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Power Correction Systems: 
 

Using a patented instrument (sizing unit) in conjunction with standard electronic 
testing equipment Power Correction Systems, Inc. (PCS) has developed an 
innovative method for on site analysis of motors and motor control centers. 
 
This allows us, under actual working conditions, to simulate different solutions, to 
find the power factor and capacitive value for an optimal correction, without any 
risk of over compensation and to evaluate the impact of capacitors on harmonics.   
 
Since motors and motor control centers are measured under existing and 
corrected conditions we can calculate the savings generated by the installation of 
capacitors. 
 
In addition to the above benefits, the cost of individual compensation is 20% to 
40% lower than any other method of compensation. 
 
In the event that power factor surcharges have been eliminated at the main 
panel, we can still offer significant savings through the reduction of line losses, 
improved voltage level and distribution capacity as well as longer life expectancy 
of motors and transformers. 
 
               Reduced billing of kva     Feasibility report 
Month kva kw P.F. kvar kva        
 90%   95% surc.  Reduced billing of kva:19,877.94 

May 3344 3260 88% 690   84  Reduced line losses:  $20,000.00
April 3476 3324 86% 875 152 
March 3560 3430 87% 820 130  Total savings:    $39,877.94 
Feb. 3677 3495 86% 920 182 
Jan. 3820 3680 87% 875 140 
Dec. 3800 3650 86% 960 150  Cost of correction: (1100 kvar)   $64,000.00 
Nov. 3250 3128 87% 746 122 
Oct. 3175 3026 86% 800 149 
Sept. 3567 3389 85% 980 178  Amortization:  19 months 
Aug. 3359 3212 86% 848 147 
July 3149 3027 86% 800 122 
June 3490 3360 87% 800 130  Increased service panel capacity: 450 amps 
 

Total                  1686  Increased plant distribution cap: 450 amps 
 

Surcharge: 1686 x $11.79 =$19,877.94    Increased transformer capacity T.B.D. 
 
 
FINAL STEP– Project selection:  
 

With information provided on our software analysis report we can now focus on our customer’s 
needs and objectives to customize a program that best suits their needs. 
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Option #1 Option #2 Option#3 
Savings: 
Reduced billing of kva     $19,877. $19,877. $19,877. 
Reduced line losses   $21,465. $17,600. $  8,900. 
Improved voltage savings  $  1,375. $     960. $     660. 
 

Total     $42,717. $38,437. $29,437. 
 
Cost: 
Correction of  53 units  1240 kvar $68,200. 
Correction of  38 units    880 kvar   $49,800. 
Correction of  14 units    440 kvar     $28,400. 
 
Amortization              19 months 16 months 12 months 
Increased service panel capacity            590 amps      440 amps      190 amps 
Increased plant distribution capacity 590 amps 440 amps  190 amps 
Increased transformer capacity  190 amps 190 amps 190 amps 
Partial list of customers: 
 

• Abbott Laboratories 
• Canadian Plastic 
• Elmsdale Lumber 
• General Electric 
• Galaxy Food Processing 
• Ipex Plastic 
• IGA  
• Gen-Wove USA 
• Liquid Air 
• Minute Maid 
• National Grocers Co. 
• Prudential Steel 
• R. V. Printing 
• Ryobi Motor Products 
• Standard Paper Box 
• TGI Fridays 
• Trall Car Manufacturing 
• Thomas & Betts    and  Westinghouse 
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Abstract—Harmonic currents generated by modern office 
equipment cause power system heating and add to user power 
bills. By looking at the harmonic-related losses in a specific 
electrical system—representing a commercial building—energy 
costs are quantified. The analysis shows that building wiring 
losses related to powering nonlinear electronic load equipment 
may be more than double the losses for linear load equipment. 
Current-related power losses such as I2R, proximity of 
conductors, and transformer winding eddy currents (I2 h2) are 
considered. The cost of these losses is compared to the cost of 
reducing harmonics in the equipment design. Results show that 
an active-type harmonic-elimination circuit, built into the 
common electronic equipment switch-mode-power supply, is 
cost-effective based on energy loss considerations alone. 

I. INTRODUCTION 

 A common source of harmonic currents in power 
systems is electronic equipment that use a rectifier supplying 
a dc-link with storage or ripple-smoothing capacitors. This 
type of electronic power supply is used in everything from 
factory adjustable-speed drives to personal computers and 
home electronics. Experience has shown that the harmonic 

currents do not upset the end-use electronic equipment as 
much as they overload neutral conductors and transformers, 
and in general cause additional losses and reduced power 
factor for the electrical power system components 
transporting the real power along with the added harmonic 
components.  
 Overheating of building wiring has been most 
prominent in the commercial sector with a high usage of 
electronic-type equipment and a trend to even higher circuit 
loading in kVA per square foot. Office building electrical 
circuits that were designed for a relatively light plug load in 
the ‘60s and ‘70s may be overloaded by electronic equipment 
today. Increased harmonic distortion  related to this 
equipment is common (see current waveforms in Fig 1). 
 There are several reasons for this trend. First, there is 
growing popularity of electronic equipment. Fax machines, 
copiers, printers, computers and other automation devices 
save time, reduce labor costs and can provide a significant 
increase in office productivity. Second, many of these 
electronic equipment are turned on a high percentage of the 
time, increasing the overall demand factor and maximum 
load as a percent of connected load. 

 Fig. 1. Harmonic currents in a typical commercial building electrical power system (IEEE Standard 1100). 
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 When all the harmonic currents are taken into account, 
these electronic appliances can have a very low power factor 
in terms of total watts/volt-amp. This means that there is 
more current flowing in the power system than is required to 
get the job done. The increased current contains harmonics 
and leads to higher wiring losses per watt of connected load. 
This paper calculates the cost of harmonic-related building 
wiring losses and compares it to the cost of a built-in 
harmonic elimination circuit described by the authors in [1]. 

II. CALCULATING HARMONIC-RELATED LOSSES 

 Today’s electronic equipment tends to be distributed in 
the building on various branch circuits and receptacles rather 
than centralized in one area as in a computer room where 
special power provisions are made. Most of the losses 
associated with harmonics are in the building wiring. To 
evaluate the energy loss impact of harmonic and reactive 
current flow, a wiring model was developed for a typical 
commercial building. Fig. 1 is the single-line diagram used 
for  this model. It comes from in the IEEE Emerald Book 
[2], depicting actual field experience reported by Zavadil [3], 
and shows expected current waveforms at different points. 
The building contains both linear and nonlinear loads. 
Harmonic distortion is severe at the terminals of the 
nonlinear loads, but tends to be diluted when combined with 
linear loads at points upstream in the system.  

