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ABSTRACT. 
Recent technological advances in natural gas 

production have reduced the price of natural gas 
dramatically, and along with coming EPA 
regulations, and growing grid instability, is likely to 
spur an increase in demand for natural gas fired co-
generation systems.  
 
These systems have been around for some time now, 
but have been limited to applications where they can 
remain connected to the grid, even in times of 
instability on the grid, and only provide a constant 
level of power known as the “Base Load”. Among 
the reasons for focusing on the Base Load is the fact 
that the transient response of these generators to step 
and block loads is poor, and in order to get the 
greatest efficiency out of the plant, it needs to be 
running at or near its top capacity. 
 
It is becoming more and more important to expand 
the application of these systems beyond the Base 
Load and start servicing the total load. In order to do 
that, there first must be a practical means of 
compensating for the poor transient response of these 
systems. The effective application of Newton’s First 
Law of Motion to highly reliable Rotary 
Uninterruptible Power Systems promises to provide 
the stability and power quality required to overcome 
this challenge. By utilizing bidirectional kinetic 
energy storage systems in concert with highly reliable 
synchronous machines, a high degree of stability can 
be achieved in both frequency, and voltage, harmonic 
mitigation and power factor correction, even in the 
presence of significant reactive step loads. 
 
This paper explores how these systems function, how 
to deploy them into either a grid connected or island 
environment, and even shows from real deployed 
systems how well they perform. 
 
 
 
THE PROBLEM. 
 Historically, the North American electric power 
grid has been remarkably stable and reliable save for 
a few unusual yet catastrophic, loss of load events. 
These events led to the development of improved 
technologies, as well as operational standards and 
procedures which further stabilized the grid. This 
grid stability has contributed to a lack of demand for 

development of alternative power sources even when 
the cost of alternative fuels was favorable. 
 That appears to be changing now. A robust 
economy is driving demand for electric energy in the 
industrial sector. The wide deployment of residential 
air conditioning is stressing the grid in some 
locations (4) during hot afternoons, and the effects of 
deregulation in some areas is resulting in 
vulnerabilities to a lack of generation supply. For 
instance, in Texas, the grid operator ERCOT has a 
planned minimum generation reserve capacity of 
13.5% above the highest anticipated demand for a 
100° day in order to meet the statistical goal of one 
loss of load event every ten years. Due to the effects 
of deregulation, it is becoming economically more 
difficult for the power generators to justify the cost of 
building new plants and there is serious concern that 
the current rate of growth in electricity demand is 
outpacing the projected growth in capacity. This 
situation is further exacerbated by ever more 
stringent environmental regulations which are likely 
to force the shutdown of existing generation plants 
ahead of schedule. Although that 13.5% reserve 
capacity appears to be safe for now, these 
developments are threatening it for the near future, 
and not just in Texas. NERC (1) reports that other 
areas in North America are projecting that they will 
be beneath that reserve margin by the end of this 
decade. 
 
 This lack of surplus capacity contributes to grid 
destabilization when the demand approaches the 
available capacity and there is insufficient geographic 
dispersion of the generating resources around the 
load. The result can be a loss of frequency and 
voltage stability with the increased risk of 
vulnerability to distribution equipment failures. In 
2012 a study was done for the Congressional 
Research Service (2) of weather related power 
outages (localized loss of load events). This study 
covers the years 1982 through 2011 and 
geographically covers the entire US. Although it does 
not detail any increase in severe weather, it does 
show clearly an exponential increase in the frequency 
of these localized power outages. It seems likely that 
these events are related to the growth in demand for 
electricity and the stress that demand is placing on 
the distribution grid. This study only looks at the loss 
of load events, not the deterioration in power quality 
seen in frequency and voltage during this time period. 
 



 In 2005, a study was done by the Lawrence 
Livermore Labs of power quality issues, which 
compares voltage as a percentage of the nominal 
supply, against the duration of the events (6). The 
authors of the study concluded that the economic 
costs could vary between $22 Billion to $134 Billion 
annually depending on how the losses are estimated. 
Further, they concluded that the majority of these 
losses were born by the commercial and industrial 
sectors. One other very interesting discovery they 
made was that the economic losses were less related 
to the duration of the outages than to how often they 
occurred. 
 
POSSIBLE SOLUTIONS. 
 Among the possible solutions to this problem are 
the expansion of renewable energy sources such as 
solar and wind. Unfortunately there are still 
challenges to be met in both of these technologies 
before they become economically feasible. Solar 
energy is not necessarily coincident with the load. 
Due to thermal time constants, it is quite common for 
the peak ambient temperature to lag the peak solar 
radiation by as much as 2 hours and residential peak 
loads tend to lag that even further as residential 
occupancy tends to peak after working hours. So in 
order to make solar a viable solution, we first must 
develop an appropriate energy storage solution. 
Figure 1 shows data provided by the National Solar 
Radiation Data Base (7) at a regional airport. While 
peak temperature appears around 5:00PM, solar 
energy begins to decrease around 3:00PM at this 
location. Even using tracking collectors (as seen in 
the graph of Direct Normal Irradiance), though it 
helps a lot, still leaves the available solar energy 
decreasing while the heat is rising. 
 

 
Figure 1. Solar and Temperature Data 

 
 Depending on the locations of the wind 
generating equipment, wind may have a similar 
limitation. For instance, in 2012, ERCOT observed 

that the availability of wind in west Texas often 
peaked when the load was the lowest and dropped off 
significantly when the temperature and thus the load 
were at their peak (4). Since that time, more studies 
have been conducted where good engineering and 
operational processes promise to increase the efficacy 
of wind, but it still needs an effective storage 
technology to become a major contributor to the 
solution. Figure 2 shows the results of ERCOT’s 
2012 study for one week in June of 2012. With only a 
couple of exceptions, the load and the wind appear to 
be 180° out of phase. 
 
 

 
Figure 2. 

 
 Other solutions being implemented or considered 
include Demand Reduction programs, Energy 
Efficiency Rebate programs, and Emergency 
Distributed Generation programs in some areas. The 
2012 Congressional Research Service Study (2) 
suggests strongly that cogeneration is a very viable 
solution for Industrial and Commercial entities if 
implemented on a site by site basis.  
 
THE GOOD NEWS. 
 The cost and availability of natural gas is at an 
optimum level and appears likely to stay that way for 
some time to come. It is our cleanest fossil fuel, we 
have a robust distribution system for it and the future 
supply is assured. The revolution in exploration 
known as “fracking” has opened up the possibilities 
in the U.S. for an increase in industrial activity as the 
price of energy decreases. Today, according to the 
American Petroleum Institute the United States is the 
world’s leading producer of natural gas (8). And the 
known reserves of natural gas are more than 
sufficient to sustain a continued growth in both 
demand and supply. This fact along with the 
application of existing off the shelf technologies 
promises to supply a solution to grid instability on a 
site specific basis. 



 Natural gas fired generating equipment comes in 
a variety of forms with tried and true, reliable and 
sustainable technologies to fit a wide array of 
applications. This technology is available, proven and 
cost effective.  Among the popular technologies 
available for these applications are Fuel Cells which 
can be paralleled to create medium sized plants, 
Micro-Turbines with capacities of up to 1 Mega Watt 
(also capable of parallel operation), Gas Turbines 
from 1.0 to 38 Mega Watts, and reciprocating engine 
generators with capacities from less than 200 kilo 
Watts to in excess of 10 Mega Watts. Combined with 
other currently available technologies such as a 
Rotary Uninterruptible Power Supply (UPS or 
RUPS), with a bi-directional kinetic energy store 
(flywheel) in a well-engineered system, a total 
solution can be implemented to cover most any kind 
of industrial or commercial application. 
 
 Even more good news! These technologies easily 
lend themselves to capturing waste heat from the 
process which may amount to more than 70% of the 
thermal energy consumed to generate electricity. By 
putting this waste heat to work in industrial 
processes, generating more electricity from the waste 
heat or creating chilled water, total system 
efficiencies will skyrocket and production costs 
decrease dramatically (3). In addition, generating 
electricity locally at a specific site will reduce carbon 
footprint and reduce water evaporation at the local 
utility power generating station. Not only does the 
industrial activity benefit from reduced costs and 
increased profitability, but the local community saves 
on air pollution and water consumption. 
 
THE CHALLENGE 
 Of course no application will be without 
challenges. Industrial applications will mean that 
there are potentially a lot of mechanical loads to 
serve, variations in the amount of power required 
over time, as well as how the selected power 
generation equipment responds to these variations in 
load. In order to best meet the needs of the 
application, it is necessary to clearly define those 
requirements and intelligently design for the best 
result.  
 
Mechanical Loads. 
 Mechanical loads are common in industrial 
applications and bring three significant problems to 
the cogeneration world. 
 
1. Power Factor is always a concern with localized 
generation. When connected to the utility, Power 
Factor is primarily a financial issue as penalties are 
often imposed for poor power factor. In a localized 

generation plant, power factor is most often 
compensated by oversizing the generator. This 
reduces plant efficiency and increases capital first 
costs. So power factor correction is one area of 
concern which must be addressed. 
 
Figure 3 shows a graph of the electrical power 
produced on a 480V 3 Phase 1200kW service with 
unity power factor.1 Unity power factor means that 
the voltage and current waveforms are in phase. 
There are two vertical axes on this chart. The primary 
on the left shows voltage and current, while the 
secondary vertical axis on the right shows peak 
power in kW. The green waveform is current in amps 
and the blue is voltage in volts. The red waveform is 
the power in kilo Watts. Since: 
 

� = ��√3 csc 	 Equation (1) 
where: 
 P = real or applied power 
 E = instantaneous voltage 
 I  = instantaneous current 
 csc θ = power factor = 1.0 for unity power factor 
 θ = the angle by which the current leads or lags                    
the voltage. 
 
The power waveform is now at twice the frequency 
of the voltage and current, and where the voltage and 
current both vary above and below zero, the power 
waveform is always positive. This situation is known 
as a resistive load, and 100% of the power is known 
as real or applied power. It is what actually does the 
work.  All of this real power is flowing in one 
direction, from the generator to the load. Unity power 
factor is the most efficient application of voltage and 
current.  
 

Notice that the current required to supply 
1200kW average power is just over 2000 amps. 
 

Examining a more realistic scenario, we see from 
Figure 4 an example of a typical mechanical load 
with a power factor of 0.8. Now, due to the effects of 
the inductive components of the electric motors in 
this example, the current lags the voltage by about 
37°. Since the load is going to demand the same real 
power to do the work, it will be necessary for the 
generator to increase the available current from a 
peak of about 2000 Amps to more than 2400 Amps. 
This of course is assuming the generator is capable of 

                                                           
1
 This is an oversimplified illustration for the purpose 

of demonstrating the effect of power factor.1 

 



this increase in current.2 This increased current flow 
requires that the diameter of the copper conductors 
distributing the power be increased and losses are 
increased because of this increased current. 

 

 
Figure 3. 

 
 Now we have introduced two new forms of 
power. They are reactive power known as VAR (volt 
amperes-reactive) or Q, and apparent power known 
as VA (volt amperes) or S. 
 


 = ��√3 Equation (2) 
 

� � 	√
 � � Equation (3) 
where: 
P =  real power 
E = voltage 
I  = current 
S = Apparent Power (VA) 
Q = Reactive Power (VAR) 
 

Now back to figure 4. Not only have we 
increased the losses due to the increased current, but 
notice that the power waveform now extends below 
zero. Now we have power moving in both directions. 
Not only does it move from the generator to the load, 
but from the load back to the generator. 
 

The generator must be sized to adequately supply 
both the applied or real power and the reactive 
power, plus the copper distribution must be sized to 
meet both of these demands. These factors can 
increase the capital costs dramatically. 
 

One last issue with power factor from the 
generator side; many facilities have added capacitor 
banks to the load to compensate for and correct 
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 Most natural gas fired generators are rated for a 

lagging power factor of 0.80. 

lagging power factor. These capacitor banks 
compensate by adding a leading power factor 
component to offset the lagging component of the 
mechanical loads. Since these loads often are 
switched in and out, it is not uncommon for the load 
to appear as a leading power factor to the generator 
from time to time, and most generators do not handle 
leading power factor well.3 Once again, the common 
way to overcome this limitation is to oversize the 
generator. 
 

 
Figure 4. 

 
 
 
2. Step loads are a natural consequence of turning on 
machinery. A step load is defined as either a sudden 
demand for more power, or a just as sudden end of 
demand for power. Usually, a step load is less than 
the total capacity of the generator where a block load 
is the sudden application of a load equal to the total 
capacity of the generator. Our focus here is on step 
loads. Figure 5 illustrates a step load of 650kW both 
suddenly applied and just as suddenly removed. This 
is seen on the thick line. The thin line illustrates the 
measured response of a 1.8MWatt Micro-Turbine 
plant to these step load changes. It takes more than 6 
seconds for the power plant to even begin to respond 
and then the ramp up and ramp down rates are rather 
slow. Some generators will be slower than this, and 
others will be faster, but all natural gas fired 
generator plants will exhibit a similarly shaped curve. 
 
3. Surge currents happen anytime most mechanical 
loads are initially started. We need to find a means of 
feeding those motor starting currents without placing 
a demand on the generator, as these motor starting 

                                                           
3
 Some generators are rated for a leading power 

factor of as low as 0.95. That is still very little 

tolerance. 



currents can easily exceed the dynamic response of 
the generator. 
 

Figure 5. 
 
 
Beyond the Base Load 

This poor dynamic response to sudden changes 
in load is one of the reasons that these systems have 
been limited to serving the base load only. Figure 6 
plots a composite graph of the annual power 
requirements at a food processing plant. As you can 
see, the base load represented by the green line seems 
to be about 400kW while the peak load is just over 
1200kW. That is a considerable swing, and limiting 
our generating capacity to just 400kW not only 
makes it more difficult to justify the capital 
expenditure for cogeneration equipment, but it also 
renders the plant inoperable during periods of grid 
instability. In order to insulate the plant from the grid 
instability, we will have to solve the problem of poor 
dynamic response. 
 

 
Figure 6. Base load vs peak loads. 

 
 
Fault Currents  

Fault currents are sudden massive current 
demands caused by a short circuit either at the utility 
grid or in the load, and often greatly exceed the 
generator’s ability to supply them for long enough to 
blow the fuse or open the circuit breaker. So the 
generator will in many cases disconnect from the 
load to protect itself, causing a power failure.  
 
 

Island VS Grid Connected 
It is mostly impractical to be completely isolated 

from the utility grid. These generator plants are 
usually capable of operating in either grid connected 
mode or in what is termed island mode (completely 
independent of the grid). Some of them however 
operate in different configurations depending on 
whether or not they are connected to the grid. In grid 
connected mode, some of these are configured as a 
current source depending upon the utility for both 
voltage and frequency reference. In the event that the 
utility fails or drifts out of tolerance, the generator 
disconnects from the load and the utility, 
reconfigures as a voltage source and reassumes the 
load. This provides no protection from transient 
power failures, and remember that the Lawrence 
Livermore Labs study (6) concluded that the 
economic losses were not so much related to the 
duration of the outage but to the frequency of the 
outages. In this case the frequency of outages has 
doubled as there is a power outage at loss of utility 
and again as the utility returns and the generator must 
drop the load again and reconfigure. Managing this 
changing environment represents a significant 
challenge for many cogeneration plants. 
 
Utility Interconnect 

Most utilities have stringent interface safety 
requirements for any generator that is going to be 
connected to their grid. This is to insure that human 
life is not at risk of electrocution by a generator that 
is still producing power when the utility is down, and 
to insure that utility distribution equipment ratings 
are not surpassed by sudden fault currents coming 
from the generator in response to a short circuit in the 
utility’s grid. So it will be necessary to consider how 
the cogeneration plant is interfaced to the utility grid. 
 
THE ANSWER. 
Stabilized cogeneration brings together natural gas 
fired power plants with a Rotary Uninterruptible 
Power Supply (RUPS), having a Bidirectional 
Kinetic Energy Store between the utility’s grid and 
the loads and cogeneration plant which we will now 
term a “micro-grid”. Figure 7 shows a sketch of 
where these components sit. 
 
What is a Rotary UPS (RUPS) 

Often when asked what first comes to mind 
when Rotary UPS is mentioned, the word flywheel 
pops up. Of course that is perfectly logical since 
flywheels have become associated with Rotary UPS 
and after all it is rotating, but it is a mistaken 
identification. A Rotary UPS is not based on the 
presence of a flywheel, though in a stabilized 
cogeneration environment, one will be required. 



What makes the UPS a Rotary UPS is having a 
synchronous machine directly connected to the load 
rather than having power electronics directly 
connected to the load. A Rotary UPS can have 
batteries as a short term energy store, and a static 
UPS (one with power electronics directly connected 
to the load), can have a flywheel as a short term 
energy store. In the case of stabilization, it will be 
important to have the ability to very quickly, and 
frequently move power both out of and into the short 
term energy store. Batteries are generally not suited 
to such a dynamic environment, so a flywheel 
(bidirectional energy store), will be the primary 
source and sink for power in stabilizing the micro-
grid. A synchronous machine is required for this 
function because of its special properties. 
 

 
 

Figure 7. 
 
Special Properties of a Synchronous Machine (9). 
1. A synchronous machine can act as a generator or a 
motor (or both simultaneously), depending on the 
configuration and mode of operation. When operating 
as a generator, it produces a pure voltage sinewave, 
not a simulated sinewave. It is harmonic free. 
 
2. A synchronous machine can be used to correct 
power factor. By controlling the excitation of the 
machine, you can control its production of or 
absorption of reactive power (Q in equation 3 above).  
 
3. A synchronous machine can provide overload or 
surge currents well beyond its nominal capacity for a 
short time. This can be used to feed mechanical load 
starting currents and very high fault currents. 
 
4. When switching modes from motor to generator, a 
synchronous machine provides a stable frequency 
and voltage reference to the micro-grid. 
 

5. A synchronous machine with a damper winding 
will absorb harmonic currents from the load reducing 
the need for harmonic mitigation in the micro-grid. 
 
RUPS Requirements to Stabilize the Micro-Grid.(5) 
Now that we have defined what a Rotary UPS is, 
what must the UPS provide in order to stabilize this 
natural gas fired cogeneration plant (micro-grid)?  
 
1. The ability to act as a source and a sink for power, 
both at the same speed, in order to power balance the 
micro-grid. This means power must be able to flow 
both into and out of the short term energy store at the 
same rate. 
 
2. Active regulation of the source/sink charge level. 
We need to insure that there is an adequate level of 
energy stored to fully supplement the power 
requirements of the largest step load, while 
maintaining enough storage space to hold all of the 
surplus energy resulting from the removal of the 
largest step load. 
 
3. Active voltage regulation and power conditioning 
for the micro-grid. This benefits the load anytime 
there are transients either from the utility or from the 
cogeneration plant. 
 
4. Provide a source and a sink for reactive power at 
the load. This feature will not only improve the 
efficiency of the natural gas generator, but it will 
allow the design of the micro-grid without the need to 
oversize the generator to supply reactive power to 
mechanical loads and protects the generator from 
leading power factor. 
 
5. Provide a source for surge currents incurred during 
faults or when starting mechanical loads. Again, this 
eliminates the need to oversize the generator to 
compensate. 
 
6. Active management of the interface to the utility’s 
grid and any transitions from grid connected mode to 
island mode and back to grid connected mode. 
 
7. Control of the power output of all generators in the 
micro-grid. This may also include back-up diesel 
generators for times when the load exceeds the 
capacity of the cogeneration plant. An example of 
this may be when one of the natural gas fired 
generators is taken out of service for maintenance 
and the utility fails. The RUPS can bridge the time it 
takes for the back-up diesel generator to come on line 
and pick up the slack. 
 
 



HOW DOES IT WORK? 
 There are 5 major components of this stabilizing 
Rotary UPS (RUPS). (3,5) 
 
1. First and foremost is a synchronous machine 
capable of operating as both a motor and a generator 
simultaneously. This Motor/Generator is the heart of 
the system. This is accomplished by using a single 
machine with a common rotor, common field 
winding on the rotor (plus a squirrel cage for a 
damper winding), and then two separate windings 
together on the stator. One of these windings will act 
as a motor while the other acts as a generator and 
they can switch functionality instantly upon change 
of operating mode.  
 
2. A dual function isolation and coupling choke is 
employed to connect to the utility, to the micro-grid 
and to the Motor/Generator in a ‘T’ configuration.  
 
 Figure 8 show how this choke is connected. This 
choke has two separate impedances, a high 
impedance isolation choke (L1), and a low 
impedance coupling choke (L3). The Isolation Choke 
is used to restrict the movement of current back into 
the grid to about 2 times the nominal current capacity 
of the Motor/Generator. The coupling choke is used 
to couple the Motor/Generator to the load. Mutual 
inductance exists between these two impedances, and 
reactive power from the Motor /Generator interacts 
with this leakage flux between the impedances to 
change the voltage at the load. This interaction can be 
employed by the RUPS by varying the excitation of 
the Motor/Generator, thus varying the production or 
absorption of reactive power to regulate the output 
voltage. This interaction provides the necessary 
power conditioning to the micro-grid. 
 

 
 

Figure 8. 
 
3. A bidirectional kinetic energy store in the form of 
a large capacity flywheel is used for the source and 
sink of real power to balance the micro-grid. This 
flywheel has a synchronous machine to act as either a 
motor for charging the energy store, or as a generator 
for discharging the energy store.  
 

4. Bidirectional power electronics are used to 
electrically couple the Flywheel to the 
Motor/Generator. Figures 9 and 10 illustrate the 
operation of the bidirectional power electronics with 
the flywheel according to mode of operation. The 
Motor/Generator acts as both a motor and a generator 
simultaneously. As seen in figure 9, the top stator 
winding is acting as a motor driven by a small 
amount of power from either the utility or the micro-
grid. This slight parasitic action provides the motive 
force for the second stator winding which is acting as 
a generator. This provides power to the bidirectional 
electronics, providing frequency controlled power to 
the synchronous machine in the flywheel, to charge 
the flywheel. The level of charge in the flywheel is 
controlled by the RPM of the flywheel. An optimum 
charge is calculated to insure that there is adequate 
energy stored in the flywheel to meet the 
requirements of the greatest step load, and still have 
adequate storage space to store the worst case step 
unload. 
 
 

 
Figure 9. 

 
Figure 10 shows what happens when a step load is 
suddenly applied. Now, the synchronous machine in 
the flywheel becomes a generator, providing power 
toward the bidirectional power electronics which in 
turn provide frequency controlled (60Hz), power to 
the second winding of the Motor/Generator which is 
now functioning as a motor. The primary winding 
which was before functioning as a motor is now a 
generator providing power to the micro-grid, until the 
generator plant has caught up with the load. At that 
time the functions will reverse again and re-charge 
the flywheel. 
 
5. Integrating controls bring the utility interface, all 
generators in the micro-grid and the RUPS into a 
single coherent system. 
 



 
Figure 10. 

 
Figure 11 shows a simplified one-line diagram of a 
stabilized micro-grid. In this example, two micro-
turbines are paralleled to provide up to 1.8MW of 
real power to the load. A diesel back-up generator is 
supplied to provide both a black-start4 capability, and 
to supplement the local generating capacity if 
required during times that the utility is absent and the 
load exceeds the capacity of the natural gas fired 
generating equipment. It also provides for the 
flexibility of serving two types of loads. Critical 
loads are those that cannot tolerate even a momentary 
loss of power, while non-critical loads may be able to 
take a short break in power and be immediately re-
energized. In this example, the non-critical loads may 
be fed by either the utility or the micro-grid. The 
integrating controls will determine the power source 
for the non-critical loads. 
 

The Rotary UPS provides power conditioning to 
the load (voltage regulation and frequency 
monitoring and control), and maintains a voltage and 
frequency reference during times when the utility is 
absent. Because of where it is situated, the generating 
equipment never has to reconfigure from grid-
connected to island mode. The generators always see 
themselves as grid connected so they remain 
configured as a current source. So no matter how bad 
the utility power gets, or how often it fails 
completely, the load is never dropped. 
 

The Rotary UPS also provides all of the 
necessary interface capability for the grid connection. 
It is capable of determining when the utility is 
useable, or out of tolerance, when there is a fault on 
the utility side and when to disconnect from the 
utility. The RUPS also provides a mechanism to 
prevent any power from flowing from the micro-grid 
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 Black-start is the ability to start the system from a 

completely de-energized state to fully operational 

without the presence of the utility. 

back out onto the utility in the event of a utility fault, 
and it is the path by which power is imported from or 
exported to the grid. 
 
SIZING THE SYSTEM 
 This particular application calls for the ability to 
operate without the utility, to use the utility to 
supplement the power requirement of the load when 
one of the micro-turbines is down for service, to 
export back to the utility up to 100% of the 
generating capacity and to have a black-start 
capability. Finally, the design must stabilize the 
micro-grid in the face of a step-load or step-unload of 
650kW. 
 
 

 
 

Figure 11. 
 
 With these considerations in mind, it is clear that 
an 1800kW RUPS is required to meet the import and 
export needs. The flywheel capacity and programing 
will require a little more planning. 
 
 Figure 12 once again illustrates the changing 
load and the generating plant response as previously 
seen in Figure 5. But now we have calculated the 
approximate amount of energy that the plant will 
need to power balance the micro-grid. This is done 
by calculating the area of the triangle formed by the 
intersection of the lines showing the change in the 
load and the response of the generators (3). 
 

Area (triangle) = ½ Base x Height Equation (4) 
 

where: 
Base = length of time power is delivered or absorbed 
Height = peak power delivered or absorbed. 
 



The height of the triangle in this instance equals the 
difference between the step load peak of 1050kW and 
the previous rate of 400kW. 
 

H = 1050kW – 400kW = 650kW Equation (5) 
 
The base is the time it takes for the Micro-Turbine to 
catch up to the load. Once it starts ramping up, it does 
so at an average rate of 23kW/second. This means 
that it will require: 
 

Base = 650kW / 23kW/s = 28 sec           Equation(6) 
A = ½ (28 x 650kW)     = 9,100kWsec  Equation(7) 

 
The Micro-Turbine however does not even begin to 
respond for 6.5 seconds, so it will be necessary to 
supply the full 650kW for that initial 6.5 seconds. 
 

6.5sec x 650kW = 4225kWs Equation(8) 
9,100kWs + 4225kWs = 13,300kWs Equation(9) 

 
Since one Watt second = one Joule, then the required 
energy storage to meet this step load deficit is 13.3 
Mega Joules. 
 

The deficit of power is shown in red, and the 
surplus of power is shown in green (figure 12). The 
red area power will be supplied by the flywheel, 
while the green area power will be absorbed by the 
flywheel. 
 

 
Figure 12. 

In order to meet the demand of approximately 
13.3 Mega Joules of energy required to supply the 
power deficit and still have storage space to absorb a 
surplus of power from the step un-load of 
approximately 12.0 Mega Joules, we choose a 21 
Mega Joule flywheel which we will deliberately 
over-charge to as much as 141% of its nominal full 
charge value of 21 MJ. 
 

The volume of energy stored in the flywheel is a 
function of the speed of the flywheel in RPM. The bi-
directional power electronics provide the control for 
setting the speed of the flywheel. At a full charge of 
21MJ, this flywheel will turn at 3300 RPM and it will 
be fully discharged at 1800 RPM. At 3750 RPM this 
flywheel will store 29.6MJ and a new nominal speed 
is set for 3060 RPM and a stored energy level of 
16.8MJ. This is the value which will be maintained 

and to which the flywheel will be recharged once it is 
discharged. 
 

Comparing figures 12 and 13, note the red and 
green areas and to points 1 & 2. Point 1 on figure 12 
is the point in time when the stabilizer is no longer 
required to supply power for this step-load and point 
2 is the point in time when the stabilizer is no longer 
required to absorb the step-unload. As you can see 
from figure 13, there is a buffer zone of power 
remaining in the flywheel after point 1 is reached and 
there is still some space above point 2. The goal is to 
find a nominal speed for the flywheel which will 
meet the requirements of the step-loads and step-
unloads. On systems with larger step loads and or 
slower responding generators, an additional flywheel 
can be connected in parallel to double the flywheel 
capacity and the RUPS too can be paralleled to 
extend their capacity. 
 

 
Figure 13. 

 
The Result 
 Figure 14 shows a live test on a similar system 
with a 1.8MW Micro-Turbine cogeneration plant. It 
simulates a step-unload of 950kW from a full load of 
1800kW, then a 950kW step-load, both while grid 
connected. Next it simulates a loss of utility, 
followed by the same step-unload and step-load tests 
both in island mode. The result is a voltage variation 
of not more than 1% of nominal and a frequency 
variation of not more than ½% of nominal and those 
variations are very short in duration. 
 

 
Figure 14. 



SUMMARY 
 The integration of a Rotary UPS with a 
Bidirectional Kinetic Energy Store with commonly 
available Natural Gas Power Plants holds the promise 
of surviving the ever increasing grid instability, at 
least on a site by site basis. 
 
 While these are “Engineered” systems, the basic 
building blocks are essentially off-the-shelf 
technologies. They bring about the ability to custom 
tailor a system to meet the specific needs of any 
given site. These systems may be configured from 
generating plants as small as 200kW to multi-MW 
and anywhere from 480Volts to Medium Voltage 
systems. The Rotary UPS components may be as 
small as 500kW to 40MW, and all of the components 
in these systems have very long operational life 
expectancies and very high reliability histories. 
 
 Among the benefits realized by these 
systems(3,5): 
 

• Enables local generation of 100% of the 
sites power requirement with or without 
connection to the utility (freedom from base-
load limitation) 

• Highly reliable and robust power to the load 

• Conditioned power to the load 

• Stable voltage and frequency in the face of 
step-loads 

• Seamless transition from grid-connected to 
island mode and back again with no loss of 
load 

• Power Factor Correction back to the utility 

• Reduced carbon footprint and water 
evaporation 

• Enables controlled power importation from 
and exportation back to the utility 

• Simplifies the interconnection of a 
cogeneration plant to the utility grid 

• Enables the prevention of reverse power 
back to the utility where required 

• Eliminates the need to oversize 

• Provides safe fault clearing capacity in all 
modes of operation 

• Reduced operating and lifecycle costs 
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ABSTRACT 

The Environmental Protection Agency’s (EPA) Clean Power Plan represents a strong driver for deployment 

of combined heat and power (CHP). A recent ACEEE report found 68 million MWh of U.S. energy could be saved 

in 2030 from installing cost-effective CHP, representing around 18 GW of avoided capacity. About half of this 

capacity – 9.4 GW – comes from the industrial sector. This paper provides guidance to industrial stakeholders in 

assessing the opportunity to provide Clean Power Plan compliance solutions with CHP. Key questions that will be 

addressed include: 

 

 What does CHP do to contribute to Clean Power Plan compliance? 

 Who is likely to be involved in Clean Power Plan compliance? 

 When should industrial customers consider investing in CHP? 

 Where is the potential for CHP to save energy and reduce emissions in the industrial sector? 

 Why is CHP an important compliance mechanism? 

 How will CHP earn credit in a 111(d) compliance plan? 

 

 

 

INTRODUCTION 

Combined heat and power (CHP) is an energy-

efficient method of generating both electricity and 

useful thermal energy in a single, integrated system. 

The average efficiency of a fossil fueled power plant 

in the U.S. is currently about 35 percent, meaning 

almost two-thirds of the energy contained in the fuel 

input is lost as wasted heat (8). By contrast, a CHP 

system has the ability to recover heat that would 

otherwise be wasted, and put this energy to use onsite. 

Further, by avoiding the purchase of electricity from 

the grid, energy losses that normally occur with 

transmitting and distributing electricity are eliminated. 

Thus, CHP systems regularly achieve energy 

efficiencies of 60 – 80 percent, which is significantly 

greater than producing heat and power separately.1 A 

typical CHP system produces about half the annual 

CO2 emissions of generating heat and electricity 

separately, while providing the same amount of energy 

to the user (9). 

 

Because of CHP’s energy, environmental and 

other advantages, efforts have been developed across 

the country to increase deployment. President Obama 

established a national goal of 40 gigawatts of new 

CHP capacity by 2020 (12) and the Department of 

Energy is providing regional and state technical 

assistance to help achieve this goal (6). The federal 

business energy investment tax credit (ITC) also 

incentivizes CHP systems by offering a credit for 10% 

of CHP project costs (11).  

                                                 
     1 Expressed as higher heating value (HHV).  

 

States have also developed innovative approaches 

to encourage energy savings and emissions reductions 

from CHP. Twenty-two states recognize CHP in one 

form or another as part of a clean energy standard such 

as a Renewable Portfolio Standard or Energy 

Efficiency Resource Standard (13). Sixteen states 

offer some form of tax credit, incentive, or grant 

program to encourage CHP deployment (13).  

 

In spite of these efforts, CHP continues to face a 

number of barriers to increased deployment. CHP 

systems require large capital investments and payback 

periods are often longer than many industrial 

customers can easily justify. The existing business and 

regulatory structure governing many electric utilities 

can also discourage industrial customers from 

investing in CHP since utility revenues are frequently 

tied to energy sales and CHP reduces energy use. This 

barrier is evident in the challenges some CHP 

operators experience with grid interconnection and in 

standby fees levied against CHP system operators in 

some states. Without state-level regulations and 

policies to address these barriers, CHP deployment 

remains challenging in many parts of the country. 

 

Federal carbon pollution standards could be a 

catalyst for overcoming many of the existing barriers 

to CHP deployment. On June 2, 2014, EPA proposed 

a draft rule that utilizes Section 111(d) of the Clean Air 

Act to regulate CO2 emissions from existing power 



plants (1). Also known as the Clean Power Plan, these 

air quality regulations will create demand for low-cost 

and rapidly deployable emissions reduction measures 

like CHP, providing a new justification for states and 

utilities to increase support for CHP projects. An 

enormous opportunity exists for the industrial sector to 

be compensated for supplying 111(d) compliance 

solutions through the installation of CHP.  

 

The following paper addresses the role of CHP in 

EPA’s 111(d) rule and provides guidance to industrial 

stakeholders in assessing CHP as a compliance 

mechanism. The paper answers six basic questions and 

is designed to provide the industrial customer with a 

complete picture of the information currently available 

on the subject.  

 

FIVE W’S AND ONE H 

With the rule currently in draft form and a final 

rule subject to legal interpretation, there are more 

questions than answers when it comes to the treatment 

of CHP in the Clean Power Plan.  The “Five Ws and 

One H” framework (who, what, when, where, why and 

how) is a simple method of inquiry sometimes used in 

journalism to help put together a complete story on a 

subject. Here, we apply this information-gathering 

technique to the role of CHP in 111(d) and have 

elaborated the following six questions for 

consideration: 

 

1. What does CHP do to contribute to Clean Power 

Plan compliance? 

2. Who is likely to be involved in Clean Power Plan 

compliance? 

3. When should industrial customers consider 

investing in CHP? 

4. Where is the potential for CHP to save energy and 

reduce emissions in the industrial sector? 

5. Why is CHP an important compliance 

mechanism? 

6. How will CHP earn credit in a 111(d) compliance 

plan? 

 

Without clear and final guidance from EPA on 

how CHP will be treated, the answers to these six 

questions can only be based on a practical 

understanding of guidance published in the draft rule, 

pre-existing EPA guidance on the treatment of CHP, 

existing state CHP practices, and hypotheses being 

discussed in the CHP community. It is important to 

note that answers here do not provide a definitive 

representation of how CHP will be treated in the final 

rule. Rather, answers offer a best guess at scenarios 

                                                 
     2 Additional recommendations on how to calculate 

emissions savings from CHP are available in 

that states and industrial customers may consider. The 

purpose of this exercise is to envision how industrial 

customers may contribute to state compliance through 

CHP. 

 

What does CHP do to contribute to Clean Power Plan 

compliance? 

The goal of the Clean Power Plan is to cut carbon 

emissions from existing power plants and CHP 

contributes to this goal by shifting electric load away 

from conventional power plants to the CHP unit 

(typically near the point of use) thereby reducing 

power sector emissions and providing emissions 

savings overall. States can consider both new and 

existing CHP systems installed by industrial facilities, 

commercial and institutional office buildings, and 

campuses as compliance measures in their compliance 

plans. The end-use energy efficiency gains and overall 

emissions reductions from these systems can help 

states achieve their emissions targets and individual 

facility owners may be compensated for their 

contribution through a variety of mechanisms, 

discussed later in this paper. 

 

Even though CHP burns less fuel and has fewer 

emissions overall when compared to separate heat and 

power, installing a CHP system will generally increase 

the emissions at the site as a result of increased fuel 

consumption. States should only seek credit for the 

emissions associated with the amount of electricity 

generation the system is displacing at the central 

station.  Any incremental increase in onsite emissions 

should be subtracted from the total savings.2  

 

Who is likely to be involved in Clean Power Plan 

compliance? 

Many entities are likely to be involved in Clean 

Power Plan compliance during one or several parts of 

the process including state planning, implementation, 

monitoring, reporting, enforcement and other aspects. 

These entities may include state air regulators, state 

governor’s offices, state energy offices, public utility 

regulators, utilities, regional EPA representatives, 

regional transmission organizations or independent 

system operators, and other energy sector 

stakeholders. In most states, state air agencies are in 

the process of engaging stakeholders to create plans 

for compliance with state-specific emissions targets 

set by the EPA. The state air office is ultimately 

responsible for submitting a compliance plan to its 

regional EPA office for approval. Specific roles and 

responsibilities for the various entities involved will be 

contained with the plan.  

comments ACEEE submitted to the EPA on the 

proposed rule in November 2014 (2). 



