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Abstract.

A smart scheduling technique of a renewable integrated microgrid has been proposed and
implemented in which generation side and demand side management are simultaneously
utilized. Since solar and wind energy sources, which are intermittent in nature, are main
energy providers in the microgrid, their variability has also been considered in the
scheduling. A natural gas power plant and the grid have been considered as reserve sources.
In the demand side management (DSM), a novel area based load shifting technique has been
proposed along with voluntary demand reduction as load reserve. The overall aim of the
paper has been set to develop a cost effective operation scheduling using generation reserves
and DSM so that a balance is maintained between generation and demand over a day. The
optimization has been done by cuckoo search algorithm. Simulation results demonstrate the
smart scheduling satisfying the operating conditions mentioned in which substantial cost
reduction is achieved.
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Generation, Day Ahead Energy Cost.

1. INTRODUCTION

In recent days, environmental impacts and shortages of fossil fuels have increased interest
in clean and renewable energy generation, including wind power, photovoltaic,
hydroelectric power, natural gas based generation, fuel cells and micro turbines. Wind and
solar energy are intermittent and unpredictable in nature and cannot be used for reliable
power system operation. In a conventional system, generation follows the load pattern
whereas since there is no control over renewable generation, in a renewable integrated
system loads are made to follow the generation. To handle variability of renewable power
generation effective forecasting method is necessary. Petre et al. described short term wind
forecasting by Markov chain and Chapman-Kolmogorov equations [1]. This technique was
useful to generate data even if errors may creep in which needs estimation. So, to include
this variability in the power system, stochastic models were needed for safe and cost
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effective operation of power system. In stochastic model, uncertainty was represented by
scenarios which could be generated by various methods [2]. Generally, forecast error due to
variability and randomness was compensated by energy management from supply side i.e.
by using energy storage technologies [3]. The demand side management (DSM) technology
is the option to manage the renewable power intermittency from load end. DSM is basically
voluntary demand reduction or load shifting from peak load to lean load hours to reduce
power consumption during peak load period which improves system reliability. It may also
support to increase consumption during high production and low demand period. To
accomplish this, the first criterion is to segment the various types of loads. Different types
of electricity customer namely industrial, commercial and residential customers with
different electricity consumption behaviour and pattern provided operational reserves that
have been modelled in separate research work [2]. As per time of the day (TOD) pricing or
real time pricing (RTP), customers would pay the highest prices during peak hours and the
lowest prices during off-peak hours [4]. Load shifting technique is mainly applied to the
usage time of appliances of residential and commercial customers. To shift different
appliances from peak load hours (high pricing period) to lean load hours (low price hours),
the most important thing is to know the appliance characteristics and their operating time
over a day. Different appliances were modelled in a later work whose working hours can be
shifted to different time of the day [5].

Although smart energy scheduling has already been proposed in different papers, combined
effects of load reduction and load shifting considering the variability of renewable resources
and their effects on the cost of energy have not yet been demonstrated. In this paper, a
demand side management approach has been undertaken so that difference between load
and generation becomes minimized at an optimum cost with minimum computational
complexity. Overall day-ahead operational cost is modelled by two-stage stochastic
programming method and has been optimized by CSA. The novelty of the work lies in
development of area based load shifting technique while implementing this in micro grid
scheduling. Appliances are shifted from peak load period to off-peak period according to
their consumption. Even if, the variability present in the system will be catered by reserve
from source side such as natural gas based generation and grid, participation of load to
supply load reserve is also utilized to keep a balance between generation and load. The effect
of load shifting and incentive based load reduction on daily total energy cost in day-ahead
scheduling of energy is implemented. The demonstrated cost comparison shows substantial
reduction in case of DSM based technique.

2. DEMAND SIDE MANAGEMENT
2.1. Load shifting model
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Figure 2.1. Typical generation and load curves for 24 hours
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A new approach for load shifting is implemented in this work to consider the variability of
renewable generation. In this work only domestic loads have been chosen for shifting with
due agreement with the consumers. In Figure 2.1 between t; to t, hours, generation is more
than load whereas between t; to t3 load is much higher than generation. In the proposed
technique operation of appliances planned between t5 to t3 is shifted to the time slot between
t1 to tp, such that amount of excess energy between t; to t; is totally/partially consumed. This
will help in utilizing the excess generation between t; to t, hours and reducing the load
between t> to tz hours. From the figure it is also seen that generation is more than load
between 00:00 to t; hours. But the consumption of that excess generation is already planned
and included in the scheduling. Between t; to t> hours, solar generation is generally,
maximum and loads are lean. Beyond t; hours peak load period starts and it may be difficult
for the consumers to run some appliances. Rather usage of appliances between t; to t hours
may be more economically comfortable for the consumers. For that shifting of load from
peak load period to lean load period has been chosen. The excess energy F may be written
as

