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A smart grid power system with renewable energy resources and distributed energy storage shows sig-
nificant improvement in the power system’s emission reduction, reliability, efficiency, and security. A
microgrid is a smart grid in a small scale which can be stand-alone or grid-tied. Multi microgrids form
a network with energy management and operational planning through two-way power flow and commu-
nication. To comprehensively evaluate the performance of a microgrid, a performance metric is proposed
with consideration of the electricity price, emission, and service quality, each of them is given a weighting
factor. Thus, the performance metric is flexible according to the consumers’ preference. With the weight-
ing factors set in this paper, this performance metric is further applied on microgrids operated as stand-
alone, grid-tied, and networked. Each microgrid consists of a solar panel, a hydrogen fuel cell stack, an
electrolyzer, a hydrogen storage tank, and a load. For a stand-alone system, the load prediction lowers
down the daily electricity consumption about 5.7%, the quantity of H, stored fluctuates in a wide range,
and overall performance indexes increase with the solar panel size. In a grid-tied MG, the load prediction
has a significant effect on the daily consumed electricity which drops 25% in 4 days, some day-time loads
are shifted to the night time, and the capacity of hydrogen tank is lower than that in a stand-alone MG. In
a network with multiple MGs, the control of the power distribution strongly affects the MG'’s perfor-
mance. However, the overall performance index instead of any specific index increases with the MG’s
power generated from renewable energy resources.
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1. Introduction

According to the U.S. Energy Information Administration,
around 29.3 PWh of energy was consumed in 2008. 37% of the en-
ergy was from petroleum while 50% of the petroleum was im-
ported - around 1.32 million tons/day. From 2006 to the present,
the price of gasoline has fluctuated due to the instability in the
Middle East, manipulation of energy supplies, competition over en-
ergy sources, attacks on supply infrastructure, and natural disas-
ters. To improve the nation’s energy independence and security,
the best solution is to efficiently utilize renewable energy re-
sources including solar, wind, hydro, geothermal, and tidal energy.
Renewable sources of energy are plenty and vary widely in their
availability across the United States. In addition, these energy re-
sources are environmentally friendly with zero emission. In order
to utilize renewable energy, wide-scale distributed renewable en-
ergy resources (DRERs) are more widespread than the large-scale
centralized installations [1]. However, the traditional power grids
heavily rely on the centralized power generation, around 16,000
power plants in the U.S, for instance [2,3]. Therefore, a new power
grid, Smart Grid (SG), was proposed through the updating of the
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current grid and this SG includes technologies in the distributed
energy generation (DEG), distributed energy storage (DES), ad-
vanced measurement and sensing, communications, controls, cy-
ber security, and customer power management systems [4-7].
DEG is small-scale power generation with power less than
50 kW. It includes micro turbines (pturbine), micro combined heat
and power (LCHP) systems, photovoltaic systems (PV), wind tur-
bines, and solar thermal systems [8,9]. Electricity and on-site heat
can be produced near the point of demand, allowing for production
of energy with high efficiency and avoidance of the transmission
and distribution losses in the conventional centralized generation
model [10-12]. However, the widespread emergence of the DEG
on the consumer side will significantly increase the variability of
generation due to the intermittent nature of generators, especially
wind turbines and photovoltaic (PV) systems. To balance supply
and demand and to minimize the DEG-induced power fluctuations
in the grid, compensating changes are required in the demands,
DES, and output from flexible generation sources [13,14]. Here,
DEG and DES are parts of distributed energy resources (DERs)
[15]. Voltage and frequency within tight bands can be maintained
with real-time and continuous physical adjustments to electricity
generation and demand subject to complex constraints. A conser-
vative SG approach is expected to reduce the environmental
impact of the whole electricity supply system and improve the
existing services efficiently [16].
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Nomenclature

S solar panel size (m?)