A. Identification of Harmonic Sources  
 To power most electronic equipment in a commercial 
building, a switch-mode power supply uses a simple rectifier 
to convert ac to pulsating dc and a smoothing capacitor to 
reduce ripple in the dc voltage. Fig. 2 shows a circuit 
diagram and typical input current at the interface between 
the ac source and the switch-mode power supply. The output 
of the switch-mode dc-to-dc converter can be applied to any 
dc load. For computer applications, the output typically 
contains ±5V and ±12V to supply CPU and logic circuit 
power.  
 In order to maintain a constant dc voltage and to provide 
ride-through capability, the PC power supply requires a large 
capacitor Cf, typically 2 µF/W. A parasitic inductance Lls is 
also used in this circuit. Not shown is the required π-filter at 
the front-end of the rectifier to reduce the electromagnetic 
interference (EMI). The capacitor Cf is charged from the 
rectifier circuit only when the peak of the ac voltage is 
higher than the capacitor voltage. Because the capacitor is a 
low-impedance device, the charging current presents high 
peak value over a short period.  This reflects to the ac side as 
alternating current pulses and associated harmonics.  
 The total harmonic distortion, THD, is defined by 

THD

I

I

h
h= =

∞

∑ 2

2

1

           (1) 

where Ih is the rms current of the hth harmonic current, and 
I1 is the rms value of the fundamental current. A typical 
voltage waveform doesn’t exceed 5% THD. However, the 
power supply input current THD could easily exceed 100%.  
 This highly distorted waveform as shown in Fig. 2(b) 
indicates that the input current contains significant harmonic 
components as shown in  the spectrum. The third harmonic 
is the most prominent component (>80%), and the THD in 
this case is 110%.  
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(a) Electronic appliance power supply circuit 
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Fig. 2. Circuit diagram and input current of an ordinary PC switch-mode power 
supply. 

 The harmonic current generated by PC power supplies is 
only one of many possible harmonic producers. Other 
sources of harmonics in the office include 120-V equipment 
for communications, printing and copying, lighting with 
high efficiency electronic ballast, for example. At 480 V 
common harmonic producers include adjustable-speed drives 
(ASDs) for HVAC, larger computers, uninterruptible power 
supplies, and 277-V lighting. For electronic appliances that 
are retrofitted to save energy, such as lighting or ASDs, an 
important question raised by Celio in [4] is how much of the 
energy savings may be diminished by added harmonics 
losses in the power system. 

B. Harmonic-Related Loss Mechanisms in Power Wiring 
1) Cables: The only cable power loss component is I2R, 
where I could be augmented by the harmonic distortion, and 
the R value is determined by its dc value plus ac skin and 
proximity effects. The rms value including harmonic current, 
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I, can be obtained from individual harmonic contents, as 
expressed in (2).  

I I I I Ih
h

= = + + +
=

∞

∑ 2

1
1

2
2

2
3

2 K

         
(2)

 
 Manipulating (1) and (2) yields the total rms current in  

I I THD= +1
21            

(3)
 

Equation (3) indicates that without harmonics, the total rms 
current is simply the value of the fundamental component. 
For the above switching power supply example, with 110 
percent THD, the total rms current is nearly 50 percent 
higher than the fundamental current.  
 Taking into account the frequency-related effects, a ratio 
of ac to dc resistance, kc, can be defined as  

k
R

R
k kc

ac

dc
SE PE= = + +1

   
(4) 

where kSE is the resistance gain due to skin effect, and kPE is 
the resistance gain due to proximity effect, from Rice in [5]. 
Equation (5) defines a skin effect parameter, x, as a function 
of frequency and dc resistance.  

x
f u

Rdc

= 0 027678.
 

    
(5) 

Here f is the frequency in Hz, u is the magnetic permeability 
of conductor (equal to one for non-magnetic material), and 
Rdc is the dc resistance in Ω/1000 ft. The resistance gain due 
to skin effect, kSE, is a nonlinear function of x and can be 
obtained from a cable handbook [6]. For computational 
purposes, kSE was approximated by curve-fitting, and the 
following fifth-order equation was derived by the authors. 
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The resistance gain due to proximity effects is expressed by 
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where σ is the ratio of the conductor diameter and the axial 
spacing between conductors. 
 Consider four different sized cables: 500 kcmil, 4/0 
AWG, 1/0 AWG, and 12 AWG, typically used in a building 
power distribution system. The conductor spacing is based 
on National Electric Code insulation type THHN, which is a 
relatively thin heat-resistant thermoplastic rated at 90ºC and 
often used in building wiring systems. The insulated 
conductors are adjacent and separated only by insulation 
thickness. This spacing is used to obtain the σ values for the 
four types of cables. Their ac/dc resistance ratios at different 
frequencies can then be plotted in Fig. 3. 
 Fig. 4(a) illustrates the differences between proximity 
and skin effects at different frequencies for 12 AWG cable. 

For such small-sized cables, the proximity effect is more 
dominant than the skin effect at all frequencies. In these 
formulas, a non-metallic (nm) sheathed cable is assumed. 
Differences in Rac/Rdc for conductors at a different spacing or 
in metal conduit or raceway are difficult to predict and 
should not result in a worse case. Fig. 4(b) shows the 
comparison of proximity and skin effects for the 4/0 AWG 
cable. For this size and larger-sized cable, the proximity 
effect may be more dominant in low frequencies but not at 
higher frequencies. However, in practical power systems the 
level of harmonic currents at these higher frequencies is 
quite small. Therefore, proximity effects tend to be the most 
significant. 
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Fig. 3. Cable ac/dc resistance ratios as a function of harmonic frequencies. 
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(a)AWG #12 cable  
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(b) AWG 4/0 cable 

Fig. 4. Skin effect (kSE) and proximity effect (kPE) for two different cables. 

2) Transformers: Transformer loss components include no-
load loss, PNL, and load-related loss, PLL, as shown in (8). 
The load loss, as a function of load current, can be divided 
by I2R loss (PR), stray losses. The stray load losses are caused 
by eddy-currents that produce stray electromagnetic flux in 
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the windings, core, core clamps, magnetic shields, tank 
walls, and other structural parts. For harmonic-rich current, 
the eddy-current loss in the windings may be the most 
dominant loss component in the transformer. This 
component is singled out and identified as PEC. The other 
stray losses in the structural parts are defined as P

ST
. as 

shown in (9).  

  PLoss=PNL+PLL   (8) 

where PLL=PR+PEC+PST          (9) 

 For nonsinusoidal load currents, the total rms current 
can be obtained by (2), or the power loss can be obtained by 
the sum of the squares of the fundamental and harmonic 
currents, as shown in (10). 

P I RR h h
h

h

=
=

∑ 2

1

max

        (10)
 

 The winding eddy current loss in transformers increases 
proportional to the square of the product of harmonic current 
and its corresponding frequency. Given the winding eddy 
current loss at the fundamental frequency, PEC-1, the total 
eddy current losses including harmonic frequency 
components can be calculated by  

P P I hEC EC h
h

h

= −
=
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2 2

1

max

 
                        (11)

 
 This relationship has been found to be more accurate for 
lower harmonics (3rd, 5th, 7th), and an over-estimation of 
losses for higher harmonics (9th, 11th, 13th, and so on), 
particularly for large-diameter windings and large-capacity 
transformers. 
3) Other equipment in the building: Other equipment that 
may be affected by harmonics include motors, capacitors, 
reactors, relays, instrumentation and standby or emergency 
generators. The major harmonic effects to other equipment 
include performance degradation, increased losses and 
heating, reduced life, and potential resonance. For motors or 
relays, the primary loss mechanism is the harmonic voltage 
that is present at the terminals of the equipment. For power 
system equipment such as standby generators or series 
reactors, the harmonic current is the predominant factor.  

III.  CASE STUDY OF OFFICE BUILDING HARMONIC LOSSES 

 Fig. 5 is from the same single-line diagram for a 
commercial building described in Fig. 1. The voltage levels, 
cable sizes and transformer capacities are based on an actual 
system selected to be a typical case. Note that cable segment 
lengths and related losses will vary significantly with the 
shape of the buildings. For example, a skyscraper is likely to 
have longer cable lengths than a school. 
 The example office building model contains 60 kW of 
personal computers, 240 computers on 120 branch circuits, 
and other related electronic office equipment. Lighting loads 
are conventional magnetic-ballasted fluorescence at 277V. 