 

Because the proposed rule allows end-use energy 

efficiency measures as part of a state’s strategy for 

compliance, industrial customers can play an 

important role in providing compliance solutions. The 

industrial sector has the potential to provide 

approximately 6,420 trillion British thermal units of 

primary energy savings to states across the US (17). 

This energy savings represents avoiding the energy 

required to power the state of Florida, the third ranking 

state for overall energy consumption, for a year and a 

half (7). As states become interested in capturing these 

industrial sector savings for compliance purposes, 

more incentive exists to reduce demand at industrial 

facilities.  

 

To encourage these savings, states may 

implement mechanisms that encourage 

implementation of low cost energy efficiency 

measures like new CHP systems. With improved 

economics, industrial customers can more easily 

justify the upfront cost of installing CHP and take full 

advantage of the reduced operating costs, increased 

productivity, and greater business competitiveness 

that CHP provides. States might also develop 

mechanisms that reward electricity generation from 

existing CHP units already in operation at industrial 

facilities. For owners of existing systems, this could 

improve the economics of running the system more 

often and increase the amount of annual cost and 

energy savings the system provides. 

 

In light of these opportunities, industrial 

customers should consider communicating with state 

policy makers about how they would like to see 

compliance plans structured in their state. Hearing that 

industrial customers are interested in energy efficiency 

and CHP will help ensure that effective systems to 

reward these measures are included in state 

compliance plans. 

 

When should industrial customers consider investing 

in CHP? 

Industrial customers should consider investing in 

CHP today. Many states are evaluating options for 

how to meet their compliance obligations and 

discourse with stakeholders should start early. Planned 

investments in CHP should be included in state 

analysis and estimates of forecasted emissions 

reductions. The EPA is expected to release its final 

rule in summer 2015, after which states will have one 

year to write and submit their compliance plans.3 It is 

important that a framework for incorporating low-cost 

                                                 
     3 If participating in a multi-state approach, the 

group of states will have two years and compliance 

savings from CHP has been developed to facilitate its 

inclusion in a compliance plan.  

 

Some people are concerned that investments in 

CHP today may not count during the proposed 

compliance period of 2020 to 2030, which could result 

in industrial customers delaying investments in CHP. 

Actually, it seems reasonably clear that EPA considers 

any new energy efficiency measures, policies, 

projects, and programs put in place after the rule was 

released on June 2, 2014 as eligible compliance 

strategies. It also seems reasonable that savings 

occurring during the compliance period from CHP 

systems installed even before the rule was released 

could also count toward compliance. With a typical 

two-year lead time to get a CHP project up and 

running, an investment in CHP today is the best way 

to ensure the system is operating at the highest level of 

efficiency during the compliance period. With a 

measure life of about 20 years (depending on 

technology and application), savings from CHP 

systems installed today will continue to provide 

energy savings for state compliance well beyond the 

end of the compliance period in 2030. Even without 

the Clean Power Plan, long-term energy savings could 

make CHP a good investment for industrial customers 

today based on energy cost savings alone. 

 

Where is the potential for CHP to save energy and 

reduce emissions in the industrial sector? 

The potential to save energy and reduce emissions 

from CHP exists in every state, and with the right set 

of economic conditions, industrial CHP can provide 

significant energy savings. About 86% of the 82 GW 

of current installed CHP capacity is in the industrial 

sector, with the most CHP capacity in the chemicals, 

refining, and paper industries (14) (5). However, the 

amount of CHP currently installed is far below its 

estimated potential, making CHP a readily available 

option for achieving large energy savings in the future. 

EPA estimates the technical potential for additional 

CHP at existing industrial facilities is about 65 GW 

(5).  

 

The potential for industrial CHP varies widely by 

geographic region. ICF International conducted a 

study in 2013 that identified technical potential for 

new, natural gas fueled CHP in each state, with 

amounts ranging from the smallest industrial sector 

technical potential of 11 MW in Washington, DC to as 

much as 4,157 MW in California (16). In this case, 

technical potential is an indicator of the potential size 

and distribution of CHP based on electric and thermal 

plans are due by summer 2017. States may also apply 

for a one-year extension. 



demand at existing facilities, but does not reflect a 

screening for cost effectiveness or consider other 

economic factors that impact the market penetration 

for CHP.  

 

In a recent report, Change Is in the Air: How 

States Can Harness Energy Efficiency to Strengthen 

the Economy and Reduce Pollution, ACEEE adapted 

ICF’s technical potential data to estimate how much 

energy savings new CHP could cost-effectively 

contribute to compliance with the Clean Power Plan 

(15). This analysis found that states could cost-

effectively install more than 18 GW of new CHP 

capacity by the year 2030 without any new policy 

incentives. About half of this capacity -- 9.4 GW -- 

comes from CHP installations in the industrial sector. 

The states with the highest amount of cost-effective 

industrial CHP potential include California, New 

York, Texas, New Jersey, and Massachusetts.  

 

ACEEE’s analysis of CHP potential showed 

approximately 33.7 million MWh of industrial savings 

from new, natural gas fueled CHP in the industrial 

sector alone by 2030. Table 1 shows the potential 

contribution of cost-effective industrial sector CHP to 

Clean Power Plan compliance in the year 2030 by 

state.  

 

It is important to note that amounts presented here 

reflect a set of assumptions that constrain the scope of 

savings CHP can contribute to Clean Power 

Plan compliance. For example, only new CHP 

capacity is considered in the report, 

but existing CHP capacity may also contribute to a 

state’s emissions reductions. Further, only natural gas 

fueled CHP systems sized under 100 MW were 

considered and only projects with short payback 

periods were assumed to be deployed. Systems 

represented here do not export excess power to the 

grid, which could dramatically increase potential 

energy savings from CHP in a state. This explains why 

some states do not show any new potential energy 

savings from industrial sector CHP in the table. 

However, factoring in existing and renewable-fueled 

CHP systems, plus incorporating the economic 

impacts of additional policies and programs to 

encourage CHP could substantially increase savings 

estimates across all states but was beyond the scope of 

this analysis.4   

                                                 
     4The potential estimates presented in this paper 

were adapted from analysis contained in ACEEE’s 

2014 report, Change is in the Air: How States Can 

Harness Energy Efficiency to Strengthen the Economy 

and Reduce Pollution. A more detailed explanation of 

 

Table 1. ACEEE estimate of potential CHP 

contribution to EPA Clean Power Plan compliance in 

the year 2030 

 

State 

Industrial Annual 

Energy Savings in 

2030 (MWh)5 

Alabama 0 

Alaska 203,933 

Arizona 124,824 

Arkansas 167,774 

California 6,349,215 

Colorado 294,747 

Connecticut 1,385,338 

Delaware 0 

District of Columbia 0 

Florida 965,853 

Georgia 729,519 

Hawaii 100,505 

Idaho 0 

Illinois 963,007 

Indiana 256,103 

Iowa 0 

Kansas 217,395 

Kentucky 972,513 

Louisiana 1,431,580 

Maine 0 

Maryland 0 

Massachusetts 1,894,548 

Michigan 181,949 

Minnesota 547,595 

Mississippi 548,531 

Missouri 0 

Montana 0 

Nebraska 149,093 

Nevada 0 

New Hampshire 446,435 

the key assumptions from that analysis is available in 

the Appendix on p.50. 

     5Annual electricity savings are electricity savings 

occurring in a single year from the combination of 

measures implemented in the current year and active 

savings from measures implemented in prior years. 



State 

Industrial Annual 

Energy Savings in 

2030 (MWh)5 

New Jersey 2,620,158 

New Mexico 78,224 

New York 5,974,986 

North Carolina 0 

North Dakota  33,585 

Ohio 614,440 

Oklahoma 0 

Oregon 0 

Pennsylvania 0 

Rhode Island 182,532 

South Carolina 510,171 

South Dakota 2,636 

Tennessee 360,821 

Texas 2,717,967 

Utah 0 

Vermont 204,963 

Virginia 661,033 

Washington 0 

West Virginia 258,401 

Wisconsin 1,576,885 

Wyoming 21,839 

National 33,749,100 

Source: Adapted from Hayes, et al. 2014 (15) 

 

Why is CHP an important compliance mechanism? 

CHP is an important compliance mechanism 

because it is one of the lowest cost compliance options 

available to states. Studies have shown that CHP is a 

low-cost-generation option when compared with the 

cost of reducing emissions from other sources (3). 

Further, in many parts of the country, CHP not only 

provides cost-effective emissions reductions and 

operating savings for the CHP owner or operator, but 

it also represents an economical supply of new 

generation. A recent report comparing the cost of 

electricity generated from small, medium, and large 

CHP projects with delivered electricity costs in New 

Jersey indicated that CHP represents a cost-effective 

source of new generation capacity for the state as a 

whole and that these conditions exist in other regions 

(5).  

 

States are not the only stakeholders who benefit 

from including CHP in a compliance plan. All 

different types of stakeholders – industrial customers, 

utilities, grid operators, and society as a whole – 

benefit when CHP is utilized as a compliance 

mechanism. Industrial customers benefit from the 

lower operating costs, increased productivity, and 

greater business competitiveness. Utilities and grid 

operators benefit from the improved grid reliability 

and reduced demand on the existing transmission and 

distribution infrastructure. More broadly, CHP 

benefits society overall. Many CHP systems have 

provided essential power services that have kept 

people safe during grid outages and extreme weather 

events such as Hurricane Sandy (4). Investments in 

CHP also reduce energy costs for customers overall 

and increase public health by reducing air pollution.  

 

How will CHP earn credit in a 111(d) compliance 

plan? 

CHP could earn credit in a 111(d) compliance 

plan in many different ways, depending on how states 

choose to structure their plans. EPA did not provide a 

great deal of detail in its draft rule on how states can 

obtain credit for CHP, but CHP is one of several 

energy efficiency measures that states should consider 

as part of a compliance strategy. In a technical support 

document accompanying the proposed rule, EPA 

indicated it considers CHP as one of the energy 

efficiency measures for which evaluation, 

measurement and verification (EM&V) procedures 

and protocols are most well established (10). States 

could view this as an indicator that CHP is an energy 

efficiency measure with well-understood program 

types and emissions reductions that can be reliably 

measured for compliance with the rule.  

 

States have a great deal of flexibility in how they 

choose to comply with the rule. For example, a state 

may choose to approach compliance with a rate-based 

goal or a mass-based goal and this decision will impact 

the structure of its compliance plan. A rate-based goal 

represents emissions of carbon dioxide per unit of 

electric generation (lbs/MWh), while a mass-based 

approach sets a cap on total tons of CO2 emissions. 

CHP can contribute valuable emission reductions 

regardless of the whether a state takes a rate-based or 

mass-based approach. The following section offers a 

brief description of three broad structures within 

which a state might seek credit for reducing carbon 

dioxide emissions with CHP: state- or utility-run 

programs, market-based trading programs, and 

bilateral contracts. Either approach – a rate-based or 

mass-based goal – works with these different 

approaches, and CHP can provide meaningful 

compliance solutions in any of these structures. 

 

State- or utility-run programs: Many states and 

utilities have experience implementing energy 



efficiency programs and these existing frameworks 

could provide the groundwork for crediting CHP 

systems under 111(d). One simple approach might be 

for a state to include CHP as an eligible resource in an 

energy efficiency resource standard (EERS). As noted 

earlier, 22 states already do this to varying extents. Or, 

a state may choose to set a CHP-specific annual target 

requiring utilities to obtain a certain amount of 

generation from CHP in a given year or by a certain 

year. Another option is for a state or utility company 

to develop and seek credit for an incentive or rebate 

program for CHP deployment targeted at utility 

customers. States might also consider developing an 

incentive program targeted at utilities (rather than their 

customers) to encourage utility ownership of CHP 

assets. There are many more state- and utility-run 

program design options than just those listed here. 

States should carefully evaluate the set of available 

options and choose a structure that fits best within its 

current context. 

 

Market-based trading programs: A state may 

develop or participate in a market-based approach to 

reducing carbon dioxide emissions that recognizes 

emission reductions from CHP. Trading programs 

would be authorized through individual state 

legislation and implemented through state regulations 

(10). The Regional Greenhouse Gas Initiative (RGGI), 

which includes participation from nine northeast and 

Mid-Atlantic States, is one example of an existing 

market-based trading program. California’s emissions 

trading program established under AB 32 is another 

example. Program designs include different features 

but generally, facilities or sectors covered by the 

trading program are required to obtain a certain 

number of emission allowances and demonstrate 

compliance at specific time periods. Industrial CHP 

owners could earn and sell allowances, verified 

through a tracking or registry system, to sources 

seeking to lower their emissions. Trading programs 

may also work in conjunction with the state- or utility-

run programs described above. 

 

Bilateral contracts: A state may also seek credit 

for energy savings achieved through bilateral contracts 

with third-parties. In this scenario, an affected party 

with a 111(d) compliance obligation might enter into 

a contractual agreement with an industrial CHP 

facility to purchase more efficient and lower carbon 

electricity generation. Energy savings through 

bilateral contracts can be tracked and verified for 

111(d) compliance through a registry system to ensure 

they are real and to avoid double counting. Each 

contractual agreement will include different 

stipulations and specifications depending on the 

parties involved, but contracts will provide 

documented energy savings that states may seek credit 

for in a state plan. 

 

All of the options described above are viable 

strategies for incorporating CHP in a state compliance 

plan and each framework includes a revenue 

mechanism that benefits CHP system owners. 

Activities within each of these structures reduce 

barriers to CHP deployment and help the state reach 

its emissions target at the lowest cost while also 

providing additional benefits to industrial customers, 

utilities, grid operators, and society as a whole. A 

state’s existing regulatory structure is likely to 

influence which structure it chooses and other 

structures beyond those listed here are possible.  

 

CONCLUSION  

The Clean Power Plan represents a strong driver 

for deployment of CHP in the industrial sector. 

Without any new policy incentives, approximately 

33.7 million MWh of industrial electricity savings 

could be achieved by the year 2030, considering only 

new natural gas fueled CHP. Factoring in existing and 

renewable-fueled CHP systems, plus the impacts of 

additional policies and programs to encourage CHP, 

would substantially increase potential savings. With 

the right economic conditions, the potential to save 

energy and reduce emissions with CHP exists in every 

state and the industrial sector can contribute a 

significant amount of savings for Clean Power Plan 

compliance.   

 

The six key questions answered in this paper 

provide the industrial customer with a practical 

understanding of how CHP may be treated under the 

Clean Power Plan. As an important stakeholder in the 

process, industrial customers can use this information 

to envision how they fit into a state compliance 

strategy and communicate with policy makers and 

other stakeholders about how they would like to see 

compliance plans structured. Regardless of the 

regulatory approach to Clean Power Plan compliance 

a state chooses, CHP can be viewed as more than just 

an emissions reduction strategy. Increasing the use of 

CHP across a range of industries can ultimately 

facilitate new revenue streams for industrial customers 

and foster greater competitiveness for businesses in 

the state. 
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ABSTRACT 
High demand charges and lucrative demand 

response programs have many large facilities 

considering the deployment of energy storage 

technologies. Technologies developed for facility- 

and campus-scale energy storage are now proven 

solutions for managing short-term demand peaks as 

well as longer-period demand response events. 

 

The paper’s authors have investigated 

facility/campus-scale energy storage for efficiency 

program administrators in the US and recently 

completed a storage technology research report for an 

international consortium of utilities. This work has 

identified promising avenues for distributed storage. 

Currently, facility-scale storage has three primary 

applications: power quality, bridging power, and 

energy management. All three of these uses inform 

the development of strategies for utilizing distributed 

storage for successful power continuity and demand 

management strategies. 

 

This paper will present the technical properties 

of current energy storage technologies, and the 

technical and market barriers associated with 

distributed storage. 

 

 

INTRODUCTION 

Modern energy storage originated at the grid 

scale in the mid-1920s in the form of pumped hydro 

storage in order to provide a means of shifting 

electricity from periods of low demand to periods of 

high demand [1]. Little research was devoted to 

energy storage applications from that time until the 

1990s, when the Sandia National Laboratory (SNL) 

identified and documented thirteen ways that 

utilities could use energy storage. Finally, during 

the summer of 2013, SNL released an updated 

electricity storage handbook detailing additional 

uses for energy storage‒specifically, behind-the-

meter, customer applications [1]. The focus of this 

paper is on the practical considerations of customer 

energy storage applications, the energy storage 

technologies currently available and emerging, and 

the primary barriers to widespread behind-the-meter 

energy storage implementation. 

 

Energy storage has become a proven solution for 

a variety of commercial end uses, including demand 

response, peak demand reduction, power quality 

regulation, and emergency response. While there are 

several types of technologies that support facility-

scale energy storage, batteries, and flywheels are the 

most mature and readily available for smaller 

applications. The advantages that batteries offer over 

competing technologies, such as generators, are 

response times on the order of milli-seconds and 

highly accurate load-following capability. Their 

primary disadvantages are routed in the fact that the 

market is still evolving such that costs are high, the 

best technologies are not widely available, and most 

city building codes accept only the most basic 

technologies for indoor installations.  

 

There is ever-increasing recognition of the huge 

role energy storage will play in modern electrical 

utility grids that rely on large percentages of 

renewable or intermittent generation. This, combined 

with the growing acceptance of hybrid and electric 

vehicles, is driving a research boom in the area of 

batteries. There are many promising battery 

technologies suitable for facility-scale energy 

storage, ranging from research endeavors, such as 

iron-chromium chemistries, to mature commercial 

technologies such as lead-acid batteries.  

 

Despite the need for energy storage solutions, 

there are still significant barriers to the widespread 

implementation of energy storage. These include the 

current high costs of battery systems, public 

perception of safety, material hazards, and building 

code acceptance. It is estimated that once batteries 

achieve installed costs of $300 per kWh they will be 

able to displace generation used for peak power 

requirements [12]. If energy storage providers, 

utilities, and facilities can work together to overcome 

these barriers, energy storage can provide solutions 

for grid stability, power quality, demand 

management, and renewables integration. 

 

Key Terminology 

In order to understand the functions that energy 

storage serves for utilities and their customers, 

certain key parameters need to be defined. The first 

of which is discharge time, which is defined as the 

amount of time that a battery can maintain its rated 

power output. Energy storage applications can 

generally be categorized in one of three groups – 

power quality, bridging power, or energy 



management – that describe a sliding scale of 

increasing discharge time illustrated in Figure 1.  

 

 

 

 
Figure 1. Use Categories on the  

Discharge Time Spectrum 

 

Applications for energy storage can be 

categorized even more generally as either power 

(demand) applications or energy (consumption) 

applications. A power application refers to a system 

that is primarily designed to provide power to the 

system over a short time period in order to reduce 

momentary peak power levels and/or to improve 

facility power quality. Energy applications are 

designed primarily to shift energy usage from one 

time period to another. Like the sliding scale of 

discharge times, there is a sliding scale between 

power and energy applications with a broad grey area 

in between.  

 

Table 1 contains key terminology and their 

definitions. Important implications are also provided 

for additional insight as considerations.

 

Table 1. Key Terminology 

Term Definition Considerations 

Depth of 

discharge (DOD) 

The percentage of a battery’s technical 

energy capacity that has been 

discharged 

Batteries are rated for DOD, and cycling beyond this 

will significantly reduce cycle life for certain battery 

types.  

Power capacity The kilowatt (kW) output that the 

equipment is safely rated to operate at 

Operating at higher power outputs, relative to the 

battery’s rated power, can cause excessive wear and 

tear. 

Energy capacity The total amount of energy (kWh) that 

the storage can hold 

The technical energy capacity of the battery will be 

greater than the rated energy capacity because of 

efficiency losses and depth of discharge limitations 

(see below)1. 

Discharge time The maximum duration over which a 

battery can discharge at its rated 

power 

Discharge time is derived from the ratio of the 

battery’s energy capacity to its power capacity.2  

Cycle life The number of charge and discharge 

cycles that a battery can sustain within 

its EUL 

Cycle life varies widely by technology, as well as 

within each technology, by manufacturing quality 

and operating conditions. 

Degradation The rate of reduction in a battery’s 

technical energy capacity over time or 

use 

Most batteries are considered at the end of their 

expected useful lifetime (EUL) when they reach 80% 

of their original energy capacity3. Degradation rates 

are impacted by battery design and operational 

factors including the DOD, operating temperature, 

and rate of discharge. 

Self-discharge rate The rate at which batteries lose energy 

while idle 

Typically 2% to 5% of the total system capacity per 

month for lithium-ion (li-ion) and lead acid batteries; 

in part this rate defines the shelf life of the battery. 

Round-trip 

efficiency 

The ratio of usable energy to the 

energy required to charge the battery 

Round-trip efficiency is a measure of the charging 

and inverter losses. 

Power density The battery’s power output (kW) per 

unit of the device’s physical volume 

Power density defines how much space a battery will 

need for a given power rating. 

Energy density The battery’s energy capacity per unit 

volume 

Energy density defines how much space a battery 

will require for a given energy capacity. 

                                                           
1Technical energy capacity × Maximum DOD = Energy capacity 

2It is useful to compare batteries to a car in order to understand these terms. If power capacity is the “top speed” of the battery, 

energy capacity is the “gas tank,” and discharge time is the “miles” that the battery system can travel without refueling. 

3Most batteries lose energy capacity in a linear fashion up until they reach a critical point, called rollover. At this point 

degradation gathers speed rapidly and the battery soon becomes inoperable. Not all batteries have a rollover point. 

Power 
Quality

Bridging 
Power

Energy 
Management

Seconds Minutes Hours 



 

FACILITY APPLICATIONS FOR ENERGY 

STORAGE 

Energy storage equipment is expensive and 

business facility owners are only likely to install the 

equipment if it is necessary or provides tangible 

value. An example is the installation of 

uninterruptible power supplies (UPS) to keep critical 

systems operating during brief power disruptions. 

Also, incentives through rate structures, or other 

mechanisms, can create value streams that outweigh 

the capital cost and risks associated with installing 

the storage system. The facility uses for energy 

storage that will be covered in this paper are: 

1. Power quality and dependability 

2. Demand charge reduction 

3. Demand response 

4. Retail energy time shift 

5. Renewables integration 

 

These end uses are covered by the most recent 

version of the DOE Energy Storage Handbook and 

are supported by multiple interviews with energy 

storage system providers. Their comparative 

parameters are summarized in Table 2. 

 

Table 2. Facility Use Characteristics [1] [3] [4] 

Facility Use 

Power 

Capacity 

Discharge 

Time 

Frequency 

of Use 

Power quality 

and 

dependability 

100 kW 

to 1 MW 

15 

minutes 

or less 

Variable; 

as needed 

Demand 

charge 

reduction 

50 kW to 

1 MW 

1 to 4 

hours 
Daily 

Demand 

response 

50 kW to 

1 MW 

4 to 6 

hours 
Infrequent 

Energy cost 

savings 

100 kW 

to 1 MW 
> 1 hour Daily 

Renewables 

integration 

(power 

quality and 

dependability) 

100 kW 

to 500 

MW 

up to 

several 

hours 

Daily 

Renewables 

integration 

(energy 

shifting) 

100 kW 

to 500 

MW 

> 1 hour Daily 

 

Power Quality and Dependability 

Energy storage systems that correct poor-quality 

power protect facility equipment such as compressors 

and servers, and those that provide dependable power 

prevent loss of business from equipment downtime. 

Some examples of poor-quality power that can be 

corrected with an energy storage system are 

variations in voltage and harmonic distortions. 

Dependability power solutions are installed when 

even short interruptions of service are unacceptable 

to equipment or business operations and are typically 

used as transition power while generators start up. 

 

These types of systems are commonly known as 

UPSs. Because they are necessary for certain types of 

equipment and commerce, they have become the 

second-most installed type of energy storage, 

measured in total installed kW of capacity, after 

utility scale bulk storage [5]. Although data centers 

are the primary businesses purchasing UPS systems, 

other building types also utilize UPSs, such as: 

 Telecommunications – Telecommunications 

companies utilize equipment that is very 

similar to data centers and is also vulnerable 

to low-quality power. 

 Industrial – Certain industrial processes may 

result in costly loss of product if there are 

power interruptions, even if on a very short 

time scale. 

 Emergency response – 911 call centers are 

often required by law to have a UPS system. 

 Medical – Hospitals may have certain types 

of equipment that cannot have power 

interruptions.  

 

Demand Charge Reduction (Peak Clipping) 

Utilities assess demand charges ($/kW) to 

commercial and industrial facilities based typically 

on their highest monthly demand. If periods of peak 

demands can be predicted, then battery systems can 

be discharged to offset the peak demands and lower 

demand charges for the facility.  

 

The interviews ERS conducted revealed that 

businesses that design and provide energy storage 

system services report simple paybacks of 5 to 7 

years for facilities that have more than 50% of their 

electric bill from demand charges. By targeting 

facilities with intermittent and large demand spikes, 

energy storage systems can yield large cost savings 

with a low-energy, and thus low-cost, solution. 

Energy storage system suppliers unanimously 

indicated in interviews that demand-charge savings 

are the primary driving force of nearly all non-UPS 

facility-scale storage projects. 

 

A key component of a demand charge reduction 

system are the controls used to predict when peak 

demand periods will happen, and to deploy the stored 

energy within the battery to offset demand during 

that period. Being able to predict the peak demands is 



critical for this to happen since most demand charges 

are set by a 15-minute average peak demand for the 

month regardless of the time of occurrence. 

 

Demand Response 

Demand response (DR) programs offer to pay for 

reliable demand reduction during certain peak demand 

windows. These peak demand “events” typically occur 

during summer peak usage hours with each event lasting 

4 hours or longer. Utilities sponsor DR programs to 

alleviate loads on the electricity distribution system 

during periods of anticipated heavy use. 

 

The lucrativeness of demand response events 

varies by region, but in some cases it may be 

worthwhile for a facility to expand a relatively low-

energy battery system to accommodate local demand 

response requirements. Systems designed for demand 

response will have the same approximate discharge 

capacity as demand charge reduction systems, and 

could potentially be used for either purpose during 

any given month. There is a tradeoff for systems 

intended for both demand response and demand 

charge reduction, which is during any given month, 

the system will only be able to provide either demand 

charge reduction or demand response duties unless it 

is sized to meet both requirements or there is 

sufficient time between peak demand and the demand 

response periods for the system to charge. 

 

Retail Energy Time Shift 

Retail energy time shift refers to storing energy 

during periods when the retail electric price ($/kWh) 

is low and using the stored energy when prices are 

high. Businesses can employ this strategy to reduce 

their electricity bills where the local utilities apply 

time-of-use pricing.  

 

Energy systems providers report that retail 

energy time shift is not a particularly lucrative value 

stream for businesses and thus does not drive projects 

except in places where there is a large peak to off-

peak spread for energy prices (e.g., Hawaii). 

However, it is usually included in the cost benefits of 

any system.  

 

Renewables Integration 

The integration of battery storage capacity with 

renewable energy generation projects, primarily for 

wind and solar, is an increasingly common practice 

that provides important benefits to the grid. The fast 

response time of batteries presents an attractive pairing 

with renewables; batteries can provide frequency 

regulation services and can bridge gaps in generation 

due to the intermittency of renewables, while also time 

shifting the load to periods of high demand.  

 

While energy storage provides critical support 

for utility-scale renewables integration with the grid, 

usually the grid itself supports renewable generation 

installed at customer locations. As distributed 

renewable generation increases, electrical energy 

storage will play a critical role in supporting the grid 

regardless of installation at facilities or utilities. It is 

recognized that at a certain percentage of renewable 

generation on the grid, energy storage will become a 

necessity in order to mitigate the intermittent nature 

of renewables. What is not clear is what that 

percentage is, or when it will be reached. 

 

Energy storage is playing a bigger role in 

distributed renewable generation in Germany, where 

retail electricity prices are very high and wholesale 

energy prices are very low. This makes it particularly 

advantageous for renewable systems that can store 

extra energy until it is needed [6]. 

 

Dual-Purpose Systems 

As mentioned, it is common for facilities to 

install systems with multiple uses in mind because of 

the added value this can bring. Some examples of 

potential combinations and case studies are discussed 

in the following subsections. 

 

Peak demand reduction and emergency backup.  

Systems designed to reduce peak demand or 

allow participation in demand response programs 

typically have the capability to provide ancillary 

power during critical events such as power outages 

during natural disasters. The Barclay Tower in New 

York City used its demand reduction system to power 

service elevators and emergency lighting during 

Hurricane Sandy [7]. 

 

Peak demand reduction and demand response. 

Although systems designed for peak demand 

reduction would not also be able to participate in 

demand response events simultaneously, they can 

choose which strategy provides the most value over 

a given period. Glenwood, the company that owns 

the Barclay Tower, announced that it plans to install 

1 MW of energy storage across its portfolio, and 

plans to use the energy storage to participate in the 

NYC Indian Point Demand Management program 

during the summer and for daily demand reduction 

during the winter [8]. 

 

Power quality and grid support. 

UPS systems are a necessity for certain facilities, 

but for the vast majority of the time, they are not 

utilized. The regional transmission organization PJM 

has found a way to take advantage of these resources 



by offering an incentive of $40/MWh for energy 

supplied to the grid from energy storage for 

frequency regulation [9]. This is a result of the 

Federal Energy Regulatory Commission (FERC) 

Order 755 and Order 784, which allow utilities to pay 

for performance for frequency regulation services 

from fast-responding energy storage technologies 

such as batteries [10] [11]. 

 

Peak demand reduction and retail energy time 

shift.  

Taking advantage of differences in peak/off-peak 

energy prices is a natural benefit to most peak 

demand reduction or demand response systems since 

they would typically be charging during the off-peak 

hours and discharging during peak hours. 

 

FACILITY SCALE ENERGY STORAGE 

TECHNOLOGIES 

A broad variety of technologies are being 

developed for energy storage uses at all scales, but 

currently the only mature technologies that suit the 

commercial needs for businesses are the following:  

 Lead acid (Pb) 

 Lithium ion (li-ion) 

 Sodium sulfur (Na-S) 

 Flywheels 

 

While other technologies may be available, 

facilities are not likely to install such systems 

because of the risks of investing in an immature 

technology. Several other technologies that are 

poised to enter the energy storage market in the near 

future include:  

 Sodium nickel chloride (ZEBRA) 

 Flow (vanadium redox or zinc bromine) 

 

Note, that this is not a comprehensive list of 

emerging technologies and there are multiple other 

companies that have received significant investment 

funding and are also poised to enter the commercial 

market. Several other companies that have received 

significant private and/or government funding for 

demonstration projects are Ambri (liquid metal), EOS 

(zinc air), and Aquion (magnesium salt); each has its 

own proprietary technology and seeks to provide 

systems at ground-breaking costs and lifetimes 

competitive with customary peak generation sources 

[13] [14] [15]. 

 

Table 3 presents compiled summary technical 

parameters for each of the technologies reviewed as 

compiled by the author from published literature and 

battery manufacturer interviews. 

 

Mature 

Mature technologies are those that are widely 

available and are generally accepted by building 

codes for installation in indoor settings. 

 

Lead Acid. 

Lead acid batteries are the most mature battery 

technology available and they are used in vehicles 

worldwide [2]. They are typically the standard by 

which other batteries are measured due to their 

reliability and low cost, but they offer only mediocre 

energy density or power density and lifetime. 

Importantly, they are capable of only a limited DOD; 

full discharges will damage the battery and shorten 

its life. 

 

 

 

Table 3. Comparison of Battery Technical Parameters 

Market Battery Type 

Installed Energy Cost ($/kWh) 

Roundtrip 

Efficiency (%) 

Useful Life 

Suburban 

(Outdoors) 

Urban 

(Indoors) 
Cycle Life 

Expected 

Lifetime 

(Years) 

C
o

m
m

er
ci

a
l 

T
ec

h
n

o
lo

g
ie

s Lead acid $700 – $1,000 $800 – $1,200 70% – 80% 500 – 1,500 3 – 5 

Lithium ion 
$1,000 – 

$2,000 

$1,500 – 

$2,500 
85% – 98% 2,000 – 5,000 10 – 15 

Sodium sulfur 

(salt) 
$750 – $900 

$1,000 – 

$2,000 
70% – 80% 2,500 – 4,500 10 – 15 

Flywheels N/A N/A 90% – 98% 10,000+ 15 – 20 

N
ea

r 
C

o
m

m
er

ci
a

l Advanced lead 

acid 
$900 – $1,500 

$1,200 – 

$1,800 
80% – 90% 1,000 – 2,000 5 – 7 

Vanadium redox 

(flow) 

$1,000 – 

$1,500 

$1,500 – 

$2,000 
60% – 70% 10,000+ 10 – 20 

Zinc bromine 

(flow) 
$750 – $1,250 

$1,250 – 

$1,750 
60% – 70% 10,000+ 5 – 10 

Sodium nickel 

chloride 

$1,000 – 

$1,500 

$1,300 – 

$1,800 
80% – 90% 2,500 – 4,500 10 – 15 

  



Due to their prevalence and capital cost 

advantage, lead acid batteries will continue to be a 

staple of energy storage projects worldwide until the 

capital costs of other technologies can overcome 

those offered by lead acid. 

 

Advantages: 

 They are the cheapest option per installed 

kW and kWh. 

 They are highly modular. 

 They are easily recyclable. 

 Accepted by building codes 

 

Disadvantages: 

 Their cycle life is low under even optimal 

conditions (<2,000), and under high 

temperatures or especially deep DODs 

(>50%) their cycle life is greatly reduced 

down to as few as 500 cycles. 

 Lead acid batteries are comparatively heavy, 

restricting their usage due to practical and 

building code considerations. 

 

Lithium Ion. 

Lithium ion batteries are typically constructed of 

carbon and metallic electrodes with a lithium-based 

electrolyte. There are a variety of subtly different cell 

chemistries that can be used to construct these 

batteries that are often proprietary to a specific 

manufacturer. 

 

The market for lithium ion batteries continues to 

grow due to their excellent energy and power densities, 

which makes them lighter and more compact than any 

other commercial battery technology. They are also 

capable of full discharge/charge cycles without 

reducing the battery’s cycle life, unlike lead acid 

batteries. They will also typically last about twice as 

long as lead acid batteries, when operated under 

optimal conditions. However, the lithium ion batteries 

currently cost about two times more than lead acid 

batteries on a power capacity basis. These 

characteristics give them an edge in situations where 

space or weight might be valued over capital cost such 

as small businesses without much space to spare.  

 

The costs of lithium ion batteries are expected to 

reduce more than any other commercial technology in 

upcoming years, which makes them a likely candidate 

to become the dominant battery technology in the 

medium term. 

 

Advantages: 

 They have a long cycle life that is not 

affected by DOD. 

 They can be arranged to provide the same 

voltages as lead acid for easy retrofits. 

 They have a high energy/power density. 

 

Disadvantages: 

 They are costly. 

 They have the potential to cause runaway 

fires if not properly maintained and 

operated. 

 

Sodium Sulfur 

Sodium sulfur (NaS) batteries were developed in 

the 1980s by NGK Insulators, LTD., the primary 

manufacturer of the technology, and Tokyo Electric 

Power Co. Except for requiring very high operating 

temperatures, NaS batteries have favorable 

characteristics for larger-scale energy storage, such as 

low cost and high energy capacity. They are often 

referred to as molten salt batteries because during 

operation they are composed of molten sulfur and 

liquid sodium separated by a ceramic electrolyte [2]. 

 

Sodium sulfur batteries are primarily installed in 

controlled outdoor locations because of their high 

operating temperatures and are used typically in 

energy arbitrage or other uses that require long 

discharge times (Poullikkas 2013). They have not 

been looked upon favorably by building- and fire-

code departments, limiting their urban-scale 

deployment potential. For certain niche applications 

requiring lengthy discharge duration and with ample 

outdoor space, this technology may offer a 

competitive solution. 

 

Advantages 

 They have a long shelf life. 

 They are well-suited to energy applications. 

 

Disadvantages: 

 They require high operating temperatures 

(>300°F). 

 There are very few manufacturers of this 

technology. 

 They are heavy and require a lot of space. 

 

Flywheels 

Although the focus of this paper is on batteries 

because of the research investments being made into 

these technologies, flywheels have made significant 

advancements in the last 15 years. This has enabled 

them to compete in the power quality and 

dependability market with batteries and there are now 

multiple flywheel demonstrations at the grid scale for 

this purpose. Several companies offering flywheels in 

the USA including Active Power, Beacon Power, 



Vycon Energy, and PowerThru [16] [17] [18] [19] 

[20].  

 

Flywheels are marketed to high-cycle, low-

energy applications such as frequency regulation, and 

offer a few distinct advantages over current battery 

offerings. These include a very high cycle life 

(greater than 10,000 cycles), low maintenance, and 

high energy density. Unfortunately, flywheels have 

struggled in the commercial market because they lack 

flexibility for energy applications and their capital 

costs are not forecasted to ever be competitive with 

battery systems.  

 

Advantages: 

 They have long lifetimes. 

 They are well suited to applications 

requiring frequent cycling. 

 

Disadvantages 

 Comparatively higher capital costs 

 They are not suited to energy applications. 

 There are very few manufacturers of this 

technology. 

 

Emerging and Competitive 

The potential value of energy storage has only 

truly emerged in recent years with the widespread 

emergence of hybrid vehicles and renewable 

generation. The combination of these end uses has 

caused an explosion of research into this yet 

undeveloped market, resulting in many new and 

emerging technologies. Many of these emerging 

technologies are very promising in respect to cost-

effectiveness and performance, but they do not yet 

have established manufacturing practices or safety 

protocols. It is likely that these barriers will fall in 

response to the need for improved costs and 

performance. Some of the leading contenders looking 

to take a prominent place in the market are listed 

below. 

