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ABSTRACT The economic dispatch (ED) operation is based on determining the optimal output of all the
distributed energy resources (DERs) of a microgrid to meet the load demand at the lowest cost. In this
paper, a smart commercial building model is supplied by several distributed generations (DGs), for example,
PV power plants, diesel generators, and energy storage system (ESS). In addition, the microgrid is connected
to the main grid (grid-connected mode), which allows the system to trade power with the main grid. The aim
of this paper is managing DERs that operate over a time horizon and satisfy several key constraints at the
lowest possible cost. Therefore, an improved energy management (EM) operation is proposed to achieve
better energy efficiency in the building. In the proposed EM operation, the ED problem is investigated
according to several aspects, such as the impact of air temperature, thermal resistance (R) of the building
envelope, and time horizon (day-ahead ED and five-minute-ahead ED). Finally, the results of the general
algebraic modeling system (GAMS) are used to validate the accuracy and feasibility of the proposed EM
operation.

INDEX TERMS Economic dispatch, energy management, impact of air temperature, microgrid, smart
building.

I. INTRODUCTION
The load demand is increasing rapidly, especially in the build-
ing sector, which is considered one of the biggest consumers
of energy. The research approaches mostly focus on the
energy conservation, energy efficiency, and using the renew-
able clean energy [1]. Regarding the energy-saving solutions
in the building sector, it can be classified into two categories.
The first is passive solutions, which include permanent proce-
dures, for example, the building insulation or using insulated
glazing. The second is using automated systems, such as
controlled lighting systems, shading systems, and thermal
loads that follow a desired internal temperature [2]. Smart
buildings have some DERs, such as ESS system or renewable
energy resources. In addition, it is connected to the main grid
to trade power. Moreover, diesel generators and CHP are used
as reserve generation [3]. Smart building provides an energy-
efficient living and environment-friendly place [4]. ED prob-
lem is based on finding the optimal combination of DERs
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to reduce the cost. Some constraints, such as supply-demand
and operation constraints are considered [5].

Many studies have been conducted in this field, for exam-
ple, a low-energy consumption building is given in [6]. It is
supplied by DGs. However, profiles of thermal and electrical
loads are already given. In [7], Mohammad et al. studied a
building that is provided by smart meters and controllable
electrical loads to engage the smart control for the microgrid.
In this study, the required thermal power is given for the
heating load. A microgrid operates in the islanded state is
discussed in [8]. However, ESS is not investigated and the
thermal load is considered constant. Moreover, an isolated
microgrid that supplies three remote areas is given [9]. Same
case is introduced in Budapest as well [10]. However, these
studies did not include thermal load assessments. In [11]
and [12], the authors presented a renewable-based microgrid
with a storage system. The cogeneration or the micro-turbine
problems are not considered. In [13] and [14], the cost func-
tion of the micro-turbine is given as a linear function. How-
ever, in this paper, it is given as a quadratic equation.

70332
2169-3536 
 2019 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 7, 2019

https://orcid.org/0000-0001-7923-4026
https://orcid.org/0000-0002-4116-5392


M. Abou Houran et al.: Economic Dispatch of Grid-Connected Microgrid for Smart Building

FIGURE 1. Smart building network (supply-demand).

The accuracy and feasibility of ED are validated by
software, such as HOMER software in grid-connected
stateý [15]. Many ED aspects are given, for example,
power trade, scheduling, and demand side management
(DSM) [16], [17]. Finally, many studies related to dispatch
interval have been investigated, for instance, day-ahead EM
operation strategy [6], [18], [19], [20], and two-day ahead
ED [21].Moreover, fifteen-minute ahead [22], and ultra-short
term EM [23], [24] are reported.

On considering the abovementioned problems, this paper
aims to manage DERs and minimize the total cost of energy
in the studied building. Therefore, an improved EM opera-
tion is proposed. In the proposed model, the electrical and
thermal load profiles are considered. In addition, day ahead
and five-minute ahead ED operations are discussed in detail
with respect to some constraints, such as power generation,
power price, power balance, and ESS control constraints.
Furthermore, weather condition (air temperature) impact on
the EM operation is investigated. Therefore, the air tempera-
ture impact on thermal loads is carried out in detail. Finally,
effects of the thermal resistance (R) of the building envelope
is discussed.

