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Abstract  

Lithium-ion batteries offer many attributes that are attractive for telecom reserve applications relative to flooded 
and VRLA technologies. These attributes include much higher energy density per unit weight and per unit vol-
ume, no hydrogen outgassing, no thermal runaway mechanism, and much lower steady-stage float current. 
 
Lithium-ion batteries are particularly attractive for sites where floor space or floor loading is a limiting factor for 
expansion of existing lead-acid sites. System level understanding and management of mixed-mode reserve sys-
tems with parallel strings of lithium-ion and lead-acid batteries is critical for successful deployment at these 
sites. 
 
This paper discusses system behaviour when mixing parallel strings of lithium-ion batteries with lead-acid bat-
teries for capacity expansion of existing lead-acid sites. 
 

1 Background 

In 2005, many service providers are struggling to pro-
vide appropriate and effective energy reserve systems 
as they deploy next generation services in their net-
works.  With CAPEX and OPEX budgets tighter than 
ever, service providers are increasingly looking for 
power system providers – whose true business and 
value add is power reliability – to provide innovative 
solutions to business problems with energy reserve, 
not just technical solutions. 
 
This paper seeks to explore positive synergies, strate-
gies, and solutions that can come from sites mixing 
paralleled strings of VRLA or flooded cell lead-acid 
batteries with strings of emerging telecom class lith-
ium-ion batteries. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Paralleled Lead-Acid and Lithium-Ion 
 

Consider that as of year 2000: 
 
• The certain demise of +24V powering for wire-

less systems in the US was widely predicted. 
Never happened, now not so certain. 

• Although it was expected to become a huge 
driver of power equipment deployment, no one 
had a definitive solution for the “last mile”. In-
deed, still true. 

• There was no way but up for technology de-
ployments and technology stocks in the foresee-
able future. Pain. 

 
While telecom network deployments have need for 
local energy reserve more and more literally on every 
street corner, the accuracy of needed capacity predic-
tions has been spotty to be generous. 
 
With overall technology deployment predictions so 
unreliable, how can site capacity planning be any bet-
ter? In order to remain competitive as they deploy 
new networks and new services, service providers 
can’t economically design sites for the absolute worst 
case of power growth needs, and they don’t get a “re-
do” when their growth projections are too low either. 
 
Using mixed systems (see Fig 1) or even just plan-
ning to allow them if needed in the future can give 
service providers scenarios with future proofing, cost 
avoidance, and cost deferment options that are not 
possible with either technology on it’s own. 
 



2 An Attractive Scenario 

An East Coast service provider has grown load re-
quirements at many of their sites by 20% or 40% be-
yond what their existing AT&T Round Cell batteries 
[1] can support. Without mixed mode options, growth 
options under consideration for these sites are: 
 
1. Accept the reduced reserve time that the existing 

batteries would support. Unacceptable to their 
organization. 

2. Construct a battery room on a different floor and 
bus it to the existing system. Cost prohibitive, 
find another way.  

3. Remove the fully functional Round Cells, rein-
force the battery room floor to accept more 
weight, and replace the existing batteries with 
heavier and shorter life but higher energy den-
sity per square foot tank cells. Very costly, but 
less so than adding floor space. 

4. Remove the Round Cells and replace them with 
Lithium batteries. Too much of a technology 
risk, although possibly less expensive than fully 
replacing with tank cells. 
 

Mixed mode lithium-ion and lead-acid adds another 
attractive option: 

 
5. For each Round Cell battery string removed six 

frames of 48V/50Ahr lithium-ion batteries can 
be deployed in the same footprint without in-
creasing floor loading (see Fig 2). 

 
The net effect is: 

• 4620 Ahr of capacity can be added per Round 
Cell string replaced.  

• No added floorspace is required. 
• No floor reinforcement is required. 
• Replacing all of the fully serviceable existing 

Round Cell strings is not required. 
 
The mixed technology option gives by far the lowest 
overall cost to achieve the desired reserve capacity, 
and allows the service provider to dip their toe in the 
lithium battery waters without risking a headfirst dive. 
And, if in five years they want to back out of lithium 
technology for any reason, they have deferred the 
high dollar outlay required for the other options by 
five years. 
 