The office area is fed by a conventional 480V to 120/208V, 
112.5-kVA step-down transformer.  Loads in this area are 
assumed to operate 12 hours per day and 365 days per year. 
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& misc. loads

277V, 1-phase
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#4/0#1/0
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1-phase

office 
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40

2
3
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#12

l4

l3 l2

T2

l1

T2

 
Fig. 5. Single-line diagram of a commercial building ac distribution system. 

A. Cable Losses 
 Four segments of the cables are considered, l1, l2, l3, and 
l4. The lengths will vary depending on the site. Segment 
lengths used in this analysis are believed to be reasonable. 
Albeit arbitrary, the results can be linearly extrapolated to 
other cases. Harmonic levels for each line segment follow 
Fig. 1. For example, cables l1 and l2 directly serve offices, 
which contain mainly PC-related loads with highly distorted 
currents exceeding 100% THD. Cables l3 and l4 currents are 
expected to be significantly less distorted. Voltage is 
assumed to contain a 1~5% level of distortion. For each 
segment the harmonic current losses at different THDs are 
compared with the losses at an ideal 5% THD. From this 
difference in losses, the cost differences are calculated.  
1) Cable l1 losses: The average consumption of each 
computer system along with its associated office machines is 
assumed to be 250-W input with every two computer systems 
fed by a single 12 AWG branch circuit. We assume that 
there are 240 offices on 120 individual branch circuits. This 
results in 40 branch circuits per phase served from one or 
more subpanels. In this segment there are individual neutral 
wires for each single-phase circuit. The cable loss needs to 
be doubled for round trip. Table I shows the calculated cable 
losses and energy costs (@10¢ per kWH) for a 200-ft length. 

TABLE I  
CABLE l1 HARMONIC-RELATED POWER LOSS AND COST PENALTY PER YEAR 

Load = 20kW/phase, 120V, 40 branches of #12 cable at 200 feet 
THD (%)  5 50 100 
Current (pu) 1.00 1.12 1.41 
Current (amps) 166.9 186.3 235.7 
Line loss per phase = I2R (W) 442.2 551.4 882.3 
Cost for 3-phase/year $581.09 $724.55 $1,059.29 
Penalty w.r.t. 5% THD $0.00 $143.46 $578.19 

2) Cable l2 losses: The load currents are combined in this 
single line segment. For a 4/0 AWG cable at 166.7 A 
(assumes a unity power factor load, which is not the case), 
this segment is about 50% loaded. The neutral along this 
path is shared and carries only the imbalance portion of the 
3-phase currents plus the total of all triplen harmonic 
currents. The harmonic loss and its cost penalty can be 
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significant when the cable is long. According to Fig. 4, the 
skin and proximity effects need to be considered in a 4/0 
cable. Equation (12) is used to calculate line loss, Pl, and 
incorporates effects of harmonics on current and line 
resistance harmonic levels.  This equation may be applied to 
any cable size. However it was not used for cable l1 because 
the losses were insignificant for the 12 AWG cable. 

P I Rl h h
h

h

=
=

∑ 2

1

max

     
(12) 

 The magnitude of Rh at h frequencies can be obtained 
from Fig. 4. The magnitude of Ih varies with the power 
supply design, load condition, and supply voltage. In this 
analysis the harmonic components listed in Table II 
represent the percentage of the harmonic current at h 
frequencies for typical 100% THD single-phase loads. 

TABLE II 
TYPICAL SINGLE-PHASE HARMONIC CONTENT AT 100% THD 

Harmonic h 1 3 5 7 9 11 13 15 17 19 21 23 25 
Current Ih 100 77 46 27 20 18.2 15.1 11.4 8.5 6.0 4.2 5.1 3.2 

 Assume the three-phase currents are balanced. The 
triplen harmonics of each phase add in the neutral line. We 
can calculate three-phase line losses and neutral line loss 
separately by considering the harmonic current components. 
Table III lists the cable losses and cost estimates at different 
THDs. The row “Line loss” indicates the single line power 
loss, and the “Neutral loss” row assumes a balanced 
condition and considers only triplen harmonics.  

TABLE III  

CABLE l2 HARMONIC-RELATED POWER LOSS AND COST PER YEAR 

Load = 60 kW 3-phase, 208V, on #4/0 cable at 50 feet  
THD (%) 5 50 100 
Current (pu) 1.00 1.12 1.41 
Current (amps) 166.9 186.4 235.7 
Line loss per phase = I2R (W) 69.65 90.99 151.82 

Neutral loss = I2R (W)* 0.01 116.28 465.11 
Cost for 4-line/year $93.06  $170.49  $403.21  
Penalty w.r.t. 5% THD $0.00  $77.43  $310.15  

* includes high triplens from all 3 phases, mostly 180 Hz 

3) Cable l3 losses: As compared to the previous line 
segments, the current in cable l3 is much less distorted 
because of triplen-harmonic current cancellation in the delta-
wye transformer connection  A level of 30% THD is 
observed in Fig. 1 on the high side and 100% THD on the 
low side of the step-down transformer. To calculate the skin- 
and proximity-related line losses for the different frequency 
components, the harmonic components listed in Table IV for 
a 30% THD was used. Table V shows the calculated losses 
for this 150-ft, 1/0 AWG cable segment. 
4) Cable l4 losses:  The current in this segment is further 
smoothed by other linear loads. Field experience backed by 
studies such as by Mansoor in [7] show that several factors 
including attenuation, diversity and system impedance act to 
reduce harmonic currents as they travel farther from their 

source. Typical THD in this section may be less than 10 
percent. The exception would be where harmonic resonances 
occur and amplify the distortion. 

TABLE IV  
TYPICAL THREE-PHASE HARMONIC COMPONENTS AT 30% THD 

Harmonic h 1 3 5 7 9 11 13 15 17 19 21 23 25 
Current Ih 100 1.4 25 15 1 6 4 .3 2 1.5 .1 1.2 1.1 

TABLE V 
CABLE l3 HARMONIC-RELATED POWER LOSS AND COST PER YEAR 

Load = 60kW 3-phase, 480V, on #1/0 cable at 150 ft 
THD (%) 0.05 0.20 0.30 
Current (pu) 1.00 1.02 1.04 
Current (amps) 72.33 73.67 75.42 
Line loss per phase = I2R (W) 78.47 81.84 86.28 
Cost for 3-phase/year  $103.11  $107.53  $113.38  
Penalty w.r.t 5%THD $0.00  $4.42  $10.27  

B. Transformer T1 losses 
 The transformer core or no-load losses depend on 
voltage, which is this case is assumed to be constant with 
distortion less than 5%. These no-load losses are neglected 
for a conservative estimate. In contrast, load-related losses 
are variable with loading and are highly affected by the 
harmonic distortion of the load current. In this case the 
transformer T1 is loaded to approximately 55 percent of its 
112 kVA rating. Assuming balanced three-phase conditions, 
each phase is loaded at 20 kW and the Irms is 166.7 A, when 
the load is fully compensated, (that is, unity power factor and 
no harmonics). These conditions define the base case. The 
objective here is to calculate the additional losses caused by 
harmonics in the load current. 
 To calculate these harmonic-related losses transformer 
T1 characteristics must be known. For this case we assume 
that the 60-Hz I2R loss is 2.5% of the kVA loading, and the 
eddy current loss factor (PEC-1) is 5%. Based on the eddy 
current loss as a percent of the I2R loss under sinusoidal 60-
Hz loading conditions, this percentage usually must be 
obtained from the manufacturer. Using (10) and (11), the 
additional load loss caused by the current harmonics can be 
obtained. Table II shows the secondary harmonic current 
contents, and Table IV shows the primary harmonic current 
contents. Note the filtering action of the delta-wye 
transformer. Using the per-unit copper loss (ΣI2Rh), and the 
eddy current loss (ΣI2h2), the calculated transformer load 
losses due to harmonics and their associated cost per year are 
listed in Table VI. Energy cost is again based on the 
assumption that the load runs 12 hours per day, 365 days per 
year. 

