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Abstract—In this paper, the short-term operational planning
problem for a multiple energy carrier hybrid AC/DC microgrid
is discussed. The hybrid microgrid consists of AC and DC parts,
which are connected by means of inverters as well as natural gas
network. The microgrid includes photovoltaic (PV) unit, wind
turbine (WT), battery storage unit and gas-fired microturbines.
A mixed integer linear programming is formed to minimize the
overall cost of the microgrid including cost of natural gas supply,
the value of lost load and battery degradation cost. The presented
case study explored the importance of inverter characteristics and
pipeline capacity.

Index Terms—hybrid AC/DC microgrid, natural gas network,
multiple-energy carrier, battery degradation

NOMENCLATURE
Variables
E Available energy of battery storage unit
fymov Natural gas flow/pressure/supplier output
PQ Active/Reactive power dispatch
PL,QL,SL Active/Reactive/Apparent power of line
Vv, 6 Voltage magnitude and angle
Indices
c Inverter
ch,dc Charge/Discharge of the battery
d Demand served
F Forecast value of renewable unit output
g,9s Microturbine/Supplier
j3,0,m,n  Energy hub
k Battery unit
p Natural gas pipe
S, W Solar/Wind turbine unit
t Time
Parameters
Cp Pipeline constant
Cys() Cost function of natural gas supplier
Fy() Fuel consumption function of microturbine g
Gj.o,Bj, Real/lmaginary part of admittance matrix
I} Degradation cost of battery
n Charging/discharge efficiency of the battery

Value of lost load for electricity/gas demand
Initial natural gas pressure at energy hub n
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I. INTRODUCTION

At present, the majority of the electricity generation in the
United States is provided by natural gas fueled units [1]. It
is also estimated that in the next 30 years, natural gas will
remain the top contributing fuel for electricity generation.
A detailed examination of the simultaneous operation of the
natural gas and electricity grid is presented in [2]. These facts,
in combination with the concept of microgrids as a means of
ensuring transition towards a sustainable power network in
the future, justify the promotion of the multiple energy carrier
microgrid concept. A multiple energy carrier microgrid is an
entity which consists of distributed energy resources (DERs)
and demand, and is able to operate independent of the main
grid [3]. In this setup, natural gas and electricity demands
are served within each energy hubs, which are coupled with
electricity and natural gas networks.
There is push toward usage of sources as well as demand
with DC power which promoted the idea of utilizing a DC
grid. In comparison with AC networks, DC networks are
more efficient, don’t have grid synchronization concerns, and
are less affected by utility side disturbances. There are a
number of works that address the hyrbid AC/DC microgrids.
By taking the advantages of both AC and DC frameworks, a
short-term operation framework for hybrid AC/DC microgrids
is presented in [4]. A power control strategy using multiple
inverters for an hybrid AC/DC microgrid system is proposed in
[5]. An optimal planning model is proposed in [6] to identify
the the minimum planning cost of DERs, inverters, energy
exchange with the utility grid, and the cost of the unused
energy. By analyzing energy efficiency and cost effectiveness
of a renewable integrated network, a distribution planning
strategy for a hybrid AC/DC system is performed in [7]. An
optimal scheduling for a hybrid AC/DC microgrid is proposed
in [8] in order to minimize the operation cost of the network.

In this paper, the concept of multiple-energy carrier hybrid
microgrid is presented, which is combined of a hybrid AC/DC
electricity microgrid interacting with the natural gas network.
This work formulates the short-term operation of the proposed
setup. It is noteworthy that the “structure” in which the
operation problem is dealt with, i.e. multiple-energy carrier
hybrid AC/DC microgrid, is our contribution to the literature.
To the best of our knowledge, only [9]-[11] deal with the



multiple-energy hub hybrid microgrids. In [9], the bidding
strategy of such framework is considered, while [10], [11]
consider voyage scheduling of a cruising ship. The mentioned
references model a microgrid in combination with thermal
flows. However, this work considers a microgrid in combi-
nation with a natural gas network. We have properly modeled
natural gas flow equations within pipelines. In contrast with
[9]-[11], the natural gas is used as fuel for gas-fired units, as
well as supplying heat demand. Also, neither of the mentioned
articles address network modeling, such as active/reactive
power flow within microgrid, which are considered in our
work as well. The problem formulation is discussed in the next
section, while Section III is dedicated to exploring the impacts
of selected physical limitations and operational characteristics
on the operation problem.

II. PROBLEM FORMULATION AND SOLUTION
METHODOLOGY

In this section, the objective of multiple-energy carrier
hybrid AC/DC microgrid is presented. Then, the operational
requirements of the multiple-energy carrier microgrid consist-
ing of electricity and natural gas networks are individually
discussed as three constraint groups.

