts (12)
=1

The charging and discharging of the BESS are limited to
a certain span. In addition, there is a relation between the
maximum charging capacity and the minimum discharging
level of the battery. Both mentioned constraints are defined

by equations (13) and (14). ™" <S, <S™* t =1..T (13)
$™" =(1-DOD)Ss ™ (14)

Where S™ and S™" are the maximum and minimum
limitations of charging the battery. It is worth mentioning
that the discharging and charging operations cannot be done
at the same time. This constraint is described mathematically
by equation (15).

Pt xPy =0 (15)

Another generator which is employed locally is a diesel
generator. The cost function of generating electricity is
described in equation (16). Apart from maintenance cost, as
shown in (16), it can be seen that the cost of fuel is the only
parameter that affects the cost of fuel-based electricity
generation.

;
Jo =D PyiCqs Wt (16)
t=1

The electricity is demanded by the consumer side is met
by the grid, discharging the batteries, the photovoltaic
system, and the diesel generator if it is operated. This issue
can be shown by equation (17).

Pet +Pmt Pyt +Rt =Ppy (7)
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Table 1. : Electricity consumption profile of household appliances

Class No. Appliance Rated Power (kW) | Run-time (mins) Baseline
Uncontrollable 1 Refrigerator 2 All the time All the time
2 7-stage water purifier 0.048 All the time All the time
3 Kitchen lights 0.011 Same as kitchen appliances
Curtailable 4 TV room lights 0.011 Same as the TV set
5 Laundry room lights 0.011 Same as laundry appliances
Interruptible 6 Clothes dryer 2 30 11:30 — 12 or 23:00 — 23:30
7 Electric vehicle 16 Could be charged after 21:00
. . 10:00 — 11:00 or
8 Washing machine 2 60 22:00 -23:00
9 Dishwasher 1.8 150 8:00 — 9:00 or 22:30 — 23:30
. 6:30-6:35 and 16:30-16:35 and
Adjustable 10 Electric kettle 15 15 20:30-20:35
11 1Hp water pump 0.75 240 6:00 — 8:00 and 17:00 — 19:00
12 Television 0.133 300 18:00-23:00
13 DVD player 0.025 120 21:00-23:00
14 Decoder 0.075 180 18:00-21:00

The power demand includes power required for charging
batteries and the power needed to use household appliances
leads to defining accumulative power needed at any given
time t. The accumulative power is also calculated by
equation (19).

Pot =Pat 1P (18)
Na

I:)A t= zpncn,t (19)
=

The aggregated demand power is obtained by equation
(20)

T
Pp = Z(PA ¢ +eFer) (20)
t=1

The discomfiture happens during the diesel generator
operation and when there is a disparity between baseline and
optimal shift-loaded schedule. These two factors are
embedded in equation (21) to calculate the inconvenience
level of the residents.

T Ny 2 T
| :ZZ(CgI,t _Ci,t) +/uzcg,t (21)
t-1

t=1n=1

Where u is the inconvenience coefficient caused by the
diesel generator operation in equation (21).

3.2. Air condition system model

Air condition systems are vital equipment providing cool
weather for buildings and comfort for occupants. The
massive use of air conditioners in summertime leads to an
increase in electricity demand. The power consumption of
the air condition system is described in equation (22) as
following [38]

W _ MaCpAT (22)
o' “SHR -COP (AT)

Where SHR is the sensible heat ratio, m, is the mass

flow rate of air, c, is the specific heat capacity of air

constant pressure, AT is the deficiency between ambient
temperature and the air temperature blowing from the air
condition system, and the COP is the coefficient of
performance of the system. The technical specification of the
air condition system is listed in table 2.

Table 2. Technical specification of the air condition system

Energy efficiency ratio 3.01
Cooling capacity (Btu/h) 30026
Power consumption (kW) 2.92

The compressor is switched on when there exists a
deficiency between room temperature and the set-point.
When the deficiency is removed then the compressor will be
switched off. Thereby, the electricity demand rises when the
compressor is switched on and declines when the compressor
is switched off. The proposed control method is responsible
for keep temperature at the comfort level. The variable
ambient temperature on a summer day and the room
temperature kept cool by the air conditioner are shown in
Fig. 3. Also, the air condition system power consumption is
shown in Fig. 4. The ambient temperature is shown in Fig. 3
is related to a day in the Persian month ‘Mordad’ (23 July —
22 August). The desired temperature of the room is set to
24%, As shown in Fig. 3, the temperature in the daytime is
changing and considered as a disturbance. Figure 4 shows
the successive switching on/off of the compressor to keep the
room temperature steady at approximately 24°C,
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5 Ambient temperature and Room temperature on a Summer Day
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Fig. 3. Ambient and controlled room temperature.
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Fig. 4. Electricity consumption of the air condition system.

