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Abstract—This paper discusses how micro-grids availability
during natural disasters and in their aftermath can be assessed.
The analysis focuses on two critical groups of components that
allow micro-grids to improve power supply availability: dis-
tributed generators and local energy storage. For distributed
generators and, due to their importance during natural disasters,
this paper presents a novel focus by exploring the importance
of lifelines for system availability. Renewable energy sources
are identified as valuable distributed generation assets during
disasters because they do not require lifelines; yet, their variable
generation nature leads to the need for significant local energy
storage. Additional local energy storage may be desirable as a
backup solution to address potential failures that would blackout
the load because they reduce the impact of lifeline performance
during disasters onmicro-grid availability. Analysis of micro-grids
availability is performed based on Markov state space models and
calculated using minimal cut sets approximations. This calculation
method has the advantage of being very simple, not requiring
extensive knowledge in the subject or computational needs. Re-
sults are verified with numerical experiments using Monte Carlo
simulations.

Index Terms—Availabilitymodel, distributed generation, energy
storage, lifelines, Markov chain, microgrids, minimal cut sets, nat-
ural disasters, reliability, renewable energy sources.

NOTATION

Set of failed micro-grid states.

Set of working micro-grid states.

th minimum cut set (mcs).

mcs probability of occurrence.

Total number of mcs.

Number of (failed) components in the
minimum cut set .

Individual unavailability of each of the
components in mcs .
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Initial time when fuel delivery may occur.

Fuel delivery due time.

Maximum amount of time a fuel delivery may
occur.

Unavailability of the fuel supply system.

Probability of exceeding the fuel delivery due
time.

Reference probability of not meeting a fuel
demand reference time.

Tank autonomy for the specified load.

Probability of emptying the fuel tank.

Mean down time of the fuel supply.

Mean up time of the fuel supply.

Unit energy step difference between two of
the battery charge states.

One step transition probability matrix for the
Markov chain model of the renewable source
and battery system.

Transition rate matrix for the continuous time
Markov process associated to the Markov
chain represented by .

Limiting distribution of the Markov chain
model.

Time step length for the Markov chain.

Load during the day.

Load during the night.

Power generated by the PV array at a given
time.

Capacity of a battery connected to a renewable
source.

Probability that the renewable energy sources
are in the state at time .

Probability that the renewable energy sources
are in the state at time .

Failure rate of the renewable energy sources.

Repair rate of the renewable energy sources.
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Micro-grid’s failure probability density
function.

Micro-grid unavailability without
distribution-level batteries.

Micro-grid failure probability at time .

Sum of all the transition rates from to .

I. INTRODUCTION

T HIS paper explores the possibility of using micro-grids
as a way to improve power supply availability during

natural disasters. Due to their impact on micro-grids operations
during disasters and their aftermath, the analysis presents a
novel approach that focuses on evaluating lifeline performance
and their quantifiable impact on micro-grids availability. The
presented methodology also considers the effect of added
local energy storage because of their importance for reducing
the effect of lifeline dependencies—a critical factor affecting
micro-grids during disasters—and variability of renewable
energy sources. As it is anticipated that most micro-grid owners
and operators may not likely be experts in power systems
or count with extensive computational capabilities, a simple
availability calculation approach is presented and discussed.

A. Motivation and Problem Formulation

Recent natural disasters have created growing concerns about
power supply availability and raised doubts about the capa-
bility of conventional power grids to sustain operation so vital
society services—e.g., food refrigeration cycles, water provi-
sion, health care, communications, financial services, oil re-
fining, and others—are not interrupted during disasters and in
their aftermath. The experience through these disasters is that
due to bulk power grids large geographical layout, combined
with their centralized generation and control architectures, con-
ventional power grids are fragile systems in which damage to
less than 1% of their components can lead to extensive high-in-
cidence outages [1] so it could be expected that large areas may
experience high power grid outage probability. Thus, within the
context discussed here, the grid may likely be unavailable at
the critical load mains tie and its neighboring area from a few
weeks to several weeks. Evidently, such performance may not
be observed for all disasters or in all areas, but there is still ev-
idence of such performance observed in various recent disas-
ters, such as hurricanes Katrina [2] and Ike, the 2008 Sichuan
earthquake in China [3], and the 2011 earthquake and tsunami
in Japan (Fig. 1).
However, despite the large extension of power outages that

may be observed after some natural disasters, such as hurri-
canes, earthquakes and tsunamis, damage assessments indicate
that areas with intense infrastructure and dwellings damage is
generally a much smaller area than that observed with high-in-
cidence power grid outages. Moreover, damage distribution is
very inhomogeneous and with abrupt variations in the damage
severity—i.e., as Fig. 2 shows, it is very common to find a zone
with extreme damage surrounded just a few meters away by
areas with little damage. This characteristic is even observed in

Fig. 1. Ishinomaki, Japan. The ovals highlight evidence of persisting power
outages around NTT central office (the building with the large communications
tower) more than 3 months after the earthquake and tsunami struck this area on
March 11, 2011 (photo taken on June, 15, 2011).

