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PRODUCT DESCRIPTION 

 
Fast charging of forklift batteries in warehouse facilities may allow companies to benefit from 
the load-leveling initiatives of electric suppliers. To achieve these benefits, forklift battery 
charging must be avoided during peak energy consumption periods. Unfortunately, the long run-
times needed to achieve this goal may result in low battery states of charge (SOC) that adversely 
affect performance of forklifts with DC motors. However, forklifts are now available with AC 
motors whose performance does not vary with battery SOC. Use of such forklifts may make it 
possible to exploit load-leveling initiatives. This report compares fast charging of DC and AC 
motivated forklifts at a working Del Monte Foods warehouse to determine the feasibility of using 
AC motivated forklifts to support load-leveling initiatives. 

Results & Findings  
This report compares the performance of AC motivated forklifts to DC forklifts and also 
considers the other benefits of the AC machines. Various charge scenarios were explored to 
determine if a warehouse facility could take advantage of billing rate structures while using the 
AC machines. Savings in loads leveling and associated energy costs are maximized when charge 
cycles are staggered to avoid peak charging, but operational considerations make this goal 
difficult to attain. The AC machines in the demonstration achieved several run times of greater 
than 6 hours, but daily discharges cycles of 6 hours are not sustainable in a 24-hour, 3-shift 
operation because significant time is required to recharge the battery. Also, since the rate 
structure of the facility studied in this report is based on time-of-use rates that do not 
significantly discount off-peak charging, there is insufficient incentive to operate the forklifts 
during off-peak times. In this case, charging off peak would not result in significant cost savings 
to the end-user though it could reduce peak energy usage if used in a 1- or 2-shift operation.  

The project demonstrated that the use of fast chargers and forklifts with AC motor drives lower 
energy and maintenance costs.  Based on their work with various chargers and batteries, Del 
Monte Foods is moving toward the use of higher voltage (80V) batteries and forklifts with AC 
motors. 

Challenges & Objectives 
This report should be of interest to both electric suppliers interested in load leveling approaches 
and end-users interested in savings that may be realized from forklifts utilizing AC motors. The 
information provided in this report impacts all end-users whose forklifts fleets are used on a 
daily basis in both process industries and warehouse facilities. Continued work in this area 
should consider the latest available technology that may result in savings to the end-user while 
providing load-leveling opportunities to energy suppliers. Stakeholders interested in this work 
may include:  
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• End-users with large forklift fleets 

• Electric energy suppliers 

• Vendors of forklifts, batteries and battery chargers 

Applications, Values & Use 
This project showed that AC motivated forklifts can outperform their DC counterparts during 
daily operations. Since the AC forklifts do not utilize brushes, as do DC lifts, the AC lifts are less 
costly to maintain then their DC counterparts. Possible improvements in energy storage may 
include flow batteries or fuel cells as these technologies mature. Application of these future 
energy storage devices may allow forklifts to operate through times of peak energy consumption 
and provide means for faster recharge that can be sustainable in 3-shift 24-hour-a-day operations. 

EPRI Perspective 
EPRI guidance was instrumental at pulling together the resources and expertise necessary for the 
development of this report, but it was a team effort made possible by the close collaboration of 
power supplier, end-user, battery, charger, and forklift technical personnel.  

Approach 
The project team considered three charge scenarios at a warehouse facility associated with food 
processing. The scenarios compared the economics of fast-charging conventional DC lifts and 
lifts with AC motors. These scenarios were designed to: 

• Evaluate charging of AC lift trucks during normal breaks and meal periods. 

• Evaluate the impact of staggering the charging of AC lift trucks during peak periods 

• Evaluate the possibility of eliminating fast charging of batteries during the peak periods as 
specified by the local power company, Pacific Gas & Electric.  

The project team’s economic analyses considered capital costs for equipment, annual costs for 
maintenance, and annual costs for electrical energy. The team based annual energy costs on 
facility past billing records and projections based on monitored data from fast chargers. To 
estimate energy and demand costs, customized spreadsheets incorporated billing data from the 
electric service provider with assumed charger demand and energy usage profiles. 

Keywords 
Fast charging 
AC Forklifts 
Staggered Charging 
Warehouse 
Peak Load Reduction 
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ABSTRACT 

Forklifts are used extensively in warehouse operations to move and store product in the food 
processing industry. This report compares the performance of AC motivated forklifts to DC 
forklifts while considering the lower maintenance cost of the AC machines. Consideration is 
given to determine the capability of AC forklifts to avoid charging during peak electrical demand 
periods of the day.  Various charge scenarios are explored to take advantage of billing rate 
structures. 
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1  
INTRODUCTION 

Background 

During 2003 EPRI-PEAC completed a project to evaluate fast charging opportunities at  
Del Monte Foods1. The project considered four charge scenarios at a food processing facility to 
determine the economics of fast charging compared to conventional charging. Two of the 
scenarios involved conventional charging methods and the remaining two addressed fast 
charging methods. One scenario for each charging method reduced the charging demand by 
minimizing the number of chargers being utilized at any time during the peak times as specified 
by energy service provider (PG&E). 

The economic analysis considered capital costs for equipment, annual costs for maintenance, and 
annual costs for electrical energy. Annual energy costs were based on facility past billing records 
and projections from monitored data for conventional and fast chargers. To estimate energy and 
demand costs, customized spreadsheets incorporated billing data from the PG&E with assumed 
charger demand and energy usage profiles were developed and utilized. 

Resulting from their investigations of various chargers and lifts, Del Monte Foods is proceeding 
with plans to use AC motor driven lift trucks that operate with an 80V battery system.  The 
higher voltage batteries charge faster and operate cooler then their lower voltage (48V) fast 
charge counterparts.  Besides having reduced maintenance cost (no brushes), the AC motor 
forklifts provide quicker response then traditional DC motor forklifts.  Additionally, AC forklifts 
motive and lifting performance does not vary with battery SOC (between 80% and 20% SOC).  
With conventional DC units, as the battery discharges the lift trucks performance becomes 
slower and more sluggish. 

Objectives 

The purpose of this project is show how the advantages of fast charged batteries and AC driven 
forklifts may be combined to permit operations without the need for charging during peak billing 
periods affectively shifting loads. Pursuant to this purpose, the following objectives are 
addressed. 

• Evaluate the impact of three charging scenarios with AC Forklifts on warehouse operations 
at Del Monte Foods. 

                                                           

1 Evaluation of Opportunities for Fast Charging Applications at Del Monte Foods, EPRI, Palo Alto, CA:  2004. 
1002237. 
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1. Evaluate charging of AC lift trucks during normal breaks and meal periods. 

2. Evaluate the impact of staggering the charging of AC lift trucks during peak periods. This 
will be accomplishing by shifting breaks and meal periods to minimize the number of lift 
trucks charging at any time. 

3. Evaluate the possibility of eliminating fast charging of batteries during the peak periods 
as specified by PG&E. 

• Gather cost data associated with chargers, batteries, and AC lift trucks to support technical 
reporting of economic analysis. 

• Provide a technical report comparison results from AC lifts with previous results from DC 
lifts evaluated in the 2003 project2 at Del Monte Foods.  

