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Abstract

In critical facilities, batteries serve as the cornerstone of uninterrupted power supply systems, safeguarding
operations to ensure reliability and continuity during power outages. Managing these assets efficiently goes
beyond the age metric. We will address the challenges and best practices in managing various battery data sources
to make informed proactive decisions regarding battery maintenance and replacement. This will include the
interpretation of battery monitoring system data with periodic on-site inspections to create a holistic view of
battery health, identify aging patterns, and determine the optimal time to replace battery strings, thereby
enhancing both operational continuity and cost efficiency.

By analyzing key performance indicators such as voltage, ohmic value (conductance/admittance or
resistance/impedance), temperature, and discharge metrics, facility managers can accurately assess battery
conditions and predict potential failures by interpreting key data points. Our methodology emphasizes the
importance of moving beyond age-based replacement strategies towards a more nuanced, condition-based
approach. This shift allows for maximizing battery lifespan while minimizing the risk of unexpected failures.

Additionally, we will discuss the role of automated alarms and trend analysis in the early detection of deteriorating
conditions, which can prevent costly downtime and extend the lifespan of battery assets. Facility managers can
use data-driven evidence to support warranty claims, and ensure premature battery issues are addressed within
warranty periods.

Furthermore, we will discuss the development of a systematic replacement strategy that considers usage patterns,
environmental factors, and historical performance data. This approach provides a robust framework for balancing
reliability with cost-efficiency in battery asset management.

By providing actionable guidelines and tools, this paper aims to assist facility managers, engineers, and technical

teams in strengthening the resilience of critical power systems through effective data-driven battery network
management.
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Introduction

Background

In critical facilities, such as cable TV headends, data centers, and telecom central offices (COs), batteries play a
vital role in maintaining uninterrupted power during utility outages. Their performance is directly tied to
operational continuity, making reliable battery management essential.

Problem Statement

Traditional age-based battery replacement strategies are simple but inefficient. They often lead to the premature
disposal of healthy batteries or the continued use of degraded ones, increasing costs and the risk of unexpected
failures.

Objective

This paper introduces a data-driven, condition-based approach to battery management, combining input from
Battery Monitoring Systems, handheld testing, discharge testing, and visual inspections. The goal is to improve
reliability, optimize replacement timing, and reduce operational expenses.

Scope & Audience

The content is intended for facility managers, engineers, and technical teams involved in maintaining battery
systems in critical infrastructure. It presents a practical, field-tested strategy successfully deployed at Cox
Communications.

Battery Management Challenges

Inconsistent Replacement Practices

One of the most common challenges in battery infrastructure management is the lack of standardized
replacement strategies across facilities. In some companies, battery replacements are based on a fixed-age
schedule, site-specific requirements or regional design preferences, and decisions are often made without
supporting data. This inconsistency can result in premature replacements in some locations and prolonged risk
exposure in others, leading to inefficiencies and uneven system reliability.

Limited Global Visibility Over Battery Health

Battery data is often siloed at the site level, making it difficult to gain a centralized view of overall battery health.
Without a centralized software platform, operators lack the ability to analyze trends, compare sites, or automate
replacement decisions. This fragmented approach limits the effectiveness of condition-based strategies and
delays proactive maintenance actions.

High Cost of Manual Testing and Discharge Procedures

While manual ohmic testing and periodic discharge tests are valuable tools, they are time-consuming, labor-
intensive, and often require planned downtime or intrusive load bypass procedures. Discharge testing, in
particular, involves complex setups and resource allocation, making it impractical for frequent use. The cost and
operational impact of these methods can discourage proactive maintenance.
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Difficulty in Correlating and Using Data Effectively

Battery data often comes from multiple sources—battery monitoring system, handheld testers, discharge tests,
and visual inspections. Without a clear process for correlating this information, it becomes difficult to turn raw
data into actionable decisions. Without standardized rules for interpretation, valuable data is underused,
limiting the impact of effective maintenance strategies.

Condition-Based vs Age-Based Strategies

Defining Condition-Based Monitoring

A condition-based strategy is a proactive approach that uses various data sources to assess the actual health of
batteries, rather than relying solely on manufacturer-specified age. By leveraging data from battery monitoring
systems, ohmic testing, visual inspections, and discharge testing, facility managers can optimize replacement
strategies based on the true condition of each battery.

Key indicators such as state of health (SOH), temperature trends, and discharge performance enable early
identification of degradation patterns. Unlike age-based strategies, which treat all batteries equally regardless of
usage or condition, a condition-based approach tailors actionable decisions to each battery’s real-world
performance. This reduces unnecessary replacements while minimizing the risk of unexpected failures.

Developing a Replacement Model

An effective condition-based replacement model relies on a structured combination of data sources to accurately
assess battery health and predict end-of-life. This model combines automated monitoring with manual testing
methods to ensure reliable and consistent data for decision making.