Fig. 2. Onagawa, Japan. While all buildings and infrastructure in the fore-
ground were demolished by the tsunami, there is little damage in the background
area higher on the hills where the tsunami did not reach.

less extreme cases, such as after Hurricane Ike when damage
to the only line serving the Bolivar Peninsula (Fig. 3) led to
several weeks of lack of power in towns with extreme damage
(Gilchrist), moderate damage (Port Bolivar), and little damage
(High Island). From an user perspective these are two important
observations that support the use of micro-grids to power elec-
tric loads during disasters because the fundamental problem for
electricity consumers is the lack of powering alternatives—i.e.,
lack of diversity—to continuously power their loads other than
conventional grids or stand-by power systems—commonly,
diesel gensets. Still, these stand-by systems have also reliability
issues, such as a relatively high failure to start probability for
gensets that limits stand-by power plants availability to about
0.9999 or 4-nines [4].
Here, micro-grids are considered to be locally confined

and independently controlled electric power grids in which a
distribution architecture integrates distributed energy resources
(DERs)—i.e., local distributed generators and energy storage
devices—and loads [5], [6]. Hence, when micro-grids interact
with a bulk grid with an interface that provides both commu-
nications and control for a coordinated operation, they could
become building blocks of an advanced smart grid [7], [8].
A key fundamental difference with respect to conventional
grids is that micro-grids add active network components at the
distribution level, which provide more operational flexibility
and reduce conventional power grids vulnerabilities caused
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Fig. 3. Broken and tilted poles caused by Hurricane Ike in the only line serving
the Bolivar Peninsula area.

by centralized generation and control architectures and long
distances between power sources and loads [9]. With this
approach, micro-grids contribute to locally achieve one of
smart grids goals of being “resilient to attack and natural
disasters with rapid restoration capabilities” [10]. However,
potential high cost of distributed generation (DG) and local
energy storage—the active network elements that are key
to realize enhanced local power supply availability through
micro-grids—create cost concerns that in the short term may
limit application of this solution to cases in which risk assess-
ments may include downtime cost as part of their calculations.
One such risk assessment framework was presented in [11], in
which the downtime cost is an important factor that contributes
to make micro-grids competitive with respect to other con-
ventional approaches. Hence, the analysis considers this more
demanding case of critical loads, such as in military bases,
data centers, or hospitals, where very high power availability is
required because downtime costs tend to be high. Nevertheless,
the analysis can also be extended to conventional loads, as
indicated as part of the discussion.
One of the aforementioned observations—uneven damage

distribution—provides an answer for a common concern when
using micro-grids for powering a local area during disasters:
micro-grid power sources can themselves be damaged, too.
Yet, if the sources are located in an adequate site, chances of
them being damaged are very low. Validity of this concept
was recently demonstrated during the earthquake and tsunami
of March 2011 in Japan, where a micro-grid in Sendai [12]
was able to maintain operation powering its local loads [1].
The relevance of micro-grids in this context may be further
reinforced as significant reduction of generation capacity due
to safety concerns directly derived from the Fukushima #1
nuclear power plant incident leads to a long period of potential
lower power quality in Japan with rotating blackouts.
Although inhomogeneous damage distribution may answer

concerns about direct damage to the micro-grid, there is one
potential source of problems that has been little explored: many
micro-grids generation technologies, such as engine genera-
tors or microturbines, depend on other infrastructures called
lifelines, such as roads or natural gas distribution networks,
in order to receive fuel supply for these sources to keep them
operating. These lifelines may be affected by the disasters like
conventional grids are [4]. A close analysis of potential hazards

Fig. 4. General representation of a micro-grid.

at the micro-grid site may allow addressing this problem by
choosing local generation sources for which their lifelines
may not be severely affected by the considered hazard—e.g.,
natural gas supply is less vulnerable to hurricanes than to
earthquakes. But, in some situations, it may not be possible
to select such choice. In such situations, energy storage may
be necessary in order to reduce lifeline dependencies [13].
Another option is to rely on renewable energy sources, such as
solar radiation or wind that do not depend on a lifeline to reach
the local micro-grid generators. However, large footprints may
limit the application of these renewable energy-based power
sources in sites with reduced space or relatively high power
demand. Moreover, variable output also restricts the applica-
tion of renewable energy sources. Like in the case of lifeline
dependencies, energy storage may address this latter issue
found with renewable energy sources. However, added energy
storage needs due to lifeline dependencies or renewable energy
sources variable output increase micro-grid capital cost with
respect to the micro-grid design intended for operation during
normal conditions because well designed micro-grids may not
have significant requirements in terms of energy storage in
order to reach high availabilities [14]. But adequate sizing of
the added energy storage leads to one additional practical issue:
micro-grid operators are expected to be private individuals that
may not have extensive knowledge of power systems relia-
bility theory or have extensive computational assets. Hence,
quantitative assessment of lifelines and energy storage impact
on micro-grids availability need to rely on a simple calculation
method.

