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Abstract—A huge attention is paid to integrating buildings with renewable energy resources (RES) as a key
factor to act on increasing demand. Meanwhile, utilizing different power resources can be a viable alternative for
communities suffering from frequent and planned power outages. Conventionally, diesel generators are utilized
as emergency backups to lessen the impact of power outages, but they consume a massive amount of fuel in case
of extended outage periods. In this context, the work proposes an alternative microgrid power supply system
incorporates photovoltaic solar array and lead-acid battery bank in addition to the conventionally utilized diesel
generator for buildings experiencing frequent power outages. Besides, an energy management scheme is
proposed to carry out the proposed supply. The main components of the system are modeled in MATLAB and
the simulation is performed over a relatively long period (two weeks) to capture the pertinent dynamics of the
system. The work is conducted using the example of Al-Shifa’ Hospital in Gaza-Strip to verify the effectiveness
of the proposed approach. Moreover, different operation scenarios are tested from different perspectives with
respect to the planned outages in Gaza-Strip. Simulation results indicate significant fuel savings in addition to a

reduction in the total operation time of the diesel generator set (GenSet).

Index Terms—Microgrid, Power Outage, Diesel Generator, Battery Bank, Energy Management System

I INTRODUCTION

Local power supplies are becoming popular idea to over-
come the problem of frequent power outages. These systems
can be installed and operated to cover the essential demand
of wide range of facilities. Mainly, such systems are
equipped with diesel generators which need an enormous
amount of fuel in case of extended outages. However, a
proper battery storage system in addition to renewable ener-
gy resources RES can play a vital role to alleviate the risk of
outage and decrease the fuel consumption significantly. In
spite of that, robust operation of local power systems is
complex since power outages are stochastic events, and local
energy suppliers have different operation costs, constraints,
and efficiency characteristics [1]. Concurrently, different
smart grid topologies are utilized and developed for specific
purposes. Effective outage management system (OMS) is an
ambitious target for the smart grid realization [2]. Deeply, a
microgrid is defined by the U.S. Department of Energy as “a
group of interconnected loads and distributed energy re-
sources (DERs) with clearly defined electrical boundaries
that acts as a single controllable entity with respect to the
grid and can connect and disconnect from the grid to enable
it to operate in both grid-connected or island modes” [3].
Microgrids firstly appeared in [4] as innovative concept
assuming a cluster of loads and micro-sources; all are oper-
ating as a single controllable system. By this definition,
microgrids can be a good alternative to serve different socie-
ties, buildings, rural areas and small districts. They are a
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viable solution for buildings depending on resources other
than the main grid (where the main grid expansion is either
impossible or not economical). Especially in developing
countries, a large number of buildings including healthcare
facilities, schools and small businesses are not connected to
a main electrical grid system [5].

Although considerable related work has been done to
manage power flows and energy in buildings, every new
application is setting up different requirements, so that pre-
vious approaches cannot be fully applied. For instance, [1]
and [6] present online energy management systems to supply
constant loads for different purposes based on real-time
solving the economical dispatch of generators. However,
they consider relatively long time steps to work out this
problem (e.g. one hour). Besides, other online energy man-
agement schemes have been implemented as in [7], but they
did not consider safety ranges for the operation of the bat-
tery bank which ensure longer lifetime [8].

The contribution of this work is to offer an online energy
management scheme (EMS) for buildings experiencing a
planned grid electricity outage. It aims to reduce the fuel
consumption of the diesel GenSet and maximize the use of
RES in order to supply the load efficiently as well as hold
the state of charge (SoC) of the battery bank within safety
operation ranges. The proposed scheme is carried out over
an accurate load profile with relatively short time steps (two
minutes). Also, a certain degree of uncertainty is imposed in
order to offer a better understanding of the system dynamics.
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This paper is organized as follows: Section 11 presents the
main problem which is going to be solved; Section Il pre-
sents the system model including resources and loads; Sec-
tion IV presents the proposed energy management scheme;
Section V demonstrates a case study including the experi-
enced outage and load profile of a hospital complex in Gaza-
City in order to conduct this work with the corresponding
simulation results concerning various criteria. Finally, Sec-
tion VI discusses the results and concludes the outcomes of
this paper.