A. Objective Function

The objective function for the short-term operation problem
of the multiple-energy carrier hybrid AC/DC microgrid is
given by (1). Here, the first term represents the natural gas
provision cost. The second and the third terms penalize the
lost electricity and heat loads, respectively. Lastly, the battery
system’s degradation cost is included.
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To circumvent unnecessary complexities of non-linear pro-
gramming, piecewise linearization technique is applied for
estimating the fuel consumption function of the gas-fired
microturbines and the cost function of the natural gas supplier.
By doing so, the minimization of objective function (1),
subject to the set of the constraints (2), (3), and (4) becomes
a mixed integer linear programming (MILP) problem, which
can be solved optimally by numerous solvers.
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B. The AC Electricity Network Operating Constraints

The electrical network constraints for the AC side are
presented in (2). The lower/upper bound limits for the voltage
magnitude of each energy hub are given in (2a). The dis-
patched power of the the wind turbine and the solar units
at each hour are presented in (2b) and (2c), respectively.
By (2d) and (2e), it is considered that the inverters placed
on each renewable unit are able to produce positive and
negative reactive powers, with an absolute value of less than
the dispatched real power of each unit. The nodal active and

reactive power balance at each hour of the day for each energy
hub are presented in (2f) and (2g), respectively.
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The net injected active and reactive power at each energy hub
of the AC network are calculated according to (2h) and (2i),
respectively. The active and reactive power flow within the
power line in the AC network are calculated based on (2j) and
(2k). The apparent power of each line is then obtained based
on (21). Here, ¢ is a parameter which is related to the power
factor of the demand. This kind of approximation for apparent
power calculation of the line can be found in other references
[4]. Finally, the limit for absolute value of each line’s apparent
power is enforced by (2m) and the limits for the active and
reactive power injected from the AC/DC inverter are given by
(20) and (20).

C. The DC Electricity Network Operating Constraints

The operating constraints for the DC side of the electrical
network are according to (3). Eq. (3a) sets the minimum and
maximum power output of the microturbine units. Equations
(3b) and (3c) enforce the upper and lower bound limits of the
battery storage system charging and discharging at all times.
Based on (3d), no simultaneous charging and discharging can
happen. The available energy in the storage unit at each hour
is obtained based on (3e). The minimum and maximum limits
for the stored energy in battery storage system at each hour are
shown in (3f). The real power transmitted through the DC line



is given by (3g). The real power nodal balance for each energy
hub of the DC network is shown in (3i). It is noteworthy that
the inverter real power is assigned opposite signs in the real
power balance equations for AC and DC sides.
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D. Natural Gas Network constraints

The natural gas network constraints are displayed in (4). The
minimum and the maximum amount of natural gas provided
by the supplier at each time is presented in (4a). The lower and
upper bound for natural gas pressure at each energy hub are
given in (4b). The absolute value for natural gas flow rate at
each pipeline is limited according to (4c). The served natural
gas demand at each energy hub is displayed in (4d). The
natural gas flow equation for each pipeline is obtained based
on (4f). This linearization technique has been successfully
implemented in other researches [3]. Finally, the natural gas
balance equation for each energy hub is given by (4e).
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III. RESULTS AND DISCUSSION

In this section the simulation results for the operation of
the proposed integrated AC/DC network and the natural gas
network are presented.

1) Network structure: The proposed multiple-energy carrier
hybrid AC/DC microgrid is, as displayed in Fig. 1. The
AC/DC electricity network consists of 12 lines, and 2 gas
fired microturbines which are placed on the DC side. The AC

Gas Supplier

~ 1 Heat
¥ Demand

Electricity Electricity - — -Natural Gas
Demand Line Pipe

Fig. 1.

network includes 6 energy hubs, and enjoys two renewable
resources, i.e. wind turbine and the solar generation unit.
Two inverters are responsible for the AC/DC and DC/AC
conversion of the power. The DC network includes 5 energy
hubs and a storage unit.
The natural gas network is composed of 5 pipes which connect
6 energy hubs, and one supplier unit which is placed on
hub number 3. The natural gas network has to supply two
types of demands, heat and fuel. The former is the requested
demand for residential usage, which is known beforehand and
varies throughout the day. The latter is the fuel demand of the
microturbines. It is supposed that the fuel demand must be
met at all times, while heat demand can be shed.

Multiple energy carrier microgrid

A. Case 1 - Normal operation condition

In this case, the daily operational characteristics of the
proposed framework are displayed and discussed. The total
generation capacity is considered equal to 300 KW, and the
peak demand is equal to 380 KW. The maximum output of
solar generation and wind turbine are considered equal to 100
KW and 40 KW, respectively.