The paper is organized as follows. Section II presents
the EM model of the key elements in the smart building.
The mathematical model formulation including several con-
straints is given in section III. The improved model consid-
ering the air temperature impact is discussed in section IV.
The simulation results and case studies are investigated in
section V.

II. THE ENERGY MANAGEMENT MODEL OF DISTRIBUTED
GENERATIONS OF THE MICROGRID
Fig. 1 represents an electrical network with DGs on the
supply side. The network includes two diesel generators and
three PV power plants. On the other hand, the demand side
represents the building systems, such as lighting and HVAC.
Moreover, the building is connected to the utility grid, which
allows the costumer to purchase or sell electricity (bidirec-
tional energy flow). In addition, there is an ESS, which gives
more flexibility to the microgrid.

A. DIESEL GENERATORS
Cost function of diesel generator is given as a nonlinear
quadratic equation in (1) [25], [26]. Where Pdi(t) is the output
power at dispatch period t (kW). a, b, c are the cost function
coefficients, and their units are as follows: USD/ kW2h, USD/
kWh and USD/h, respectively.

FDGi(t) = a P2di(t)+ b Pdi(t)+ c (1)

B. PV SYSTEM DATA
The combination of renewable energy sources results in more
uncertainty to the microgrid operation because the output
power relies on the weather conditions, such as the wind
speed and sun radiation. However, the renewable sources play
an essential role in ED operation. The proposed microgrid
system has three PV plants (3× 35.1 kW). The solar radiation
data is converted into output power by (2) [26]. The calculated
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FIGURE 2. Calculated PV output power.

TABLE 1. Electricity price.

output power is illustrated in Fig. 2.

PPV = PSTC
Gac
GSTC

(1+ K (Tc − Ti)) (2)

PPV is PV output power (kW), and PSTC is the maximum
power of PV at STC (kW).Gac is the incident solar irradiation
(W/m2), and GSTC solar irradiance at STC, which is 1000
W/m2 and 25 ◦C. In addition, K is temperature coefficient
(−0.0047), and Ti,Tc are the reference and cell temperatures,
respectively (◦C).

C. PURCHASED/SOLD POWER FROM/TO UTILITY GRID
In this paper, two cases of utility grid power are investi-
gated. They are fixed and variable power curves. The first
is fixed purchased power curve, which concludes two scenar-
ios: day-ahead ED and five-minute ahead ED as displayed
in Fig. 3 (a), Fig. 3 (b), respectively. The second is the variable
power curve, which is affected by power price. The electricity
prices during the on-peak time will be high. However, during
the off-peak time, the price will be low. As given in table 1,
on-peak time is 10.00 am −17.00 pm.

D. ENERGY STORAGE SYSTEM (ESS)
To use ESS optimally, it is essential to find out the optimal
discharging and charging schemes for the devices, which
take into consideration the dynamic environment. Recharge-
able Li-ion batteries are used. Battery data is presented
in Table 2 [27].

E. DEMAND SIDE: END USE LOAD
Electrical and thermal load profiles are discussed. The elec-
trical demand is given in table 3. The thermal demand, which
means the air conditioning load for space cooling and space
heating (HVAC) will be calculated.

FIGURE 3. Purchased Power. (a) Day-ahead ED. (b) Five-minute ahead ED.

TABLE 2. Battery data.

III. ED PROBLEM FORMULATION
ED problem is a complex operation due to its large
dimension, including many constraints. Moreover, it has a
non-linear objective function. Therefore, general algebraic
modeling system (GAMS) is used. GAMS is useful when
dealing with large complex problems, such as modeling
nonlinear problems, linear problems, or mixed integer opti-
mization problems (MIO). The basic mathematical model
structure, which is coded in GAMS, has the following com-
ponents: sets, data, variables, equations, model, and output.