The cost savings and risk picture here are attractive 
enough to give this option serious consideration, but 
the service provider must have full confidence in and 
understanding of how the system will work before 
taking it on. Let’s go there next. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Lead-Acid Replacement with Lithium-Ion 

3 Discussion 

While lead-acid and lithium-ion technologies each 
have their own pros and cons, they tend to mitigate 
some of each other’s technical and economic short-
comings in mixed systems. 
 
Strategic advantages of mixed mode systems can in-
clude: 
 
• A vehicle to get field “run time” with lithium-

ion technologies with lower technical and busi-
ness risk than would be assumed with fully lith-
ium-ion based sites. 

• Effective reserve system capacity growth alter-
natives that avoid replacement of entire existing 
lower capacity battery systems. 

• Using mixed systems can provide economically 
attractive growth alternatives that avoid site ex-
pansion or new construction. 

 
Of course there is no free lunch here. Mixing these 
technologies successfully requires addressing “rubber 
on the road” systems dynamics challenges, some di-
rectly apparent and others more subtle, that we ex-
plore here as well. 

1 string, 1680 Ahr @ 10hr, ~8,600 lbs 

6 frames, 6300 Ahr @ 10hr,   ~8,600 lbs 

Same weight  
and footprint,  
4620 Ahr more 



4 Characteristic Behaviours 

Now let’s compare and contrast some attributes and 
behaviours of lead-acid and lithium-ion battery tech-
nologies from a strategic business point of view. 
 
Mature VRLA battery technologies continue to have 
issues with service life and reliable life prediction, 
especially in non-temperature controlled outdoor 
cabinets [2]. While telecom class lithium-ion tech-
nologies are promising much better (but unproven to 
date) field life, life prediction, and hopefully life cycle 
cost, they remain a drain of many times more dollars 
of this year’s budget to deploy than similar reserve 
with VRLAs. 

4.1 Weight and Energy Density 

Lithium-ion batteries provide roughly double the ca-
pacity per unit volume as flooded cell lead-acid bat-
teries, at about half the weight (see Table 1).  Lithium 
technology can present a compelling economic case 
where space and floor loading are critical [3]. 
 

PROPERTY VRLA  Flooded  Li  1 Li  2 
Voltage, V 12 2 48 48 

Capacity (C/8), AH 88 4000 63 48 

Energy, WH 1056 8000 3024 2304 

Weight, Kg 28 317 28.6 29.1 

Volume, L 11 123.62 22.1 14.3 

Energy density 
(C/8), WH/L 

96 64.7 137.1 161.1 

Energy density 
(C/8), WH/Kg 

37.7 25.2 105.7 79.2 

Table 1: Representative Battery Properties 

4.1 High Discharge Rate Capacity 

Lead-acid batteries typically deliver their nominal 
amp-hour rating when discharged at an eight or ten 
hour rate. When discharged at a two-hour rate, their 
capacity is reduced to around 60%. Lead-acid is 
poorly suited for discharge at less than a four-hour 
rate, and telecom grade lead-acid batteries are usually 
not rated for a discharge rate faster than two hours. 
 
In contrast, lithium-ion batteries perform very well at 
fast discharge rates, with only a slight reduction in 
capacity at a one-hour rate compared to a ten-hour 
rate (see Fig. 3).   

4.2 Discharge Cycle Capacity 

Telecom grade lead-acid batteries are designed to 
maximize service life at float voltage and conse-
quently support a low number of deep discharge cy-
cles.  
 
 

 

 

 

 

 
Fig. 3 Effect of Discharge Rate on Capacity 
 
Lithium-ion electrochemistry provides on the order of 
ten times the cycle life of lead-acid without compro-
mising float life. 

4.3 Life Cycle Cost 

Lead-acid has relatively low initial cost, but mainte-
nance, transportation, replacement and disposal costs 
are high. With replacement cycles of as little as two 
years in many hot climates, it follows that lead-acid 
provisioning can consume significant budget every 
year. 
 
