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Abstract — In this article, optimal energy consumption in the smart houses is studied
considering techno-economic indices and demand side management (DSM) in electrical grids.
The optimal energy consumption is implemented based on optimal scheduling of the
household appliances than energy price and capacity of demand flexibility in DSM.
The proposed approach is considered as two-stage optimization. Using first stage, energy
consumption is modified by optimal shifting of the appliances subject to DSM and energy
price. Thus, modified energy consumption is taken into accounted in second stage
optimization to maximizing the consumers comfort and minimizing operation cost,
simultaneously. The optimization process is done in the MATLAB software, in which
objectives in second stage are optimized via Ip-metric method. Finally, the performance of the
proposed modelling is validated as case studies using numerical simulation.

Keywords — Demand side management; optimal energy consumption; optimal shifting,
Ip-metric method; two-stage optimization

Nomenclature

t,T Time index Hour
si Solar irradiance kW/m?
Spy Total area of PV m?
v,V&Vci,Veo  Wind speed, Rated speed, Cut-in speed, Cut-off speed of WT m/s
Pnwr Total rated power of WT kW
a, B, A Cost factors of DGs $/kW
Pa DG power kW
Npv Efficiency of PV %
Dg, Dum, D Electrical demand, Unmet demand and Electrical demand before shifting kW
neh,ndis Efficiency of ESS systems in discharge and charge state %
Crss, C%op ESS cost and operation cost $
Cpg, Cuc Cost of the DG and upstream grid $
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mPua, Puc Electrical price and Upstream grid power €/kW, kW
Wess Binary variable of the ESS -

A Participation level of the flexible appliances in shifting strategy %

1. INTRODUCTION

Recently, smart energy systems are used to developing influence of the demand side
management (DSM) in the large energy area such as residential building [1]-[4]. The DSM
strategy is utilized by energy companies to improve performance of energy systems via
persuading demand side using price signals [5]—[8]. The implementation of DSM leads to
stimulation of the consumers to control self-energy consumption in high real-time energy
price [9]-[12]. On the other side, residential buildings have maximum energy consumption
especially electrical energy than commercial and industrial sections [13]-[20]. The optimal
energy scheduling in the smart residential building can implement as modern service by
energy companies to increase energy systems efficiency and improve consumers comfort
level through DSM service [21]-[25].

The residential building energy scheduling have been done in previous researches with
different models and approaches. The optimal scheduling of generation units is studied in
[26] to minimizing generation cost and emission. In [27] maximization of the energy saving
is proposed by demand reduction strategy in high energy price. The energy scheduling in
smart autonomous residential building is examined in [28] with consideration of electric
vehicle (EV) power generation at peak demand. In [29], minimizing the energy loss and
maximizing the profit in residential buildings is discussed using optimal design of the energy
resources. The optimal sizing and siting of energy resources in the residential building
networks is implemented in [30] for minimizing the installation costs. The load demand
scheduling by different strategies in reviewed in [31] using intelligence algorithm. The energy
management of the household appliances is studied in [32] for reduction of consumption
costs. In [33] scheduling of the household appliances is proposed under uncertain parameters
such as energy price and renewable energy resources for increase efficiency of system and
minimizing costs. The optimal committee of household appliances is proposed in [34] using
discrete and continuous optimization model. In [35] consumption of the household appliances
based-economic and environment models is implemented, without consideration of the
consumers’ comfort index.

In this article, optimal energy scheduling of the household appliances in the smart
residential buildings is proposed. The energy scheduling is optimized based on optimal
dispatch of consumption using demand shifting. The two-stage optimization model is taken
into accounted for proposed approach. The energy consumption is optimized in first stage,
and it’s applied in second stage optimization in order to maximization of comfort and
minimizing the operation costs. The Ip-metric is utilized as optimization method for solving
objective functions and generation of the non-dominated solutions of objectives. Therefore,
contributions in this work can be listed as follows:

— Proposing two-stage optimization for optimal energy scheduling in the residential
buildings;

— Utilization of the demand shifting modelling for optimal consumption in first stage;

— Minimizing operation costs and maximizing consumers’ comfort in second stage;

— Solving objective functions in second stage using lp-metric method.
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2. SMART RESIDENTIAL BUILDINGS OVERVIEW