A key component of this model is the periodic collection of ohmic values either through a battery monitoring
system, a handheld ohmic tester, or ideally, both. While battery monitoring systems provide continuous data
collection, handheld ohmic testers serve as an important verification tool. Correlating the readings from the
battery monitoring system with a trusted ohmic tester helps confirm data accuracy and ensures that no drift or
calibration issues have compromised the monitoring system. Periodic use of handheld testers also finds potential
connection problems with the permanent monitor leads.

In addition to ohmic value measurements, periodic discharge testing is essential for validating the actual capacity
of a battery string. This test provides the most direct insight into how a battery performs under load, confirming
whether its remaining capacity aligns with operational requirements.

Another critical component of the replacement model is visual inspection. While battery monitoring systems
provide extensive electrical and thermal data, they cannot detect certain physical conditions—such as swelling,
corrosion, loose connections, or electrolyte leakage—that may compromise battery safety and performance.
Routine visual inspections ensure that these physical indicators are not overlooked and add an important layer of
context to the automated data.

By combining these four inputs—handheld testing, discharge testing, battery monitoring system data, and visual
inspection—the replacement model enables a data-driven, condition-based decision process. This layered
approach ensures that battery strings are only replaced when justified by real performance indicators, improving
reliability while controlling replacement costs.
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Case Study Comparison

A real-world implementation of condition-based replacement strategies at Cox Communications, specifically
across critical facilities such as headends, illustrates the tangible benefits of transitioning from age-based to data-
driven battery management.

Prior to the deployment of a national standard, battery-replacement practices varied across markets. Some
markets replaced battery strings strictly on the basis of age, typically after 8-12 years in service, even though
manufacturers rate these batteries for 15-20 years, while others relied on handheld testers and periodic discharge
tests to decide if replacement was necessary. This inconsistency led to uneven performance, with some markets
replacing batteries prematurely and others potentially exposing infrastructure to risk.

With the implementation of a nationwide standard leveraging battery-monitoring-system technology, and
centralized software solution, Cox unified its approach. The data collected by the monitoring system revealed that
many battery strings remained within operational thresholds well beyond their manufacturer-expected end-of-
life. In several instances, batteries were still performing reliably 12 years or longer after installation, confirming
that a data-driven program can safely extend service life while providing more accurate cost forecasting and
avoiding unnecessary replacements.

The introduction of a battery monitoring system and centralized software platform allowed the organization to
significantly reduce premature replacements. By basing decisions on actual battery condition rather than
expected lifespan, Cox was able to expose degraded batteries that were overdue for battery replacement and
identify potential thermal runaway conditions, thereby achieving system reliability while deferring unnecessary
costs.

Cost-Benefit Analysis

Consider the following three typical case scenarios, which compare the strategies of individual Cox markets
using various combinations of handheld conductance testing, discharge testing and an on-demand battery
monitoring system:

e (Case #1: Handheld Testing Only
Handheld Test Cost = $700
Handheld Tests = 24 (every 6 months)
Cost=$ 16,800

e (Case #2: Battery Discharge Testing (Primary)

The discharge test was performed every two years for a battery with an expected lifespan of 12 years.
Additionally, conductance testing was performed twice a year to validate the battery's state of health.

Discharge Test Cost = $2,000/test
Discharge Tests = 6 (every 2 years)

Cost=$ 12,000

Handheld Test Cost = $700
Handheld Tests = 24 (every 6 months)
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Cost =$ 16,800
Total Cost = S 28,300

e (Case #3: Battery Monitoring System (Primary)
Battery Monitoring System Cost = $2,000 (Controller + Sensors)
Handheld Tests = 4 (every 3 years)

Discharge Tests = 2 (every 5 years)

Cost per battery string = $2,000 + (4 x $700) + (2 x $2,000) = $8,800

Case #1 - Handheld Case #2 — Discharge (Primary) | Case #3 — Battery Monitoring
System (Primary)
Cost $16,800 $28,800 $8,800
Results Savings over discharge “Gold Standard” Best combination of cost and
testing, but more risk confidence

Battery Replacement Data Sources

Battery Monitoring System Data

The Battery Monitoring System is a foundational tool in condition-based battery management. It provides
continuous, real-time insight into the performance and health of each cell within a battery string.

A standard battery monitoring system typically captures three key data points for each battery cell:

e  Ohmic Value (conductance/admittance or resistance/impedance)
e \Voltage
e Temperature

These parameters serve as the primary indicators of battery condition. Among them, ohmic values are particularly
useful for evaluating internal degradation. By comparing current ohmic values to a reference or baseline value
typically recorded about 6 months after installation or derived from manufacturer specifications, a State of Health
(SOH) percentage can be calculated. This metric provides a quantifiable measure of how much useful life remains
in a battery.

