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ABSTRACT Resilience of power systems is already a key issue that is getting frequent attention all over
the world. It is useful to analyze resilience issues not only for bulk supply, but at all levels including at
a customer level. This is because distributed energy resources can play a prominent role in enhancing
resilience. Although the literature on planningmodels, tools and data for bulk supply and distribution systems
have expanded in recent years, customer-centric planning, e.g., for an individual household, is yet to receive
adequate attention. Although solar PV and battery storage at a household level have been analyzed, how these
resources can be optimally combined, together with grid supply, from a resilience perspective is the focus of
this study. The study demonstrates how a conceptual framework can be developed to show the trade-off
between system costs and resilience including its dimensions such as duration, depth and frequency of
service outages. A planning model is developed that incorporates multiple facets of resilience and individual
customer preferences. The model considers power system resilience explicitly as a constraint. The model
is implemented for a household level case study in Miami, Florida. The results show there are complex
trade-offs among different dimensions of resilience. The study demonstrates how combined resilience
metrics can be formulated and evaluated using the proposed least-cost planning model at a household level to
optimize grid supply together with solar, battery storage and diesel generators. The model allows a planner
to directly embed a resilience standard to drive the optimal supply mix. These concepts and the modeling
construct can also be applied at other levels of planning, including community level and bulk supply system
planning.

INDEX TERMS Power system planning, resilience, optimization model, solar PV, battery storage.

NOMENCLATURE
A. INPUTS
t Hours/sub-hours of the day.
d All day types.
sund Sunny/normal day types (day-types for which

there are no storms).
stormd Days of the stormy day-type that face a risk

of storm related outages.
y Solar Profiles (1, . . . , y).
m Months of the year.
s Monte-Carlo samples that represent grid sup-

ply outage states due to storm.

The associate editor coordinating the review of this manuscript and

approving it for publication was Payman Dehghanian .

B. INPUT PARAMETERS
Weightd Weight associated with each day-type.
Demandy,m,d,t Hourly/sub-hourly demand.
PanelCost Annualized capital cost of roof-top solar.
TaxDiscount Tax discount applicable for the state on

roof-top panels.
BatteryCost BESS cost.
DGCost Annualized capital cost for a 10 kW

diesel generator.
GridCost Grid supply cost.
BuyBackrate Feed-in tariff for solar power.
HourlyDGCost Cost of running a diesel genset per kWh.
LSPenalty Load shed penalty per kWh.
EUELimit An upper limit on kWh of load shed.
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DepthLimit An upper limit on load shed
depth.

FrequencyLimit An upper limit on load shed
frequency.

C. DECISION VARIABLES
SolarInstalled Number of kW roof-top solar

PV to be installed.
BatterykWh Number of BESS kWh to be

installed.
DGSelected Binary variable to decide on

installation of a 10 kW diesel
generator.

Gridy,m,sun,t Supply from grid to meet
household demand.

Grid∗y,m,d,t,s Supply of energy from the grid
in kWh in sample s.

Solary,m,d,t Available solar energy in
kWh.

Solar∗y,m,d,t Available solar energy in kWh
in sample s.

SolarInHousey,m,d,t Solar energy in kW being used
in the household.

SolarInHouse∗y,m,d,t,s Solar energy in kW being used
in the household in sample s.

SolarExporty,m,d,t Solar energy in kWh being
sold to the grid.

SolarExport∗y,m,d,t,s Solar energy in kWh being
sold to the grid in sample s.

SolarRejecty,m,d,t Solar energy in kWh being
rejected (incurs a penalty).

BatteryIny,m,d,t Energy in kWh entering the
battery from solar panels.

BatteryIn∗y,m,d,t,s Energy in kWh entering the
battery from solar panels in
sample s.

GridChargey,m,d,t Energy in kWh entering the
battery from the grid.

GridCharge∗y,m,d,t,s Energy in kWh entering the
battery from grid in sample s.

BatteryOuty,m,d,t Energy in kWh entering the
household from the battery.

BatteryOut∗y,m,d,t,s Energy in kWh entering the
household from the battery in
sample s.

BatteryLevely,m,d,t Energy in kWh stored in the
battery (household BESS).

BatteryLevel∗y,m,d,t,s Energy in kWh stored in the
battery in sample s (household
BESS).

DieselSupplyy,m,storm,t,s Energy in kWh entering the
household from the diesel
generator.

BatteryIny,m,d,t Energy in kWh entering the
battery from solar panels.

LoadShedy,m,storm,t,s Load shed for each outage
sample during storm daytype.

LoadShedEventy,m,storm,t,s A binary variable which is ‘1’
only if there is an active power
outage.

EUE Expected unserved energy in
kWh.

Depth The fraction of load being
shed.

Frequency Total number hours of load
shed.

I. INTRODUCTION
Resilience of power systems has emerged as an important
planning criterion especially over the past two decades as
major cyclones, floods, wildfires etc. have frequently affected
electricity supply in many countries throughout the world
including the USA. As Ton and Wang [1] discussed in 2015,
resilience is becoming as important as affordability, relia-
bility, flexibility and efficiency in power systems planning.
There has been significant research and development in this
area including actual extreme events that provide real-world
case studies on the importance of resilience. Chandramowli
and Felder [2] have demonstrated that the impact of climate
change on electricity demandmay lead to a reasonably signif-
icant increase in peaking capacity for the states of New York
and New Jersey. Van Vliet et al. [3] show that cooling water
scarcity could limit the availability of supply for predomi-
nantly thermal systems in the US and Europe. Hurricanes
Irma andMaria caused great devastation to Puerto Ricowhere
all 1.5 million customers of the Puerto Rico Electric Power
Authority lost power. About 95 percent of customers had
their service restored after about 6 months, but the remaining
5 percent—representing some 250,000 people—had to wait
nearly a year [4].