TABLE VI  
TRANSFORMER T1 HARMONIC-RELATED LOSES AND COST PER YEAR 

Load = 60 kW 3-phase, on 112 kVA Ploss (W) Cost/Year 
Copper loss = ΣIh

2R 2986 $1,308 

Eddy current loss PEC = Σ Ih
2h2 1336 $585 

Total load loss PLL = ΣIh
2R+PEC 4322 $1,893 

Base load loss = 1.05×I2R  1575 $690 
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Penalty = PLL–1.05×I2R  2747 $1203 

 The total load loss for T1 is more than double the 
predicted 60-Hz loss because of high harmonic currents. At 
100 percent THD, the copper loss doubled, and the eddy 
current loss increased by more than 17 times. Consequently, 
the 112-kVA transformer is overloaded by only 60 kW of 
computers.  

C. Cost Penalty of Harmonic-Related Losses 
 The total cost penalty depends on the loading condition, 
time of operation, and the cable lengths. In the above case, 
most system components are over-sized. Even so the losses 
are not trivial, particularly in transformer T1. Table VII 
summarizes expected harmonic-related losses and costs per 
year for this case. Note that harmonic-related losses on cable 
l4 and transformer T2 are negligible for office the PC 
scenario.  

TABLE VII 
SUMMARY OF HARMONIC-RELATED LOSSES AND COSTS PER YEAR 

 Current 
THD 

Cable 
Length 

Harmonic 
Loss (W) 

Harmonic 
Cost/ year 

Cable l1: 100% 200 ft 1320 $578 
Cable l2: 100% 50 ft 712 $310 
Xformer T1:  THD: 100% primary, 

30% secondary 
2747 $1,203  

Cable l3: 30% 150 ft 23 $10 
Total 4802 $2,101 

D. Options for Eliminating Harmonic-Related Losses 
 The case study illustrates that harmonic losses due to 
office equipment are expected to be distributed in the 
building wiring serving that equipment. About 50% was in 
the cables and 50% in the 480/120-208V step-down 
transformer. A number of filtering options for harmonic 
mitigation are commercially available and can be evaluated 
on a cost/benefit basis. It should be clear that selecting the 
right location will be critical to effectiveness.  
 Fig. 6 shows possible locations, ‘a through f,’ for 
harmonic elimination or reactive compensation. Elimination 
at the source of harmonics generation, location ‘a’, before 
any additional current flows in the power system, will 
always be the most complete approach. However, this 
leads to many small rather than a few large filtering devices. 
The expected economy of a larger scale filter suggests that 
the best location is where several distorted currents are 
combined, such as a load center. The number and size of the 
of harmonic filters will also affect internal losses of the filter 
and operating cost. Special wiring-related conditions such as 
neutral conductor overload and cancellation should also be 
considered. 

Load Equipment

Service 
Entrance

Sub-panels or
Load Center

W

T1 l1

l3 l2

l4

T2

SecondaryPrimary

a

d c

b

ef

Main
Panel

SMPS

 
Fig. 6: Possible locations for harmonic mitigation in office power system 

 Given the interesting varieties and trade-offs in 
harmonic mitigation methods, more evaluation is need to 
compare cost- effectiveness of different options and 
locations. However, in this paper only one option of the 
build-in circuits will be evaluated to determine the potential 
economic payback. 

E. Compensation Built into Load Equipment 
 Eliminating harmonics at their source provides the most 
effective option from a system point of view. The question is 
viability and cost. With incentives like IEC Standard 1000-
3-2 (previously 555-2 [8]), which will require some 
mitigation of harmonics at equipment terminals, many 
manufacturers are looking for cost-effective ways to reduce 
harmonics inside electronic equipment. Considering the PC 
power supply as an example, possibilities of limiting 
harmonics to comply with IEC have been analyzed and 
tested by the authors.  Results are reported in [1] and [9].  
Four methods were considered: 

1. Filtering by a series inductor added at the input circuit 

2. Building in the active boost converter current shaping to 
replace the front-end rectifier-capacitor smoothing circuit 

3. Filtering by a parallel-connected, series LC-resonant 
(PCRF) 

4. Filtering by a series-connected, parallel LC-resonant 
(SCRF) 

Of these methods a simple inductor and the electronic active 
boost converter are the most practical for build-in harmonic 
mitigation—where space and real estate are very expensive. 
The tuned-filter methods, PCRF and SCRF, are more 
practical for cord connection, which is a subject for future 
analysis.  
1) Series inductor filter:  A series inductor at the input to a 
power supply prevents sudden current changes (di/dt) and 
acts as a simple filter component. The rectifier circuit 
operates in the same way except the harmonic content and 
the peak current are reduced. It is possible to manipulate the 
inductor value to suit IEC, but the cost and size increment 
could be excessive. For example, a 200-W power supply 
requires a 10-mH series inductor to meet IEC 1000-3-2 [8]. 
2) Boost converter with power factor correction: The boost 
converter is also called “step-up converter” which converts 
low dc voltage to high dc voltage. Fig. 7 shows a power 
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supply containing a front-end boost converter. The switch S 
controls energy flow. When S turns on, a current builds up 
on the inductor Ls, meanwhile the diode D remains in the 
reverse blocking mode because the on-state of S means a 
zero voltage across. When S turns off, the energy stored in 
the inductor charges through the diode D to the capacitor Cs. 
The inductor current can be controlled to follow a desired 
wave shape. In power factor correction circuit, the inductor 
current is normally controlled to follow the rectified voltage, 
and the ac-side current will be in phase with the ac voltage.  
 Fig. 8 shows experimental input voltage and current of a 
PC power supply with a boost converter circuit from [9]. The 
current is nearly sinusoidal with almost invisible high-
frequency (70 kHz) switching ripples. The size of the boost 
converter is significantly less than any passive filters, but the 
performance is much better. It is expected that the active 
power factor correction will meet any future strict power 
quality regulation, such as IEC 1000-3-2. Unfortunately, it is 
difficult to sell power supplies with active power factor 
correction because of expected higher cost and lower 
reliability related to additional components. 

Harmonic elimination
boost converter

ac input

Rectifier

Switch-mode
dc-to-dc
converter

Load

CfS

CapacitorLs Ds

Fig. 7. Boost converter current shaping circuit inserted between the rectifier 
and switch-mode dc-to-dc converter circuits. 

 
(a) power system voltage 

 
(b) power factor corrected power supply current  

Fig. 8. Experimental input voltage and current waveforms. 

IV. ANALYSIS OF HARMONIC ELIMINATION COST-BENEFIT 

 This cost-benefit analysis compares the estimated cost of 
adding a harmonic-elimination circuit to the electronic 
power supply to the potential avoided cost of harmonic-
related losses in the power system. The avoided cost is based 
on the previous determination of harmonic-related losses in 
commercial building model. This analysis assumes 60 kW of 
office electronic load. The cost of energy is $.10/kWH. The 
load includes 240 distributed personal computers on 120 

branch circuits, and other related electronic office 
equipment, which operate 12 hours per day, 365 days per 
year. 