F = min{areal — area2} (2.1)

areal = [(f,(t) - f,(t)) dt (2.2)

area = Ziitz Yapp =1 NSt (app, h, t) x KWhr(app, h) (2.3)
psolar () 4 pwind(t) = pload(t) + ¥, M-y N*"/* (app, h, t) x

KWhr(app, h) X U/t (app, h, t) (2.4)

20, UMt (app, h,t) = Trpy 2.5)

Sapp Th=1 N/ (app, b, £) < Ny 2:6)

The objective for load shifting is to minimize the difference between excess generation and
excess load and is formulated by (2.1). Equations (2.2) and (2.3) represent each term of the
objective function where f; (t) and f,(t) are considered as load curve and generation curve
respectively. The number of appliances of type app to be shifted from t** hour is
represented by N"/¢(app, h,t) and KWhr is the consumption of each type of appliance.
Equation (2.4) is included to check the balance between load and total renewable generation.
Run time of each appliance is described by (2.5) where US"/ is the on-off status and T},
is the run time of each appliance. If a appliance starts from t; hour it will stop at t, hour
without any interruption.

2.2. Load shifting model
Incentive based demand reduction is one of the easiest ways to support the intermittency of

solar and wind. Equations (2.7) to (2.9) are used to calculate the incentives paid to different
customers for participating in the demand reduction programs.

ICE 4 (i,t) = IPE4(i, t) X incen™® (2.7)

CCE . (cc,t) = CPE, (cc,t) X incenco™ (2.9)

RE,(r,t) = RPE.(r,t) X incen™s (2.9
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here, i, cc, r, are the index of industrial, commercial and residential customers respectively.

Demand reduction of different customers have been given by IP£,;, CPE,,, , RPE,.

IPT% (i, ¢) > IPS,, (i, t, s) — IPE, (i, £) (2.10)
CP*(cc,t) = CPS,,,(cc,t,8) — CPE . (cc,t) (2.11)
RB™MX(r,t) > RPS,(r,t,s) — IBE (7, t) (2.12)

Boundary conditions for amount of load reductions are determined by (2.10) to (2.12).

3. MATHEMATICAL FORMULATION

3.1 Objective function

The main objective of this study is to optimize the total operating cost considering variability
associated with renewable generations and loads and maintaining the balance between the
load and generation with an uninterrupted power supply over a day. A two stage stochastic
program is developed for optimization problem and is mathematically formulated by (3.1).
First stage variables are called here-and- now variable i.e. the optimization variables that are
common to all scenarios and indicate the day-ahead energy transaction. The second stage
variables or wait-and-see variables are the variables those take on different values in each
scenario considering the real time operation with wind and solar power variability. One
hundred scenarios have been generated by Latin hypercube sampling-Cholesky
decomposition (LHS-CD) method and reduced into two scenarios by k-means clustering
method [6]. Now the total cost TC can be written as

TC = YT_ [Cs°WT (t) + CV™a(t) + ¥ M_.{C9% (m,t) +
SUI%S(m, )} + Xi_1{ICH, (i, ) + X1 {CCEy (co,t) + R {Ries (1, 1) + CI(8)] +
[X5_; ProbS{¥T_, CS°NT(t,s) + C¥a(t,s) + IM_{CI™ (m,t,s) + SUI* (m, t,5)} +
n=1 Cfenres (0, t,8) + Xioy ICH, (i, t,8) + XL, Coom (cCit,s) + X8y €1 (r,t,8) £
cIm(e,s)) 3.1

where, Cs°lar, cwind  (9as (9mid are cost of solar, wind, scheduled gas reserve, power
generation and selling or buying price of power to or from the grid respectively. Start up
cost of the gas generator is SU99s. ¢solar cwind 995 9" gre cost of solar, wind,
scheduled gas reserve, power generation and selling or buying price of power to or from the
grid for each scenario.