A. OBJECTIVE FUNCTION
The total cost includes the cost of power generation of
diesel generators, maintenance and operation cost (M + O),
the cost of purchased power, and the obtained gain by selling
energy to the grid. Therefore, the ED objective function of
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TABLE 3. Electrical demand.

grid-connected mode can be formulated as given in
(3) [6], [28].

minCT (p) =
T∑
t=1

 n∑
i=1

[Fi(P(t))+ COMi(P(t))]+

Cbuy(t)Pbuy(t)− Csell(t)Psell(t)


=

T∑
t=1

n∑
i=1

(Fi(P(t))+ KCOMiP(t))

+

T∑
t=1

(
Cbuy(t)Pbuy(t)− Csell(t)Psell(t)

)
(3)

whereCT (p) is the total cost function of the connected micro-
grid (USD), i is generator index, n is number of DGs, t is
time interval, and T is the total interval time. In addition,
P(t) is output power of DG at time t (kW), and Fi(P(t)) is
fuel cost of each generator at t (USD). COMi is maintenance
and operation costs of unit i (USD). KCOMi is proportional
constant of the generation unit i. Cbuy(t), Csell(t) are the
purchased and sold electricity prices at t (USD), respectively.
Psell(t), Pbuy(t) are the sold and purchased powers at t (kW).
The cost function is formed by summing two parts.

The first is
T∑
t=1

n∑
i=1

(Fi(P(t)) + KCOMiP(t)), which represents

the sum of the cost function of every generator, in addi-
tion to the maintenance and operation cost. The second

is
T∑
t=1

(Cbuy(t)Pbuy(t)− Csell(t)Psell(t)), which represents the

exchange power with utility grid, and depends on the price of
electricity.

B. CONSTRAINTS
1) POWER BALANCE
Generated power on the supply side should be equal to the
power on the demand side. Therefore, it is given as follows.

[Pbuy(t)− Psell(t)+ Psolar (t)+ Pdiesel(t)+ Pbatt (t)]

= PL(t) = Plight (t) ∀t ∈ {0, 1, . . . ,T} (4)

Pg(t) = Pbuy(t)− Psell(t) ∀t ∈ {0, 1, . . . ,T} (5)

where Pg(t) is purchased or sold power from/to utility grid at
t (kW), Psolar is output power of PV plants at t (kW), Pdiesel(t)
is power from diesel generators at t (kW), and Pbatt (t) is
batteries output at t (kW). In addition, PL(t) is the electrical
load at t (kW), and Plight (t) is lighting load at time t (kW).

2) POWER GENERATION CONSTRAINT
To ensure the stability of system operation, each power gen-
eration should have maximum and minimum limits.

Pmin
i ≤ Pi ≤ Pmax

i , ∀i = 1, 2, 3, . . . ..N (6)

where Pmin
i and Pmax

i are the minimum output power and
maximum output power of unit i (kW).

3) ELECTRICITY COST FROM UTILITY GRID

Cp
T (t)=

{
Cbuy(t)Pg(t) . . . . . . if · ·Pg ≥ 0
Csell(t)Pg(t) . . . . . . if · ·Pg < 0

}
∀t ∈ {0, 1, . . . ,T}

(7)

where Cp
T (t) is the total cost of electricity at t (USD). The

positive value of the grid power means that the power is
purchased. However, the negative value means that the power
is sold to the grid.

4) CONTROL CONSTRAINTS OF ESS
It includes the capacities of input power and output power,
state of charge (SOC), and dynamics of SOC.
• Input and output power capacitie

Pbatt (t) ∈
{
0,
[
−Pmax

dis ,−P
min
dis

]
,
[
Pmin
ch ,P

max
ch

]}
∀t ∈ {0, 1, .,T} (8)

if · ·Pbatt (t) > 0→ The battery charges.

if · ·Pbatt (t) < 0→ The battery discharges.

if · ·Pbatt (t) = 0→ The battery is idle.

where Pmax
ch (t) and Pmin

ch (t) are the the maximum battery
charge and minimum battery charge (kW), respectively.
Pmax
dis (t) and Pmin

dis (t) are the the maximum battery discharge
and minimum battery discharge (kW), respectively.
• SOC constraint

xbatt−min(t)=
ecritical
ebatt−cap

≤xbatt (t)≤1 ∀t∈{0, 1, . . . ,T} (9)

where xbatt−min is the lower limit of SOC, xbatt (t) is battery
SOC, ecritical is the electrical consumed energy of critical
loads (kW), and ebatt−cap is battery capacity (kW).
• SOC dynami

xbatt (t+ 1) = xbatt (t)+
Pbatt (t).τ
ebatt−cap

∀t ∈ {0, 1, . . . ,T} (10)
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where τ is the time period. The initial SOC: xbatt (0) is
assumed as (0.6).

