
The unit of energy I have chosen is the kilowatt-hour (kWh).  
 
This quantity is called “one unit” on electricity bills, and it costs a domestic user about 
10p in the UK in 2008. As we’ll see, most individual daily choices involve amounts of 
energy equal to small numbers of kilowatt-hours. 

One kilowatt-hour per day is roughly the power you could get from one human 
servant. The number of kilowatt-hours per day you use is thus the effective number 
of servants you have working for you. 
 
People use the two terms energy and power interchangeably in ordinary speech, but 
in this book we must stick rigorously to their scientific definitions. Power is the rate at 
which something uses energy. 

energy = power ×time. 



In some summaries of energy production and consumption, all the different forms of 
energy are put into the same units, but multipliers are introduced, rating electrical 
energy from hydroelectricity for example as being worth 2.5 times more than the 
chemical energy in oil. This bumping up of electricity’s effective energy value can be 
justified by saying, “well, 
 
1 kWh of electricity is equivalent to 2.5 kWh of oil, because if we put that much oil 
into a standard power station it would deliver 40% of 2.5 kWh, which is 1 kWh of 
electricity.” 

It is not the case that 2.5 kWh of oil is inescapably equivalent to 1 kWh of electricity; 
that just happens to be the perceived exchange rate in a worldview where oil is used 
to make electricity. Yes, conversion of chemical energy to electrical energy is done 
with this particular inefficient exchange rate.  
 
But electrical energy can also be converted to chemical energy. In an alternative 
world (perhaps not far-off) with relatively plentiful electricity and little oil, we might 
use electricity to make liquid fuels; in that world we would surely not use the same 
exchange rate – each kWh of gasoline would then cost us something like 3 kWh of 
electricity! I think the timeless and scientific way to summarize and compare energies 
is to hold 1 kWh of chemical energy equivalent to 1 kWh of electricity 





































































































































































































1.0 Distributed Generation Basics 
 
1.1 What is Distributed Generation? 
Distributed generation (or DG) generally refers to small-scale (typically 1 kW – 50 MW) 
electric power generators that produce electricity at a site close to customers or that 
are tied to an electric distribution system. Distributed generators include, but are not 
limited to synchronous generators, induction generators, reciprocating engines, 
microturbines (combustion turbines that run on high-energy fossil fuels such as oil, 
propane, natural gas, gasoline or diesel), combustion gas turbines, fuel cells, solar 
photovoltaics, and wind turbines. 
 
1.2 Applications of Distributed Generating Systems 
There are many reasons a customer may choose to install a distributed generator. DG 
can be used to generate a customer’s entire electricity supply; for peak shaving 
(generating a portion of a customer’s electricity onsite to reduce the amount of 
electricity purchased during peak price periods); for standby or emergency generation 
(as a backup to Wires Owner's power supply); as a green power source (using 
renewable technology); or for increased reliability. In some remote locations, DG can 
be less costly as it eliminates the need for expensive construction of distribution 
and/or transmission lines. 



1.3 Benefits of Distributed Generating Systems 
 
Distributed Generation: 
 
 Has a lower capital cost because of the small size of the DG (although the 
investment cost per kVA of a DG can be much higher than that of a large 
power plant). 
 
 May reduce the need for large infrastructure construction or upgrades 
because the DG can be constructed at the load location. 
 
 If the DG provides power for local use, it may reduce pressure on 
distribution and transmission lines. 
 
 With some technologies, produces zero or near-zero pollutant emissions 
over its useful life (not taking into consideration pollutant emissions over the 
entire product lifecycle ie. pollution produced during the manufacturing, or 
after decommissioning of the DG system). 
 
 With some technologies such as solar or wind, it is a form of renewable 
energy. 

Can increase power reliability as back-up or stand-by power to customers. 
 Offers customers a choice in meeting their energy needs. 



1.4 Challenges associated with Distributed Generating Systems 
 
 There are no uniform national interconnection standards addressing safety, power 
quality and reliability for small distributed generation systems. 
 
 The current process for interconnection is not standardized among provinces. 
 
 Interconnection may involve communication with several different organizations 
 
 The environmental regulations and permit process that have been developed for 
larger distributed generation projects make some DG projects uneconomical. 
 
