
Energy Efficiency in 
Electrical Systems 



   Electric Power Supply Systems  

T&D Loss  

India-22% 

China-9% 

Delhi-50% 

TN-17% 



Power Generation Plant  

How Energy is converted in each stage? 

What is efficiency and heat rate? 



Transmission and Distribution Lines  

• Sub transmission at 132 kV,110 kV, 66 kV ,33kV,22kV  

• Distribution at 11kV, 6.6 kV, 3.3 kV 

  

The power plants produce 50 cycle/second (Hertz), (AC) 

electricity with voltages between 11kV and 33kV. 

  

At the power plant site, the 3-phase voltage is stepped up 

to a higher voltage for transmission on cables strung on 

cross-country towers. 

  

High voltage (HV) and extra high voltage (EHV) 

transmission is the next stage from power plant to 

transport A.C. power over long distances at voltages like; 

220 kV & 400 kV. 

 

Where transmission is over 1000 kM, high voltage direct 

current transmission is also favoured to minimize the 

losses.  



Generation 

Efficiency 1 

Efficiency ranges 28-35 % with respect to size of thermal plant, 

age of plant and capacity utilisation 

  

Step-up Station 

2 

Step-up to 400 / 800 kV to enable EHV transmission.   

Envisaged max. losses 0.5 % or efficiency of 99.5 % 

  

EHV 

Transmission & 

3 Station  

EHV transmission and substations at 400 kV / 800 kV.  

Envisaged maximum losses 1.0 % or efficiency of 99 % 

  

HV 

Transmission & 

Station 4 

HV transmission & Substations for 220 / 400 kV.   

Envisaged maximum losses 2.5 % or efficiency of 97.5 % 

  

Sub-

transmission  5 

Sub-transmission at 66 / 132 kV 

Envisaged maximum losses 4 % or efficiency of 96 % 

  

Distribution 

Station 6 

Step-down to a level of 11 / 33 kV.  

Envisaged losses 0.5 % or efficiency of 99.5 % 

  

Primary 

Distribution 7 

Distribution is final link to end user at 11 / 33 kV. 

Envisaged losses maximum 5 % of efficiency of 95 % 

  

End user 

Premises  
Cascade efficiency from Generation to end user   

=  1  2  3  4  5  6  7 

 

The cascade efficiency in the T&D system from output of the power plant to the end use is 

87% (i.e. 0.995 x 0.99 x 0.975 x 0.96 x 0.99.5 x 0.95 = 87%) 



Why high voltage is preferred in T&D? 

• V=IR 
– Higher the voltage lesser the Voltage drop  
– Voltage drop proportional to the ratio of voltages 

• Power loss = I2R 
– Higher the voltage, lesser the current and lesser the power 

loss 

• For ex. If voltage is raised from 11 kV to 33 kV the 
voltage drop would be lowered by a figure of 1/3 and 
line loss would be lowered by (1/3)2 

• Higher voltage can also bring down the conductor 
sizes on account of lower currents handled 
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Electrical Distribution System –Single  Line Diagram 
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ONE Unit saved = TWO Units Generated 

 



 What are the components of 
Electricity Billing? 

For Industry: Two Part tariff  for HT Consumers 

The consumer pays for two components.  

- Energy Charges for kWh consumed 

- Maximum demand Charges (kVA) registered 

- Plus 
• PF penalty or PF incentives 

• Fuel Cost adjustments 

• Electricity Duty Charges 

• Meter rentals 

• Lighting and fan power consumption 

• TOD, (peak and non-peak ) 

• Penalty for exceeding contract demand 

• Surcharge if metering is at LT side in some of the utilities 

 
 



• As an example, in an industry, if the drawl over 
a recording cycle of 30 minutes is : 

» 2500 kVA for 4 minutes 

» 3600 kVA for 12 minutes 

» 4100 kVA for 6 minutes 

» 3800 kVA for 8 minutes 

• The MD recorder will be Computing MD as ?  



As can be seen from the figure above the demand varies from 

time to time. The demand is measured over predetermined time 

interval and averaged out for that interval as shown by the 

horizontal dotted line. 