A. The Benefit of Harmonic Elimination 
 From the previous analysis it is clear that location of the 
harmonic elimination equipment is critical. Fig. 6 shows six 
possible locations in a typical commercial building. Of these 
the greatest potential for energy savings derived from 
harmonic reduction is near the source of the harmonic 
current, as illustrated in Table VIII, which shows the 
maximum potential energy saving at different locations in 
the building wiring based on the case study. The loss 
reductions will vary depending on load harmonic content as 
well as the power and the location of the compensating 
equipment.  In this case losses are based on the 60 kW 
computer load. 

TABLE VIII  
ENERGY SAVING POTENTIAL AT DIFFERENT LOCATIONS  

Location Options for 
Harmonic Mitigation 
Equipment 

Above 
Xformer 
Primary 

At  
Xformer 
Secondary 

At Load 
Center or 
Sub Panel 

At Load 
Equipment 
or Built-in 

Total losses without 
compensation (W) 

8148 8148 8148 8148 

Total losses with 
compensation (W) 

8125 5378 4666 3346 

% total losses with 
compensation / 60 kVA 

13.54% 8.96% 7.78% 5.58% 

Saving l1 at 200 ft. (W) 0 0 0 1320 

Saving l2 at 50 ft. (W) 0 0 712 712 

Saving T1 at 112 kVA (W) 0 2747 2747 2747 

Saving l3 at 150 ft.(W) 23 23 23 23 

Total saving for 60 kVA 
load (W) 

23 2770 3482 4802 

% saving / 60 kVA 0.04% 4.62% 5.80% 8.00% 

$ Saving per year  $10 $1213 $1523 $2101 

 Table VIII also shows that additional losses due to the 
harmonic loading are more than 8kW, so that more than 
68kW will be required at the service entrance to serve a 
60kW office computer load. The harmonic-related losses 
increase the total expected losses in the building wiring by 
250%, from 3346 to 8148 watts. Compensation of harmonics 
near the service entrance has very little value, perhaps 
$10/year, while compensation near the electronic load has a 
significant potential effect, saving $2101 per year. This is 
the key benefit of a harmonic-free power supply.  
 Another, perhaps less obvious, benefit of reducing 
harmonics at their source is the release of capacity in the 
building electrical power system. Insufficient capacity can be 
a significant problem in existing building wiring that has 
become overloaded due to new office equipment. Upgrading 
existing transformers and wiring is often more costly than 
the original installation. Table IX compares different load 
types with respect to their burden on building wiring and 
their kW consumption. In this table the term “linear 
equivalent power factor” is a fictitious power factor for 
nonlinear loads that identifies the linear load power factor 
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that would have an equivalent effect on wiring loss. This 
concept is getting important as the number of nonlinear 
loads are rapidly increasing.  

TABLE IX  
VALUE OF HARMONIC ELIMINATION FOR WIRING CAPACITY 

Office building load 
types 

Effective load 
on building 

wiring losses  

% 
 wiring 

loss 

%Linear 
equivalent 

power factor 

%Lost 
wiring 

capacity 
Resistive load 1.000 5.6% 100% 0 
Other office loads 1.4~1.7 7~10% 55~75% 25~45% 
PC without harmonic 
elimination 

2.438 13.6% 41% 59% 

PC with harmonic 
elimination 

1.001 5.6% 99.9% 0.1% 

 Without harmonic elimination, the wiring loss by the 
PC power supply load is 2.4 times that by the pure resistive 
load. In other words, the system wiring is 20% overloaded 
even with 50% load. With harmonic elimination (5% THD), 
the wiring loss by PC loads is significantly reduced and 
performs like the pure resistive load. Wiring system losses 
due to “other office loads,” such as magnetic lamp ballasts, 
vary among different types. The varying range indicated in 
Table IX is taken from the calculated results which have a 
medium point at 15% THD and 0.9 displacement power 
factor.  

B. The Cost of Harmonic Elimination  
 The added cost to install a boost converter-type 
harmonic elimination circuit in a switch-mode power supply 
is estimated at $6 per 250-W PC system, $1440 per 60 kW. 
This cost is based on prior investigations in [1], and recent 
quotes from power supply manufacturers located in Taiwan. 
A life of 6 years was chosen for this investment, which is 
based on the expected life of the computer system before 
reaching obsolescence. Another cost for this investment is 
the energy lost in the operation of the boost converter. 
Efficiency of the converter elimination circuit is expected to 
be 97%, therefore 3% is lost. 
 Using these added costs and a discount rate of 8%, the 
present value of the harmonic losses is $3739 at 60 kW, and 
the total life-cycle cost for harmonic elimination is $5179 
(1440+3739). The present value of energy savings in reduced 
building wiring losses is $10,034 over the 6-year period.  
From this a pay-back period is calculated to be 3.1 years. 

V. CONCLUSION 

 Harmonic-related losses in building wiring can be 
calculated using a typical model of building power system 
components and harmonic generating load equipment. These 
losses may be significant, overheating wiring, increasing 
power bills and tying up capacity of the power system. 
Reducing harmonics will save energy and release additional 
capacity to serve other loads.  

 There is a variety of methods available for reducing 
harmonics in building wiring. Results for an office building 
show that the location of harmonic reduction equipment 
within the building wiring is crucial to effectiveness. The 
greatest potential for loss reduction and released power 
system capacity is near the harmonic generating loads, while 
installation near the service entrance may be of little value.  
 A specific harmonic elimination method that maximizes 
these values is a harmonic elimination circuit built into non-
linear load equipment such as a PC. This boost-converter 
circuit, previously investigated by the authors, was shown to 
be cost-effective, yielding a 3-year pay back, based on energy 
savings alone. The approach holds great promise for 
achieving economy at the small scale required to eliminate 
harmonics in individual equipment. 

 VI. FUTURE WORK  

 Active or tuned passive filters may be required to solve 
existing harmonic problems. Application data on these 
filters, particularly their use in both harmonic reduction and 
reactive compensation, is not adequate in the literature or in 
standards. Further analysis comparing the cost and 
effectiveness of the variety of different harmonic mitigation 
options is needed. The value of released capacity and the 
concept of linear equivalent power factor are significant 
issues and need further documentation and development. 
This is indeed a good research topic for follow-up 
investigations. 
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Electronic equipment such as computers and variable-speed drives (for motors) waste 
energy on the order of 5% to 20% of what they consume –  this waste is paid for by the 
customer.  Sizes and lengths of transformers, cables and breakers determine the 
amount of money wasted.   
 
An active harmonic filter, now available on the market, largely avoids this problem and 
is quickly being implemented worldwide. 
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Active Harmonic Filter Installation Diagram 
Fail-safe Design for a 3-phase facility-wide electrical distribution system 

 
Benefits of Active Harmonic Filters 
 
Provide sustainable business benefits from: 

- Reduced Electrical Power Bills because of reduced consumption 
- Reduced Electrical Power Bills by limiting distortion 
- Improved Manufacturing Output by reducing intermittent batch losses 
- Improved Quality through increased integrity of systems, controls and data 
- Improved Productivity through decreased troubleshooting and maintenance 

 
Allows for local power-conditioning within user-defined compensation areas or facility-
wide compensation to: 

- Improve power factor ratings through harmonic recombination  
-    Isolate harmonic currents 
- Minimize equipment problems through THD cancellation 
- Reduce wasted energy 
- Minimize current carried in plant cables 

 



The average desktop computer consumes approximately 100 watts at 60 hertz 
and creates 118 watts of harmonic energy wasted in the power lines. 
 