 

Sodium Nickel Chloride. 

Sodium nickel chloride – also called ZEBRA – 

batteries are high temperature (300+°C) batteries that 

are similar to sodium sulfur technologies, but with 

improved safety characteristics. Only two 

manufacturers are making these batteries currently, 

but they have long lifetimes and generally better 

performance characteristics than traditional lead acid 

batteries without some of the safety concerns 

associated with sodium sulfur batteries [2]. 

 

Flow Batteries – Vanadium Redox (VRB) and Zinc 

Bromine (ZnBr) 

Flow batteries rely on a liquid electrolyte that 

flows through the battery. This means that the energy 

storage capacity of the battery can be increased or 

decreased just by adding or removing electrolyte. 

This allows the energy storage capacity to be 

decoupled from the number of cells. Sumitomo 

Electric Industries is the main investor in vanadium 

flow batteries and ZBB Energy Corporation is the 

primary manufacturers of zinc bromine batteries. 

Both have package options available for purchase, 

although the number of deployments is limited [21]. 

Another variation of flow batteries, with iron-

chromium chemistry, is also being demonstrated in 

California with support from the Department of 

Energy (DOE), which could prove to be quite 

inexpensive due to the use of abundant, low-cost 

materials [22]. 

 

Recently, a startup, Imergy Power Systems has 

made significant progress on a cost-effective energy 

storage solution with their vanadium flow batteries 

utilizing a proprietary electrolyte developed in 

collaboration with the Pacific Northwest National 

Laboratory. They offer several packaged low power 

(<250kW) 4-hour discharge solutions and claim to 

have more than 200 systems installed from residential 

users to commercial and grid-scale systems [23] [24]. 

 

The pumps, storage, and piping required by a 

flow battery reduces its overall energy density (as 

they require expanded footprints for the equipment) 

and entails operations and maintenance 

responsibilities that exceed those of other 

technologies. On the other hand, although systems 

are not easily obtainable yet, predictions look more 

cost-effective than conventional batteries, and may 

soon be available at a cost very close to the believed 

breakthrough cost of $300 per kWh. Vanadium 

batteries in particular, also have the potential for very 

long shelf life (>10 years) and cycle life (>10,000 

cycles) (Rastler 2010) (Chen, et al. 2008). 

 

TECHNICAL AND MARKET BARRIERS 

There are a number of technical and market 

barriers preventing energy storage systems from 

reaching their full distribution potential. Over and 

above specific technical barriers, there is general 

consensus among energy storage system designers 

that one of the biggest issues is a negative public 

perception toward energy storage technologies. 

Generally, there is poor understanding of energy 

storage systems among building owners, how they 

operate, and the value streams they can provide.  

 

Performance 



The two primary technical barriers for batteries 

at this time are: 

1. Limited cycle life and shelf lives 

2. High costs of systems 

 

It is essential for battery systems to improve their 

lifetimes and provide better warranties in order to 

gain general acceptance for their uses. A lead acid 

battery’s lifetime of 3 to 5 years is very short 

compared to most commercial equipment’s expected 

useful life (EULs). Progress is being made on this 

front primarily in the form of flow batteries and 

lithium ion chemistries, which boast lifetimes of 7 to 

10 years and up but suffer from high cost and lack of 

maturity.  

 

Longer cycle and shelf lives will increase the 

value of batteries but the primary barrier to their 

widespread use is still capital costs. Increasing 

demand charges and demand management programs, 

such as New York City’s, that provide incentives of 

$2,100/kW for battery storage, improve the simple 

paybacks of projects. But, facilities must still have 

high demand charges to provide a revenue stream 

that supports the current costs of installation for any 

energy storage system. 

 

Material Hazards and Siting Barriers 

All battery technologies come with some 

inherent risks to human and environmental health and 

safety. They typically contain toxic chemicals in their 

electrolytes and have the potential to overheat, catch 

fire, and explode.  

 

For commercially available storage technologies 

the risks are generally well understood and can 

largely be mitigated through appropriate installation 

and fire protection, rendering batteries safe even in 

the urban environment. Many energy storage systems 

come packaged in 20- or 40-foot containers. These 

are durable, weatherproof, and secure enough to 

allow for outdoor installations. 

 

There are two primary construction complexities 

when installing with facility-scale battery storage 

systems:  

1. Size – The facility needs to find suitable 

unoccupied, dry space – which, depending 

on the technology, may need to be large – 

to designate to these systems for permanent 

siting.  

2. Weight – Most batteries are quite heavy 

due to the nature of the materials they are 

constructed from. For instance, sodium 

sulfur batteries weigh upwards of 500 

pounds per square foot, which is about five 

times the design standard of a normal 

commercial floor. 

 

Often the best location for these systems is 

outside on a poured concrete slab and sheltered by a 

shipping container. This is why many companies 

package their energy storage systems in this way. 

 

Permitting and Codes 

Local building fire codes and construction 

permitting are significant hindrances to the adoption 

of specific technologies such as in New York City, 

which currently has incorporated in its fire code only 

lead acid, and very recently, lithium ion batteries 

[25]. Other than overcoming economic hurdles, this 

presents the largest barrier. Code requirements for 

battery storage are designed to ensure safe 

installation and operation of battery systems. Their 

focus is on safety precautions to mitigate impacts of 

spills, fires, natural disasters, and unauthorized 

access.  

 

SUMMARY 

No one battery has proven superior at this point 

and different battery systems continue to be most 

suitable for different applications. This competitive 

market supports a broad range of technologies in 

development and it is unclear if the environment will 

stay competitive or yield to a dominant brand or 

chemistry.  

 

Energy storage technologies address specific 

needs for both facility owners and electrical 

generation/distribution managers. Facility owners can 

utilize storage to provide resiliency for critical 

operations, thereby protecting profitability. Utilities 

and electric system operators increasingly need 

storage capability to efficiently incorporate 

renewable and other variable generation sources. By 

offering electric customers the right mix of financial 

incentives and power management education, the 

combined value streams will support the growth of 

both campus and facility scale storage systems. 
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ABSTRACT 
Approaches to achieving industrial energy 

efficiency are changing. In the past ad hoc 
processes were the norm, looking for 
opportunities in a few key areas, and energy 
programs were “on-again, off-again” activities, 
driven by energy prices and geopolitical crises. 
However many companies now recognize energy 
efficiency as an essential business practice in an 
environmentally-conscious world. As a result 
comprehensive energy efficiency programs have 
been developed, with an emphasis on continuous 
improvement. 

 
This paper provides a brief overview the key 

elements of comprehensive energy efficiency 
programs in the process industries. These include 
techniques for increasing the efficiency of utility 
systems (e.g., steam and compressed air) and 
individual pieces of equipment (e.g., boilers, 
furnaces, pumps and motors), and also improving 
and maintaining the performance of the process 
itself. Success stories are included from several 
companies within the process industries. The 
underlying theme for improvement is simple: 
Energy efficiency will only get better when 
both processes and behaviors change. 
 
 
COMPONENTS OF A COMPREHENSIVE 
ENERGY MANAGEMENT PROGRAM 

There is no single method or approach that 
ensures that energy use will be optimized. Real-
world energy management requires technical 
innovation and efficient engineering design, but 
it also depends on the behavior of both 
individuals and organizations. It follows that 
management and motivation are critical factors 
alongside engineering skills. Many different 
types of expertise are needed.  

 
Comprehensive energy management 

programs typically include corporate energy 
policies, reporting systems, benchmarking, 
corporate and local goals, various types of 
energy audits and assessments, and integration of 
energy efficiency elements into engineering 

procedures and purchasing protocols. Taken 
together, an effective energy management 
program provides the motivation for the 
behavioral, technical and business process 
changes necessary to improve energy efficiency. 

 
ENERGY EFFICIENCY OPPORTUNITIES 

The Chemical Process Industries (CPI) 
comprise one of the largest users of energy in the 
world. However, within this sector there are 
many different types of facilities, ranging from 
large-scale petroleum and petrochemical 
facilities to small specialty chemical plants. Each 
type of plant has a different energy profile, as we 
have discussed elsewhere (1, 2), but all plants 
can benefit from an appropriately structured 
energy management program. 

 
Opportunities to improve plant performance 

and thus enhance energy efficiency across the 
CPI fall into four main categories: operational 
improvements, effective maintenance, engineered 
improvements, and new technologies.  In each 
area, robust energy management programs can 
support the behavioral and process changes 
needed to capture and maintain savings and 
efficiency improvements. 
 
Operational improvements. 

Many operational improvements can be 
captured at low or no cost.  This makes them 
particularly attractive where energy prices are 
low and it is difficult to justify investment in 
energy-efficiency projects. Before committing to 
projects that require capital expenditure, it is 
prudent to ensure that existing equipment is 
being used to its full advantage—to pick the 
“low-hanging fruit”—and to change operating 
practices to ensure the fruit does not re-grow.   

 
Operating practices tend to become 

entrenched over time. Operators may dutifully 
follow procedures that were developed when the 
plant was commissioned, even though the 
requirements have changed over time due to 
changes in throughput, new feedstocks, different 
product slates, or a host of other factors.  



Operating practices can also become 
distorted by extending short-term responses to 
specific problems. For example, a preheat 
exchanger may be taken out of service during a 
plant upset, or a cooler may be bypassed in cold 
weather. These modified configurations can 
become established, and they can remain that 
way for years.  

 
When we become aware of inappropriate 

operating conditions our first response is to 
adjust the process. (e.g., put the preheat 
exchanger back in service in the example above). 
However, this is only a short-term fix. Additional 
energy management steps are needed to ensure 
that the improvement becomes permanent. These 
might include: 

i. Carry out additional operator training  
ii. Modify operating procedure 

documentation 
iii. Add control valves and automation 
iv. Implement real-time optimization 

systems 
v. Implement performance monitoring 

systems and key performance indicators 
(KPIs). 

 
 

Effective maintenance 
If we are to get the most out of existing 

facilities we must ensure that the equipment is 
properly maintained. Our primary focus here is 
the equipment and systems that have the largest 
impact on energy use – for example heat 
exchangers, especially those in preheat services.  

 
Heat exchanger cleaning programs are an 

important part of many energy management 
programs. This area has become quite 
sophisticated, with both improved cleaning 
techniques (Figure 1) and better tools for 
assessing appropriate cleaning intervals for the 
heat exchangers. However, the best cleaning 
methods and the most elegant optimization of 
cleaning intervals are of little use when 
communication fails. 

 
Energy auditors studying a crude unit 

preheat train discovered that one of the heat 
exchangers had been out of service for more than 
three months. Further investigation revealed that 
the heat exchanger had been cleaned and the 
work had been completed within a couple of 
weeks. However, due to a breakdown in 
communication during a shift change, it was not 
put back in service. There was no follow up, and

 

 
 
 

Figure 1. Shell-side (left) and Tube-side (right) Hydroblasting Equipment for Cleaning Shell & 
Tube Heat Exchangers. Photos courtesy of NLB Corporation. 

 
 



the cleaned exchanger remained out of service 
for two and a half months. When the problem 
was discovered the heat exchanger was brought 
back into service in just a few hours (3). 

 
The energy loss due to this breakdown in 

communication was worth over $100,000. Better 
systems were needed for tracking the status of 
maintenance jobs on the unit. A simple electronic 
reminder system, for example, could have alerted 
the operators to the need to bring the heat 
exchanger back on-line.  

 
In addition to heat exchangers, several other 

key systems and types of equipment need careful 
attention and preventive maintenance to maintain 
energy efficient operations. These include 
furnaces and boilers, steam traps and insulation, 
as well as compressors, pumps and turbines.  
 
Engineered improvements 

Additions and upgrades to plant facilities 
can lead to significant improvements in energy 
efficiency. Typically these enhancements require 
significant input from engineering personnel to 
identify, evaluate and design them. Projects 
driven and justified by feed slate or product 
upgrades can also provide opportunities to 
increase energy efficiency at low incremental 
cost.  Examples include: 

• simple piping changes 
• localized insulation projects (Figure 2) 

• replacements of electric driver systems 
(e.g., installing variable frequency 
electric drives) 

• adding heat exchangers, steam turbines, 
distillation columns or other major 
equipment items 

• new control schemes 
• debottlenecks and throughput increases 

 
A robust energy management system tracks 

opportunities, including their costs, values, and 
timing required for implementation, so that 
engineered improvements can be planned, 
budgeted, and executed. 

 
New (“breakthrough”) technologies 

Engineered improvements generally apply 
proven solutions to identified problems. In 
contrast, solutions that incorporate new (or 
“breakthrough”) technologies require validation 
through research and/or development. New 
technologies therefore require more time to 
implement, and their degree of technical and 
financial risk is higher than for engineered 
improvements. 

 
Some of the largest energy efficiency 

improvements in the process industries have 
come through technological breakthroughs. A 
well-known example is the development of the 
low-pressure polyethylene process in the 1950s. 

 
 

 

 
 

Figure 2. Top head of a distillation column after applying insulation (left) and after securing 
jacketing (right). Courtesy Aspen Aerogels, Inc. 

 
 



This was a major advance over the older high-
pressure process, and the new process used much 
less energy per unit of production. A more 
familiar example for most people today is the rise 
in recent years of compact fluorescent lights and 
light emitting diodes. These provide dramatic 
energy savings compared to the familiar 
incandescent bulbs, and they have wide-ranging 
applications. Technological advances have also 
improved some of the key equipment items that 
impact energy usage in the CPI, such as heat 
exchangers and distillation columns, and 
incorporating some of the new types of 
equipment that are now commercially available 
can often lead to improved engineering solutions. 
 
IDENTIFYING ENERGY EFFICIENCY 
IMPROVEMENTS 

Some types of energy inefficiencies are 
widespread within the CPI, and do not require 
much effort to identify opportunities for 
improvement. This is particularly true of certain 
types of routine maintenance activities. For 
example, boilers and furnaces need periodic 
tune-ups to remain in top condition, and over 
time a steam system will develop leaks and a 
certain percentage of its steam traps will fail. 
There are companies that specialize in repairing 
steam leaks and tuning up furnaces and boilers, 
and many steam trap vendors provide services to 
maintain steam trap populations (Figure 3). 

 

 
 

Figure 3. A steam trap survey is an 
essential component of a steam trap management 
program. TTS Photo courtesy of TLV Co., Ltd. 

 
It requires a more concerted effort to 

identify most other types of energy efficiency 
improvements. Here are some proven 
approaches: 

 

High-level site audits can be used as a first 
step to identify where energy is used across a 
facility. 

 
Site assessments are typically carried out by 

a team of specialists who spend a period of time 
at a facility examining the operation of the main 
energy systems and major energy-consuming 
equipment. The team identifies inefficiencies and 
defines opportunities that generally include 
improvements in operating practices and 
maintenance as well as facility upgrades. 

 
Process flow diagram (PFD) reviews (4) are 

structured brainstorming sessions designed to 
identify opportunities to improve plant 
operations and upgrade facilities.   

 
Heat integration studies can take various 

forms. Some heat integration opportunities are 
very simple and can easily be identified in a PFD 
review. More complex cases require specialized 
techniques, of which the most commonly used is 
pinch analysis (5). 

 
Steam system modeling and real-time 

optimization are also widely used to identify 
inefficiencies in steam systems and to define 
improvements both in operating strategies and 
facilities (Figure 4). 

 

 
Figure 4. Site-Wide Steam System 

Optimization Can Lead to Reduction in Letdown 
and Vent. Courtesy Soteica Visual MESA LLC. 

 
Employee suggestions yield many very 

attractive energy efficiency opportunities. 
Welcoming and acting on employee suggestions 
is a visible and valuable way to change corporate 
and site energy efficiency culture. 
 



Research and development programs are 
generally needed to create breakthrough 
technologies. These programs are typically 
lengthy and resource-intensive, and only 
companies with strong research and development 
functions can handle them. However an alert 
energy manager should always be on the lookout 
for breakthroughs that are relevant to his or her 
technology. 
 
EVALUATING AND IMPLEMENTING THE 
OPPORTUNITIES 

After opportunities have been identified they 
must be screened to quantify their benefits and to 
estimate their implementation costs. They should 
also be tested for unintended consequences (e.g., 
adverse effects on production) and for safety 
implications. Quick screening methods are 
effective in eliminating ideas that are impractical 
or clearly uneconomic. More rigorous evaluation 
is required for the remaining “high-graded” 
ideas, which can then be passed on the 
appropriate organization within the company 
(operations department, maintenance, 
engineering, research & development) for 
possible implementation.  
 
MANAGING THE ENERGY PROGRAM 

Most companies within the CPI, even small 
companies, have at least one person with the title 
“Energy Manager.” However, too often energy 
managers are distracted by onerous reporting 
duties, and sometimes also by commercial 
responsibilities related to sales and purchases of 
energy streams. If a company is committed to 
improving energy efficiency it is essential that 
the greater part of the energy manager’s job 
focuses on identifying and implementing energy 
efficiency improvements. Remember: Energy 
efficiency will only get better when both 
processes and behaviors change. 
 

Tracking, quantifying and benchmarking 
energy use are important activities. They 
highlight the most promising areas for 
improvement, which can then be targeted for 
further investigation. Early in an energy 
management program it is a good idea to focus 
on simple, low-risk opportunities that can be 
counted on to yield energy savings with a good 
return on investment. Examples include 
operating disciplines, steam leak repairs, steam 
trap maintenance, steam system balancing, and 
other easy operating changes. Successes in these 
areas provide credibility for the program. As the 

program matures its scope can be broadened to 
include engineered improvements and adoption 
of new technologies. 

 
No energy manager can expect to have the 

technical expertise to handle all aspects of energy 
efficiency improvement. His or her role is 
primarily the management of resources – 
especially the human resources that provide the 
necessary skills. This requires close working 
relationships with operations, maintenance, 
engineering and research functions within the 
company, and also reaching out to external 
resources where appropriate.  

 
The energy manager also has roles as a 

recruiter and a cheerleader. Remember, once 
again: Energy efficiency will only get better 
when both processes and behaviors change.  
When the energy manager can draw attention to 
good behaviors and successes it provides 
reinforcement. This might be as simple as a 
“thank you” to a shift team that improves its 
energy performance. Recognition could also 
include securing publicity through an industry 
award, a celebratory meal, a write-up in a 
company newsletter, or any number of other 
ways of rewarding good performance.  
 
SUCCESS STORIES 

Below we summarize success stories from 
three very different companies within the CPI – 
successes that are material in the companies’ 
financial results. 

 
ExxonMobil is one of the largest 

corporations in the world by any measure. Its 
integrated business includes oil and gas 
exploration and production, oil refining, 
chemicals, and electric power. ExxonMobil’s 
Global Energy Management System (GEMS) 
started in 2000. By 2009 the company reported 
that the program had identified energy savings 
opportunities of between 15% and 20% at its 
manufacturing sites, and had captured over 60% 
of these savings (6). 
 

CCP Composites is a world leader in the 
production and distribution of gel coats, 
composites polyester resins, coatings resins, and 
emulsions, with a total of 14 plants. CCP 
Composites’ Houston plant participated in a pilot 
of the US Department of Energy’s “Superior 
Energy Performance® (SEP™)” plant 
certification program. CCP Composites achieved 



Gold certification in 2011 with a 14.9% 
improvement in energy efficiency over a two-
year period. This saved 31,700 million BTU of 
energy, and enabled the company to capture 
$250,000 in cost savings per year, mostly 
through short-term actions and low-cost 
investments. This success shows that even small 
plants can achieve significant benefits from an 
appropriate energy management program (7). 

 
Eastman Chemical Company is a global 

producer of specialty chemicals. The company 
employs approximately 14,000 people around the 
world, and its 2013 revenues were approximately 
$9.4 billion (8). Eastman has a long history of 
energy management successes. However, in 2010 
there was a major change, as the company 
announced an aspirational goal to reduce energy 
intensity 25% over ten years with a baseline of 
2008 (9).  Their current program has strong 
executive level backing and includes not only 
strong technical components but also broad 
support and input from many internal 
organizations with engagement of employees at 
all levels.  Their efforts are paying off.  Energy 
intensity improved 8% from the baseline year of 
2008 through 2013. The improvement was worth 
$28M in 2013 based on current production and 
energy prices.   
 
CONCLUSION 

Energy efficiency is an important factor in 
economic and environmental performance in the 
CPI, but energy efficiency will only get better 
when both processes and behaviors change.  A 
number of companies of varying sizes and in 
different types of businesses have invested in 
these changes, and as a result they have made 
significant reductions in their energy intensity. 
Four main types of opportunities provide the 
savings: operational improvements, effective 
maintenance, engineered improvements, and new 
technologies. 
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ABSTRACT 

The aggregate industry is a rugged place. 

It is hard on people, equipment, and it is an equally 

tough environment for energy savings.  

 

Lehigh Hanson is challenging that 

stereotype. In 2011, the company had the first 

aggregate plant to achieve the EPA’s Energy Star 

Challenge for Industry. In the meantime, Lehigh 

Hanson has realized an average of 8% annual 

savings at their larger sites, and four additional 

plants have received Energy Star certification. 

 

How do they do it? Lehigh Hanson’s 

energy efficiency success is based on a three 

pronged approach made up of the following 

concepts: 

1. Metrics 

2. Technologies 

3. Execution 

 

This paper provides some of the energy efficiency 

insights that Lehigh Hanson has gleaned working 

in this challenging industrial setting. 

 

 

  

BACKGROUND 

Lehigh Hanson operates more than 240 

aggregates plants throughout North America in 

locations from New York to California. Each plant 

processes aggregate but, they are each distinctly 

different due to specific geology, geography, age, 

and processes. Typical energy savings 

opportunities do not translate to the aggregate 

industry. These plants are large electric consumers 

(up to 15 MW) but have long been considered 

fallow ground for energy projects. The 

methodology Lehigh Hanson uses can be 

summarized into three components: Metrics, 

Technologies, and Execution. 

 

 

 METRICS 

The Lehigh Hanson Energy Program is 

administered from the corporate headquarters in 

Dallas, Texas. Therefore, it is critical to be able to 

monitor each plant’s energy performance with 

useful metrics. Just as your doctor reviews your 

lab tests to monitor your health, Lehigh Hanson 

reviews useful energy metrics to monitor the 

energy effectiveness for each of its plants. 

 

Consumption 

Energy consumption is the primary metric 

tracked, but by itself, consumption does not tell the 

whole story. To give a comprehensive view, 

Lehigh Hanson has developed a normalization 

technique that accounts for the influences of 

production, weather, and precipitation and reveals 

the underlying energy efficiency of the plant. Each 

plant is compared to itself, not other plants, based 

on a baseline performance year, see Figure 1.  



 
Figure 1. Example Consumption Tracking 

 

This is much the same way a doctor 

would monitor your cholesterol over time to gauge 

the effectiveness of improved diet, exercise, or 

medication. 

 

Unit-Cost 

The aggregate industry is a bottom-line 

business, so cost is always critical. Therefore, it is 

necessary to separate consumption from unit-cost 

because billing changes can have multiple causes.  

For example, if your electric bill at home 

doubles, you have to first determine if you used 

twice as much electricity, or if the utility doubled 

your rate.  

  

 Once the unit-cost of electricity or fuel 

has been separated from consumption, we compare 

it to standard unit-costs for manufacturers in the 

same region. You start to develop a clear picture of 

the factors underlying changes in utility billing. 

An example of the unit-cost tracking output is 

shown in Figure 2.  

 

Projects 

Lehigh Hanson monitors usage and cost, 

but it is equally important to account for energy 

efficiency actions the plant has taken and monitor 

the projects’ impact. Therefore, an energy project 

tracking mechanism is needed.  

 
Figure 2. Example Unit-Cost Tracking 
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Figure 3. Example Project Tracking 

 

Generally, each project requires a projection for 

future energy savings (see the example in Figure 

3). It is quite useful, and necessary, for a 

sustainable program to track projected savings 

along with normalized consumption. This method 

of measuring and verifying savings can turn up 

deficiencies in a project, as well as build 

credibility for the entire program as savings are 

realized. 

 

TECHNOLOGIES 

As mentioned previously, there are not 

many of the typical energy savings opportunities 

in an aggregate plant. HVAC is not significant 

consideration. There are no chillers, cooling 

towers, air handlers, or building management 

systems. Refrigeration savings would be about 

what you would expect in your own home.  

 

 The same goes for indoor lighting (although 

exterior lighting is definitely a consideration). The 

one “typical” opportunity in an aggregate plant 

might be Variable Frequency Drives (VFDs). 

 

Variable Frequency Drives 

Variable Frequency Drives are used for 

precise control and to reduce horsepower in 

industrial operations. In an aggregate plant, VFDs 

may be applied for their reduced voltage starting 

capability, as much as anything. Conveyors and 

crushers have to start under heavy loads and create 

large voltage drops if they are started across the 

line. Most of the time, a Soft Starter is used, but 

the VFD offers full range control and energy 

savings. One example of a VFD application is 

shown in Figure 4.  

 
Figure 4. VFD on Baghouse Exhaust Fan 
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In this case, a variable speed drive was 

installed on the plant’s 250 horsepower baghouse 

exhaust fan. The new controls maintain consistent 

airflow through the baghouse despite variable dust 

loading during operation. Since the fan operates a 

lower speeds the majority of the time, the electric 

consumption of the fan has been reduced 

significantly. 

 

 Pumping Optimization 

All aggregate plants will have crushers, 

conveyors, screens, and feeders. Another 

predicable load type is pumping. Some plants have 

too much water, some have too little, but they all 

pump a lot of water. Many times, pumping can 

contribute up to 30% of the plant electrical load. 

 
Figure 5. Example Pump System Optimization 

 

Several plants have undergone a major 

reconfiguration of their pumping system in order 

to reduce electric cost. The schematic shown in 

Figure 5 is an example of how one plant 

reconfigured their pumping system to be more 

energy efficient. In this case, they were able to 

reduce annual electrical costs $158,000 with a 

$100,000 investment. 

 

Other pumping projects have included the 

application of VFDs where flow rates vary. Other 

times, water storage is used to enable off-peak 

pumping in order to reduce electric demand 

charges. 

 Demand Control 

Demand control is always an option to 

consider at an aggregate plant. By design, there 

will be stockpiles of material that can be used to 

potentially manage electric load. Also, there are 

specific operations that have some degree of 

independence that can allow for the staggering of 

operations.  

 

An example of the demand control 

savings potential from one plant is shown in 

Figure 6. The graph shows the electrical rate 

savings opportunity to decouple the main plant 

from a separate dredging operation on the same 

electric service. Currently, the main plant (one 

shift) and the dredge (two shifts) start together at 4 

AM. In this case, if the operations were decoupled, 

and the plant continued to start at 4 AM, there 

would be a $87,000 annual savings. 
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Figure 6. Example Load Shift Savings Potential 

 

 

Other scenarios are also possible. If the 

main plant is started at 9 PM, run for 8 hours, and 

then the dredge is run for 16 hours, there is a 

potential $215,000 savings per year. These 

increased savings are possible by keeping the plant 

load at a minimum during the higher priced hourly 

rates.  

 

Heat Recovery 

A number of the plants have co-located a 

Hot Mix Asphalt (HMA) plant on the site of the 

aggregate plant. 

 

  

In these cases, there is often an 

opportunity for fuel savings. In one example, 

shown in Figure 7, the plant installed an 

economizer on the hot oil system used for asphalt 

heating.  

The heat exchanger was mounted in the 

exhaust stack of hot oil heater and reduced fuel 

consumption 5.6% or $70,000 a year. The project 

received an incentive payment from the utility and 

paid for itself in just a few months. 

 

 
Figure 7. Hot Oil Economizer Installation 
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EXECUTION 

The third element that has contributed to 

the success of the Lehigh Hanson Energy Program 

is perhaps the most critical – Execution. The 

execution phase includes many of the more 

esoteric or “soft” factors for success. While some 

of these characteristics may seem standard, we 

have learned that “common sense isn’t so 

common”. Therefore, we would point out some of 

the techniques that have distinguished the 

program. 

 

Homework 

Do your homework before going to the 

plant. A well prepared presentation at a kickoff 

meeting cannot be overemphasized. In our case, 

the metrics that we monitor and have available to 

us provides a wealth of content and context. 

 

Site Visit 

Get out of the office, get on a plane, and 

go to the plant. There is no substitute for a face-to-

face dialogue. It is true that much of the interaction 

and data exchange could be carried out through 

conferencing. But, there is still a small percentage 

of work that can only be done on-site, and it is this 

percentage that is likely to make-or-break the 

effort.  

 

 Interaction 

Our goal in visiting the various sites is to, 

without having ever been to the plant, quickly 

come up to speed how this specific plant operates. 

We carry a portfolio of opportunities from industry 

and best practices from other plants, but the people 

we interact with are at the plant every day. They 

know where all the skeletons are, and 

consequently, many of the opportunities. Bottom 

line: use your best people skills. 

 

Diversity 

In our planning, we try to setup a diverse 

team for the site visit. At the initial kickoff 

meeting we invite representatives with a variety of 

perspectives. This includes involving the plant 

management, maintenance, engineering, 

purchasing, etc. We also schedule the utility 

representatives to visit while we are there and 

discuss options.  

 

Credibility 

At some point during this process you 

will have to establish a level of credibility to 

ensure success. That can be done in different ways 

in different situations. And, it is easier said than 

done. In one situation, through our preparation 

work, we were able to identify a billing error. That 

resulted in the $7,400 credit you see in Figure 8. 

The total project ended up successful and we 

attribute some of that to our good fortune in 

identifying this windfall. Look for ways to bring 

results early on to establish credibly and accelerate 

the effort. 

 
Figure 8. Example Power Factor Penalty 



 

CONCLUSION 

The success of the Lehigh Hanson Energy 

Program is best characterized by the image of a 

three-legged stool. The absence of any one of these 

key components can undermine the program’s 

ultimate success: Metrics, Technologies, and 

Execution.  

 

Metrics provide both content and context 

for the initial and on-going energy efforts at the 

plant. Each plant is baselined according to its own 

historical performance. That baseline establishes a 

relationship between production, weather, 

precipitation, and energy consumption. This 

allows us to “snap a chalk line” and, going 

forward, monitor underlying energy efficiency in 

changing conditions.  

 

We separate unit-cost from consumption, 

and then track unit-cost changes relative to 

industrial costs in the region. That provides a 

separate metric for cost tracking that is unbundled 

to changes in consumption.  

 

Finally, we track projects, their status, 

and their projected impact on savings. This closes 

the energy efficiency loop from concept 

development, to implementation, to an on-going 

operation.  

 

 A good portfolio of credible, industrially-

hardened energy efficiency strategies and 

technologies is the heart of a successful program. 

In our case, the technologies are those that are 

applicable in the aggregate industry. This leads 

itself to a custom portfolio of projects that would 

have varying degrees of applicability in other 

industries. In the end, there is a lot of energy 

consumed in this industry, and that drives the 

opportunity to innovate new and different 

approaches. 

 

Finally, the Execution phase is applicable 

to all industries, in the sense that attention to 

detail, a willingness to involve yourself, a genuine 

respect for a variety of options and perspectives, is 

always valuable for a collaborative effort. It might 

be that even in a tough, no-nonsense environment 

such as an aggregate plant, bringing doughnuts to 

the kickoff meeting could prove to be invaluable. 

Maybe that will be the case at your plant.  
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ABSTRACT 
World-renowned piano manufacturer Steinway 

& Sons is currently in the process of upgrading their 
aging kiln system at their American production 
facility in Astoria, Queens, New York. Because the 
high-quality pianos require tight tolerances for wood 
board moisture, the drying process for the raw wood 
purchased by the facility must be carefully 
controlled.  

The existing process uses the plant’s original 
turn-of-the-century brick masonry kilns. Although 
the structures are sealed, insulated, and well 
maintained, the process is inherently inefficient. 
Low-pressure steam – both live steam injection and 
dry heat via a steam coil – is used for heat and 
provided by two natural gas-fired boilers. Steam 
injection is required to prevent too steep a moisture 
gradient from forming within the wood, which can 
produce “checking” or, cracks that occur on the ends 
and surfaces of the lumber, rendering the board unfit 
for use. Ventilation dampers are used to discharge the 
warm air and humidity periodically, resulting in high 
thermal losses. The cycle of steam injection and 
ventilation can last for as long as 5 weeks depending 
on the wood type and product specifications. 

The original kilns are being replaced by a partial 
vacuum kiln system manufactured in Warren, 
Vermont. The new modular system can fit on the 
back of a flatbed truck and is expected to reduce kiln-
drying time to 4 to 5 days. The system creates a 
partial vacuum, reducing the heating requirements 
and increasing the speed of moisture removal. 
Heating inputs are so low that hot water can be used 
in place of steam for the drying process resulting in a 
step level increase in overall dry efficiency. Although 
the technology has been around for decades, it 
remains underutilized in the industrial market, with 
significant savings resulting from decreased energy 
use, increased product quality, and reduced labor.  

This presentation will provide a walk through the 
design, installation, and commissioning process of 
installing the new kiln system. It will focus on the 
“lessons learned” and challenges through each stage 
of the process, beginning with the retrofit options and 
decision tree leading to the partial vacuum system. 
The various design options and heat sources will also 
be discussed.  

 
INTRODUCTION 

Steinway & Son’s (Steinway) is a world 
renowned piano manufacturer with production 
facilities located in Astoria, Queens, New York, and 
Hamburg, Germany. Steinway has created its world-
class pianos since 1853, and is steeped in 
craftsmanship and tradition. The piano making 
process is complicated and requires exacting 
precision and finesse, perfected over the years. 
However, at times, technology can supplement and 
enhance even the most time-trusted production 
methods, and changes are needed for Steinway to 
remain at the forefront of a competitive industry. 
Once such advancement currently being implemented 
at Steinway’s Astoria campus is a replacement of the 
century-old kiln-drying process. 

 
All wood used by Steinway for manufacturing 

must be conditioned within certain moisture content 
tolerances to ensure proper assembly and prevent 
shrinking or warping of the pianos as they age. Due 
to capacity constraints and the challenges faced with 
the existing equipment, wood arrives either green or 
pre-dried (at an off-site kiln facility). The green wood 
must be dried in one of four aging traditional brick 
kilns. Two of the kilns are shown in Figure 1. The 
kilns measure approximately 20 × 20 feet and are 25 
feet high.

 



 

Figure 1. Kilns #3 and#4 at Steinway & Sons 
 
The kilns are controlled for both temperature and 

humidity throughout the drying processing, which is 
complicated and involves several steps. The objective 
is to reduce the amount of moisture in the material to a 
specific level over a period of time. In order to achieve 
the desired moisture content, and at the right speed, a 
mix of dry heat (provided by a steam coil), live steam 
injection, and ventilation is required. The process 
involves a repeating series of stages, as follows: 

 
Dry heat is added to a kiln to increase the 

temperature of the air, and thus its ability to hold 
moisture is increased. This causes the moisture in the 
wood to move (through evaporation) into the air until 

a balance is achieved. This balance is referred to as 
the equilibrium moisture content (EMC). 

After the balance is achieved by heating the kiln 
to the desired temperature, no additional evaporation 
of moisture out of the wood will take place. The roof 
vents are opened, rejecting the warm, moisture-laden 
air, and drawing cooler, dryer air into the kiln. 

 
The sudden inrush of dry air can create rapid 

evaporation on the surface of the wood, faster than 
moisture can be drawn from the interior of the wood 
to the exterior. If the gradient between the wood’s 
interior and exterior moisture content becomes too 
great, there is a potential to create an undesirable 
effect known as “checking.” Checking renders the 
product useless for production. To prevent this, live 
steam is injected to keep the exterior of the wood 
moist enough to prevent too steep of an internal 
moisture gradient from developing. 

The process repeats, with additional dry heat 
added to the kiln. Each cycle, the EMC of the wood 
decreases, until the final specified level is achieved.  

 
A typical cycle can last for several weeks 

depending on the kiln charge (loading), starting and 
ending moisture contents, and weather conditions. 
Each of these variables adds to uncertainly as well as 
scheduling and production challenges to ensure that 
the product is ready as needed. Figure 2 provides a 
schematic illustration of a typical drying kiln.  

 

Figure 2. Generic Traditional Wood-Drying Kiln, Source: UAM 2010 



 
The wood is loaded on pallets by forklift into the 

kiln. The heat is provided via a steam heating coil, 
the moist-air psychrometric conditions are sensed by 
interior wet- and dry-bulb sensors, moisture is added 
if needed by a steam spray line, and large fans 
circulate the air inside the kiln. Additionally, each 
kiln has hatches that vent kiln air from time to time 
depending on the internal air conditions. Overall, 
there are two energy sources in this process: electric 
energy for the circulation fan and natural gas 
(thermal) for the steam production via the facility’s 
two steam boilers. 

 
The existing brick kilns have several sources of 

thermal and electric energy losses and inefficiencies 
including: 

 Shell and infiltration losses through the 
doors, roof, and walls (thermal) 

 Ventilation losses from the exhausted 
warm, moist air (thermal) 

 Live steam injection, of which both the 
sensible and latent energy is lost from 
the system during ventilation (thermal) 

 Circulation fans in each kiln (electric) 
 

Furthermore, due to the kilns’ large volume, 
permeable envelope, and thermal mass, they must be 
kept warm throughout the winter in order to prevent 
long start-up times, which delay production. This 
creates an extra thermal load and loss for the facility 
during the winter. 