Month’s maximum demand  



 What are the Load 
Management Strategies 

1. Load Curve Generation 

2. Rescheduling of Loads 

3. Storage of Products/in process material/ process 
utilities like refrigeration 

4. Shedding of Non-Essential Loads 

5. Operation of Captive Generation and Diesel 
Generation Sets 

6. Reactive Power Compensation 

 



Load Management: Staggering of motors 





Maximum Demand Controller 



Power Factor Improvement 

Two types of Electrical loads in industries 

 

1) Resistive loads are incandescent lighting 

and resistance heating.  

2) Inductive loads are A.C. Motors, induction 

furnaces, transformers and ballast-type 

lighting.  



      Inductive loads require two kinds of power:  

 

1. Active (or working) power to perform the work (motion) and  

2. Reactive power to create and maintain electro-magnetic   

fields. 

     The vector sum of the active power and reactive power make 

up the total (or apparent) power used. This is the power 

generated by the utility for the user to perform a given amount 

of work.  



Advantages of PF Improvement 

The advantages of PF improvement by capacitor addition  

• Reactive component of the network is reduced and so also the total current in the system from the 
source end. 

• I2R power losses are reduced in the system because of reduction in current. 

• Voltage level at the load end is increased. 

• kVA loading on the source generators as also on the transformers and lines upto the capacitors 
reduces giving capacity relief. A high power factor can help in utilising the full capacity of the 
electrical system. 

 

Cost benefits of PF improvement 

While costs of PF improvement are in terms of investment needs for capacitor addition the benefits to 
be quantified for feasibility analysis are: 

• Reduced kVA (Maximum demand) charges in utility bill 

• Reduced distribution losses (KWH) within the plant network 

• Better voltage at motor terminals and improved performance of motors 

• A high power factor eliminates penalty charges imposed when operating with a low power factor 

• Investment on system facilities such as transformers, cables, switchgears etc for delivering load is 
reduced. 



Example  

• A chemical industry had installed a 1500 kVA 
transformer. The initial demand of the plant 
was 1160 kVA with PF .70. The % loading of 
transformer was about 78 %. To improve PF 
and to avoid penality, the unit added 410 kVAr 
in motor load end.   



Transformer loading – 1160/1500 = 78 % 

Capacitors totaling 410 kVAr installed in  

each of the 13 large motors 

 

Transformer loading – 913/1500 = 61 % 

 Example 



                                                Example: 

  Method-1 

The utility bill shows an average power factor of .72 with an average KW of 627. How 

much KVAR is required to improve the power factor to .95 ? 
 

STEPS: 

 Cos F1 = 0.72  , Tan F1 = 0.963 

 Cos F2 = 0.95  , Tan F2 = 0.329 

 Kvar required = P ( Tanf1 - Tanf2 ) 
 

                  = 627 (0.964 – 0.329) 

                         = 398 kVAr 

    Method-2 

 

1. Locate 0.72 (original power factor) in column (1).Refer table. 

2. Read across desired power factor to 0.95 column. We find .635 multiplier 

3. Multiply 627 (average KW) by .635 = 398 KVAR. 

4. Install 400 KVAR to improve power factor to 95%. 

  

Now that we have determined that capacitors totaling 400 KVAR must be installed, we 

must decide where to locate them. 

How to determine the Rating of capacitors required? 





 Automatic Power Factor Control Relay 

 

Automatic Power Factor Controllers 



Where to Locate Capacitors? 
For motors of 50 hp and above, it is best to install power factor correction capacitors at the 

motor terminals since distribution circuit loading is reduced. (1,2) 

The second arrangement shows capacitor banks connected at the bus for each motor 

control centre. This compromise to Method 1 will reduce installation costs. (3) 

The least expensive method shows capacitor banks connected at the service entrance. 

However, the disadvantage is that higher feeder currents still flow from the service 

entrance to the end of line equipment. (4,5,6) 

 Power Distribution Diagram Illustrating Capacitor Locations 



Reduction in Distribution Loss 

As current flows through conductors, the conductorsheat. This heating 

is power loss  

Power loss is proportional to current squared (P Loss =I2R) 

Current is proportional to P. F.: 

Conductor loss can account for as much as 2- 5% of total load  

Capacitors can reduce losses by 1- 2% of the total load 

 x 100   ) 2

21 PF / PF - 1% Loss Reduction =  



Reduced Maximum demand charges 

kW = kVA x Cos F 

Example: 

If the maximum demand is 1500 kVA at 0.85 p.f. 

calculate the reduction in demand at 0.95 p.f. 

