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Abstract— This paper presents a generalized formulation to
determine the optimal operating strategy and cost optimization
scheme for a MicroGrid. Prior to the optimization of the
microgrid itself, the system model components from some real
manufactural data are constructed. The proposed cost function
takes into consideration the costs of the emissions NOx, SO2,
and CO2 as well as the operation and maintenance costs. The
microgrid considered in this paper consists of a wind turbine, a
micro turbine, a diesel generator, a photovoltaic array , a fuel cell,
and a battery storage. The optimization is aimed at minimizing
the cost function of the system while constraining it to meet the
customer demand and safety of the system.

Index Terms— microgrid, optimization, load management ,
Wind turbine, Photovoltaic, Diesel engine, Protone Exchange
Membrane (PEM) fuel cell, Microturbine .

1. INTRODUCTION

THE need for more flexible electric systems, changing
regulatory and economic scenarios, energy savings and

environmental impact are providing impetus to the develop-
ment of MicroGrids (MG), which are predicted to play an
increasing role in the electric power system of the near future
[1]. One of the important applications of the MG units, is the
utilization of small-modular residential or commercial units
for onsite service. The MG units can be chosen so that they
satisfy the customer load demand at minimum cost all the
time.

The management of the MG units require an accurate
economic model to describe the operating cost taking into
account the output power produced. Such a model is discrete
and nonlinear in nature, hence optimization tools are needed
to reduce the operating costs to a minimum level.

The increased awareness of emissions caused by power
stations has led to the development of highly effective power
generation with respect to the environmental requirements.
Thus MGs offer an alternative that utility planners should
explore in their search for the best economically and envi-
ronmentally friendly solution to electric supply problems. In
fact, if the MG is properly placed in a distribution network,
it can reduce the power losses and defer utility investments
for network enforcing. If it is not correctly applied, it can
cause degradation of power quality, reliability and control of
the power system, and reduce the advantages it can introduce.

Significant research has been conducted in the areas of
MGs, which may have many different sizes and forms; some
model architectures have been proposed in the literature such

as [2], [3]. Communication infrastructure operating between
the power sources to solve the optimization problem of the
fuel consumption have been proposed in [1]. A rational method
of building MGs optimized for cost and subject to reliability
constraints have been presented in [4].

In this paper, we rigorously study the MG components in
terms of accuracy and efficiency of having a system model
based on the costs of fuel, operation and maintenance, as
well as the emission costs. The system model clearly has the
potential to explain the costs in detail. However, developing the
overall system model gives a possibility to study minimizing
of the total cost of the system. Thus, it is important that the
problem of minimization the cost as well as serving the load
of the MG be investigated.

The second objective of this paper deals with solving the
optimization problem which uses several scenarios to explore
the benefits of having optimal management of the MG. The
exploration is based on the minimization of running costs and
is extended to cover a load demand scenario in the MG. It will
be shown that by using a good system model, the optimization
problem can be solved accurately and efficiently.

Our optimization method incorporates an explicit cost min-
imization criterion which is applied to the MG architecture.
The formulation in this study to seeks the most economical
generation to satisfy the load demand and constraints. The
problem is decomposed into several stages, starting with
building the system model which is an important stage to
understand the problem. The next stage is the development
of a new algorithm . The algorithm consists of determining
at each iteration the optimal use of the resources available
considering wind speed, temperature, and irradiation which
are inputs to the model. If the produced power from the wind
turbine and the photovoltaic is less than the load demand
then the algorithm proceeds to the next stage here the other
alternative are used according to the load amount and the cost
of the resource.