Lithium-ion solutions currently run on the order of 
five times the initial cost of equivalent reserve capac-
ity lead-acid, but at lower transportation, installation, 
and maintenance costs, and with estimated replace-
ment cycles of fifteen or more years. 
 
While lithium-ion points towards lower potential 
over-all life cycle cost, service providers have not ini-
tiated large scale deployment to date. 

4.4 Field Service Life 

VRLA batteries in real-world application are often 
deployed in outdoor cabinets where in many regions 
they quickly degrade due elevated temperature. In 
practice, batteries nominally rated to deliver 80% of 
initial capacity after 10 years of service life may be at 
this end-of-life state in two years or less at worst case 
sites. VRLAs deployed in controlled environments 
fair much better and perform much closer to the 
manufacturer’s nominal ratings. 
 
Properly maintained lead-acid flooded tank cell bat-
teries are usually deployed in benign thermal envi-
ronments. They can and do have service lives meas-
ured in tens of years. The venerable Bell Labs devel-
oped Round Cell was introduced in the 1970s with an 
estimated 70 year service life, an estimate that hasn’t 
been proven wrong to date [1]. 
 
Lithium-polymer electrochemistry [4] based batteries 
are suited for environmentally controlled applications, 



with estimated but unproven typical service life pro-
jections of over ten years. Lithium-Cobalt electro-
chemistry has an estimated service life at 25C of 15 
years, and projects modest life reduction at elevated 
temperature. 
 
Of course any service provider adopting a new para-
digm technology like lithium-ion before it is field 
proven accepts risk that unforeseen issues will arise 
for telecommunications applications. While lead-acid 
has it’s downside, the technology is mature and well 
understood. 

4.5 Capacity Prediction 

An unpleasant fact of lead-acid is that the discharge 
tests required to detect end-of-life push the batteries 
significantly closer to end-of-life. As a result, service 
providers are forced to make a lose-lose choice of 
prematurely aging their batteries in order to know 
their reserve capacity, or not measuring the actual ca-
pacity of their systems and risking premature failure 
during a real discharge. 
 
Lead-acid batteries are generally accepted as at end-
of-life when they demonstrate less than 80% capacity 
in a discharge test. Beyond 80% lead-acid batteries 
lose capacity much more rapidly and unpredictably. 
 
Lithium-ion batteries show much less degradation 
with discharge testing, making periodic discharge 
testing much less of a problem.  
 
They also degrade uniformly over time to less than 
50% capacity. This greatly improves the reliability of 
reserve capacity predictions, allowing battery vendors 
to support end-of-life capacities as low as 70% or 
even 60% of rating.   

4.6 Monitoring and Diagnostics 

Lead-acid batteries are “dumb” by nature, and must 
be externally monitored for health and status. In a de-
fined and mature market where they are commodities, 
lead-acid batteries for telecommunications are poor 
candidates for “smart battery” integration of monitor-
ing transducers and/or integrated status communica-
tion. 
 
Power systems with lead-acid often employ an array 
of monitoring transducers (string voltage, cell volt-
age, mid-string voltage, temperature, etc.) to monitor 
the state of the batteries. But since they are working 
with a wide variety of commodity batteries, these 
monitoring systems must be either: 
 
1. Configured with battery specific settings which 

may vary slightly from vendor to vendor, greatly 

increasing system configuration headaches for 
the service provider,  or 

2. Configured with “least common denominator” 
settings that will be safe for all applicable lead-
acid batteries but may not optimize the perform-
ance of the actual batteries at a site.  

 
In contrast and as new entries into the field, telecom-
munications grade lithium batteries will be “smart” 
and tightly integrated into the power systems’ moni-
toring infrastructure. Each “smart” battery can be 
fully optimized by the vendor for best operation, and 
can directly communicate it’s state to the system con-
troller. Some can disconnect themselves from the sys-
tem bus if necessary. 

4.7 Failed Cell Detection and Avoidance 

Lead-acid cell voltage, mid-string voltage and con-
ductance testing methods seek to detect cell imbal-
ances by: 
 
1. Identifying a change in a measurement over 

time, or 
2. Identifying a voltage difference in one cell or 

half-string relative to the other cells or half 
string. 