 
TECHNOLOGICAL ASSESSMENT 

An initial assessment was performed to review 
potential savings from restoring or upgrading the 
existing kilns through measures such as weather 
stripping or additional insulation. However, due to 
the magnitude of the inefficiencies noted between the 
required thermal energy for physically drying the 

wood and that consumed by the kiln, it became 
apparent that a step-function increase in efficiency 
was required, and that this would likely only be 
achieved through a change in production method or 
technology. Steinway quickly settled on the partial 
vacuum kiln option after witnessing a similar system 
in action at another high-end wood manufacturing 
company. 

 
A vacuum kiln operates in a fundamentally 

different way than a traditional kiln. Rather than heat 
air at atmospheric pressure to temperatures close to 
150ºF, the kiln system draws a partial vacuum, 
reducing the temperature at which water boils, and 
thus evaporates. Therefore, the same moisture 
removal can be achieved, but at a significantly lower 
temperature, requiring much less heat. Steinway was 
presented with two potential options early in the 
energy analysis process – a vacuum kiln and a 
vacuum press. Both operate in a similar fashion, 
taking advantage of using a system close to a 
vacuum. The basic vacuum kiln is loaded in a similar 
fashion to the exiting brick kilns. Wood is stacked in 
pallets, with a ¼" to ½" slat between each layer of 
wood for circulation. If the slats are not added, the 
interior wood will not dry since it does not have 
sufficient exposed surface area to evaporate moisture 
from. The vacuum press replaces these wood slats 
with a special membrane between equal layers of 
wood. In addition to the vacuum, pressure is applied 
to the wood to drive out additional moisture into the 
membrane and ultimately out of the kiln. Although 
inserting the membrane is faster, it adds a step to 
Steinway’s process, which starts and ends with the 
palletized wood. This kiln was rejected due to the 
increased labor costs that would be incurred with the 
restacking of the product. Figure 3 shows the new 
kiln during delivery

. 
 



 

Figure 3. The AirVac 4 Kiln before Installation
 

The new kiln is smaller than its predecessor with 
a 5' × 25' footprint and 5' in height. The mechanics of 
the vacuum kiln vary slightly from the traditional 
kiln, Heat can be provided by a variety of sources as 
either hot water or steam, since the heating 
requirements are so low – approximately 180ºF and 
200,000 Btu/hr for the proposed model. Like its 
predecessor, the vacuum kiln has air circulation fans 
– a total of four at 5 hp each to ensure that the wood 
dries evenly. In addition, a 7.5 hp vacuum pump is 
used to maintain the partial vacuum in the kiln. 
Finally, two ½ hp condenser fans allow the moisture 
in the air to be condensed and expelled from the kiln. 
The kiln construction involves an airtight seal to 
prevent infiltration. 

 
Because the vacuum kiln is a technology change, 

the potential savings from this process are of a 
magnitude well beyond that of a typical efficiency 
measure. The technology change creates the ability 
for savings to be similar to those of LEDs. Whereas 
improvement of filament-style lamp from 
incandescent to halogen may yield savings on the 
order of 20%, switching from an incandescent or 
halogen lamp to an LED lamp may yield savings in 
excess of 70% or even 80%, due to the fundamentally 
different technological improvements at play. An 
incandescent lamp will waste 80%‒90% of its energy 
as heat. Similarly, the vacuum kiln removes several 

inefficiencies such as live steam injection and venting 
from the drying process. For comparison, of the 
energy used by the kiln, only approximately 5%‒10% 
is needed to evaporate enough moisture to drop the 
wood’s EMC as needed. The other 90%‒95% is lost 
though steam inject, ventilation, and shell losses. 

 
ENERGY ANALYSIS 

The energy study began with a quantification of 
the energy used by the existing kilns. Trends were 
created with the assistance of the Steinway staff to 
monitor the number and duration of opening of the 
valves controlling the dry steam, live steam, and roof 
vents for a period of several weeks. In addition, 
current transformers (CTs) were installed on each of 
the kiln fans to measure electric energy use. Two of 
the kilns utilize one fan each (10 hp), while the other 
two kilns have three fans each (10 hp per fan). The 
additional fans allow for increased air circulation and 
speed up the drying process. However, the process 
can still take several weeks to complete and the 
savings pale in comparison to those achieved with the 
proposed vacuum system.  

 
The two sources of steam use (dry and live) were 

calculated using orifice and pipe diameters, steam 
pressure, and enthalpy differences. Table 1 provides a 
summary of the inputs and results of the steam use



.Table 1. Total Steam Energy Inputs 
Parameter Heat (Dry steam) Live Steam Injection 
Percent of time open 37% 8% 

Total hours per year (1 kiln) 3,215 672 

Total annual hours (all kilns) 12,861 2,689 

Energy rate (Btu/hr) 310,000 290,000 
 
Steinway has identified a Vacutherm AirVac 4 

system to install. Table 2 shows the equipment 
components for the new kiln and duty cycles 
provided by the manufacturer.

 
Table 2. Vacuum-Kiln Operating Characteristics 

Equipment Quantity Duty Cycle Voltage HP Amperes Kw 
Air circulation fans 4 0.63 480 5 6.5 12.2 

Vacuum pump 1 0.20 480 7.5 10 1.5 

Condenser fan 2 0.50 480 0.5 0.75 0.6 
 
The air circulation fans on the new kilns are 

expected to operate at full speed half the time and at 
25% speed for the other half. The vacuum pump is 
projected to operate only half the time at 40% speed. 
The duty cycle fractions are based on post-
installation data at another installation of the kiln. 
Wood types and moisture contents are not expected 
to differ materially from the operations at Steinway. 
According to the manufacturer, drying cycles can 
vary depending on the lumber species, but the typical 
average is 4 days (96 hours). For the types of wood 
that Steinway dries, and the moisture reduction 
required, this is a reasonable expectation. The 
operation of an additional 5 hp condensate return 
pump was added to account for site-specific 
conditions to return the condensate to the boiler feed 
water system. Steinway has identified an outbuilding 
on the property in which to install the new kiln. 
Because the new kiln is small, it does not require a 
standalone structure. By housing the kiln indoors, 
additional benefits can be realized, since the kiln can 
now be loaded and unloaded in all weather conditions 
as the finished wood will be protected from the 
elements. The existing kilns only had exterior access 
points, limiting unloading to dry days. 

 
Several options were identified for use as a heat 

source for the new kiln. A local hot water gas-fired 
boiler was considered, but it would have required 
permitting and a gas line. Due to the configuration of 
the Steinway campus, the boilers are located on the 

opposite side, and the nearest gas line available was 
several hundred feet away and would require 
expensive excavation. Alternatively, the new boiler 
would have been close to the street front, allowing 
for new utility hookup. However, this too is 
expensive, and such an installation can require 
significant lead time with the local utility. An oil 
boiler was also considered to avoid the costly gas 
hookup, but was ultimately rejected due to the high 
cost of fuel oil, as well as expected permitting 
difficulties given New York City’s strict air-quality 
requirements. Permitting also prevented the use of a 
biomass boiler, which could have burned wood 
scraps generated on-site. The most feasible option 
was to extend the existing steam lines from an 
adjacent building, approximately 100 feet from the 
new kiln. To return the condensate back to the 
boilers, a condensate return pump would also be 
installed.   

 
The manufacturer stated that the maximum 

thermal capacity for this vacuum-kiln is a 200,000 
Btu/hr heat rate. The typical drying cycle lasts for 
about 96 hours, thus the total heat required per kiln 
per drying cycle is approximately 229 therms, 
accounting for boiler efficiency and heat exchanger 
losses between the steam system and hot water kiln. 
Initial estimates were kept conservative, but the kiln 
is designed with trending and Internet connectivity so 
that performance can be monitored in real time.

 



Table 3. Savings Results Summary 
Parameter Traditional Kiln Vacuum Kiln 
Electric consumption (kWh/bd ft) 1.28 0.39 

Natural gas consumption (therm/bd ft) 0.247 0.058 

Electric savings (as percent) 70% 

Natural gas savings  (as percent) 77% 

Annual cost savings $83,000 

Installation cost $675,000 

Potential utility incentive $115,000 

Simple payback 6.7 years 
 
Beyond the energy savings, Steinway expects 

additional production and quality-related savings. 
Through the increased control the vacuum kiln offers, 
checking is expected to be reducing, resulting in 
more usable wood per kiln load. The quicker kiln 
drying times allow for higher throughput and just-in-
time production, reducing the need for stocking of 

finished product. Drying times per cycle are expected 
to be more consistent, allowing for better forecasting 
of production. Finally, the increase in output may 
allow Steinway the ability to dry more wood at its 
own facility, rather than purchasing pre-dried wood. 
This gives Steinway more control of wood quality, as 
well reducing costs by handling these tasks in-house. 
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ABSTRACT 

Understanding energy flow is critical to improve 
energy efficiency in industry. As important as it is to 
have correct representation of energy consumption 
and end use, it is equally important that the 
information is understood by technical and business 
managers alike. This paper provides an introduction 
to the U.S. Manufacturing Energy Flow visualization 
product developed for the U.S. Department of 
Energy, Advanced Manufacturing Office. The 
publicly-available software product presents energy 
data in the form of Sankey diagrams, where weighted 
flow lines depict the flow of fuel, steam and 
electricity to various end uses in selected 
manufacturing sectors. The modern visualization 
approach allows users to pan and zoom to energy use 
and loss detail – similar to navigational mapping 
software. The benefits of this modern energy 
visualization approach described in this example 
macro-scale project are equally applicable for sector-, 
company-, facility-, and process-wide application. 

 
 

INTRODUCTION 
The best introduction to an interactive software 

tool is to use the tool itself; in this paper we will 
introduce the features of the tool, however the full 
understanding is best conveyed through 
demonstration or use of the tool. 

A first step in realizing industrial1 energy 
efficiency opportunities is to understand how 
industry uses—and loses—energy. The U.S. 
Manufacturing Energy and Carbon Footprints and the 
Manufacturing Energy Visualization Sankey 
diagrams provide a foundational reference for 
understanding manufacturing energy use.  

                                                 
1 The term “industrial” or “industry” is used interchangeably with 
“manufacturing” throughout this paper.  “Manufacturing” is a 
subset of industry, excluding mining, agriculture and construction. 
The term “industry” is often used to describe manufacturing 
sectors, however. 

The manufacturing sector consumed 20% of total 
U.S. energy is consumption in 2010. As shown in 
Figure 1 6,863 TBtu or 36% of U.S. manufacturing 
primary energy is applied to useful end uses, with 
the remainder lost in the pathway from supply of 
source energy to facility end use. The U.S. 
Manufacturing Energy and Carbon footprint analysis 
provides the basis for this finding. The data 
visualization products discussed here help us 
understand where these losses occur and how much 
energy is ultimately applied in manufacturing the 
product. As with all resource management decisions, 
having a business-as-usual point of reference for 
resource allocation is a necessary first step in 
determining opportunities for change. The results 
serve as a guide for industry, government, and 
researchers alike in framing the opportunity for 
reduced energy consumption in manufacturing. 

The rigorous energy footprint data analysis 
summarized in Figure 2 provides the detail that many 
analysts are looking for to support strategic planning. 
There is also a wider audience that may find value in 
a more compelling visual representation of 
comparative analytical detail.  

A visual tool that is often used to show energy or 
material flow is a Sankey diagram. In these diagrams, 
the width of the flow lines shows proportional flow 
quantity; in this case it is energy in units of trillion 
Btu. The Manufacturing Energy Flow product 
combines the Sankey diagramming features with pan 
and zoom capability for customized display, and a 
comparison tool that provides equivalent data for 15 
energy intensive manufacturing subsectors. 

Advanced data visualization approaches can be 
applied for a variety of industrial applications, 
allowing a full range of both technical and non-
technical audiences to appreciate the proportional 
energy use areas and associated losses. Visualization 
of sector-wide manufacturing energy consumption is 
the example described here, however the concept is 
equally adaptable to more refined data sets at the 
company-level or facility-level.  
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MAPPING ENERGY USE AND LOSS IN 
MANUFACTURING 

There are a lot of reasons why it’s important 
understand how energy is used in manufacturing—
cost savings, compliance, business competitiveness. 
A wealth of consumption data is available; 
interpreting the data to be useful to a wide audience 
is the challenge.    

A lot of work has already been done in modeling 
sector-wide manufacturing energy use and loss. The 
U.S. Manufacturing Energy and Carbon Footprints 
provide a mapping of energy data, beginning with 
how much fuel, electricity and steam is used – from 
offsite sources and that which is generated onsite – 
and ending with detail on where the energy is used in 
manufacturing.2  Each “footprint”, as they are often 
called, maps the flow of energy to major end uses in 

                                                 
2 The energy and carbon values portrayed in the 
footprint are the result of a complex analysis effort. 
Energy-use statistics, relevant emissions guidelines, 
and industry expertise were all utilized to devise an 
analytical model. Energy use statistics were obtained 
from DOE, Energy Information Administration-
published Manufacturing Energy Consumption Survey 
(MECS) results, for survey year 2010, when the 
survey was last completed.  The MECS is a mandatory 
self-administered nationally representative sample 
survey of approximately 15,500 U.S. manufacturing 
establishments. 
 

manufacturing, including boilers, power generators, 
process heaters, process coolers, machine-driven 
equipment, facility HVAC, and lighting.  The 
footprint also shows the associated greenhouse gas 
(GHG) combustion emissions in every step of the 
mapping, hence the title energy and carbon 
footprints.  

The footprint consists of two figures; the first 
figure offers an overview of the sector’s total 
primary energy flow including energy from offsite 
sources and associated loses, while the second figure 
presents a more detailed breakdown of the onsite 
energy flow. Depending on the audience, each 
diagram provides a useful perspective. For 
manufacturing establishments, decisions are typically 
limited to within the plant boundary—onsite energy. 
Government and industry associations may be 
interested in a more universal measure of energy—
primary energy. 

In 2014, the footprints were the third most 
visited website and the All Manufacturing footprint 
was the second most downloaded file from the DOE, 
AMO website.  They provide the detail that many 
analysts are looking for to support strategic planning 
and decision making. The two-page footprint 
representing U.S. manufacturing as a whole is shown 
in Figure 2.  Similar footprints are available for 

 

Figure 1. Understanding Energy Uses and Losses in U.S. Manufacturing 
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subsectors and can be downloaded at the link 
provided.3  

The popularity of the footprints as a reference 
source has brought with it the realization that there is 
a wider audience that may benefit from this analysis.  
By developing a more compelling graphic 
representation of the comparative results the findings 
will be more widely referenced by audiences besides 
energy analysts.  Data-based visualization transforms 
analytical results into useful messaging. 

Some of the key analysis outputs from the 
footprints are: 

1) manufacturing subsector detail,  
2) modeling by energy type,  
3) manufacturing end use detail, and  
4) quantification of energy losses (generation 

and end use losses) allowing determination of applied 
energy.   

One of the benefits of evolving this analysis to 
modern visualization is that these outputs can be 
customized to the interest of the user.  Rather than 
                                                 

3 The footprint analysis disaggregates 
manufacturing by 15 energy-intensive 
subsectors, listed here in order of consumption: 
Chemicals, Petroleum Refining, Forest Products, 
Food and Beverage, Iron and Steel, Plastics, 
Fabricated Metals, Transportation Equipment, 
Computers and Electronics, Aluminum, Cement, 
Glass and Glass Products, Machinery, Textiles, 
and Foundries. 

having dozens of individual static images, the user 
can elect and customize the mapping to portray the 
analysis of greatest interest.   

SANKEY DIAGRAMMING OF 
MANUFACTURING ENERGY FLOW 

A Sankey diagram is a graphic illustration of 
quantitative flows, such as energy, money, materials, 
etc. Sankey diagrams are unique because the flow 
width is shown proportional to the quantity of the 
flow line, enabling the reader to easily compare the 
magnitude values. Sankey diagramming is also a 
well-established and understood method of 
communicating quantitative energy flows within 
industry, government, and academia. 

The energy footprint data was modeled in to 
Sankey diagrams using licensed Sankey software.  
Sankey diagrams representing total U.S. 
manufacturing energy consumption are available on 
the DOE AMO website (see Figure 3 for link).  
Sankey images are available for full sector (Figure 3), 
onsite generation, process energy and nonprocess 
energy on the website. 

Some of the benefits of presenting the Energy 
Footprint data in the form of a Sankey diagram 
include:  

Both offsite and onsite energy data is presented. 
The two Footprint images were combined into one 
succinct all inclusive image. Figure 3 shows offsite 
and onsite energy flows in one image, reducing the 
complexity and time required to decipher the 
information.  

U.S. Manufacturing Energy and Carbon Footprints [1] 
Prepared for the U.S. Department of Energy, Advanced Manufacturing Office by Energetics Incorporated  
http://energy.gov/eere/amo/manufacturing-energy-and-carbon-footprints-2010-mecs 

Figure 2. U.S. Manufacturing Energy and Carbon Footprint (2010, All Manufacturing) [1] 
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The dataset is also customizable—any energy, 
cost, material balance data can be presented using 
Sankey diagramming. The design could also be 
adapted to reflect locational data (regional or 
company-wide), with the ability to select and 
compare different sectors or facilities.  

 

Navigating and Interpreting the Tool. 
From the landing page (Figure 1) the user will be 

prompted to either learn more about the terminology 
and features of the product or enter the interactive 
Sankey diagramming screen. By default the user will 
first see energy flow data for the total U.S. 
manufacturing sector, seen in Figure 4. A customize 
display feature will allow users to select one of 15 
energy intensive manufacturing subsectors for 
viewing.  Energy type and energy end use can also be 
selected directly, or accessed through the pan and 
zoom capabilities.   

The main Sankey diagram is read from left to 
right and maps the flow of total primary energy, in 
the form of fuel, steam, and electricity from offsite 
sources through the U.S. manufacturing sector; on the 
right side of the image energy losses are summed to 
determine total energy loss, and the remainder is 
termed “applied” energy. At the highest level, the 
diagram communicates the total fuel, steam and 
electricity consumed onsite and how much of that 
energy is applied and lost. The user can also 
intuitively zoom in on end use areas such as boilers, 
processing heating, pumps, or lighting to view more 
detailed energy use and loss data by energy type. 
This level of detail is “hidden” at this highest level to 
keep the image simple, and to effectively 
communicate the “big picture” message.    

This tool is intended to be used by computer 
savvy and novice users. If more direction is required, 
the user can click a Help button to view an 
overlaying set of instructions (example shown in 
Figure 4).  

Similar to the Energy and Carbon 
Footprints, the Sankey tool is anticipated to be highly 
referenced among government, industry, and 
academic professionals. To simplify the output from 
this product, the user has the option to download any 
image of interest as a high resolution PNG file for 
insertion into presentation or reports. The simplicity 
of easily clicking to save will increase exposure of 
the tool. 

Zooming Capability. 
As mentioned in the section above, the user will 

have the ability to “zoom” into the manufacturing 
facility to view, in more detail, where energy is 
consumed and lost. Primarily fuel (and a small 
amount of electricity) is indirectly applied to 
generating steam and electricity. Steam, electricity 
and fuel from onsite generation and offsite sources 
are consumed for process energy and nonprocess 
energy end uses.  

In Figure 5 the start screen of the Manufacturing 
Energy Flow Sankey image is shown. This visual can 
further be refined to view, in more detail, the flow of 
energy within onsite generation, process energy, and 
nonprocess energy. The onsite generation box shows 
energy indirectly applied to generate steam and 
electricity through means of CHP, boilers and other 
electricity generating equipment. Onsite renewable 
electricity generation is also a contributing output. 
Process energy, which is defined as energy directly 
applied in converting raw material into manufactured 
product, shows energy flow to and from MECS-
specified end uses including process heating, process 
cooling and refrigeration, machine drive, 
electrochemical processes, and other process uses. 
The remaining energy not consumed by onsite 
generation or process energy flows to nonprocess 
energy, which is defined as energy used for purposes 
other than converting raw material into manufactured 
product. MECS-specified categories of nonprocess 
energy include facility HVAC, facility lighting, 
onsite transportation, other facility support (e.g., 
cooking, water heating), and other nonprocess use. 
The detailed energy flows within each end-use 
category are “hidden” to simplify the image.  

While zooming is essential to simplify the 
image, the user must simultaneously have perspective 

Figure 4. Example of Manufacturing Energy 
Flow Help Screen 
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on which image is being shown and how it relates to 
the big picture. The Manufacturing Energy Flow is 
designed to be intuitive, and to orient the user as to 
what detail is being displayed through highlighted 
customize display buttons and labeling.   

Navigate and compare between manufacturing 
subsectors. 

The software product is designed with the 
capability to reload the image for 15 manufacturing 
subsectors. The Sector Comparison Feature enables a 
user to compare the magnitude of energy type, end-
use, and energy destination (applied and lost energy) 
for 15 of the most energy intensive manufacturing 
subsectors.  Collectively the 15 subsectors represent 
95% of total U.S. manufacturing energy use.  

If a user clicks on the fuel stream within the 
Sankey feature, the comparison bar seen in Figure 6 
will auto-update to show a weighted comparison of 
fuel consumption by subsector. Hovering over the bar 
produces a label including the quantity and 
percentage of US total manufacturing.   

Figure 6. Screenshot of Subsector Comparison 
Feature – Fuel Use  (figure currently in draft format) 
 

 

APPLICATION OF SANKEY TOOL 
The need for and benefits of data driven 

visualization emerged from an existing analytical 
data mapping exercise (i.e., energy footprints). The 
use of advanced visualization techniques has much 
broader opportunity in the manufacturing sector, and 
beyond, however. Manufacturing relies heavily on 
computational data for process optimization, safety, 
compliance, and budgeting. Making the data 
accessible, current, and understood to all will produce 
a myriad of benefits.  The modern energy 
visualization approach described in this example 
macro-scale project is equally applicable for sector-, 
company-, facility-,and process-wide application. 

Some example applications for modern 
interactive Sankey diagramming in manufacturing 
include: 

 Corporate energy management – energy 
managers could use diagramming such as this to 
benchmark performance to national, geographic, 
or industrial averages. 

 Facility energy management – facility 
consumption trends can be tracked historically or 
compared across facilities within an 
organizational division. 

U.S. Manufacturing Energy Flow 
Prepared for the U.S. Department of Energy, Advanced Manufacturing Office by Energetics Incorporated  
(Link not currently available) 

Figure 5. Screenshot of Manufacturing Energy Flow Start Page 
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 Process optimization - data driven visualization 
can be used as a tool in training for and tracking 
process optimization, and is a convenient visual 
aid to be shared with management. 

 Academia – Sankey diagramming and other 
dynamic and interactive diagrams are useful 
tools in a teaching environment to introduce 
various perspectives such as energy type 
dependence and conservation priorities.  

 Government – making analytical data available 
to a wide audience in a format that is easily 
referenced allows for sound and defensible 
decision-making. 

 Technology developers and researchers – 
whatever the focus (steam traps, cogeneration, 
etc.) the user can zoom to the level of detail and 
highlight the energy type of interest to capture 
the message of opportunity.  

CONCLUSION 
Understanding the flow of energy in U.S. 

Manufacturing is the most fundamental step towards 
improving energy efficiency. Energy efficiency 

opportunities cannot be identified without knowledge 
of where and how much energy is consumed and lost. 
The Manufacturing Energy Flow is a helpful resource 
for visualizing energy use and loss in a way that is 
both simple and informative. While this paper 
introduces the main features and capabilities of the 
tool, the full understanding is best conveyed through 
demonstration or use of the tool. 
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ABSTRACT 

Industrial facilities universally rely on water as a 

raw material for processing, cleaning, cooling, 

diluting and transporting products, and even as an 

energy source.  The efficient use, treatment, and 

management of water is becoming increasingly 

important to companies in the U.S. as concerns over 

cost and access to clean and reliable water sources 

grow. 

This paper will examine water use by 

manufacturers and identify key best practices in use 

by industry leaders.  The paper will highlight 

resources and tools from which facility managers, 

corporate sustainability professionals, and others can 

benefit as they seek to pursue water conservation 

opportunities, develop comprehensive water 

management plans, or incorporate water management 

into existing corporate sustainability programs.    

INTRODUCTION 

Water has always been an important part of 

manufacturing facility operations and management. 

In addition to being inextricably linked to energy and 

climate change, water supply issues can have a 

significant effect on how and where a manufacturing 

facility operates. Because manufacturing facilities 

universally rely on water as a raw material for 

processing, cleaning, cooling, diluting and 

transporting products and as an energy source, the 

efficient use, treatment, and management of water is 

becoming increasingly important to companies in the 

U.S. as concerns over cost and access to clean and 

reliable water sources grow. Over the next 15 years, 

demand for reliable water sources will grow as 

supplies dwindle (see Figure 1), so it is crucial for 

manufacturing facilities to develop and implement 

improved water management strategies now so as to 

be better prepared for what lies ahead. Implementing 

effective water conservation strategies in industrial 

facilities has proven difficult, however, due to the 

myriad economic, behavioral, and organizational 

issues that must be considered. In many cases it is a 

lack of awareness of these issues, combined with the 

traditionally low cost of water, which has prevented 

companies from setting quantitative goals and taking 

meaningful action towards more efficient water use. 

Fortunately, there are clear paths forward. A 

number of companies in the U.S. have identified and 

implemented a number of key best practices and 

developed various tools and resources from which 

facility managers, corporate sustainability 

professionals, and others can benefit as they seek to 

pursue water conservation opportunities, develop 

comprehensive water management plans, or 

incorporate water management into existing 

corporate sustainability programs. By following these 

best practices, making use of available tools and 

resources, and staying up-to-date on emerging trends, 

manufacturers and corporations can set and achieve 

tangible, quantitative water efficiency goals that 

produce significant savings. 

DRIVERS AND BARRIERS 

As a vital, but often overlooked component of 

manufacturing facilities worldwide, water flows 

below the radar of many corporate managers and 

corporate boards.  Until recently, most companies 

have taken for granted access to an uninterrupted 

supply of cheap or free clean water.  The low cost of 

water is a primary reason organizations do not 

prioritize improving their water use efficiency.  

Another barrier to water efficiency improvements is 

the lack of awareness of the risks posed by water 

scarcity and impaired water quality.  And while the 

awareness of water supply and related risks has 

grown in the manufacturing sector, action is lagging.  

A 2012 survey of 140 U.S. companies found that 

while 81% have a water policy or management plan 

in place, only 52% have actually set quantitative 

goals (2). 



 

Figure 1.  Potential 2030 Global Gap Between Water Supply and Water Needs (1) 

This lack of action is in large part due to the 

relatively low cost of water and no compelling 

rationale for a change to the status quo.  Thus, 

making the business case for corporate water 

management is necessary before seeking buy-in from 

senior management.  The business case for most 

organizations can include: 

 Water cost savings 

 Other savings  

 Managing risks 

With the low cost of water throughout the U.S., 

cost savings through improved water efficiency are 

often modest, but can have attractive returns on 

investment.  As with efficiency improvements in 

energy, water efficiency projects often produce 

corollary benefits.  For example, General Mills’ 

efforts to assess their water use resulted in projects 

that allowed for additional capacity, reduced energy 

usage and other savings besides those attributed to 

the cost of water (2).”  Similarly, energy projects can 

provide substantial water savings.  General Mills 

implemented a heat recovery project at their Cedar 

Rapids, Iowa facility to improve energy efficiency 

and save over $4 million/year in energy costs.  A 

significant additional benefit of this project is a 

savings of 2.2 million gallons of water each year. 

Even though viable savings exist for most 

companies, managing risk is the motivating factor 

that led many manufacturing organizations to 

creating water management policies and plans.  

These risks can be categorized into the following five 

categories (14): 

 Financial risks – not assessing and 

managing water use and discharges is 

likely to result in restricted access to 

capital, higher loan rates, and insurance 

premiums. 

 Operational risks – decreasing availability, 

quality, and reliability of water supply may 

increase production costs. 

 Product risks – as customers become more 

aware of the environmental impacts of the 

products they buy, companies risk losing 

market share to competitors with lower 

impact projects. 

 Reputational risks – competition between 

corporate water use and local community 

needs can lead to public disputes and 

threaten the companies’ license to operate. 

 Regulatory risks – Wherever corporate 

water use is seen conflicting with the 

public interest, companies risk new fees, 

regulations, and lawsuits. 

 It is important to note that a company can have a 

successful water management program for operations 

within all its facilities, but still be at risk.  For 

example, other businesses or activities within a 

watershed could deplete or contaminate that 

watershed.  Therefore, when constructing water 



management plans and activities, it is important to 

identify all stakeholder groups that could impact 

company operations and to actively engage those 

stakeholders. 

MANUFACTURING AND WATER 

The manufacturing sector as a whole consumes 

significant quantities of water, approximately half of 

total U.S. water consumption (9).  Three of the largest 

end uses within the manufacturing sector are: 

1) Water for cooling,  

2) Boiler make-up, and  

3) Process water consumption. 

In an effort to illustrate the water-intensive nature 

of some manufacturing sectors, the following list 

provides approximate water requirements for a 

number of consumer items (6): 

 1 two liter bottle of soda  132 Gallons 

 1 t-shirt  6,600 Gallons 

 1 kg red meat  15,500 Gallons 

 1 car  39,000 Gallons 

Water For Cooling 

The largest end-use of water in the 

manufacturing sector comes from the use of water for 

cooling.  A large proportion of refrigeration systems 

installed in manufacturing environments use 

evaporative cooling for heat removal. By design, 

these systems consume large quantities of water to 

reject heat through the natural process of evaporation. 

The typical design of a water cooled chilled water 

system is illustrated in Figure 2.  

In theory, the closed loop section (chiller 

evaporator and building load) should consume no 

water. The water consumption occurs almost 

exclusively on the open loop side of the system 

(chiller condenser and cooling tower). In addition to 

the water used as part of the cooling process, water is 

also lost from these systems via drift, blowdown, and 

leaks. Blowdown is the controlled draining of water 

from the cooling tower basin in order to remove 

dissolved solids that can cause corrosion and/or 

scaling (10). Drift is defined as the escape of water 

droplets from the cooling tower structure as a result 

of system air flow and wind-effect air flow d. The 

total water consumed during the evaporative cooling 

process is the total amount of make-up water required 

to replenish all of the above losses as well as the 

evaporated water. 

 

 

Figure 2. Water cooled refrigeration system (3) 



 

Figure 3. Cooling tower water losses (7) 

The process outlined in the preceding paragraph 

is the traditional approach; companies and 

organizations within the manufacturing sector have 

designed, developed, and installed state of the art 

cooling systems that reduce water and energy 

consumption. One of the manufacturing sector’s most 

innovative cooling systems is installed at McLaren’s 

Technology Center in the UK. The system uses man 

made ecology lakes and a series of heat exchangers to 

cool the building without the need for all of the 

traditional cooling system components.  

Boiler Make-up 

Another significant area of water use in 

manufacturing facilities is boiler make-up.  Steam 

generating boiler systems are used within the 

manufacturing sector to meet large heating or process 

loads. Within the manufacturing sector, as opposed to 

the utility sector, boilers are often required to operate 

over large ranges in order to meet varying demand. 

The amount of water consumed by these systems is 

primarily dependent on the rate of steam generation, 

boiler blowdown rates, and condensate return rates.  

The quantity of make-up water required to replace 

the steam injected into processes, vented, leaked, or 

removed via blowdown (the controlled removal of 

dissolved solids) is roughly 354 million gallons per 

day (MGD) (13). This is approximately 11% of the 

total US manufacturing sector’s water consumption.   

There are a number of approaches that allow 

boiler operators to minimize this water consumption. 

Ensuring that steam condensate is returned to the 

boiler, inspecting for leaks, and maintaining steam 

straps are integral to ensuring a water-efficient 

industrial boiler system. With regard to blowdown, 

accurately planning the quantity and frequency of 

blowdown is critical. If too much blowdown is 

removed from the boiler system, water will be 

wasted. With too little blowdown, the concentration 

of total dissolved solids (TDS) will increase foaming, 

corrosion, and scale causing a significant impact on 

boiler efficiency (12). Continuously monitoring the 

water quality of boiler feedwater, condensate, and 

steam is the only way to implement effective 

blowdown procedures. Metering the quantity of water 

entering and leaving the boiler system is another 

important efficiency practice. 

Process Water Use 

A third large end-use of water in U.S. 

manufacturing facilities comes from process water 

use. In order to quantify the water consumed by 

manufacturing processes, it is necessary to know the 

amount of water required to wash, process, or 

manufacture each part as well as the total number of 

parts manufactured.  The percentage of water that is 

recycled from the processes must be known as well. 

Maximizing this recycled percentage is a key focus 

area for many manufacturing entities. Some of the 

most advanced facilities are now operating closed 

water circuits with integrated biological water 

treatment. In Germany, Smurfit Kappa have been 

producing corrugated base paper using 100% 

recycled fibers effluent free for many years (5). 

Closing the water circuit eliminates effluent charges 

and reduces water costs but it also increases the 

loading of process water which can have a negative 

impact on productivity.  



As water conservation comes more and more 

into focus for the manufacturing sector, organizations 

are researching and developing innovative 

optimizations for water intensive processes. For 

example, Ford has transitioned from traditional wet 

machining to dry machining at its power train 

manufacturing plants. Moving away from the high 

volume water/solvent coolant was one part of the 

overall strategy that allowed Ford to reduce its global 

water consumption by 62% (8). In the semiconductor 

manufacturing arena, Intel’s plant in Ocotillo, 

Arizona has implemented rainwater capture alongside 

other water conservation efforts in order to save 700 

million gallons of water in 2014 alone (4). In addition 

to this process related water recycling, significant 

savings are available from reusing gray water for 

irrigation and other onsite tasks that do not require 

potable water. The Environmental Protection Agency 

provides comprehensive guidance on many treatment 

processes and suggested uses at each level of 

treatment (11). 

DEVELOPING A STRATEGY 

Taking Action 

Manufacturers looking to educate themselves on 

water risks and ways to manage their water use and 

disposal can start by reviewing the resources 

available from alliances and nonprofit organizations.  

A few of these organizations include: 

 Alliance for Water Efficiency 

 Alliance for Water Stewardship 

 World Business Council for Sustainable 

Development 

 2030 Water Resources Group 

 Ceres 

Once manufacturers become informed on water 

risks and corporate water management principles, 

getting involved in a water-related initiative or taking 

advantage of available tools can help ensure that 

policies and plans are transformed into action.  A 

number of initiatives and tools exist for corporations.  

A few of these include: 

 The CDP Water Program – disclosure of 

water-related information through 

completion of a questionnaire.  The process 

helps companies think through risks and 

opportunities in water. 

 United Nations CEO Water Mandate – 

corporate members of the UN Global 

Compact are eligible for this corporate water 

stewardship pledge.  A number of tools and 

resources are publicly available through this 

initiative. 

 World Resources Institute’s Aqueduct Water 

Risk Atlas – allows determination of water 

risks by location using the tool’s mapping 

capability. 

 Ceres Aqua Gauge tool – a spreadsheet-

based tool for learning best practices in 

water management and assessing current 

performance. 

 Global Environmental Management 

Initiative’s WaterMAPP tools – resources 

include an assessment scorecard and a 

calculator for estimating savings through 

cooling tower and free-air cooling 

improvements. 

 Water Footprint Network – resources and 

assessment tools for determining the water 

footprint of both companies and individual 

products. 

 U.S. Department of Energy’s Better Plants 

program’s Water Pilot – a number of 

Partners in the Better Plants program, a 

voluntary initiative for manufacturers 

striving to reduce energy intensity, have 

established water intensity reduction goals 

and report on their progress each year. 

 

Manufacturers with experience implementing 

ISO (International Standards Organization) standards 

may want to consider ISO 14046:2014: 

Environmental Management – Water Footprint 

standard.  Like carbon footprints, water footprints are 

designed to accurately quantify the amount of water 

required to complete a certain task. The standard 

itself provides users with a robust framework that 

allows organizations to measure their water 

consumption in a consistent way and also take steps 

to improve water efficiency. This standard is just one 

example of the new initiatives being developed by 

policy makers and other stakeholders to overcome the 

global water challenge.  

 

Once armed with an increased knowledge of 

water risks and impacts and an understanding of 

some of the available tools, companies can create 

informed policies and plans for water management.  

Managing water at the corporate scale is best done 

with a systematic approach that ensures continual 

improvement over time.  The five steps shown in 

Figure 4 offer one path to water management.   

 

http://www.allianceforwaterefficiency.org/
http://www.allianceforwaterstewardship.org/
http://www.wbcsd.org/work-program/sector-projects/water.aspx
http://www.wbcsd.org/work-program/sector-projects/water.aspx
http://www.2030wrg.org/
http://www.ceres.org/issues/water/corporate-water-stewardship
https://www.cdp.net/water
http://ceowatermandate.org/
http://www.wri.org/our-work/project/aqueduct
http://www.wri.org/our-work/project/aqueduct
http://www.wbcsd.org/work-program/sector-projects/water/aquagauge.aspx
http://www.gemi.org/EDFGEMIwaterMAPP/
http://www.gemi.org/EDFGEMIwaterMAPP/
http://waterfootprint.org/
http://energy.gov/eere/amo/downloads/better-plants-water-pilot-overview
http://energy.gov/eere/amo/downloads/better-plants-water-pilot-overview


 

Figure 4.  Stages of Corporate Water Management (14) 

Owens Corning is one manufacturer with a focus 

on water efficiency as a part of its sustainability 

program.  As an intensive consumer of water for 

processes, cooling, cleaning, and other uses, Owens 

Corning several years ago set and met a water 

intensity reduction goal for the 2002-2012 timeframe.  