The overview of the smart residential buildings is studied in this section, which in Fig. 1
graphical description of them in electrical grids is depicted. In this figure, generation side are
distributed energy generators and upstream grid. The distributed energy generators including
electrical energy storage (ESS), diesel generator (DG), wind turbine (WT) and photovoltaic
(PV) [36]-[41]. The upstream grid has diverse price at each time in a day, which these prices
from electrical market are applied. The household appliances in the smart residential
buildings have various behaviours in electrical energy consumption. These behaviours are
depended on different time of appliances usage. For example, electrical consumption of the
washing machine, optional lighting, dryer and electrical oven can be moved to other times of
a day, which these appliances are named as flexible appliances. On the other side, some of
the appliances such as refrigerator and critical lighting have fix behaviours in electrical
consumption, and all times or pre-defined times are operated. Therefore, in our work, DSM
modelling is implemented to flexible appliances. The energy scheduling centre using flexible
appliances can provide optimal level of system based on pre-defined objectives
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Fig. 1. Overview of smart residential buildings in electrical grids.
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3. EcONOMIC AND TECHNICAL MODELLING OF THE DISTRIBUTED ENERGY
GENERATORS AND UPSTREAM GRID

The mathematical modelling of the distributed energy generators based-economic and
technical indices is formulated as follows:

3.1. PV Modelling

The modelling electrical generation based on solar irradiance by PV is as follows Eq. (1)
[33].
Py (81) =Mpy - Spy - S0 (1

3.2. WT Modelling
The electrical generation using WT subject to wind speed is given by Eq. (2) [34]:

0 if vV,
P.(v) PN,WT [%] if V,<v<r, @)
wr V)= R Ve
Py ywr it V,<v<yg,

0 if Ve, <v
3.3. DG Modelling
The mathematical modelling of DG based-fuel cost is formulated by Eq. (3).

Cpg(t:d) ={aB} (6,d) +BP, (t,d) + 1} 3)

3.4. ESS Modelling

Using Eq. (4) and Eq. (5) economic and technical modelling of ESS can be calculated,
respectively [30], [31].

Clss (t-e55) = {CEp - Pyss (t,e59)] (4)
Prgs (1) / Mais < Prssais Mess discharge  Prgs(1)20

, (%)
Prs (1) '<_nch) < Prgs-en'(1-Mgss)  charge  Prgg(1) <0

where Eq. (4) is ESS cost at time operation, and Eq. (5) is ESS status in the discharge and charge
modes.

3.5. Upstream Grid Modelling

The economic modelling of the upstream grid in various price of electrical energy is as follows
by Eq. (6).

Cuc (1) =nj6 (1) By (1) (6)
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4. OPTIMIZATION APPROACH MODELLING
In this section, proposed optimization as two-stage is formulated as follows:

4.1. First Stage Optimization

In first stage, optimization of the electrical energy consumption subject to electrical price
in the upstream grid is done using Eq. (7). In this optimization, electrical energy consumption
is optimized by flexible appliances participation via shifting strategy in all smart buildings
[32]-[37].

T
min £ =" (D (0) 7 (1)) )
t=1
Subject to:
T T
D D)= Di®), ©)
t=1 t=1
Dy (1) =Dy (1)- A1), )
1-A() < A(F) <1+ A(D), (10)

where Eq. (8) ensure that, total of the electrical demand before shifting strategy is equal to
after shifting strategy. The Eq. (9) is value of the demand shifted. And Eq. (10) represented,
participation level of the flexible appliances in demand shifting strategy.

4.2. Second Stage Optimization

In this stage, multi-objective functions such as consumers’ comfort and operation costs are
optimized as follows:

4.2.1. Minimizing Operation Costs

The operation costs of the DGs, ESSs and upstream grid are minimized in first objective of
second stage optimization.

T

D ESS
min £ =" {Z Cpg (t,d)+ Y Cgs(t,e55)+Cyg (t)} (11)
d=l1

t=1 ess=1

4.2.2. Maximizing Consumers’ Comfort

The consumers’ comfort is modelled based on electrical consumption than optimal level of
the consumption and unmet electrical demand [38]-[40].

T
_ \@OoP
| B (12)

max f, T
RG]
t=l1

where
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V(1) = Dg (1) + Dy, (1) (13)
Dy (0)>0 Dy (1) > Fye (1)
DUM(t)_{DUM(f)=0 Dy (1) < Pyg (1)’ (9
T
ZDE(t)
PO ==l (15)

T

Here Eq. (13) includes electrical demand and unmet electrical demand. Using Eq. (14),
unmet demand is calculated with attention to unable of generation side including distributed
energy generators and upstream grid in meet demand, and Eq. (15) is optimal level of the
consumption.