A. AN OVERVIEW OF THE LITERATURE
There is a growing literature on the topic and an excel-
lent and reasonably recent summary of it is provided by
Mohamed et al. [5]. This section provides an overview byway
of some of key works in the areas of power system resilience,
differentiating between a (generation, transmission or distri-
bution) system level analysis vis-à-vis distributed micro-grid
level analysis. The discussion below first introduces an
overview of the general literature on power system resilience.
This is followed by a discussion on the growing recognition
in the literature on how small-scale energy sources includ-
ing microgrids and distributed energy resources can enhance
resilience. Microgrids have received attention as an option
to provide electricity access in developing countries [4], [5],
improve reliability where the grid already exists, and to
enhance resilience of the system. These are also receiving
increasing attention in more developed countries to augment
distribution networks rather than hardening the entire infras-
tructure. Distributed energy resources like roof-top solar and
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small-scale battery storage that may form part of microgrids
as well, are also excellent resources. These may not only to
provide cleaner and cheaper power in some cases, but also
add to the resilience of the system [4].

The climate change research community has highlighted
the risk that power systems face due to heat waves that
reduce availability of cooling water for thermal plants [3], [6],
hydroelectric plants [7], wind [8] and solar PV generators [9].
A World Bank study [10] demonstrates how some of these
risks including flooding risks in Bangladesh can be integrated
into a power system planning model to develop a more
resilient mix of generation resources. The impact of extreme
events that are increasingly becoming more frequent and
more severe due to climate change may have serious impli-
cations for transmission [11], [12] and distribution [13], [14].
Kezunovic et al. [11] foreshadowed many of the problems
around transmission line conductor sag, transformer outages,
etc. that are being experienced today in California due to
heat waves. High wind speed and ice loading also pose great
challenges elsewhere in the world that are discussed in [12].
Willis and Loa [13] provide an excellent summary of the
resilience issues encountered in a distribution system and how
these are measured using an extensive set of approaches that
have been published in the literature between 1997 and 2014.

Power system planning methods need enhancement to
address resilience issues. The development of concepts,
techniques and case studies in recent years have tried to
address this by extending the standard least-cost planning
methodology to address different complementary measures.
For instance, as noted before Chandramowli and Felder [2]
extended a least-cost planning model to analyze demand
impacts arising from heat waves. Panteli et al. [15] was
among the first to rigorously lay out the definition of phases
for resilient recovery. Espinoza, Panteli and others [16] took
this framework a step further to test different strategies to
make the power system more robust and responsive, using
an example of Great Britain. Moreno, Panteli and others [17]
more recently have further reiterated the need for planning
models to make the transition from a relatively simple and
one-dimensional reliability criterion to multi-dimensional
resilience standards. There have also been case studies that
incorporate resilience considerations in practical systems
including flooding risks in Bangladesh [10], impact of storms
on the British transmission network [18] and impact of
cyclones on household level supply in Florida [19]. It is rec-
ognized that resilience needs to be built throughout the supply
chain and measures may include a vast range of options
from change of power plant siting in Bangladesh [10] down
to strengthening of distribution network using microgrids
and distributed energy resources. The latter is increasingly
being integrated into mainstream planning. There is in fact a
vast literature including NREL’s RE-OPT [20] and LBNL’s
DER-CAM [21] that deal with optimization of these energy
resources.

Distributed solar PV, battery storage and other resources
have been gaining popularity as their costs came down over

the recent years. They also present a formidable option to
enhance resilience of the system without requiring expensive
hardening of the entire supply chain from utility scale gener-
ation, transmission down to distribution networks.

There is a significant amount of work to address the latter
issue. Important planning and operations related analytical
innovations aroundmicrogrid include incorporating real-time
load recovery systems after power outages [22], optimiz-
ing the placement of microgrids to enhance power system
resilience [23], economic operation of microgrids taking into
consideration demand side bidding and adequacy of the grid
to meet critical load [24]. Other significant developments
include application of multi-objective optimization to operate
microgrid networks [25], scheduling microgrid operation to
improve network resilience [26] and expanding the resilience
of microgrid networks via an advanced interface control
system [27].

A better appreciation of distributed energy resources to
specifically recognize their resilience benefits is also visible
in some of the research over the past decade. For instance,
Zhang et al. [28] developed a model specifically to optimize
photovoltaic (PV) panel and battery storage capacity place-
ments in a network to enhance resilience. This model aims to
improve a network’s reliability by installing PV and small-
scale batteries. A reduced reliance on the grid and hence the
requirement to harden the grid can save billions of dollars
even for a relatively small geographic area. A similar concept
is proposed in [29], wherein grid failures caused by severe
weather are addressed by assets available in various islands.
This means that the resilience of the overall power system
is complemented by individual microgrids. This is a concept
that is gaining popularity following the onslaught of hurri-
canes in the Caribbean and coastal parts of America. Other
developments inmodeling distributed energy systems include
efforts to (a) incorporate electric vehicles [30], (b) smart grids
to reduce storm related outages [31] and (c) demonstrate how
individual power component faults can be minimized using
microgrids [32].