Approach 

A project team involving Del Monte Foods warehouse management, PG&E, AeroVironment  
EPRI PEAC and  EPRI implemented this project. Del Monte Foods warehouse management 
provided facility access and operational support necessary to implement the various charge 
scenarios. PG&E collected AC power data at the supply terminals of each of the chargers 
involved in the study. AeroVironment collected data from the Battery Monitor and Identifier 
(BMID) installed on the test battery packs during the test period.  

EPRI PEAC collected the AC monitoring data and the BMID data corresponding to the charging 
scenarios.  The data was utilized in customized spreadsheets to perform simple economic 
analysis of the lift trucks, chargers, and batteries used in this test.  Some of the data was also 
imported into PQView®3, for statistical analysis and trend plotting purposes. The results of these 
analyses are presented in this report along with a comparison to the results from previous work at 
Del Monte Foods. 

 

                                                           

2 Evaluation of Opportunities for Fast Charging Applications at Del Monte Foods, EPRI, Palo Alto, CA:  2004. 
1002237. 

3 PQView® is Power Quality Monitoring and Analysis software developed under an EPRI managed project.   
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2  
DATA COLLECTION 

Two sets of data were collected in support of this project.  The AC supplies to each charger were 
monitored by PG&E while battery data was collected by AeroVironment.  Table 2-1 provides a 
cross reference of battery monitoring data to the AC charger data collected. 

Table 2-1 
Cross reference of battery monitoring data with Charger AC monitors 

Charger BMID Data Power Monitor Data
Charger No Location Charger SN DT Start DT End Monitor SN DT Start DT End

1 indoors 00798 8/2/2004 17:24:00 9/24/2004 7:59:31 0000102 8/4/2004 14:58:34 9/17/2004 7:09:07
2 outdoors left 00796 7/15/2004 11:31:12 9/24/2004 2:03:50 0000103 8/11/2004 11:26:53 9/17/2004 6:25:55
3 outdoors middle 00802 8/3/2004 9:27:22 9/20/2004 18:01:26 0000101 8/4/2004 14:55:41 9/17/2004 6:27:22
4 outdoors right 00816 9/10/2004 15:50:24 9/24/2004 2:02:24 0000104 8/5/2004 10:06:14 9/17/2004 7:23:31

NA indoors 48V NA NA NA BE80240 8/5/2004 9:40:19 9/17/2004 8:11:02  

AC Charger Data 

PG&E collected AC power data at the supply terminals of each of the chargers involved in the 
study. The time stamped AC power data as recorded in 30 second intervals. Table 2-2 presents a 
sample of the AC data received from PG&E. 

Table 2-2 
Raw AC data sample 

Record Record Chan 1 Chan 1 Chan 2 Chan 2 Chan 5 Chan 5 Chan 5
Date End Time Avg. Volts Avg. Amps Avg. Volts Avg. Amps kW Hours Avg. kW Avg. PF

9/1/2004 21:24:00 489.7 1.01 486.4 0.8 0.001 0.164 0.2
9/1/2004 21:24:30 489.6 1.01 486.3 0.8 0.001 0.165 0.2
9/1/2004 21:25:00 489.5 1.19 486.2 1.09 0.003 0.412 0.41
9/1/2004 21:25:30 488 19.4 484.8 19.73 0.133 15.934 0.97
9/1/2004 21:26:00 487.8 22.98 484.7 23.15 0.157 18.823 0.97

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .  

The raw data was reformatted and calculations performed to develop a text file for import into 
PQView®. The following calculations were performed on each sample: 

• Three phase apparent power (VA),  
S Fund ALL = V RMS AB * I RMS A + V RMS CA * I RMS A 

0



 
 
Data Collection 

2-2 

• Three phase real power (W), 
P ALL = S Fund ALL * PF ALL 

• Energy consumed each sample (Whr), 
P Integrated ALL = P ALL * dt, 
where dt is the duration in hours between sample “n” and sample “n-1”. 

Table 2-3 provides a sample of the data resulting from the above calculations to the raw data as 
imported into PQView®. 

Table 2-3 
AC data sample imported into PQView® 

[PQView SteadyState]
Charger 1
Time V RMS AB I RMS A V RMS CA I RMS C PF ALL S Fund ALL P ALL P Integrated All

9/1/2004 21:24:00 489.7 1.0 486.4 0.8 0.20 883.717 176.743 1.472862
9/1/2004 21:24:30 489.6 1.0 486.3 0.8 0.20 883.536 176.707 1.472560
9/1/2004 21:25:00 489.5 1.2 486.2 1.1 0.41 1112.463 456.110 3.800915
9/1/2004 21:25:30 488.0 19.4 484.8 19.7 0.97 19032.304 18461.335 153.844457
9/1/2004 21:26:00 487.8 23.0 484.7 23.2 0.97 22430.449 21757.536 181.312796

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .  

The data from all the AC monitors were imported into PQView®, allowing a common platform 
for plotting trends and performing statistical analysis. Figure 2-1 provides a trend of the three 
phase power for Charger 1 during November 2004. 
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Figure 2-1 
Trend of three phase power of Charger #1 
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Table 2-4 provides the statistical basis for projecting average power consumption per charge. 

Table 2-4 
Power Consumption Report From PQView® data 

Integrated Power Statistics
Date Range:
Data Filters: Records with Integrated Power values > 9.9978 Wh
Charger: 1 2 3 4 1 - 4
Count: 3188 1248 687 416 5539
Minimum 12.52 9.998 10.07 28.69 9.998
Average 153.4 101.6 104.9 92.95 131.2
Maximum 574.9 563.9 379 378.5 574.9
Range 562.3 553.9 368.9 349.8 564.9
Standard Deviation 122.8 102 96.41 55.76 114.3
CP25 (Q1) 50.73 54.4 54.79 52.17 54.32
CP50 (Q2) 95.71 56.01 55.33 70.82 79.65
CP75 (Q3) 229.4 95.33 99.34 113.4 180
Semi-Interquartile Range 89.36 20.46 22.27 30.63 62.82
CP5 44.26 49.2 53.7 49.61 44.9
CP95 382 345.3 364.3 212.6 372.2
Accumulated (Wh) 489039.2 126796.8 72066.3 38667.2 726716.8

9/17/2004 8:58:34 AM - 9/23/2004 9:24:29 PM

 

DC Battery Data 

The AeroVironment charging systems used in this study have data collection systems.  These 
Battery Monitor and Identifier (BMID) systems allow the charger to automatically identify the 
battery being charged during each charge cycle. Some of the following time-stamped data 
includes: 

• Battery ID 

• Battery DC voltage levels at beginning and ending of each charge. 

• Battery Peak charging currents 

• State of charge (SOC) at beginning and ending of each charge 

• Energy (Ahrs) supplied to the battery 

• Battery temperature levels 

Table 2-5 represents a sample of the raw BMID data. 