 

 

   Active Power = 1500 x 0.85 = 1275 kW 

 

Maximum demand after pf improvement, 

   kVA at 0.95 p.f. = 1275/0.95 = 1342 kVA 



Performance Assessment of Power Factor 
Capacitors 

• Voltage effects: Ideally capacitor voltage rating is to match the supply voltage. If the 
supply voltage is lower, the reactive kVAr produced will be the ratio V1

2 /V2
2 where V1 is 

the actual supply voltage, V2 is the rated voltage. On the other hand, if the supply 
voltage exceeds rated voltage, the life of the capacitor is adversely affected. 
 

• Material of capacitors: Power factor capacitors are available in various types by 
dielectric material used as; paper/ polypropylene etc. The watt loss per kVAr as well as 
life vary with respect to the choice of the dielectric material and hence is a factor to be 
considered while selection. 
 

• Connections: Shunt capacitor connections are adopted for almost all industry/ end user 
applications, while series capacitors are adopted for voltage boosting in distribution 
networks.  

  
• Operational performance of capacitors: This can be made by monitoring capacitor 

charging current vis- a- vis the rated charging current. Capacity of fused elements can 
be replenished as per requirements.  Portable analyzers can be used for measuring kVAr 
delivered as well as charging  current. Capacitors consume 0.2 to 6.0 Watt per kVAr, 
which is negligible in comparison to benefits. 



What are the Types  
of Transformers  

•Power transformers : Used in transmission network of 

higher voltages, deployed for step-up and step down 

transformer application  

(400 kV, 200 kV, 110 kV, 66 kV, 33kV,22kW) 

 

•Distribution transformers: Used for lower voltage 

distribution networks as a means to end user connectivity. 

 (11kV, 6.6 kV, 3.3 kV, 440V, 230V) 



Rating & Location of Transfomers 

• Rating of the transformer is calculated based on the connected load and applying 
the diversity factor on the connected load, applicable to the particular industry 
and arrive at the kVA rating of the Transformer.  

 Diversity factor = overall maximum demand of the plant : to the sum of 
individual maximum demand of various equipment.  

 Diversity factor varies from industry to industry and depends on various factors 
such as individual loads, load factor and future expansion needs of the plant. 
Diversity factor will always be less than one. 

 

• Location of the transformer is very important as far as distribution loss is 
concerned. Transformers should be placed close to the load centre, considering 
other features like optimization needs for centralized control, operational flexibility 
etc. This will bring down the distribution loss in cables. 



How to calculate Transformer losses ? 

1. Load loss (or copper loss) 

2. No load loss (or iron loss) 
 

• The total transformer loss, PTOTAL, at any load level can then be 

calculated from: 

  PTOTAL = PNO-LOAD+ (% Load)2 x PLOAD 

 

• Where transformer loading is known, the actual 
transformers loss at given load can be computed as: 

 )(
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Transformer Loss vs. Load 



Case Example: 

 

For a load of 1500 KVA the plant has installed three numbers of 1000 KVA 

transformers. The No load loss is 2.8 KW and the full load loss 11.88 KW. 

Estimate the total loss with 3 transformers in operation and 2 transformers 

in operation. 
  
a) 2 transformers in operation : 
                    No load loss                 =    2 x 2.8  =  5.6 
  
                   Load loss                      =    2 x (750)2  x 11.88 
                                                                    (1000) 
                                                        =      13.36 kW 
                      Total Loss                =    5.6 + 13.36 = 18.96          
  
b) 3 transformers in operation : 
                    No load loss                 =  3 x 2.8 = 8.4 KW 
                    Load loss                     =  3 x (500)2 x 11.88  =  8.91 KW 
                                                                 (1000) 
  
                    Total loss                    =  17.31 KW 
Savings by loading all the 3 transformers  =  13200 kWh.  



Voltage fluctuation control  

• Off-circuit tap changer 

– It is a device fitted in the transformer, which is 

used to vary the voltage transformation ratio. Here 

the voltage levels can be varied only after isolating 

the primary voltage of the transformer. 

 

• On load tap changer (OLTC) 

– Here the voltage levels can be varied without 
isolating the connected load to the transformer.  

 



Parallel Operation of Transformers 

• The design of Power Control Centre (PCC) and Motor Control Centre (MCC) of any 
new plant should have the provision of operating two or more transformers in 
parallel. Additional switchgears and bus couplers should be provided at design 
stage.  