Il PROBLEM STATEMENT

The focus of this work is to solve the problem of frequent
and planned grid outage where the load is imposed to be
disconnected from the main grid at certain periods of time.
The distribution company usually informs the customers
previously about the period of interruption, so they can
manage to schedule their consumption or even use a proper
standby power supply system to cover their demand.

Simply, this work proposes a microgrid-based power supply
and the corresponding management criteria in which the
load demand can be supplied more efficiently.

Specifically, such a problem includes, on the one hand, the
modeling of the available power from the grid and other
resources such as renewables, battery storage and diesel
GenSet. In the other hand, it includes managing these re-
sources to decrease the fuel consumption and increase the
reliability of the system.

111 SYSTEM MODELING

The system under consideration can be described by three
interacting subsystems which form the all power flows;
namely: load demand, grid and secondary power supply. The
system consists of a microgrid composed of PV array, lead-
acid storage bank and diesel GenSet representing the mi-
crogrid in addition to the critical load which all are connect-
ed to the main grid as depicted in Figure 1.
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Figure 1 General model of the system

A Load Demand:

The load demand or profile represents the instantaneous
power consumption of the load and can be modeled by dis-
crete values P, (7) over a fixed time horizon (e.g., a day),
where T € [t,, t, + T]. Obviously, the most important part
of proposing an efficient EMS to buildings is to identify
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their individual consumption patterns and maintain power
supply even in blackouts, rather than to save energy. To this
end, a method is required to mockup a load profile for a
relatively long period from available basic data. For the
purpose of testing control strategies, the load forecasting
model should avoid complicated configuration processes [9].
Essentially, such a method is advantageous when a compre-
hensive monitoring action is not possible either.

Considering a load profile P,(7) is available over a spe-
cific period which represents the basic data window. In addi-
ton, the consumption pattern is constant or changed slightly,
in which the load of the next window can be described as a
term of the main window but including a scaling factor and
time delay, then the load profile for the next day can be
mathematically formulated as follows:

P[(x) = a'P,(t + B )

Where:
at is the weighting factor indicating the uncertainties
of the power demand of the next window (day)
referred to the basic data window, i.e. if its value is
equal to 1.15 this means that the whole load profile
of the day i is 1.15 times the basic load profile.
is the shifting factor representing the global shift
over the next day referred to the basic day.

,Bi

In this work, these factors of a and S are generated using
uniformly distributed random variables within a proper
range of uncertainty.

B Main Grid

The grid is supposed to supply the load continuously, but
according to different reasons, their might be a total deficit
in supply at certain periods. Here, we consider the grid as a
binary-state power supply where the grid can be ON at cer-
tain periods and OFF at the rest. Note that grid power can
supply the load sufficiently whenever it is in ON state. Such
a timely grid behavior is illustrated simply in Figure 2.
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>

Figure 2 State of the Grid

C Microgrid Supply:

Microgrid is mainly acting as a secondary power supply
which is represented by the different micro power resources.
It can interact with the main grid to charge the battery bank
in case of low charge due to its relatively low cost power.
Simultaneously, it can supply the load in case of the absence
of grid according to specific management criteria, which
will be discussed in the next section. Mainly, the proposed
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micro grid supply consists of three sources: PV array, lead-
acid battery bank and diesel GenSet. They can be modeled
as follows:

PV array:

The output power of a PV module can be obtained by its
rated output power at the standard test condition, light inten-
sity, and the operating ambient temperature [10].