    Harmonics are a steady-state phenomenon and 
should not be confused with short-term phenomena 
that last less than a few cycles.  None of transients, 
electrical disturbances, over-voltage surges or 
under-voltage sags in the supplied voltage are 
harmonics.  These short-term disturbances in 
voltage or current can usually be mitigated by line- 
reactors, isolation-transformers or transient-voltage 
surge suppressors.  However, none of these 
reduce or eliminate harmonic currents or voltages.  
    Harmonics are produced by solid-state, 
electronic devices that alter or control electrical 
power.  As a class, these are sometimes referred to 
as Static Power Converters. 
    In three-phase, low-voltage systems, the most 
common Static Power Converters are 6-pulse 
devices.  These devices exhibit the following 
harmonics: 
 5, 7, 11, 13, 17. 19, etc. 
This includes all of the odd harmonics, except for 
the multiples of 3.  Examples of such devices are 
variable-speed and variable-frequency ac drives, dc 
drives, three-phase power-controlled furnaces and 
many other types of industrial equipment.  The 
problems associated with 6-pulse devices on three-
phase systems are thoroughly discussed in 
Commonwealth Sprague Capacitor, Inc.'s 
Harmonic Filtering - A Guide for the Plant Engineer. 
    In single-phase, low-voltage systems, the most 
common Static Power Converters are Switched 
Mode Power Supplies.  These devices generally 
exhibit the following harmonics: 
 3, 5, 7, 9, 11, 13, etc. 
Note that this includes all of the odd harmonics.  
Examples of devices powered by Switch Mode 
Power Supplies include personal computers, 
fluorescent lighting, and a myriad of other 
equipment found in the modern office.  It also 
includes equipment found in hospitals, TV and 
radio stations, and control rooms of large 
processing plants. 
    The harmonics from these devices are generally 
richest at the third harmonic and continually 
decrease as the harmonic number increases.  
Harmonic currents for a typical personal computer 
are given in the first table.  These values can vary 
somewhat, even among similar devices, but they 
are representative of the harmonic footprint of all 
Switch Mode Power Supplies. 

60 Hertz           100 Watts                100%

3    180 Hertz                                   75.9%
5    300 Hertz                47.3%
7    420 Hertz   22.9%
9          6.9%

11        3.3%
13        3.0%
15        2.1%
17        1.9%  
 
Current Spectrum for Personal Computer 
 
Third harmonic currents (triplan currents) are 
unique in that they add in the neutral.  The next 
graph shows how the third harmonics add in the 
neutral.  The third harmonic currents add for two 
reasons. 
1.   Switch Mode Power Supplies “fire” at 
approximately the same angle on each phase. 
2.  Third harmonics are three times the 
fundamental frequency -- i.e. the length of the sine 
wave is 120° ( = 360° / 3).  In three-phase, four-
wire distribution systems, the individual, single-
phase conductors are shifted by 120°.  Thus, third 
harmonic currents generated by Switch Mode 
Power Supplies will directly add in the neutral -- 
overloading it. 
 

 
Third Harmonic in 3-Phase, 4-Wire, Wye Circuit
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Energy Savings Summary 

S No  item Description  Net Savings in Rs 

1 Power Factor improvement  378,032.49 
2 Harmonics Loss Reduction 342,000.00 
3 Eddy Current loss reduction 270,000.00 
4 Line Losses 257,353.80

 Total Savings 1,247,386.29  
 Total Cost of installation 2,473,500.00 
    
  Return on investment in years 1.98 
 Annual Savings after 1.98 years  1,247,386.29

 
Power factor improvement KVA reduction savings 

Power Factor Xf
mr 
No 

KVA 
Read 

KW 
Read 

KVAR 
Read 

KVA 
improved 

KVA  
Saved Before After 

cost 
KVA 
in Rs 

Opera-
tion 

Hrs/Yr 

KVA 
Saved / 

Year 

Savings / 
year 
in Rs 

15 1645 1053 1264 1108 537 64% 95% 130 6000 2908 378,032 
 
 

Harmonics Loss reduction savings 
Xfmr 
No.. 

Original 
P. F. 

System 
KVA 

Improved 
P. F. 

I  
THD 
Read

I  
THD 
Corr

KVA  
Saved

KW 
Save

Operation 
Hrs/Yr 

Cost / 
KW in 

Rs 

Total 
Savings 

15 64% 2000 95% 10% 5% 20 19 6000 3 342,000
 

Eddy current and I2R Loss reduction savings 
ES-
# 

Xfmr 
Ckt 

Desc 
# 
main 

System 
KVA 

Original 
P. F. 

Improved 
P. F. 

System 
KW 
Saved 

K W 
 per yr 

Cost  
per KW 
In Rs 

Total 
Savings 

1 15 Xfmr 2000 64% 95% 1 5 90000 3 270,OOO
 

Line Loss (Skin effect, Proximity effect, Voltage drop) savings 
X 
F 
M 
R 
 
# 

V 
O 
L 
T 
S 

A 
M 
P 
S  
 
Read 

A 
M 
P 
S  
 
Corr 

A 
M 
P 
S 
  
Saved 

E 
F 
F 

R 
A 
T 
E 
 in  
Rs 

H 
O 
U 
R 
S 

R 
E 
S 
I 
S 
T 

D 
I 
S 
T 
  in 
Ft 

P
H

P. F. 
 
R 
E 
A 
D 

P. F. 
 
C 
O 
R 
R 

Losses 
Reduced
Per Yr 

Net  
Savings 
Per yr 
 In Rs 

15 443 2142 1484 658.22  .9 3 6000 .00011 100 3 64% 95% 85,784 257,353 



How big is this problem, anyway? 
 
Since 1965, the introduction of low-cost, high-efficiency semiconductor devices has 
increased the use of electronic (static) power converters throughout industry in the form 
of variable-speed drives for all types of machinery. 
 
After the 1973 oil embargo and the associated rapid increase in energy costs, it has 
been economical and essential to utilize electronic power converters on larger systems, 
as well as to apply power improvement capacitors to minimize the increased cost of 
energy.  These have also generated significant harmonics in power systems. 
 
In 1980, harmonics were recognized as a major technical issue in the USA.  Since then, 
the National Electrical Code (NEC) has addressed the requirements for equipment and 
system performance under the influence of harmonics for applications in highly non-
linear load installations.  The NEC has been regularly updated since its inception; in 
fact, a major series of amendments were implemented in 1996. 
 

Non-Linear Load Growth in USA 
 

5%
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   1960’s  1990’s     2000’s 
 
Thus, the development of efficient power-conversion equipment to support the 
electronic revolution, coupled with the stringent energy conservation policies and 
practices, have dramatically changed the mix of commercial, industrial and, lately, 
residential electrical loads.  Non-linear loads have rapidly proliferated as shown above 
and now generate significant harmonics in the power system over a wide area. 



What are the major causes of harmonics? 

 
Electronic Switching Power Converters 
 Computers 
 Uninterruptible power supplies (UPS) 
 Solid-state rectifiers 
 Electronic process control equipment, PLC’s, etc 
 Electronic lighting ballasts, including light dimmer 
 Reduced voltage motor controllers 

 
Arcing Devices 
 Discharge lighting, e.g. Fluorescent, Sodium and Mercury vapor 
 Arc furnaces 
 Welding equipment 
 Electrical traction system 

  
Ferromagnetic Devices 
 Transformers operating near saturation level 
 Magnetic ballasts (Saturated Iron core) 
 Induction heating equipment 
 Chokes 
 Motors 

 
Appliances 
 TV sets, air conditioners, washing machines, microwave ovens & vacuum cleaners 
 Fax machines, photocopiers, printers 



Alternate Types of Loads 
 
Linear loads 
 
Linear loads occur when the impedance is constant; then the current is proportional to 
the voltage -- a straight-line graph, as shown in Figure A1.   Simple loads, composed of 
one of the elements shown in Figure A2, do not produce harmonics. 
 