 Contractual barriers exist such as liability insurance requirements, fees and charges, 
and extensive paperwork. 



Efficient Power System Design and Engineering 
 
Achieving energy efficiency improvements in power system design is challenged by 
many of the non-technical barriers outlined in the section Barriers by Stakeholder. 
Those barriers most relevant to the plant electrical engineering discipline are: 

In a large power or process plant, electrical engineering (EE) is often the last discipline to 
be engaged, after process, mechanical and controls.  
 
This leaves the EE with little influence to practice efficient integrative design, since most 
other aspects are now frozen. This of course, has a deleterious effect on the 
energy efficiency of a plant, as virtually all of the internally consumed energy 
passes through the electrical system. 
 
−− The power system is also the first to be commissioned, which further restricts the 
time that the EE can spend on conceptual studies described below. 
−− The trend away from turnkey projects and toward multiple suppliers fragments the 
design and communication, making integrative approaches more difficult. 
−− The vital role of power systems to all other plant equipment is the reason why 
customers often stipulate ‘liquidated damages’ in contracts with their suppliers. 
This threat of very large opportunity cost from downtime is a subtle deterrent 
toward newer designs with potentially significantly lower lifecycle costs. 
(opportunity costs are not as real as wasted energy costs, but often get the same 
accounting treatment) 



Plant Auxiliary Energy Efficiency Improvements 
 
In-plant electrical power, when taken from the generator bus, may be priced 
artificially low in some utility companies’ auxiliary lifecycle calculations. A process 
industry customer, however, must always pay high commercial rates (and sometimes 
penalties), thus providing a strong incentive to improve their auxiliary energy 
efficiency. Price dis-incentives, regulations permitting cost-pass thru, and other 
nontechnical barriers are discussed in the handbook section on Barriers to Increased 
Energy Efficiency. 
 
These barriers may result in sub-optimal energy designs for power plant auxiliaries, 
most commonly in oversized motors, fans and pumps. These design decisions 
have particularly negative consequences when the base-loaded plant then moves 
to a new operating mode at 50–70 percent capacity (see previous section for a 
discussion of this trend). Auxiliaries such as pumps and fans that use constant 
speed motors and some form of flow restriction for control will waste much more 
power when operating under such partial-load conditions.  
 





Multiple Benefits of Energy Efficiency 
 
The primary benefits of a increased plant energy efficiency are reduced emissions 
and energy or fuel costs. 
 
Power plants which operate partially or wholly at full load will have more salable 
power. At less than capacity, the fuel savings are significant. In coal-fired steam 
power plants, fuel costs are 60-70% of operating costs. 
 
Operational Benefits 
 
−− Improved reliability/availability. As has been found with stricter safety design 
regulations, any extra attention to the process is rewarded with improved uptime. 
 
−− Improved controllability: energy is wasted in a swinging, unstable process, partly 
through inertia in the swings, but mainly because operators in such situations do 
not dare operate closer to the plant’s optimum constraints. 
 
−− Reduced noise and vibration, reduced maintenance costs. 
The following is a more complete list of benefits accompanying energy efficiency 
design improvements for plant auxiliaries: 



Results of Improved Efficiency on Plant Operations and Profitability 
 
−− Better allocation: under deregulation, as utilities dispatch plants within a fleet, 
heat rate improvement can earn plants a better position on the dispatch list 
(Larsen, 2007). 
 
−− Avoiding a plant de-rating due to efficiency losses after anti-pollution retrofits or 
other plant design changes. 
 
−− Improved fuel flexibility—by efficiently using a wider variety of fuels (coal 
varieties) and, in some cases, increasing the firing of biomass, for example. 
 
−− Improved operational flexibility 1) Improved plant-wide integration between 
units will reduce startup-shutdown times; this benefit applies mainly to deregulated 
markets. 2)  
 
The heat rate versus capacity curve is made flatter and 
lower, which allows the plant to operate more efficiently across a wider loading 
range. 

Plant Investment Benefits 
−− Avoiding forced retirement due to pollution non-compliance: An ambitious 
retrofit programme may save some older plants from early retirement due to 
noncompliance with regulations. 