Q overall performance index

F price index

E emission index

S service quality

Wi weighting factor

Psyppiy  energy supplied to the load
demand  POWer demand

€avg average atmospheric emission for electricity consumed
in a MG

€plant emission from a coal-fire power plant

Pyq average daily day-time power demand (kW)

Py, average daily night-time power demand (kW)

hq hours of day time

I average solar irradiance (kW/m?)

n efficiency

A microgrid (MG) is a small power system with a set of DEG,
DES, a grid connection for two-way power flow and message ex-
change, heat and power distribution infrastructure, and an energy
management system. In a MG, electricity and on-site heat can be
produced near the point of demand, allowing for production of en-
ergy with high efficiency and avoidance of the transmission and
distribution losses in the conventional centralized generation
model [10-12]. Multiple MGs can form a network with a connec-
tion to the utility grid and this shows a great potential to increase
the penetration of renewable and distributed energy resources. The
control architecture in a MG network is distributed instead of cen-
tralized in the traditional grid and this architecture is scalable.
Software with different controls, strategies, or architectures has
to be developed as a management system to improve the SG’s per-
formance [17-19]. One MG can run in two modes: grid-tied and
islanded [20]. In the first mode, power flows in two ways between
a MG and the other MGs or the utility grid. A MG may consume the
power from the outside or it may supply power for credits accord-
ing to the agreement among the MGs and utility companies. An en-
ergy router, such as solid state transformers, will be developed to
control power flow among MGs [21]. In an islanded or stand-alone
mode, a MG is isolated from the network and this intentional
“islanding” under certain circumstances, provides local reliability,
stability, and security. At the same time, this operation, mode
change, does not change or disrupt the integrity of the network
as a whole [20]. The operation of a single MG or MG network is
based on the MG energy management which includes a power gen-
eration program, an energy storage program, and a load manage-
ment program. In a MG with multiple generators, such as
microturbine, fuel cell stack, or PV system, power generation pro-
gram will choose appropriate generators to meet the electrical and
thermal load demands. The energy storage program provides an
energy reserve with a stable output power, voltage and frequency,
in the presence of renewable energy fluctuation [22]. The load
management or demand response program determines the reduc-
tion or shift of the load demand to reduce peak-to-average ratio
[23]. Demand can be categorized into different types based on
whether it is can be shifted, interrupted, decreased, or cancelled.
It also has different priorities in the presence of limited supply.
Generally, demand is a random variable with a probability distri-
bution in an operation time window, and it can be regarded as a
series of separated and fine-grained tasks, which means each task
can be completed in a sequence but not in continuous time slots.
MGs should collaborate to schedule the demand shift to avoid a
new peak formed in a typical nonpeak hour. The electricity price
is definitely considered in this scheduling. In a grid, the price is
established by the market to balance sellers’ supply and buyers’
demand. This balancing process should be continuous and instan-
taneous; since electricity must be produced at nearly the same in-
stant it is consumed. Market trades in electricity can be: (i)
bilateral transactions - short-term forward market trading in the

form of a day-ahead market, and (ii) spot market trades in
real-time. The first is conducted between wholesale consumers
and power plants, and it provides price certainty. But consumers
with DEG, DES, and AD must pursue a combination of short-
term trading and spot trading. Thus, in order to maximize their
benefits from the generation and consumption, consumers can
balance their portfolios and adjust their generation or demand un-
der some short-term predictable and unpredictable circumstances
[13,24].

A SG with multiple MGs is a distributive system. There are dif-
ferent criteria to evaluate the performance of a MG. Current evalu-
ation methods and indicators only consider one particular aspect of
the system, such as economic benefits, energy use efficiency, and
environmental benefits [25].

The objective of this paper is to introduce MG performance met-
rics for the MG performance evaluation from comprehensive as-
pects: cost, environmental effect, and the service quality. Here,
service quality is supply/demand ratio. With the performance met-
rics, the optimum design and operation of the MG can be achieved.
Models of a stand-alone MG, a grid-tied MG, and a MG network
with multi-agents are designed for the simulation on the power
generation, distribution, consumption, and storage on the energy
level while the topology of these models does not limit the simu-
lation. The whole system is developed with Java and each unit is
implemented as a thread.

