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ABSTRACT

This paper proposes an approach to improve the system arbitrage and reduce peak load by managing
both the generation and load sides simultaneously. The peak load reduction is achieved using a load
control program, while the arbitrage is enhanced by minimizing the operating and emission costs. The
load management and minimization of operating cost are combined in an optimization approach in a
multi-objective framework. The storage battery is utilized to contribute in the shaving of the peak load
and reducing the operating and emission cost, where the battery aging is taken into account in the
proposed model. The management of load sides is considered as decision variables in the approach. A
mixed-integer quadratic program is employed to formulate the optimization approach. The proposed
approach is applied to a smart low-voltage distribution grid. The results show that the management of
both the demand and generation sides reduces the operating and emission costs and improves the load

factor of the system.

doi: 10.5829/ije.2023.36.02b.04

1. INTRODUCTION

Balancing the generation and demand in microgrid (MG)
is challenging because the intermittent nature of
renewable energy resources (wind, solar). These sources
are uncontrolled and their generation changes with
weather condition. So, it is difficult to make these sources
follow the load changes. Therefore, managing both the
generation and demand sides play a vital role in the
balance demand and generation. Besides, the reduction of
peak load improves the overall energy efficiency and
reduces the total cost.

In the open literature, the researchers proposed a peak
load management and its integration with the operating
of MGs. Wang and Huang [1] presented the demand
response technique which is contributed to economic
operation of MG, where end-user responses to the energy
price. Aghajani et al. [2] proposed a formula to reduce
the total cos of a MG, which includes renewable energy
and mixed generation sources. The load management was
considered in the model to reduce the total cost and
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balance the load and generation, where different types of
loads are participated in the load management shifting
program.

Huang and Billinton [3] presented a load algorithm
on seven different load sectors and studied the effects of
load management on the load shape and the system
reliability. Hamidian and Sedighi [4] pointed out time of
use strategy to smooth the load. They analyzed the
impacts of load control to reduce losses and improve
reliability. However, Huang and Billinton [3] Hamidian
and Sedighi [4] ignored the impact of load management
on system cost and other benefits of the load control on
system operation and they also neglected the reactive
load. Fotuhi-Firuzabad and Billinton [5] suggested the
impact of a peak clipping, load shifting and load
interrupting on the system cost function and system
reliability; however, they ignored many important
constraints and other benefits of load control.
Logenthiran et al. [6] proposed a demand side technique
that brought the load curve close to the objective load
curve. The load cutting to reduce the operating cost of
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MG was argued by Parisio et al. [7]. The load cut was
applied to the total load and ignored other load
management techniques. Olamaei and Ashouri [8]
analyzed the impact of load response on the cost of MG
and the load response presented as a load shifting. The
algorithm was applied to low voltage MG which consists
of micro turbines, wind turbines, and storage devices.
However, they ignored the emission cost and many
important constraints and other benefits of load
management and they applied load control program on
active load only. The energy management from both
generation, the total cost and demand were investigated
by Wang et al. [9]. The problem was formulated by using
receding horizon strategy. This algorithm applied on
single residential home. They ignored the cost of storage
device, the on/off and maintenance cost and they ignored
the reactive production cost. Shi et al. [10] suggested a
management algorithm to improve the total cost of a MG
and the demand side management integrated with
problem modelling and it is applied to total MG load;
however, they override the emission cost, reactive cost,
on/off cost and benefits of load response on operation of
grid. Liu et al. [11] proposed an optimization approach to
reduce the total cost of the MG and the load response
program integrated with optimization problem and its
applied on total MG load. They did not consider storage
device and reactive power, emission cost, start up and
shutdown cost. They also ignored the system constraints
and the ramp rate constraints and load management were
applied only on active load. Wu et al. [12] applied load
management program on the system includes only
photovoltaic and battery to minimize the cost of the
system. Kinhekar et al. [13] applied load shifting
technique on industrial load and they investigated the
effect of load management on the whole system cost. The
reactive and emission cost, other benefits of load
management, and the cost of battery operation were not
taken into account in the model. Jafari et al. [14]
proposed an optimal operation approach of MG, where
the demand response was considered as shifting
technique in responding to energy market price. The
optimal management and control of the microgrid is a
hierarchical structure, where the optimal operation and
unit commitment (UC) strategy is within the tertiary level
[15, 16].