More recently, they set a goal of 35% water intensity 

improvement between 2010 and 2020.  As of 2013, 

they have seen a 27% improvement.  Owens Corning 

is also disclosing information on water use at all sites 

globally, reporting to the CDP water program and the 

Global Reporting Initiative.  To better understand 

which sites are at highest risk from water stress, they 

used the Aqueduct tool to identify sites at highest risk 

(15).  Through use of this tool, Owens Corning 

learned that 32% of its facilities are in water-stressed 

locations, and another 21% are in areas projected to 

be stressed in the future.  Owens Corning is using this 

knowledge to target efforts to improve water 

efficiency, and to work with stakeholders in those 

communities and watersheds to identify collective 

actions that could be undertaken to preserve water 

supplies and quality. 

To date, Owens Corning has found water 

intensity improvements in a number of ways.  For 

example, their Kansas City, KS facility has reduced 

water use by over 50% through measures such as 

reducing cooling tower blowdown and drift and 

replacing old boilers with smaller steam generators.  

In addition, looking at processes for water efficiency 

improvements has paid off for Owens Corning, 

identifying “lots of little things” that when 

implemented, result in substantial savings. 

CONCLUSIONS 

Reliable access to clean water supplies is critical 

to manufacturers worldwide.  Yet water supplies in 

some regions are becoming stressed, and economic 

growth forecasts predict that adequate supplies of 

water will be at risk in many areas in the next few 

years unless concerted action is taken.  A number of 

companies have created corporate water management 

policies and plans as a response to this concern, but 

concrete actions to decrease water use is lagging.  

Companies that evaluate savings and risks across 

their facilities and products (including supply chains) 

are able to create a business case to turn plans into 

actions.  Major water uses in many manufacturing 

facilities are cooling, boiler make-up, and processes.  

Opportunities exist for improvement in each of these 

areas.   

Organizations looking to learn more about water 

management have a number initiatives available as 

sources of information.  Similarly, an array of 

publicly available resources and tools exist to assist 

companies looking to create corporate water 

management plans and start to take action. 
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IETC 2015 Abstract for “Water and Energy Issues” Session 

Identifying Water Savings in Industrial Operations 

Investigating water savings opportunities has often been overlooked in the past. The low cost and 

common availability seem to have been the primary factors. It wasn’t that auditors failed to look at 

water opportunities; their primary focus was on higher spending such as fuel/gas, electricity, etc. 

With today’s, justified, focus on sustainability, and recent drought conditions throughout areas of the 

U.S. a new focus is being placed on this precious resource. 

Having completed 10 such assessments in industrial facilities in 2014 the author will explain the process 

of conducting a water assessment. Determining what data to collect and how to organize and analyze it 

will be covered. The assessment process described involves panel discussion and field work. Multiple 

low and no cost opportunities having been found will be presented.  

Tom Theising, C.E.M., C.D.S.M. 

Sustainable Energy Solutions, LLC 
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ABSTRACT
There is a rising national and statewide concern in

the relationship between energy and water usage,
especially in California. The drought in California
has resulted in more focused attention to water
savings and the associated embedded energy savings.

California’s industrial sector uses slightly over 1%
of water in the state. Many industrial processes, in
particular food processing, are quite water intensive.
The sources of excessive water use are poorly
maintained equipment, cleaning processes, product
conveyance systems, cooling systems, heating
systems, single-pass cooling, and other special
processes.

This paper discusses several water savings
measures for various end-uses of water, the relative
amount of water savings, and examples of simple
payback periods for these measures. Methodologies
for estimating the energy savings associated with
water savings, cost savings, and simple payback
periods are presented. Case studies of successfully
implemented water savings projects are presented.

BACKGROUND
There is a rising national concern about water

usage and the sustainability of current industrial
water use practices. Drought conditions, especially
prevalent in California in 2015, highlight the issues
of groundwater overdraft and wasteful usage in the
industrial sector. Water conservation is the most cost
effective method for maintaining sustainable, low-
risk practices for an environmentally friendly and
profitable business.

The energy associated with water pumping in
industrial facilities constitutes a majority of overall
water embedded energy, although the industrial
sector only consumes about 5% of the total water
usage in the United States. According to the
California Energy Commission (CEC), the urban
sector (all end uses excluding agricultural and power

generation) represents 70% of the water related
energy usage in California for only 20% of the water
usage (Gellings and Goldstein 2008). The water-
related energy usage in the industrial sector is much
higher because industrial users need to treat both the
consumed fresh water and generated wastewater, in
addition to heating or cooling the water immediately
prior to use. This paper will discuss the background
on water usage, how water is used in industrial
facilities, the opportunities and specific measures for
water conservation, case studies for successful water
and embedded energy conservation projects, and
conclusions about the overall feasibility of water
conservation in the industrial sector.

Figure 1 shows a comparison of the sector fresh
water usage for both the United States and California
(Maupin et al. 2014). According to this figure, the
majority of fresh water is used in irrigation and
thermoelectric power generation for the United States
and irrigation for California. Water usage intensity
for electrical power generation was 13.64 gallon per
generated kWh for the United States and 0.28 gallon
per generated kWh for California (Maupin et al.
2014). Thus, water is indirectly conserved for every
energy efficiency action. Power generation facilities
that used single-pass cooling systems accounted for
92% of all fresh water withdrawals in the United
States (Maupin et al. 2014). Single-pass water
systems return nearly all the water to the source,
which can be reused, while recirculating water
systems consume water through evaporation (Dorjets
2015).

Fresh water can be withdrawn from either surface
sources, such as rivers, lakes, and canals, or
groundwater. The energy intensity of this water
depends greatly on the source, with groundwater
being the most energy intensive water supply.
Groundwater withdrawals for the industrial sector are
399 million gallons per day and 2,900 million gallons
per day in California and the United States,
respectively (Maupin et al. 2014). Surface water
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Figure 1. Comparison of Overall Water Withdrawals for the United States and California

withdrawals are 1.1 million gallons per day and
12,100 million gallons per day in California and the
United States, respectively (Maupin et al. 2014). For
industrial facilities, groundwater withdrawals were
99.8% of all fresh water usage in California and
19.3% of all fresh water usage in the United States
(Maupin et al. 2014).

There was a severe drought in the United States in
September 2012, where 64.8% of the nation’s area
experienced moderate to severe drought conditions
(NDMC 2015). Drought conditions are reoccuring in
more recent times; by the end of March 2015, 36.8%
of the United States area experienced moderate to
exceptional drought conditions, slightly higher than
the 35.9% for March of 2012 (NDMC 2015). This
data shows that throughout the nation, water
conservation is a critical component of maintaining
efficient and sustainable production of goods.

There is not much agreement in literature for the
energy intensities of water processes, mainly due to
the large diversity in operating conditions. Generally,
the energy intensity of surface water supplies is 1,400
– 1,500 kWh per million gallons, while the energy
intensity of groundwater supplies is 1,824 kWh per

million gallons (ICF International 2008). The
California Public Utilities Commission (CPUC) uses
an overall water energy intensity of 9,977 kWh per
million gallons for quantifying the electrical energy
savings due to water savings (CSUCSP 2011). The
actual energy intensity of industrial water usage
depends greatly on the processes that the water
undergoes before and after it is used inside an
industrial plant. Table 1 summarizes various water
processes and the ranges of energy intensities for
each process (GEI and Navigant 2010).

INDUSTRIAL PROCESSES
Major industrial water using processes include

conveying, cleaning, cooling, and heating. These
end-uses will be discussed in this section, while the
conservation measures for each end-use will be
discussed in the following section.

Conveying
Several fruit and vegetable industries use water to

convey the product from the truck unloading stations
into the processing plant. The product is conveyed
through flumes, or artificial open channel systems
that simultaneously wash and move the product.
Generally, the flume systems are arranged in multiple

Table 1. Water Embedded Energy Intensities for Various Processes

Category
Minimum

(kWh/million gal)
Maximum

(kWh/million gal)
Ground Water 790 3,753
Raw Water Conveyance 2 1,704
Water Distribution 37 1,524
Water Treatment 43 6,666
Wastewater Pumps 2 497
Wastewater Treatment 923 4,941
Recycled Water Treatment 984 3,771
Recycled Water Distribution 210 1,304
Desalination 3,819 3,945
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stages, which can either be individually supplied with
water or have water cascaded between the flumes.
The last stage of product flow is generally the
cleanest, and may be chlorinated for disinfection
prior to usage.

Cleaning and Rinsing
Nearly every industry produces waste that must be

disposed of to prevent accumulation and bacterial
infection. This waste can be found on the plant floor,
the surfaces of equipment, and inside product
conveyance pipes or flumes. The most common
method for disposing this waste is washing it into a
disposal channel, where the waste is conveyed to an
on-site wastewater treatment system or a municipal
sewer line.

Many cleaning processes will need water that is
heated or chemically treated. Water savings measures
in the cleaning and rinsing end-use category can save
significant costs in fuel for heating or chemicals for
disinfection.

Cooling
Water is used in cooling towers and single-pass

cooling systems. Cooling water usage comprises a
significant portion of total facility water usage in the
meat processing, dairy processing, preserved fruits
and vegetables processing, high tech, and petroleum
refining industries.

For wet cooling towers (direct contact between
cooling water and air), the greatest water
consumption processes are evaporation, blowdown,
and drift. As water contacts dry air (less than 100%
relative humidity), some water is evaporated and heat
is removed from the cooling water. Evaporation is
directly tied to heat transfer. Cooling tower
blowdown is needed to prevent scaling and fouling

on the heat transfer surfaces. Drift is caused by
uncontrolled water droplets being removed by the air
stream.

Single-pass cooling systems take water directly
from the source (groundwater, surface water, or
municipal pipes) and provide cooling to a process
before being discharged. Water that is discharged
directly into the sewer system can be a significant
source of waste.

Heating
Water is used in steam and hot water boiler

systems. Hot water and steam can be used for various
applications in an industrial setting, including space
heating, cleaning, sterilization, power generation,
product cooking, meat processing scalding, and other
applications. Water can be lost in the systems through
steam leaks, condensate drains that are not returned,
blowdown in the boiler, and excessive cleaning
operations.

OPPORTUNITIES IN WATER
CONSERVATION

There are several key components to water
conservation: the types of projects to implement, the
analysis methods for quantifying their effectiveness,
the relative savings for each measure, the financial
implications of each measure, as well as other
concerns that factor into whether a measure will be
implemented. This section will discuss water
conservation measures for each industrial end-use
category, as well as water recovery measures from
wastewater or product water. Additionally, relative
water savings and simple payback periods will be
presented for the measures where applicable. Tables
2a and 2b summarize the potential water savings by
industry (Gleick et al. 2003).

Table 2a. Summary of Water Savings Potential by Industry
Industry Meat Processing Dairy Processing Preserved Fruit/Vege Beverages

Category

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Process 58% 25% 23% 25% 73% 25% 45% 27%
Cooling 33% 26% 71% 26% 22% 26% 5% 26%
Boiler
Consumptive 46% 0%
Restroom 8% 49% 3% 49% 3% 49%
Landscaping 1% 50% 3% 50% 3% 50%
Kitchen
Other 2% 10% 1% 10%
*The water savings potential is presented as a percent of the relevant category total use, not the facility total use.
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Table 2b. Summary of Water Savings Potential by Industry
Industry Textile Fabricated Metals High Tech Petroleum Refining

Category

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Percent
Of Total
Facility
Usage

Water
Savings

Potential*

Process 90% 39% 67% 33% 70% 43% 6% 0%
Cooling 5% 26% 15% 26% 20% 26% 57% 80%
Boiler 34% 80%
Consumptive
Restroom 5% 49%
Landscaping
Kitchen 1% 20%
Other 5% 49% 17% 50% 5% 10% 3% 40%
*The water savings potential is presented as a percent of the relevant category total use, not the facility total use.

Water conservation measures have been divided
into various end-use processes: (1) general
maintenance practices, (2) conveying, cleaning, and
rinsing systems, (3) cooling systems, (4) heating
systems, and (5) general process and wastewater
management. This should aid facility managers with
finding specific measures relevant to processes at
their plant.

Water Conservation Measures – Maintenance
This section will discuss the water conservation

measures that focus on achieving water conservation
through persistent equipment maintenance programs.

Repair Water Leaks
Valves, hoses, and water storage tanks can all

spring leaks due to normal wear and tear.
Implementing a maintenance program to repair these
leaks can significantly reduce the amount of fresh
water that a facility purchases from the city or pumps
from the aquifer. For a typical case, repairing water
leaks could save approximately 0.7% of a facility’s
water consumption (BASE 2015).

Maintain Steam Traps
Facilities that utilize steam systems have steam

traps that periodically fail. If these traps are not
maintained effectively and proactively, the number of
failed traps can grow and leak significant amounts of
steam and condensate. Repairing failed steam traps
can save approximately 20% of the boiler system’s
total steam production (FEMP 1999). There will also
be a significant amount of fuel savings from the
boiler system, and an example simple payback period
for this measure can be as low as 0.5 years (BASE
2015).

Water Conservation Measures – Conveying,
Cleaning and Rinsing

This section will discuss measures that center
around product conveyance systems, as well as
technological or behavioral improvements to the
existing cleaning and rinsing practices at a facility.

Cascade Water in the Flumes
Many food processing facilities use multiple

stages of flumes to simultaneously wash and convey
product. Water jets are used to unload food products
from trucks, which are then conveyed into the
processing facility by a series of flumes. Water can
be recovered from the last stages of the flume,
filtered, and sent to former stages counter-current to
the flow of the product. For typical cases, recovering
water from one flume and using it in another flume
could save between 1.3% and 3.8% of a facility’s
total fresh water consumption, and could pay back in
less than a year (BASE 2015).

Use Dry Cleaning Methods
Brooms, brushes, and scrapers can be used to

completely clean or pre-clean surfaces of solid
debris. This can significantly reduce water usage
from typical wet wash-down cleaning processes. Dry
cleaning is typically slightly more labor intensive,
and may not eliminate fats and grease waste. Water
savings for this measure ranges from 20% to 30% of
the existing practice (European Commission 2006).
Simple payback periods for this measure range from
1.2 years to 4.9 years (Gleick et al. 2003).

Upgrade Nozzles on Wash Down Hoses
Many facilities use open-ended hoses to wash

down the plant floor or the surfaces of equipment.
For a typical case, installing pressurized nozzles can
reduce the amount of water used for wash down
operations by 23% (Spraying Systems Co. 2008).
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Additionally, if self-cleaning nozzles are installed on
wash-down hoses then water consumption can be
reduced by an additional 30% (Gleick et al. 2003).
The payback period for this measure can be as low as
two weeks, or practically an immediate return on the
investment (Masanet et al. 2008).

Reuse Rinse Water
The water used in equipment rinsing is typically

discharged after one use because the operators are
concerned about the levels of contaminants in the
rinse water discharge. Verification of the contaminant
levels through the use of a conductivity sensor will
allow reuse of the rinse water across multiple stages
of the rinsing process. Additionally, the final rinse of
one piece of equipment can be used as the first rinse
for another piece of equipment. Reusing rinse water
can save 40% to 50% of the total rinse water usage
(European Commission 2006, Emerson Process
Management 2010). An example simple payback
period for this measure is approximately 3 years
(BASE 2015).

Install an Automated Clean-in-Place (CIP) System in
Place of Washdown

Many industries have large tanks that need to be
periodically cleaned and sanitized. Often, these tanks
are manually sprayed down or filled with cleaning
solution and drained between uses. Installing an
automated CIP system, which uses high impact
washers and spray nozzles, can clean more quickly
and effectively than existing practices. Additionally,
there may be significant labor savings by automating
tank cleaning. Water consumption of the tank
cleaning system can be reduced by 20% (Spraying
Systems Co. 2008) for a typical case. Simple payback
period information for this measure could not be
found in a literature review.

Install a Centralized CIP System for Water Reuse
Some facilities use single-tank CIP systems where

the cleaning solution is used once before being
discharged to the drain. Installing a centralized,
multi-tank CIP system with temperature,
conductivity, and flow sensors will allow CIP water
to be reused between rinsing operations. Installing a
centralized reuse CIP system can save 54% to 60% of
the existing CIP usage (European Commission 2006,
Schroder et al. 2014). An example payback period for
this measure is approximately 1 year (UNEP 2004).

Install a Pipeline Inspection Gauge (PIG) System to
Clean Pipes

Many facilities clean debris out of pipes by
forcing water through the pipes at high velocities. A
PIG system involves forcing an object through the

pipes to clear the pipes, minimizing water usage and
potentially enabling the recovery of product. The PIG
can be made from sponge balls, rubber, metal, or ice.
Typical values for water savings from installing a
pigging system can reach 10% to 15% of the
facility’s total water usage (PG&E 2013), while an
example simple payback period is approximately 2
years (EPA Victoria 2007).

Water Conservation Measures – Cooling Systems
This section will discuss measures that center

around cooling systems.

Install a Conductivity Sensor on the Cooling Tower
to Automatically Control Blowdown

Many uncontrolled cooling tower blowdown
systems discharge much more water than required to
prevent scaling in the system. Installing a
conductivity sensor with a makeup water control
system will allow the cooling tower to operate at the
maximum cycles of concentration, which is the ratio
of makeup water to blowdown water. The maximum
cycles of concentration can be determined through
supply water quality data and a scaling potential
calculation involving maximum temperature, makeup
conductivity, makeup alkalinity, calcium/magnesium
hardness, and makeup silica (CSUCSP 2011). Water
savings is approximately 1.29 million gallons per
year for a 350 ton cooling tower, and this measure is
cost effective for cooling towers greater than 125
tons (CSUCSP 2011). An example simple payback
period for this measure is approximately 0.9 years
(AMWUA 2008).

Install a Flow Meter on the Cooling Tower Make-up
Water Line to Detect Leaks

Installing a flow meter on the cooling tower make-
up water line will allow the facility to detect
excessive water use for a cooling tower, signaling the
need to locate a water leak. Manufacturer
specifications provide calculations to determine water
loss from evaporation based on the heat load of the
system. These calculations, in combination with the
cycles of concentration of the system, allow the
facility to determine how much water the cooling
tower should be using with no leaks. If the metered
water use is greater than the calculated evaporation
and blowdown water use, then the system has a leak
which can be easily corrected.

Install a Makeup Water Treatment or Sidestream
Treatment System on the Cooling Tower

Installing a water treatment system for the cooling
tower can increase the cycles of concentration,
resulting in a significant reduction in water usage.
There are diminishing returns as the cycles of
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concentration increases: increasing the cycles of
concentration from 3 to 6 decreases makeup water by
20%, with further increases to 10 cycles of
concentration decreases makeup water by an
additional 10%, and negligible changes in makeup
water for higher cycles of concentration (Shi 2012).
The average cycles of concentration for California
cooling towers is 3.5 (CSUCSP 2011). Simple
payback period information for this measure could
not be found in a literature review.

Reuse Single Pass Cooling Water
Pump seal, product heat exchanger, air

compressor, water-cooled chiller, and vacuum pump
cooling water is often drained to the wastewater
collection system. It is recommended to reroute this
water back into the cooling tower or flumes to offset
fresh makeup water. Reusing single-pass cooling
water can typically save between 1.7% and 5.0% of a
facility’s total fresh water consumption. Example
payback periods for this measure are between 1.0
years and 4.8 years, depending on the amount of
collection points (BASE 2015).

Install an Overflow Alarm on the Cooling Tower
Sump

Cooling tower makeup water supply pumps may
be improperly controlled, or the makeup water
control valve float may fail, which can cause
significant overflow rates by continuously supplying
water to the cooling tower sump after it has already
been filled. Without an alarm, this overflow can
occur for days or weeks before it is diagnosed by the
facility. An overflow alarm system can immediately
alert the facility if the makeup valve control system
fails, preventing significant water loss from sump
overflows. Installing an overflow alarm system can
save up to 1.7% of a facility’s total water
consumption. Implementation of this measure will
often pay back within a year (BASE 2015).

Change Evaporative Cooling to Dry Cooling
Changing direct contact or evaporative cooling

towers to dry cooling towers will eliminate all water
consumption from drift, blowdown, and evaporation.
However, there will be a significant increase in
cooling tower fan energy consumption. The Electric
Power Research Institute is researching advanced
cooling tower technologies, including hybrid dry/wet
designs, but these technologies are still in the
research stage for power generation facilities.

Water Conservation Measures – Heating Systems
This section will discuss measures that conserve

water in the heating systems. The main savings
mechanisms for these measures are fuel savings in

the boiler system, although they will also result in
significant water and treatment savings.

Return Steam Condensate to the Boiler System
Steam condensate is drained directly to the

facility’s wastewater system in many industrial
facilities, especially when there is a large distance
between the boiler and the steam usage point. For
typical cases, returning steam condensate to the
boiler system can save up to 37% of the boiler
system’s nominal steam output (BASE 2015). The
payback period for this measure ranges from 0.5 - 0.7
years (BASE 2015, Gleick et al. 2003).

Install a Conductivity Sensor on the Boiler to
Automatically Control Surface Blowdown

Many boiler systems are constantly blown down
to remove dissolved solids inside the boiler, which
can cause scaling and impair heat transfer. Installing
a conductivity sensor can indirectly measure the
amount of dissolved solids inside the boiler, and
control the surface blowdown to discharge water only
when needed, resulting in significant water and fuel
savings. Water savings for installing an automatic
blowdown control system can range from 1% to 8%
of the nominal steam generation rate (SCGC 2012).
The simple payback period for this measure ranges
from 1 year to 3 years (NCDPPEA 2002).

Install a Boiler Blowdown Flash Tank to Recover
Flash Steam

The boiler blowdown is typically discharged
directly to the drain without any heat or steam
recovery. Installing a blowdown flash tank, with flash
steam recovery to the deaerator, can save up to 49%
of the energy in the blowdown and 14% of the
blowdown water (Spirax Sarco 2015). If sensible heat
from the blowdown stream after flashing is
recovered, total energy recovery can reach up to 87%
of the total energy of the blowdown stream (Spirax
Sarco 2015). For a typical case, the simple payback
period for this measure is approximately 0.5 years
(OIT 2002).

Install a Flue Gas Condenser to Recover Combustion
Product Water

Flue gas condensers can represent a significant
amount of water reclamation for direct-combustion
equipment in the industrial sector. Reclaimed flue gas
water can be used in non-sensitive wash processes or
landscape irrigation. Carbonic acid can be easily
pretreated if the water is used in quality sensitive
processes or reused in the boiler. For natural gas
boilers, the amount of water recovery is
approximately 5% to 7% of the nominal steam
generation rate of the boiler (Gellings and Goldstein
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2008). For typical cases, the simple payback periods
range from 2.0 – 3.9 years (Schiffhauer et al. 2009).
Please note that the payback presented only involves
the installation of a condensing economizer, and not
the additional capital costs or cost savings of
recovering and treating the condensed flue gas water.

Water Conservation Measures – General Process and
Wastewater Management

This section will discuss measures that involve
making improvements to process water usage and
existing wastewater facilities at the plant.

Install Automatic Shut-Off Valves to Eliminate Idle
Equipment Water Usage

Water using equipment will often operate
intermittently, especially when there are multiple
parallel lines of production. Makeup water lines are
often manually controlled, and operators will not shut
down the water line between periods of productivity
on the equipment. As an example, food washing
equipment may be left on during breaks or when
product unloading is less than the capacity of the
product washing stations. Installing automatic shut
off valves can result in water savings up to 15% of
the equipment’s overall water usage (European
Commission 2006). Simple payback periods for this
measure could not be found from a literature review,
but they are expected to be low due to the minimal
equipment involved in the implementation of this
measure.

Recycle Evaporator Condensate
Water is commonly evaporated and removed from

the product in juice and paste facilities. In the first
stages of the evaporator, the evaporated product
water is relatively pure and can be condensed and
used in the cooling towers, unloading flumes, and
other low-grade facility applications. Further water
recovery may require ultrafiltration or reverse
osmosis to purify the evaporated product water, but
will significantly increase the amount of hot, clean
water to be used in the plant. For a typical case, this
measure can reduce the plants overall fresh water
consumption by up to 90%, with a payback period of
approximately 4 years (Dairy Australia 2004).

Separate Wastewater Streams for Water Recovery
Wastewater can be generated by numerous

processes in a single facility, and each stream can
have different levels of wastewater constituents.
Separating the wastewater streams can facilitate the
treatment and recycling of flows with low levels of
waste. Additionally, the “waste” separated from the
water can be repurposed as an additional revenue
source, either being added back into the product

stream or used as animal feed. For a typical case,
separating and treating low-waste streams can reduce
a facility’s overall water consumption by 19%
(Masanet et al. 2008). Simple payback period
information for this measure could not be found in a
literature review.

Install a Wastewater Treatment System to Recycle
and Reuse Water

Recycling and reusing water is the most effective
and most costly method of reducing fresh water
consumption. Food processors, textile manufacturers,
silicon chip manufacturers, and metal finishing plants
have the greatest opportunities for reusing
wastewater (Gellings and Goldstein 2008). Plants can
install microfiltration, ultrafiltration, reverse osmosis,
and ozone treatment systems to treat the water to
acceptable levels for reuse. Additionally, the solids
separated from the waste stream can potentially be an
economically useful product. Cost savings for these
measures is highly dependent on the waste stream.
Projects become much more cost effective if usable
products can be separated from the water, such as
milk solids in dairies, sugars in beverage processing,
and phosphate for CIP systems. In poultry plants,
fresh water reduction can reach up to 80% (Gleick et
al. 2003). Simple payback periods range from 0.1
years to 12.4 years, with most systems ranging in
depending on the solid separated and the wastewater
charges at the facility (Gleick et al. 2003). The high
discrepancy between the payback periods show that
the feasibility of these systems must be analyzed on a
case-by-case basis.

Utilize Recycled Water from a Local Municipality
It is feasible to install dedicated recycled water

lines between municipal tertiary treatment plants and
large industrial users. Industrial users can use
recycled water for cooling tower makeup, boiler
makeup, and low/medium water quality processes
(Gellings and Goldstein 2008).

Table 3 summarizes all of the water conservation
measures discussed in this paper. Please note that all
potential savings percentages and payback periods
are examples of what can be achieved in industrial
applications. A detailed water audit must be
performed to determine the savings and payback for
any single project, as the savings and costs are highly
dependent on unique circumstances at the facility.

Barriers to Implementation
There are several barriers that inhibit the

implementation of water conservation measures. The
first is the lack of reliable data. Often, a facility
meters total influent and total effluent water, with
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Table 3. Summary of Industrial Water Conservation Measures

Water Conservation Measure Applicable
Industry Potential Water Savings Examples

Simple
Payback
Period

Maintenance
Repair Water Leaks All 0.7% of Facility's Total Consumption Immediate

Maintain Steam Traps All Up to 20% of Boiler System's Steam
Production 0.5 years

Conveying, Cleaning, and Rinsing

Cascade Water in the Flumes Fruit
Processing

1.3% - 3.8% of Facility's Total
Consumption 1 year

Use Dry Cleaning Methods All Varies 1.2 – 4.9
years

Reuse Rinse Water Various Up to 40% of Rinse Water Usage 3 years

Upgrade Nozzles on Wash Down Hoses All Up to 23% - 30% of Wash Down
Water Usage Immediate

Install an Automated Clean-in-Place (CIP) System
in Place of Manual Wash Down Various Up to 20% of Existing Cleaning

System N/A

Install a Centralized CIP System for Water Reuse Various Up to 54% of Existing CIP Water
Usage 1 year

Install a Pipeline Inspection Gauge (PIG) System
to Clean Pipes Various Up to 10% - 15% of Facility's Total

Consumption 2 years

Cooling Systems
Install a Conductivity Sensor on the Cooling
Tower to Automatically Control Blowdown All 1.29 Million Gallons per Year for a

350 Ton Cooling Tower 0.9 years

Install a Flow Meter on the Cooling Tower Make-
up Water Line to Detect Leaks All N/A 1 year

Install a Makeup Water Treatment or Sidestream
Treatment System on the Cooling Tower All Up to 10% - 20% of Cooling Tower

Water Usage N/A

Reuse Single Pass Cooling Water All Up to 1.7% - 5.0% of Facility's Total
Consumption

1.0 - 4.8
years

Install an Overflow Alarm on the Cooling Tower
Sump All 1.7% of Facility's Total Consumption 1 year

Change Evaporative Cooling to Dry Cooling All N/A N/A
Heating Systems

Return Steam Condensate to the Boiler System All Up to 37% of Boiler System’s Steam
Production

0.5 – 0.7
years

Install a Conductivity Sensor on the Boiler to
Automatically Control Surface Blowdown All 1% - 8% of Boiler System’s Steam

Production 1 – 3 years

Install a Boiler Blowdown Flash Tank to Recover
Flash Steam All 14% of Boiler System’s Blowdown 0.5 years

Install a Flue Gas Condenser to Recover
Combustion  Product Water All 5% - 7% of Nominal Steam Generation

Rate
2.0 – 3.9
years*

General Process and Wastewater Management
Install Automatic Shut-Off Valves to Eliminate
Idle Equipment Water Usage All 15% of Equipment’s Existing Usage N/A

Recycle Evaporator Condensate Food
Processing

Up to 90% of Facility’s Total
Consumption 4 years

Install a Wastewater Treatment System to Recycle
and Reuse Water Various Up to 80% of Facility's Total

Consumption
0.1 - 12.4

years
Utilize Recycled Water from a Local Municipality Selected N/A N/A
*The simple payback period for this measure does not include full project costs or cost savings; please read the
explanation of this measure for a description of the payback period.



Copyright © by BASE Energy, Inc. All rights reserved.

very little submetering within the plant. This makes
quantifying baseline water consumption a difficult
endeavor. Without a baseline condition, quantifying
energy savings and cost savings for any water
conservation action becomes nearly impossible, and
facility management will not commit resources to
these projects. The best solution is for facilities to
install flow submeters on large water consuming
equipment/processes, or on equipment/processes that
consume high energy intensity or high cost water
(chemically treated, reverse osmosis filtered, etc.).
Another solution is to hire water auditing
professionals to perform project scoping and spot
flow measurements and calculate estimates of the
water savings, cost savings, and implementation costs
of projects.

Another barrier is a lack of awareness about
industrial water conservation. Many facility
managers do not know which actions to perform to
conserve water. There is hesitation to perform new,
innovative water conservation actions in industry as
water is a relatively cheap resource, at first glance,
and it can have significant effects on production.
Case studies of successful projects are the most
effective method to promote water conservation,
because plant managers can see cost effective water
conservation projects being implemented
successfully.

The final barrier discussed in this paper is the
complexity of industrial systems. There are no simple
fixes, such as low-flow toilets or low-flow faucets,
which can be applied to every facility across the
entire sector. Every industrial facility has different
processes, with different usage profiles, that make it
nearly impossible to develop routine calculation
methods for a measure. Water auditors can help a
facility scope and quantify projects, but there also
need to be “water champions” within a facility to
help maintain efficient and productive operation of
equipment after projects have been implemented.

Methodologies for Analysis
It is important to quantify the energy savings,

water savings, and cost savings of each water
conservation measure based on site-specific
parameters. Electrical energy savings may either be
on-site or embedded, depending on the source of the
water supply and treatment (i.e. on-site or from the
local municipality). Local electrical utilities may
offer energy efficiency incentives for embedded
energy if the project is both large enough for
consideration and the energy reduction is on the
utility’s grid.

The general method for analyzing the on-site
electrical energy savings for a water conservation
measure includes the annual water conserved and the
energy intensity of the supply, distribution, treatment,
and wastewater treatment systems. The water savings
can be quantified by fluid dynamic analyses,
manufacturer specifications, or direct measurements
of water flow rates. The supply energy intensity is
highly dependent on the source of water (i.e. surface
or groundwater).  The energy intensity of distribution
is dependent on the distance and height changes
between the water source and the end-use. The water
treatment intensity is dependent on the type of
treatment used (i.e. simple filtration, reverse osmosis,
disinfection, etc.). The wastewater treatment intensity
is dependent on the processes required for discharge
to the environment (i.e. filtration, aeration,
denitrification, disinfection, etc.). Please note that
there may be parasitic loads for water conservation
measures, from either additional pump or fan energy,
which must be accounted for when calculating the
overall electrical energy savings.

Heating energy savings for water conservation
projects can be quantified through the annual water
conserved, the temperature of the water at the
recovery point, the temperature of the makeup water,
and the efficiency of the boiler or heating system.

The cost savings for water conservation projects
can be quantified through the electrical cost savings,
the heating energy cost savings, the cost of fresh
water from the local water district, the cost of
disposal from the local wastewater district, and the
cost of chemicals in the water. Total wastewater costs
may be divided into charges for biological oxygen
demand (BOD), total dissolved solids (TDS), total
Kjehdahl nitrogen (TKN), and other wastewater
constituents. Please note that there may be additional
maintenance or chemical costs required to implement
a water conservation project, which will need to be
accounted for when determining the total cost
savings.

The simple payback period for water conservation
projects can be quantified through the total capital
cost, the incentive from the local energy utility, the
incentive from the local water district, and the total
cost savings. Please note that incentives from energy
and water utilities may need to be negotiated, as
formal incentive programs for water conservation are
rare. There are other financial metrics, including
return on investment, internal rate of return, savings-
to-investment ratio, net present worth, etc., which
may be needed to implement a project. The necessity
of detailed financial analyses is determined by the
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capital investment procedure for a company. A
detailed discussion of these metrics is beyond the
scope of this paper.

CASE STUDIES
The following section showcases two case studies

for food processors in California that have
implemented comprehensive water conservation
projects.

Tomato Processor, Central Valley, California
This tomato processing facility implemented four

measures to conserve 44 million gallons per year, or
0.45 million gallons per day, of fresh groundwater.
This represents 14% of the facility’s overall fresh
water usage. Additionally, since all water
supply/distribution pumps and water/wastewater
treatment facilities were on-site, the facility saved
142,000 kWh of electricity per year. With the energy
incentive from the local electrical utility, the overall
simple payback period for the entire project was less
than one year. The measures this tomato processor
implemented were:

1) Cascade water from the flume system to the
truck unloading booms

2) Recover single-pass cooling water and use
in the flume system

3) Recover wastewater discharged from rotary
screens and reuse in the flumes

4) Reduce the over-usage of water in the pump
seal cooling system

Measurement and verification of the water and
energy savings was performed by either direct
measurements of the recovered flow rates or
engineering calculations based on pipe dimensions
and pressure profiles of the system.

Winery, Central Coast, California
This winery implemented one measure to

conserve 1.92 million gallons per year of fresh
groundwater. This represents 26% of the facility’s
overall fresh water usage. Additionally, the facility
saved 42,000 kWh of electricity per year from the on-
site wastewater pumps and aeration equipment. There
was no cost for the project, resulting in an immediate
simple payback period with an annual cost savings of
$5000/yr. The winery implemented an optimized
sequencing schedule of their grape presses to
minimize the number of presses that operate per day,
and as a result reduce the total washdown water.

Measurement and verification of the water savings
was performed by normalizing the measured water
usage to the grape production for the years before and

after implementation of the project. The facility
reduced its water intensity from 273.2 gallons per ton
of grapes to 201.9 gallons per ton of grapes.

CONCLUSIONS
A steady, reliable water supply is critical to the

healthy operation of industrial facilities. Droughts
have affected the United States in recent years, and as
fresh water supplies become more limited, production
may become stifled by the amount of fresh water
available.

There is significant potential for water
conservation across all industries. The measures
outlined in this paper summarize cost effective water
conservation actions for nearly all industrial
processes; maintenance, cleaning, cooling, heating,
general process, and wastewater management. Many
facilities have already begun successful water
management programs, cutting their overall fresh
water consumption by significant portions with
payback periods on the investments that are less than
a year.
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ABSTRACT 

     In some states large electricity consumers have been pushing to opt-out of energy efficiency programs. The 

primary justification is that, from the customer’s perspective, the fees paid in are greater than value received. It is 

possible that over the next few years, more states will exempt large industrial customers from mandatory 

participation in utility sector energy efficiency programs (EEPs).This will mean that efficiency programs will no 

longer be able to count on the fees collected from these customers nor the energy efficiency resources they can 

provide. This is, unless they are able to convince these customers that it is in their best interest to participate. To 

accomplish this, the EEPs must provide significant value to large consumers and must be able to articulate that 

value. This paper will discuss how to communicate that value and by extension, why they should voluntarily 

participate in utility sector efficiency programs. 

 

 

 

 

INTRODUCTION 

     Businesses, by definition, exist in a competitive 

market and are therefore predisposed to shun 

collective action. There are even anti-trust regulations 

prohibiting some collaborative activities. Energy 

efficiency program administrators therefore have a 

very difficult task in convincing businesses to 

participate in their programs. And yet lack of 

business sector participation in utility sector 

efficiency programs has been proven to result in 

higher energy prices for all customer classes (3). This 

paper will articulate a case for why businesses should 

elect to participate in these programs. 

 

     There are five ways in which energy efficiency 

programs reduce business’s energy costs.  

 

(1) Programs help reduce customers’ energy waste 

and thereby reduce monthly energy expenses.  

(2) Programs reduce customer demand, or load, 

which lowers wholesale energy prices, 

particularly in the short and medium term.  

(3) Programs increase the volume of resources bid 

into wholesale capacity markets.  