2. SYSTEM MODEL

The MG architecture studied is shown in Fig 1. It consists of
a group of radial feeders, which could be part of a distribution
system. There is a single point of connection to the utility
called Point of Common Coupling (PCC). Feeders 1 and 2
have sensitive loads which should be supplied during the
events. The feeders also have the microsources consisting of
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Fig. 1. MicroGrid Architecture.

a photovoltaic (PV), a wind turbine (WT), a fuel cell (FC),
a microturbine (MT), a diesel generator (DG), and a battery
storage. The third feeder has only traditional loads. The static
switch (SD) is used to island the feeders 1 and 2 from the
utility when events happenen. The fuel input is needed only
for the DG, FC, and MT as the fuel for the WT and PV
comes from nature. To serve the load demand and charge the
battery, electrical power can be produced either directly by PV,
WT, DG, MT, or FC. Each component of the MG system is
modeled separately based on its characteristics and constraints.
The characteristics of some equipment like wind turbines
and diesel generators are available from the manufacturer. A
charger controller is required to limit the depth of discharge
of the battery, to limit the charging current supplied to the
battery, and to prevent overcharging, while making use of the
power from the other microsources when they are available.

As shown in Fig 1 , the power generated from all the
microsources can be directed to serve the load and charge
the battery. These relationships are expressed in general form:

Pi = Pi,load + Pi,batt, ∀i = 1, 2, ...., N (1)

where:
Pi Output power from generator unit i,
Pi,load Power from generator unit i to serve the load,
Pi,batt Power from generator unit i to charge the battery,
N number of generators.

3. SYSTEM COMPONENTS

A. Wind Turbine

The following is the model used to calculate the output
power generated by the wind turbine generator [?], [?] :





PWT = 0, V < Vci

PWT = a ∗ V 2 + b ∗ V + c, Vci < V < Vr

PWT = PWT,r, V > Vco

(2)

where PWT,r, Vci, and Vco are the rated power, cut-in and
cut-out wind speed respectively. Furthermore Vr, and V are
the rated, actual wind speed.

We modeled the commercial wind turbine AIR403 power
curve according to equation (2), with the actual power curve
obtained from the owner’s manual. The parameters in model
(2) are as follows: a = 3.4; b = -12; c = 9.2; PWT,r = 130
watt; Vci = 3.5 m/s; Vco= 18 m/s; Vr =17.5 m/s.

B. Photovoltaic

The output power of the module can be calculated as [5]:

PPV = PSTC
GING

GSTC
(1 + k(Tc − Tr)) (3)

where:
PPV Output power of the module at

Irradiance (GING),
PSTC Module maximum power at

Standard Test Condition (STC),
GING Incident Irradiance,
GSTC Irradiance at STC 1000 (W/m2),
k Temperature coefficient of power,
Tc Cell temperature,
Tr Reference temperature.

C. Diesel Generator Costs

The fuel cost of a power system can be expressed mainly
as a function of its real power output and can be modeled by
a quadratic polynomial [6], The total $/h DG fuel cost CDG,i

can be expressed as:

CDG,i =
N∑

i=1

(di + eiPDG,i + fiP
2
DG,i) (4)

where N is the number of generators, di, ei, and fi are the
coefficients of the generator, PDG,i is the output power (kW)
of diesel generator i , i = 1, 2, ..., N are assumed to be known.

Typically, the constants di, ei, and fi are given by the
manufacturer. From the data sheet [7] and equation (4) the
parameters are obtained as follows: d1 = 0.4333, e1 = 0.2333,
and f1 = 0.0074.

D. Fuel Cell Cost

The efficiency of any fuel cell is the ratio between the
electrical power output and the fuel input, both of which must
be in the same units (W), [8]. The fuel cost for the fuel cell
is calculated as:

CFC = Cnl

∑

J

PJ

ηJ
(5)
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where
Cnl Natural gas price to supply the fuel cell
PJ Electrical power produced at interval J
ηJ Cell efficiency at interval J

To model the technical performance of a PEM fuel cell, a
typical efficiency curve is used to develop the cell efficiency
as a function of the electrical power and used in equation (5)
[8].

E. Microturbine Cost

The economic model is similar to the FC model. Unlike the
FC, the efficiency of the MT increases with the increase of
the supplied power [9].

Due to lack of detailed information, the curves of the MT
are rescaled to be suitable for a unit with less than 4kW rating.
These curves are used to derive the electrical efficiency as a
function of the electrical power to be used in the economic
model of the MT.