B. Previous Work and Proposed Approach

Fig. 4 shows a simplified schematic of a typical micro-grid
considered for the analysis, which could have an ac, dc, or hy-
brid distribution system. Notice in Fig. 4 that all loads and DERs
are on the micro-grid side of the power electronic interface sep-
arating the grid from the micro-grid. This interface acts as a
boundary that provides electrical confinement to the micro-grid
and enables implementing the availability analysis techniques
used in this work. It also allows such a micro-grid to meet in-
terconnection standards [15] and operate in an island mode en-
hancing local power supply availability during natural disasters
when grid outages are expected to happen [16]–[19].
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Fig. 5. General Markov representation of a micro-grid availability behavior with the minimal cut states indicated with a shaded interior.

During natural disasters, micro-grids are expected to op-
erate in island mode. Hence, power supply availability is
predominately influenced by micro-grids DERs performance
[20]–[22]. Hence, the discussion is oriented towards DER
and, in particular, effect on availability from local energy
storage and lifelines. Thanks to micro-grids confined electric
domain, their availability can be studied with somewhat sim-
pler approaches that those used to assess conventional power
distribution reliability [23]. One example of such alternative
approaches using minimal cut sets (mcs) theory. An mcs can
be related to a group of failed components such that when all
of those components are in a failed state, the system is also
in a failed state—characterized here by the impossibility of
completely feeding the load—but if any single one of those
components is repaired, then the system is back again into an
operational state. Such approach can be found in [22] and [24]
but their focus is not on lifelines or energy storage as we present
here. A relevant result in [24] is to identify the importance
of having diverse power sources—while redundancy refers
to having more of the same components than the minimum
required, diversity implies having different entities serving the
same goal. In the past there has also been a number of works
studying micro-grids availability including [25]–[36]. Yet,
although lifeline performance—e.g., roads to deliver fuel—is
a critical aspect of micro-grid availability the only basic diesel
fuel delivery availability model have only been recently sug-
gested in [13] and only for stand-by operation and not for
continuous operation as needed in micro-grids. Instead, past
analyses have been oriented to other micro-grid portions, such
as power distribution [31], or renewable sources energy profile
characterization in an average sense [36], or local DG units
[31]–[33] (still, without considering their fuel supply) That
is, past work explores DG generators reliability performance
without considering that, in turn, these sources cannot operate
if they are not fueled, and that such fuel supply is dependent on
lifeline performance.
In this paper, Section II presents a simple approach to cal-

culate micro-grids availability using mcs with special focus
on modeling lifelines performance and the effect of energy
storage—both aspects not previously explored in the litera-
ture—because of their importance for micro-grid performance
during disasters. Case studies are presented in Section III and
calculations performed with the presented mcs approach are

compared with Monte Carlo simulations used as an experi-
mental validation mean. Finally, this paper concludes with a
summary of its main findings in Section IV.

II. MICRO-GRID AVAILABILITY CALCULATION METHODOLOGY

A. System Availability Calculation Approach

Consider the general Markov representation in Fig. 5 for a
micro-grid like the one in Fig. 4. In Fig. 5, each state is repre-
sented by a binary number in which each digit represents the op-
erating state of a micro-grid component. A “1” indicates a failed
state and a “0” indicates an operating state. Although this model
may initially seem complicated because even for micro-grids
there are a large number of states, an mcs approach allows to
greatly simplifying the analysis. For system components that are
reliable enough, each mcs can be associated with a shadowed
state in Fig. 5—called minimal cut state [37]—at the boundary
between the set of failed micro-grid states and the set of
working micro-grid states. The micro-grid unavailability
can be calculated with [37]

(1)

where represents the mcs, is the mcs probability,
is the total number of mcs, is the number of (failed) compo-
nents in the mcs , and is the individual unavailability
of each of the components in mcs . In the analysis,
is the ratio of the component failure rate to the sum of its
failure rate and repair rate . Failure and repair rates are
practically calculated by taking the inverse of the mean up time
(MUT) and mean down time (MDT), respectively. The error in
the approximation in (1) can be evaluated considering that [37]

(2)

Although an mcs approach is simpler than Markov-based
methods, in some systems it may be tedious to identify all the
mcs. This task can be simplified and automated by recognizing
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that given systems structures (from an availability perspective)
give rise to specific mcs. Consider the following most common
availability relationship of system’s elements under the as-
sumption of reliable components [the error bound implied in
this assumption can be assessed by (2)]:
a) Series configuration: Consider Fig. 6 where all compo-
nents in the micro-grid need to be operational in order to
power the load. This configuration, then, constitutes from
an availability perspective a series connected group of
components—in an electrical circuit, this functional relia-
bility relationship in series may or may not correspond to
their electric topological layout; e.g., essential electrical
components that in a circuit are connected in parallel may
be represented as a series connection from an availability
perspective. Thus, each mcs is associated with the failure
of a given system component while all other components
are considered to be operational. Hence, the probability
of each mcs of occurring equals the unavailability of the
failed component associated with such mcs, so the system
unavailability under the assumption of reliable compo-
nents is approximately equal to the sum of their unavail-
abilities. The transition rate from the minimal cut states
into is the sum of the repair rates of the components in
the series configuration.