2. The MG model

Fig. 1 shows the structure of a MG with a radial distribution
type and the location is assumed to be in the city of Bridgeport,
Connecticut, U.S.A (longitude 73, latitude 41). Each MG consists
of a solar panel, an electrolyzer, a hydrogen (H;) fuel cell (FC) stack,
a Hy tank, and loads with different priorities. In addition, there are
two circuit breakers and one local agent. The MG can be connected
to an external distribution system, grid, through a point of com-
mon coupling (PCC). There is also a separation device, a static
switch, which has the capability to island the MG when faults or
events described in the standard IEEE 1547 occurs, or for mainte-
nance purposes [16,26]. Line 1, 2, and 3 are for bi-directional
power distribution and their directions depend on the local load,
supply, and electricity price. The local agent is responsible for the
energy management: it monitors the grid and the MG status
through smart meters with two-way communication; it schedules
the power/heat generation, energy storage, and load demands; it
also determines the power flow within the MG and between the
MG and the outside. In Fig. 1, electricity can be generated from
the solar panel to be supplied to the local loads. The spare can
either be stored as H; in a compresses tank through an electrolyzer
or be supplied to the utility grid. When more electricity is needed
later, the FC stack will run with the stored H, or the power can be
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Fig. 1. The structure of a MG.
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Fig. 2(a) shows the solar azimuth and altitude on February 26, (b)
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The sun rises at 6 O’clock and sets at 17 O’clock and this result is 35
verified with the reference [27]. Fig. 2(b) shows the output power
from a 120 m? solar panel. s0r
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Hydrogen FC stack generates electricity through the reaction ° 15
between hydrogen and oxygen without emission. Therefore, the 10k
environment can be protected. In the meantime, heat, as by
product, can also be provided to the building or local community. 5r
In this work, the parameters of the FC stack are shown in 0 I I I I
Table 1. 0 5 10 15 20
The FC stack is simulated through the equations in the reference Time (hour)

[28] with the consideration of a double-charge layer on the surface
of the cathode. Fig. 3(a) is the voltage-current and power-current
curves from the FC stack at 70 °C. The maximum output power is
27 kW if the current is around 200 A. The electric power is close
to the heat generated for a FC stack with 50% efficiency. This rated
capacity is one constraint imposed on the operation of the FC stack
in the next time step and another constraint is the maximum

Fig. 2. Solar position at different time (a) and power generated from the solar
panel (b).

power with the available hydrogen in the tank. In this paper, the
necessary power from the FC stack in the first day is predicted as:

2)

Pecni1 = C1Prcn + C2Preedn
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Table 1
Parameters of a FC stack.
Parameter Value
Number of cells 300 (in series)
Active area per cell 200 cm?
Operating temperature 70 °C
Cathode pressure 2 atm
Anode pressure 2 atm
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Fig. 3. Voltage-current and power-current curves of a PEM FC stack at 70 °C (a) and
its dynamic voltage response (b).

where ¢, and c¢; are weighting factors. Prcp+jand Prg, is the power
from the FC stack in the next and current time step, respectively.
Preedn is the power still needed to meet the total demand in the cur-
rent time step.

From the second day, the power needed from the FC stack will
be predicted according to load demand and generation in the pre-
vious days.

Fig. 3(b) shows the dynamic behavior of the stack at different
currents. There is a transient process in the voltage when there is
a sudden change in the current. The time constant in this transient
process is around 10 s which can be neglected for any current con-
stant in a long period. In this work, the operating point the FC stack
is predicted based on the current power demand (more than 2 kW)
and the current output power from the FC stack. Moreover, the
operating current is equal to or below the one corresponding to
the maximum output power.

Maximum power point (MPP) tracking strategy with perturba-
tion and observe will be used in the operation of solar panel and

FC stack. It can be implemented with a MPP tracking controller
and a DC-AC inverter [21]. The whole system is a distributed sys-
tem and is implemented through Posix threads in Java. In one MG,
there are four threads for an agent, a FC stack, a solar panel, and an
electrolyzer, respectively.

2.3. Performance index

In order to comprehensively evaluate the performance of a MG
with the consideration of electricity price, atmosphere emission,
and service quality, an overall performance index Q for each MG
is proposed as:

Q = wiF + W,E + wsS 3)

Here, F is a price index of electricity, E is an environmental effect
index due to atmospheric emissions, and S is the service quality. All
of these indexes are between 0 and 1. 0 is the worst and 1 the best.
w; (i=1, 2, 3) are weighting factors and > w; = 1. The values of the
weighting factors are flexible and they depend on the consumer’s
preference or government incentives. Thus, the operating of any
specific MG may be different for the consumers. However, the ulti-
mate objective for each MG operation is to maximize its overall
performance index. Although this performance index is introduced
for one MG, it can be applied for an entire SG under certain circum-
stances. In this simulation, wy, w,, ws are set as 0.5, 0.3, and 0.2,
respectively. The dynamic price of electricity from a SG central dis-
patch is assumed to be 3 units during peak times (between 8
O’clock and 18 O’clock), and it is 1 unit during off-peak times.
The price of electricity from solar panels or FC stack is 2 units. Note,
the price index may be more than 1 if the electricity from solar
panels is much less than that from the grid during the peak hour.
Therefore, the price index of electricity, F, can be calculated as:

F— CsG—off —peak (4)
Cavg

Here, Csc-off-peak is the price of electricity from a SG central dis-
patch in off-peak time, and cq is the average cost of electricity
for a MG.

The service quality index can be calculated as:

S= 13 (wipemet 5)

i
Pdemand,i

Here, T is a period of time, and i is the priority of the load (high,
normal, or low). Psyppiy,i is the energy supplied to the load demand
with a priority i, and Pgemana,i is the load demand with a priority i. i
can be 1, 2, and 3 for the critical, shiftable, and cancelable loads,
respectively. w; (i=1, 2, 3) is a weighting factor for the load with
priority i, and > w;=1. In this simulation, wy, w,, w5 are set as
0.5, 0.3, and 0.2 for the loads with high, normal, and low priorities,
respectively.

The air emission index is defined as:

E—1- Sz (6)

eplant

where e, is the average atmospheric emission for electricity con-
sumed in a MG, and epqp, is the emission from a fire power plant. In
this paper, the emission is set as 3 units for electricity from the fire
power plant and 0 unit for electricity generated from a solar panel
or a fuel cell stack in a MG.
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Fig. 4. The structure of an agent-based energy management system.

2.4. Energy management

The structure of agent-based energy management is shown in
Fig. 4. The agent can be the weather forecast or the estimated en-
ergy generation/consumption pattern for a local DEG and loads for
the upcoming time period. This agent communicates with its regio-
nal manager which is also an agent but voted by its neighbors to be
the manager. The regional manager then aggregates the energy
profiles and trade with the other managers through bids and auc-
tions in order to balance the supply and demand and determine a
price. A two-layer hierarchical structure will ensure scalability and
reduce communication overhead. Thus, with the information from
the regional manager, an agent can make a decision to optimize the
operation of the system through real-time control with advanced
measurement infrastructure.

3. Results and discussion
3.1. A stand-alone MG

A stand-alone MG is an off-the-grid electricity system for loca-
tions that are not fitted with an electricity distribution system.
However, a grid-tied MG can also operate in “islanded” for security
and reliability.

Table 2 shows the parameters of the system and Fig. 5(a) is the
results in the first day. At the very beginning, 0 O’clock, there is no
power supply although the demand is 20 kW. Around 6 O’clock, so-
lar panel starts to generate electricity and the power demand in the
day time can be met. As the maximum power from a solar panel is
60 kW and the demand is 40 kW, the spare electricity is supplied to
the electrolyzer and H, quantity starts to increase. In the night
time, the power is only from the FC stack till 23 O’clock and its out-
put is less than the rated power, 27 kW, due to the hydrogen avail-
able. There is no power after 23 O’clock and before the sun rises in
the second day. One problem can be observed is that both the elec-
trolyzer and the FC stack work between 10 O’clock and 17 O’clock.
This is due to the insufficient data available for prediction of de-
mand. In the 10th day, as show in Fig. 5(b), the electrolyzer and
the FC stack do not run simultaneously and there is sufficient

Table 2
The parameters of the MG.
Solar  Load H, tank
panel . - o
(m?) Day Night Priority [nitial Pressure  Volume
time time  distribution (moles) (psi) (L)
(kW)  (kw)
MG-0 200 40 20 06,02,02 0 3000 260

1000
load
60 H - - - supply to load PR (a) ]
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H =--=- fuel cell 7 >\ - 800
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Fig. 5. The power flows in the 1st day (a) and the 10th day (b) in a stand-alone
system with a 200 m? solar panel.
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Fig. 6. H, in the system with a 200 m? solar panel.

power supplied to the day-time demand. In addition, the FC stack
only works when the power from the solar panel is below the de-
mand. Similar to the result in the 1st day, there is no enough power
supplied in the nigh time.