NERC [33] in 2012 provided an overarching framework
for power systems that laid out three phases of a resilient
system, namely, preparedness, mitigation, and restoration.
These concepts were also echoed in [15], [16] among oth-
ers. These works showed how incurring a relatively small
cost in planning/preparedness stage can help to lower the
cost of mitigation/restoration phases. Gholami et al. [34]
translated these concepts into a two-stage adaptive robust
formulation for microgrids that can island and self-supply,
to better cope with adverse weather events. Their proactive
scheduling framework can be implemented to limit adverse
outcomes from islanding situations.

B. SCOPE OF THIS WORK
The overview of the literature alludes to the fact that resilience
of power system can be built throughout the supply chain
including microgrids. The literature also amply demonstrates
the role of planning. However, there are two areas where there
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is a need for further discussion and analytical developments,
namely:
1. There needs to be a clearer articulation of a resilience

standard that is grounded on the concepts of reliabil-
ity but captures the multiple facets of resilience. The
resilience criterion (or criteria as the case may be) then
needs to be embedded into a planning framework to
optimize resources explicitly considering resilience as a
‘‘constraint’’; and

2. As roof-top solar PV, BESS and smart meters enable
behind-the-meter resources that can more than ade-
quately equip households to deal with power outages,
there is a need to go beyond microgrids and plan
for household level electricity supply. Our previous
work [19] has demonstrated that planning analysis can
be extended to distributed energy resources to develop
an optimal supply mix for a household that may include
solar PV, BESS and diesel back-up to complement grid
supply. This work also demonstrated how roof-top solar
PV and BESS can form part of an effective resilience
solution even in locations like Miami that are prone
to severe cyclones. The present work further extends
the analysis in [19] to form resilience constraints and
implement the planning framework.

Section III discusses the nuances regarding the definition
of resilience including a motivating example to show the
impact of imposing a resilience standard on cost of electricity
supply. Section IV builds on it to present a least-cost planning
model that can directly embed such standards as constraints
in the optimization. Section V discusses a case study for a
household in Miami before Section VI draws the key conclu-
sions and insights from the model and the case study.

II. DEFINITION OF RESILIENCE
A. RESILIENCE VS RELIABILITY
One area where better translation and integration of resilience
metrics into planning is needed, relates to the difference
between reliability and resilience [17]. Resilience and reli-
ability are two closely related concepts used to determine a
power system’s performance during an outage. Put simply,
reliability is the ‘‘outcome’’ whereas resilience is the means
to achieve the outcome. Resilience can also be thought of as
the ability of the supply system to bounce back. Andy Ott,
ex-President of PJM, distinguishes between the two [35]
by saying that reliability is a necessary condition for
resilience, but the latter has many dimensions to it. In other
words, reliability in general reinforces resilience, but the
multi-dimensional nature of resilience means there are also
trade-offs that need to be understood better. There are two
other somewhat artificial distinctions between reliability and
resilience, namely:
1. Resilience is often associated with extreme weather

events and therefore the ‘stressors’ are typically dif-
ferent, e.g., resilience may be explicitly associated
with storms as opposed to reliability that has tradi-
tionally been characterized by mechanical failures of

FIGURE 1. Characteristics of a resilient system.

power plants or transmission or distribution components.
Resilience, therefore, needs to be characterized by spe-
cific events and the related standards need to be quite
different from typical reliability metrics such as loss of
load expectation (LOLE). The latter can still be used to
express the outcome of a measure that adds resilience to
the system. For example, if a transmission line has been
designed to withstand a category 5 storm, the resilience
standard will be associated with such an event, but the
end result of the system achieving a lower LOLE can
still be applied to characterize the outcome; and

2. Resilience is also associated with typically longer or
more complex outages e.g., common mode failures
where many components fail simultaneously during
extreme events such as multiple plants getting flooded or
multiple towers getting knocked down by a storm. This
is an increasingly common phenomenon due to climate
change and therefore old reliability standards that were
used to mainly capture mechanical failures alone, may
be superseded by a set of more complex and stringent
criteria. Resilience can also be explicitly associated with
the ability of the system to bounce back following an
outage that is also embedded in reliability metrics such
as the mean repair time.

Figure 1 shows different phases of a system following a
disaster including the response, recovery and transition phase
until normal operation is restored. Resilience focuses on all of
these phases [15]–[19], [33] including the initial depth of the
outage, what back-up measures are in place to sustain critical
operation/load, what responses can be taken to restore supply,
etc. Resilience is about the entire process and how the system
should be designed to render it reliable.

The underlying metrics for these do not have to be sub-
stantially different and indeed reliability is measured in terms
of the depth, duration and frequency of outages and mean
repair time. These are also useful to design and measure
the resilience performance of a system. There are, how-
ever, trade-offs among these attributes with significant cost
implications. Building a resilient system must combine these
attributes carefully and understand such cost implications.
Depth of outage in this analysis has been calculated as the
fraction of hourly load that is not being supplied in an outage
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and the outage frequency as the number of hours duringwhich
outages occur in a year. The expected unserved energy (EUE)
of the outage is also used to denote the kiloWatt-hours of
household load that could not be met because of the outages.

B. DISCUSSION ON APPROACH
This work investigates the trade-offs in designing a resilient
household supply system, though the concepts apply to a
bulk power system as well. Household power supply outages
and measure resilience metrics are simulated including out-
age duration, the quantity of power lost and the fraction of
lost power, and the frequency of the outages. Designing a
resilient household system may require a complex criterion
that combine these facets. As an illustrative example, consider
the following set of criteria that may stipulate a resilience
standard:

Install sufficient capacity of diesel, PV and battery
storage to ensure that (i) minimum 20% of the power
supply is always available; (ii) there are no more than x
outage of the remaining 80% of the power supply in
any year including category 5 storms; (iii) total power
outage in a year should not exceed y kWh and (iv)
full power supply should be restored within z hours.
If the parameters concerning critical load, such as the num-

ber of outages linked to the probability of an extreme weather
event (a storm in this case) or the desired restoration time, are
tightened, the investment requirements may increase sharply.
For example, there may be a larger number of solar panels and
BESS needed and/or a back-up diesel generator. It should also
be borne inmind, however, that a naïve solution including one
that does not consider any investment in PV/BESS/diesel may
face a steep cost due to frequent, deep and long duration out-
ages. The naïve solution will typically not meet the resilience
standard but is a benchmark for cost and other parameters that
can be compared with resilient solutions.