Table 2-5 
Raw BMID data sample 

Battery 
ID 

Start 
Date 

Start 
Time End Date 

End 
Time 

Start 
Volts 

End 
Volts 

End 
Current 

Max 
Current 

Start 
SOC 

End 
SOC 

Start 
Temp 

End 
Temp 

Ahrs 
Returned 

Battery 
Type 

Num 
Cells 

Battery 
Capacity 

Charger 
No

1 09/17/04 8:58:57 09/17/04 12:06:04 82.1 96 31.2 251.3 50.4 100 73 102 261 1 40 700 2
1 09/17/04 18:06:27 09/17/04 18:09:38 85.3 96.1 30.5 176.3 83.2 100 100 100 2 1 40 700 2
1 09/18/04 3:54:17 09/18/04 4:35:14 83.6 97 31 280.8 66 100 91 87 61 1 40 700 2
1 09/18/04 4:35:14 09/18/04 5:05:33 97 99.1 31.5 31.9 100 100 87 87 15 1 40 700 2
1 09/18/04 11:05:57 09/18/04 11:08:00 85.2 97.6 29.1 156.5 82.8 100 78 78 1 1 40 700 2
1 09/18/04 17:08:24 09/18/04 17:10:12 85.1 97.6 29.3 152.5 81.3 100 78 78 1 1 40 700 2
1 09/18/04 23:10:37 09/18/04 23:12:16 85 98.1 29.3 150.4 80.6 100 71 69 1 1 40 700 2  
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A Statistical Summary of the BMID data is presented in Table 2-6.  

Table 2-6 
Statistical Summary of BMID Data 

Date Range: BMID Channels:
From: 9/17/2004 8:58:34
To: 9/23/2004 21:24:29
Events: 171
Minimum 80.8 83.5 0.0 0.0 39.8 56.6 0.0 64.0 64.0 0.0
Average 86.2 96.5 52.2 181.2 79.3 92.9 13.7 92.1 94.7 54.7
Maximum 98.5 106.1 216.8 281.5 100.0 100.0 60.2 125.0 123.0 337.0
Range 17.7 22.6 216.8 281.5 60.2 43.4 60.2 61.0 59.0 337.0
Standard Deviation 4.7 2.8 47.6 94.2 15.9 12.0 12.9 15.6 15.7 62.5
CP1 81.6 89.6 15.2 22.3 47.1 57.9 64.0 64.0 0.0 1.0
CP5 81.9 93.5 26.8 32.0 52.3 66.8 0.0 68.0 68.5 0.5
CP25 (Q1) 83.5 95.4 30.2 103.8 67.6 86.6 2.0 78.0 83.0 5.0
CP50 (Q2) 84.5 96.3 31.1 208.2 80.6 100.0 11.8 93.0 98.0 33.0
CP75 (Q3) 85.9 97.5 44.4 280.1 97.3 100.0 19.7 104.0 106.0 78.0
CP95 97.5 102.4 175.7 281.1 100.0 100.0 39.2 116.0 120.0 192.5

* Change in SOC was calculated from recorded data.

Start 
Temp 

End 
Temp 

Ahrs 
Returned 

Start 
Volts 

End 
Volts 

End 
Current 

Max 
Current 

Start 
SOC 

End 
SOC 

Change 
SOC*

 

A few observations may be made from Table 2-6. The minimum state of charge was 39.8%.  
Further analysis reveals that this SOC occurred after a previous run-down from a 76% SOC 
level. Only 1 % (CP1 or Cumulative Probability) of all charge start SOC's were at or below 
47.1%.  Assuming this SOC level occurred after running down from 100% SOC, then it may be 
possible to only charge batteries to 85% SOC allowing for higher charging efficiencies. If 
charging to 85% is not accepted then lower Ahr batteries may be utilized to reduce capital costs 
associated with battery purchases. The maximum change in SOC during a charge is 60.2%.  
Detailed analysis reveals that this change resulted in a battery with an ending SOC of 100%.  
Again, this suggests that it may be possible to only charge batteries to 85% SOC or lower Ahr 
batteries may be utilized to reduce capital costs. 

Further manipulation of the BMID data allows for the projection of battery SOCs at the start and 
end of each charge cycle as illustrated for Battery 7 in Figure 2-2.  
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Battery 7 Start and End SOC By Date Time
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Figure 2-2 
Charge cycle SOC trend for Battery 7  

Figure 2-2 demonstrates that the AC lifts at the Del Monte Hanford facility with 700 Ahr, 80V 
batteries, should be able to operate daily through the 6 hours when cost of energy is highest with-
out affecting operations.  Forklift operator interviews indicate that no adverse operating 
conditions were experienced near the end of the 6 hour run cycles. Similar charts for batteries 1, 
2, 3, 4, and 8 also support off peak charging.  Battery 5 does not show any six hour run times.  
Based on SOC levels at end of run times, battery 5 should support off peak only charging.  There 
is no data from battery 6 to analyse. 

Due to the short production season insufficient data could be collected at the Del Monte Hanford 
warehouse facility.  Consequently testing and data collection was moved to the Del Monte 
Lathrop warehouse.  Several days of data was collected from the battery charger tracking battery 
states of charge (SOC) levels.  During the data collection period the operators were asked to 
operate the vehicle without charging for at least 6 hours to determine the performance of the AC 
forklift at low SOC levels and to show that the AC forklift could operate through peak energy 
demand periods typically from 12:00 PM to 6:00 PM. The SOC data collected is charted in 
Figure 2-3. 
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Figure 2-3 
AC Forklift Battery States of Charge (SOC) 

Several discharge cycles greater than 6 hours were achieved suggesting the vehicle could be 
operated through peak demand periods.  However, in a 24 hour, 3 shift operation, daily discharge 
cycles of 6 hours is not sustainable as significant time is required to recharge the battery.  For 
instance, in Figure 2-3, between hours 297 and 312 the battery discharged from 100% SOC 
down to 16.7% SOC.  This represents a discharge rate of 6.22% SOC per hour.  The following 
charge cycle required 3.6 hours to reach 100% SOC representing a charge rate of 23.1% SOC per 
hour.  Similar calculations were performed on each charge and discharge cycle below 80% SOC 
to determine the average discharge and charge rates presented in Table 2-7. Only the data below 
80% SOC were considered to eliminate error that may result from forklift ideal time. 

Table 2-7 
AC Forklift Battery Average Discharge and Charge Rates 

Average Rate For; %SOC/Hour

Discharge: 6.79

Charge: 23.54
 

Using the data from Table 2-7, daily SOC levels may be projected as shown in Figure 2-4. 
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Figure 2-4 
Daily SOC Projected Levels For Sustained 3-Shift Operations 

For sustained operations 24 hours/day, 7 days/ week where charging is not allowed during shift 
changes, charging is required for ½ hour during breaks and 1 hour during meals. Reducing the 
break charging periods to 20 minutes does not allow the battery sufficient time to recharge 
resulting in daily decaying SOC levels until the battery becomes unusable at 20% SOC after 4 
days as shown in Figure 2-5.  

 

Figure 2-5 
Daily SOC Projected Levels Where 3-Shift Operation Cannot Be Sustained 
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Since a small reduction in charge duration results in a decaying charge as illustrated by Figure 
2-5, utilization of fast charging to avoid charging during peak revenue periods will not result in a 
sustainable mode of operation necessary for day in and day out operation. 

Load Projections 

Utilizing data from Hanford, in Table 2-8, the BMID number of charges is combined with the 
power demand and consumption data to project average charger demand and daily energy 
consumption associated with the charge cycle of a typical battery. 

Table 2-8 
Combined BMID and AC Data to estimate average power consumption 

Charger Data From: To: # of Days: 6.5
Charger BMID Watts, For Samples > 600  W. Watt-Hrs, For Samples > 9.9978 Whr.