@

Ppy is the output power from a single PV panel. The stand-
ard test condition (STC) means that solar irradiance Ggrc is
1000 W/m?, PV temperature Tgpc is 25°C, and relative at-
mospheric optical quality is AM1.5 condition. G is the
irradiance of the operating point, k is the power temperature
coefficient, Ps; is the rated output power under STC, and T,
is the PV temperature at the operating point. Note that the
output from the PV array are connected directly to a dc-dc
power converter which has inside a maximum power point
tracking unit (MPPT) to maximize power extraction under
the different operational conditions.

Ge
Ppy = Pgrc G [1+ k(T — Tsre)]
STC

Battery Bank:

The energy storage system (ESS) is the most essential
part of most microgrids. It is, therefore, necessary to have a
well-sized battery bank in order to ensure that the power
supplied by RESs during high generation periods will be
available when the load requires it [11]. The strategy of
managing batteries can significantly impact the performance
of the overall system. The following condition is imposed to
limit the power in/out flows of the battery:

Pch‘r max < PBat < Pdis max (3)

where Pg,; is the power thrown from or injected into the
battery. It is positive at discharging and negative at charging.
It should not exceed the limits of charging P, 1mq, and
discharging Pgy;s max 10 ensure acceptable operation condi-
tions [12]. Besides, another variable that should be kept
within a certain range is the state of charge (SoC). It can be
expressed as:

Epqe(T

soc() = 2@ (4)
CBat

SOCppin < SOC < SOCpgyx (5)

where Egyty Cpats SOCppin @and SOC,, ., are the actual energy
stored in the battery at time t, the total energy capacity of
the battery, and the minimum and maximum allowed state of
charge of lead-acid batteries, respectively. The SoC value at
time (7 + A) is determined by the SoC value at time 7 and
the battery power during the time period. It can be expressed
by the following equations:

Epat(t +4) = Epge (1) — Ppae(T) X A (6)
S0C(t + A) = SOC(7) —PBL(T)XA ()
Bat

The charging efficiency and discharging efficiency are both
assumed to be i, = 95 %. [13].
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Diesel Generator

Basically, diesel generators act as a backup power source.
In accordance to the concern of this work, the model of
diesel GenSet is limited to fuel consumption F. (L/kWh),
which can be formulated as a quadratic function of the cor-
responding generated power [14]. Consequently, fuel cost
can be found using Eq. (9), where D, is the diesel fuel cost
per liter ($/L)

E.(P) = Z(aPZ +DP+C) XA ®)

Fuel Cost = D F,(P) 9)
where a, b and c are the coefficients of fuel cost function
and can be found by curve fitting according to the given
chart by different manufacturer [15]. In addition, its generat-
ed power Pg,, should not violate the rated capacity Pgep, max
and also should not drop behind a certain lower limit
Pgen_min t0 keep its efficiency higher [16]:

(9)

PGen min < PGen < PGen max

Power Inverter:

A bi-directional power inverter is assumed to perform the
needed power conversion between AC and DC buses. The
following equation describes an abstract model of the used
inverter:

Pout = NcPin (10)

where 1, is the efficiency of the power conversion.

1V ENERGY MANAGEMENT SYSTEM

At each time step, the following power balance must be
fulfilled:

Ppy + Pgen + Ppar = Proaa + Pross (11)
where:
Ppy is the total output power from photovoltaic;
P oss is the total power losses on the system.

The developed control strategy consists of three cascaded
stages:

1. The first stage gives the priority to the grid in order to
supply the load in case of insufficient power generated
from renewables.

The second stage becomes active in case of power outage
where the microgrid takes the responsibility of supplying
the load in case of insufficient renewable power.

The third and last stage is a master-slave control strategy
adopted from [17, 18] which is typically developed for
islanded operation mode where the battery bank and the
diesel generator serve in succession depending on the
available SoC and power from renewables.