The current literature has laid out the concepts and solution
methodologies at a high level. However, the planning process
to build in resilience including how to characterize supply
failure risks from extreme weather events in a practical way
is not yet fully developed. As the role of distributed energy
resources grows with the possibility of these resources also
contributing to resilience at the customer end is a significant
issue that can enhance their business cases. Planning analysis
is equally applicable for a customer end to understand if solar
PV, BESS etc. can be usefully deployed not only to reduce
electricity bill, but also improve resilience of supply at a
lower cost (than say install a diesel generator). It will require
building in the planning analysis a resilience standard and
assessing the performance of alternative investment strategies
both in terms of their costs and resilience performance. The
trade-off between cost of supply and resilience at a household
level supply system has not been explored in the literature
to date. An extension to the planning model is proposed
to build resilience standard and used data from our previ-
ous analysis [19] to construct cases that can quantify this
trade-off.

FIGURE 2. Trade-off in designing a household electricity supply system.

C. DIFFERENCE WITH OTHER APPROACHES
It is worth clarifying the specific contribution of this study.
There have been many dozens of resilience metrics proposed,
as is evidenced by an NREL literature survey [36] among
others e.g., [13], [37], [38]. This study does not attempt to
formulate a new resilience metric. The focus of this study is
to showcase different methods of hardening power supply and
hence increasing electricity resilience in a household. It can
be misleading to conclude that resilience is achieved as soon
as any one of the resilience metrics is reduced, which is quite
common including our previous work [19].

Resilience standards will typically need to cover more than
one attribute to cover the physical event and customer require-
ments. This is accomplished by adding additional metrics
and thus forming a more nuanced definition of resilience and
reliability for use in an analytical model. This necessarily
allows for a higher degree of refinement in power system
analysis and opens the path for analysis to match individual
system needs as is discussed in the methodology section.
A uniform holistic resilience/reliability metric is not advis-
able because every household’s needs is different including
depth, frequency, coverage of critical loads and expected
unserved energy.

D. A MOTIVATING EXAMPLE
An example may be helpful demonstrate the key issues
around supply costs, alternative investment strategies and
reliability performance. Figure 2 illustrates the trade-off
using data from our previous work [19] for a typical house-
hold in Miami, Florida that faces relatively high risk of power
outages from cyclones. Specifically,
1. The ‘‘ideal solution’’ is generated using the optimization

model developed in [19] ignoring weather driven out-
ages. This leads to the lowest supply cost estimated at
$1955 with perfectly reliable grid-supply as no invest-
ment is needed for resilience purposes. The ideal solution
is not achievable in reality because the area is prone to
storms including severe ones for 3-4 days in a year;

2. The naïve solution with ‘‘No or low resilience consider-
ation’’ brings out the risk of facing 10 kWh of outages
through a typical year and the household costs (including
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a penalty on cost of unserved energy) jumps to $2742;
and

3. There is a continuum of efficient solutions each of which
delivers certain degree of resilience by investing in alter-
native levels of investment choices with varying costs.
As the system is hardened (higher resilience), annual
cost of electricity increases (hence the y-axis represents
an arbitrary measure of reduced resilience/reliability to
show that a lower annual cost of electricity implies less
reliability/resilience). For instance, the household supply
can be made 100% reliable by investing in a 10 kW
generator with a cost of $2591 (which is expensive but
still lower than the naïve solution); or it can substantially
lower annual supply cost to $2163 by investing in 1
kW PV plus 4.2 kWh BESS system, but have a small
exposure to load shed up to 4 times in a year totaling less
than 1 kWh. The precise solution will of course depend
on the resilience standard that will need to be built in the
planning methodology.

As the discussion above alludes to, it is necessary to
develop a methodology and framework to examine these
solutions associated with alternative resilience standards. The
remainder of this paper discusses amethodology and provides
results from a case study for a typical household in Florida.

III. METHODOLOGY
This study presents a planning methodology that incorporates
resilience standards as a constraint for a household level
energy supply system. As noted in the preceding discussion,
such a standard will typically need to explicitly recognize key
stressors such as the risk of storms andmultiple dimensions of
a standard. This model builds on [19] to include the following
additional considerations:

a. Explicit consideration of grid supply outage depth, fre-
quency, expected unserved energy and outage duration
based on NASA’s MERRA-2 climate model reanalysis
data on wind risk [39];

b. Setting a resilience standard that the household supply
optimization needs to consider, i.e., the planning model
needs to find the least-cost mix of grid supply, roof-top
solar PV, BESS and diesel, subject to meeting demand
as well as the resilience standard. Put differently, our
previous work [19] shows how addition of BESS/diesel
generation etc. enhances resilience of the system but
does not build in it a specific resilience standard in the
analysis to drive the selection; and

c. More specifically, the planner to represent multiple
dimensions and objectives intrinsic in a resilience stan-
dard that were discussed in the preceding section,
namely, depth, frequency, duration, total load shed, etc.