Events Count Max Avg Min Count Max Avg Min Accum
1 99 3188 34491 9204 751 3188 575 153 13 489039.2
2 45 1247 33833 6101 600 1248 564 102 10 126796.8
3 8 688 22741 6292 604 687 379 105 10 72066.3
4 19 416 22712 5577 1721 416 379 93 29 38667.2

Max 99 3188 34491 9204 1721 3188 575 153 29 489039
Average 43 1385 28444 7871 919 1385 474 113 15 181642
Min 8 416 22712 5577 600 416 379 93 10 38667
Total 171 5539 113777 27174 3676 5539 1896 453 61 726570

Number of Batteries: 7
KWh/Day/Battery: 15.969

9/23/2004 21:24:299/17/2004 8:58:34

 

Dividing the number of batteries into the total accumulated watt-hours results in a quotient that 
when divided by the number of days, results in the energy consumed per day per battery.   This 
value is used in load projections associate with the different charge scenarios discussed in the 
next section. 
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3  
CHARGING SCENARIOS 

One of the major objectives of this study is to evaluate the impact of three charging scenarios 
with AC Forklifts on warehouse operations at Del Monte Foods.  The scenarios are described in 
the following sections and daily load schedules are developed.  The daily load schedules are used 
to project annual energy demand and consumption costs with 27 lifts in operating at the 
Warehouse. 

Scenario 1 – Charging On Demand 

The first scenario considers the affects of charging whenever possible.  Typically, these charge 
times occur three times per shift; at each of the two breaks and the mid shift meal time.  
Consequently, on a typical day a battery received 9 charge cycles as detailed in Table 3-1. 

Table 3-1 
Daily loading schedule for a typical battery fast charging on demand 

AC Monitor Data
15.969 kWh/bat/day charged
34.491 kW, Peak Sample Demand
22.329 kW, CP95 Sample Demand
7.871 kW, Average Sample Demand

Fast Charging - On Demand per lift Average Charges/Battery/Day: 9
Shift Hours Lift Break 1 2 hours between breaks Dinner 2 hours between breaks Break 2 4 hours between breaks

From To Break 
Start 
Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

1st 6:00 14:00 A 8:00 0.23 1.77 1.774 10:00 0.23 1.77 1.774 12:00 0.23 3.77 1.774
2nd 14:00 22:00 A 16:00 0.23 1.77 1.774 18:00 0.23 1.77 1.774 20:00 0.23 3.77 1.774
3rd 22:00 6:00 A 0:00 0.23 1.77 1.774 2:00 0.23 1.77 1.774 4:00 0.23 3.77 1.774  

Utilizing the assumptions in Table 2-1, a text file was developed providing demand and power 
consumption for each 30 second time interval over a 24 hour period.  The resulting data was 
imported into PQView® allowing the power data to be plotted as illustrated in Figure 3-1. 
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Figure 3-1 
Average power (kW) charging trend based on the on-demand charging schedule 

Note that there are three distinct pulses per shift.  The center pulse in each of the three pulse 
groups represents mealtime charging while the remaining charging represents operator break 
times.  No charging is performed during shift changes.  Another approach to looking at the data 
is presented in Figure 3-2 where interval kwh is plotted referenced to the lefthand y-axis while 
accumulated kwh is plotted along the righthand 7-axis.  
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Figure 3-2 
Interval Energy (kWh) and accumulation from the on-demand charging schedule 

In Figure 3-2 it can be seen that the daily accumulated kWh reaches approximately 16 kWh 
matching the 15.969 kWh/day/battery value presented in Table 2-8.  Applying the data 
supporting Table 3-1, Figure 3-1, and Figure 3-2, to annual warehouse billing data; results in 
annual billing costs for scenario 2 presented in Table 3-2. 

Table 3-2 
Projected energy costs for 27 warehouse lifts charging on demand 

 

In the lower right hand corner of Table 3-2 the difference of $22,457 represents the annual cost 
of electrical energy consumptions to keep the 27 lifts appropriately charged.  
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Scenario 2 – Shifted Charging On Demand 

The second scenario utilizes the same daily loading schedule as that applied to the first scenario 
for one lift while shifting the schedule by one hour for a second lift. While this does not impact 
the amount of energy used throughout the day on a per lift basis, it does impact peak demand 
levels when multiple lifts are charging simultaneously.  While the typical battery still receives 9 
charge cycles per day the same charge may be used for both batteries.  This affectively doubles 
the number of charge cycles seen by the charger. Daily loading schedule for scenario 2 is 
presented in Table 3-3. 

Table 3-3 
Daily loading schedule for a typical battery shifted fast charging on demand 

AC Monitor Data
15.969 kWh/bat/day charged
34.491 kW, Peak Sample Demand
22.329 kW, CP95 Sample Demand
7.871 kW, Average Sample Demand

Fast Charging - Shifted On Demand per 2 lifts Average Charges/Battery/Day: 9
Shift Hours Lift Break 1 2 hours between breaks Dinner 2 hours between breaks Break 2 4 hours between breaks

From To Break 
Start 
Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

1st 6:00 14:00 A 8:00 0.23 1.77 1.774 10:00 0.23 1.77 1.774 12:00 0.23 3.77 1.774
B 9:00 0.23 1.77 1.774 11:00 0.23 1.77 1.774 13:00 0.23 3.77 1.774

2nd 14:00 22:00 A 16:00 0.23 1.77 1.774 18:00 0.23 1.77 1.774 20:00 0.23 3.77 1.774
B 17:00 0.23 1.77 1.774 19:00 0.23 1.77 1.774 21:00 0.23 3.77 1.774

3rd 22:00 6:00 A 0:00 0.23 1.77 1.774 2:00 0.23 1.77 1.774 4:00 0.23 3.77 1.774
B 1:00 0.23 1.77 1.774 3:00 0.23 1.77 1.774 5:00 0.23 3.77 1.774  

Utilizing the assumptions in Table 3-3, a text file was developed providing demand and power 
consumption for each 30 second time interval over a 24 hour period.  The resulting data was 
imported into PQView® allowing the power data to be plotted as illustrated in Figure 3-3. 
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Figure 3-3 
Average power (kW) charging trend based on shifted demand charging schedule 
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Note that there are six distinct pulses per shift.  Every odd pulse represent charging of battery A 
while every even pulse represents charging of battery B. As previously presented in Figure 3-2 
energy consumption for scenario 2 charging in presented in Figure 3-4.  

 

Figure 3-4 
Interval Energy (kWh) and accumulation from the shifted on-demand charging schedule 

In Figure 3-4 the daily-accumulated kWh reaches approximately almost 32 kWh.  This is twice 
the energy consumption previously presented with the first scenario.  This is due to two batteries 
charging in scenario 2 as compared with only one battery charging in scenario 1.  Applying the 
data supporting Table 3-3, Figure 3-3, and Figure 3-4, to annual warehouse billing data; results 
in annual billing costs for scenario 2 presented in Table 3-2. 
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Table 3-4 
Projected energy costs for 27 warehouse lifts charging on demand during shifted breaks 

 

In the lower right hand corner of Table 3-4, the difference of $17,454 represents the annual cost 
of electrical energy consumptions to keep the 27 lifts appropriately charged. 