     

• Whenever two transformers are operating in parallel, both should be technically 
identical in all aspects and more importantly should have the same impedance 
level. This will minimise the circulating current between transformers.  

     

• Where the load is fluctuating in nature, it is preferable to have more than one 
transformer running in parallel, so that the load can be optimised by sharing the 
load between transformers. The transformers can be operated close to the 
maximum efficiency range by this operation.  



Energy Efficient Transformers 

• Most energy loss in dry-type transformers 
occurs through heat or vibration from the core. 
The new high-efficiency transformers minimise 
these losses.  

• The iron loss of any transformer depends on 
the type of core used in the transformer. 
However the latest technology is to use 
amorphous material – a metallic glass alloy for 
the core the expected reduction in energy loss 
over conventional (Si Fe core) transformers is 
roughly around 70%, which is quite significant.  

• By using an amorphous core– with unique 
physical and magnetic properties- these new 
types of transformers have increased efficiency 
even at low loads - 98.5% efficiency at 35% 
load. 

1600 kVA Amorphous Core Transformer 



Standards & Labeling Programme for Distribution Transformers 

• The standard transformer ratings covered under the energy labeling scheme is 16, 25, 
63, 100, 160 and 200 kVA and non standard ratings from 16 kVA to 200 kVA. In the BEE 
labeling programme, the total transformer losses at 50% and 100% loading have been 
defined. 

1 star 2 star 3 star 4 star 5 star 

 
Rating 

kVA 

Max 

Losses 

at 50% 

(Watts) 

Max 

Losses 

at 

100% 

(Watts) 

Max 

Losses 

at 50% 

(Watts) 

Max 

Losses 

at 

100% 

(Watts) 

Max 

Losses 

at 50% 

(Watts) 

Max 

Losses 

at 

100% 

(Watts) 

Max 

Losses 

at 50% 

(Watts) 

Max 

Losses 

at 

100% 

(Watts) 

Max 

Losses 

at 50% 

(Watts) 

Max 

Losses 

at 

100% 

(Watts) 

16 200 555 165 520 150 480 135 440 120 400 

25 190 785 235 740 210 695 190 635 175 595 

63 490 1415 430 1335 380 1250 340 1140 300 1050 

100 700 2020 610 1910 520 1800 475 1650 435 1500 

160 1000 2800 880 2550 770 2200 670 1950 570 1700 

200 1130 3300 1010 3000 890 2700 780 2300 670 2100 



Ways to minimise distribution losses 

• Relocating transformers and sub-stations near to load centers 

• Re-routing and re-conducting such feeders and lines where 
the losses / voltage drops are higher. 

• Power factor improvement by incorporating capacitors at 
load end. 

• Optimum loading of transformers in the system. 

• Opting for lower resistance All Aluminum Alloy Conductors 
(AAAC) in place of  conventional Aluminum Cored Steel 
Reinforced (ACSR) lines  

• Minimizing losses due to weak links in distribution network 
such as jumpers, loose contacts, and old brittle conductors. 



Losses in Electrical Distribution Equipment 

S.No Equipment % Energy Loss at 

Full Load Variations 

Min Max 

1. Outdoor circuit breaker (15 to 230 

KV) 

0.002 0.015 

2. Generators 0.019 3.5 

3. Medium voltage switchgears (5 to 15 

KV) 

0.005 0.02 

4. Current limiting reactors 0.09 0.30 

5. Transformers 0.40 1.90 

6. Load break switches 0.003 0.025 

7. Medium voltage starters 0.02 0.15 

8. Bus ways less than 430 V 0.05 0.50 

9. Low voltage switchgear 0.13 0.34 

10. Motor control centers 0.01 0.40 

11. Cables 1.00 4.00 

12. Large rectifiers 3.0 9.0 

13. Static variable speed drives 6.0 15.0 

14. Capacitors ( / kVAr) 0.50 6.0 



Demand Side Management (DSM) 

• DSM refers to “Actions taken on the customer’s side of the meter to 
change the amount (kWh) or timing (kVA) of energy consumption. 
Electricity DSM strategies have the goal of maximising end use efficiency 
to avoid or postpone the construction of new generating plants”. 

 

• The key objectives of DSM include the following. 

1.Improve the efficiency of energy systems.  

2.Reduce financial needs to build new energy facilities (generation).  

3.Minimize adverse environmental impacts.  

4.Lower the cost of delivered energy to consumers.  

5.Reduce power shortages and power cuts.  