In this paper, a novel optimization approach with
managing both the load and generation is presented to
improve the arbitrage of the smart distribution grid and
to shave a peak load. Both the active and reactive loads
are managed and integrated with the optimization
approach as decision variables. The load-shifting
program is developed and integrated with the proposed
optimization approach to analyze the effects of load
management program on the total cost of MG and on the
load factor. The UC is employed to consider the real and
imaginary parts of the output generation of the

generators. The battery is employed to reduce the peak
load and improve the total cost, where the aging of
battery is taking into account in the proposed approach.
Furthermore, the isolated mode constraints are
considered in the formulation of approach to ensure
seamless transition when the connection with utility grid
is lost.

In comparing with the previous papers in the
literature, this paper develops an approach to manage
both generation and load sides with taken into account
the active and reactive loads, whereas majority of papers
investigate the management of the generation side as
given by Al-saadi and Luk [17]. This impacts on the
results and the fidelity of the model. Besides, this paper
considers the UC technique for both active and reactive
power, while other papers consider only active power.
Considering both generation and load side management
with taken into account different constraints to reduce
operating and emission cost makes the proposed model
closed to real scenario.

2. MATHMATICAL MODELS

To model and formulate the proposed approach, the
following models should be considered.

2. 1. Distributed Generators Model The cost of
fuel of the distributed generators (DGs) at each time
interval t is modelled as [18, 19]:

Ct=a+b.Pf +c.P2 )

where a ($/h), b ($/kwh), and ¢ ($/kW?h) are the
parameters of the cost function, and Py is the real power
of the generators.

2. 2. Cost Function of inactive Power This cost
is determined using the following equation [17]:

C6=aq+bq.Qf + Cq.ng 2

where aq ($/h), bq ($/kVArh), and cq ($/kVArh) are the
parameters of the expense of inactive power, and Q; is
the output inactive power of the generators.

2. 3. Maintenance Cost of the Generators This
cost is formulated as follows:
K¢ =K,.Pf ®)

where K, ($/kWh) is the parameter of the maintenance
expense of the generators.

2. 4. Storage Device Model The following
equation is employed to represent the operation of
storage battery in the proposed optimization approach:
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Ef =EEY + At. Plgymen — At. (@) 4)
Ndis

where Ef , E;~* are the capacity of the storage device at
tand t — 1 period. P}, and Pf,;are the absorbing and
delivering power of the battery, while 1., and 7y, are
the efficiencies.

The battery aging cost is converted to the monetary
concept by employing the following equations:

Ct=C,.PLAL (5)

where C, is the aging expense of battery ($/kWh), Pfis
absorbing or delivering power. The C; is determined as
follows [20, 21].

‘b

Cd = (6)

Lp

where ¢, is the purchasing cost ($) of the battery, L, is
the actual life (kwh), which is determined using the
following equation:

Lb = DOD.Eb.LC (7)

where DoD is the depth of discharge, L. is the battery
cycle life.

2. 5. Trading Energy with the Upstream Grid
MG can exchange power with the upstream grid in case
of connected mode. The expense of trading power with
the upstream system is determined as follows:

Cop = chpPg ©))

Clt]Q = CltJQQltI 9)
where cfjp in ($/kW) and cfjp in ($/KVAr) are the active
and inactive price of exchanging energy with the

upstream grid (OMPs). P/, is the real trading power and
QY is the reactive trading power.

2. 6. Environmental Cost The emission of COx,
SOz, NOy, and PM are considered as greenhouse gases.
The emission of j™* greenhouse gas from i** DG is
determined as follows:

Ct=Y" 3N E;.C. P} (10)

where C; ($/kg) is the expense of emission of j*" pollutant
gases, and E; ; (kg/lkWh) s the emitted amount of the harm
gases from the generators. M is the number of gases and
N is the number of generators.

3. PROPOSED MODELS of the DIRECT LOAD
CONTROL

The different types of loads are taken into account in this
paper, residential (R), commercial (C) and industrial (I)
consumers. All these kinds of loads are taken into

consideration in the proposed optimization framework.
The direct load control program is applied individually
on different load sectors: residential, industrial and
commercial. The load control strategy is also applied
simultaneously on three types of loads. peak clipping and
load shifting are considered as demand control program
in this paper.