A. AN OVERVIEW OF THE MODEL
The model is formulated as a stochastic mixed integer lin-
ear programming (MILP) problem which considers historic
load data, solar resource profiles and hourly windspeeds

corresponding to a household location. It is used to minimize
the annual household electricity costs including electricity
purchase costs (utility costs), (annualized) investments in
solar, BESS, or other back-up generation facilities, some of
which may be needed to reduce exposure to weather driven
outage risks. The model represents a typical year using a few
representative day types (e.g., Normal, Sunny and Stormy)
that includes days of potential supply outages due to storms.
Outages for Stormy days are represented using a number of
outage samples (s) developed from the wind risk distribution
for the area. Least-cost investments in solar PV, BESS and
diesel are influenced by the resilience standard which is in
turn determined by the outage probability due to storms.
No other stressor is considered in the analysis, but the basic
construct can be applied to other sources of outages, e.g.,
transformer outages or upstream HV grid failures. The mod-
eling framework is general to accommodate multiple house-
holds or a mini-grid, for multiple years, day types, different
sources of risks that can be sampled and investment choices
that can encompass different types of back-up generator,
storage and solar panels.

B. MATHEMATICAL FORMULATION
The variables ‘Grid∗, ‘GridCharge∗, ‘SolarExport∗ and
‘SolarReject’ are recourse variables for the storm day type
defined for each outage sample s.

The objective function sums the total annual cost of elec-
tricity. It is calculated by taking the annualized cost of the
installed capacities of PV and BESS and combining it with
the cost of energy from the grid as well as any penalties
associated with unused solar energy and load shed. Any
revenue earned through net metering is subtracted from the
annualized cost. The objective function is defined as follows:

Cost

= SolarInstalled ∗ PanelCost

∗TaxDiscount + BatterykW ∗ BatteryCost

+DieselGenSelected ∗ DieselGenCost

+

∑
y,m,sun,t

Weightsun
((
Gridy,m,sun,t

+GridChargey,m,sun,t
)
∗ GridCost

−SolarExporty,m,sun,t ∗ BuyBackRate

+SolarRejecty,m,sun,t ∗ ε
)

+

∑
y,m,storm,t,s

Weightstorm
((
Grid∗y,m,storm,t,s

+GridCharge∗y,m,storm,t,s
)
∗ GridCost

−SolarExport∗y,m,storm,t,s ∗ BuyBackRate

+SolarReject∗y,m,storm,t,s ∗ ε

+DieselSupplyy,m,d,t,s ∗ HourlyDieselCost
))
/s (1)

Other equations relating to the model’s function are not
included in discussion of this study to keep this section
focused. A full description of the model including all of the
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equations can be found in reference [19]. The additional equa-
tions that represent resilience constraints, and key equations
from [19] that are essential to understand the new additions
are presented here.

There are three key balances (2)-(4) central to the optimiza-
tion, namely:
• Equation (2) that represents the overall demand-supply
balance for the household for each period of a ‘‘stormy’’
day when grid supply may be prone to outages and load
shed may occur absent sufficient solar, battery and/or
back-up diesel capacity;

SolarInHouse∗y,m,storm,t,s + (1− θs,t )Grid∗y,m,storm,t,s
+BatteryOut∗y,m,storm,t,s
∗BatteryEfficiency+ DieselSupplyy,m,storm,t,s
+LoadShedy,m,storm,t,s

= Demand∗y,m,storm,t,s (2)

• Equation (3) shows the balance for the solar PV system:

SolarExport∗y,m,storm,t,s + BatteryIn∗y,m,storm,t,s
+SolarReject∗y,m,storm,t,s
+SolarInHouse∗y,m,storm,t,s

= Solar∗y,m,storm,t,s (3)

• Equation (4) represents the balance for the battery stor-
age system:

BatteryLevel∗y,m,storm,t,s
= BatteryIn∗y,m,storm,t
−BatteryOut∗y,m,storm,t,s
+GridCharge∗y,m,storm.t,s
+BatterykW ∈ t = 1 (4)

• Additional constraints included in the model are defined
below. Expected unserved energy is found by taking the
sum of the LoadShed kWh and dividing by the total num-
ber of Monte Carlo samples. This metric is important for
finding the quantity of energy lost in an outage:

EUE =
∑

y,m,storm,t,s

(LoadShedy,m,d,storm,s)/S (5)

• Outage depth is calculated by taking the maximum frac-
tion of load shed over demand. This metric is important
for finding the fraction of energy lost in an outage:

Depth = Maxy,m,storm,t,s(
LoadShedy,m,storm,t,s
Demandy,m,storm.t.s

) (6)

• Outage frequency is calculated by taking the sum of all
hours of load shed and dividing by the number of sam-
ples. This metric is important for finding the duration of
an outage:

Frequency =
∑

y,m,storm,t,s

(
LoadShedEventy,m,storm,t,s

S
)

(7)

• The formulation for the binary variable
LoadShedEventy,m,storm,t,s is defined as follows:

LoadShedEventy,m,storm,t,s
= 1 ∀ LoadShedy,m,storm,t,s > 0 (8)

LoadShedEventy,m,storm,t,s
= 0 ∀ LoadShedy,m,storm,t,s = 0 (9)

• LoadShedEventy,m,storm,t,s holds each individual hour of
outage and, therefore, adding this variable across all the
samples, as is done in the Frequency metric, returns the
duration of outage.