(4) Depending upon the local market structure, 

programs either provide a new revenue stream 

for the business or provide additional revenues 

for the utilities that bid energy into the wholesale 

capacity auctions which helps to offset energy 

efficiency program costs.  

(5) Energy efficiency programs decrease the rate at 

which overall energy demand increases. As a 

result, the need for investments in new 

generation by utilities is either postponed or 

mitigated entirely. If these assets are not built, 

the cost of them won’t be built into the rate base 

and that makes for lower rates and lower energy 

bills. 

 

Reduce Customer Energy Consumption  



     The purpose of efficiency programs is to reduce the 

electrical demand (kW) and consumption (kWh) by a 

utility’s customers, so the question to be answered is 

do they facilitate greater reductions in customers’ 

energy bills than customers make on their own. In 

Ohio, the state EERS had a measurable impact on the 

volume of energy savings achieved by the investor 

owned utilities and the programs they administer. By 

the end of 2009, savings from energy efficiency had 

increased 25-fold since 2007 (1),(2). 

 

     Explaining this increase is straight forward: 

efficiency programs split the cost of an energy 

measure between the end user, or program participant, 

and the efficiency program thereby making it a more 

appealing investment. The program participant is 

likely to have very high expectations for return on 

investment while the program can be more patient. 

Another way to look at this is the relative cost of 

acquisition. When a business does a cost-benefit 

analysis, they will use their current cost of power in 

both the cost and benefit components of their 

evaluation.  

 

     When programs look at their acquisition costs of 

energy efficiency resources, they also look at the value 

of saved energy on the benefit side of the equation but 

only consider the amount of financial incentives on the 

cost side of the analysis, not the full cost of 

implementation. Nationally this program acquisition 

cost averages 2.8 cents per kilowatt hour (kWh) (11). 

This is inclusive of all customer classes and all 

program types. ACEEE found in its study of seven 

state programs that measured participant costs as well 

as program costs that on average, for every dollar 

programs spent on a measure, participants spent an 

additional $1.41 (11). Put another way, for every 

kilowatt hour saved, programs in these seven states 

spent on average $0.024 per kWh and participants 

spent $0.030. Had the participants not used the 

programs, they would have footed the entire $0.054 

alone. But by participating in the programs, they were 

able to factor the $0.054 in the benefit side of their 

cost-benefit analysis, but only $0.030 in the cost side 

(11).  

 

     Thus the return on investment increases: a project 

that would not have paid back soon enough now will. 

By participating in the program, the business is able to 

shift the recovery of its investment to an entity that can 

spread it out over a longer period of time than the 

business would be able to accept on its own. As a 

result, it is able to reduce its operating costs more than 

it could on its own.  

 

Energy Efficiency as a Resource 

     In its 2013 report, Ohio’s Energy Efficiency 

Resource Standard: Impacts on the Ohio Wholesale 

Electricity Market and Benefits to the State (12), 

ACEEE examines the ability of an energy efficiency 

savings target to impact the price of electricity in 

wholesale energy market. The Investor Owned 

Utilities (IOUs) in Ohio are part of the PJM 

Interconnection (PJM), the regional transmission 

organization (RTO) that has responsibility for 

managing the flows of electricity for much of the 

eastern part of the country. Generators of electricity 

bid in capacity to supply electricity to the many 

electrical service territories within the PJM. 

Conceptually, any generator can supply any service 

territory with power. More recently, energy efficiency 

has become an eligible energy resource that can be bid 

into the various markets within PJM. A given load can 

be met by a combination of generation and energy 

savings.  

 

     The ACEEE analysis found a link between the 

state’s energy policy and the amount customers paid 

for power. Extending Ohio’s Energy Efficiency 

Resource Standard (EERS) could have saved 

customers a total of almost $5.6 billion in avoided 

energy expenditures and reduced wholesale energy 

and capacity prices by 2020 (12).  

 

 $3.37 billion from reduced customer expenditures 

 $880 million from wholesale energy price 

mitigation impacts 

 $1.3 billion from wholesale capacity price 

mitigation impacts from the 2017/2018 through 

2020/2021 PJM auctions.  

 

     The program administration costs were estimated 

to be $2.8 billion but would be offset by about $100 

million in revenues awarded to utilities through selling 

energy efficiency resources into the PJM auctions. The 

net benefit to Ohio’s electricity customers, including 

all the customers who did not participate in the 



programs, could have been $2.9 billion over the five-

year period 2015-2020. (Note: $500 million savings 

foregone in 2015/2016 auction and assumption that 

recent freezing of Ohio’s EERS will result in similar 

foregone savings in the 2017 - 2020 auctions)(12).  

 

Table 1. Summary of wholesale energy cost savings 

and wholesale energy and capacity price mitigation 

impacts from Ohio’s EERS through 2020. 

 

Economic Savings 

(Million $2012) 

Wholesale Energy Cost 

Savings $3,370 

Wholesale Energy Price 

Mitigation Savings $880 

Wholesale Capacity 

Price Mitigation 

Savings (Estimated, 

2017-2020) $1,320* 

Total Savings $5,570 

Wholesale Capacity 

Price Mitigation 

Savings (Forgone, 

2015/2016) $500 

Utility Program 

Administration Costs** $2,800 

Source: Neubauer et al. 2013. 

* Assumes that savings from the 2017/2018 through 

2019/2020 auctions are equal to the estimates of savings 

from 2020/2021 auction. Does not include savings from 

2016/2017 auction, which transpires in May 2013 and, 

hence, the potential savings have already been lost. 

** Utility program investments will accrue savings over the 

life of the measures installed in each program year and, 

therefore, they will deliver savings beyond 2020. However, 

we only count program savings through 2020. 

Lowering Wholesale Energy Prices by Reducing 

System Load 

     The demand for electricity (“load”) has an effect on 

energy prices: all else being equal, higher loads are 

associated with higher energy prices. This is 

exemplified by peak demand charges. Utilities charge 

more for power during periods of peak demand than 

during off-peak hours. Their justification for this is 

that they have to either run additional generating units, 

which is expensive, or purchase expensive power off 

the wholesale market. Peak power on the wholesale 

market can be ten or even hundred fold the price of 

power during off-peak periods. 

     Therefore, the lower the system load, the easier it 

is to meet with existing resources. A utility or system 

operator will dispatch the most efficient, and least 

cost, assets to meet the load requirement. As 

customers become more efficient, the system load 

stabilizes or even decreases thereby reducing the need 

to run expensive generation.  

Increase Volume of Resources bid into Wholesale 

Capacity Markets 

     In much of the country, the wholesale generation 

and transmission of power is handled through 

competitive markets. Generators of power bid in to 

deliver energy into the market. Energy efficiency can 

also be bid into some of these markets. The operators 

of these markets select bids starting with lowest cost 

and move towards higher cost until they have secured 

sufficient capacity to meet system demand for the 

prescribed period. The price of the last bid accepted is 

called the “clearing price” and all accepted bids 

receive that rate regardless of bid price.  

     This system rewards low-cost resource providers 

and benefits from greater market participation. The 

more market participants, the more competitive the 

auction, the greater the pressure to submit a lower bid. 

If all resources that are available are bid into a market, 

the market should meet the demands of the system at 

the lowest costs.  

     As demonstrated during the California energy crisis 

of 2000-2001, companies like ENRON were able to 

manipulate the price of wholesale power by not 

bidding their generation into the California 

Independent System Operator (CalISO) market (7). It 

is therefore quite established that there is a correlation 

between the volume of available resources and the 

clearing price of wholesale power. The California 

experience also brought attention to the need for 

transparency: companies were gaming the system by 

representing both the supply and demand sides of 

transactions. 

     Neubauer et al. 2013(12) demonstrate that the 

clearing prices in PJM auctions were lower when all 

available energy efficiency resources were bid in and 

that the prices were higher when they were not. Table 

2 shows the savings from the 2015/2016 auction that 

could have accrued had utilities bid all available 

energy efficiency resources into that auction. The 



analysis concluded that 90% of the $500 million in 

unrealized wholesale energy cost savings would have 

come from the American Transmission System, Inc. 

(ATSI) zone in northern Ohio where there were 

capacity constraints and yet low levels of bidding of 

energy efficiency resources. Statewide, it is likely that 

the capacity prices in the PJM base residual auction 

(BRA) were 21% greater than they would have been 

had all of Ohio’s utilities bid in efficiency resources 

equal to the state’s EERS goals. 

     The three take aways from these two examples is 

that wholesale markets function best when there is an 

excess supply of capacity, that transparency is a 

fundamental requirement, and that energy efficiency 

when treated as a capacity resource will lower prices 

for participants and non-participants alike.  

Table 2. Potential Wholesale Capacity Cost 

Savings Had Maximum Available Energy 

Efficiency Resources Been Bid into the 

2015/2016 Base Residual Auction (BRA). 

Zone 

Actual 

Auction 

Capacity 

Costs 

(M$) 

Capacity 

Costs 

with 

Addition

al EE 

(M$) 

Capacity 

Cost 

Savings 

(M$) 

Capac

ity 

Cost 

Saving

s 

(M201

2$) 

ATSI $1,368 $883 $484 $452 

All 

Other

s 

$717 $666 $51 $47 

Ohio 

Total 

$2,084 $1,549 $535 $499 

Source: Synapse Energy Economics 

     As more of the country’s electrical grid is opened 

to wholesale competition, there will be more 

opportunities for energy efficiency resources to be 

monetized. Energy efficiency can be used to respond 

to short-term as well as future capacity needs. These 

markets are opening up to participation by a greater 

variety of market actors. In addition to independent 

power producers, large industrial customers and third 

party aggregators of energy efficiency resources are 

now participating. The old monopolistic nature of the 

electric sector is changing. More and more of the 

sector is opening up to competition.  

New Revenue Stream 

     Historically the supply of electricity has been a 

natural monopoly, but over time various parts of the 

vertical structure have become contestable and open to 

competition. The introduction of competition to the 

supply of electric power is the most obvious example, 

but when one considers that there was a time when 

utilities owned everything from coal mines to in-house 

wiring, the scope of the natural monopoly has been 

shrinking since its inception. Now many states are 

contemplating opening to competition not just the 

provision of generation resources to capacity markets 

but energy efficiency resources too.  

     In addition to utilities bidding energy efficiency 

resources into capacity markets, it is becoming 

increasingly possible for third parties to participate in 

these markets. Large customers capable of affording 

the expense and able to deal with the complexity of 

capacity markets can participate directly while smaller 

customers might work with an aggregator to bid their 

efficiency into the markets. The aggregator could be 

their utility or a third party. There are many possible 

ways to construct such a contract but the end result 

should be either the customer getting revenue for their 

energy efficiency resources or a visible discount on 

their energy charges. Such a development could offer 

many businesses a new pathway to monetize the 

external benefits produced by their investments in 

energy efficiency.  

     In the absence of capacity markets, all of these 

costs and benefits accrue to the integrated utility. It is 

then the responsibility of the state public utility 

commission (PUCs) to ensure that the net savings are 

passed along to customers. This requires the PUC to 

be aware of these savings. In the absence of a state 

efficiency program, there is not a mechanism for PUCs 

to be aware of any available resources other than those 

submitted by the regulated utilities. This argues for 

participation in and influencing the structure of energy 

efficiency programs. 

Mitigating the need to build new power plants 

     In the previous section, we discussed the need for 

transparency of resource supply. In this section we 

discuss the need for visibility of resource demand. 

This is to say that if energy resource planning is to be 

done properly, public utility commissions must have 

accurate predictions of future demand. Currently, in 

states where forecasting is done, it involves examining 

current trends and extrapolating them into the future. 

One can envision a trend line that represents business 

as usual: the absence of efficiency programs or any 

savings targets. With efficiency programs, the trend 

line angles down some indeterminate amount. With 

targets such as those set within an EERS, the trend line 

can be predicted with some accuracy.  

     In the first scenario, the utility has an obligation to 

plan for the future increase in load. It will draft plans 

to build or purchase new generation and present them 



to the PUC. If approved, the cost of those assets will 

be added to the rate base thereby increasing the cost of 

power to everyone in the service territory. 

     This speaks to the need for businesses to participate 

in energy resource planning in their states. Rather than 

be bystanders who must accept the results of the 

forecasts of utilities, they should contribute to the 

collection of energy demand data. Participation in 

efficiency programs makes this automatic. It is the best 

mechanism to communicate future energy demands 

and it is especially an effective way to demonstrate 

decreasing energy demands. 

     The ability for investments in customer-side energy 

efficiency to replace the need to build new power 

plants has been proven repeatedly over the last twenty 

years in the Pacific Northwest. The Northwest Power 

and Conservation Council realized over twenty years 

ago that with hydropower resources at capacity, much 

if not all new generation would need to be natural gas 

fueled. In each of its 20-year plans, it laid out the 

roadmap for Bonneville Power Administration (BPA) 

and other utilities in the Northwest to mitigate demand 

growth with investments in energy efficiency (13). As 

they start their sixth 20-year plan, they are again 

looking to energy efficiency and conservation to meet 

resource needs. As a result of this proactive approach 

that incorporates energy efficiency into long-term 

resource planning, electricity prices in the Northwest 

continue to be some of the lowest in the country (8).  

Complaints against Efficiency Programs 

     There are many reasons why it is necessary for 

everyone to participate to maximize societal benefit, 

and these have been adequately addressed in other 

papers. But those answers speak to the larger good. 

The audience for these answers are policy makers and 

utility executives with an obligation to serve. The 

answers below are intended for business owners and 

their financial executives. 

     A common refrain from businesses is that they are 

making all economically viable investments. 

However, this is true only from the narrow perspective 

of a plant-level short-term focus on capital allocation. 

Utilities have more patient money often investing in 

assets that are depreciated over twenty to thirty years. 

While a business might require a return on investment 

of 25 to 50 percent, a utility can make investments in 

energy efficiency with only 10-15 percent returns. 

This means that what might not be economical for 

customers may still be economical for a utility.  

     In its review of programs targeting the industrial 

sector, Energy Trust of Oregon (ETO) found that when 

energy prices are low, and the ratio of energy costs to 

overall operating expenses is low, businesses seldom 

invest in energy efficiency without encouragement 

from efficiency programs (9). However, when offered 

incentives, those same businesses can find plenty of 

projects to implement. Program goals can also drive 

investment. In Ohio, state energy efficiency targets 

had the effect of increasing the volume of energy 

savings achieved by the programs managed by 

investor owned utilities. Savings increased 25-fold 

between 2007 and 2009 (1, 2).  

     Another complaint often leveled against efficiency 

programs by customers is that all they do is recycle a 

business’s money: the programs collect it in fees and 

then return it to the company, less an administrative 

charge, in the form of incentives. Where this is true, it 

is the sign of a poorly constructed program. Good 

programs provide more than just financial incentives.  

     Energy Trust of Oregon found that customers will 

engage when offered well-designed programs. The 

number of companies choosing the self-direct option 

in Oregon is on the decline as companies are opting to 

pay the public benefit charge to receive the services 

and incentives of the Production Efficiency program 

(4).  

     Businesses are challenged to focus on energy costs 

because for many it is only a small percentage of their 

overall operating costs. They haven’t the in-house 

expertise or other resources to properly manage energy 

consumption. If a company cannot afford to build the 

internal capacity to manage its energy use, it must 

either accept that it will spend more on energy than it 

should or find an outside resource.  

     These resources may be private consulting or 

contract performance entities or public/semi-public 

institutions such as government agencies or utilities. 

However, even the option of contracting out energy 

management responsibilities can be problematic. 

Private sector energy solution providers focus on 

customers that use considerable amounts of energy 

because they are essentially paid by splitting the 

energy cost savings. If the potential for saving is small 

in dollars (not percent), the interest by third parties is 

small. In the industrial sector, customers’ demanding 

return on investment requirements has rendered the 

energy service company (ESCO) market virtually 

nonexistent in this sector (14).  



     Where there is interest by the private sector, it is on 

easy “low hanging fruit” projects that pay back 

quickly. There is less interest in deep building retrofits 

and other difficult but more important projects that 

will contribute more to the long term viability of the 

business.  

     This is where the patient money of an energy 

efficiency program can be most beneficial. Programs 

can provide technical experts on retainer such as 

Wisconsin’s Focus on Energy or pay part of the salary 

of an on-site energy manager such as is done by BC 

Hydro and BPA. Many programs are organizing 

cohorts to help small and medium size businesses 

implement continuous improvement programs such as 

Strategic Energy Management (SEM) (6) and Value 

Stream Mapping and Six Sigma (5). It would be 

difficult for these smaller companies to be able to 

afford such workforce training on their own, but by 

participating in these cohorts, they are not only able to 

get the training, they are also able to benefit from the 

interaction with other businesses. Their employees can 

share and learn from the best practices of other 

businesses who are not competitors.  

     A third often voiced complaint of efficiency 

programs is that it forces businesses to subsidize the 

investments of competitors. This argument is 

fundamentally flawed on two fronts. Most large 

manufacturing facilities are not in the same service 

territory as their competitors. All businesses already 

subsidize and are subsidized by all other customers in 

a service territory. That is the nature of a shared 

resource. Whether we are talking roads, water ways, 

or electrical service, the exact share of a utility’s 

infrastructure that is necessary for one specific 

customer cannot be discerned. These are shared assets 

that average out the supplies and demands of large 

groups of customers so as to minimize collective costs. 

Arguing that a public benefit charge forces business X 

to subsidize the energy efficiency investments of 

business Y is as viable an argument as arguing that the 

property taxes paid by business X subsidizes the 

shipping costs of business Y by contributing to the 

upgrading of a highway leading to its factory. Across 

the country and around the world, energy efficiency 

can and is being treated as a capacity resource just like 

generation. The Mid-Continent Independent System 

Operator (MISO) and PJM even reported that energy 

efficiency as a form of demand response proved more 

reliable during recent extreme weather events than 

conventional capacity resources (10).  

     Utilities recover the cost of their hard assets 

through a variety of rate structures that combine 

charges for consumption (kWh), demand (kW), fixed 

charges and various ancillary services. The costs of 

administering energy efficiency programs and 

providing incentives are often recovered using similar 

fee structures. A company is no more subsidizing its 

competition when paying a public benefit fee than 

when paying for a transmission line on the far side of 

a service territory.  

     Utilities were created to make investments for 

everyone that would be too risky (take too long to pay 

back) for any individual to make alone. In exchange 

for a guaranteed rate of return on such investments, 

utilities have an obligation to service. Where there is 

an obligation to serve, there is also an obligation to do 

so cost effectively. In the 21st Century, many times one 

of the more economical investments for a utility to 

make is in customer-side energy efficiency. 

SUMMARY AND CONCLUSION 

     There are many times when it makes sense for 

businesses to give priority to the long-term benefit of 

the communities in which they operate. Participating 

in utility sector efficiency programs could be one of 

these. But it is more likely just another good business 

decision. The value a business receives from 

participation in efficiency programs can be much 

greater than what it contributes through payment of 

public benefit fees.  

     Efficiency programs provide value to business 

customers in five ways. First, they help reduce 

customer’s electricity consumption and thereby reduce 

monthly energy expenses. Efficiency programs enable 

a businesses to save more energy than they can on their 

own because programs can be more patient and make 

investments that the business would not make on their 

own.  

     The second way energy efficiency programs 

benefit customers is that they reduce customer 

demand, or load, which in turn lowers wholesale 

energy prices, particularly in the short and medium 

term. Electricity is subject to the same rules of supply 

and demand as other commodities. Decreasing 

demand lowers prices. Increasing demand drives 

prices up. 

     The third way programs lower cost is to alter the 

supply side of the supply-demand curve. By increasing 



the volume and variety of resources bid into wholesale 

capacity markets, prices are lowered.  

     Programs can provide new revenue streams for the 

utilities and companies that bid energy into the various 

energy resources auctions. These revenues can help 

offset efficiency program costs or directly fund private 

sector investments in energy efficiency.  

     The fifth way energy efficiency programs reduce 

customers’ energy costs is that they decrease the rate 

at which overall energy demand increases. As a result, 

the need for investments in new generation by utilities 

is either postponed or mitigated entirely. If these assets 

are not built, the cost of them won’t be recovered in 

rates base lowering both rates and electric bills. 

     Many companies would like participation to be 

optional rather than mandatory. This option comes at 

a cost. It is the cost of settling for business as usual. 

Business as usual, as described in the first scenario 

below, is to choose more generation and more 

transmission. Alternatively, a proactive, collaborative 

approach is possible: option 2.  

(1) Business as usual: an integrated utility built a 

power plant. The cost of it was built into the 

ratebase and all customers were required to pay it 

off over the next thirty years. They also pay the 

O&M costs and the guaranteed rate of return 

deemed appropriate by the state PUC. 

(2) Proactive: a utility invests in customer-side 

energy efficiency over a thirty year period 

achieving sufficient savings to flatten system 

load. All customers pay a fee that funds all 

program activities and provides the utility a return 

on its activities. 

     The costs of these scenarios could be identical or 

different. Which one is cheaper will depend upon how 

well the efficiency programs are constructed and run, 

how accurately the utility forecasted the cost of the 

power plant, how efficiently the utility manages its 

operating costs, and of course the big unknown for 

both options is how expensive or cheap fuel costs will 

be in the future. It really comes down to which bundle 

of risks the public utility commission is more 

comfortable with.  

     There is one key difference for customers though. 

In the first option, most customers are takers of the 

contract terms. Beyond proceedings before the PUC, 

they do not have much influence on the costs, risks, 

and sharing of benefits.  

     By contrast, the proactive scenario gives each 

business a seat at the table. An opportunity to exert 

some influence on the structure of programs and the 

projects implemented at their facilities. And the 

options for control continue to expand. In some states, 

rather than rely on utilities to bid their efficiency into 

capacity markets, companies with the wherewithal to 

do so on their own can now bid directly. The next step 

will be the emergence of third party aggregators to bid 

future savings from multiple customers in to the 

markets.  

     However, as promising and exciting as this is, the 

development of markets will not replace the need for 

efficiency programs. Not all customers will be able to 

participate in markets because their energy 

consumption is too small to justify the investment in 

resources. Additionally, the benefit from collaborative 

engagement is lost. Participation in programs enables 

the sharing of technical assistance and creates 

opportunities for shared learning. One person with a 

book will never understand as much a classroom of 

people and the same book. Where there is 

collaboration, there will be greater savings. 

     Businesses that want to lower their energy 

expenses and lower their future energy rates should 

support state energy efficiency programs through their 

fees, participation, and engagement with program 

administrators. Doing so will have short, medium and 

long term benefits that are of much greater value than 

the fees they pay. 
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ABSTRACT 

Energy service outsourcing is a business relationship 
that allows a large facility to transfer responsibility 
for one or more energy functions—such as steam, 
compressed air, water treatment, lighting, or other 
activities—to a vendor.  A contractual agreement 
establishes an ongoing scope of work subject to 
periodic renewal. The service is typically intended to 
relieve host facilities of the cost and effort of 
sustaining reliable energy-related operations. As an 
ongoing relationship, outsourcing is distinct from 
energy performance contracts for the design and 
installation of energy improvement projects, where 
vendor involvement terminates as projects reach 
stabilized operation.  Relying on outsourced energy 
services relieves the host facility of potential 
distractions from its core business priorities. 

Perhaps the most intriguing aspect of energy service 
outsourcing is its potential to substitute for capital 
investment. In addition to providing energy, labor, 
and maintenance support, outsource vendors may 
also offer new assets to replace broken-down or 
otherwise inefficient equipment. If replacement 
assets are provided, capital cost recovery is a key 
component of energy service fee determination. 
Capital finance, energy and variable operating costs, 
and a profit margin for the vendor must be amortized 
together into a monthly fee. For the proposed deal to 
be acceptable to the host, this fee must be sufficiently 
below what it costs the host to attain equivalent 
service with its internal resources. 

The audience for energy service outsourcing includes 
facility managers (service consumers), vendors 
(service providers), and energy program 
administrators who design and implement energy 
efficiency programs pursuant to utility regulation.  
The last instance describes those regulators who 
actively promote energy efficiency initiatives to 
consumers, as end-use efficiency can reduce or offset 
more costly investment in new utility generation and 
distribution assets.  Outsourcing can potentially 
accelerate the implementation of energy efficiency 

measures by overcoming the capital cost hurdles that 
facilities so often endure. 

Introduction 
 

Facility managers have come to expect a certain level 
of reliability, functionality, and maintenance support 
from the traditional utility provision of electricity, 
natural gas, and water. They expect outsourcing 
services to provide energy services for in-plant 
utilities that are similarly cost effective, reliable, and 
expedient (Dusi 2013; Garforth 2013; Johnson 2013).  
A successful outsourcing arrangement partners an 
energy service vendor with a host facility. Instead of 
being involved in one-time transactions, the vendor 
and host share mutual interest in the ongoing viability 
of the host facility’s operations.  

Outsourcing is a malleable business concept, 
adaptable to meet a variety of business, economic 
development, and energy resource acquisition needs.  
The challenge is to formulate terms of agreement that 
satisfy the business interests of both partners (Davis 
2013; Risko 2013).  Several variations on capital 
investment via outsourcing are evident: 

• The vendor can purchase the host facility’s 
energy asset, thereby providing the host with 
a cash infusion in addition to relief from the 
operation and maintenance of those assets. 
In this instance, the vendor is confident of 
the existing equipment’s performance 
integrity. Value is created by applying the 
vendor’s superior operations and 
maintenance expertise.  

• The vendor installs, owns, operates, and 
maintains new assets on the host’s behalf to 
replace failed, inefficient, or unreliable 
equipment. This is the likely remedy for a 
facility that lacks the necessary investment 
capital to directly purchase a replacement. 
The outsourcing agreement may include an 
option for reverting asset ownership to the 
host after some period of time. This 
arrangement is similar to a capital lease.  



• Similar to the previous example, the vendor 
retains title to new assets provided to the 
host. In this instance, assets satisfy new 
construction or expansion needs. This 
arrangement is especially attractive when 
host organizations are under pressure to 
keep construction budgets under control.  
 

The baseline for considering an outsourcing 
agreement is the host facility’s current cost for the 
self-provision of energy services, such as pounds per 
hour of steam, cubic feet per minute of air, 
diagnosis/maintenance labor cost per unit, labor cost 
of in-house technical expertise, and so forth (Hager 
2013; Perry 2013; Risko 2013). The outsourcing 
vendor’s challenge is to provide a prescribed service 
that compares favorably to the current in-house 
function. The proposed service should be cheaper, be 
more reliable, contribute to greater productivity, or 
some combination of these (Durko 2013). 

 
Methodology 

 
This paper is derived from a larger study compiled in 
2014 by the American Council for an Energy 
Efficient Economy.1  The findings are the 
culmination of an extensive literature review and 
interviews with 41 industry experts on energy service 
outsourcing. The interviews plus the literature review 
provide the facts presented in the discussion. The 
respondents included: 

• 5 independent consultants, advisors, and 
trade group professionals  

• 20 energy solution providers  

• 16 industrial facility/energy management 
professionals 

Interviews were conducted by email and telephone, 
mostly during the summer of 2013.2  Respondents 
were asked to recount their experience with the 
practice of energy outsourcing, and to describe what 
they felt were its positive and negative aspects. They 

                                                
1 http://aceee.org/research-report/ie1402 

2 Interview requests were issued to 390 individuals. 
Ten percent of those contacted contributed useful 
responses.  

3 Concerns here are shaped by the Federal 
2 Interview requests were issued to 390 individuals. 
Ten percent of those contacted contributed useful 
responses.  

were also asked to describe any outsourcing business 
models familiar to them, and to list the technologies 
that they felt were suitable for outsourcing.  
 
Energy Service Outsourcing:  Capital Investment 
Implications 

 
The promise of obtaining vendor-owned equipment 
may be initially attractive to cash-strapped facility 
managers. To understand, consider new-car finance. 
Some car dealers offer financing terms to arrive at a 
monthly payment that fits the customer’s budget. The 
desperate customer obtains a low monthly payment 
obligation in exchange for greater overall 
expenditure, amortized over a longer time period, at a 
higher interest rate. 

Facility managers are often like the desperate car 
buyer. Their “boiler-room” needs rarely compete well 
against core business operations for investment 
capital. Additionally, these managers live in a 
calendar-driven world, largely unconcerned with 
profit or rates of return on investment. Their 
accountabilities are shaped by production targets and 
budgets. Accordingly, facility managers evaluate 
investments by simple payback, the time needed for 
their budget to be replenished by cash flow savings. 
Business exigencies demand an ever-shorter payback 
on investment: a 12-month payback is better than 24; 
6 months are better than 12. 

In response, the outsourcing vendor offers the holy 
grail of paybacks: zero months. How? By using 
vendor-owned assets, the host facility circumvents an 
up-front capital expenditure and its payback test. 
Instead, the host pays a service fee—an operating 
cost—that is sufficiently inflated to compensate the 
vendor for capital investment.  This approach is 
attractive to many facility managers, whose operating 
expense choices impose far less scrutiny and 
headaches than do their capital investment initiatives.  

Potential conflict underlies the apparent congruence 
of interests between host and vendor.  Can the host 
maintain its production levels, and by extension, its 
payments for energy service? Can the vendor endure 
early termination of a service agreement before its 
capital costs are recovered? Should the host accept— 
indirectly through a service fee—a higher cost of 
capital? These are only a few of the issues that should 
be addressed in the terms and conditions of an energy 
outsourcing contract. 

The Role of Capital Access 

Energy service vendors will typically secure 



investment capital from third parties. The finance 
community presents an array of lenders, stratified by 
their investment terms. Commercial finance tends to 
impose the most restrictive qualifications. Angel 
investors, acting either singly or in groups, may offer 
less restrictive terms, but usually cannot provide as 
much capital as commercial counterparts. Private-
equity investors may be an alternative, but as a group, 
they lack the patience to support longer-term deals. 
They are also reluctant to finance new or exotic 
technologies. Similarly, public finance is easier to 
secure when it supports technologies with a proven 
track record. The vendor who seeks large-scale 
participation in the outsourcing market, retaining title 
to assets at multiple host facilities at once, will need 
access to an enormous volume of capital. To achieve 
this, the vendor will likely devote significant time to 
assembling investor syndicates (Casten 2013). 

Accounting concerns cannot be ignored. Vendor 
ownership of assets and multiyear cost recovery 
present strategic balance sheet implications for the 
hosting corporation.3  Many business enterprises have 
limits on the volume of debt that they can carry, 
reflecting restrictions imposed by their current long-
term lenders. To the host’s financial stakeholders, an 
outsourcing proposal with amortized capital costs 
creates an obligation that may be perceived as a form 
of debt. One issue is the time horizon for capital 
recovery. When lending large blocks of capital, 
lenders tend to seek long-term finance opportunities. 
This arrangement is workable when, for example, an 
asset with a 20-year economic life is amortized over 
20 years. The problem is that many commercial 
enterprises have a planning horizon of no more than 
three to five years. Competitive forces may cause 
them to shy away from long-term commitments 
(Russell 2013). This mismatch of time horizons is a 
dilemma for the energy performance outsourcing 
market. Capital availability is not the problem; the 
issue is crafting finance (capital recovery) terms that 
suit both the lender and the host facility (Bessette 
2013; Casten 2013; Johnson 2013; O’Hagan 2013; 
Togna 2013). 

The cost of capital is just as important. Debt, when 
                                                

3 Concerns here are shaped by the Federal 
Accounting Standards Board (FASB), which 
establishes legal guidelines for corporate financial 
reporting. These guidelines will determine whether 
leases for equipment upgrades must be treated as 
loans on customers’ balance sheets. At the time of 
this report, the standards for leased-assets accounting 
are still subject to interpretation and revision. 

secured by collateral, costs less than unsecured debt. 
If the host’s existing debt obligations forbid acquiring 
additional secured debt, this effectively precludes a 
straightforward financing deal, where the host takes 
title to the new asset that then serves as collateral to 
secure the obligation to repay the lender. Alternative 
outsourcing proposals therefore assign asset 
ownership to the vendor for the duration of the 
agreement, with contractual terms for asset care and 
eventual transfer to the host at the end of the 
agreement term (Risko 2013). Still, a vendor-owned 
asset is placed for the sole benefit of the host. The 
asset’s economic potential is limited to the host’s 
viability, a situation that causes lenders to charge a 
premium for capital invested in this manner. The 
host’s finance officers will compare these rates to 
their own weighted average cost of capital (WACC). 
Very often, the host’s WACC will be lower than the 
rate offered through unsecured debt finance. This 
poses another hurdle: finance directors are hesitant to 
accept finance deals when capital costs (interest 
rates) exceed their internal cost of capital (Casten 
2013). 

Cost recovery for vendor-owned assets placed in host 
facilities can take many years. In the meantime, the 
host facility may be forced to alter or terminate its 
business operations, setting up the vendor’s potential 
for a stranded asset whose cost is not yet fully 
recovered. This justifies the inclusion of termination 
clauses in outsourcing agreements that establish a 
range of early termination fees corresponding to a 
time scale (Risko 2013). In cases where vendor-
owned assets are provided, capital cost recovery 
methods must satisfy the host’s financial and legal 
scrutiny. Cost recovery terms (i.e., years) must be 
compatible with the host’s business planning time 
horizon (Bessette 2013; Brockway 2013). 

Financial Risks and Opportunities 

In choosing an energy service vendor, the host should 
consider the vendor’s reputation, experience, 
performance record, scope of services offered, 
capacities to supervise, skills of the contract 
workforce, labor relations, strength of project 
management, and finally, price (MacDonald 2002). A 
financially weak vendor poses risks to the host. 
Suppose a vendor has secured third-party finance to 
pay for the assets placed on the host’s site. If the 
vendor goes bankrupt, the lender could demand 
liquidation of the assets, effectively removing them 
from the host facility. Similarly, a poorly run vendor 
organization may not be able to maintain quality of 
service. Does the contract language provide remedy 
for these and other lapses (McDonald 2002; Perry 



2013)? 

Termination issues and remedies may be perceived as 
relevant to the host facility and vendor only. 
Consider, however, energy efficiency programs 
coordinated by utility companies.  Attempts to foster 
the market for energy service outsourcing may 
involve the utilities’ issuance of capital performance 
guarantees.4  If regulators approve this activity, the 
guarantees would effectively lower transaction risk 
and therefore reduce the need for termination fees. 
The net effect would be to increase the attractiveness 
of outsourcing to providers and consumers alike. 

Yet another consequence of debt finance in the 
context of energy-efficiency investments is the 
assignment of any rebates or incentives offered by 
energy program administrators. Rebate amounts can 
be significant—in some cases equal to the first year’s 
contract fees (Perry 2013). The vendor that retains 
title to an asset placed through an outsourcing 
agreement will probably want to claim any rebates.  

The capital investment dimension effectively elevates 
energy service outsourcing into the realm of finance. 
What was once a boiler-room discussion is now more 
likely to engage the host’s corporate decision makers. 
This dimension has implications for the outsourcing 
provider’s marketing approach and sales cycle, i.e., 
the length of time to identify, develop, and close 
deals. 

Conclusion 

At first glance, outsourcing appears to address all the 
classic impediments to large-facility energy 
efficiency by providing some combination of capital 
and expertise to perform common energy functions. 
Closer examination, however, reveals risks to both 
parties in an outsourcing relationship. Broadly 
speaking, these risks come up in (1) the 
determination of adequate quantities and quality of 
service provision, (2) the accuracy of performance 
measurement, (3) assurances and contingencies for 
failure to provide (or consume) a prescribed level of 
service, and (4) mutually acceptable terms for cost 
recovery and related financial accounting of 
liabilities if capital investment is involved. Potential 
outsource providers and consumers alike may be 

                                                
4 While this is straightforward in theory, it is not 
yet a common practice for utilities to assume the 
role of third-party financial guarantor.  Doing so 
would be subject to regulatory approval.   

intimidated by these considerations. 

The market’s uptake of energy service outsourcing 
will vary with decision makers’ abilities to craft 
agreeable contract terms. These terms can be easily 
conceived in theory, but it is virtually impossible to 
fully anticipate the myriad of potential performance 
failures and subsequent remedies (Risko 2013). Such 
issues can make or break facility managers’ 
receptivity to outsourcing.  

None of this is to say that energy service outsourcing 
cannot be achieved.  Customer receptiveness to 
outsourcing may be instigated by circumstances 
unique to each facility. Equipment failure, 
management change, and shifts in product and capital 
markets are some of the instigators.  Perhaps more 
importantly, corporate culture and management style 
will ultimately shape facility managers’ receptiveness 
to the concept.  
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ABSTRACT 

Short payback requirements for energy 

efficiency projects—often two to three years—tend 

to be the norm within the U.S. industrial sector. 

While helpful from a risk management perspective, 

they can leave significant energy-savings 

opportunities on the table, especially in today’s low 

energy price environment. The situation is further 

exacerbated by limited capital availability for energy 

efficiency projects, which can leave even quick 

payback projects starved for funds. The consequences 

of limiting investment in cost-effective energy 

efficiency projects include difficulty in reaching 

aggressive corporate energy-savings targets, reduced 

employee morale as projects proposed by engineers 

and other staff are rejected, diminished competitive 

positioning as long-term energy-savings streams are 

forfeited, and heightened reputational risk due to 

higher energy-related greenhouse gas emissions.  

 

Focusing on experiences from Partners in the 

U.S. Department of Energy’s Better Buildings, Better 

Plants Challenge, this paper describes approaches 

leading companies have taken to establish more 

permissive investment rules for energy efficiency 

projects or devise workarounds for existing barriers. 