Scenario 3 – Charging Only Off Peak   

At the end of section two of this report it was shown from projected data, that a forklift could 
operate without charging through the peak portion of the day where electrical energy rates are at 
a premium.  The third scenario takes advantage of this capability by only allowing charging to 
occur during off peak periods.  Consequently the number of available charge times is reduced 
from 9 to 7 charges per day.  Since the forklift must do the same amount of work on a daily 
basis, energy consumption does not change.  This means that during each charge more energy 
must be applied by increasing the charge time slightly.  The daily loading schedule for scenario 3 
is presented in Table 3-5. 

Table 3-5 
Daily loading schedule for a typical battery fast charging only during off peak periods 

AC Monitor Data
15.969 kWh/bat/day charged
34.491 kW, Peak Sample Demand
22.329 kW, CP95 Sample Demand
7.871 kW, Average Sample Demand

Fast Charging - Off Peak per lift Average Charges/Battery/Day: 7
Shift Hours Lift Break 1 2 hours between breaks Dinner 2 hours between breaks Break 2 4 hours between breaks

From To Break 
Start 
Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

Break 
Start Time

Charge 
Duration 
Hrs.

Run 
Duration

Charge 
Energy, 
kWh

1st 6:00 14:00 A 8:00 0.29 1.71 2.281 10:00 0.29 1.71 2.281 12:00 0.00 4.00 0.000
2nd 14:00 22:00 A 16:00 0.00 2.00 0.000 18:00 0.29 1.71 2.281 20:00 0.29 3.71 2.281
3rd 22:00 6:00 A 0:00 0.29 1.71 2.281 2:00 0.29 1.71 2.281 4:00 0.29 3.71 2.281  

Utilizing the assumptions in Table 3-5, a text file was developed providing demand and power 
consumption for each 30 second time interval over a 24 hour period.  The resulting data was 
imported into PQView® allowing the power data to be plotted as illustrated in Figure 3-5. 
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Figure 3-5 
Average power (kW) charging trend based off peak charging schedule 

For comparison purposes refer back to Figure 3-1. Note that the two pulses for 12:00 and 16:00 
are missing.  This is to purposely avoid charging between the peak hours of 12:00 and 18:00 
each day.  Interval and accumulated energy consumption for scenario 3 charging in presented in 
Figure 3-6. 

 
 

Figure 3-6 
Interval Energy (kWh) and accumulation from the Off peak charging schedule 
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Similar to first scenario, in Figure 3-6 the daily accumulated kWh reaches approximately 16 
kWh matching the 15.969 kWh/day/battery value previously presented in Table 2-8.  Applying 
the data supporting Table 3-5, Figure 3-5, and Figure 3-6, to annual warehouse billing data; 
results in annual billing costs for scenario 3 presented in Table 3-6. 

Table 3-6 
Projected energy costs for 27 warehouse lifts charging off peak 

 

Scenario Comparisons 

Referring back to Table 3-2, Table 3-4, and Table 3-6 difference calculations are made 
comparing the scenario results to the other two scenarios.  A negative value indicates the 
projected energy costs currently being viewed are less then that of the scenario with the negative 
value.  For example, the projected energy costs for shifted on demand charging previously 
presented in Table 3-4 indicates an on-demand difference of -$5,003 and off-peak difference of  
-$4,629.  Since these values are both negative, scenario 2 provides the most savings in total 
energy costs. In Table 3-6 the On-Demand Difference is -$374 indicating that charging off-peak 
only results in $374 savings over charging on-demand.  This shows that the rate structure applied 
to Warehouse billing does not result in significant energy cost differences between on-demand 
charging of-peak only charging. Additional evaluation of the rate structure serving the  

Energy cost data from Table 3-2, Table 3-4, and Table 3-6 will be used support the economic 
analysis’ of the three scenarios in the following section. 
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4  
ECONOMIC ANALYSIS 

Case studies were performed at the Del Monte Foods tomato-processing facility, located in 
Hanford, California, to determine the economics of three fast charging scenarios with AC 
Forklifts on warehouse operations.  The economic studies considered capital costs for equipment, 
annual costs for maintenance and annual costs for electrical energy.  Annual energy costs were 
based on facility past billing records and projections based on monitored data for the fast 
chargers being evaluated. 

Warehouse Facility 

The warehouse receives incoming finished product via pallet-trains from the production facility.  
Like most warehouse facilities the primary purposes of the warehouse is to store processed 
product for shipment and to facilitate product distribution.  There are loading docks available for 
both shipments by truck or by freight train.  As shown in Figure 4-1, a secondary purpose of the 
warehouse is to store unlabeled finish product called “bright's,” to be returned to the processing 
facility for future labeling.  There are approximately 27 forklifts utilized at the warehouse 
facility.   

 

Figure 4-1 
Warehouse with “Brights” in storage 
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Operational Schedules 

Operating schedules at the Del Monte Foods facility plant vary according to the two operating 
seasons: “on-season” and “off-season.” “On-season” occurs from July through mid October, with 
the reminder of the year being considered “off-season.” On-season the warehouse operates 24 
hours a day across three shifts as shown in Table 4-1. 

Table 4-1 
On-season operating schedule for production and warehouse facilities 

Shift Hours Start Times
From To Break 1 Dinner Break 2

1st 6:00 14:00 8:00 10:00 12:00
2nd 14:00 22:00 16:00 18:00 20:00
3rd 22:00 6:00 0:00 2:00 4:00  
 

During the “off-season” the warehouse typically operates for only the first two shifts. Exceptions 
do occur during off-season requiring three-shift operation.  According to plant personnel, when 
considering plant downtime for holidays and maintenance, out of 365 days, three-shift operation 
represents 90 days and while two-shift operation occurs for 120 days. This leaves the remaining 
155 days when forklifts are not in service. 

The warehouse facility receives power at the 480V level from a 300 kVA transformer owned by 
the electrical service provider.  The rate structure is based on a peak billing demand while 
tracking energy consumption based on time of day. Energy consumption rates very based on 
both time of day and season of the year.  See Appendix A for rate schedule. 

Battery Specifications 

Previous electric forklift studies at Del Monte considered 48 V batteries applied to forklifts 
utilizing DC motors.  In this study the batteries used were 80V batteries applied to AC motor 
driven forklifts. Table 4-2 provides battery specification data for the batteries associated with this 
study. 

Table 4-2 
Battery specification table 

Battery: 80V Fast Charge
Manufacturer: Exide
Model: Loadhog
Rated Capacity 700 Ahr
Voltage: 80 VDC
Number of Cells: 40
Expected Life: 3 Years  
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Charger Specifications and Loads 

Power monitoring was performed on the power supply to 4 fast chargers. For load projection 
studies individual charge periods were evaluated for peak demand (KW) and energy usage 
(KWh).  The average demands were used and average energy usage was normalized to 30-
minute intervals for load projections. Four PosiCharge Dual Vehicle Systems (DVS) were used 
for fast charging as specified in Table 4-3. 