b) Parallel configuration: Consider Fig. 7 with a parallel
combination of two paths, each path with a series com-
bination of components. For the micro-grid to power
the load it is necessary that all components in at least
one of the two paths are operational. Each mcs is, then,
formed by one component from each path—e.g., one
mcs in Fig. 7 is formed by the natural gas supply in the
top path and the DG unit #2 in the bottom path—so the
number of mcs yielded by this configuration equals the
product of the number of components in one path by the
number of components in the other path. The probability
of each mcs is the product of unavailabilities of each of
the components in the mcs. That is, the probability of
each mcs equals the product of unavailabilities of a com-
ponent in each path. This general description of a parallel
configuration of two paths can be directly reduced to a
simple parallel configuration by considering only one
component in each path, which results in only one mcs
with probability equal to the product of unavailabilities
of all the components in the parallel configuration. The
sum of the transition rates from all minimal cut states to
equals the sum of the repair rate of each component

multiplied by the number of components in the other
parallel path.

c) redundant configuration: In this case, a total of
mcs are formed representing all possible group-

ings of two of the components in the redundant ar-
rangement. Since it is assumed that all components in the
redundant arrangement are equal, the probability of each
mcs is the square of the unavailability of each component.
The number equals [38]

(3)

Fig. 6. Scheme for a micro-grid with one power supply path to the load.

Fig. 7. Scheme of a micro-grid in which the load can be powered from two
power paths.

These three general cases typically represent the most
common arrangements that can be found in practical
micro-grids. Hence, a combination of them can yield all
necessary mcs of a micro-grid without significant complexities.
From [24], it is also possible to identify failure and repair rates
for each type of configuration. Once mcs are identified, the
next step is to calculate the unavailability of each component.
For most components, such as power electronic interfaces,
distribution cables and local DG sources, there exists industry
information with failure rates, such as [39]. As it was explained
above regarding inhomogeneous damage distribution during
disasters, if the micro-grid is located in a site where observed
damage is not extreme, then these values for these particular
micro-grid components should not change during disasters.
Repair rates can be evaluated for these components based on
known or assumed maintenance, logistical and repair processes.
However, these common approaches may not be applied to
renewable sources because of their variable stochastic nature.
Neither can these common approaches be used to sources that
has a discontinuous fuel delivery model—e.g., diesel carried to
the micro-grid site through trucks—or to added energy storage.
The discussion that follows next aims at addressing these other
challenges.

B. General Analysis Assumptions

In addition to particular assumptions considered in the anal-
ysis and discussed at the point where they are relevant, the pro-
posed methodology considers some general assumptions worth
emphasizing here. As mentioned, one of the general assump-
tions is that, based on damage assessment experiences (e.g.,
Figs. 1–3) and collected extensive outage data, the conventional
power grid around the micro-grid may likely fail for several
weeks as a result of a natural disaster even when the damage
in such area is light. The micro-grid is assumed to be located in
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one of such areas with light damage but extensive power out-
ages. The use of the term availability is chosen in this work in
order to emphasize the fact that the studied entities can be re-
paired when they fail so it is possible to distinguish its use from
the term reliability which applies to non-repairable components
[37]. Hence, in such use of the term availability, it is being re-
laxed the implicit assumption that availability—or more strictly
steady-state or asymptotic availability—may only apply to pro-
cesses in a long-run sense, and it is used, instead, in a more gen-
eral sense as it may be associated to the use of availability for re-
pairable components or entities that operate in standby regimes
[37]. Another general assumption is that, for simplicity and in
order to relate the discussion with the typical load profile found
in a critical load represented by a digital communications fa-
cility, such as that in Fig. 1, the load is assumed to be constant
and known. Such load can also be associated with the expected
(average) value of a variable load. However, this assumption is
not a requirement for the proposed model that can also consider
instantaneously uncertain loads. Yet another general assumption
considered in the analysis is that, since stability study is out of
the scope of this work, the micro-grid under evaluation has al-
ready been designed and engineered ensuring adequate stability.
Finally, lifelines failure and repair rates are considered to take
typical values found during disaster conditions or in their after-
math. These values vary depending the intensity of the disaster.

C. Model for Continuous Delivery of Fuel Supply

In most micro-grid applications, this model applies to natural
gas for microturbines, internal combustion engines, or fuel cells
with local reformers. Hence, a natural gas distribution system is
the lifeline for these sources. Information about MUT andMDT
for natural gas supply can be obtained from their suppliers or
from studies [40] and be adjusted to natural disasters conditions
without difficulty.