The objective function and its constraints give a non-linear
problem. Therefore, in order to linearize the problem, some
binary variables are given in order to solve it faster. A gen-
eral mixed integer programming (MIP) is used to solve the
problem with appropriate discrete variables as follows.
rbuy(t) is (1) if the system purchases power from grid at t,

or else (0).
rsell(t) is (1) if the microgrid sells power to the grid at t,

or else (0).
rch(t) is (1) when the battery charges at t, or else (0).
rdis(t) is (1) when the battery discharges at t, or else (0).
As a result, the operating state of the main grid is written

as follows.

rbuy(t)+ rsell(t) ≤ 1 ∀t ∈ {0, 1, . . . ,T} (11)

In addition, the electrical energy cost is given in (12).
Finally, the input and output power capacities of the batteries
are obtained by (13).

CP
T (t) = (Cbuy(t).Pbuy(t)+ Csell(t).Psell(t)).τ

0 ≤ Pbuy(t) ≤ rbuy(t).(+∞)

0 ≤ Psell(t) ≤ rsell(t).(+∞) ∀t ∈ {0, 1, . . . ,T} (12)
rch(t)+ rdis(t) ≤ 1
rch(t).Pmin

ch − rdis(t).P
max
dis ≤ Pbatt (t)

Pbatt (t) ≤ rch(t).Pmax
ch − rdis(t).Pmin

dis

(13)

IV. IMPROVED MODEL WITH AIR TEMPERATURE IMPACT
Since there is a heat exchange between the external and
internal environments of the building through the walls and
windows. Outdoor temperature will affect the amount of
the required energy to maintain the indoor temperature at
a desired level. In this case, the cost function does not
change. However, the amount of consumed energy will
change according to the weather condition, which is repre-
sented by the outdoor air temperature. Consequently, the total
cost will decrease or increase in accordance.

A. SUPPLY- DEMAND BALANCE
The balance between generation and demand will change as
follows: 

[
Pbuy(t)− Psell(t)+ Psolar (t)+
Pdiesel(t)+ Pbatt (t)

]
=

Plight (t)+ PHVAC (t)

 (14)

where PHVAC (t) is HVAC load demand at t (kW).

B. REQUIRED POWER FOR HEATING SPACE AND
COOLING SPACE
The indoor temperature is given by [7].

Tin(t+1) =


Tin(t) exp(−1/τ th)+
(R.Pair (t)+ Tout (t)).
(1− exp(−1/τ th))

 (15)

TABLE 4. Parameters of diesel generators.

TABLE 5. Thermal parameters.

τ th = R.Cair (16)

where 1 is time interval (it is one hour in this case), τ th is
thermal constant, and R is the thermal resistance (◦C/kW).
Moreover,Cair is the cooling or heating capacity of the indoor
air (kWh/◦C), and Td is the desired indoor temperature (◦C).
Tin(t) and Tout (t) are the indoor temperature and outdoor
temperature at t (◦C), respectively. Pair (t) is thermal power,
which is requierd to maintain the indoor temperature at the
desired value (kW). The required power for heating and
cooling systems are derived.

Pheating(t)

=


Tin(t+ 1)
−
[
Tin(t) exp(−1/τ th)

]
−[

Tout (t) · (1− exp(−1/τ th))
]
/R.(1−exp(−1/τ th))

∀t ∈ {0, 1, . . . ,T} (17)

Pcooling(t)

=

 Tin(t+ 1)
−Tin(t)+Tout (t)− (Tin(t))×
(1− exp(−1/τ th))

/R.(1−exp(−1/τ th))
∀t ∈ {0, 1, . . . ,T} (18)

where Pheating(t) and Pcooling(t) are the heating and cooling
powers at time t to adjust the indoor temperature at the desired
value (kW).

C. INTERNAL TEMPERATURE OF THE BUILDING

Tin−min(t) ≤ Tin(t) ≤ Tin−max(t) ∀t ∈ {0, 1, . . . ,T} (19)

where Tin−min,Tin−max are the minimum and maximum
indoor temperatures (◦C).