Overall, the control strategy gives the priority of power
supply to RES even if it is modest comparable with diesel
GenSet. Basically, the diesel GenSet operates in case of grid
outage and low SoC of the battery to supply the load de-
mand and charge batteries (with excess power) up to a cer-
tain point SoC.« according to the constraint in Eq. (5).
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Note that two maximum threshold are chosen to stop the
charging process: SoCgp is chosen to stop the charging
process from RES and SoCyy; is chosen to stop the charging
process either from grid or from the diesel GenSet while it is
running. Here, SoCyy, is chosen lower than SoCgy; to max-
imize the usage of RES rather than depend too much on the
grid or the diesel GenSet.

DECLARE STATE VARIABLES SOC., Pgenset, Porin, Proan, Pres,
Psatt, Flincr

DECLARE GenSet COEFFICIENTS a, b, cC

READ SOC;i, SOCstpr, SOCstpz, SOCnin, Peens, Foy  Pratt max,

GenSetriay, Eff, K

F.=0
FOR t 1 to T
DEMAND[t] = Proap[t] - Pres[t]
IF Demand[t] < 0
Poensec [t] = 0
Perrp[t] = 0
IF SOC,[t]
Pgare [t]
ELSE
Pgare [t]
END IF
SOC,[t+1]
ELSE
IF Perrp == 1
Peenset [t] 0
IF SOC,[t] >= SOCstp2
Ppare [t] = O
ELSE
Ppare [t] = _PBattimax
END IF
Perrp[t] =
SOC,[t+1]
ELSE
Perip[t] 0
IF (SOC.[t] >= SOCnin) AND (DGriag == 0)
Pgare [E] Demand[t]/Eff
Ppg[t] = 0
ELSE
Ppgenset [£] Demand[t]
Pgare [E] Demand[t] -
IF SOC.[t] < SOCswp:
GenSetriag = 1

SOCstp1
= Eff * Demand[t]

= SOCs[t] — (Ppare[t]/K)

Demand[t] - (Pgace[t]/EfF)
SOC.[t] = (Psace[t]/K)

PGEN

ELSE
GenSetriag
END IF
END IF
SOC,[t+1]
END IF
END IF
Fincr[t] = (a*Pgensec[t]? + D*Poensee [t] + c) /K
Fo= Fo + Fineo[t]
END FOR

SOC.[t] — (Paarelt]/K)

Figure 3 A pseudocode of the proposed 3-stages EMS algorithm.
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In addition, the control strategy aims to operate the diesel
GenSet in its most efficient range by keeping the loading
factor as high as possible instead of fluctuation according to
load, where the excess power is used to charge the battery as
long as it does not violate the charging constraints. Bear in
mind that too fast discharging of the batteries is to be avoid-
ed, cf. constraints in Eq. (3). Additionally, high frequent
changes in the state of the diesel GenSet have to be prevent-
ed. Therefore, the design parameters such as battery charg-
ing limit Py, mq, and capacity of diesel GenSet should be
carefully chosen according to the system behavior and char-
acteristics.

The advantages of this strategy can be summarized as fol-
lows:

1. It reduces fuel consumption which is desirable from the
environmental and economic point of view.

2. It allows the utilization of renewable energy by minimiz-
ing the operation time of the diesel generator.

3. It leads to increase the expected life span of the generator
by reducing its daily operation time.

4. It keeps the SoC within an acceptable range, even if there
is no generation from RES, which leads to increased bat-
tery lifetime.

5. It offers sufficient time for system maintenance by reduc-

ing the total operation time of diesel GenSet.

In the following section, the EMS is applied and simulation
results are demonstrated in detail.

V CASE STuDY

Al-Shifa’ Hospital in Gaza-City is chosen to conduct this
work. It is considered as the largest healthcare facility in
Gaza-Strip. It faces a semi-predictable daily power outage
according to several electrification problems in the region
[19]. An exhaustive description of the power system of that
hospital was demonstrated and clearly discussed in a previ-
ous work [20]. An authentic load profile was adopted from
[21] to conduct this work. It was a single-day load profile
which was measured every two minutes. However, the simu-
lation of the present work is carried out over an extended
period (two weeks) to capture the system dynamics more
comprehensively.