 
The process is passive, and the typical corrective ac-
tion for a detected problem is to replace the cell that is 
going bad, or more likely the entire battery string. 
 
Cell imbalances within telecommunications grade 
lithium batteries are automatically equalized and 
transparent to the using system in all but the most ex-
treme cases. If the battery detects a problem that it 
can’t correct it will send an alarm of appropriate se-
verity to the system controller. 

4.8 Thermal Runaway and 
Temperature Compensation 

Nearly all power systems for use with VRLA batteries 
in non-temperature controlled environments reduce 
system voltage at high battery temperature in order to 
avoid destructive heat generation due to thermal run 
away. At high temperature, the capacity is reduced 
consistent with the lower float voltage. 
 
Lithium-ion electrochemistry is thermally stable. 
Thermal compensation is not required, and full capac-
ity is available at elevated temperature. 

4.9 Outgassing 

All lead-acid batteries generate gaseous hydrogen. In 
modern VRLA batteries most of the hydrogen is re-
combined back into the electrolyte, but potentially 
explosive outgassing must be considered with all 



lead-acid technologies. Common hydrogen venting 
and detection transducers are not free. 
 
Lithium-ion batteries don’t have this problem as the 
electrochemistry delivers output based solely on the 
movement of lithium ions, and does not exhibit any 
outgassing reactions. 

4.10 Corrosive Electrolyte and  
Spill Containment 

Lead-acid battery sites are often required by local 
codes to have spill containment systems provided, 
even for gelled electrolyte “non-spillable” batteries 
that can be punctured without leaking. 
 
Further, fears of corroding their load electronics com-
pels most service providers to specifically disallow 
batteries with potentially corrosive acid chemistry 
into the same environmental space as their electron-
ics. 
  
Lithium-ion does not use corrosive chemistry, and is 
suitable for use in datacenters and “power island” ap-
plications co-located with load electronics. 

4.11 Discharge Behavior 

Lead acid batteries all exhibit a “Coup de Fouet” 
characteristic, a sharp voltage drop when a load tran-
sient is applied, and then recover to a discharge volt-
age several volts lower than the float voltage (see 
Fig. 4).    
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Discharge Characteristics 
 
The voltage drop is present with all lead-acid batteries 
and can interrupt service if it drops low enough to 
trigger low voltage disconnect circuits, but is a system 
behaviour that is not always fully considered when 
engineering batteries for a site. 
 
Lithium-ion batteries respond to load transients with-
out a Coup de Fouet voltage drop, but drop gracefully 
to a voltage a few volts higher than lead-acid batteries 
do. 

4.12 Consequences of Excessive Discharge 

Deep discharge is potentially destructive to all battery 
types. For this reason, low voltage disconnect is 
highly recommended for both lead-acid and lithium 
technologies. 
 
During excessive discharge a lead-acid battery cell 
may suffer cell reversal. While this condition usually 
is cause to replace the battery string is rarely a safety 
hazard in well engineered sites. 
 
Excessive discharge of any lithium battery cell to less 
than 2.0 volts per cell may cause dendritic growth and 
shorting, which could then cause unsafe heating if al-
lowed to recharge.  Safe operation requires a means 
of battery disconnect to be provided, whether integral 
to the battery or external within the system. Control 
circuitry in the battery monitors for excessive dis-
charge and if detected it permanently disables charg-
ing. Appropriate signals are sent to the system con-
troller, and the battery must be replaced.   

5 Positive Synergies and 
Practical Implications 

So how do mixed-mode systems behave and com-
pare? Tradeoffs of space vs. weight vs. power density 
vs. cost are straightforward and service providers will 
make choices consistent with their business strategies. 
 
Mixed-mode systems exhibit a greatly reduced Coup 
de Fouet voltage transient and tend to reduce the 
number of discharge cycles on the lead-acid batteries 
thereby extending their service life [5].  
  
To illustrate, let’s examine a discharge / recharge cy-
cle for a system with a float voltage of 52.08V, 100A 
of load with a constant power characteristic, 150A of 
rectifier capacity, and battery reserve consisting of 
400Ahr of lead-acid flooded batteries plus 400Ahr of 
compatible lithium-ion batteries.  
 