V. SIMULATION RESULTS
In this paper, a smart commercial building is given. The
building is located in San Francisco city, US [6]. Two diesel
generators K1 (60 kW) and K2 (80 kW), in addition to three
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TABLE 6. ED case studies.

PV power plants (35.1 kW for each) are given. Moreover, two
Li-ion batteries are used. The proposed batteries are (100 kW
× 0.5 h) × 2. Finally, the smart building can trade power
(purchase or sell) based on the load demand and electricity
prices. The parameters of diesel generators and the coeffi-
cients are given in table 4. The required thermal parame-
ters are provided in table 5, where the efficiency of trans-
ferring the electrical power into thermal power is assumed
as 50%.

To give a comprehensive investigation of the smart building
system, ten case studies are given in table 6. The case studies
discuss the ED operation under different dispatch intervals
(five-minute ahead ED or day-ahead ED) and interconnect
requirements, which mean fixed power curve or variable
power curve of the utility grid. In addition, four cases inves-
tigate the improved model under air temperature impact. The
proposed model is solved by GAMS.

A. DAY-AHEAD ED WITH FIXED POWER CURVE OF
UTILITY GRID (CASE 1)
In this case, the total cost is USD 444.019. The load is
delivered from the utility grid (load base), and the rest is sup-
plied by the diesel generators and PV. Each diesel generator
delivers a certain amount of power during the operation based
on its generation cost. Therefore, the output power of the first
generator is less than the output power of the second gen-
erator as presented in Fig. 4. The diesel generators produce
more power, especially during the peak hours. In addition,
power from discharging batteries. The outputs of DERs are
displayed in Fig. 5 (a).

The batteries output is illustrated in Fig. 5 (b), the nega-
tive values mean the battery is discharging and vice versa.
Charging hours occur during the off-peak time. However,
the batteries charge three hours during the on-peak time
(13:00 - 15:00 pm) due to the extra-generated power by DGs.

On the other hand, most of the discharging periods occur at
the load peak time and during the on-peak time (high prices).

FIGURE 4. Output power of diesel generators (Pd). (a) K1. (b) K2.

During the on-peak time, the PV and diesel outputs cannot
meet the load demand. Therefore, the batteries discharge,
such as 09:00-12:00 am. In this case, the microgrid will
always purchase power from the utility grid.

B. FIVE-MINUTE-AHEAD ED WITH FIXED POWER CURVE
OF UTILITY GRID (CASE 4)
In this case, each hour is divided into 12 periods in order
to get the five-minute load curve. As a result, the cost is
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FIGURE 5. Day-ahead ED: (a) Output powers of DERs. (b) Battery output
power.

FIGURE 6. Output power of diesel generators (Pd). (a) K1. (b) K2.

USD 441.969. The output power of the first generator is less
than the output power of the second generator as presented
in Fig. 6. The diesel generators should produce more power,
especially during the demand peak periods. The charging

FIGURE 7. Battery out power and its control. (a) Battery output (Pbatt).
(b) SOC. (c) Charging periods. (d) Discharging periods.

periods mostly happen during the off-peak time, which has
low energy price. On the other hand, most of the discharging
periods occur at the load peak time and during the on-peak
time, which has high electricity price. The purchased power
is not enough to meet the load. Therefore, if the power from
PV and diesel generators in addition to the grid power cannot
meet the load, the batteries will discharge.
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FIGURE 8. Five-minute-ahead ED: Output power of DERs.

FIGURE 9. Purchased power (positive) and sold power (negative) from/to
the grid (kW).

TABLE 7. Diesel generators parameters.

The batteries output is displayed in Fig. 7 (a). The control
strategy, in addition to the charging and discharging periods
are shown in Fig. 7 (b)-(d). Moreover, the outputs of DERs
are illustrated in Fig. 8.

C. FIVE-MINUTE-AHEAD ED WITH VARIABLE CURVE OF
UTILITY GRID (CASE 6)
In case 5 (Table 6), the power from the utility grid is variable.
However, there is no sold power because the electricity price
of power from grid is low comparing to power generated
by diesel and other resources. The diesel generators pro-
duce power during the on-peak time (high power prices) and
operate with their minimum power at the off-peak time (low
energy price). Therefore, it is economic to purchase power
from grid. With the given parameters, the diesel generators,
in addition to PV and batteries are not enough to meet the
load demand so the electricity must be purchased. Therefore,
In this case, the parameters of the diesel generators are mod-
ified as shown in table 7. In this table, the power generation
cost of diesel generators is less than the electricity price of
the utility grid during the on-peak time.