3. 1. Proposed Mathematical Model of the Peak
Clipping and Load Shifting The moving of the
load changes the pattern of the original load profile
according to the load management program. This
technique aims to limit the maximum demand to a
specified value, where the load is moved from high to low
hours load demand. The following mathematical
equation are employed to simulate the peak clipping and
load shifting for active and reactive loads.

For active load

L7y ={Lp — (Lp — BY)- 8} + 45 (12)
t _pt) st
A;, = a, {Ztsn(L;,p Pp).Sc}.gfc (12)

For reactive load

L=y ={L4 — (L, — P}).8} + AL (13)
Yeea(Ls—PE).8E
A = a, fRealictot = L o (14)

where A%, and A} are active and reactive loads moved to
low-peak hours, a, and a, are the percentage of the
reduced active and reactive power during the on-peak
hour and recovered during off-peak hours, h, and h, are
the number of off-peak hours (h), LY and L%are active
and reactive base loads (kW) and (kKVAr), L™5, and L™}
are modified active and reactive loads, Py, P} are peak
active and reactive loads, Q is the set of on-peak hours
during which the energy is reduced.

8t =1for LY > Pfand Lt > P! (15)
8t =0 for L < PfandLi <P} (16)
Sf=1for t;<t<t, 17)
8f = 1 for other value of t (18)
0<a,<1 (19)
0<a <1 (20)
3. 2. Load Management for Multi-load The

shaping of the load curve that is obtained from the load
management programs can be achieved at the same time
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in many sectors or areas of the distribution grid. It
assumes that there are N sectors or areas in the system.
The aggregated effects of load management are
formulated as follows:

For active load

L p =Lt p+ L5 p+-LNp (21)
For reactive load
L_,'Ic"—Q = L_If_Q + L_lzc_Q + - L_[I‘\C/L_Q (22)

where L™%_, and L%, are the total modified active and

reactive loads model, L), » and L7}, , are the
modified active and reactive loads model of NL load
sectors.

3. 3. Load Factor
determined as follows:

LD = average load (23)
peak load

The load factor (LD) is

4. FORMULATION OF OBJECTIVE FUNCTION

The proposed approach aims to reduce the peak load and
minimize the total cost of the MG. The proposed
approach involves the aforementioned costs. Besides, the
objective function involves the expense of loads cutting.
Based on the aforementioned mode of costs, the cost
function is formulated as follows:

F=Min 3 {ZN¥,[[Ch + C&i + CLi165: +
ST+ SD5| + CE+ Ch+ Chp + Clho + (1 - (24)
ap)-pp' If\llilXiE—p + (1 - aq)-Pq-Zﬁ’LXﬁ—q}

where Xj_, and Xj_, are the active and reactive power
reduced during the on-peak hour and not recovered, NL
is the number of load sectors, p,, and p, are the penalty
of active and reactive uncovered loads ($), i is i*" DG,
85 is the state of the i*" DG.

5. FORMULATION OF CONSTRAINTS

The proposed cost function undergoes to the following
constraints.

5. 1. Power Balance Constraints The following
constraints are expressed as follows for the active and
reactive power.

tea{ Xy 650 P + XSy Plyin + 2020 Phyia + (25)
PE+Ph = (L4 — (L, — Pf). 8L + AL)}
g=1{2§v=155i- Qf; + Q{] = (LZ - (LEI - Pqt)-5ct +

%)) @)

5. 2. Generating Limits These constraints are

formulated as follows:

8gi - Pymin < Pf < 64 . Phnax (27)
6_(51‘ -Q;min = Qgs < 6_(51‘ -Q‘gmax (28)
where P, and Py, are the low and high possible

output power of the genertors. ngin and Qgmay arethe
low and high possible reactive power of generators.