 
 

Figure A1     Figure A2 
 
Non-linear loads 
 
Non-linear loads occur when the impedance is not constant; then the current is not 
proportional to the voltage -- as shown in Figure B1.  Combinations of the components 
shown in Figure B2 normally create non-linear loads and harmonics. 

 

 
 

Figure B1      Figure B2 
 



What are the effects of Harmonics? 
 

Sequence Rotation Effects 

+ Forward Heating 
- Reverse Heating & Motor Problems 

0 None Heating Adds in Neutral of 
3 Phase 4 Wire System 

 
 Loads contain more than 15 - 20% of non-linear component. 
 Only a small percentage of non-linear loads may produce voltage THD (Total 

Harmonic Distortion) in excess of the recommended 5% maximum. 
 
 
Signs of Harmonic Distortion Problems 
 

• Overheating of motors and transformers 
• Frequent tripping of circuit breakers 
• Frequent fuse blowing 
• Capacitor failures 
• Overloading of transformer neutrals 
• Telephone interference 
• Misoperation of motor variable-speed drives 
• PLC and computer failures – “frozen” screens 
• Insulation failures 
• Severe lamp flicker 



Conclusions 
 
 
 
Active Harmonic Filters with power correction can 
 

• Reduce energy costs 
 

• Increase personnel performance and productivity 
 

• Create energy savings from 5% to 20% 
 

• Avoid utility penalties up to an additional 20% 
 

• Create an economic payback in 1.5 to 3.0 years 
 
 

 
 
 

References 
 
 
Active Harmonic Filters – Test Cases in the Field, Brahm Segal, IEEE-IAS-TED Annual 
Meeting, 1997. 
 
Cost and Benefits of Harmonic Current Reduction for Switch-Mode Power Supplies in a 
Commercial Office Building, Thomas Key and Jih-Sheng Lai, IEEE IAS Annual Meeting, 
October, 1995.  
 
Harmonics and Fire Safety Cable Design, Ir Kam Yang, The 19th International Exhibition 
and Conference on Engineering and Technology, Aug 1996. 
 
Harmonic Filtering - A Guide for the Plant Engineer, Commonwealth Sprague Capacitor, 
Inc.'s, 1994. 
 
 
 



Power Correction Systems, Inc. 
1800 S. Robertson Blvd., PMB 419 

Los Angeles, CA 90035 
Tel: (310) 247-4848 
Fax: (310) 273-7719 

Contact: bsegal@activeharmonicfilters.com 
URL: www.activeharmonicfilters.com 

 
 
April 14, 2004 
 
ENERGY EFFICIENCY FROM ELECTRICAL DISTRIBUTION SYSTEM 
 
 
Measurable energy saving have resulted from correcting non-linear loads by 
reducing harmonics and improving power factors.  Extra frequencies above the 
60 Hz fundamental, which are created by rectifier circuits that convert AC to DC, 
cause the energy losses to increase in cable and transformers.  These rectifiers 
are used in variable speed drives, test equipment, computers and power 
supplies.  The rectifiers can use diodes, scrs (silicon controlled rectifiers) or 
switching supplies. 
 
Engineering studies1 performed by the Power Electronics Application center, 
Division of the Electronic Power Research Institute have verified, that power 
losses, in electrical distribution systems can be reduced.  This is done by 
reducing the harmonics and improving power factor at the power line connected 
to the equipment.  Harmonic filters or power factor correction control circuits are 
the devices used to accomplish this. 
   
The article called “Cost and Benefits of Harmonic Reduction” by Tom Key/ Jason 
Lai at EPRI PEAC, on Page 7/ Table 8 shows “energy saving potential at 
different locations”.  Table 8 shows a savings of $2,101.00 dollars, instead of 
$10.00 dollars, by correcting the harmonic current distortion drawn at the load 
equipment instead of at the utility connection.  The study suggested that 
manufacturers of computers improve their switching power supplies, so that they 
do not create harmonics or reactive energy.  These conditions can be measured 
by power factor and harmonic instruments. 
 
The International European Community recently passed a civil law, in a guide 
called IEC 1000-s, which regulates how many harmonics and reactive energy 
called power factor can be injected into power line by equipment.  See 
www.conformity.com which has a feature article from Jan 2001 for more 
information on IEC 1000. 
 
Measurements were performed at a Government facility. 
            Two transformers at  Building A 
            Two transformers at  Building B  
            Six transformers at    Building C 
            One transformer at    Building D   
Studies of harmonics and power factor were performed.  Walk troughs and visual 
inspection of breaker panels were done at all buildings, in order to understand 
what type of equipment was being used.  Categories of equipment were noted for 
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optimum filter selection.  The measurements showed that even when the 
harmonic current distortion was 5% of the fundamental current and the power 
factor was .87, there was adequate economic benefit to reducing harmonic 
current.   
 
Payback, of less than 5 years, resulted at most of the buildings studied.   
 
For example:  
                At Building A, transformer 3366b, there are distribution power losses of 
approximately $8,800 per year, even though those measurements looked very 
acceptable. Five percent current THD was measured according to IEEE 519. It 
was determined, that by using a special design of an active harmonic filter that it 
is possible to reduce current distortion to less than 2.5% from 5% even with 
varying building load conditions. This reduction would reduce transformer 
winding losses an additional 30%. The special design uses high switching 
speeds and low noise control loops. This meant that $4,400 could be saved in 
energy costs of measurable Kw every year, based on 4,000 hours of operation 
per year.  The filter cost would be $9,320 and the simple payback would be 2.1 
years. 
                At Building D, an estimated Kw savings of $1800 per year with simple 
payback of 4.7 years using an $8,400 harmonic filter will accomplished an 
acceptable payback. 
 
Additional benefits, from harmonic reduction, are increased transformer life, 
reduced bearing wear on motors, motor windings, rectifier circuits in equipment, 
and radiated heat from the transformer.  
 
                At Building C on Transformer I-5, an energy saving of $3300 per year 
with a simple payback of 3 years was estimated using an $8600 filter.  A total of 
9 opportunities to reduce energy are shown in the attached excel spread sheet 
out of 11 locations examined.  A total of $27,083 per year of energy savings is 
estimated by the 9 locations with simple paybacks raging from 2 to 5 years. 
 
Power Correction Systems has developed an understanding of the relationship 
between winding losses, transformer load factor, transformer design, harmonic 
frequency spectrum, and reactive power.  To determine the optimum choice of 
technologies to reduce transformer winding losses, extensive examination of 
present technology was done.  Harmonic filter technologies such as active filters, 
passive filters, and phase shifting transformers from all manufacturers were 
studies and applied to various power systems. 
 
Active harmonic filters inject a canceling waveform into the power line in real time 
and can reduce harmonics by up to 90%.  The attenuation is a function of AC line 
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input impedance and peak current available from the active filter.  A transformer 
with an impedance of 2% will require peak to rms current of 6 to one. 
 
Active harmonic filters, due to high switching speed of output power transistors, 
with low switching losses can add or subtract reactive power 40 times per cycle.  
The reactive power supplied can be capacitive or inductive depending on which 
is needed to maintain unity power factor. 
 