• The resilience constraints are implemented in the model
using the following equations which requires each indi-
vidual attribute from surpassing a certain threshold:

EUE < EUELimit (10)

Depth < DepthLimit (11)

Frequency < FrequencyLimit (12)

The case study results in the next section discuss the
implications of using individual reliability standards like
EUE vis-à-vis composite resilience standards.

IV. CASE STUDY FOR A HOUSEHOLD
This section describes the results for an illustrative case study
using solar and wind resource profiles for Miami, Florida.
The annual supply outage duration for Miami due to frequent
storms is estimated at 38 hours [40]. The model is set up for a
single year in hourly resolution for three representative days.

A. KEY ASSUMPTIONS
Key assumptions used in the analysis are as follows:
1. The model uses a total installed cost of $3000/kW for

a PV system [19], and $300/kWh for fully installed
BESS. A 10 kW diesel generator (commensurate with
the 9.94 kW peak demand for the household) is con-
sidered as an option that has an up-front cost of $5000
(or $515 per annum for a 10kW generator in annualized
cost). Solar PV costs represent commercial quotes and
battery costs are based on the NREL projections. These
investment costs are annualized assuming a 10-year
lifespan for BESS and 25-year life for solar PV and
diesel generator.

2. Energy from the grid is assumed at a flat tariff
of 15.65 c/kWh.

3. Load is represented for a year using three representa-
tive days: Normal (311-312 days per year with a peak
demand of 2.64 kW), Sunny (50 days per year with a
peak demand of 9.94 kW) and Stormy (3-4 days with
a peak demand of 2.73 kW). The number of unusually
stormy days based on extreme wind gust data is four for
Miami, although the gust speed and hence probability of
outage is much higher.

4. The solar PV capacity factors for Normal, Sunny and
Stormy day-types are 18%, 25%, and 10%, respectively.
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FIGURE 3. Trade-off between expected unserved energy and cost for a
household in Miami.

5. Cost of unserved energy (LoadShedPenalty parameter)
is set at $20/kWh. Baik et al. 42] presents a survey that
shows a very wide range of cost of unserved energy
resulting from resilience considerations from less than
$1/kWh to $76/kWh. The baseline estimate of $20/kWh
assumed for this study is high but representative of resi-
dential customers in the US.

6. A full account of all other inputs is provided in [19] and
are not repeated here.

B. DISCUSSION OF RESULTS
The model is used to show the impact of different resilience
standards and show how different dimensions of it may inter-
act and the overall impact of a standard on household elec-
tricity supply cost and investment mix. Figure 3 shows how
EUE varies with annual household cost. Additional details
including PV and BESS selections are provided in Table 1.

There are several important points to note:
1. The red point represents a deterministic outcome that

does not consider extreme weather events, i.e., there
is no investment towards resilience and there are also
no damage costs considered. Hence, it is not a realis-
tic/feasible outcome although most traditional planning
models will typically develop such plans that are devoid
of any resilience consideration. As in Figure 2, it is
included in the plot to show the ‘ideal’ but infeasible
solution. It is termed ‘ideal’ because it has the least cost
as well as unserved energy, as if extreme weather events
can be ignored without any consequence. It should be
noted that the ideal solution picks 5 kW of PV, but very
little BESS as part of the optimal solution reflecting
that PV is economic for the household, but BESS at the
assumed costs are still not very attractive.

2. Once resilience constraints are considered (from row
2 onwards), there is an extra kW of PV selected but more
importantly significant level of BESS is also selected
to guard against storm related outages. EUE level in
row 2 (Table 1) is small at 2.31 kWh for the year. This
is because the household daily peak load is typically low
around 2.4 kW on average the exposure to risk is also

TABLE 1. Model results for varied EUE limits.

a relatively low number of hours impacted by extreme
weather events. It is also possible to reduce the EUE
value further without significant additional investments
- mostly in the form of a marginal increase in BESS
volume.

3. Annual cost to harden the electricity supply to the house-
hold increases by only $12 to bring EUE down below
1 kWh. This is of course is significant because it saves
only (2.31-0.9) or 1.41 kWh of EUE for the year making
an already reliable supply even better at an average cost
of $12/1.41 or $8.5/kWh of EUE. The cost benefit of the
additional investment would depend on the preference of
the household and the underlying resilience standard.

4. It should also be noted from Figure 3 that there are near
vertical steps in the cost curve suggesting close to zero
increase in cost for some segments. To reduce EUE from
0.6 kWh to 0.45 kWh, for instance, requires no additional
investment in BESS or PV. This is because some reduc-
tions in EUE may simply require altering the operation
of the BESS without any additional investments. BESS
operation can be adjusted to preserve stored energy on a
stormy day that can be achieved at very little additional
cost to buy grid power during other hours.

5. However, if the household seeks the perfectly reliable
supply (0 EUE), the last 0.4 kWh can take a dispro-
portionate amount of incremental PV/BESS or a diesel
generator at a cost over $250 per avoided kWh of EUE.

6. It is still cheaper to reach 0 kWh of EUE using a com-
bination of solar panels and BESS rather than using a
diesel generator. The annual cost of reaching 0 kWh of
EUE using solar panels and BESS is $2324, which is
considerably cheaper than the annual cost of $2600 using
the diesel generator. Although PV and BESS are capital
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FIGURE 4. Trade-off between depth and cost for a household in Miami.

intensive, they are also modular that can be matched
more precisely to the household demand pattern. In com-
parison, diesel generator size tends to be more discrete
and often oversized relative to household demand (e.g.,
5, 10, 15, 20 kW) and as such the diesel option ends up
being more expensive. In other words, investment in a
10-kW generator in this case is a significant overinvest-
ment that costs the household an additional $276 each
year.