Motor Power and Efficiency 
 
The power and speed requirements are set by the application’s load profile. For 
example, in pump and fan applications, the load torque decreases with the square of 
the speed; this is a direct result of the Affinity Laws discussed in the Pump and Fan 
systems sections. The power rating of a motor indicates its output mechanical 
power, often stated in horsepower or kW. Motor electrical (input) power is usually 
stated in kVA. 
 
Motor Mechanical Power 
 
The motor’s mechanical output power is simply the output torque multiplied by 
motor speed. In SI units: 
 
Pm = T x N 
 
Where: 
 
T = torque, (Nm) 
Pm = mechanical power at the shaft (watts) 
N = speed, (rad/s) 



Motor Efficiency 
 
Motor efficiency refers to the amount of input electrical power required to achieve 
a particular output from the motor. Using the power formula from above, a 100 hp 
rated motor with 93% efficiency at rated load will draw 89.1 kVA from the supply 
when running at full load and 0.9 power factor. The motor current at this operating 
point is shown as the FLA (full load amp) rating on the motor nameplate. 
 
Most motors will the show nominal full load efficiency value on their nameplate as 
determined by a highly-accurate dynamometer and a procedure described by IEEE 
Standard 112, Method B. These measurements provide average values from a large 
test sample of motors.  
 
The motor efficiency of an individual motor in the field can only be determined by field 
testing methods, such as measurements with a wattmeter. 
 
Statistics on the manufacturer’s test sample provide a minimum efficiency value which 
also appears as the ‘guaranteed minimum efficiency’ on the nameplate; this value 
assumes that the worst motor in the sample could have losses as much as 20% higher 
than the average. These minimum values are in Table 12-8 in NEMA MG-1 (Cowern, 
Baldor Electric, 2004). 
Standard motors tend to operate most efficiently at between 75–110% of full load 
speed. Smaller motors are less efficient than larger motors. 





Role of Power Systems in Energy Efficiency 
 
The energy impact of power services is growing due to increased proportion of 
auxiliary electrical loads as well as the increased variability of plant loading; see the 
section on Plant Efficiency Trends. 
 
Poor design of in-plant power factor and power quality increases electrical losses, 
which reduces efficiency and also leads to increased maintenance costs – another 
good reason to look at power and its application. 
 
The electrical power system has an impact on the reliability of almost all equipment in 
the plant. Instability in the power system has a multiplier effect that can incur energy 
penalties due to unstable production and reduced reliability in many other parts of 
the plant. 



Need for an Integrative Design Approach 
 
An integrative systems approach to power systems design is needed due to the 
interrelated nature of auxiliary loads and the power system; drive power to pumps and 
fans, energy efficiency, soft-starters, PF correctors, VFDs, harmonic mitigation and 
phase unbalance are all interrelated technologies and issues. 
 
An electrical upgrade to improve energy efficiency, such as increased use of VFDs, 
premium efficiency and downsized motors, new transformers etc. should prompt a 
re-evaluation of the plant power system to ensure that overall efficiency and reliability is 
not compromised. 
 
An integrative approach requires the engineer to learn as much as possible about the 
plant’s loading or load mode, to work closely with the mechanical and process teams 
towards a prediction, up to 10 years, of how that process load will vary. 



Power System – Overview 
 
The purpose of the in-plant power services is to supply electrical power to plant 
auxiliary process loads, instruments and control systems. The criteria for delivery of 
this power are: 
 
−− Power quality: allow only tolerable small amounts of harmonics, spikes, sags and 
swells or phase voltage unbalance. 
−− Power factor: control the power factor at all levels of the plant to reduce the 
losses associated with carrying reactive power. 
−− Power level and capacity: supply power to required capacity, at the voltage 
levels needed, through efficient, right-sized transformers. 
−− Power protection & control: allow full automatic or manual control of power 
distribution to serve the needs of the loads, while protecting those loads and the 
power system itself from harm. 
−− Power distribution & layout: carry power from the source to its destination at the 
load with minimal losses. 
−− Power reliability: supply all the above with high reliability 
 
All of the above design criteria have a direct impact on plant energy efficiency, which 
is the focus of this module. 






