6.Improve the reliability and quality of power supply. 



DSM methodology  

Step 1: Load Research 

Step 2: Define load-shape objectives 

Step 3: Assess program implementation strategies 

Step 4: Implementation 

Step 5:  Monitoring and Evaluation 

 

 

Load Shape Profiles and Objectives  



Types of DSM measures & benefits 

Types of DSM measures 

a) Energy reduction programmes -  Efficient Lighting (CFLs, Using natural light), 
Appliance Labelling, Building regulations, Efficient and alternative energy use, 
Efficient use of electric motors and motor driven systems, Preventative 
maintenance, Energy management  and audit.  

b) Load management programmes - Load Levelling (Peak clipping, Valley filling 
and load shifting), Load growth, Tariff Incentives or Penalties (Time-of-Use & 
real time pricing, power factor penalties) 

 

Benefits of DSM: 

 Customer benefits Societal benefits Utility benefits 

Satisfy electricity demands 

Reduce / stabilise costs (bills) 

Improve value of service 

Maintain/improve lifestyle and 

productivity 

Reduce environmental 

degradation  

Conserve resources 

Protect global environment 

Maximise customer welfare 

Lower cost of service 

Improve operating efficiency, 

flexibility 

Reduce capital needs 

Improve customer service 



What are Harmonics ?  

• Harmonics are multiples of the fundamental frequency of an 

electrical power system.  

• If, for example, the fundamental frequency is 50 Hz, then 

the 5th harmonic is five times that frequency, or 250 Hz. 

•  Likewise, the 7th harmonic is seven times the fundamental 
or 350 Hz, and so on for higher order harmonics.  

   Some of the Harmonic problems are  

1. Blinking of Incandescent Lights  

2. Capacitor Failure 

3. Conductor Failure 

4. Flickering of Fluorescent Lights 

5. Motor Failures (overheating)   

6. Transformer Failures    



What is linear/non -linear loads ? 

• In AC network, flow of current depends upon the voltage 
applied and the impedance (resistance to AC) provided 
by elements like resistances, reactances of inductive and 
capacitive nature. As the value of impedance in above 
devices is constant, they are called linear whereby the 
voltage and current relation is of linear nature. 

• However in real life situation, various devices like diodes, 
silicon controlled rectifiers, thyristors, voltage & current 
chopping reactors, induction & arc furnaces are also 
deployed for various requirements and due to their 
varying impedance characteristic, these NON LINEAR 
devices cause distortion in voltage and current 
waveforms which is of increasing concern 



 
What are the devices that creates Harmonics 

 

Devices that convert Frequently AC to DC create harmonics. 

 Some  of these devices are listed below: 

  

  

      Computers, Uninterruptible power supplies (UPS), Solid-state 
rectifiers 

      Electronic process control equipment, PLC’s, etc 

      Electronic lighting ballasts, including light dimmer 

  

 

 



Total Harmonic Distortion 
Harmonics can be discussed in terms of current or voltage.   

 

Total Harmonic Distortion (THD) expresses the amount of harmonics.  

 

The following is the formula for calculating the THD for current: 

n
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Mostly, 3rd,5th and 7th  harmonics causes  distortion.  

When expressed as a percentage of fundamental voltage THD is given 

by, 
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Harmonics Limits 

Maximum Harmonic Current Distortion in % of IL 

Isc/IL <11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 TDD 

< 20 4.0 2.0 1.5 0.6 5.0 

20 < 50 7.0 3.5 2.5 1.0 8.0 

50 < 100 10.0 4.0 4.0 1.5 12.0 

100 < 1000 12.0 5.5 5.0 2.0 15.0 

1000 15.0 7.0 6.0 2.5 20.0 

1000 

Total Harmonic Distribution for Different Voltage Levels in % 

Bus Voltage at PCC Individual 

Voltage 

Distortion (%) 

Total Voltage 

Distortion THD (%) 

69 kV and below 3.0 5.0 

69.001 kV Thru 161 kV 1.5 2.5 

161 kV and above 1.0 1.5 



Harmonic filters 

• Tuned Harmonic filters consisting of a capacitor bank and 
reactor in series are designed and adopted for suppressing 
harmonics, by providing low impedance path for harmonic 
component. The Harmonic filters connected suitably near 
the equipment generating harmonics help to reduce THD to 
acceptable limits.  

 

• Benefits of Harmonic Filters 

 
 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 