Other technologies on the market use SCRs power devices to do power factor 
and harmonics correction.  Due to the switching speed limitation of SCRs 
devices, power factor correction devices which use SCRs, can only correct 
reactive power one time per cycle.  This is not fast enough to correct lighting 
flicker caused by voltage variation from changing loads, such as welders and arc 
furnaces or rock crushers. 
 
As a result of much development, twenty-seven sizes of active filters are 
available from 10 Amps to 800 Amps rms.  These filters are designed to interface 
with single phase and 3-phase balanced and unbalanced loads.  Switching 
speeds up to 25 kHz are used for low noise floor and ability to reduce harmonics 
to as low as 2.5% of fundamental current. 
 
Passive filters, available on the market, can not reduce harmonics to below 6% 
current distortions and must be placed at the line side of each VSD or group of 
VSD or instrument panel.  Some passive filters are designed to be connected to 
3-phase circuits, where there are third harmonics present from test equipment or 
computers.  Their internal or insertion losses range from 1% to 5% depending on 
their design.  Passive filters do not maintain constant harmonic distortion as the 
load current changes. 
 
Harmonic canceling transformers can be used to cancel current harmonics when 
the loads are equal on each phase. 
 
Zig Zag transformers are only able to cancel harmonics by 70% with an equal 
load on each secondary winding. 
 
When using a harmonic canceling transformer and the load, on each secondary 
is unbalanced or unequal, a maximum of 40% attenuation of harmonics results 
thus resulting in poor performance.  Transformers pairs can be connected with a 
delta primary, delta secondary on one transformer. A second transformer can be 
connected with a delta primary and a WYE secondary. This configuration will 
cancel harmonics of both transformers at the primary connection point.  The 
harmonic attenuation can be up to 80%, if the loads are equal, otherwise it is in 
the 40% range. 
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The following table summarizes the measurements of the three buildings: 
 
Energy cost = 12 cents/kw bundled 
  
Building Xfmr  

No. 
% THD 
Current 

% THD 
after 

Filtering

Active 
Filter Size

Cost/$ 
Dollars 

No. of 
Hours per 

year 

Simple 
Payback

A 3366a 21.6 2.5 100 $16190 4000 4.3 
 

A 3366b 28.0 2.5 50 $9320 4000 1.0 

B T1 24.7 2.5 30 $8621 3000 16.0 

B T2 19.1 2.5 30 $8621 3000 23.0 

C I5-2122 50.3 2.5 40 $8621 4000 1.3 

C I5-4123 49.1 2.5 40 $8621 4000 1.2 

C I6-3123 30.7 2.5 90 $15190 4000 5.0 

C J6-3220 25.2 2.5 40 $8621 4000 4.2 

C J5-4238 57.0 2.5 90 $15190 4000 0.8 

C J5-1928 11.1 2.5 30 $5296 4000 1.45 

D T1 200 2.5 200 $8460 3000 4.7 

 
                                 Brahm Segal 
                                                                        310-505-2137 
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Energy Effeciency Improvement 
Proof of concept of procedure 

To achieve payback under 5 years 
For Retrofit  improvements 

 
 
 
The most important criteria which affects payback is the number of hours 
equipment runs during the year. Whether in an office or a manufacturing 
environment management tracking is needed to watch that equipment is turned 
off when not in use. If equipment runs all the time the payback looks better 
because the more you use the more you save. The goal is to reduce energy cost 
not only make the payback look better.The dollars saved should be the measure 
of success .The combined saving of managing hours of use  combined with 
mitigation technology should be allowed for. 

 
Loads considered in the study: 

Computer work stations,printers, monitors, fax,copiers 
Air conditioning motors and variable drives 

Lighting only if old ballasts  and lights  
are in use 

Process equipment 
 

Steps to do the study: 
1. Overview of building wiring,panels,transformers ratings and distances 
2. Analyse location of which cables and transformers have large  energy 

losses  and which panels they service 
3. Configure best solution of  mitigation technology to reduce losses at each 

panel or  branch circuit 
4. Create a one line diagram and detailed load flow study 
5. Measure test points in question with controlled count of equipment 

operating 
6. Model   mitigation technology solution  into the one line diagram to verify   

energy savings and power quality performance 
7. Calculate  reduced energy costs  and return on investment for each  panel    
8. Install mitigation equipment 
9. Verify modeling calculations by measurement with instantaneous on off of 

mitigation equipment. Error of measurement is subtracted with 
instantaneous mitigation change 
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Mission Statement
Provide environmentally sound solutions to 
our customers’ wastewater problems utilizing 
the best available technologies while 
maximizing the recovery of water and 
chemicals
Provide turnkey systems from concept to 
engineering to the final commissioning of the 
equipment
Provide ongoing technical support for the life 
of the system



Awards & Special Recognition

•Environmental Protection Agency:
2000 Environmental Technology Innovator Award

•Small Business Association of New England:
2001 New England Award Winner

•Massachusetts Executive Office of Environmental Affairs:
Green Seal Award - 2001 
Environmental Stewardship Award 2001

•Massachusetts Governors Award - 2001

•Massachusetts House of Representatives- recognition for environmental
services to the community 2001

•Resource Conservation & Recovery Act (RCRA) Exemption



Conventional Treatment vs. 
Zero-Discharge Treatment

Conventional Water Treatment
Treated Water sent to POTW- $
Discharge Permits Required -$
Expensive Water Treatment 
Chemicals Used: NaOH,Flocs, 
CaCO3 etc. -$
Large volume of  sludge 
generated -$
Requires State Trained & 
Licensed operators to run 
system.        -$
Can never have Return on 
Investment -$

Zero-Discharge Treatment System
Water recycled +$
No Permits Required +$
Less Chemicals used +$
Valuable material reused +$
Less waste generated +$
No Licensing of operators 
required +$
Return on investment generally 
less than 2 years +$
Enhanced environmental image  
and public relations +$
Best use of sustainable 
resources and BAT +$



Zero Discharge Systems

Zero-discharge w.w. recycling is technically reliable
Turnkey installations combine proven technologies:

-Oil/water separation - Patented COP Technology

-Ion Exchange - Selective, Cationic, Anionic, Organic

-Reverse Osmosis or Ultrafiltration

-Vacuum Distillation - Patented CAST Systems

- Advanced Cyanide Destruct Systems - Chemical Free

-Vacuum Stripping-Organics, BOD Reduction, Solvent Reuse

-Integrated Software Control Systems



Vacuum Distillation System Process Schematic



Permit Exemptions

The Environmental Protection Agency has ruled:

“...the CAST process in zero-discharge mode meets federal 
criteria for a totally enclosed system, therefore CAST is exempt
from RCRA hazardous treatment permit requirements.”

Statewide D.E.P.Permit Exemptions in :

AR, MI, MA, NH, CT, RI, NY, NJ, PA,

OH, TX, TN, FL, AZ, CA

International Exemptions;

Canada- Ontario, Mexico and Japan



60,000 gpd zero-discharge installation at 
Columbia Bicycle

ROI



CAST® 5,000 gpd 
system recovering  
concentrated
Sulfate wastewater

ROI Payback = 12 
months

CAST® applications
include:

•End-of-pipe waste-
water recovery

•Process chemistry
recovery

•IX Regen or RO
Reject wastewater
recovery

Teradyne Connection Systems, Nashua, NH



L&S Sweeteners,Leola,PA

CAST 6,500 gpd 
system recovers sugar-
laden
wastewater (B.O.D) 
from tank truck 
washing stations.

Clean CAST distillate 
water is recycled to 
truck washing, thus 
eliminating B.O.D. 
sewer discharge fees.



System Application Data

Typical 
contaminant
rejection of
99.99%