F. Battery Model

Batteries are electrochemical devices that store energy from
other AC or DC sources for later use. The power from the
battery is needed whenever the PV or/and WT are insufficient
to supply the load, or when both the microsources and the
main grid fail to meet the total load demand. On other hand,
there will energy stored in the battery whenever the supply
from the microsources exceeds the load demand.

When determining the state of charge for an energy storage
device, two constraint equations must be satisfied at all times.
First, because it is impossible for an energy storage device
to contain negative energy, the maximum state of charge
(SOCmax) and the minimum state of charge (SOCmin ) of
the battery are 100 % and 20 % of its Ampere Hour capacity
(AH), respectively. The constraints on battery SOC:

SOCmin ≤ SOC ≤ SOCmax (6)

Finally, in order for the system with a battery to be sustained
over a long period of time, the battery SOC at the end must be
greater than a given percentage of its SOCmax. In this study
the percentage is assumed to be 90%.

4. PROPOSED OBJECTIVE FUNCTION

The purpose of this section is to describe the proposed
cost function for the MG. The MG in this paper serves
the isolated load demand. The design takes into account the
environmental externality costs by minimizing the emissions
of oxides of nitrogen (NOx), sulfur oxides (SO2), and carbon
oxides (CO2).

The objective function is developed according to the fol-
lowing requirements to minimize the operating costs in $/h
of the MG:

CF =
N∑

i=1

(CiFi + OMi) +
N∑

i=1

M∑
j=1

αj(EFijPi) (7)

where
Ci Fuel costs of generating unit i in $/L for the Diesel,

and $/kW for the natural gas,
Fi Fuel consumption rate of generator unit i in

L/h for Diesel Generator, and kW/h
for the FC and MT,

Fi Fuel consumption rate of a generating unit i,
OMi Operation and maintenance cost of

a generating unit i in $/h,
αj Externality cost of emission type j.
EFij Emission factor of generating unit, emission type j,
M Emission types (NOx,or CO2, or SO2),
N number of generating units i.

Objective Constraints:
Power balance constraints: the total power generation must

cover the total load demand hence
N∑

i=1

Pi = PL − PPV − PWT − Pbatt (8)

where:
Pi The total power generation [kW ],
PL The power demanded by the load [kW ],
PPV The output power of the photovoltaic [kW ],
PWT The output power of the wind turbine [kW ].
Pbatt The output power of the battery [kW ].

Generation capacity constraints: For stable operation,
real power output of each generator is restricted by lower and
upper limits as follows:

Pmin
i ≤ Pi ≤ Pmax

i , i = 1, ......., N (9)

where
Pmin

i Minimum operating power of unit i,
Pmax

i Maximum operating power of unit i.

The operating and maintenance cost of the generating unit i
(OMi) is assumed to be proportional to the produced energy,
where the proportional constant is (KOM ) [8].

OMi = KOM

N∑

i=1

Pi (10)

The values of the KOM for different generation units are as
follows:
KOM (DE) = 0.01258 $/kWh
KOM (FC) = 0.00419 $/kWh
KOM (MT ) = 0.00587 $/kWh.
Externality costs and emission factors of the DE, FC, and MT
used in this study are summarized in Table I [10], [11] .

5. IMPLEMENTATION OF THE ALGORITHM

When designing MGs, several goals could be set, including
reduction in emissions and generation cost. To achieve this, it
is important to highlight all factors influencing the main goal.
The following items summarize the key characteristics of the
implemented strategy:
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TABLE I
EXTERNALITY COSTS AND EMISSION FACTORS FOR NOX,SO2 , AND CO2 .

Emission Type Externality costs Emission factors Emission factors Emission factors
$/kg for DE for FC for MT

kg/MWh kg/MWh kg/MWh
NOx 4.2 21.8 0.03 0.44
SO2 0.99 0.454 0.006 0.008
CO2 0.014 1.432 1.078 1.596

• Power output of WT is calculated according to equation
(2) which represents the relation between the wind speed
and the output power.

• Power output of PV is calculated according to equation
(4) to include the effect of the temperature and the
solar radiation that are different from the standard test
condition.