Fig. 9 displays the purchased and sold power. The pos-
itive values mean the power is purchased from grid and

FIGURE 10. Battery out power and its control. (a) Battery output power
(Pbatt). (b) SOC. (c) Charging periods. (d) Discharging periods.

negative values mean the power is sold. At the load peak
time, the power is purchased from the grid in order to meet
the high demand. However, at the on-peak time, the demand
is not very high and the cost of power generation of diesel
is less than the price of grid power. Therefore, the diesel
generators produce more power, which in turn will be added
to the PV output power. At the off-peak time, the power is
sold, especially first hours of the day, where the load demand
is low. On other hand, the extra-generated power can charge
the batteries. Finally, the total cost dropped to USD 319.0005.
The battery output and its control strategy, in addition to the
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FIGURE 11. Five-minute-ahead ED: the output power of DERs.

FIGURE 12. (a) Purchased power from grid (kW). (b) PC: Required power
for cooling load (kW).

charging and discharging periods are shown in Fig. 10. The
outputs of the DERs are illustrated in Fig. 11.

D. DAY-AHEAD ED CONSIDERING AIR TEMPERATURE
IMPACT ON THE COOLING LOAD (CASE 10)
Similar to the case (6), the power from the utility grid is
variable. However, considering the load demand and the
produced power by DERs, the power from grid is always
purchased as presented in Fig. 12 (a). In addition, the required
power for the space cooling is obtained as given in Fig. 12 (b).
The thermal load is related to the outdoor temperature and the
internal required temperature.

The batteries output power and control strategy, in addition
to the charging and discharging hours are displayed in Fig. 13.
DERs outputs are illustrated in Fig. 14. When the thermal
resistance of the building envelope: R= 10 (◦C/kW), the total
cost will be USD 427.274.

FIGURE 13. Battery out power and its control. (a) Battery output Pbatt
(kW). (b) SOC. (c) Charging hours. (d) Discharging hours.

E. RELATION BETWEEN THERMAL RESISTANCE AND
TOTAL COST
The relation between R and the total cost is given in table
8. Although the higher values of R mean a lower cost,
the thermal resistance value is restricted between minimum
and maximum limits that cannot be exceeded. In winter,
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FIGURE 14. Day-ahead ED with air temperature impact: The output power
of DERs.

FIGURE 15. Relation between R and total cost.

TABLE 8. Relation between r and the total cost.

if the thermal resistance has a large value, which means the
convective heat transfer from inside to outside the building
through the walls and windows is low (even with very low
outdoor temperatures), the required power for heating space
will be low. On the contrary, if R has low value, the heating
space will consume more power. In summer, if R has a large
value, which means the convective heat transfer from the
outside to inside across the building shell is low (even with
high outdoor temperatures), the required power for cooling

TABLE 9. Summary of the case studies.

space will be low. If R is low, the cooling space will consume
more power. The relation between R and total cost is clarified
in Fig. 15.

A comparison between the ten case studies is displayed in
table 9. The comparison takes into account the total cost, bat-
teries charging time, and batteries discharging time. The table
shows that EM operation with a variable power from utility
grid is better and economic since it allows the microgrid to
trade power.

VI. CONCLUSION AND FURTHER WORK
Microgrids for buildings combine the operation of power
supply and load demand (electrical and thermal) to mini-
mize the cost. In this paper, an improved EM operation was
implemented for a microgrid, which includes several DERs
on the supply side, in addition to HVAC and lighting loads
on the demand side. A variable power curve of the utility grid
allows the microgrid to trade power. Thus, ED operation will
be economic. Secondly, the thermal loads for heating space
and cooling space were achieved by adjusting the indoor
temperature at a desired value. Finally, the smart building
is insulated well. Therefore, the thermal resistance of the
building envelope has a high value. The convective heat
transfer across the building envelope will be low. The relation
between the thermal resistance and the total cost is clarified.
In further work, the model can be improved by including the
unit commitment and considering other types of DERs, such
as CHP and fuel cells. Furthermore, different types of energy
storage devices can be investigated.
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