5. 3. Trading Power with the upstream Grid
Constraints Trading energy with the upstream
grid at period normally either delivering or taking power.
There are also possibilities that no exchanging power
occurs between the MG and the upstream grid at a certain
period. Therefore, two binary variables &%, € [0,1]
and &8}, € [0, 1], are assigned to represent this operation
and the following equation 65,,, + 845 < 1 is defined to
prevent purchasing or selling power at the same time. The
exchanging power constraints are formulated as follows:

8lp- Phpmin < Plp < 8lp- Plipmax (29)
8p- Qpmin < Qlp < 8bp- Qlpmax (30)
85 s Phsmin < Pls < b Phsmax (31)
8hs Qusmin < Qbis < 8bs- Qhrsmax (32)

where Péonaxs Qbsmins Qismax, and power from are
sold power from the upstream grid, Pj,min: Plpmax:
Q{,pmm, Q,t,pmax are purchasing power from the upstream
grid.

5. 4. Constraints of the Battery The operating
constraints of the batteries are formulated as follows [22].

5. 4. 1. Battery State of Charge Constraint
Elgmin = Eé = Elgmax (33)

where Ef,.;,, is the minimum state of charge and Ef,,4y
is the maximum state of charge at time t.

5. 4. 2. Constraints of Battery Operation The
status of the battery at each time interval is explained
with three possible states: absorbing, delivering and idle.
Therefore, two binary variables, &%, € [0,1]
and &% 4; € [0,1], which are assigned and formulated
the status of the battery operation. &5, + 844 < 1 is
considered to avoid absorbing or delivering power
simultaneously. The operation constraints of the battery
are formulated as follows:

t t t t t
Sbcn- Pochmin < Poch < Spcn- Pochmax (34)

t t t t t
S8pais- Praismin < Poais < Opais- Poaismax (35)
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where Plopmin @0d Pfumax are the minimum and Qmmgﬁd

maximum possible absorbing, while Pfgnin and pcC e OLVA

Plaismax are the low and high delivering power of the 1

storage device. 2 St 10 e a5
— L R #EY

5. 5. Emission Limitation Constraints The " % ' o 6 17

constraints that limit the emission of pollutant gases in DE, |BAT -": v v

the area of the MG is formulated as follows: 1,—|:r‘_.4 s MT;

YN E L PE<L (36) Wind -
where L; (kg/h) is the acceptable level of emission of the T; lzva
pollutant j in the MG, where (j =1,2,3.......M) LEVs " FVs
TTGFC v& DE;
5. 6. Isolated Mode Constraints The following ""
constraints are determined using the following equations: Figure 1. The MG under study

zT=1{Z§V=1 55i-P;max = (L; - (L% - Ppt)-act + Afz)} (37)
TABLE 1. Spectrum of wind turbine and solar panels, OMPs

{2 8L Qbmax = (L — (Ly — PE).SE+ AL} (38) and total loads
Time WT PV ng\eli ! Bg\(/:\?e\;e Total
power  power - A load
(h) (mis) (KW) price price (kW)
6. PROPOSED MG FOR CASE STUDY ($/kW)  ($/KVAr)
1 12 0 0.065 0.013 76.45
The proposed approach is applied to the standard multi-
o A 2 8 0 0.058 0.0116 70.01
feeder low voltage distribution grid with voltage 0.4 kV
as depicted in Figure 1. This grid is a standard multi- 3 8 0 0.048 0.0096 67.68
feeder LV microgrid which is taken from literature [17, 4 6.5 0 0.05 0.01 63.44
23, 24], whe_re all the parameters are on the_standa_rd LV 5 10 0 0.052 0.0104 69.64
feeder. In this study, the microgrid impact is considered
in all scenarios. The proposed MG encompasses of three 6 12 0 0.07 0.014 80.08
feeders and seventeen bus bars. The power factor is 7 14.25 0 0.087 0.0174 109.21
presgmgd to be 0.9. Besides, the MG encompasses mixed 8 135 05 0.09 0,018 149.78
of distributed generators technologies including three
diesel engines (DE), two Micro turbines (MTs), one fuel 9 16 14 0.14 0028 17823
cell (FC), one wind turbine, and PV panels. The cost 10 17 2 0.195 0.039 201.32
functions parameters and _the emission levels of the DGs 1 16 29 015 0.03 211.05
are taken from the following sources [25-29]. Moreover,
the grid involves a battery. The capacity of the battery is 12 1325 22 014 0.028 20554
50 kWh and the maximum charging and discharging 13 12.6 2.4 0.126 0.0252 223.24
power is 25 kWh. The operating effic_iency is presumed 14 13 25 0.0105 0.021 299.26
to be 0.9. The hourly spectrums for a wind and PV output,
OMPs and loads are summarized in Table 1. 15 103 22 0.1 0.02 218.54
16 8.25 2 0.09 0.018 208.16
17 10.5 15 0.098 0.0196 193.91
7. RESULTS AND DISCUSSION
18 16.2 0.6 0.098 0.0196 208.77
The optimization problem is solved by employing of 19 18 0.5 0.11 0.022 207.96
IMB ILOG CPLEX version 12.6, where Microsoft Excel 20 14 0 0.109 0.0218 21231
is interfaced with CPLEX to show the results [30]. ”1 116 0 0098 00196 18861
Firstly, the direct load control program is applied to the ' ' ' '
residential, industrial, and commercial sectors separately. 22 14 0 0.088 0.0176 159.30
Secondly, _the load control program is conducted on th_e 23 13 0 0.064 0.013 129.07
all loads simultaneously. The LF without load control is ” 15 0 0.045 0.009 19.87