• Since the WT and PV deliver free cost power (in terms
of running as well the emission free), the output power
is treated as a negative load , so the load which is the
difference between the actual and microsource output can
be determined if the output from PV and WT is smaller
than the load demand.

• The power from the battery is needed whenever the PV
and WT are insufficient to serve the load. Meanwhile the
charge and discharge of the battery is monitored.

• Calculate the net load.
• Choose serving the load by other sources (FC or MT or

DG) according to the objective functions.

5 10 15 20
2

4

6

8

10

12

14

Time (hour)

L
oa

d 
(K

w
)

full load
load remined from the PV,WT

Fig. 2. Hourly load.

Aggregating the objective functions and constraints, the prob-
lem can be mathematically formulated as a constrained non-
linear optimization problems as follows:

min
Pi∈Rn

CF (Pi) subject to

{
gi(Pi) = 0,
hi(Pi) ≥ 0 (11)
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Fig. 3. The hourly power curves.
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Fig. 4. Hourly total cost of the microgrid.

where:
Pi ∈ R2 The vector of generator powers,i = 1, ..., N
CF (Pi) ∈ R The objective (cost) function which reflects

the operating costs for the generator given in
equation (7),

gi(Pi) ∈ R2 Equality constraint given in equation (8),
hi(Pi) ∈ R2 Inequality constraints given in equation (9).

6. RESULTS AND DISCUSSION

The optimization model described in the previous Section
is applied to a time -varying load shown in Fig 2. The load
demand varies between 4 kW to 14 kW. The available power
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TABLE II
THE BEST SELECTION OF THE POWER GENERATORS OF THE MICROGRID

Load Demand [kw] Fuel Cell [kw] Microturbine [kw] Diesel Engine [kw] Total cost[$/h]
3.7238 0.00 3.7238 0.00 0.8009
4.5971 0.5971 4.00 0.00 0.8074
7.1469 3.1469 4.00 0.00 0.9051

10.5923 4.00 4.00 2.5923 2.3216
13.6421 4.00 4.00 5.6421 4.1607

from the PV and the wind generators was first used. The inputs
to the wind turbine model and the model of the photovoltaic
were taken from real data. The load demand is served with the
battery storage and at the same time we monitor the SOC and
in the end of the day the battery should be full charged. From
the results obtained we can see that the battery capacity was
not large enough to supply the load for the whole time. The
negative values of the battery power mean that the battery is
in charging condition, which is added to the power demand.
The algorithm then calculates the needed power to charge the
battery and serve the load. The set of power curves found by
the optimization algorithm are shown in Fig 3. These curves
are plotted against time. It is observed from this Figure that
when the load demand is low, the best choice in terms of cost
is to switch off the diesel generator and start to use the output
power from the microturbine. The second choice is to use the
fuel cell. When the load is high at the peak time the diesel
generator is switched on and use the power generated is used
to serve the load. Table II together with Fig 3 confirm that
the optimization technique resulted in reasonable selections.
The selections for the rest of the electricity demand span
are not so straightforward. The diesel engine generator is the
least preferred generator because of its higher cost. It is used
only when there are no other generation options available. The
battery cannot serve the load as the number of the batteries is
not enough to met the load demand for long enough time as
it discharges faster.

7. CONCLUSION

A model to determine the optimum operation of a MG with
respect to a load demand and environmental requirements is
constructed. The optimization problem includes a variety of
energy sources that are likely to be found in a microgrid: a
fuel cell, a diesel engine, a microturbine, PV arrays, and a wind
generator. Constraint functions are added to the optimization
problem to reflect some of the additional considerations often
found in a small-scale generation system. From the results

obtained, it is clear that the optimization procedure works very
well and can give the optimal power to the generators after
taking into account the cost function for each of them. Due to
time-varying nature of the load demand, the variation of the
battery state of charge (SOC), the system central controller
need to respond to continuously changing operation condi-
tions. The responses are effected by several variables including
weather conditions, emissions operation and maintenance costs
and, of course, the actual power demand.
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