According to [21], it was identified that the daily electri-
cal load profile has almost the same pattern during the whole
year; this can be observed since the clinical services are
continuous all over the year [21]. Obviously, this may be
debatable because of seasonal variations. However, an ac-
ceptable explanation of this phenomenon is the Mediterrane-
an-arid nature of the climate in that region with mild winters
and dry, hot summers subject to drought [22]. Therefore, the
cooling load in summer approximately substitutes the heat-
ing load in winter. Besides, another scientific interpretation
based on validation was mentioned by [9] and [23] that
weather variables do not influence load consumption, but the
work calendar which has more influence.

Hence, a fraction of this load (one fifth) is considered to
be initially recognized as basic data from which the load
profile is generated for a relatively long period according to
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Eq. (1). The uncertainty parameters « and /4 are generated

using uniformly distributed random variables. Both load The components of the proposed microgrid are adopted from

profiles, the basic and derived long-time one, are illustrated
in Figure 4.

180

-

>
3

Power Consumption (|

2

20
08:00

L L L L L
12:00 16:00 20:00 00:00 04:00 08:00

Daytime (Hr)
()

180

z

< 140

i=1

2

2

§100J

&

(=}

@)

§ 60 -

o

ey

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days

(b)
Figure 4 Load profile: (a) for the basic day, (b) over two weeks.

Two outage scenarios are frequently experienced in Gaza-
Strip [20] and modeled according to the earlier illustration in
Figure 2. The first scenario is called half-period schedule; it
occurs when the grid deficit is around 50 % in which the
grid is ON for eight hours and then changed to OFF for the
next eight hours over an extended period (cf. Figure 5a). The
second scenario, the one-third schedule, occurs when the
deficit is around 70 % in which the grid is ON for six hours
and then changed to OFF for the next twelve hours over a
long period of time (Figure 5b).
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Figure 5 Grid states: (a) half-period schedule, (b) one-third schedule.
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[17] but without using the wind-turbines. They are listed in
details in Table I.

TABLE I
Components of microgrid system
Module Power ratings Quantity Capacity
PV solar panel 180 Wp 556 100 kWp
Diesel Generator 200 kW 1 200 kw
Deep Cycle
Lead-Acid Battery 2V /1000 Ah 480 960 kWh

Note that the rating of the diesel GenSet is given in kW not
in kVA (kilo Volt-Ampere); whereas it is known that KW is
the unit of real power and kVA is a unit of apparent power.
However, the power factor, unless it is defined, is therefore
an approximate value (typically 0.8), and the kVVA value will
always be higher than the kW value for [24]. The parameters
used in simulation with the corresponding nomenclature and
values are listed below in Table II.

TABLE 11
Simulation parameters

Parameter Nomenclature Value
Epat Total battery bank capacity 960 kWh
SoCint Initial state of charge 60 %
SoCrin Minimum allowable state of charge 45%
S0Csipt Stop charging threshold from RES 100%
S0Cgp2 Stop charging threshold from GenSet 85%
b Efficiency of charging and discharging 95%
7e Inverter efficiency 95%
Peatt_max Maximum charging/discharging power FE,q:/(5h)
Poenset Maximum output power from GenSet 185 kW
D Diesel fuel cost per liter 1.85 $/L
A Time step (1/30) h

The expected lifespan of the batteries is highly affected
by the timely varation of the SoC, i.e., by the depth of dis-
charge. According to [12] and [25], it has been reported that
the effective cumulative lifetime of lead-acid batteries is
associated with its operating SoC values. Therefore, the
maximum charging current should be carefully chosen to
guarantee a long battery lifetime and protect the battery from
overheating or fast degradation. Different manufacturers
have their different recommendations and preferences of the
charging technology. Generally, maximum current must not
exceed a certain C/(4 h) [26]; C is the battery capacity in
Ampere hours (Ah).