When the compressor is switched on the electrical power
consumption increases to 0.48 kW. But when the compressor
is switched off the power consumption decreases to 80 W.
Thereby, there exists a fluctuation in the air condition power
consumption curve as shown in Fig. 4.

3.3. Electricity Tariff

Electricity Tariff in Iran is defined based on
geographical differentiation, season, and time of use .The
electricity price based on the time of use on a summer day is
shown in Fig. 5. In accordance with [39], table 3 shows the
electricity tariff over the off-peak, low-peak, and the peak
time periods. It is worth mentioning that to estimate the
electricity generation, the maintenance cost and the
electricity cost should be considered in the calculation.

s 1073 Electricity Price based on Time of Use

12

1

08

06

Price of Electricity ($)

0.4

0.2

0
0 5 10 15 20 25

Time (Hour)

Fig. 5. The electricity price on a summer day.

The maintenance cost includes the maintenance costs of
batteries and the diesel generator; however, the maintenance
cost of the solar panel is insignificant as the panels selected
are fixed tilt angle type.

Table 3. Electricity tariff based on time of use

Time period (hour) Cost (%)
Low-peak 7:00 am —19:00 pm 0.0018
Off-peak 23:00 pm — 7:00 am 0.0007
On-peak 19:00 pm — 23:00 pm 0.0037

4. Calculation and Results
4.1. HEMS algorithm control

According to equation (1), the main aim is to reduce the
electricity consumption cost as much as possible. As a result,
a proposed algorithm is employed in order to schedule
household appliances, charge and discharge batteries, switch
off/on the diesel generator and shift loads. When the cost of
electricity consumption is expensive (means not in the off-
peak time period), the algorithm starts the load shifting
program which is done by firefly-based nonlinear model
predictive control. Hence the operation of electrical devices
postpones to the off-peak time period or low-peak hours. At
each time interval, the output power of the PV panel, the
status of electrical appliances, the SOC of battery, room
temperature, the diesel generator output, and the price are
checked. Then based on the amount of electricity demand, at
first the algorithm tries to meet the demand by finding a
suitable local generator (PV panel, battery storage system,
diesel generator). Then if the demand is still violated then
tries to turn off curtailable and even interruptible loads
respectively. In the end, if the demand is not yet responded
by local generators then the demand is met by the grid
alongside the local generators. The flowchart of the proposed
algorithm is presented in Fig. 6.

4.2. Load shifting

Load shifting means that the time of use of load shifts to
another time with less electricity cost based on consumer’s
flexibility in order to minimize the electricity cost [37]. In
this study, the occupants announced the frequent time of use
of household appliances. In table 1, the electricity
consumption profile of appliances and the common time of
use of them are listed. Table 3, also, illustrates that the
electricity price is changing over time in a day. As can be
seen in table 1, there exist four categories of appliances
including uncontrollable  (uninterruptible), curtailable,
interruptible and adjustable devices. Thereby, some
appliances can be used over the inexpensive time period and
even curtailable loads could be turned off during the peak
time period such as lights. In this way, a load-shifting
strategy could be performed. Figures 7 shows the results of
the load shifting program which has done in this study. As
shown in Fig. 7, the time of use of household appliances is
shifted to the inexpensive time periods would lead to
minimizing electricity cost.
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Fig. 6. Flowchart of the proposed novel control algorithm
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As a result, peak-time shaving is accomplished. Load
shifting results for three appliances including washing
machine, clothes dryer, and water pump are shown in Fig. 8.
Some appliances such as clothe dryer have two suggested
time of use, therefore, the optimization algorithm tries to
select the lower price time of use to minimize the cost. The
fluctuations in electricity demand are related to compressor
switching on-off which is done sequentially to maintain the
temperature of the room at the set-point level.