These approaches focus on overcoming short 

payback periods as well as related challenges, such as 

insufficient levels of capital available for energy 

projects.  

 

 

INTRODUCTION 

U.S. manufacturers spend more than $200 billion 

every year to power their plants. Altogether, the 

industrial sector accounts for one-third of all energy 

consumption in the United States—more than any 

other sector (3). U.S. manufacturers have an 

impressive history of improving energy efficiency, 

and many are pursuing ambitious energy-savings 

goals, but significant opportunities still exist. Cost-

effective energy savings of 20% are possible in this 

sector, which could lead to annual energy savings of 

almost $50 billion (7).  

 

However, several barriers impede progress 

toward greater industrial energy efficiency; chief 

among these are conservative payback thresholds and 

other financial barriers for energy efficiency projects. 

A 2014 Institute for Building Efficiency survey, for 

example, found that the top two barriers to companies 

implementing energy efficiency projects were 

financial in nature, specifically the following (5): 

 

1. Lack of funding to pay for improvements 

2. Insufficient payback/return on investment 

(ROI) 

 

Significant variation in allowable payback periods for 

energy projects exists within individual firms, though 

two to three years is often cited as an industry norm. 

For example, 91% of respondents to a 2014 Industrial 

Energy Consumers of America survey reported 

requiring a two- or three-year payback period for 

energy efficiency projects (4). Many firms, however, 

stick with paybacks of one year or shorter.  

 

Low-Hanging Fruit in Energy Efficiency 

While capital investment is often key for 

companies looking to make major strides in energy 

efficiency, significant gains can also be achieved by 

capturing the “low hanging fruit,” or energy 

efficiency projects that require little or no cost to 

implement. These projects include behavioral 

changes, such as turning equipment off when not in 

use, and relatively basic upgrades, such as using pipe 

and duct insulation, programmable thermostats, and 

more efficient lighting bulbs.  

 

The U.S. Department of Energy’s (DOE’s) 

Industrial Assessment Centers (IACs) regularly 

uncover low-hanging fruit. IACs are teams of 

engineering faculty and students located at 24 

universities across the United States that conduct free 

energy assessments at small and medium-sized 

manufacturers. Approximately 80% of all IAC 

recommendations fall under a two-year payback 

threshold, and 9 of the 10 most commonly 

implemented recommendations have paybacks of 0.7 

years or shorter.  

 

Superior Energy Performance® (SEP™), 

another DOE program, also offers the potential for 

low- and no- cost energy savings in manufacturing 

plants. SEP provides recognition to industrial 

facilities that achieve certification to the International 

Organization for Standardization (ISO) 50001 energy 

management system standard and third-party 



verification of energy performance improvements. 

For example, nine of the facilities certified to SEP 

achieved annual energy savings ranging from 

$87,000 to $984,000 from no- and low-cost 

operational improvements.  

 

Ensuring Funding for Longer-Term Energy 

Efficiency Projects 

Low-hanging fruit offers critical energy 

improvement opportunities, but companies 

sometimes need to achieve even greater energy use 

reductions to reach ambitious energy-savings goals—

especially amidst relatively low energy prices. This 

can require going beyond low-hanging fruit and 

making major capital investments with longer-term 

payback periods. 

 

In addition to helping companies reach their 

energy-savings goals, investing in longer-term 

projects can prevent companies from facing 

problems, such as the following: 

 

 Heightened reputational risk due to higher 

energy-related GHG emissions.  

 Diminished competitive positioning as long-

term energy-savings streams are forfeited. 

 Reduced employee morale as staff-proposed 

projects are rejected. 

 

Despite these risks, manufacturers are often 

reluctant to invest in energy efficiency projects with 

longer payback periods for a variety of reasons. For 

example, they sometimes do not want to take the risk 

that projected savings do not materialize as expected. 

Furthermore, most companies’ capital budgets are 

inherently biased toward projects that directly attract 

new business, such as research and development and 

investments in new product lines. According to a 

report from Duke University, “In the manufacturing 

sector, investing in cost effective, energy efficiency 

measures is hampered by a common preference to 

invest resources to increase output and market share 

as the preferred route to expanding profits” (1).  

 

However, some companies are taking on major 

energy efficiency projects. This requires overcoming 

financial barriers, such as conservative payback 

requirements, by establishing more permissive 

investment rules or devising workarounds. Solutions 

can generally be split into two categories: internal 

financing approaches and external financing 

approaches. 

 

Internal Financing Approaches. 

Internal financing approaches involve companies 

establishing special rules to enable energy efficiency 

projects to better compete with other corporate 

priorities. Such rules include the following: 

 

 Relaxed payback periods, beyond an 

industry standard of two to three years. 

 Special capital funds reserved exclusively 

for energy efficiency projects. 

 Incorporation of additional benefit streams 

from energy efficiency projects. 

 

External Financing Approaches 

External financing approaches involve securing 

capital for energy efficiency projects from outside 

parties. These approaches include the following: 

 

 Working with Energy Service Companies 

(ESCOs) to finance and implement projects. 

 Securing bank loans for projects that the 

company implements and operates on its 

own. 

 

External financing approaches are less common 

in the industrial sector, but appear to be drawing 

increasing interest from companies.  

 

A NATIONAL PLATFORM FOR ENERGY 

EFFICIENCY SOLUTIONS 

The U.S. Department of Energy’s (DOE’s) 

Better Buildings, Better Plants Challenge (Challenge) 

provides a platform for companies to share their 

innovative approaches to saving energy, including 

energy project financing solutions. The Challenge is 

one of the programs organized under President 

Barack Obama’s Better Buildings Initiative (BBI), a 

multi-sector effort with the overarching goal of 

improving the energy efficiency of commercial and 

industrial buildings in the United States by 20% over 

10 years. The industrial component of the Better 

Buildings Challenge is known as the Better Plants 

Challenge, which is comprised of 24 manufacturers, 

as of early 2015.  

 

In collaboration with DOE, Challenge Partners 

agree to share their energy performance data and key 

energy-savings best practices through the DOE 

website. These best practices are documented in two 

formats: “showcase projects,” which describe near-

term demonstrations of significant energy savings at 

an individual facility, and “implementation models,” 

which document initiatives or mechanisms that 

Challenge Partners have implemented at the 

corporate level to help them overcome persistent 

barriers to energy efficiency. Both formats include 

guidance and detailed descriptions, allowing other 

organizations to emulate or replicate Challenge 

Partners’ successful energy-savings strategies. 



Showcase projects and implementation models also 

enable DOE to better understand the challenges faced 

by companies in the market and how they choose to 

respond.  

 

While showcase projects and implementation 

models address all manners of energy efficiency 

barriers, including lack of senior management buy-in 

and insufficient information to identify and take 

advantage of relevant opportunities, a large subset of 

implementation models focus on overcoming 

conservative payback periodsfinancial barriers. 

Several of these efforts are summarized below. 

 

Innovative Internal Financing Solutions 

Challenge Partners have implemented creative 

strategies that enable them to fund more energy 

efficiency projects internally. These strategies can 

serve as models for other companies seeking to work 

around conservative payback thresholds and other 

financing barriers.  

 

Nissan: Payback Period Extension.  

Nissan set a goal of cutting carbon emissions by 

27% at all of its manufacturing sites by 2016 from a 

2005 baseline. This led the company to question 

whether its internal payback requirements and 

available capital for energy efficiency projects were 

sufficient to meet the aggressive goal. To determine 

how its investment criteria compared to industry 

norms, the Nissan North America (NNA) energy 

team benchmarked industry energy efficiency project 

funding practices by polling 20 domestic and 

international companies about their policies. After 

concluding that its policies were relatively 

conservative, Nissan extended its payback threshold 

from one year to three years and established a $2 

million per year capital set aside fund for energy 

efficiency projects.   

 

Nissan collected its benchmarking data from five 

automotive manufacturers; several tire 

manufacturers; and companies in the aerospace, 

chemical, computer, electronics, and industrial 

machinery sectors. Nissan gathered the polling data, 

starting in late 2011, through a questionnaire 

distributed at a major company summit and through 

informal conversations and site visits with these 

companies. Polling found the following:  

 

 Payback thresholds for companies based 

outside of the United States were higher 

than those based in the United States. 

 Not all companies based their threshold on 

simple payback or set aside funds 

specifically for energy projects. 

 All but six of the polled companies provided 

a simple payback threshold.  

 Only one other company had a one-year 

simple payback. 

 The average payback threshold for energy 

projects was three to five years. However, 

the range was one to eight years.  

 The typical range was one to four years for a 

general, non-energy capital project, with an 

overall average of two years. 

 Several companies provide an exception for 

heating, ventilation, and air conditioning 

(HVAC) projects with longer payback 

periods—as much as 10 years—because of 

the perceived importance of employee 

comfort. 

 

After collecting benchmark data, the NNA 

energy team worked to disseminate the findings 

throughout the company, get feedback from internal 

and external stakeholders, and build a case for change 

with Nissan management. NNA’s executive team 

eventually summarized the benchmark findings in a 

presentation at Nissan’s annual global business 

meeting for all company executives.  

 

As a result of the benchmarking process, Nissan 

leadership extended its payback period and 

established the capital set aside fund. The company 

also began allowing energy efficiency projects to be 

bundled (i.e., grouping two or more projects with 

differing payback periods, then averaging the 

payback periods of the individual projects) to help 

them meet investment requirements. For example, a 

bundled project consisting of two projects—one with 

a two-year payback and the other with a four-year 

payback—would have a total payback period of three 

years and thus would meet the payback period 

threshold. Other companies have used this approach 

as well. For example, Diversey, a cleaning products 

company, used this approach to simultaneously fund 

90 projects, ranging from quick lighting retrofits to 

larger-scale renewable energy projects (8). 

 

While many Nissan energy efficiency projects 

still meet the original one-year payback period 

requirement, the average simple payback for 

implemented projects is now around 1.5 years. The 

set aside fund has also successfully launched energy 

efficiency projects that would otherwise have failed 

to secure capital. In a sign of its value to the 

company, the fund has grown over time; while it 

started at $2 million per year in 2012, it will reach $6 

million per year in 2015, and continued annual 

increases are planned. Nissan is now confident it will 



be able to meet its aggressive carbon emission 

reduction goals.  

 

Volvo: New Guideline for Energy Efficiency 

Project Proposals. 

Proposed energy efficiency projects at Volvo’s 

manufacturing facilities were struggling to draw 

attention amid the company’s competing demands for 

capital, even as the company endeavored to reach 

aggressive energy reduction goals (e.g., achieving 

carbon neutrality at all manufacturing sites and 

reducing energy intensity at all U.S. sites by 25% by 

2020 from a 2009 baseline). In response, in 2013 the 

company developed a newupdated a set of guidelines 

for energy efficiency investment calculations that 

treats energy-savings projects as strategic 

investments. This change allows the company to 

consider projects with longer payback periods. The 

guideline also enables energy managers to factor in 

the risk of future energy price increases when 

evaluating energy efficiency project proposals, which 

generally makes the proposals more attractive.  

 

A Volvo team comprising executive 

management, environmental, and corporate standards 

representatives developed the guideline. The team 

took roughly six months to create and review the 

guideline, gain approval from management, and 

communicate the final version to the company as a 

whole. The guideline incorporates profitability 

calculations, such as net present value and internal 

rate of return, but most importantly, it accounts for 

the risk of very high energy prices in the future—see 

Figure 1. 

 

Figure 1. Guideline Cost Development 

 

 
 

Incorporating potential future price increases in 

energy efficiency investment calculations helps 

Volvo approve some projects that previously would 

not have received funding. Volvo’s creative approach 

is in line with an emerging industry trend of 

accounting for potential future risk factors when 

considering energy projects. One example of this is 

the growing number of companies that apply internal 

carbon prices—which can range from $6 per ton to 

$60 per metric ton, according to a December 2013 

Carbon Disclosure Project report (2)—in part as a 

way to begin addressing the risk of future climate 

change regulations.   

 

3M: Capital Set Aside Fund. 

Energy champions at 3M raised concerns that 

worthwhile energy efficiency project proposals were 

being overlooked in the normal budgeting process. 

The projects were having trouble receiving funding 

because the company, like many others, prioritized 

investments that could directly increase business; 

improve corporate infrastructure; or improve 

compliance with environmental, health, and safety 

requirements. Project proposals were also hampered 

by conservative payback requirements. Ultimately, 

the energy champions feared that 3M was not only 

losing out on significant potential energy savings, but 

also discouraging employees from identifying and 

proposing new energy efficiency projects altogether. 

To address this problem, 3M created a special capital 

set aside fund in 2010 to provide funding for energy 

efficiency projects.  

 

Specifically, in response to a request from 3M’s 

corporate energy manager, the company agreed to set 

aside $1 million each year to fund projects that meet 

the following criteria: 

 

 Pay for themselves through energy savings 

in less than four years (the initial threshold 

was set at two years in 2011 and extended 

later). 

 Require less than $50,000 in upfront costs 

(after rebates and incentives). 

 Fail to otherwise receive funds through the 

normal budgeting process. 

 Receive approval from the plant manager. 

 

The company capped the cost of projects to reduce 

the likelihood that facility managers would rely on 

the set aside for all energy projects and neglect to 

attempt to fund them through the normal capital 

budgeting process. Still, the fund does provide some 

flexibility; certain projects with estimated costs of 

more than $50,000 can be divided into segments and 

approved as separate projects. For example, a lighting 

project on multiple floors of the same building that 

exceeds $50,000 in total upfront costs can be split 

into projects for each individual floor. The $50,000 

cap also only applies to 3M’s direct costs after 



rebates or incentives from government or utilities. 

For example, a $75,000 project that receives a 

$25,000 utility incentive can qualify for funding from 

the capital set aside pool. Also, by extending the 

payback period to four years, 3M was able to expand 

the number of projects eligible under this fund and 

finance additional projects beyond those that would 

have been considered under the company’s normal 

budgeting rules.  

 

As of 2012, the fund had awarded $1.5 million to 

69 energy efficiency projects. These projects have led 

to annual savings of $580,000 and 56 billion British 

thermal units. However, 3M only counts the savings 

that occur in the first year, so ultimate savings could 

be substantially more if project benefits persist.  

 

Innovative External Financing Solutions 

Better Plants Challenge Partners have also 

developed creative strategies to secure external 

financing for energy efficiency projects. For 

example, borrowing money to pay for projects—and 

then paying the borrower back with funds generated 

through the energy savings—can allow companies to 

invest in projects with longer-than-average paybacks 

and act as a source of capital when internal funds are 

unavailable. Other companies can leverage these 

strategies to address their energy efficiency financing 

barriers.   

 

HARBEC: Longer-Term View on Energy 

Project Financing. 

HARBEC uses short payback periods for most of 

its business investments. However, the company 

evaluates potential energy efficiency and renewable 

energy projects on the basis of financial impacts over 

the entire course of their expected lives. This 

financing method allows the company to fully 

capture the economic and environmental benefits of 

energy projects that would otherwise have been 

disregarded.  

 

HARBEC implemented its innovative energy 

efficiency and renewable energy project financing 

method in 1998. The company recognized that while 

traditional, conservative payback rules might make 

sense for most capital projects, energy projects are 

fundamentally different. Because of its small size, 

HARBEC has limited internal capital at its disposal, 

and it works with banks and investment groups to 

finance most energy projects. Therefore, from 

HARBEC’s point of view, a project is economical 

and worthwhile if it can secure financing and its 

benefits exceed its costs over its lifetime.  

 

When HARBEC takes out a loan to finance an 

energy efficiency project, the company views the 

loan payments as substituting higher energy bill 

payments. The company needs to pay approximately 

the same amount of money—to the bank or the 

electric utility—under either scenario. The advantage 

of paying back a loan is that at a certain point, the 

loan is paid off and the company is left with a real 

asset that continues to pay dividends through the 

remaining life of the asset. HARBEC calls this 

concept “leveraging consumption.”  

 

HARBEC has used this method to drive capital 

investments in some large-scale projects that would 

not have been funded otherwise, such as two wind 

turbines, combined heat and power projects, and 

lighting and insulation upgrades. The loan for the 

company’s first, 250-kilowatt wind turbine was paid 

back in eight years, two years ahead of schedule. As 

a result, HARBEC benefits from no-cost electricity 

for as many as 15 more years, spanning the project’s 

expected lifetime. Thanks in part to this strategy, the 

company achieved carbon neutrality in 2013.  

 

General Motors: Energy Performance 

Contracting. 

General Motors (GM) has used a set aside fund 

for energy efficiency projects for the past 14 years, 

which helped the company reduce its global energy 

intensity in 2013 by 10% from a 2010 baseline. 

However, new energy reduction challenges, such as 

vertical manufacturing integration, more complex 

manufacturing processes, and shorter product cycles, 

compelled the company to be increasingly aggressive 

in adopting energy-savings opportunities. Company 

leadership was concerned that it would be unable to 

meet energy efficiency goals without additional 

methods of funding energy projects. GM thus began 

using an “Energy Performance Contracting” (EPC) 

model, which enables third-party Energy Service 

Companies (ESCOs) to fund and share in the energy-

savings attributes of implemented projects.  

 

While EPC models can be structured in several 

ways, GM utilizes a shared savings model. Under this 

model, energy cost savings are split between GM and 

the ESCO by a prearranged percentage for a 

predetermined length of time. There is no “standard” 

split; it is instead determined by the cost of the 

project, length of the contract, and risks taken by the 

ESCO and the customer—in this case, GM. Only the 

ESCO has a direct contractual obligation to repay the 

third-party lender.  

 

Under a guaranteed savings (also called paid 

from savings) model, the other dominant EPC 



structure, a company applies for a loan and finances 

the project. The company, and not the ESCO, 

assumes the contractual obligation to repay the lender 

and makes regular debt payments. However, the 

ESCO guarantees a certain level of energy savings 

and thus helps shield the client from performance 

risk.  

 

GM is a relatively rare example of a U.S. 

manufacturer working with ESCOs; the vast majority 

of EPC in the United States today is utilized by 

public entities. According to an International Finance 

Corporation report, the commercial and industrial 

sectors accounted for only about 8% of ESCO 

industry revenues in 2011 (6). Working with ESCOs 

can be attractive because it enables the 

implementation of energy-savings projects, usually at 

no upfront cost to the end user, with the ESCO being 

repaid out of the cost savings generated from the 

energy projects over time. However, the traditional 

ESCO business model based on long-term 

performance contracts is still a hurdle for many 

manufacturers. In the industrial sector, many 

potential customers are reluctant to enter into long-

term contracts because they are unsure how long their 

plants will remain open or at what operational 

level—especially in an economic downturn. Also, 

measurement and verification of savings tends to be 

more challenging for industrial retrofits, which may 

involve complex technologies and processes that are 

proprietary or commercially sensitive. For that same 

reason, outside parties are not typically welcome on-

site. Finally, many companies find the internal legal, 

financial, and administrative burdens too challenging 

and abandon the ESCO strategy without 

implementing a single project.  

 

GM successfully implemented the EPC method 

for financing energy projects by involving 

representatives from its finance, legal, business, and 

facility teams in carefully identifying acceptable 

projects and potential roadblocks. For example, the 

company determined that plant improvements 

implemented through an EPC method would have a 

term of five years or less. Also, while traditional EPC 

methods involve the ESCO determining all the 

energy-savings measures with its engineers and 

proposing them to the customer after receiving 

funding, GM proposes the initial project, while still 

allowing the ESCOs to find and propose 

supplementary projects. 

 

Since 2012, GM has implemented energy 

efficiency projects totaling more than $40 million in 

ESCO investments, including lighting retrofits and 

controls and a steam elimination project at a 

stamping plant where building heating is not closely 

affected by production. Even after making payments 

to the ESCO, GM is cash ahead from day one, with 

no direct financial investment. Most importantly, the 

company is achieving cost, energy, and carbon 

savings that may not have been possible without 

ESCO involvement.  

 

CONCLUSION 

Better Plants Challenge Partners’ successful 

strategies to overcome or circumvent conservative 

payback rules and other financing barriers for energy 

efficiency projects are representative of innovative 

manufacturers across the United States that are 

pushing the envelope on energy efficiency. As 

companies embark on increasingly ambitious 

sustainability and energy reduction plans, the number 

of creative project financing approaches will likely 

grow. Current trends toward increasingly permissive 

investment rules for energy efficiency projects are a 

positive indicator for future energy-efficient industry 

measures that reach beyond low-hanging fruit. The 

Challenge will continue to highlight successful 

approaches to encourage other industrial 

organizations to emulate or replicate them in their 

operations.  

 

The authors would like to acknowledge the 

cooperation of General Motors, 3M, Nissan North 

America, Harbec, and Volvo Group North America in 

developing this paper.  
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ABSTRACT 
Operations management in areas such as quality 

control, production scheduling, maintenance 

management, and supply chain optimization has the 

potential for substantial energy use reductions. The 

focus of this paper is on the energy savings 

associated with quality control to reduce the 

production of defective products that must either be 

disposed of as scrap or undergo additional processing 

to meet product quality standards. Data for scrap and 

rework at the production process level over a 10 

month period from a factory in the computer and 
electronic products industry is analyzed along with 

energy use data at the plant level to estimate potential 

energy savings from scrap and rework reductions. 

Even modest reductions in scrap may be among the 

most effective approaches for reducing energy use. 

Cost data for materials and labor is also analyzed to 

illustrate that energy savings through quality control 

may be justified based on savings other than energy.   

 

 

 

INTRODUCTION 
The focus of this paper is on the energy savings 

associated with quality control to reduce the 

production of defective products that must either be 

disposed of as scrap or undergo additional processing 

to meet product quality standards. Quality control is 
often implemented as part of Lean Six Sigma. Lean 

production tools are used to increase productivity, 

reduce lead time, and eliminate waste. The objective 

of Six Sigma is to reduce variations to the extent that 

six sigma’s (six standard deviations) are within the 

upper and lower product specification limits.   

 

Energy management system requirements and 

guidance are provided by ISO50001. A Lean Six 

Sigma approach may be used for energy 

management. To be ISO50001 certified organizations 

are required to consider a broad range of 

improvement opportunities in the design of facilities, 

equipment, systems, and processes (10). ISO50001 is 

designed to help companies evaluate and prioritize 

the implementation of energy efficient technology 

and promote efficiency throughout the supply chain. 
Energy savings can come as a result of improvements 

in the management of existing systems or from 

implementing new technology. After an energy audit 

an energy saving goal is needed to drive energy 

management activities and promote continuous 

improvement. The percentage is normally 5%-15% at 

the end of the first year for total energy saved. The 

following year’s goal is normally 3%-5%. Focus 

areas for energy audits include (5):   

 Heat loss for boilers, 

 Lighting count: including type, how it is 

being used, and lighting intensity, 

 Air decay test and operating pressure to 

identity air leaks in compressed air systems, 
and 

 Operating time and setting for HVAC 

systems. 

Other operations management activities such as 

quality control can also present significant energy 

savings potential, but may require process 

improvement activities that will typically be outside 

the scope of an energy audit.  There are also many 

drivers other than energy cost savings that make 

investment in quality control and other more broadly 

based operations management areas cost effective. 

The analysis in this paper is based on actual 

internal scrap and rework data from a Product 

Manufacturing facility in the computer and electronic 

products industrial sector which is North American 

Industry Classification System (NAICS) code 334. 

According to the Energy Information Administration 

Manufacturing Energy Consumption Survey (MECS) 

from 2010 the computer and electronic products 

industry used 144 Trillion BTUs of energy. This 

industry almost exclusively uses electricity and 

natural gas as fuels with electricity at about 70% of 

energy use and natural gas at about 29% of energy 

use.  About 47% of the energy use in this industry is 

associated with buildings such as HVAC, lighting, 

and other facility support (11).   

Approaches for reducing energy use associated 

with scrap and rework are reviewed. The factory data 

used in the analysis is then described. This data is 

then analyzed to evaluate the energy and cost savings 

potential from reduced scrap and rework. 

Conclusions suggest strategies for saving energy 

from scrap and rework reductions. 
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Figure 1.  Supply Chain for Scrap 

 

Figure 1 illustrates the supply chain associated 

with scrap. Each of the lines represents transportation 

energy use. The supply chain that provides inputs to 

Product Manufacturing will typically involve many 

different Input Material Manufacturing suppliers and 

a much more complex supply chain than represented 

in Figure 1. Input materials for many industries such 

as computer and electronic products often come from 

more energy intensive industries such as iron and 

steel, copper, and so on. There is significant energy 

savings from reduced scrap in the materials supply 

chain so that scrap reductions in a low energy 

intensity industry can have much more significant 

energy use reductions from a supply chain 

perspective. Scrap Recycling will reduce the energy 

use associated with Raw Material Extraction, Input 
Material Manufacturing, and Scrap Disposal. There 

will be additional energy use associated with Scrap 

Recycling, but this energy use will typically be much 

less than the energy saved. Scrap may be Pre-

consumer or Post-consumer. Pre-consumer scrap will 

typically be internally produced scrap at the Product 

Manufacturing facility. However, Pre-consumer 

scrap may also result from External Defect Scrap that 

is generated from product defects that are not 

detected until after a product is shipped from the 

Product Manufacturing facility. The focus of this 

paper is on scrap produced internal to the Product 

Manufacturing facility.    

APPROACHES FOR REDUCING INTERNAL 

SCRAP AND REWORK 
High scrap rates mean higher material costs and 

wasted labor producing parts that will not bring in 

revenue. The energy used to machine scrapped parts 

is completely wasted and further drives up costs. 

Aberdeen Group examined two areas that are a 

source of scrap: the design process and 

manufacturing planning. The key takeaways from the 

survey and analysis are (1): 

 Get the design right the first time. By using 

simulation, more can be done in the virtual 

world, avoiding physical prototypes that add 

to scrap. In addition, evaluating performance 

early avoids late ECOs (Engineering Change 

Orders) that also contribute to scrap and 

rework. 

 Focus on continuously improving simulation 

models. Simulation models are very 

powerful, but a continued focus on 
optimizing the use of simulation and 

improving the accuracy of the models will 

make it an even more powerful tool. 

 Capture and make best practices for 

manufacturing planning available. 

Promoting best practices helps to avoid 

errors that can lead to scrap and rework. 

 Enable engineering and manufacturing 

collaboration. When engineering and 

manufacturing collaborate on the design, it 

is easier to evaluate the design from a 

manufacturing perspective and thus avoid 

scrap and rework because the part is 

manufacturable as designed. 

 Leverage 3D CAD (Computer Aided 

Design). By leveraging existing design data, 

information does not have to be recreated 
thus reducing the chance of introducing 

errors. 



In addition to the design process and 

manufacturing planning the management of 

manufacturing operations through areas such as 

quality control is a key approach for reducing product 

defects and associated scrap and rework. This 

includes application of tools like control charts and 

improved process control with expansion of data 

collection from sensors to allow improved real-time 

data analysis. The extent to which potential energy 
savings are achieved from the reduction of scrap and 

rework will also depend on how the manufacturing 

facility manages equipment. Should the 

manufacturing process remain unchanged, plant wide 

energy use is mainly a function of three variables: 

weather conditions, production quantity, and 

operating hours. The relationship between equipment 

energy use and production differs based on the type 

of equipment. There are four main categories of 

equipment (7): 

 Equipment with energy use independent of 

production (e.g., includes office equipment). 

 Equipment with energy use dependent on 

production quantity (e.g., dedicated 

production press shut off during idle cycle 

times). 

 Equipment with energy use dependent on 
operating hours (e.g., lighting equipment). 

 Equipment with energy use dependent on 

both production quantity and operating 

hours (e.g., dedicated production press that 

does not shut off during idle cycle times). 

Reductions in scrap and rework will increase the 

production capacity of a facility. How this increased 

production capacity is managed will affect how much 

of the potential energy savings are achieved. If 

demand does not allow increased production then 

production equipment will spend more time idled or 

shutdown which will reduce energy use. It may be 

possible for the facility to reduce operating hours 
which will further reduce energy use associated with 

the building housing the manufacturing process. If 

demand allows then reduction in scrap and rework 

will allow a facility to produce more products with 

the same operating hours which will decrease the 

energy use per product. 

The production capacity wasted by rework and 

scrap has been referred to as the hidden factory.  

Based on available data, it has been estimated that the 

hidden factory can be anywhere from 15% to 40% of 

production capacity. The best way to improve 

productivity is to convert the hidden factory to 

productive use. Total Quality Management and Lean 

Six Sigma provide the most practical ways to 
accomplish this objective (6). 

Figure 2 is a simple example of a control chart 

based on weekly data for the first step in the 

production process to be analyzed. Since higher 

production will typically result in more defective 

units the percentage of the Total Production Units 

that have defects is graphed. The upper and lower 

control limits are the average plus and minus one 

standard deviation that represents 68.27% of values 

within the control limits. There are many variations 
on how to calculate the average and the control 

limits. It is typical for subsets of data points to be 

used to estimate averages with these subset average 

values then being used to calculate the average of the 

subset averages and the control limits. 

A control chart is about separating random 

variation (variation within the control limits) from 

variation that is associated with some cause. The 

band between the control limits defines the random 

variation in the process. Points outside the control 

limits indicate one or more assignable causes of 

variation. Control charts are commonly used to 

achieve statistical control (no values outside control 
limits), monitor a process, and determine process 

capability (after a process is in control the limits of 

process variation can be determined). The data in 

control charts must be updated over time particularly 

when there are process changes (4).   

            
Figure 2.  Example Control Chart for Process Step1: 

Weekly Percent of Defects 

Control charts may be used to monitor specific 

product characteristics to reduce the frequency that a 

product exceeds specification limits and therefore 

must either be reworked or scrapped. Efficiency 

measurement approaches and process control charts 

can provide complementary performance 
assessments. Productive efficiency has two 

components. Technical efficiency is focused on 

minimizing waste to include scrap by producing as 

much output as input usage allows or by using as 

little input as output production allows. The 
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allocative, or price, component is about selecting 

inputs and outputs in optimal proportions given 

prevailing prices to maximize profitability (2). 

Control charts take a snapshot of the process and 

identify whether the process is in or out-of-control. 

Similarly, efficiency assessment also takes a snapshot 

of a production process and identifies if the 

production process is relatively under performing 

with respect to itself or other similar production 
processes (3). 

A simple measure of technical efficiency is input 

divided by the output. Data Envelopment Analysis 

(DEA) allows multiple inputs and outputs to be part 

of the measurement of efficiency. DEA defines a 

frontier which represents the most efficient 

performance against which efficiency may be 

measured based on the distance to the frontier. 

Process control charts track the variability and central 

tendency of production processes by studying the 

stochastic behavior of a single product characteristic. 

On the other hand, efficiency measurement 

approaches include, as part of their evaluation, the 
entire set of critical product and or process 

characteristics simultaneously.  In the case of control 

charts the standard is defined by the control limits, 

whereas in the case of efficiency measures the 

standard is established by the frontier benchmark 

observations. These benchmark measures must also 

be updated for additional measurements. In the case 

of control charts, subsequent observations are either 

within or out of the control limits. In the case of the 

benchmark correspondence model, measures of 

progress or regress are defined from the appropriate 

benchmark. The measurement of efficiency in 

conjunction with statistical process control can be the 

starting point from which the causal factors can be 

identified and process improvement interventions can 

be initiated (3). 

Control charts and efficiency measures were 

both applied to a production process in the same 

factory from which the data for this paper were 

obtained. The intersection of the two methods 

provides a starting point for additional analysis, 

including root-cause investigations. In performing 

root-cause analysis, the results of the DEA analysis 

can provide a prioritization for the traditional 

statistical process control analyses. Using DEA 

results, out-of-control work orders with the lowest 

efficiency scores can be evaluated first to look for 

identifiable causes that may be common to many of 

the poor performers. This research has demonstrated 

that process control and efficiency measures are 

complementary. Together, the approaches highlight 
unusual observations and identify process and 

product characteristics that need further attention. 

The analysis of processes from these two very 

different perspectives will enhance the capabilities of 

process engineers to effect process control and 

improvement (3). 

The techniques of quality control to include 

control charts as well as extensions such as DEA can 

also be applied to monitor energy use for equipment 

as well as at process steps. Effective monitoring of 

energy use can be a key component of achieving 

energy efficiency. This requires the monitoring of 

actual energy consumption at the unit level to make 

real-time decisions for optimizing production, 

maintenance, and energy delivery processes among 

other processes. The knowledge of energy costs is 

also a factor so that electricity, natural gas, water and 

other energy sources need to be monitored. Also key 

to the success of the energy visibility and 

management is adoption of alerts and event 

management, energy dashboards, and energy 

analytics. Continuous monitoring can not only 

prevent degradation of energy saving practices, but 
also continue to reduce energy consumption and 

costs. Resulting alterations to processes, staffing, 

training, and maintenance can have a significantly 

impact on energy reduction practices and effectively 

lower per-unit-of-production energy costs (8). 

FACTORY DATA REVIEW 
The factory data obtained as part of previous 

research is reviewed (9). The computer and electronic 

products industry is a relatively low energy intensity 

industry. Scrap and rework reduction will primarily 

reduce costs directly associated with manufacturing 

rather than overhead costs. These direct costs are 

about 73% of the total cost. Figure 3 shows the 

percentage of direct cost with the cost of energy 
included as a direct cost. Energy use represents about 

2.6% of direct cost. Savings in materials costs are 

clearly a primary driver for increased investment in 

quality control to reduce scrap with additional 

savings in labor and energy.  Reductions in rework 

will save in labor, but not necessarily that much in 

materials and energy costs. 

   

 
Figure 3.  Direct Cost Percent 



Detailed scrap and rework data for each of the 

manufacturing process steps over a 10 month period 

is used in the analysis. However, the energy use data 

is at the plant level for the 10 month period. The 

following assumptions are made in the analysis of 

energy savings potential:  

 Building energy use is 47% of the total plant 

energy use based on MECS 2010 data for 

the overall industry and is not considered as 
part of the energy savings from reduced 

scrap and rework (11).  However, in some 

cases a facility may be able to reduce 

operating hours and building energy use 

because of scrap and rework reductions. 

 The plant level energy use, excluding 

assumed building energy use, is apportioned 

to the process step based on general 

knowledge of the production process.   

 Reductions in rework only saves energy at 

the process step where the rework occurs 

and is assumed to save the same amount of 

energy as required to produce the product so 

that the total energy use at the process step 

is twice that required to produce a defect 

free product. In fact, the additional energy 

for rework will typically be less than the 
energy required to produce a defect free 

product which is somewhat taken into 

account by low energy intensity at the 

process steps where significant rework 

occurs.   

 Reductions in scrap are assumed to save the 

same amount of energy required to produce 

a defect free product which will typically be 

the case if scrap is not generated until the 

process step is completed. In addition, the 

cumulative energy required to produce the 

scrap will also be saved for all previous 

process steps. 

 

Increased production capacity may also be a 

significant cost and energy saving opportunity. 

Figure 4 shows the cumulative scrap for the10 month 

period of data. The total scrap units produced for the 

10 month period is 194,018. If all of the scrap units 

are instead produced as product then the total product 

units would be 936,737 with the cumulative scrap 

produced at about 21% of the final units of 

production. Even if all scrap was eliminated this does 
not necessarily mean that capacity will be increased 

by 21%. For example, should scrap be reduced before 

a bottleneck process step then all the scrap that is 

eliminated may not result in more product for the 

time period given the production limitation imposed 

by the bottleneck. However, with line balancing to 

include bottleneck identification and elimination 

there is the potential of a 21% increase in factory 

capacity without any increase in operating hours 

should scrap be totally eliminated. Total elimination 

of scrap is not realistic, but even a 20% reduction in 

scrap presents about a 4% increase in production 

capacity which will be significantly less expensive 

than the addition of production equipment to achieve 

the same capacity increase. Reduction in rework will 

also increase production capacity. Rework at a 

process will require more time which will often also 
result in more idle time for other process steps. 

Detailed data is not available on the time required for 

rework so the potential increase in capacity from 

rework reductions is not estimated.   

 

 

 

 

 

 
                            Figure 4.  Cumulative  Scrap Units 
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FACTORY SCRAP AND REWORK ENERGY 

SAVINGS 
Figure 5 shows the percent of defective 

products that become scrap and rework for 

production over a 10 month period at each of the 14 

process steps. The initial complex production step 

has a relatively high scrap rate. The final two 

production steps which include product inspections 

also have a relatively high scrap and rework rate. 
Production steps in between the first and the last two 

production steps have low scrap rates, but some of 

these process steps have high rework rates. Whether 

or not a defective product can be reworked rather 

than scrapped is dependent on the type of defect and 

the complexity of the process step. 

 

Table 1 shows factory data for the 10 month 

period. The process steps are sequential with the 

exception of step 9 and 10 which are parallel 

processes. The Scrap Units and Rework Units at each 

process step for the 10 month period are expressed as 

a percentage of the Total Production Units. The Total 

Production Units by process step include scrap and 

rework units. Scrap generation will tend to reduce the 

Total Production Units at each process step. 

However, some production units are separated into 
multiple production units or aggregated into a single 

unit at some process steps so that the Total 

Production Units after adjusting for scrap unit 

removal can increase or decrease in the next process 

step. There can also be delays in the completion of 

rework which affect the Total Production Units, but 

this variation will be minor given the 10 month 

aggregation of data. 