Following the discharge curves in Fig. 4: 
 
When the system rectifiers lose power, the batteries 
see a load transient from 0 to 100A. Due to lower in-
ternal resistance, the flooded batteries deliver most of 
the load current until the bus voltage falls to around 
50V where the lithium-ion batteries begin to deliver 
energy. 
 
• Positive synergy: The Coup de Fouet voltage 

drop characteristic of lead acid batteries is sig-
nificantly reduced in mixed systems. 

 
The lithium-ion batteries continue to deliver nearly all 
the load current, and deliver a large percentage of 
their energy by the time they reach 47V. When the bus 



voltage drops to around 47V, the flooded batteries be-
gin to deliver significant current. Note that if power is 
restored before the bus voltage reaches 47V that the 
flooded cell batteries are negligibly discharged. 
 
• Positive synergy: In mixed systems the lead-acid 

batteries will not discharge and will not be de-
graded by outages with discharge that does not 
reach 47V. A reduced number of discharge cy-
cles on the lead-acid batteries is conducive to 
longer service life. 

 
• Practical implication: Since the lithium-ion bat-

teries deliver nearly 100% of the load during the 
early part of discharge, battery cables and dis-
connects for the lithium batteries should be 
sized to support the entire load current at 47V. 

 
• Practical implication: Telecom grade lithium-

ion batteries limit discharge current by control 
circuitry or by fuses. Enough lithium batteries 
should be used to deliver load current down to 
47V without exceeding their discharge current 
limit. 

 
From 47V to 45V both battery types deliver signifi-
cant load current, and below 45V the flooded batteries 
dominate. Below 45V the lithium batteries have very 
little capacity left to deliver. 
 
• Practical implication: Since lead-acid batteries 

deliver all of the current at end-of-discharge, 
battery cables and disconnects for the lead-acid 
batteries should be sized to support all of the 
load current at end-of-discharge. 

 
• Practical implication: Since they effectively 

don’t participate in the early part of discharge, 
the lead-acid batteries discharge for less than the 
entire discharge time. In this example, the 
flooded batteries are discharging at an effective 
rate less than the four-hour rate, so their capac-
ity should be determined at this shorter rate. 

 
Note: The principals are the same for systems with 
VRLA batteries floating at 54.48V and compatible 
lithium batteries, except that the lithium batteries de-
liver most of their energy around 53V and the VRLAs 
begin to contribute at around 49V. 
 
Different service providers make different strategic 
choices regarding loss of service vs. battery damage, 
but if the system is equipped with low voltage battery 
disconnect to prevent the VRLAs from damage due to 
excessive discharge, the disconnect threshold is usu-
ally set for disconnect at 42.0V or 42.5V.  
 
When AC power is restored the rectifiers deliver cur-
rent to the load and also deliver recharge current to 

the batteries. Due to their lower internal resistance, 
the VRLA batteries accept most of the recharge cur-
rent early in the recharge and the lithium batteries ac-
cept nearly all of the charge current at the end of re-
charge. 
 
• Positive synergy: Due to lower internal resis-

tance, the lead-acid batteries protect the lithium 
batteries from high current inrush. 

 
• Practical implication: Rectifier capacity and / or 

a system Recharge Current Limit feature should 
be managed to assure that the recharge current 
to each battery type will not exceed the discon-
nect ratings or trigger lithium battery overcur-
rent protection. 

6 Further Development 

In order to present service providers with a complete 
mixed-mode battery solution, existing battery capac-
ity testing methods and existing battery life prediction 
algorithms must be extended to apply to mixed sys-
tems. Stay tuned. 

7 Summary 

• Scenarios with mixed lead-acid and lithium-ion 
battery systems can give service providers eco-
nomically attractive growth alternatives to site 
expansion or full battery system replacement. 

• Mixed system behaviour is stable, with benefi-
cial synergies. 

• Practical mixed systems require special attention 
to battery cable and disconnect sizing, battery 
discharge rates, and recharge current limits. 
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