Fig. 6 shows the change of H, mole number in the first 10 days
and this number starts to increase at around 10 O’clock and de-
crease at 15 O’clock. The peak value of the H, quantity fluctuates
between 2250 mol and 750 mol, which is in the 1st day due to
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the inefficient system operation. According to the H, quantity, the
volume of a H, tank should be at least 260 L to store H, under
3000 psi.

Fig. 7 shows the electricity and the performance indexes in the
first 10 days. The daily electricity supply decreases from 610 kW h
on the 1st day to 575 kW h on the 10th day as the MG runs more
and more efficiently. Thus, service quality index increases from
0.49 to 0.60. However, there is no much change in the overall per-
formance index, around 0.63. Since the all power is from the solar
panel, the price and the emission indexes are constants as 0.5 and
1, respectively, and both of them are not affected by the size of the
solar panel. However, the total daily electricity consumption, ser-
vice quality index, and overall index increase with the solar panel
size as showed in Fig. 8.

3.2. A grid-tied MG

For a grid-tied MG, there are two-way power transmission and
communication between the MG and the utility grid. The power
flow direction is determined by the service quality and cost. For
example, A MG can obtain electricity from the grid if this MG does
not generate sufficient power locally and/or the dynamic electric-
ity price on the grid is low; A MG can also supply its spare power
to the grid when there is a power shortage and/or the price is high.
In addition, the MG loads are smart and they can also communicate

Table 3
The parameters of the MG.
Solar  Load H, tank
panel . . .
Day  Night Priority Initial Pressure  Volume
(m?)
time time (moles) (psi) (L)
(kW) (kW)
MG-0 200 40 20 0.6,02,02 0 3000 85
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Fig. 9. Power flow (a) and performance index (b) in a MG.

with the MG agent for the demand response. Based on the load
information, e.g., priority, a MG agent determines the power sup-
ply to the loads. As a real application in peak hours, the high-prior-
ity loads will be guaranteed for its supply, the medium-priority
loads will be shifted to off-peak hours for peak-shaving and cost-
reduction, and the low-priority loads will be cancelled. For the
same peak-shaving purpose, a MG can store electricity in the night
time and deliver it in the day time or peak hours.

One grid-tied MG is simulated with the parameters shown in
Table 3. The power demand and supply in the 10th day are shown
in Fig. 9(a). In the night time, the electricity from the grid is sup-
plied to the load and also to the electrolyzer for H, production to
store energy. Although around 50 mol H; is consumed by the FC
stack at the 220th hour (4 AM) for the shifted load with medium
priority, H, quantity is constant until the 235th hour (7 PM). In
the day time, power is mainly from the solar panel and the FC
stack. The spare electricity goes to the grid due to the limit volume
of the H, tank. In Fig. 9(b), the total electricity used drops from
800 kW h to 600 kW h in the first 4th day and this 25% drop is
due to the efficiency improvement of the MG operation. Due to
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Fig. 12. A model of a smart grid with five MGs.

the electricity transmitted from the grid, emission index, 0.8, is
lower than that in a stand-alone MG, but service quality, 0.8, and
overall performance, 0.92, are higher.

Fig. 10 shows the available H, in the tank. Except the first
2 days, the H, quantity fluctuates and shows a maximum value,
650 mol, at 8 AM and a minimum value, 200 mol, at 7 PM. Here,
the volume of the H, tank is 85 L, which is one third of that in
the stand-alone MG discussed before.

Two MGs with different solar panel sizes, 160 m? and 200 m?,
are simulated separately under different medium-priority load
percentage and their performance indexes are shown in Fig. 11. Ex-
cept the price index, the other indexes are very close. Therefore,
the solar panel size only strongly improves the price index in our
simulation environment. In both MGs, the effects of the medium-
priority load percentage on the performance are not significant.
Further study of the MG structure on the MG performance will
be carried out in the future.

3.3. A network of multiple MGs

A network of four MGs is simulated with the structure shown in
Fig. 12 and each MG consists of the similar components as shown
in Fig. 1 with parameters listed in Table 4. In addition, the load shift
in one MG is scheduled through this algorithm: it checks the
shared network schedule and chooses the time slots to make load
demand evenly distributed, broadcast an new schedule for the rest
of MGs to update their information. Therefore, the distribution of
the electricity from the grid or other MGs follows the first-come
first-served rule. It should be noted that the power from the grid
itself is limited at 40 kW.