0.68.
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7. 1. Case 1: Applying Load Control on the
Residential Sector Figures 2 and 3 show the
effect of the load shifting on the R load and the
accumulated load. The demand is shifted from peak load
to off-peak hours. These figure show that the peak of the
total load is unaffected by demand side management
(DSM) on residential load because the residential peak
load occurs at a different time from peak load of total grid
load. In this case, the load factor does not affect. Figures
4 and 5 depict the planning of the generators and power
of the storage device and the trading power with the
upstream system. These figure show that the highest
generation from DGs occurs at 10 pm. This is because of
the OMPs reach the highest values at this hour.
Therefore, the MG delivers power to the main grid to
reduce its cost. Besides, the MG purchases the possible
highest power from the upstream grid during hours 14 to
18 because the load has the highest value and the OMPs
arrive to low values and lower than the cost of power
generation of the DGs. However, the DEs provide the
lowest output power to fulfill the isolated mode
constraints. In addition, the DEs uncommitted from hour
1 to 6 because they have the highest generation cost,
where other generators can satisfy the isolated mode
constraints and meet the demand with buying power from
the upstream system. Moreover, at hour 24 solely the
DE3 and MT2 supply their minimum output generation
to fulfill the isolated mode constraints, where the load is
met from purchasing power from the main grid and
storage battery. This is because the OMPs reach the
lowest value. The MG spends 425.445 $ per day with
load management while it spends 428.872 $ per day
without load management. This leads to cost reduction by
0.8% per day.

7. 2. Case 2: Applying Load Control on the
Industrial Sector Figures 6 and 7 show the impact
of load shifting on the industrial loads and the total loads,
where the demand is shifted from peak load to off-peak

150 —— Active residential load with DSM
—&— Active residential load without DSM
Reactive residentila load with DSM
—— Reactive residentila load without DSM

100

Load (kW, kVAr)

[8)]
o

1 3 5 7 9 11 13 15 17 19 21 23
Time(h)
Figure 2. The profile of the residential load with and without
load control
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250 | —®— Reactive total load without DSM
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Figure 3. The profile of the total load with and without load
control
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Figure 4. Optimal active power scheduling
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Figure 5. Optimal reactive power scheduling

hours. It can be noticed that the applied the DSM program
on industrial load make significant reduction in the peak
of the total load because the industrial peak load
coincides with the peak of the total load. The new peak
of load moved to hour 20. The decreasing of the peak of
total load increases the load factor to 0.734 Figures 8 and
9 displays the optimal planning of the generators, battery
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Figure 6. The profile of the industrial load with and without
load control
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Figure 7. The profile of the total load with and without load
control

and trading power with the upstream system. These
figures show that at hour 10 the DGs generate the highest
power and the battery discharges the highest discharging
power to sell power to the upstream system because at
this hour the price of selling power to utility grid has the
highest value and the load at these hours is reduced as
shown in Figures 8 and 9. The MG delivers power to the
upstream grid at hour 10 because the power generation
obtained from the DGs is less than the trading power with
the main grid. The MG, in this case, sells higher power
than in the previous case because the total load is reduced
at this hour. Furthermore, at hour 24 only the DE3 and
MT?2 provide their minimum output power to satisfy the
Isolated mode constraints, where the load is met from
purchasing power from the main grid, storage battery,
and renewable energy resources for exactly the same
reason of the previous case. The total cost of load
management is $418.726 per day. Therefore, the cost
reduction, in this case, is 2.4% per the scheduling day.