D. Model for Discontinuous Delivery of Fuel Supply

Let us consider the case of a local source, such as a diesel
generator, that requires periodic delivery of fuel which is stored
on-site in a tank. For simplicity consider that the micro-grid load
is known and constant so the tank capacity provides a known
autonomy of . Such load may be, typically represented, by
a modern digital communications center, already identified as
a critical site during disasters [41]. For variables loads with a
given uncertainty, the expected (average) value of such load can
be considered for the calculations because for operation in an af-
termath of a natural disaster, load changes occur at a time scale
much shorter—e.g., in the order of minutes—than the necessary
local energy storage, in this case represented by —in the
order of hours or days. In this case, the roads network is the life-
line for the micro-grid so the time, , at which the fuel is deliv-
ered to the micro-grid site is a random variable that depends on
a fuel delivery probability density distribution function .
Although can take many forms, some of those, like an
exponential distribution applied in [24], are not realistic. Some
of the issues found with the exponential distribution includes
the fact that its maximum is found at its initial time instead

at the defined delivery time , and then it decreases continu-
ously within a semi-infinite time interval —i.e., there are
non-zero chances of receiving the fuel delivery in a time instant
infinitely away in the future. Instead, a triangular form proposed
here is a realistic representation that at the same time does not
cause excessive calculations complexities. In order to represent
a realistic fuel delivery process, it is assumed that there is a fuel
contract that establishes a due delivery time indicated by ,
when it is more likely to have the fuel delivered. Fuel can be
delivered from some initial time and it is certain that fuel
cannot be delivered before . Then, the probability of having
the fuel delivered increases linearly until when it reaches its
maximum. Still, fuel delivery may be overdue and occur until
a maximum possible time . After passes, fuel delivery
can no longer occur or is no longer accepted. For simplicity, the
decreasing fuel delivery probability between and is as-
sumed to decrease linearly. This triangular distribution is, then

(4)

In order to represent the overdue delivery process is con-
sidered to be given by

(5)

where is the probability of exceeding the fuel delivery due
time. That is, represents the chances of having an overdue
fuel delivery so the difference between and accounts for
a potential delay—i.e., loss of performance—of the transporta-
tion infrastructure. There are several studies in the literature and,
in particular, in logistics and transportation sciences dedicated
to evaluate [42]–[46]. In normal conditions, may take
values at most in the single digit percentage points or lower.
However, during disasters, data from typical transportation de-
lays observed after disasters make to take values from 0.2
to 0.6 and higher, depending on the disaster intensity. A simple
and reasonable approach from [13] considers that varies
linearly from being 1 when the time interval between
and —i.e., is – —is 0 to being 0 when equals
a time interval, , that is long enough to ensure that fuel
delivery will be for sure delivered on time—i.e., when

. Hence

(6)

and

(7)

where is the probability of exceeding corresponding
to a known interval . For example, consider that
h, h, and that when h. Then,

h so .
Now, assume for simplicity that the inter-arrival time between

each truck can be assumed to be independent and identically



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KWASINSKI et al.: AVAILABILITY EVALUATION OF MICRO-GRIDS FOR RESISTANT POWER SUPPLY DURING NATURAL DISASTERS 7

distributed. It is also assumed that the truck instantaneously re-
plenishes the fuel tank and leaves and the next truck arrives at
the location after a random time with identical probability den-
sity function than the previous truck. Since refueling occurs in-
stantaneously, the generator’s engine fuel supply from the diesel
tank at the engine’s fuel intake will essentially determine the un-
availability of the fuel supply system. That is, when the diesel
tank is empty the fuel supply system is at a failed state. Since
it is assumed that the load is constant and known (or for a vari-
able load represented by its expected value over ), the tank
autonomy provides an indication of the probability of emp-
tying the fuel tank when the fuel delivery time exceeds

(8)

Evidently, choosing long enough so it exceeds would
ensure that , but the problem at hand here is that when
the micro-grid is planned, may likely be estimated for
normal operating conditions when both and are much
lower values than what it can be obtained when they are calcu-
lated based on natural disaster conditions. Hence, calcu-
lated under normal conditions may likely be less than cal-
culated during natural disasters conditions, as it is evaluated in
this work.
In order to find the fuel supply unavailability indicated by this

process, consider that based on the relaxed assumption about the
definition of availability in Section II-B that a very large number
of refueling cycles have passed because the grid power outage
lasts at least a few times longer than . It can be expected
that in percent of these cycles the fuel delivery truck
arrived after with an expected fuel supply down time of

. Conversely, it can be expected that in percent
of the cycles the fuel truck arrived before so the generator
did not fail due to fuel starvation. It can be noted that there are

fuel delivery cycles in which the truck arrived
before for every fuel delivery cycle in which the gener-
ator stops operating after running for hours because the
tank was emptied. Hence, in an average sense and over a very
large number of cycles it can be expected that refueling cy-
cles lasting in average are immediately followed by one
refueling cycle in which the generator fails during a time
after running for hours because it is out of fuel. That is,
according to this described process and assuming that is
selected within the interval , the for a gener-
ator fuel supply model equals

(9)

whereas the is

(10)

where for given by (4) is shown in (11) at the bottom
of the page. The choice for selected within the interval

considers that for the aforementioned reasons—that
is estimated for normal conditions whereas is now cal-

culated during extreme events—the option may be
an unrealistic and trivial scenario, and that a micro-grid planer
would rarely choose a tank autonomy shorter than the fuel de-
livery due time.
Based on this analysis the unavailability of the fuel supply

system is, then

(12)

with failure and repair rates, and equal to the inverse of
and , respectively. For example, in the case of

h, h, h, equals
221.3 h, equals 3.4 h, and the fuel supply availability

is 0.985.