Table 4-3 
Charger specification table  

Charger Type: Fast Charge
Manufacturer: AeroVironment Inc.
MODEL: DVS 300
DC Power Rating: 30 kW
Output Current In Single 
Charge Mode:
(One vehicle charging)

500 ADC

Output Current in Dual 
Channel Mode:
(Two vehicles charging)

250 ADC

Battery Voltage Range: 24 – 96 volt
Utility Requirements: 480 VAC, 60Hz, 50 Amps
Power Factor: Power Factor .95
Efficiency: Efficiency 90%
Dimensions: 60”h x 30”w x 20.5”d
Remote Access and Control: RS232 Serial Port   

Economic Analysis Of AC Lifts 

Costs associated for the different charge scenarios for the Production and Warehouse facilities 
were annualized without regard for the value of money.  For instance, if 10 conventional 
batteries costing $4,000 each are expected to have a service life of 6 years, the annualized cost of 
the 10 batteries is: 
 
$4,000/battery x 10 batteries / 6 years = $6,666/year 

Utilizing this approach first required a set of global assumptions as presented in Table 4-4. 
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Table 4-4 
Global assumptions used for economic analysis 

Number of Lifts… 65 Lifts
Production 38 Lifts

Warehouse 27 Lifts
Number of Tractors… 5 Tractors

On-season 5 Tractors
Off-season 3 Tractors

Annual Cost of Propane $128,000 /Year
Annual Propane Maintenance Cost $133,000 /Year

Electric Maintenance Costs… 
DC Lifts $590 /Lift
AC Lifts $295 /Lift

Battery Costs…
80V Fast Charge $7,500 /Battery

BIS $300 /Battery
Battery Life…

Fast Charge 3 Years
Charger Costs…
80V Fast Charge $11,500 /Charger

Charger Life 11 Years
Lift Life…

AC Electric 10
Lift Capacity 6000 Lbs

Annualized Lease Price of Lift…
AC Electric $4,493 /year  

 
 

Plant personnel and interested vendors of the forklifts, batteries and chargers contributed the 
information used to populate Table 4-4.  Annualized forklift leasing costs were determined 
utilizing a formula provided by Del Monte Foods’ accounting group.  The formula assumes a 
six-year lease with options to purchase at the end of the lease period.   

The global assumptions were annualized and combined with annual energy costs to determine 
annual costs associated with the various charge scenarios.  The resulting annualized cost 
comparison of each scenario is presented in Table 4-5. 
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Table 4-5 
Annualized cost comparison of various charge scenarios 

Use Senario

Lifts Bat. Chrgrs. Lifts Bat. Chrgrs. Lifts Bat. Chrgrs.
Equipment Quantities>> 27 27 14 27 27 7 27 27 14

Equipment Type>> Fast Charger Fast Charger Fast Charger
80V AC Lift 80V AC Lift 80V AC Lift

COSTS
LIFT LEASE $121,319 $121,319 $121,319
BATTERY OWNERSHIP $35,100 $35,100 $35,100
CHARGER OWNERSHIP $9,450 $4,725 $9,450
MAINTENANCE $7,965 $7,965 $7,965
TOTAL NON-ENERGY COSTS: $173,834 $169,109 $173,834

ENERGY $22,457 $17,454 $22,083
- Consumption (KWH) $12,195 $12,319 $11,869
- Demand (KW) $10,262 $5,136 $10,214

TOTAL ANNUAL COSTS $196,290 ** $186,563 ** $195,917 **
Notes: *   Does not include cost of battery handling equipment.

**  Battery handling equipment not required, Cost of required extra lifts and associated equipment included.

Shifted Charge On-DemandCharge On-Demand Charge Off-Peak

 
 

Plant management has specified the need to fast charge only during meals and breaks.  This type 
of scheduling results in high energy demands elevating energy costs.  If 50% of the lift operator 
meals and breaks could be delayed by one hour, demands could be reduced resulting in energy 
demand savings of 22.3%.  Under the Charge On-Demand scenario, one charger is required for 
every two lifts.  Under the Shifted Charge On-Demand scenario, the same charger may be used 
to service 4 lifts.  Therefore, only half as many chargers are required reducing capital costs by 
2.7%.   

As previously demonstrated by Figure 2-2, the ability to run for over 6 hours on a single charge 
allows for off-peak only charging.  It was initially thought charging off-peak would significantly 
reduce energy costs.  However, due to the flat load profile of the warehouse and since the 
warehouse rate structure only considers peak demand for the entire billing cycle, the savings of 
off-peak charging over on-demand charging was only 1.7%.  Since the same number of chargers 
are required for off-peak charging as for on-demand charging there are no capital savings. 

Comparison To Previous Work 

The 2004 EPRI Report, “Evaluation of Opportunities for Fast Charging Applications at Del 
Monte Foods 4,” compared the economics of propane lifts to DC lifts utilizing conventional and 
fast charge batteries. Table 4-6 provides information extracted from Table 2-16 of the 2004 EPRI 
report next the data previously presented in Table 4-5.  

                                                           

4 Evaluation of Opportunities for Fast Charging Applications at Del Monte Foods, EPRI, Palo Alto, CA:  2004. 
1002237. 
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Table 4-6 
Annualized cost comparison of various charge scenarios presented in 2004 EPRI Report 
and new scenarios involving 80V AC lifts  

 

Considerably more monitoring data was available to support this report.  Consequently, the 
projected energy consumption and demand costs associated with the 80V AC lifts represent more 
accurate values.  If energy costs are ignored, the costs associated with the DC lifts are greater 
then that of the AC lifts.  Maintenance costs provide the single most significant cost difference 
between AC and DC lifts as can be seen by comparing “Staggered Charge On-demand” from the 
DC lifts with the “Shifted Charge On-demand” from the AC lifts. For the economic studies 
evaluated in this report the cost of AC lift maintenance was assumed to be 50% of DC lift 
maintenance.  This is considered to be a conservative estimate as at the time of this report there 
is not enough operating history with AC lifts to quantify at this time. 

In parallel with this report a two page brief was developed comparing fast charging of 48V DC,  
48V AC, and 80V AC forklifts.  While offered as a separate deliverable the brief is provided in 
Appendix B.  Del Monte suggested that a comparison be made between propane fueled internal 
combustion engine (ICE) motivated lifts, DC and AC lifts.  This comparison is provided as a 
table in Appendix C. 
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5  
CONCLUSION 

DC technology using DC motors have dominated the electric forklift market.   DC motor 
technology is mature requiring periodic maintenance associated with brush replacement.  
Recently, AC motor technology has been introduced into the electric forklift market.  Still 
powered by DC batteries, blushless AC driven forklifts promise to provide better motive 
performance (faster acceleration) while eliminating maintenance costs associated brushes.  
Consequently, Del Monte Foods considers the efforts involved with the study as a learning 
experience.  Based on their work with various chargers and batteries, Del Monte Foods is 
moving toward the use of higher voltage (80V) batteries and forklifts with AC motors. 

Depending on plant load profiles, fast charging may or may not result demand reductions 
associated with conventional on-shift charging.  This study shows on-peak and partial-peak 
demand reduction may be maximized using conventional charging only during off-peak times.  
For both the production and warehouse facilities, fast charging during breaks results in higher 
demands for each rate period then if conventional charging is used.  On the other hand, fast 
charging during breaks results in lower energy usage (kWh) then conventional charging.  
Significant demand reduction may be achieved utilizing fast chargers if lift operators are 
required to stagger their break and dinner periods.  