The economic data of running shift loading program in
Persian month ‘Mordad’ (23 July — 22 August) in summer is
shown in table 4.

Electricity consumption profile with load shifting in a day

[——Load shited profile in a day| Peak Shaving

» o

Shavmg Valey Nlllng

o n &
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o

15 20
Tlme (hour)
Eleclrlclty consumption profile without load shifting in a day

profie without load shifting|

0
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Power Consumption (KW)
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Tlmo hour)

Fig. 7. Electricity consumption profile in a day with load
shifting and without load shifting
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Fig. 8. Load shifting three appliances including washing
machine, clothes dryer, and water pump

Table 4. The economic data of running demand response
program for a month

without load with load
shifting shifting
Household appliances
plus air condition 11.4% 10.3$
system electricity cost
Battery charging cost 1.24% 0.93%
Total cost 12.64% 11.23%

As shown in table 4, it can be seen that the economic
benefit from shift loading is not considerable for consumers
and this is due to the fact that the electricity price in Iran is
cheap due to the huge subside devoted to the household

sector [40]. But load shifting has a great benefit for
producers during the peak time period in summer.

4.3. The solar panel effect on the HEMS

The installed solar electricity generation system consists
of the solar panel manufactured by Sharp company, inverter
manufactured by Delta Energy, and cables [41]. The solar
panel is a fixed tilted angle typed with tilt angle 60’one
which is mounted on the roof. The solar system parameters
are listed in table 5. The solar electricity generation trend is
shown in Fig. 9.

Table 5. The technical specification of the installed solar
panel

Field type Fixed tilted angle
Plane tilt angle 60’
Plane azimuth angle 0’
Power 2.5 kW
Sub-array numbers 1
Module numbers 10
Connection type Series
Area 16 m?
Inverter 1 unit, 2.5 kW
s Solar Power Generation
51 5
:
‘_G“ 1
0.5
0

Time (hour)

Fig. 9. The electrical power gained from the solar panel
4.4. Battery-based Energy Storage System

The studied building is equipped with a battery storage
system that contributes to provide electricity during peak
time period. The type of batteries is employed in the storage
system is lead-acid one which has relatively low investment
cost, high availability, reasonable performances, and long-
life characteristics. The size of the battery storage system is
considered 9kWh. According to the literature review, the
charging and discharging efficiencies of lead-acid batteries
are 65%-85% and 100% respectively [18]. The technical and
economic features of batteries employed in this study are
listed in table 6. The optimal pattern of charging and
discharging batteries is depicted in Fig. 10. As shown in Fig.
10, it is obvious that the proposed control strategy optimizes
the charging and discharging actions to minimize the cost of
charging and maximize the cost of discharging.
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Table 6. The technical data of the battery storage system

Battery room capacity 9kWh
Battery technology Lead-acid
Charging efficiency 70%
Discharging efficiency 100%
DOD 50%
Investment cost on the power of the 32.4
battery ($/kW)
Maintenance and operational cost ($/kwh) | 1e-3$
Battery lifetime 8 year
as Battery Storage System
g s .

Time (hour)

Fig. 10. The optimal pattern of charging and discharging
the batteries.

As a result, charging of batteries is done from 00:00 to
3:00 am and discharging is done from 23:00 to 24:00 when
the loads are augmented due to the shift loading and the
diesel generator and the photovoltaic system have no
contributions to provide electricity anymore. The economic
data of using batteries are listed in table 7 for the Persian
month ‘Mordad’.

Table 7. The economic data of charging and discharging the
energy storage system for a day

0.93%
0.51%

Electricity cost for charging the batteries
Earning from discharging the batteries

4.5. Diesel generator effect on the HEMS

As fossil fuel is relatively inexpensive and available in
Iran, diesel generators are popular and installed on-site and
generate electricity. When diesel generators are used in
residential areas the comfort level of residents should be
considered. One low-cost solution to lessen the unwanted
effects of diesel generators would be limited to the operating
time of diesel generators. The employed diesel generator is a
LONCIN LC3500A type which is manufactured in China.
The diesel generator is a 4 stroke 6.5HP one with dB rating
75dB [42][41]. The other technical specification of the diesel
generator is listed in table 8.

Figure 11 shows the rate of electricity generated by the
diesel generator.