E. Model for Renewable Energy Sources

As it was mentioned, renewable energy sources may be
suitable to sustain micro-grid operation during natural dis-
asters because they do not require lifelines. However, their
variable output nature complicates their application. In order to
address their variable output nature—part stochastic and part
deterministic—of renewable energy sources, it is assumed here
that energy storage is added on the renewable energy-based
distributed generators side of the micro-grid. With this added
energy storage these variable renewable energy sources can
be considered to be more dispatchable and have a given avail-
ability determined by the capacity of the added energy storage
and the solar or wind energy profiles. Thus, a Markov chain
model indicated in Fig. 8 is used to model energy states in the
energy storage system associated to a given renewable energy
source. As shown in Fig. 8, each state represents an energy level
for the storage system, so each state transition, characterized by
a probability or , represents a charge or discharge process.
For example, State #1 symbolizes the energy level of storage
when it is fully discharged, and State #N symbolizes the energy

(11)
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Fig. 8. Markov chain diagram.

level when it is fully charged. If it is assumed that the energy
storage devices have linear charge and discharge processes, the
energy difference between any two adjacent states is so the
power involved in such process is divided by the time step
between two consecutive steps in the Markov chain. Hence,
generally represents the probability of a transition among

states with an energy efflux of in , and represents the
probability of a transition among states with an energy influx
of in , with taking values from 1 to . Then, the
one-step transition probability matrix, , is

...
...

...
...

. . .

(13)

where

(14)

(15)

(16)

(17)

The transition probabilities terms indicated by the terms cor-
respond to the particular cases when there is an overflow or a
demand of energy greater beyond the battery capacity range.
Like for the other terms, a negative subscript corresponds to a
battery discharge process and a positive subscript indicates a
battery charge process.
Consider first the case in which the renewable energy

sources are made of a PV array. Since each state in Fig. 8
represent the energy level of the energy storage devices—e.g.,
batteries—transition among states will depend on the power
difference between generated and consumed power at the
micro-grid. For simplicity, the load is assumed to be constant
and known or to be represented by the expected (average)
value of a variable load. However, this assumption is not a
requirement for the proposed model that can also consider

instantaneously uncertain loads. In order to obtain the values
for the probabilities and of each Markov chain transition,
it is first necessary to realize that the power balance is

(18)

where is the load, which is considered for simplicity of the
discussion the same both during the day, , and night,
(different values for and could also have been con-
sidered as part of the calculations) and is the power gener-
ated by the PV array. Then, a histogram of actual PV generated
power at the micro-grid site during a 12-h period is used to char-
acterize PV generation at the site through a probability density
function. This distribution is used as an input for a Monte Carlo
process in order to generate random PV generated power at
each Markov chain time step. The application of a Monte Carlo
approach provides the necessary uniform discretization process
for the generated PV power. Since the load is known and the
PV generated power is now known, the power balance for each
Monte Carlo run and the number of occurrences for each power
balance value are also known, which, in turn, is used in order
to estimate the state transition probabilities and . Since
the PV generated power histogram considers data for a 12-h pe-
riod when the load is , the power balance (18) adds
an equal load in order to consider that the output of the PV
array and energy storage needs to sustain the load during the en-
tire 24-h period, which implies that the night load is effectively
shifted to daytime as a battery charging load for the PV array.
Once the one-step transition probability matrix, , is known,

the limiting probabilities vector, , can be found from [47]

(19)

where each of the components in represents the long term
steady state probabilities that the energy storage system is at a
certain energy state—e.g., represents the probability that en-
ergy storage is at State #1. Finally, system unavailability
can be calculated considering that the load is not fully powered
when energy storage is at state and the load requires an energy
of or more for one time step of the Markov chain. Con-
sidering all possible transitions from all possible states for the
considered time step, the unavailability is

(20)

Energy storage capacity, , affects unavailability by real-
izing that

(21)

so can be changed by modifying , which, in turn,
changes and, hence, .
This same analysis can be extended to the case of a hybrid

micro-grid with PV and wind energy power generators so their
diverse source of energy could reduce the required energy
storage capacity. In this case, if it is assumed that each of
the renewable sources could power the load alone when their
source of energy is present, then the power balance equation is
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(22)