In three-shift operations, overall annual operational costs resulting in fast charging of batteries 
can be 12% to 23% less than conventional batteries.  The rate type, number of shift operations, 
and type and quantity of batteries and chargers can all have significant impacts on energy costs. 

Energy rate structures may not provide the best tool for shaping demand.  In this study energy 
costs are shown to be less when fast charging is used for three-shift operations.  This is mainly 
due to energy consumption (kWh) associated with conventional charging being greater during 
high rate periods relative to the lower energy consumption of the fast chargers.  Actual demands 
associated with fast chargers may exceed those of conventional chargers however, fast charger 
demands are high for a shorter period of time then those demand associated conventional 
chargers. 

Fast-charging on demand has a significant facility-wide impact on both peak demands and on-
peak energy consumption resulting in elevated energy costs. On a regional level, fast-charging 
on demand will not support electrical infrastructure demand reduction or load leveling initiatives.  
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Future Considerations 

Facility Considerations 

To reduce energy costs at the warehouse the food processing plant should consider re-supplying 
power to the warehouse from the substation presently serving the production facility.  This 
would allow the warehouse to receive the primary rate for power that the production facility is 
using.  Spare circuit capacity is available at the substation to make this option feasible.  
Additional economic studies should be performed to determine the cost of infrastructure 
improvements associated with additional primary circuiting, transformer capacity and 
switchgear.  If this option is exercised and electric chargers are used then consideration should be 
given to providing one transformer for the present warehouse loads and an additional transformer 
to serve the charger loads.  The transformer serving the charger loads might be sized and used to 
support both the warehouse and production forklift chargers. 

As with any electronic load applied to a transformer, if electronic loading exceeds 25% of the 
transformer rating then harmonic loading should be considered.  These considerations should 
include: 

• Load current harmonic spectrum measurement 

• Transformer derating or K-Factor specification based on harmonic current spectrum 

• Load power factor 

• Affects of power factor correction capacitors. 

• Voltage distortion due to harmonic loads 

If fast chargers are used, placement of chargers may impact charger specifications.  At Del 
Monte Foods, it is desirable to locate the chargers near the break and lunchroom facilities to 
reduce man-hours associated with personnel moving to and from the forklifts during break 
associated charging.  Chargers may be located inside or outside while remaining near the break 
facilities.  Locating chargers inside may seriously impact warehouse space, however; the charger 
specifications may be less stringent if chargers are only specified for internal use.  If chargers are 
located external to the building, depending on what part of the country the chargers are located, 
the charger may need to be listed for rain tight usage.  Extremely hot ambient conditions may 
adversely affect both charger and battery life while extremely cold conditions may adversely 
affect performance and battery life as well.  Consequently charger specification and placement 
protocol will be site specific. 

Future Study Considerations 

Resulting from their investigations of various chargers and lifts, Del Monte Foods is planning to 
use electric forklifts that operate with an 80V battery system to power an AC motor driven 
forklift.  The higher voltage batteries charge faster and operate cooler then their lower voltage 
(48V) fast charge counterparts.  Besides having reduced maintenance cost (no brushes), the AC 
motor forklifts provide quicker response then traditional DC motor forklifts.  Additionally, AC 
forklifts motive performance does not vary with battery SOC (between 80% and 20% SOC).  
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With conventional DC units, as the battery discharges the forklift performance becomes slower 
and more sluggish.  The fast chargers being used to charge the higher voltage batteries also 
maintain battery state of charge data for each lift.  This data may be used to determine forklift 
maintenance schedules as well as energy usage at the forklift level, plant level, regional level and 
corporate level.  Monitoring AC power supplied to the fast chargers can allow comparison with 
battery state of charge data to support charger efficiency studies.  The data may also be used to 
support business case analyses comparing AC and DC driven forklifts. 

This report, along with other reports concerning various charging methods, typically rely on 
energy and demand data acquired at charger AC supply terminals without regard for data 
gathered on the charger load side to determine how much work is delivered thought the 
discharge cycle.  This would require a DC voltage and current recorder on the forklift at all 
times. The data from the forklift recorder should be compared with monitored AC data 
associated with incoming charger power during battery charges.  These same analyses should be 
performed on both a conventional charger/battery set and a fast charger/fast charger batter set. 
This way a true analysis may be made to determine the overall efficiency of fast charging versus 
conventional charging based on actual energy consumed by the forklift.   

Data from the above-suggested studies may be used to support a feasibility study of flow-cell 
batteries.  There have been recent developments and demonstrations utilizing flow batteries for 
large scale peak leveling.  This existing technology uses a special “flow-cell” that produces 
voltage as electrolyte passes across the cell plates.  The flowing electrolyte chemically changes 
as electrons are lost to the electric circuit the cell is providing power too. To reconstitute the 
electrolyte, the flow is reversed while voltage is applied to the cell.  A forklift could be fitted 
with a flow-cell and two electrolyte reservoirs. One reservoir would be used to hold electron-rich 
electrolyte while the other reservoir would hold electron-depleted electrolyte.  At the beginning 
of a shift or between breaks, the forklift is replenished with electron-rich electrolyte and the 
electron-depleted electrolyte would be returned to a plant wide electrolyte reservoir.  The 
electrolyte reservoir could be recharged (enriched with electrons) continuously or controlled to 
charge more aggressively during off-peak hours providing demand load leveling for the plant 
and the power grid serving the facility.  The electrolyte reservoir could also be recharged using 
an alternative energy source such as from photo-voltaics or from wind power.  Since this 
approach has not been adapted to fork lifts, this is a new approach requiring a feasibility study to 
determine if it can technically be accomplished in a forklift and what energy consumption and 
demands might be expected.  If the approach is feasible, the need for battery equalization may be 
eliminated and batteries may be refreshed faster then the current state-of-the-art fast chargers.  
Flow-cell batteries may provide the bridge to future fuel cells. 

The 2002 EPRI report, "Power Quality Aspects of Ground Support Equipment5," provided a 
great overview of harmonic levels and power factors of a wide range of airport ground support 
equipment including both conventional and fast chargers.  As more industrial and food 
processing facilities begin to realize the advantages associated with fast charging of electric 
forklift batteries there will be increased proliferation of this type equipment affecting the power 
grid.  It is prudent to have an understanding of the various available fast-charging technologies.  
A study similar to that used for the previously mentioned EPRI study (5 above) should be 

                                                           

5 Power Quality Aspects of Ground Support Equipment, EPRI, Palo Alto, CA: 2004 1007294 
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performed focusing only on fast charging technologies.  This study should look and SCR, IGBT 
and other technologies currently being used to consider power quality aspects typical of each 
technology.  Some technologies may at first appear to be less expensive options, however power 
factor, high harmonic currents, poor efficiency and other impacts of a less expensive charger 
may result in higher implementation or long term operating costs.  Such a study would help 
guide equipment buyers to which charger might be appropriate to maximize there economic 
advantage.  Additionally, wise purchasing may also provide the most efficient and low harmonic 
solution affecting the area-wide power infrastructure. 
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A  
PG&E RATE SCHEDULE A-10 AS APPLIED TO 
WAREHOUSE 

Note: 
At the time of this report rate-structure’s were a matter of public record and made available at website: 
www.pge.com/tariffs. 
 
