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SUMMARY
As costs decline and industry matures, the application of utility-scale energy storage is
gradually gaining acceptance in areas where traditional reliability improvement methods are
not cost effective. Electrochemical batteries have become a viable option in various
applications. The paper presents a utility-adopted method for sizing electrochemical batteries
to improve system reliability. This method was derived in an environment where the utility is
rebuilding many of its feeders and adopting undergrounding strategies that represent long lead
times but necessitate stop gap measures to ensure reliability is improved in the interim.
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1. Motivation
As electric utilities strive to serve customers and to promptly respond to outages, they build
experience and can reasonably predict system performance with varying degrees of accuracy.
As a result, reliability metrics are often used in the calculation of load not served and
subsequently in the preparation of business cases to justify system improvements. restore any
component that has suffered an outage.
As the application of non-wires alternatives becomes more popular, utilities have sought
applying battery energy storage systems (BESS) as these occasionally build a strong value
proposition [1]-[3]. The application of BESS goes beyond increasing reliability, as they can
also level off renewable generation [4], improve voltage fluctuations [5], and support the
development of microgrids [6]-[7]. With all these additional benefits, many cases have been
made for improving SAIDI and SAIFI metrics and power quality improvement. For example,
a reliability constrained planning was proposed in [8] for rural systems, although some of the
required parameters in this reference are not accessible to the utility as they pertain to internal
measurements of the BESS. Another work presented in [9] utilizes BESS to develop
microgrids and further highlights the future reliance on BESS by utilities. A framework for
related applications is presented in [10], but a common limitation of all these methods is that
they require parameters not measurable by utilities.
A practical sizing method for BESS that includes financial data proprietary to utilities is
necessary to adequately address system issues and create a solid business case. This paper
presents a method that only relies on (1) a quantification of unserved load, (2) outage reports,
and (3) storage and grid upgrade pricing information. The results of this analysis revealed that
grid edge portions of a grid can result in an ROI as short as two years.
2. Formulation
The key valuations used in this work are outage frequency and duration impacts on customer
served, as well as the cost of equipment.
The Objective Function
The objective function is a search that seeks minimizing the entire cost of the project that
includes the BESS investment and the value of lost load (VoLL):
𝑓 = 𝐶𝑉𝑜𝐿𝐿 + 𝐶𝐵𝐸𝑆𝑆_𝐶𝐴𝑃𝐸𝑋 + 𝐶𝐵𝐸𝑆𝑆_𝑂𝑃𝐸𝑋 + 𝐶𝐵𝐸𝑆𝑆_𝐿𝑜𝑠𝑠𝑒𝑠 + 𝐶𝐺𝑟𝑖𝑑𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑠 ,

(1)

where 𝐶𝑉𝑜𝐿𝐿 is the cost assigned to the VoLL, 𝐶𝐵𝐸𝑆𝑆_𝐶𝐴𝑃𝐸𝑋 is the CAPEX assigned to the BESS,
𝐶𝐵𝐸𝑆𝑆_𝑂𝑃𝐸𝑋 is the OPEX cost assigned to the BESS, 𝐶𝐵𝐸𝑆𝑆_𝐿𝑜𝑠𝑠𝑒𝑠 is the cost of the operating losses
of the BESS, 𝐶𝐺𝑟𝑖𝑑𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑠 is the cost associated with the distribution system network upgrades
that include, as a minimum, a new sectionalizing recloser, BESS step-up transformer, sensors
and controller. The annualized losses are calculated as:
𝐶𝐵𝐸𝑆𝑆_𝐿𝑜𝑠𝑠𝑒𝑠 = 𝐵𝐸𝑆𝑆𝐾𝑉𝐴 × (1 − 𝜀𝑟𝑡 ) × 8,760,

(2)
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where 𝜀𝑟𝑡 is the inverter efficiency associated with switching losses. While the BESS inverter
does not continuously operate at full duty, this expression captures other losses such as the
continuous energy consumed by the BESS and recloser controllers.
Quantification of VoLL
The financial impact on a customer goes well beyond the cost of unbilled electricity. In fact,
the cost of an unserved load that supports community lifelines vastly overshadows the
uncaptured energy cost by a utility. VoLL can be calculated by assigning a cost value per
unserved kWh for each customer class and using one several methods, two of which are
considered in this paper [11]:
•

Jurisdictional comparison to obtain a blended cost per unserved kWh.

•

The Interruption Cost Estimate (ICE) calculator [12] which calculates a cost per
unserved kWh and a cost per event. This is the approach used in this paper.

Estimating the total unserved kWh during typical outages leads to uncertainty, due to load
profile variation as well as data not being available at a customer level. Power flowing on
portions of feeders is also not available as monitoring in distribution networks is typically
sparse. Systems with high load factor are more manageable and assumptions can be made.
Furthermore, systems that typically experience very long outages (in the order of 24hours)
become more manageable as daily consumption can be used to extrapolate the average kW.
Another item is the cost of interruption, as outputted by [12]. This tool categorizes customers
as residential, small commercial and industrial, and medium and large commercial and
industrial. It does not have provisions to account for critical loads such as health facilities with
operation rooms. The case study in this paper addresses a system supplying critical facilities
and the author had to assume the outage cost for such facilities is 30% higher than those of
small commercial and industrial.
BESS CAPEX and OPEX Costs
The following calculations were used to estimate the costs associated with the BESS:
•

𝐶𝐵𝐸𝑆𝑆_𝐶𝐴𝑃𝐸𝑋

•

𝐶𝐵𝐸𝑆𝑆_𝑂𝑃𝐸𝑋

•

𝐶𝐵𝐸𝑆𝑆_𝐿𝑜𝑠𝑠𝑒𝑠

•

𝐶𝐺𝑟𝑖𝑑𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑠

was defined through quotations from various vendors.

was estimated assuming a truck roll per month for a visual inspection, even
though the equipment will be under warranty for the first several years.
was calculated assuming continuous switching losses of 8% and escalating
by the energy wholesale costs.
is the cost of recloser, transformer and associated equipment.