3.2 System constraints

Maintaining balance between load and generation is the main constraint of this program.
Equations (3.2) and (3.3) give information about load balance in day-ahead condition and in
each scenario condition. Therefore, the equation of balance can be expressed as

Psolar(t) + Pwind(t) + Z%:l Pgas(m’ t) + Pexcess(t) — Pload(t) _ Z§=1 Ipifld(i' t) _
CC_1 CPE (cc,t) — SR RPES (r,t) b (3.2)

Pssolar(t’ S) + Pswind (t, S) + Z%=1 Psgas(m, t, S) i Psexcess(t' S) — Pload(t) _
%:1 IPiild (i' L, S) - Z(c:cc=l CC(:Som(CC' L, S) - 21}3:1 RPrSeS(T‘, L, S) (3~3)
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Hourly forecasted power outputs from solar and wind are P5°!47 pWind and are calculated
as in [2]. Scheduled power output is P99 and P7** gas power output in scenario. Hourly
load demand connected to the microgrid is represented by P!°*®_ Excess power to be sold or
buy to or from grid is expressed by P¢*“¢*S. Now we can also write

F995(m, t) = [a + B X P9%(m, t) +y X {P995(m, £)}2] x U995 (m, t) (3.4)
F9% (m, £) < Fes (m) (3.5)
SU99S(m, t) > 5c995 x (U995 (m, t) — U9% (m, t — 1)) (3.6)

Equation (3.4) represents the relationship between gas fuel and power output of the plant.
Amount of fuel required for power generation of m" unit at t*" hour is F9%°(m, t). The
on/off status of the gas unit is U9%°: 1 is considered on, 0 is off. Gas unit system constants
are a, 5, y. The availability of the fuel over the day is calculated by (3.5). Start-up cost
SU9% (m, t) of gas unit is determined by (3.6). Start-up cost of each gas plant unit is sc9%°.

4. RESULTS

4.1. Day-ahead energy scheduling without demand side management
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Figure 4.2. Day ahead energy scheduling without DSM

Day-ahead energy scheduling without demand side management program has been shown
in Figure 4.1. In day time, e.g. at 10:00 am, as the renewable generation mainly the solar
generation is high, excess 8.74 MW generation is sold to grid. In evening time, for example
at 8:00 pm, the load is much higher than renewable generation because of zero solar output.
Mainly gas reserve takes up the excess load of 35.68 MW and hence increases the fuel cost
which in turn increases the total operating cost.

4.2. Day-ahead energy scheduling with demand side management

Figure 4.2 shows, the renewable generation is excess from 8:00 am to 4:00 pm and load is
excess between 4:00 pm to 9:00 pm. Hence load is shifted from the later period to excess
generation period. As for example, load of 9.36 MW is shifted from 7:00 pm and load of
3.43 MW is added to the load at 12:00 pm as the renewable generation is excess. This load
shifting is implemented by the developed method explained in section 2.
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Figure 4.2. Load curve comparison for DSM

The combined effects of load shifting and incentive based demand reduction in day-ahead
scheduling are presented in Figure 4.3. As at 12:00 pm some load has been shifted, there is
no surplus generation to be sold to grid. At 7:00 pm shifted demand of 9.363 MW and
incentive based load reduction of 16.11 MW allow gas unit to generate only 13.55 MW
instead of 33.55 MW as in the case of without demand side management.
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Figure 4.3. Day ahead energy scheduling with DSM
4.3. Cost comparison
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Figure 4.4. Comparison of Hourly energy cost

Figure 4.4 shows hourly cost of energy which clearly shows that reduction in operating cost
using DSM occurs during the peak load period. At 8:00 pm the energy cost is Rs.
514996506.3 in case of without DSM whereas with DSM this cost has been reduced to Rs.
86401732.08. It also reveals that, since with DSM loads are shifted to the excess renewable
generation period to consume maximum amount of renewable generation it reduces the
amount of load in peak load hour. Reserve from load side helps to reduce the amount of
demand in peak load with less renewable generation period and hence reduction in operating
cost from Rs. 2398829115 to Rs. 505529445.3 is achievable within a day.



s. CONCLUSION

A novel demand side management technique has been developed and implemented in a
microgrid. Microgrid considered in this paper utilizes solar and wind as major supply
sources and grid and natural gas based generation serve as reserve sources. The energy
scheduling of the microgrid is done considering the variability of solar and wind sources.
Hourly cost comparison is done to demonstrate the cost reduction period. The total daily
cost reduction due to use of DSM and smart scheduling has also been established. For a
futuristic approach, demand side management considering appliances with different
characteristics can be analyzed.
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