Manual Testing

Manual ohmic testing using a handheld tester is a widely adopted method for assessing the internal condition of
batteries. It provides a snapshot of battery health and is often used to validate data collected from battery
monitoring systems. Because handheld testers—particularly those from a different manufacturer than the
permanent monitoring system—use their own calibration curves, the absolute ohmic values they report will not
directly match the system’s readings. In practice, the technician is looking for relative deviations: any cells that
stand out as outliers against the population trend, or a particular cell against its previous measurements, rather
than a one-to-one comparison with the battery monitoring data.
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While manual testing is labor-intensive and periodic by nature, it remains a crucial tool in a comprehensive battery
management strategy, especially for facilities without full battery monitoring coverage or when investigating
discrepancies in automated readings.

On-Site Inspection

On-site visual inspection is a vital part of any battery management process. While systems such as battery
monitoring systems and handheld testers provide important electrical and thermal data, many early signs of
battery degradation or failure in batteries can only be detected through direct observation.

Visual inspection is important to detect external symptoms of internal issues. Key conditions to look for during a
proper VRLA battery inspection include:

e Swelling

e Corrosion

e Leaking posts

e Elevated temperature on posts and casing

Discharge Testing

Discharge testing is the only method for determining the actual capacity of a battery system. According to IEEE
1188-2005 and 1188a-2014, which provide recommended practices for the maintenance, testing, and
replacement of valve-regulated lead-acid (VRLA) batteries, capacity testing through discharge is essential for
assessing the performance of batteries under load and ensuring they meet backup duty cycle requirements.

In a typical discharge test, the battery string is placed under a controlled load that simulates real-world operating
conditions. The battery is then discharged until it reaches its specified end voltage, and the time to reach this
voltage is recorded. The result is compared to the rated capacity, usually expressed as a percentage.

Centralized Battery Management Software

To adopt condition-based maintenance strategies, centralized and scalable battery data management has become
essential. A centralized software platform addresses this need by consolidating data from various sources into a
unified system, enabling real-time oversight, analysis, and decision making across the network.

Centralized Data Aggregation

A centralized software platform gathers battery performance data from devices across the network and presents
it through a single dashboard. This eliminates the need to manually review data from disparate systems and
improves both the speed and accuracy of maintenance planning.

Automated Thresholds and Alerts

A centralized platform continuously evaluates incoming data against configurable thresholds. It generates
notifications when anomalies are detected, such as rising resistance or declining conductance values. This
proactive alerting helps maintenance teams prioritize at-risk sites and battery strings before failures occur.
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Visual Trending and Analytics

Data visualization tools allow operators to track degradation trends over time. Graphs and historical logs help
identify abnormal aging patterns, making it easier to trigger discharge tests or schedule field inspections when
warranted.

Data Correlation and Validation

By integrating handheld ohmic tester readings with battery monitoring system data points, cross-verification of
battery health is possible. This multi-source validation reinforces confidence in condition assessments and aligns
with industry best practices.

Centralized Reporting for Compliance and Warranty Claims

A centralized software platform simplifies documentation and reporting for regulatory compliance, internal
audits, and warranty support. Detailed battery history and performance records enable operators to
demonstrate proactive maintenance and support warranty claims with factual, time-stamped data.

Practical Guidelines

The practical guidelines outlined in this paper are the result of extensive field experience and experimentation,
developed to strike a balance between meeting industry standards and implementing real-world, acceptable
battery replacement practices specifically within the operational context of Cox Communications. The goal is
to present a proven, field-tested approach that has been successfully used over several years to optimize both
battery replacement budgets and operational expenditures (OpEx).

In this section, we will introduce the three-step process adopted by Cox Communications as part of its
condition-based battery replacement strategy.

Step 1: On-Demand Daily Conductance Value

Battery Monitoring Systems are deployed across all major critical facilities, providing daily measurements of
conductance values, voltage, and temperature at the individual cell level. This data is fed into a centralized
software platform, which calculates the State of Health (SOH) for each cell based on its conductance
performance relative to a baseline.