Table 8. The technical specifications of LONCIN LC3500A
Diesel Generator[43]

Maximum output 3.1kW
Continuous output 2.8kKW

Fuel tank size 18 Liters
Number of outlets 2*15 Amp
Continuous working time 15
Maintenance cost ($/kWh) 0.005%

5 Diesel Generator

25

Power (KW)
. S r

o
o

0
0 5 1] 15 20 25

Time (hour)
Fig. 11. The electrical power produced by the diesel
generator.

To preserve the comfort level of residents it is assumed
that the operation of the diesel generator is constrained and
not allowed to operate from 00:00 to 7:00, from 14:00 to
17:00, and from 21:00 to 24:00. The diesel generator can
contribute to charge the batteries along and support the grid
over the peak time period. Residents benefit from fuel-based
electricity generation by reducing their demand for electricity
provided by the grid during the peak time period leading to a
decrease in their electricity cost. The fuel price is assumed
0.076%.

4.6. The whole model analysis

The studied building is equipped with a photovoltaic
system, diesel generator, and battery storage system which is
connected to the grid and contributes to electricity generation
to decrease the electricity provided by the grid. Regarding
building is connected to the grid, there is a bilateral relation
between the grid and the electrical system of the building. To
be more precise, for responding to the requirements of the
building, the building produces electricity via on-site
electrical generators and the storage system to supply the
electricity being in demand alongside the grid as the main
source of providing electricity. In addition, load shifting
based on consumers' flexibility is performed which leads to
shifting time of using electricity from peak time period to
off-peak or low-peak time period. The electricity provided by
the grid is shown in Fig. 12. The on-site -electricity
generation curves are shown in Fig. 13. In addition, the
electricity consumed and generated in a day in the building
are shown in Fig.14 simultaneously.
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Electricity Demand and Electricity Provided from the Grid
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Fig. 12. The electricity provided by the grid and
electricity demand
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Fig. 13. On-site electricity generation curves
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Fig. 14. Energy management result curve including local
generations and the electricity provided by the grid

In accordance with Figure 14, it is evident that by
running the demand response program scheduled by the
proposed control algorithm, the prosumer not only provides
the electricity in demand but also sells the extra electricity
generation over the peak time period and benefits financially
which is shown by the grid contribution trend in Fig. 14. The
opportunity of selling electricity over the peak time period is
created by the implementation of the demand response
program and the utilizing local generators and the battery
storage system. In Iran, there exist financial incentives to
provide electricity on-site by consumers. The extra electricity
generation is guaranteed to be bought by the government and
priced at 0.061% which is more considerable than the
electricity price provided by the grid. The economic data of
the energy management in the building in the grid-connected
state in Persian month ‘Mordad’ is listed in table 9.

Table 9. The balance sheet of trading electricity between
the household unit and the grid for a month

Grid electricity cost 7.64%
Fixed tilt angle solar panel maintenance cost 0
Diesel generator fuel cost 8.37%
Diesel generator maintenance cost 1.39%
Batteries maintenance cost 0.558%
Expenditures 17.96%
Earning from the electricity sold in Mordad 13.24%
Balance of payments 4.72%

According to table 9, it was shown that the total
expenditures is 13.24$. However, by implementing load
shifting and equipping the building with battery storage
systems, and local generators including solar panel and diesel
generator the balance of payment for electricity consumption
is declined to 4.72%. As can be seen in the table 9, the
expenditures include diesel generator fuel and maintenance
cost, batteries maintenance cost, and spending on electricity
provided by the grid. But, according to the table 9, the key
factor contributing to decline the electricity cost is selling
extra generated electricity to the grid over the peak-time
period at the incentive price.

5. Conclusion

In this study, the home management system for a grid-
connected residential building is investigated. The electricity
tariff is variable and dependable to the time of use. A
demand response program and a control algorithm were
proposed and implemented which resulted in proper peak
shaving during the peak time period and valley filling over
the low-peak or off-peak time periods. In addition, a hybrid
local electricity generation system including a photovoltaic
system and a diesel generator alongside a battery storage
system was designed and applied. To sum up, in according to
the obtained results, it is evident that through the proposed
energy management system prosumers not only would be
able to reduce their electricity demand provided by the grid
but also over the peak time period could sell their extra
electricity generation to the grid and benefit from the
considerable financial incentives leading to reduce the
electricity consumption cost.
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