Fig. 2 shows the dispatch of different units in the electricity
network, as well as the amount of served demand. The supply
demand of natural gas network can also be seen in Fig. 3.
It is noticed that all of the electricity demand as well as the
natural gas demand is fully met. At the hour 20 of the day,
both microturbines have reached their maximum power, 120
and 180 KW, respectively. The demand at this hour is equal
to 362.8 KW, and the combined generation of PV and WT at
this hour is equal to 31.2 KW. This deficiency is supported
through the 30.7 KW discharged power of the battery system
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Fig. 2. Electricity generation and consumption in Case 1



Supply demand curve of natural gas network
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Fig. 3. Natural gas supply demand in Case 1
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Fig. 4. Battery energy level and power in Case 1

at this hour. The charge/discharge power of battery and its
energy level are illustrated in Fig. 4. The battery degradation
cost in this case is $144.6.

B. Case 2 - Investigating the impact of bidirectional AC/DC
inverter capacity

To illustrate the importance of the inverters in the proposed
structure, this case is designed. To this end, the maximum
power capacity of inverter 1 is reduced from 120 KW to 80
KW. By doing so, the amount of power that can be injected
from the DC side of the grid to the AC side is limited, and
consequently, the system will fail in meeting all of the demand.
As shown in Fig. 5, during hours 18-22 of the day, some
demand is not served.

Fig 6 shows the inverter power in cases 1 and 2, respectively.
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Fig. 5. Electricity generation and consumption in Case 2

As seen in this figure, the two inverters never reached their
maximum power simultaneously in case 1. However, in case
2, it is observed that during hours 18-22 of the day, both of

the inverters are operating at their maximum power ratings,
and thus no more power can be sent to the AC side to meet
the load. As a result, 104.2 KWh of demand energy is missed
during this period.
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Fig. 6. Comparison of real power injection of inverters in Case 2

C. Case 3 - Investigating the impact of natural gas pipeline
capacity

In this case, the impact of changing the natural gas pipelines
maximum flow rate capacity is explored. In the normal op-
erational conditions, this limit is set to 75 (Skcf/hr) (Fig.
7). To demonstrate the impact of this constraint on electricity
network, the flow rate limit is reduced to 20 (Skcf/hr) in this
case (Fig. 7). In Figures 9 and 10, supply demand balance of
energy in electricity and natural gas networks are displayed,
respectively. It is noticed in Fig. 9 that due to the limited
amount of fuel provision to the microturbines, they can not
operate at their maximum power rating. Consequently, 201.9
KWh of demand energy is shed throughout the day.

As observed from Fig. 10, only 29.2% of the heat demand is
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Supply demand curve of electricity network
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Fig. 9. Electricity generation and consumption in Case 3
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Fig. 10. Natural gas supply demand in Case 3
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Fig. 11. Battery energy level and power in Case 3

served in this case. We consider a problem setting where the
natural gas network has to supply all the fuel demand. That
is why all the fuel demand is met. Nevertheless, total daily
energy generation in this case is reduced from 5846 KWh
(for the normal operational conditions) to 5655 KWh. The fuel
cost is also reduced from $14,432 to $13,823. One interesting
observation is the increased amount of battery utilization in
this case, compared to case 1. It can be observed from Fig.
11 that the battery unit in this case is fully charged during
the midday, when solar generation is at its peak. Later on,
during hours 18-20 of the day, battery unit is fully discharged
to mitigate the impact of generation deficiency. In this case,
the battery degradation cost is equal to $241.3, as opposed to
the $144.6 degradation cost in case 1. This case is a perfect
example of how battery unit can help serving more demand.
If there were no batteries in this system, an extra 108 KWh
of demand energy were to be missed as well.

IV. CONCLUSION

In this article, a short-term operational planning framework

for the multiple-energy carrier hybrid AC/DC microgrid is pre-
sented. Three different operational conditions were considered
for the case studies. In the first case, it was shown that the
proposed structure is capable of providing all of the natural gas
and electricity demand at all times, successfully. By leveraging
the battery storage unit, the multiple energy carrier microgrid
is able to satisfy the required demand even in the peak hours,
when total generations fall short of peak demand.
In the next two cases, the importance of inverter and pipeline
capacity were demonstrated. Since most of the generation in
the discussed network is injected from the DC side to the
AC side, inverters play a crucial role. If at some time of
the day, this injected energy reaches the maximum capacity
of the inverter, some demand is going to be lost. The flow
limit in natural gas pipeline is also pivotal in providing both
heat and electricity demand. In the last case, it was shown
that if the pipelines’ flow limit is reduced, a large portion of
heat demand is going to be missed. Since the priority is with
microturbine fuel, the system first feeds this type of demand.
Although in this case all of the fuel demand is served, some
of the electricity load is not met. This is due to the fact that
the system operator is aware of the pipeline limits.
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