As an example, consider a micro-grid with a 100-kW load. In
order to provide some generation overhead consider that only a
PV array of 1.225 MW is used—which gives an average power
generation of 293.63 kW during daytime,
i.e., 7:00 am to 7:00 pm. By following the described approach,
the PV curve in Fig. 9 can be found. Suppose that the load is
a critical one—e.g., a communications site—so a 5-nine avail-
ability is sought for the sources. Then, Fig. 9 indicates that
1.15-day capacity of energy storage is needed which translates
into a battery capacity of 2.7 MWh obtained for a time step
of 1 h, and with and equal to 10 kW and 277, re-
spectively. When 225 kW of wind power generators are added,
yielding 110.82 kW of average generated wind power—so each
wind or PV generators can sustain the load alone—the necessary
energy storage to achieve an availability of 5-nines decreases
significantly. Both solar and wind data for this example were
obtained from actual measurements performed in Austin during
the same time periods, and, hence, they naturally and implicitly
consider profile correlation existing between these two renew-
able energy sources. As Fig. 9 represents, with this diverse pool
of sources energy storage requirements dropped to about 0.5
days worth of load power, or 1.2 MWh. If only a 2-nine target
availability is sought, 960 kWh—equivalent to 0.4 days—of en-
ergy storage are needed when only the PV array is considered,
and 720 kWh—equivalent to 0.3 days—are needed for the com-
bined PV and wind case.
The failure and repair rates for these sources can be obtained

by considering that the Markov chain in Fig. 8 is the embedded
Markov chain for a 2-state Markov process in which a state
represents the renewable energy power source failure con-

dition—inability to power the load fully which corresponds to
the condition described by (20)—and the other state repre-
sent the opposite situation. The equivalent Markov process is
described, then by

(23)

where the superscript index “ ” represents a transpose opera-
tion, is the probability of having the system oper-
ating in state at time is the same probability
for is the transition rate matrix for the 2-state equivalent
Markov process with failure rate and repair rate . The
Markov chain and Markov process are related by [47]

(24)

where is the identity matrix and is obtained from [47]

(25)

Fig. 9. Availability versus energy storage capacity.

where is the term in row #1 and column #1 of , i.e., it
equals . Hence, for the 100-kW load powered by PV and
energy storage combination and a target availability of 5-nines,

10 and , whereas for the case
with added wind generators and

. When the target availability is 2-nines,
and when only the PV array is present,

and when PV is combined
with wind energy.

F. Model for Power Distribution Level Energy Storage

In addition to source-level energy storage—e.g., in stored
diesel for an internal combustion engine generator or in batteries
for a PV system—it may be desired to add additional energy
storage at the micro-grid distribution level—e.g., at the main
bus—in order to further increase availability. For example, in
the recent earthquake that affected Japan, local energy storage
was a key aspect of keeping the micro-grid in Sendai [1] op-
erating. Consider now Fig. 5. From [37] and [48], the proba-
bility density function associated with the probability
of leaving the set at time after being in from is

(26)

where is the sum of all the transition rates from to .
Since each of the minimal cut states at the boundary between
and can be associated to an mcs, can be calculated

once the mcs are known. Then, the probability of discharging
the batteries while the system is in since is the proba-
bility of leaving at a time longer than the battery backup time

. Hence

(27)

The micro-grid failure probability is, then, the proba-
bility that the system failed at and the batteries discharged.
If it is assumed that the micro-grid had been turned into opera-
tion a very long time in the past, then equals the un-
availability of the micro-grid without distribution-level
batteries, which is obtained from (1). Thus, the micro-grid un-
availability with added batteries at the distribution level is
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(28)

III. CASE STUDIES

Several case studies were considered in order to evaluate the
previous discussion. These cases are:
— Case 1: Load fed through converters by a microturbine
fueled by natural gas (represented in Fig. 6).

— Case 2: Same as Case 1 but with two microturbines in
parallel so each of them can power the load alone.

— Case 3: Load fed through converters by an engine gener-
ator fueled by diesel delivered by truck and stored in a local
tank.

— Case 4: Same as Case 3 but with two engine generators in
parallel so each of them can power the load alone.

— Case 5: Two power paths to the load; one is as indicated
by Case 1 and the other by Case 3. Each path can power
the load alone (represented in Fig. 7).

— Case 6: Combined PV and energy storage powering the
load through a converter.

— Case 7: Same as Case 6 but combining PV and wind.
— Case 8: Same as Case 5 but with the diesel generator path
replaced by the path indicated in Case 6.

— Case 9: Same as Case 5 but with the diesel generator path
replaced by the path indicated in Case 7.