Next, it is shown how the depth of outage (i.e., number of
kW lost) can influence investment decisions and system cost.
Table 2 and Figure 4 summarize results that gradually reduce
depth of outage from 1 kW down to zero.

Table 2 also reports the EUE for these cases to show
how storm related outages impact on it. As depth of outage
reduces, it naturally improves other reliability performance
metrics too including EUE. However, constraining depth
alone tries to maintain the system cost unchanged and the
pattern of resource usage that may also increase as happens
to be the case for a depth of 1 kW. In other words, there
are intrinsic trade-offs among different aspects of resilience.
This is an important consideration in developing a resilience
standard that considers multiple dimensions simultaneously.
An EUE standard alone may be quite blind to the requirement
of capping the depth of outage that may be important for
certain requirements, e.g., critical load in a building.

It is again clear that there is very little additional cost to
lower the depth of outages from 1 kW to 0.5 kW, and it should
be noted that this is efficiently accomplished through incre-
mental increases in BESS capacity. If the BESS kW/kWh is
optimized properly, a household is able to contain the depth
of outage to half, albeit the reduction in annual EUE may not
be as significant. Nevertheless, it may be a significant relief to
maintain critical load for half a kW with just a $1.86 increase
in annual cost. It is also a cost-effective means to achieve
0.907 kWh reduction in annual outages. Beyond an outage
depth of 0.5, the costs increase by larger increments. Going

TABLE 2. Model results for varied outage depth limits.

from a depth of 0.5 to 0.4 requires an additional $12.32 in
annual costs, and the increments continue to rise until the
$49.86 increment between the 0.1 and 0 depth values. This
is because the capacity of BESS required to power the house-
hold needs to step up considerably. The household can meet
its objective to contain depth as well as EUE primarily using
BESS with 1 kW increase in panel size only for the last step.

It is worth repeating that specifying an outage depth of 0
is equivalent to specifying an EUE value of 0, so the quantity
of BESS and PV is the same in both scenarios.

The final metric explored in this study is the frequency of
outages which is calculated by summing the hours of outage
across each sample. The frequency of outages focuses on the
duration that the household can supply power without relying
on the grid. As an example, a frequency value of 0.8 means
the household can supply power for 4 of the 5 hours of an
outage. This is materially different from the other metrics
of power outages and places less emphasis on the kWh of
outages. In forming their resilience standard, some customers
may place a significant emphasis on avoiding frequent short-
duration outages. This may have a bigger impact on BESS
sizing compared to EUE or depth of outage, and in some cases
may even reduce the size of the solar panel needed to meet the
standard at the expense of a bigger battery.

Improving the incumbent household’s resilience with out-
age frequency is achieved through incremental investments in
BESS, as with the other metrics. The key difference is that the
incremental cost to improve outage frequency is more vari-
able than in other metrics. The annual cost between an outage
frequency of 0.8 and an outage frequency of 0.43 is $0.98, yet
the difference between outage frequencies of 0.1 and 0.07 is
$9.56. However, bringing the frequency of outage (and hence
depth/EUE too) down to zero may cost a disproportionately
high $92 per year.
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C. COMBINED METRICS
As the introductory section states, a resilience standard may
have multiple dimensions andmay vary across different types
of customers (or even across customers within a group).
While this study does not attempt to formulate an ideal
resilience/reliability metric, the proposed model allows users
to formulate their own metrics according to their individual
needs. The proposed model allows users to modify its con-
straints, meaning users can define a system that meets their
own limits for annual EUE, outage depth, and frequency. This
study recognizes that users’ energy needs vary widely and
that they may prefer to prioritize one metric over another.
For example, should a user require that certain appliances
stay powered in their home despite an outage, they would
place more emphasis on hardening the supply to lower outage
depth rather than outage frequency. If the user also desires
that EUE for the year be limited below a threshold, the model
can be run using both constraints simultaneously. This section
presents results for constraints constituting all three metrics:
EUE, outage depth and outage frequency.

Table 3 summarizes model outputs for various scenarios.
The results from these cases are fundamentally not different
from the ones presented in the preceding discussions. More
stringent reliability/resilience constraints result in higher
annual energy costs. However, the combined metrics lead to
a set of results that provide a few additional insights.

1. A judicious selection of resilience standard is needed
because some standards are easier to meet than others.
a. Rows 2 vs 1: As an example, focusing on the first

two cases - incremental household electricity costs to
reduce outage depth are relatively low. To go from
an outage depth of 0.75 to 0.5 kW requires an incre-
mental cost of only $2 despite preventing 0.83 kWh
(i.e., from 3 kWh to 2.17 kWh) of load shed with no
explicit constraint on EUE. If the resilience standard
was set to tolerate non-essential load of only half a
kW, an extra kW of PV (noting that 5 kW of PV
is economic without any resilience requirement) and
around 4.5 kWh of BESS could do the jobwell to with
barely any increase in annual supply cost;

b. Rows 2 vs 7: In comparison, scaling outage depth
from 0.75 to 0.55 requires an additional annual cost of
$36 when EUE is limited to 1 kWh. If the additional
(3 kWh less 0.6 kWh, or) 2.40 kWh of load shed
is worth saving at that cost, an increase in BESS
capacity from 4.8 kWh to 6.9 kWhmay be economic;
and

c. Row 2 vs 14: Further, in the most stringent case in row
#14 where depth, frequency and EUE are all minimal,
the increase in cost is ($2289 less $2168 or) $121. The
BESS size is almost doubled, and an extra kW of PV
is also needed. This supply mix of course ensures any
prospect of load shed is almost wiped out apart from
a tiny 100 Watt of non-essential load, the rest of it
is always met, etc. Such a service quality at an extra

TABLE 3. Model results for combined constraints.

cost of $10 per month in bill may well be attractive to
some customers and this solution is still a lot cheaper
than one that requires a diesel generator.