The core metric used is the Cell Ratio:
Conductance Value

Cell Ratio =
! Baseline

The baseline or reference value is provided by the battery monitoring system or during initial commissioning.
Using a conversion table derived from experimental results, the cell ratio is translated into a cell-level SOH.
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Example conversion tables are shown below:

Cell SOH Conductance

120%
__ 100% °
X go%
I
S 60%
= 40%
o

20%

0%

0% 50% 100% 150% 200%

Cell Ratio (%) = Conductance/Baseline
Conductance/Baseline

(Battery Monitoring
System) 200% 100% 67% 50% 40% 33% 25%

Cell SOH (DCIM) 100% 100% 80% 50% 25% 0% 0%

For example, a cell reading of 1340 S compared to a baseline of 2000 S results in:

13
Cell Ratio = =67%

Cell SOH = Conductance Table (67%) = 80%
The Battery String SOH is then calculated as the average of all individual Cell SOH values:
Battery SOH = AVR (Cell SOH)

To automate interpretation and action, a three-level business rule is applied:

Battery SOH, Cell SOH = 90% — Good

90% > Battery SOH, Cell SOH = 80% — About to Fail

Battery SOH, Cell SOH < 80% — Failed
This process generates a daily SOH trend that enables proactive tracking of battery health over its lifecycle.
The same process is applied at the facility level. The average state-of-health (SOH) for the entire battery bank is
calculated and used as an index to decide whether a building load transfer can proceed. If the average battery-
bank score falls below 80%, the transfer is deferred. In that case, the maintenance team must identify and

replace the underperforming batteries, whether an entire string or individual cells. Building load transfers are
performed twice a year to exercise and verify all emergency equipment, including the ATS and generators.
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Step 2: Handheld Testing

Every three years, a manual handheld test is conducted to validate the accuracy of the battery monitoring data.
The tester records the conductance value, voltage, and temperature. Some battery monitoring system
manufacturers deliberately calibrate their sensors and add an offset when necessary to a specific handheld tester.
If the variation between handheld readings and battery monitoring data exceeds +10% the discrepancy triggers
further investigation, including discharge testing or deeper inspection.

Step 3: Discharge Testing

Discharge testing remains the most definitive method for assessing battery capacity, but it is also resource-
intensive and costly. The strategic objective is to minimize routine discharge tests by relying on continuous battery
monitoring system data and triggering tests only when needed.

Currently, discharge testing is performed every 3-5 years, or on-demand based on data-driven triggers, such as
a battery SOH dropping below 80% or the presence of multiple underperforming cells in a string.

While discharge tests are less frequent, they remain the final validation step before battery replacement is
initiated. This targeted use of discharge testing balances operational risk with cost-effectiveness, aligning with
IEEE 1188-2005 best practices and reducing OpEx across the battery lifecycle.

e Test Preparation
e Battery Size and Configuration: Total number of cells and strings, including any parallel connections.

e Design Capacity: The ampere-hour (Ah) rating of the battery at the 8-hour rate, as specified by the
manufacturer.

e Duty Cycle: The expected duration under load is 3 hours to an end voltage-per-cell of 1.84V for Cox
Communications facilities with dual generator backup.

e End-of-Discharge Voltage: The designed cutoff voltage is 42V.

e Test Execution
e Apply a constant load appropriate for the desired duty cycle (e.g., 3 hours).
e Monitor voltage per cell throughout the test.
e Monitor when string voltage reaches 44 V (facility requirement)
e Continue the discharge until end-of-discharge voltage reaches 42V

For a 3-hour discharge test:
e Expected runtime = 180 minutes
e Battery reaches end voltage (1.75V/cell) at 144 minutes
e (Capacity=144/180=80%

This result is at the threshold defined by IEEE 1188-2014. According to the standard, a battery delivering less
than 80% of its rated capacity is considered at end of life and should be evaluated for replacement.

e Cox Duty Cycle Pass Criteria:

o Voltage > 1.84 V/cell at 180 minutes > 100% capacity (pass)
o Voltage < 1.84 V/cell before 180 minutes = x/180 = capacity % (fail)
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This targeted approach, guided by real-time monitoring and clear IEEE-based thresholds, allows facility
managers to minimize unnecessary testing while ensuring high reliability and accountability in battery
maintenance.

Conclusion
Batteries remain at the core of power continuity for headends and similar facilities, but traditional age-based
replacement models are no longer sufficient in meeting today’s performance, cost, and reliability demands.

This paper has outlined a proven, field-tested approach to battery management that shifts the paradigm toward
data-driven, condition-based strategies. By leveraging a combination of real-time battery monitoring system
data, periodic handheld testing, discharge testing, and on-site inspections, Cox Communications have been able
to reduce unnecessary replacements, extend battery life, and lower operational expenses without
compromising reliability.

The adoption of centralized software platform enables global visibility across sites, allowing for automated
thresholds, consistent analysis, and streamlined reporting for compliance and warranty support. Through
practical tools and clear decision criteria—such as SOH thresholds, test intervals, and trigger conditions
maintenance teams can move from reactive planning to proactive, evidence-based decision-making.

As demonstrated, the three-step condition-based replacement process not only aligns with best practices such
as those in IEEE 1188-2005 and 1188a-2014 but also supports long-term sustainability and financial efficiency.
With the right systems and frameworks in place, facility managers and technical teams can confidently manage
battery assets, ensure resilience, and optimize performance across the entire network.
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