The MATLAB simulation is performed using the the gen-
erated two-weeks load profile. To conduct this work, a base-
line simulation is carried out firstly considering diesel Gen-
Set only as a standby power supply. For illustration, Figure 6
presents the baseline power consumption from both grid and
diesel GenSet over three days, applying the half-period out-
age scenario. The fuel consumption of the diesel GenSet
over the whole period of simulation is found to be 4850 and
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6444 liters in case of half-period and one-third schedules,
respectively.

Obviously, during these schedules, GenSet is operated for
the half period of time in the first case and almost two-thirds
of the whole period.
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Figure 6 Baseline power consumption in half-period schedule case

The solar metrological data required for carrying out this
work is gathered from the global metrological database
software METEONORM [27]. Extensive simulation for the
whole-year data indicates that solar power gained at the site
can beat 1750 kWh/kW, annually. Figure 7 presents the
generated power from PV array over the 14 days.
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Figure 7 Generated power from PV array

For illustration purposes, three days simulation results of
the corresponding system are presented in Figure 8, where
the aggregated power flows of both grid and microgrid with
the corresponding load profile and SoC dynamics are shown.
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Both the battery and the load can profit from the power of
the PV array at the hours of daylight. In addition, the power
gained from the PV array is modest as compared with the
charging load of the battery or even the load demand. There-
fore, the SoC is decreased in the morning slower than in the
evening because of the availability and the assistance of the
solar power. Expectedly, the diesel GenSet is OFF when the
grid is ON or the SoC is greater than its minimum allowed
threshold. Besides, the proposed EMS tries to operate the
diesel GenSet at its maximum efficiency with the highest
loading factor instead of varying supply according to de-
mand as in the baseline case (cf. Figure 6).

The final results according to the simulation parameters
are listed in Table I11.

TABLE 11
Final Simulation Results (14 Days)
Half-Period schedule One-third schedule
Grid it Grid el
- & e & &
tput i i i i
Htpd Diesel Mlcrqgrld Diesel Mlcrc_)grld
(With (With
(Base- (Base-
line) proposed line) proposed
EMS) EMS)
Total Energy Supplied
by GenSet (KWh) 15645 5826 20798 7117
Total Energy Supplied
by Battery Bank (kwh) | (@) 6667 (nfa) 9829
Total Energy Supplied
by Grid (KWh) 15673 13778 10520 11950
Total Energy Supplied
from PV array (KWh) (n/a) 7714 (n/a) 7714
Fuel Consumption (L) 4850 3724 6444 4034
Operating Time of the
GenSet (Hr) 168 59 222 71
Final SoC (%) (n/a) 85.44 (n/a) 63.04
Operational Cost ($) ) | 11794 9369 13815 9614

(*) End price of grid purchase per kWh is considered 0.18%

The total operating hours and the corresponding fuel con-
sumption of GenSet is significantly decreased after applying
the microgrid with the proposed EMS. In addition, the cost
savings are calculated and found to be 2425 $ and 4201 $ in
case of half-period and one-third schedules, respectively.
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VI DISCUSSION AND CONCLUSION

This work presents an energy management scheme for a
microgrid operating in two modes: grid-connected and is-
landed mode. It consists of photovoltaic (PV) solar arrays
and a deep-cycle lead-acid battery bank in addition to the
conventionally utilized power source diesel generator (Gen-
Set). Simulations are performed on a load profile of a hospi-
tal in Gaza-City. Eventually, the GenSet is switched on when
the grid is off and the state of charge (SoC) of batteries is
below a defined threshold SoC,,;,. Likewise, the generator is
kept at least until batteries reach a certain threshold below
the fully charged level SoCqp,. The presented EMS provides
significant fuel savings and can enlarge the lifespan of diesel
GenSet. Lastly, simulation results indicate the advantage of
performing such model-based analyses before utilizing new
components on site.

Future work will consider long-time optimization of the
system parameters in order to further increase the overall
efficiency and maximize the life-time of the system compo-
nents.
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