4.2.3. Constraints

Technical constraints of the system such as power balance, energy generation bound of the
DG, upstream grid and unmet demand limit are modelled in Eqgs. (16)—(19) for the second
stage optimization, respectively [41], [42].

D ESS
PUG(t)_'_PPV(t)_'_PWT(t)_'_ZRj(tsd)i ZPESS(taeSS):DE(t)_DUM(t) (16)

d=1 ess=1
0< P, (t,d) < P™ (17)
0<Bg(0) < BE" (18)
0< Dy, (1) < Dg(0) (19)

5. OPTIMIZATION METHOD

Since, in second stage optimization operation costs is minimized and costumers’ comfort is
maximized, simultaneously. The Ip-metric method is employed as optimization method for
solving objective functions in second stage. The Ip-metric method modelling is as follows
[43]-[48] by Eq. (20):

mlnl]) _ {{W . fi.v.vf;A:ii;,v,op } B {(1 B W) . ‘ﬁv.\‘f;x’oz;x,oh }jl ’ (20)

0<w<l. 1)

and subject to

Here, f1**°" and f;**°? are optimal value of operation cost and costumers’ comfort,
respectively. And w is weight for objective functions at interval [0,1]; to finding Pareto
frontier solutions. In this method, minimum value of the objective in Eq. (20) is considered
as the best solution.
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6. NUMERICAL SIMULATION AND CASE STUDIES

In this section, optimization approach is implemented as numerical simulation. The two

case studies with attention to flexible appliances participation are provided as follows:
— Case A) Optimization without flexible appliances participation;
— Case B) Optimization with flexible appliances participation.

In Fig. 2 the process of the optimization is depicted. In Table 1, parameters of the PV and
WT are listed [49]-[53]. The DGs and ESS parameters are given in Tables 2 and 3. The solar
irradiance and wind speed at day-ahead is provided in Fig. 3. Electrical demand and electrical
price in the upstream grid is shown in Fig. 4 [54]-[56]. It should be mentioned, that maximum
power generation is 500 kWh, and value of the demand shifting by flexible appliances
participation is 35 %.

TABLE 1. PV AND WT PARAMETERS

PV WT

Parameters Value Parameters Value

Spy 55 m? Vei, Veo 3 m/s, 25 m/s
Npy 20 % Vr 15 m/s

Py pr 180 kWh  Pyyr 350 kWh

TABLE 2. DGS DATA

a! ﬁ! )\‘9 Pllin’ Pmax!
Parameters o\ \h* e€kwh € KkWh Kkwh
DG 1 442 102 124 0 180
DG 2 542 156 132 0 180

First Stage

using objective function (7) Value of the flexible appliances participation

¥

[ Output: Optimized electrical energy consumption }

Second Stage

Optimization of the electrical energy consumption Input data: Electrical demand, Electrical price,

Optimization of the multi objective functions such Input data: ESS data, DGs data, electrical price,
as operation cost and costumers’ comfort subject WT and PV data, Optimized electrical energy
to constraints (16)-(19) consumption, Data of the upstream grid

R 2

Output: optimal energy generation and improve
costumers’ comfort

Fig. 2. Optimization process.
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TABLE 3. ESS DATA

Parameters Value

Prss 80 kWh
Nen 90 %
N 95 %

C 55, €10

solar irradiance e ind speed

ISRNIS
Wind speed, m/s

SN B OO == =

100
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60
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20

Electrical price, €/kWh

5 7 9 11 13 15 17 19 21

Time, hour
Fig. 3. Solar irradiance and wind speed at day-ahead.

1 Electrical demand e F]ectrical price

5 7 9 11 13 15 17 19 21
Time, hour

Fig. 4. Electrical demand and electrical price at day-ahead.

7. RESULTS AND DISCUSSION

In this subsection, results of mentioned case studies are discussed as follows:

23

1000
800
600
400
200

2022/26

Electrical demand, kWh

In Fig. 5. optimized electrical demand in first stage with original electrical demand is
depicted. As shown, flexible appliances are shifted from high price to low electrical price,
and case studies are implemented subject to original electrical demand (Case A) and
optimized electrical demand (Case B). In Fig. 6 Pareto frontier solutions for operation cost
and costumers’ comfort in second stage for cases A and B are provided. The change step of
the weight in lp-metric method is taken by 0.1 for objective functions, and minimum value of
the best solutions for Cases A and B are equal to 0.67 and 0.63, respectively.