The document presented on the following pages is subject to change at the authors’ discretion and is being provided 
only as a reference to help in the understanding of energy cost calculations used in this report. 
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 fact sheet 

Lift Truck Comparisons—DC Drives Versus AC Drives 
 

 

BACKGROUND 

In 2004, EPRI published the document “Evaluation of 
Opportunities for Fast Charging Application at Del Monte 
Foods,” Palo Alto, CA: 1002237. This document considered 
the economic impacts of forklift operations utilizing propane, 
conventionally charged batteries, and fast charged batteries. 
This analysis considered both warehouse and production 
operations and the impacts of rate structures for secondary 
and primary power delivery. 

Resulting from their investigations of various chargers and 
lifts, Del Monte Foods is proceeding with plans to use AC 
motor-driven lift trucks powered by fast charged batteries. At 
one facility the AC lifts operate from 48V batteries while another facility utilizes lifts that operate from an 80V battery 
system. The new fast-charger being used by Del Monte Foods is capable of charging both the 48V and 80V fast-charge 
battery systems associated with this new equipment. With these new 48V and 80V AC forklifts available alongside new  
DC units, EPRI took advantage of the opportunity for comparison studies of these new technologies. 

APPROACH  

EPRI investigators developed comparative data from equipment vendor interviews, forklift operator interviews, and field 
measurements. Equipment vendor interviews provided insight into the comparative capital and maintenance costs associated 
with the different forklifts, battery configurations, and fast-charging equipment. Forklift operator interviews provided an 
understanding of forklift performance issues. Information from the forklift operators was compared with monitored data 
obtained from the chargers and from independent revenue meters placed on the AC supply to the fast-chargers. 

RESULTS 

Interview and monitored data were gathered for 3 different forklift systems. Economic analysis compared annual operational 
costs. Results are summarized in the comparison table on Page 2. 

CONTACT INFORMATION  For more information, contact the EPRI Customer Assistance Center (EPRI CAC) at 800.313.3774 
or askepri@epri.com 

TECHNICAL CONTACT  A. Rogers, 650.855.2101, arogers@epri.com 
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Issue 48V DC Forklift 48V AC Forklift 80V AC Forklift 

Performance 

Lifting and motive performance 
degradation is noticeable when battery 
state of charge (SOC) is between 30% 
and 20%. Speed is regulated (Note 2). 

Lifting and motive performance is 
constant regardless of battery SOC 
above 20% (Note 1). Speed is regulated 
(Note 2). 

Lifting and motive performance is 
constant regardless of battery SOC 
above 20% (Note 1). Speed is regulated 
(Note 2). 

Runtime 

Under same work load and operating 
conditions the AC lift will operate longer 
than the DC lift. This is due to energy 
savings associated with AC lift 
regenerative breaking and lack of 
hydraulic systems. 

Under same work load and operating 
conditions the AC lift will operate longer 
than the DC lift. This is due to energy 
savings associated with AC lift 
regenerative breaking and lack of 
hydraulic systems. 

Under same work load and operating 
conditions the AC lift will operate longer 
than the DC lift. This is due to energy 
savings associated with AC lift 
regenerative breaking and lack of 
hydraulic systems. 

Noise 
While the operational sounds from the 
AC and DC lifts differ, both are 
sufficiently quiet to be ignored. 

While the operational sounds from the 
AC and DC lifts differ, both are 
sufficiently quiet to be ignored. 

While the operational sounds from the 
AC and DC lifts differ, both are 
sufficiently quiet to be ignored. 

Environmental 

Brushes are inherent in DC motors to 
couple electrical energy into the motor 
rotor. Brush wear produces dust that 
can be released into the environment on 
a daily basis or during brush 
replacement. 

Brushless AC motors do not produce 
dust that might be released into the 
environment. 

Brushless AC motors do not produce 
dust that might be released into the 
environment. 

Reliability Very reliable assuming maintenance 
issues are appropriately addressed.   

Relatively new technology, is expected 
to be more reliable then DC lifts due to 
lower maintenance issues. Drive 
reliability is expected to be very high. 
However, more operational history is 
needed to support this assessment. 

Relatively new technology, is expected 
to be more reliable then DC lifts due to 
lower maintenance issues. Drive 
reliability is expected to be very high. 
However, more operational history is 
needed to support this assessment. 

Maintenance 

Brush replacement and cleaning of dust 
residue is required for DC forklifts. 
Break replacement is required more 
often for DC lifts. 

AC lifts are brushless and require less 
break maintenance than DC lifts due to 
regenerative breaking capability. 

AC lifts are brushless and require less 
break maintenance than DC lifts due to 
regenerative breaking capability. 

Equipment Cost 100 % (Note 3) Estimated to be 104% the cost of a DC 
forklift. 

Estimated to be 110% the cost of a DC 
forklift. 

Maintenance Cost 100 % (Note 3) 

Estimated to be 34% of DC forklift 
based on savings associated with 
longer break life and not having to deal 
with brush replacement issues. 

Estimated to be 34% of DC forklift 
based on savings associated with 
longer break life and not having to deal 
with brush replacement issues. 

Battery  
Life 

No appreciable difference with same 
voltage system. 

No appreciable difference with same 
voltage system. 

110% that of 48V system due to cooler 
charge and discharge cycles. More 
operational history is needed to support 
this assessment. 

Battery Recharge  
Rate 

No appreciable difference with same 
voltage system. 

No appreciable difference with same 
voltage system. 

Faster recharge rate for higher voltage 
battery having the same run time as 
48V system. Additional studies required 
to quantify this assessment. 

Charger Costs No cost difference. Same charger may 
be used for all listed voltage levels. 

No cost difference. Same charger may 
be used for all listed voltage levels. 

No cost difference. Same charger may 
be used for all listed voltage levels. 

Energy  
Consumption 

No appreciable difference with same 
voltage system. 

No appreciable difference with same 
voltage system. 

Comparison data not available. Slightly 
higher consumption is expected due to 
larger physical size and less efficient 
tires. 

Economics 1.00, (Note 4) 0.92 1.11 
Features 
– Running Motor 
– Power Steering 
– Lifting Motor 
– Breaking 
– Empty Weight 
– Battery Weight 
– Lift Capacity 
– Tires 

 
DC 
Hydraulic 
Hydraulic 
Conventional Pad and Drum 
8086 Lbs 
3396 Lbs 
6000 lbs 
Cushion Tire 

 
AC 
AC 
AC 
Regenerative with Conventional Assist 
8086 Lbs 
3396 Lbs 
6000 lbs 
Cushion Tire 

 
AC 
AC 
AC 
Regenerative with Conventional Assist 
8086 Lbs 
4600 Lbs 
6000 lbs 
Solid Pneumatic Tires for Outside Use 

Notes: 
1 No testing was performed below 20% SOW to avoid permanent battery damage. 
2 Speed is electronically regulated on all lifts for safety. 
3 Comparison Basis 
4 Economics considers annual equipment and maintenance costs. Values are based on per unit cost of a DC lift. For example: If it costs $1000 per year to lease and maintain a DC 

lift, a comparable 48V AC lift would cost $920 per year and a comparable 80V AC lift would cost $1100 per year. 
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