2. Row 4 vs rows 5,6 and 13: Incremental investments to
lower outage frequency are remarkably cheap. To reduce
outage frequency from a value of 1 to 0.9 costs only $4,
and to further harden it to a value of 0.55 or eliminate
nearly 40% of outage instances costs an additional $4.
A comparison of row 4 against 13 shows that if the
household is interested in a standard that eliminates 80%
of the outage instances and would like to treat only
0.1 kW of load as non-critical, the annual cost increase
is $104.

3. Row 2 vs rows 3, etc: EUE is the costliest of the three
metrics to lower. Marginal cost of EUE reduction goes
up rapidly - it only costs $1 to harden from 3 to 2.8 kWh
of load shed). Reducing EUE standard from 1 kWh (row
9) to 0.4 kWh (row 10), on the other hand, costs an addi-
tional $18. The willingness to pay for the incremental
kWh of reliability for most customers will probably lie
somewhere in this range.
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4. In summary, the cases presented here show that the pro-
posed planning model informed explicitly by the domi-
nant source of risk (i.e., storms in this case) can be useful
in exploring the multiple facets of resilience to choose
a solution that best fits an intended resilience standard.
It may also be noted that the multiple dimensions have
trade-offs among themselves in some areas, while they
can also complement each other, depending on the sup-
ply mix chosen. It is important to explore the solution
space and understand these relationships.

V. CONCLUSION
A. SUMMARY AND KEY INSIGHTS
This study proposes a multi-dimensional resilience constraint
and implements it in an analytical planning model for a
household level power supply analysis. The three resilience
criteria analyzed in this study address three core aspects of
a household’s resilience in power outages: the total quantity
of lost energy, outage depth, and outage frequency. The three
metrics represent complex resilience considerations such as
coverage of category 5 storms that may occur with certain
probability but still allow for certain tolerable level number
of outage events in a year, of a specified maximum duration
and a cap on the total annual unserved energy. By imple-
menting these three metrics as constraints in an analytical
model, it is possible to characterize desired resilience out-
comes linking it to the probability of extreme weather events,
coverage of critical loads, and other attributes. It is also
instructive to understand how these three metrics comple-
ment each other and the cost implication for each individual
metric to inform useful resilience standards. While there are
ongoing efforts to standardize resilience metrics and stan-
dards at a system level e.g., [40], customer level resilience
standard is yet to receive much attention. The model and
analysis presented in this work may be helpful in setting such
standards.

The Miami case study reveals that it is possible to create a
highly resilient system which meets the criteria of relatively
low outage frequency, low outage depth and low expected
unserved energy up to certain level without a drastic increase
in annual electricity supply cost. It also however shows
that the perfectly reliable system would incur disproportion-
ately high level of investments in BESS/diesel and solar PV.
It is important to recognize this trade-off between cost and
resilience in designing a reliable household supply system
that may in turn also hold significance for investing less
towards the resilience of the upstream distribution system.

The model may be a useful tool that may be used by
retailers, regulators, individual businesses and households as
well as solar and battery storage service providers to design
the best electricity supply system. Most of the data can be
obtained including customer load profile from smart meters,
renewable profile data from publicly available resources like
MERRA-2, etc. Absent such an analysis, it is easy to overes-
timate the need for investments like a large diesel generator
and underestimate the need for battery storage.

B. LIMITATIONS AND POSSIBLE EXTENSIONS
This study makes a simple but useful demonstration of how
resilience can be built into planning of electricity supply
of a household that can be extended to other applications
including system level planning. There are however some
limitations of the study that need to be borne in mind in
doing such extensions and they also open the possibility to
do further work in this area. A general limitation is that
this analysis does not consider all available measures of
resilience and limit the set of options to PV, BESS and
diesel. There could be other forms of storage, other cleaner
forms of back-up generation and grid strengthening /mini
grids that could be considered. There are other limitations,
namely, there are other attributes of resilience that are ignored
together with uncertainties around load, probability of failure
of PV/BESS/diesel itself when these resources are needed
during a grid outage, etc.

The study outcomes are contingent on the demand pro-
file assumed for the study which is representative of a
medium/low electricity demand household; on specific storm
risks in the Miami area and costs of resilience options
assumed for this analysis. While the general conclusion on
PV/BESS being cheaper than diesel may be applicable to
many other cases, it needs to be tested with a wide range of
input parameters covering different geographies with poten-
tially very different risk profiles.

Due to the study being based on a single household in
Miami, it is not possible to consider resilience metrics such as
response time which are otherwise integral to comprehensive
analysis of resilience. Response time, or the ability for a
system to be able to respond to and mitigate an outage, is a
core part of the definition of resilience and as such extensions
to thismodel for it to be informed bymore detailed datawould
be a useful addition.

This study does not consider the possibility that each indi-
vidual component of the system can fail. In other words,
it is assumed that the PV, BESS and diesel generators are
perfectly reliable. Outage probability is restricted to the grid
supply only and does not extend to backup power supplies.
The possibility that solar panels or diesel generators could
potentially fail, is not considered in this study. It is, in fact,
possible that all three components this study considers (diesel
generators, solar panels and BESS) can be severely damaged
in a hurricane [40], [41]. This is also an additional consider-
ation that will need to be built into the analysis to see if they
have a major impact on the selection of resilience options.
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