3. Case Study: Rural Feeder Supplying Critical Loads
Fig. 1 shows the system driving this project. A 38 kV – 8.32 kV substation steps down
subtransmission voltage to distribution utilization. The substation contains an on-load-tapchanger and two feeders supplying mostly a town center as well as the load of a national park,
2

which contains 39 critical facilities deemed critical, although consume little energy. These
include telecommunication towers, aviation equipment, a police station as well as water pumps.
The original supply to the national park was feeder 02. However, the area was destroyed by a
hurricane in 2017 and due to inaccessibility and environmental restrictions, the utility was
unable to rebuild this feeder. Feeder 01 also experienced extensive hurricane damage, but
repairs were possible. As a result, one of the affected critical customers built a 5 km private
underground extension to tap on feeder 01, which became the only available supply to the
facilities. Fig. 1 represents the loads and system current feeder configuration.
The utility created a plan to transfer the park and critical facilities loads to a different substation
with an entire underground supply, a plan that is in the 4-5 year time horizon.

39 critical facilities
Monitoring location
Proposed
BESS PoC

Sectionalizing
recloser
5 Km
UG

16 Km
Out of Service
since 2017
13 km
Town
Center
Feeder 02
Town
Center

Feeder 01
Substation
8.32 kV

Fig. 1. System topology.
Outage Restoration and Downtime
Most of the feeder running through the heavy forested park comprises of insulated wired.
However, it still experiences many outages with long repair times. Outage information was
collected for outages occurring in this line segment. Fig. 2 shows this outage information
collected for a period of two years (2018 and 2019). To note, as this is a blue-sky reliability
analysis, extreme events were removed manually. Note the 10th percentile outage is about 160
minutes and the 50th percentile outage is 516 minutes.
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Fig. 2. Outage information, (a) duration and (b) probability functions.
Reliability Metrics
The annualized reliability metrics displayed in Table 1 were calculated for a two-year period.
The average outage duration exceeded 3 hours and on average customers experienced over 12
outages per year. These SAIDI and SAIFI values were derived from the customer-minuteinterruption (CMI) and customer-interruption (CI).
Table 1. Baseline Reliability Metrics
CMI
CI
SAIDI SAIFI CAIDI
504,988 1,221
207
12.5
17
Loading Information
The critical loads are a strong driver, but their load profile is uncertain, as they are metered
using electromechanical meters. To baseline the load, current sensors were deployed and
connected at the location illustrated in Fig. 1. These current sensors measure all three phase
currents but only capture magnitude, hence the load is baselined in volt-amperes. Fig. 3 shows
the monitoring results, suggesting low load factor, the 50th percentile equates 87 kVA and
average 102 kVA. The figure also shows the load histogram and cumulative distribution.
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Fig. 3. Loading information, (a) load duration curve, (b) loading histogram and cumulative
probability distribution.
Parameters and results
Although the BESS alternative is relatively fast to implement, it is still likely a two-year project.
This suggests it may operate for as little as another two years until the permanent underground
supply solution is in place. Hence, it is only economical if ROI is less than two years. As part
of the optimization function in equation (1), the estimates contained in Table 2 were created.
Table 2. Cost Estimates
BESS OPEX
BESS rt
Electricity $
92%
$0.2/kWh
$12,000/year
The electricity cost was used to estimate the switching losses. BESS size was varied from
350kWh to 5,000kWh in the optimization search space. The cost of BESS as well as grid
upgrades are omitted to protect confidential information. The results of this analysis are shown
in Fig. 4, which shows the calculations using equation (1) for a project lifecycle of two years
and based on the annualized reliability metrics in Table I. The criticality of the load reflects the
high cost of its calculated VoLL which was estimated at $8.8M USD. The results demonstrated
that even a BESS system of about 3.5MW is proven economical, but the optimum BESS value
is found as 1MW, which is the minimal cost solution.
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Fig. 4. BESS sizing optimization solution compared with baseline VoLL.
Table 3 shows the impact of this solution on the reliability metrics if a 1MW BESS is adopted.
As expected, there is a major reduction in all the parameters. SAIDI is expected to be reduced
by more than 50% and SAIFI by more than 60%. CAIDI is expected to increase by more than
30%, demonstrating that reducing the number of outages that are easier to repair increases the
percentage of outages that are difficult to repair.
Table 3. Previous and Forecasted Reliability
Pre-Project Post-BESS Reduction
CMI
504,988
139,993
72%
CI
1,221
209
83%
SAIDI
207
98
52%
SAIFI
13
5
64%
CAIDI
17
22
(32%)
4. Conclusions
This paper introduced a practical sizing method to adopt BESS as a reliability driven non-wires
alternative. This method is deemed practical because it only relies on parameters readily
available to the utility and not requiring advanced monitoring that is typically unavailable. The
largest uncertainty of adopting non-wires alternatives, namely its sizing method, is then
removed, and the rest of the problem can then be addressed by using various optimization
methods existing in literature.
This paper presented a case where adopting a BESS as non-wires solution is economical even
as an interim solution to long-term projects.
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