7. 3. Case 3: Applying Load Control on the
Commercial Sector Figures 10 and 11 show the
impact of load management on the commercial loads and
the total grid loads. It can be seen that the applying of

load management on the commercial load leads to a
decrease in the peak of total MG load because the peak
loads on the commercial sector coincides with the peak
of the total load. This leads to increase the load factor to
0.728. However, the new peak load of the total load is
still at hour 14. Figures 12 and Figure 13 depict the
optimal scheduling of the generators, battery and trading
power with the upstream system. It is observed that the

250
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Figure 8. Optimal active power scheduling
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Figure 9. Optimal reactive power scheduling
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Figure 10. The profile of the commercial load with and
without load control
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Figure 11. The profile of the total load with and without load
control
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Figure 13. Optimal reactive power scheduling

MG delivers power to the upstream grid at hour 10 for
the same reason as the previous cases. Besides, at hours
17 and 18 the MG sells less power from the upstream grid
comparing with the previous two cases because in this
case the load is reduced at this hour, while the total loads
are not reduced. The MG spends $422.963 per day.
Therefore, the cost reduction, in this case, is 1.4% per
scheduling day.

7. 4. Case 4: Applying Load Control on the
Residential, Industrial, and Commercial Sectors
Simultaneously Figure 14 shows the impact of the
load management program on the accumulated loads of
the grid. It is observed that the new peak of total loads is
reduced by amount higher than the three previous cases
because the reduction results from both the industrial and
commercial sectors. This leads to reduce the load factor,
where the increasing of load factor improves secure
operation of the system. Figures 15 and 16 show the
active and reactive optimal scheduling of the DGs and
trading power with the upstream grid and the battery. It
can be observed that the MG sells power to the main grid
at hour10 to minimizes the cost because the OMPs reach
the highest price at this hour. Therefore, the battery
discharges its maximum power at this hour to sell more
power to the main grid because the selling power at this
hour is higher than the generation cost and charging cost.
Furthermore, the MG purchases the possible highest
power from the main grid at hours 13 and 14 and the
committed DGs supply minimum output power. This is
because the OMPs have quite low values at these hours.
The total cost is 410.932 $ and the cost reduction is
4.18% per scheduling day. The LF increases to 0.808.
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Figure 14. The profile of the total load with and without load
control
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Figure 15. Optimal active power scheduling



234 M. K. Al-Saadi / IJE TRANSACTIONS B: Applications Vol. 36, No. 02, (February 2023) 226-235

200

=DG1 ®FC =MTL EDG2 =MT2 =DG3 mQg
150

<

< 100 Loerrrrerns

; . . .

S SO Fpusuniiieqginnbinnttni

oy |} | I il
2 omunlnniiafonninnnnlng

Q

3 1 3 5 7 9§11 13 15 17 19 21 23
2

-50

-100

Time (h)
Figure 16. Optimal reactive power scheduling

It can be summarized that the highest cost reduction
occurs at applying the load control on the residential,
industrial and commercial loads simultaneously because
in this case the highest load factor and peak loads
reduction have the highest values, where the increase of
the load factor leads to decrease the peak load and
improving the security of supply. Besides, the high load
factor postpones the investment of distribution grids. The
highest peak loads reduction leads to improve the secure
operation of MG. The lowest cost reduction in case of
applying load control program on residential load
because of the reduction of peak loads equal to zero.

8. CONCLUSIONS

An optimal management approach with integrating of
load control program is proposed, where the load shifting
program is conducted to the all types of loads. The load
management is considered as decision variable in the
proposed approach. The impacts of the load control on
the economic planning of the generators, system peak
load and load factor are analyzed and the system is
validated through systematic testing in the low voltage
distribution grid. The model considers solely the
quadratic cost function. The results show that the
proposed load management technique decreases not only
the total cost but also decreases the peak of the total
loads. This peak reduction of the total loads results in
increasing the load factor. This leads to avoid of
investment in terms of generation capacity. Furthermore,
the security of supply and the spinning reserve are also
improved.
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