These cases assume that the potential hazard at the micro-
grid site is a hurricane so natural gas supply availability is still
high [4]. However, transportation infrastructure has a poor per-
formance so the value for is relatively high, indicating
high chances of delays. Component parameters are shown in
Table I—unless clarified otherwise those are the same values
used throughout this paper—and results of the calculations in
Table II. Two options are considered for the renewable energy
sources in cases 6 to 9: subcase “a” considers that there is suf-
ficient energy storage to yield an availability of 5-nines at the
output of the renewable energy source and sub-case “b” con-
siders that their output availability is 2-nines. Parameter values
for the PV or PV +wind combined with energy storage are those
discussed in Section II-E. In a practical setting, the outcome of
the analysis of power output availability for renewable sources
combined with energy storage could be presented in tables or
simple to read graphs, such as that in Fig. 9. All converters are
assumed to be in an redundant configuration with .
Comparison between unavailabilities calculated with mcs and
with Monte Carlo yield almost identical results. However, the
mcs approach is extremely simple to calculate. In these partic-
ular examples presented here, calculations involving mcs did
not require the use of computers and only a simple calculator
was used. Such simplicity leads to two benefits: for the expert
operator of a micro-grid, simple calculations reduce the chances
of involuntary calculation mistakes, but for the more common
case of a micro-grid operator that is not an expert in power sys-
tems—e.g., an infrastructure manager in a hospital or a data
center manager—the proposed approach provides a way to as-
sess micro-grid availability in order, for example, to perform
quantifiable risk assessments. Still, one potential weakness of

TABLE I
RELIABILITY VALUES USED IN THE CASE STUDIES

TABLE II
CASE STUDIES EVALUATION RESULTS

the proposed method is that it may lead to some errors because,
as (1) indicates, the calculation involves approximations. Nev-
ertheless, the proposed method allows quantifying the boundary
of such error with (2). For example, consider here Case 3 which
is the one more prone to error due to the relatively low avail-
ability of the diesel delivery process. The exact unavailability of
this case based on the availability of the three components in the
series arrangement—the diesel supply, the diesel generator, and
the converters—is 0.02101 whereas the unavailability obtained
by the mcs approach obtained by summing the unavailabilities
of the diesel supply, the diesel generator, and the converters is
0.021103. The error, as indicated by the second term of the left
side of the inequality in (2), is calculated by summing the three
terms that represent the product of the unavailabilities of two of
the three components (components in the series arrangement)
considered in this case. Such calculation yields that the error
is 9.156 . When this error is subtracted from the mcs ob-
tained unavailability of 0.021103, the result is 0.02101 which
coincides with the exact unavailability value.
Another important advantage of the proposed approach is

that it provides valuable planning insights about the micro-grid.
High diesel fuel supply unavailability yields no significant
availability improvement when paralleling generators (cases 3
versus 4) because diesel fuel supply is the determining compo-
nent for availability calculation. However, such improvement
is evident with microturbines (cases 1 versus 2) because the
limiting component is the microturbine. Yet, in order to reach
6-nines availability the cases with microturbine require signif-
icant more energy storage than those with diesel generators.
This observation seems to be counterintuitive based on the base
unavailability of these cases. The explanation is found when
the MDT for the micro-grid in each case is calculated. While
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the micro-grid in Case 1 has an MDT of 48.3 h (repair rate of
micro-grid ), the micro-grid in Case 3 has an
MDT of 4.29 because diesel generators tend
to be simpler to repair than microturbines. That is, a micro-grid
with microturbines need more stored energy because although
it is more unlikely to fail, when it fails—and that is when the
added energy storage is needed—it is likely to stay in the failed
state longer. Although renewable energy sources do not have
lifelines, they require significant energy storage in order to
reach desired levels of availability. This issue combined with
their large required footprint limits their application. In all
cases, diverse power sources contribute to improve availability
and reduce the need for local energy storage. Hence, Case 5
seems to be the most suitable choice in this case. Moreover it
is the most cost effective of all. Another potential alternative
to Case 5 is Case 2 with the microturbines replaced by natural
gas internal combustion engines. However, this last option may
be unsuitable in case of earthquakes when the unavailability
of natural gas supply is worse than with hurricanes. Still, if
precautions are taken so adequate availability for natural gas
is ensured, this last option is also adequate for earthquakes, as
practically demonstrated by the aforementioned micro-grid in
Sendai, whose power sources were 2 natural gas generators and
at least 20 minutes worth of batteries.

IV. CONCLUSION

This paper evaluates micro-grids availability oriented to-
wards operation during natural disasters and their aftermath.
A key contribution of this paper is to focus on representing
the effect of two critical aspects affecting micro-grid avail-
ability during natural disasters and in their aftermath: lifelines
performance and local energy storage contribution. Such repre-
sentation is done by presenting and discussing their availability
models. The selected calculated approach is based on min-
imal cut sets theory. It is shown that this approach involves
extremely simple calculations that do not require computers or
extensive theoretical knowledge on the matter in order to assess
micro-grid availability. Moreover, if desired, the proposed ap-
proach allows quantifying the error involved in the availability
calculations.
Theoretical calculations confirmed with Monte Carlo simu-

lations seem to show that in the context of natural disasters
micro-grids may achieve availabilities much higher than con-
ventional grids, making micro-grids a prime option for devel-
oping advanced smart grids. Still, local energy storage and di-
verse energy sources are required in order to achieve high avail-
abilities. Although renewable energy sources have been iden-
tified as a suitable choice to power micro-grid during natural
disasters because they do not require lifelines, large footprints,
high cost, and the need for significant added energy storage limit
their application.
Future research will involve studying alternative fuel delivery

probability distribution functions and modeling the availability
of both fixed and portable standby diesel generators.
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