Fig. 13(a) shows the power transmitted in two ways between
the MGs and the grid. Due to the size of the solar panels, MG-0
and MG-1 only obtain electricity from the main dispatch, but
MG-2 and MG-3 can supply their spare electricity to the grid and
further to MG-0 and MG-1.

Fig. 13(b) shows the H, quantity of different MGs. In the night
time, 620 mol H; is stored in MG-0 at 0 AM and this is produced
with the electricity from the main dispatch. In MG-2 and 3, around
900 mol H; is used up by their FC stacks between 5 PM and 0 AM.
For MG-1, there is no H; to run its FC stack and no power from the
grid. Thus, all loads in this MG stop working. In the day time, the
electricity price is high on the grid and the electricity from the grid
is only supplied to the loads with high priority. MG-0's power is
from the solar panel and the FC stack and around 400 mol H, is
gradually consumed between 8 AM and 4 PM. MG-1 obtains most
electricity available on the grid but generates any H,. While, MG-2
and 3 have large solar panels and both of them generate electricity
to the loads and electrolyzers. Thus, their H, quantities increase to
around 900 mol.

The performance indexes of the MGs are shown in Fig. 13(c).
MG-O0 is a special case and its high service quality index, 0.94, is
due to the rule of the power distribution from the grid and this
can be observed from its low emission index, 0.5. In MG-1, all in-
dexes are low, less than 0.5, because this MG neither generates
electricity nor gets much electricity from the grid. For MG-2 and

Table 4
The parameters of the MGs.
Solar panel (m?) Load H, tank
Day time (kW) Night time (kW) Priority Initial (moles) Pressure (psi) Volume (L)
MG-0 120 40 20 0.6, 0.2, 0.2 0 3000 150
MG-1 0
MG-2 200

MG-3 300
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Fig. 13. Energy transmission between the MGs (a), H; stored in each MG (b), and
the MG performance indexes (c).

3, their emission indexes are the same as 1 since both of them do
not need any power from the grid. But, their price indexes, 0.56 and
0.8, respectively, are higher than that in MG-1. Compared with the
MG-0'’s service quality index, the MG-2 and MG-3's are lower. The
reason is that both MGs do not obtain electricity from the grid in
the night although they supply much power to the grid in the
day time. Further, the MG-2's price index is lower than the MG-
0’s. From the four MGs’ indexes, the overall performance index is
generally higher if the solar panel size is bigger. However, the over-
all performance index depends on the weighting factors and it is
affected by the weather, the electricity price, the MG structures,
the operation, and the rules on the power distribution.

4. Conclusions

A distributed model of a MG with the proposed performance in-
dex is presented in this paper and each MG can consist of a solar
panel, an electrolyzer, a FC stack, and dynamic loads. With the as-
sumed weighting factors and dynamic electricity price, the opera-
tion of a stand-alone MG, a grid-tied MG, and a MG network is
simulated with a multi-agent infrastructure. For a stand-alone sys-
tem, the load prediction lowers down the daily consumed electric-
ity about 5.7%. The quantity of H, stored fluctuates dramatically
and the capacity H, tank is high. In our case, since the electricity
generated is not enough to meet the daily demand, there is no load
shift. Moreover, both the service quality and overall performance
indexes increase with the solar panel size, but the emission index
is always equal to 1, zero emission and the price index is also a
constant which depends on the cost of the solar panel. In a grid-
tied MG, the load prediction has a significant effect on the daily
consumed electricity which drops 25% in four days and some loads
in the day time are shifted to the night time. Due to the connection
to the grid, the capacity for H, storage system is lower than that in
a stand-alone MG. Solar panel size has negligible effect on the
emission and service quality indexes but it does improve the price
index. In a network with multiple MGs, the control of the power
distribution strongly affects the MG’s performance. However, the
overall performance index instead of any specific index increases
with the MG’s power generated from renewable energy resources.
Based on the current platform, the distributed and dynamic net-
work with multiple MGs can be simulated and this model can be
developed future with the focuses on the load demand and energy
production predication and scheduling with the real-time dynamic
price. In addition, the pattern behavior of the DEG will be also con-
sidered in the power/heat generation management for the tran-
sient response of the system.
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