In case A, amount of the best solution for consumers’ comfort and operation cost are
respectively 75.1 % and € 692 574.2, which is determine in Fig. 6(a). However, with
participation of the flexible appliances in Case B, the best solution in Fig. 6(b) has values
85.2 % and € 558 654.2 for consumers’ comfort and operation cost, respectively. Comparing
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Case B with Case A, operation cost is minimized by 9.2 % and consumers’ comfort 10.1% is
increased. In Case A, 62.3 % of the operation cost is associated to upstream grid cost to feed
demand; this is while, cost of the upstream grid in Case B is minimized by 5.87 % than
Case A.

The optimal energy scheduling in Cases A and B is shown in Fig. 7. In Fig. 7(a) (Case A),
power generation of upstream grid is done in high price and peak demand, which leads to
increase operation cost. As well, unmet demand is scheduled at hours 12, 13, 15-17 or peak
demand. The total unmet demand in mentioned hours is equal to 270 kWh. The charge

scheduling for ESS in Case A is at hours | and 4, and discharging is scheduled at hour 14 and
high electrical price.

=== Electrical Price Original Electrical Demand ~— ----- Optimized Electrical Demand
= 1000 100
g 800 80 =
=1 =
s =
£ 600 60
a S
5 400 40 E
= <
E 200 20 g
m 0 0 §
13 s 7 9 11 13 15 17 19 21 23 =
Time, hour
Fig. 5. Original and optimized electrical demand.
e\i 85
b=
S 80 I 4
E e e S A
S 75 L PG St L S
I R S &
& 70
g ’.-—-"” Best Solution
£ 65
o
U 60 L L L L L L L L L ]
615.5 6253 6387 6599 6754 6925 699.8 7053 7183  725.6
Operation cost, k€
(@
e 95 ¢
< Best Solution = 4
L‘E 90 r ’/’,/
S 8 \Q ----- )
- I
g 80 | P > A d
£ -
g 75 + '&
O 70 | | | | | I I I )

501.3 5055 5104 5153 5304 5356 541.7 558.6  580.5  598.7
Operation cost, k€

(b)
Fig. 6. Pareto frontier solutions. a) Case A and b) Case B.
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In Fig. 7(b), scheduling of the electrical power with participation of the flexible appliances
(Case B) is depicted. It’s visible, optimal level of the electrical demand is provided to
generation side at peak demand. In this case, due to implementation of the demand shifting
strategy from peak demand to off-peak, unmet demand is reduced by 59.2 % in comparison
with previse case. Also, participation of the ESS in meet demand is increased with value 33.3
% than Case A. The electrical power generation by ESS is scheduled at peak demand and
high electrical price. It can be concluded that, ESS have major role in minimization of the
unmet demand and operation cost. Also, it can be inferred that, with participation of the
flexible appliances in energy scheduling, desired level of the operation cost and consumers’
comfort is provided.

mm Upstream grid ESS i DG 1 /DG 2

EEm WT | V4 s Umet demand @ Demand
1100

900
700
500
300
100
-100

Electrical power scheduling, kWh

Time, hour

(@

mmmm Upstream grid C—ESS DG 1 —DG2
EEmWT /Py I Unmet demand @ Demand
1100
900
700
500
300
100
-100

Electrical power sheduling, kWh

Time, hour

(b)
Fig. 7. Electrical power scheduling. a) Case A and b) Case B.

8. CONCLUSION

This article presented two-stage multi objective functions optimization for optimal
scheduling of the flexible appliances in smart building. Using first stage optimization,
electrical demand is optimized via participation of flexible appliances and electrical price in
upstream grid. In second stage, multi-objectives are considered subject to optimized electrical
demand. The minimization of the operation cost and maximization of the consumers’ comfort
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are multi-objectives in second stage optimization. The numerical results in the simulation
section as two case studies are implemented to evaluate effectiveness of the proposed
approach. In Case A, optimization is done without participation of flexible appliances and in
Case B, participation of flexible appliances is taken into accounted. The comparative analysis
of the results to case studies is listed in Table 4.

TABLE 4. RESULTS OF CASE STUDIES

Operation cost, € Consumers’ comfort, %
Case A 692574.2 75.1
Case B 558654.2 85.2

The results show that, DSM strategy has provided optimal rate of operation cost and
consumers’ comfort according to participation of flexible appliances then electrical price.
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