 

Table 2 shows calculations based on the plant 

data from Table 1 to estimate energy wasted by scrap 

and rework.  Equation 1 and Equation 2 show the 

calculations for the Scrap Percent Total Direct 

Energy wasted at each process step and the Scrap 

Percent Cumulative Energy that considers the energy 

also wasted at previous process steps. Equation 3 

shows the calculation for Rework Percent Total 

Direct Energy. The Percent Total Direct Energy by 

process step is based on general process knowledge. 

In many manufacturing processes the earlier process 
steps are more energy intensive with later process 

steps focused on product refinement with lower 

energy intensity. The Scrap Percent Total Direct 

Energy by process step is the Percent Total Direct 

Energy multiplied by the Percent Scrap from Table 1. 

The Rework Percent Total Direct Energy by process 

step is the Percent Total Direct Energy multiplied by 

the Percent Rework from Table 1. 

 

The actual energy wasted when a product is 

scrapped is the energy used at the current process 

step and all previous process steps. The Scrap Percent 

Cumulative Energy is calculated by summing the 

Percent Total Direct Energy for the process step and 

all previous process steps and then multiplying by the 

Percent Scrap for the process step from Table 1. 

Process step 1 simply wastes the Scrap Percent Total 
Direct Energy. Process Step 14 wastes the same 

percentage of energy as the Percent Scrap since all of 

the energy required to produce the product has been 

wasted. Because of the cumulative energy wasted 

with scrap the energy savings potential associated 

with scrap will typically be much greater than the 

energy savings potential associated with rework. 

Scrap reductions will also save energy associated 

with the supply chain. 

 
Figure 5.  Average Scrap and Rework Percent of Process Step Total Production Units 
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Table 1.  Factory Data 

Process Step  Total 

Production 

Units 

Scrap 

Units 

Rework 

Units 

Percent 

Scrap 

Percent 

Rework 

Step 1 747,457 80190 18025 10.73% 2.41% 

Step 2 883,275 4959 840 0.56% 0.10% 

Step 3 884,952 3628 492 0.41% 0.06% 

Step 4 913,660 5665 663 0.62% 0.07% 

Step 5 879,289 1935 2020 0.22% 0.23% 

Step 6 782,853 5721 9971 0.73% 1.27% 

Step 7 855,578 3466 27312 0.41% 3.19% 

Step 8 857,837 3584 3695 0.42% 0.43% 

Step 9 715,290 7467 145148 1.04% 20.29% 

Step 10 178,892 359 716 0.20% 0.40% 

Step 11 706,758 583 1212 0.08% 0.17% 

Step 12 857,964 2994 2238 0.35%  0.26% 

Step 13 789,995 40332 67751 5.11% 8.58% 

Step 14 775,854 33135 52067 4.27% 6.71% 

 
 

Table 2.  Energy Savings Potential from Scrap and Rework Reductions 

Process 

Step  

Percent Total 

Direct Energy  

Scrap Percent Total 

Direct Energy  

Scrap Percent 

Cumulative Energy  

Rework Percent 

Total Direct Energy   

Step 1 21.90% 2.35% 2.35% 0.53% 

Step 2 15.66% 0.09% 0.21% 0.01% 

Step 3 10.67% 0.04% 0.20% 0.01% 

Step 4 10.94% 0.07% 0.37% 0.01% 

Step 5 13.12% 0.03% 0.16% 0.03% 

Step 6 4.73% 0.03% 0.56% 0.06% 

Step 7 5.40% 0.02% 0.33% 0.17% 

Step 8 5.42% 0.02% 0.37% 0.02% 

Step 9 1.60% 0.02% 0.93% 0.33% 

Step 10 1.65% 0.00% 0.18% 0.01% 

Step 11 1.53% 0.00% 0.08% 0.00% 

Step 12 2.92% 0.01% 0.33% 0.01% 

Step 13 2.29% 0.12% 4.99% 0.20% 

Step 14 2.16% 0.09% 4.27% 0.15% 

TOTAL   15.34% 1.53% 

 

  



Table 3 shows the total energy wasted for scrap 

and rework as a percent of the total direct energy for 

the Base Case and the scenarios for a 20% and 50% 

scrap and rework reduction at each process step. A 

20% reduction in product defects is achievable at 

many facilities while a 50% reduction may be 

achievable at some facilities. A 20% reduction in 

scrap and rework at each process step will save about 

3% of the Total Direct Energy use while a 50% 
reduction in scrap and rework will save about 8% of 

the Total Direct Energy use. A relatively small 

reduction in scrap and rework by 20% may very well 

be one of the primary areas for energy efficiency 

improvement. However, since the computer and 

electronic products industry is a relatively low energy 

intensity industry such energy savings alone will 

often not justify the investment required. The next 

section reviews the cost savings associated with 

materials and labor which can justify investment to 

improve quality control and associated energy 

efficiency. 

The previous estimate of energy savings 

associated with scrap and rework does not require 

detailed data on scrap and rework energy use. The 

approach will provide a good approximation of the 

energy savings potential.  However, should energy 

use data be available at the process step and fuel level 

then the estimates of energy use at each process step 

for scrap and rework may be calculated as shown in 

Equations 4, 5 and 6. Equation 4 is the scrap energy 
use at each process step for each fuel type based on 

the energy use for each unit of scrap multiplied by 

the scrap count. The energy used for scrap at each 

process step also includes the sum of energy used at 

all previous process steps. Equation 5 is the rework 

energy use at each process step for each fuel type 

based on the energy use for each unit of rework 

multiplied by the rework count. Equation 6 is the sum 

of all energy used for scrap and rework by fuel type 

for all of the process steps.    

 

 

Table 3.  Percent of Total Direct Energy Saved from Scrap and Rework Reductions 

 Base Case Scrap and Rework 

20% Reduction 

Scrap and Rework 

50% Reduction 

Total Scrap Energy Wasted 

Percent of Total Direct 

15.34% 12.27% 7.67% 

Total Rework Energy Wasted 

Percent of Total Direct 

1.53% 1.22% 0.76% 

Total  16.87% 13.49% 8.43% 

Percent Direct Energy Saved   3.38% 8.44% 

 

 

𝑆𝑐𝑟𝑎𝑝𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑇𝑜𝑡𝑎𝑙𝐷𝑖𝑟𝑒𝑐𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝 =    

𝑆𝑐𝑟𝑎𝑝𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑆𝑡𝑒𝑝 ∗ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑇𝑜𝑡𝑎𝑙𝐷𝑖𝑟𝑒𝑐𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝 

 

𝑆𝑐𝑟𝑎𝑝𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝 = 

𝑆𝑐𝑟𝑎𝑝𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑆𝑡𝑒𝑝 ∑ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑇𝑜𝑡𝑎𝑙𝐷𝑖𝑟𝑒𝑐𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝑗

𝑆𝑡𝑒𝑝

𝑗=1

 

 

𝑅𝑒𝑤𝑜𝑟𝑘𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑇𝑜𝑡𝑎𝑙𝐷𝑖𝑟𝑒𝑐𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝 = 

𝑅𝑒𝑤𝑜𝑟𝑘𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑆𝑡𝑒𝑝 ∗ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑇𝑜𝑡𝑎𝑙𝐷𝑖𝑟𝑒𝑐𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝 

 

Where: 

ScrapPercentTotalDirectEnergyStep =  Percent Total Direct Energy wasted on scrap by process step. 

ScrapPercentStep =  Scrap Units divided by Total Production Units by process step.  

PercentTotalDirectEnergyStep  =  Estimate of the percent of total direct energy used by process step. 

ScrapPercentCumulativeEnergyStep = Sum of scrap energy for the current and previous steps. 

ReworkPercentTotalDirectEnergyStep = Percent Total Direct Energy wasted on rework by step. 

ReworkPercentStep = Rework Units divided by Total Production Units by process step. 

 

 

Equation (1) 

Equation (2) 

Equation (3) 



𝑆𝑐𝑟𝑎𝑝𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝,𝐹𝑢𝑒𝑙 =   ∑ 𝑆𝑐𝑟𝑎𝑝𝐸𝐼𝑗,𝐹𝑢𝑒𝑙 ∗ 𝑆𝑐𝑟𝑎𝑝𝐶𝑜𝑢𝑛𝑡𝑗
𝑆𝑡𝑒𝑝
𝑗=1  

 

𝑅𝑒𝑤𝑜𝑟𝑘𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑒𝑝,𝐹𝑢𝑒𝑙 =   𝑅𝑒𝑤𝑜𝑟𝑘𝐸𝐼𝑆𝑡𝑒𝑝,𝐹𝑢𝑒𝑙 ∗ 𝑅𝑒𝑤𝑜𝑟𝑘𝐶𝑜𝑢𝑛𝑡𝑆𝑡𝑒𝑝  

 

𝐹𝑢𝑒𝑙𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑢𝑒𝑙 =  ∑ (𝑆𝑐𝑟𝑎𝑝𝐸𝑛𝑒𝑟𝑔𝑦𝑗,𝐹𝑢𝑒𝑙 + 𝑅𝑒𝑤𝑜𝑟𝑘𝐸𝑛𝑒𝑟𝑔𝑦𝑗,𝐹𝑢𝑒𝑙)𝑇𝑆𝑇𝐸𝑃
𝑗=1  

 
Where: 

ScrapEnergyStep,Fuel =  Energy wasted on scrap by fuel at each process step and all previous process steps. 

ScrapCountj  = Scrap count for the process step. 

ScrapEIj,Fuel = Scrap unit energy intensity at process step j by fuel type.   

ReworkEnergyStep,Fuel = Energy wasted on rework at each process step. 

ReworkCountStep = Rework count for the process step. 

ReworkEIStep,Fuel = Rework unit energy intensity at the process step by fuel type. 

FuelEnergyFuel = Sum of scrap and rework energy use at each process step by fuel type. 

TSTEP = Total number of process steps. 

COST SAVINGS FROM SCRAP AND 

REWORK REDUCTIONS 
Reducing defective products can be one of the 

primary approaches for reducing energy use. 

However, the energy cost savings at the production 
facility alone may not justify the investment required 

to significantly reduce defective products and the 

associated scrap and rework. In addition to savings 

associated with reduced energy use there will 

typically be much higher savings from materials and 

labor costs. Quality costs are categorized by the 

following definitions (12): 

 Preventive Costs: Costs of all activities 

specifically designed to prevent poor quality 

in products or services. 

 Appraisal Costs: Costs associated with 

measuring, evaluating, or auditing products 

or services to assume conformance to 

quality standards and performance 

requirements. 

 Failure Costs: Costs resulting from 

products or services not conforming to 
requirements or customer/user needs. 

Failure costs are divided into internal and 

external failure categories. 

o Internal Failure Costs: Failure 

costs occurring prior to delivery or 

shipment of the product, or the 

finishing of a service, to the 

customer.  Examples are the costs 

of scrap, rework, re-inspection, 

retesting, material review, and 

downgrading. 

o External Failure Costs: Failure 

costs occurring after delivery or 

shipment of the product, and during 

or after finishing of a service, to the 

customer.  Examples are the costs 

of processing customer complaints, 

customer returns, warranty claims, 

and product recalls. 

 

This cost analysis is focused on the internal 

failure costs that can be reduced by increasing 
investment in preventive and appraisal activities.  

External failure costs can be even greater than 

internal failure costs. Table 4 is the factory data for 

material and labor costs associated with scrap and 

rework for the 10 months of data adjusted to 2014 

dollars. The Scrap Material Cost are by process step 

and represent the materials added to the product at 

the process step that are then lost as scrap. Rework 

does not have associated material cost. Scrap Labor 

Cost and Rework Labor Cost are by process step and 

represent the labor required for scrap and rework. 

The Scrap Units and the Total Production Units are 

also shown. The process steps 4 and 5 and the 

process steps 9 and 10 are combined since the costs 

for these steps were in some cases combined. 

 

When a product is scrapped the materials and 
labor in all previous steps are also wasted. In the case 

of rework only the labor at the particular process step 

is wasted. Table 5 shows the Cumulative Material 

Cost and Cumulative Labor Cost for scrap. The 

Material Cost/Unit and the Labor Cost/Unit are the 

Scrap Material Cost and the Scrap Labor Cost 

divided by the Scrap Units from Table 4 by process 

step.  The Material Cost/Unit and Labor Cost/Unit 

are then multiplied by the Total Production Units 

from Table 4 to estimate Total Material Cost and 

Total labor Cost by process step. The Cumulative 

Material Cost and Cumulative Labor Cost is 

calculated my multiplying the percent of scrap for the 

process step by the sum of Total Material Cost and 

Total Labor Cost for the process step and all previous 

process steps. The percent of scrap is the Scrap Units 

Equation (4) 

Equation (5) 

Equation (6) 



divided by the Total Production Units from Table 4 

for each step.  

 

Total energy costs for direct energy adjusted to 

2014 dollars and assuming 47% of energy use is 

associated with buildings is about $475,000 for the 

10 month period. Total energy costs including 

buildings energy use is about $896,000. The direct 

energy associated with scrap is 15.34% of the total 
with a cost of about $73,000. The direct energy 

associated with rework is 1.53% of the total with a 

cost of about $7,000. Significant investments in 

defect reductions may not be possible to justify based 

on energy savings alone. These savings are for a 10 

month period so that yearly energy cost for scrap will 

be about $88,000 and for rework about $9,000. The 

total potential savings potential from material and 

labor associated with scrap and rework is about 

$5,727,000 over a 10 month period and $6,873,000 

over a year. Even a 20% reduction in scrap and 

rework at each process step may result in yearly 
savings of about $1,375,000 in materials and labor 

and a 50% reduction may result in yearly savings of 

about $3,436,000.   

 

Table 4.  Factory Cost Data Adjusted to 2014 Dollars with Scrap Units 

 
Process 

Step  

Scrap Material 

Cost 

Scrap Labor 

Cost 

Rework 

Labor Cost 

Scrap 

Units 

Total 

Production 

Units 

Step 1 $1,448,248 $91,149 $20,138 80190 747,457 

Step 2 $30,538 $4,302 $767 4959 883,275 

Step 3 $8,663 $1,965 $261 3628 884,952 

Step 4-5 $5,392 $1,348 $462 7600 1,792,949 

Step 6 $5,854 $3,917 $7,111 5721 782,853 

Step 7 $3,001 $610 $4,653 3466 855,578 

Step 8 $2,796 $2,961 $2,840 3584 857,837 

Step 9-10 $3,403 $3,693 $72,767 7826 894,182 

Step 11   $86 $432 583 706,758 

Step 12 $438 $990 $715 2994 857,964 

Step 13   $30,849 $51,504 40332 789,995 

Step 14   $28,119 $43,652 33135 775,854 

Total Cost   $205,302 

 

  

      

 

Table 5.  Scrap Cumulative Material and Labor Costs 

Process 

Step  

Material 

Cost/Unit 

Labor 

Cost/Unit 

Total Material 

Cost 

Total Labor 

Cost 

Cumulative 

Material Cost 

Cumulative 

Labor Cost 

Step 1 $18.06 $1.14 $13,499,233 $849,609 $1,448,248 $91,149 

Step 2 $6.16 $0.87 $5,439,227 $766,305 $106,327 $9,072 

Step 3 $2.39 $0.54 $2,113,019 $479,315 $86,304 $8,590 

Step 4-5 $0.71 $0.18 $1,272,058 $318,035 $94,626 $10,229 

Step 6 $1.02 $0.68 $801,115 $535,988 $168,992 $21,553 

Step 7 $0.87 $0.18 $740,883 $150,640 $96,681 $12,558 

Step 8 $0.78 $0.83 $669,234 $708,693 $102,505 $15,912 

Step 9-10 $0.43 $0.47 $388,802 $421,943 $218,134 $37,026 

Step 11 $0.00 $0.15 $0 $104,002 $20,559 $3,576 

Step 12 $0.15 $0.33 $125,523 $283,728 $87,413 $16,116 

Step 13 $0.00 $0.76 $0 $604,245 $1,278,844 $266,627 

Step 14 $0.00 $0.85 $0 $658,402 $1,069,791 $251,160 

Total Cost          $4,778,424 $743,569 

 



CONCLUSION 

The previous estimates of savings assumed that 

the scrap and rework reductions are the same at each 
process step. In practice particular process steps may 

be the focus of efforts to reduce defective products 

and the associated scrap and rework. The later that 

scrap is produced in the process the more energy, 

materials, and labor is wasted with the scrap. As a 

result, reducing scrap in later process steps will save 

more energy, materials, and labor than reducing scrap 

at earlier process steps. However, decreasing the 

energy intensity at earlier process steps saves more 

energy than decreasing the energy intensity in later 

process steps since scrap produced later in the 

process is wasting energy from all earlier process 

steps.   

 

Improvements in operations management 

functions like quality control, production scheduling, 

maintenance management, and supply chain 

optimization can all result in significant energy 
savings. However, these cross functional areas may 

require significant investments and organizational 

changes. Savings other than those associated with 

energy may be the primary justifications for 

investments in these areas. Energy audits may 

identify the operations management functions such as 

quality control that offer the opportunity to 

significantly reduce energy use. 

 

Most of the energy savings associated with the 

reduction of scrap may occur outside of the facility.  

The complete scrap supply chain should be 

considered when making policy decisions concerning 

approaches to increasing national energy efficiency. 

In terms of energy efficiency considerations at a 

facility only some aspects of the supply chain will 

result in energy and other cost savings that will 
improve profitability. 

 

With the increasing availability of data in 

manufacturing additional methods of monitoring 

operations as well as energy use and efficiency may 

be an appropriate area for additional research.  

Methods such as quality control charts are certainly 

still applicable for the monitoring of energy use.  

However, more expansive methods that measure 

overall energy efficiency similar to those previously 

described related to quality control may also be 

useful for monitoring and improving energy 

efficiency (3). 
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Abstract— Industrial energy audits generally focus 

on optimization of manufacturing process systems but 

fail to focus on the non-process industrial HVAC 

systems. This is in spite of well-documented widespread 

prevalence of efficiency degrading faults affecting these 

systems. This is probably because existing fault detection 

methods require time and extensive models that are not 

easily available to energy auditors on a one-day audit. 

Therefore the proposed automated fault detection and 

diagnostic device for unitary air conditioners uses quick 

temperature and pressure measurements, along with 

easily obtainable nameplate or brochure data, to detect 

refrigerant undercharge, refrigerant overcharge, liquid 

line restriction, condenser fouling and evaporator 

fouling faults. It also predicts the related energy and cost 

saving for each fault. Tests confirm that the developed 

device works well for individual and multiple faults with 

systems using different expansion valves. Field tests 

showed that the device was low cost and could be easily 

installed in under 20 minutes.  

 

 

 

INTRODUCTION 

The industrial sector worldwide consumes about 
one-half of the world’s total delivered energy. This is 
expected to increase from 200 quadrillion BTUs in 
2010 to 307 quadrillion BTUs in 2040; a 50% rise in 
only 30 years [5]. Moreover, estimates show that a 
significant amount of this energy remains unused. 
Mechanical and thermal limitations of equipment and 
processes cause energy losses at the generation stage, 
transmission and distribution stage and finally at the 
end use stage. These onsite losses for a manufacturing 
plant are substantial; it is estimated that about 32% of 
the energy input to the plant is lost inside the plant 
boundary. Approximately 15% of energy in process 
heating, 10% in cooling systems, 40% in fans and 
pumps and 80% in compressed air systems is not 
converted efficiently [12]. 

To identify and eliminate some of these losses the 
U.S. Department of Energy and several utility 
companies sponsor short term industrial audits to 
manufacturing facilities where energy saving, waste 
reducing and productivity improvement opportunities 
are identified. As an example, technicians of 24 
Industrial Assessment Centers around the country 
perform ASHRAE Level 1 audits in several 
manufacturing facilities.  The energy saving 
recommendations made by the engineers in such audits 
generally involve changing the maintenance practices 
in the plant, retrofitting the inefficient system, or more 
often, altering the way the equipment is operated. 
Altering the operation of the equipment generally 
involves optimizing the control system of the 
equipment. This can be done by adjusting its setpoint, 
retrofitting its actuator or modifying its control 
algorithm. However, a fully optimized control system 
could still develop faults which could increase the 
energy consumption of the equipment.  This paper 
discusses a method of using sensors to identify and 
eliminate such faults in industrial equipment. More 
specifically, the paper discusses the use of a fault 
detection tool on industrial HVAC systems. Industrial 
buildings have higher HVAC loads and more operating 
hours compared to residential and commercial 
buildings, and so the energy saved by optimizing these 
systems could be significant. However, according to a 
database of approximately 110,000 energy saving 
recommendations [9] made to manufacturing facilities, 
HVAC related recommendations make only 9% of all 
recommendations, focusing primarily on thermostat 
settings, operational schedules or system retrofits. This 
is because the scrutiny demanded by the process 
systems like steam systems, electric motors, 
compressed air systems and automation equipment, 
dwarfs the energy saving opportunities that can be 
realized by examining the non-process systems like 
HVAC and lighting [17].  

 

None of the relatively few HVAC related 
recommendations in this database involve detecting 
faults in the system, even though the prevalence of 
faults like incorrect refrigerant charge and fouled coils 



is well-documented by researchers. A study of over 
13,000 residential and commercial air conditioners 
revealed that about 40% of the surveyed systems had 
more than 17.5% refrigerant undercharge, and at least 
25% of commercial systems and 32% of residential 
systems had more than 7.5% refrigerant overcharge. It 
was also found that about 21% of these systems had 
inadequate airflow due to a faulty fan or a fouled 
evaporator filter or coil [4]. In another report made for 
the American Council for an Energy-Efficient 
Economy (ACEEE) it was found that on average, 
refrigerant charge was either too high or too low in 
approximately 75% of the central air conditioners and 
heat pumps, and that nearly 70% of indoor air coils had 
air flow which was 20% below the recommended level. 
The report estimated an average energy saving 
potential of 13% due to incorrect charge and 8% for 
inadequate air flow [11].  

 

In addition to performance degradation, faults may 
also cause more permanent damage of system 
components that is expensive to repair. Common 
failures due to overheating, lack of lubrication, or 
presence of liquid refrigerant in the compressor are 
caused by undetected faults like refrigerant 
undercharge, refrigerant overcharge, liquid line 
restriction (LLR), condenser fouling and evaporator 
fouling. However, due to the lack of an advanced 
building management system, detecting these faults 
before a loss of cooling capacity or permanent damage 
is experienced is difficult for energy auditors.  

 

Therefore, there exists the need for an automated 
fault detection and diagnosis (FDD) tool for air 
conditioning units found in these industrial facilities 
that can be used by auditors to increase the scope of 
their assessment. The tool should be quick, low cost 
and easy to install. It should be able to detect faults by, 
non-invasive measurements and predict the efficiency 
degradation due a fault. This would help auditors 
perform cost saving and payback calculations when 
proposing a recommendation. 

 

BACKGROUND 

Working of an Air Conditioner  

The vapor compression cycle is the principal 

behind the working of most air conditioners. It 

involves the four essential components: a compressor, 

a condenser coil, an expansion valve and an evaporator 

coil as shown in Figure 1.  

 

As seen in Figure 2, a liquid vapor mixture of 

refrigerant enters the evaporator (A to B-B’) to absorb 

heat (δQ1) from the conditioned space and convert 

into a superheated vapor. 

 
Fig. 1. Schematic Diagram of the Vapor Compression Cycle 

The low pressure vapor enters the compressor (B 

to C) which consumes energy (δW) to compress the 

refrigerant to a high pressure, high temperature vapor 

that can now reject heat (δQ2) to the ambient in the 

condenser (C to D’-D). It leaves the condenser as a 

subcooled liquid, and enters the expansion valve (D to 

A) where the pressure drop converts it into a vapor 

liquid mixture, ready to enter the evaporator again. 

 
Fig. 2. Pressure-Enthalpy curve for the Vapor Compression Cycle 

Fault Description  

The performance of the described vapor 
compression cycle driving the air conditioner can be 
affected by different faults that are summarized as 
follows:  

i. Refrigerant Undercharge: Loss in refrigerant 

charge is generally caused due to incorrect charging of 

the system at the time of installation or leaks in the 

refrigerant tubes that develop over time. According to 

laboratory tests, on average, a 30% undercharge 

reduces the cooling capacity by 7% and efficiency by 

9% [6]. Overheating and lack of lubrication in the 

system are also results of refrigerant undercharge. 

 

ii. Refrigerant Overcharge:  Excess refrigerant 

charge in the system is caused due to incorrect charging 

of the system either at the time of installation or during 

servicing of the system. According to laboratory tests, 

on average, a 30% overcharge increases the cooling 

capacity but reduces the system efficiency by 10% [6]. 



Excess refrigerant may also cause permanent damage 

to the compressor due to presence of liquid refrigerant. 

 

iii. Liquid Line Restriction: The refrigerant line 

from the outlet of the condenser to the expansion valve 

(or the liquid line) may get restricted due to a clogged 

filter-drier or some other restriction. The restriction 

causes a pressure drop in the line that vaporizes the 

refrigerant before it reaches the expansion valve. This 

affects the working of the expansion valve and can 

cause a loss in cooling capacity of 17% and efficiency 

loss of 9% for a 20% pressure drop [2]. The shortage 

of refrigerant in the compressor due to the restriction, 

causes extremely high temperatures at the compressor 

outlet, and may result in permanent damage. 

 

iv. Condenser Fouling: All the heat picked up from 

the conditioned space, and generated in the 

compressor, is rejected at the condenser. Since the 

condenser is located outdoors, it may get covered with 

leaves, lint and dirt thus reducing the effective area for 

heat exchange with the ambient. This affects the rate of 

heat rejection and causes overheating of the system. On 

average, efficiency loss due to condenser fouling of 14 

to 56% is about 4 to 18% [2].  

 

v. Evaporator Fouling: In industrial settings, the 

dusty interiors often cause the evaporator filter to be 

clogged. Evaporator coils may also get fouled, thus 

reducing the effective area for heat transfer from the 

return air of the room. A fouled evaporator affects the 

rate of heat absorption from the conditioned space. 

Fouling of 12 to 36% can reduce the efficiency of the 

system by about 6 to 17% [2].  Severe fouling can result 

in presence of liquid refrigerant in the compressor thus 

causing permanent damage. 
 

LITERATURE REVIEW 

Fault detection in HVAC&R was first tried in the 
late 1980s for household refrigerators [10, 14]. Since 
this first attempt, FDD in HVAC has seen a growth in 
interest from researchers as seen by the increasing 
number of papers related to the topic since 1996.  
Although half of these papers are focused on FDD for 
air handling units and variable air volume terminal 
boxes, interest in FDD for residential, low tonnage air 
conditioners, (i.e. split and packaged direct exchange 
systems) grew due to their wide spread use and poor 
maintenance practices [1].  

One of the first attempts for detecting faults in 
unitary HVAC systems was for a telecommunications 
building’s packaged water cooled and air cooled air 
conditioners using 6 temperature and 2 pressure 
measurements [16]. However, any refrigerant charge 

related faults were not detected in these tests. This was 
accomplished in 1997 with the Statistical Rule Based 
method that used 9 temperature measurements and 1 
humidity measurement to successfully detect and 
diagnose five faults. It used a steady state model to 
relate operating conditions of the system to the 
expected output states or temperatures occurring at no-
fault conditions. These expected temperatures were 
compared to actual temperatures to generate residuals 
which were statistically evaluated to detect faults [13]. 
Although the method has good sensitivity to faults, it 
couldn’t be chosen for the proposed device as 
developing a system specific model is expensive, time 
consuming and reduces the mobility of the device.  

 

The “Sensitivity Ratio Method” and the “Simple 
Rule Based Method” overcame the requirement of 
expensive measurements and the need for a model to 
detect faults in unitary air conditioners [3]. The 
“Sensitivity Ratio Method” used a unique pair of 
sensitive and insensitive residuals to calculate 
sensitivity ratios for each fault. If a fault occurred, the 
value of the ratio would go below a preset threshold. It 
had good sensitivity to 7 different faults however it still 
hadn’t completely eliminated the requirement for a 
model. This was overcome by the second method- 
“Simple Rule Based Method” that performed just as 
well, without the use of a model to generate residuals. 
It required only six temperature measurements and no 
humidity measurements and used 5 performance 
indices that were temperature differences like 
subcooling, superheat, condenser split that are 
independent of operating conditions but are sensitive to 
the fault.  This method works well for low cost FDD 
applications. However, like the other methods so far, it 
could not detect multiple simultaneous faults. 

 

This was until the decoupling methodology 
developed by Li and Braun (2007) where certain 
‘decoupling features’ that are uniquely dependent on 
individual fault were used to detect multiple 
simultaneous faults. Some of these features are 
evaporator and condenser volumetric air flow rate for 
evaporator and condenser fouling, predicted 
compressor discharge temperature for compressor 
valve leakage, a refrigerant charge indicator to detect 
incorrect refrigerant charge, and pressure difference 
across the expansion valve was used to detect liquid 
line restriction. To avoid expensive measurements that 
would be required to measure these features, ‘virtual 
sensors’ were used that related the simple temperature 
measurements to the decoupling features by using 
compressor map models, expansion valve models and 
thermodynamic relations [7]. However, the downside 
to this method is that obtaining the map models from 
manufacturers is not easy and not always possible in 
the short time span of an energy audit.  



 

Since the proposed device tries to achieve fault 
detection and diagnosis with minimal, easy to obtain 
information, it uses a method that is similar to the 
Simple Rule Based Method. In addition to using certain 
fault sensitive features for fault detection, the proposed 
method also uses a two-step classifier to achieve 
multiple simultaneous fault detection. 

 

Existing Commercial Devices 

Most existing commercial fault detection devices 
for unitary air conditioners require permanent 
installation on the air conditioning unit. They need to 
collect data from the system over a long period and 
don’t necessarily predict the amount of efficiency loss 
due to a detected fault. Some of them only predict the 
presence of operational faults (like cycling of the 
system, incorrect fan operation etc.) but not system 
faults like refrigerant over- and undercharge.  Other 
devices only set off an alarm when a reduction in 
performance is detected without diagnosing the fault. 

In general, the use of existing devices is limited by 
either high cost, or the time required to collect system 
data. Energy auditors however need a low cost device 
that can collect data over a short amount of time and 
predict the energy and cost saving due to a detected 
fault.  

PROPOSED ALGORITHM 

Figure 3 shows a basic flowchart of the proposed 
fault detection algorithm. The inputs to the device are 
preprocessed to generate ‘features’ or temperature 
differences that are sensitive to faults but less sensitive 
to the operating conditions. The features are compared 
to thresholds to classify them as high, low or normal, 
and based on a combination of these values, faults are 
detected in the classifier. The thresholds are carefully 
chosen, based on the type of expansion valve and the 
efficiency rating of the system. The detected fault is 
finally evaluated by predicting its level and the related 
efficiency loss and cost saving.  
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Fig. 3. Flowchart of the Proposed Fault Detection and Diagnosis Algorithm 

1. Inputs 

The sensor inputs to the device are from the 7 
temperature measurements and 2 pressure 
measurements that are summarized in Table 1. The 
pressure measurements are made by attaching a 
pressure sensor to the refrigerant charging ports found 
near the outdoor unit of the system. The temperature 
measurements are surface measurements, 3 on the 
refrigerant side and 4 on the air side at the indoor and 
outdoor units. In addition to the sensor inputs, the 
device also needs details that are specific to the air 
conditioner (Table 2). These details are found on the 
system’s nameplate or maintenance brochure, and are 
thus easily available to the energy auditor. 

 

 

 

 

Table 1.   Required Sensor Inputs 

Sensor Measurements Nomenclature 

Evaporator Pressure PE 

Condenser Pressure PC 

Evaporator Refrigerant Exit Temperature TERO 

Compressor Refrigerant Exit Temperature TCRI 

Condenser Refrigerant Exit Temperature TCRO 

Evaporator Air In Temperature (or Return 

Air Temperature) 
TEAI 

Evaporator Air Out Temperature (or Supply 

Air Temperature) 
TEAO 

Condenser Air In Temperature (or Ambient 

Air Temperature) 
TCAI 

Condenser Air Out Temperature TCAO 

 

2. Preprocessor 

The preprocessor of the system manipulates the 
measured inputs to make them easier for the classifier 
to handle. This involves filtering the sensor inputs 



using a Moving Window Average Filter that smoothes 
the data, and then generating features that are used in 
the decision making process of the classifier. The 7 
features generated by the Feature Generator by 
manipulating the smoothed data are shown in Table 3. 
Some of these features require the use of refrigerant 
saturation curves to estimate the saturation temperature 
off of the pressure measurement. 

 

Table 2.   Required User Inputs 

User Input Where is it found?  

Capacity of the System  Nameplate 

Rated Subcooling Maintenance Brochure 

Rated Superheat Maintenance Brochure 

Type of expansion device in the 

system 

TXV, if a bulb is seen 

near the evaporator coil.  

SEER Rating of the System Nameplate 

Type of Refrigerant Used Nameplate 

Presence of accumulator in the 

system 

Can be viewed 

Avoided Cost of Electrical Energy  Calculated by energy 

auditors from the 

facility’s utility bills 

Hours of Operation per Year From facility personnel 

 

Table 3.   Calculations by the Feature Generator 

Feature 
Nomen-

clature 
Calculation 

Subcooling SC 
TCond = f(PC) 

SC =  TCond -TCRO 

Superheat SH 
TEvap = f(PE) 

SH = TERO – TEvap 

Condenser Split CS CS =  TCond - TCAI 

Evaporator Split ES ES =  TEAI – TEvap 

Temperature difference of air 

across condenser 
dTCA dTCA = TCAO – TCAI 

Temperature difference of air 

across evaporator 
dTEA dTEA = TEAI – TEAO 

Compressor Refrigerant Exit 

Temperature 
TCRI - 

 

3. Classifier 

The classifier detects the 5 faults by comparing the 
values of the 7 features with a certain threshold range 
that helps classify the feature value as High, Normal or 
Low. Since some features are more sensitive to a fault 
than others, different combinations of features are used 
to detect each fault. The chosen combinations are based 
on the symptoms noticed by HVAC technicians on 
field for each fault. The challenge however lies with 
being able to detect multiple faults where the 
directional change of a feature due to one fault, may 
either be amplified or negated due to the effect of 
another fault. As seen in Table 4, the fouling faults are 
affected by fewer features than the charge related 

faults. So the features that can be used to detect fouling 
faults can be affected by charge related faults, but the 
converse may not be true.  

 

In Table 4, ‘↓’ signifies decrease in feature 

value (or Low), ‘↑’ signifies increase in the feature 

value (or High) and ‘=’ indicates that there is no 

significant change in the feature value (or Normal) with 
increase in the fault level. 

 

So for a system that suffers from Refrigerant 
Undercharge and Condenser Fouling, the increase in 
dTCA and CS due to Condenser Fouling maybe negated 
by its decrease due to Refrigerant Undercharge. On the 
other hand in a system that suffers from only 
Refrigerant Undercharge, the increase in ES and 
decrease in dTEA may lead to an incorrect detection of 
Evaporator Fouling. Therefore the existence of a 
charge related fault may lead to incorrect detection of a 
fouling fault if each fault was checked for 
independently. This is why the classifier of the 
proposed device was divided into two steps; first step 
works exclusively to detect refrigerant line faults and 
then the second step checks for fouling faults in 
presence or absence of the refrigerant line faults. 

 

Table 4.   Effect of Faults on Feature Values 

Fault SC SH CS ES dTCA dTEA TCRI 

Refrigerant 

Underchar

ge 

↓ ↑ ↓ ↑ ↓ ↓ ↑ 

Refrigerant 

Overcharg

e 

↑ = ↑ = = ↓ = 

Liquid 

Line 

Restriction 

↑ ↑ ↓ ↑ ↓ ↓ ↑ 

Condenser 

Fouling 
= = ↑ = ↑ = ↑ 

Evaporator 

Fouling 
= = = ↑ = ↓ ↑ 

 

 

i. Refrigerant Line Fault Classifier: The 

refrigerant line fault classifier uses 3 features: 

subcooling, superheat and discharge temperature, to 

detect refrigerant undercharge, overcharge and liquid 

line restriction. The thresholds and rules vary slightly 

for a thermal expansion valve (TXV) and a fixed orifice 

expansion valve. A depiction of these rules for each 

valve is shown in Table 5 and 6. 

 



Table 5: Rules for Refrigerant Line Fault Classifier (FXO 

valve) 

SC 

condition 

SH 

Condition 

TCRI 

Condition 

Fault 

Detected 

SC high 

SH high - LLR 

SH normal TCRI high LLR 

TCRI normal Overcharge 

SH low -  Overcharge 

SC normal 
SH high TCRI high LLR 

TCRI normal Undercharge 

SC low SH high  -  Undercharge 

 
Table 6: Rules for Refrigerant Line Fault Classifier (TXV 

valve) 

SC 

condition 

SH 

Condition 

TCRI 

Condition 

Fault 

Detected 

SC high 

SH high - LLR 

SH normal 
TCRI high LLR 

TCRI normal  Overcharge 

SC normal SH high TCRI high LLR 

SC low 
SH high -  Undercharge 

SH normal TCRI normal Undercharge 

 

ii. Fouling Fault Classifier: After knowledge of 

any possible refrigerant line faults, the fouling faults 

classifier uses the remaining 4 features to detect 

evaporator and condenser fouling. The rules for 

detecting the fouling faults vary based on the presence 

or absence of charge and refrigerant line faults. To 

prevent any incorrect diagnosis, this classifier also 

makes use of user prompts asking the user to manually 

verify the presence of fouling faults in certain cases. 

This prevents the device from overestimating the cost 

saving, which makes it an acceptable drawback of the 

device. The rules for the fouling fault classifier is seen 

in Table 7. 

 

4. Fault Evaluation 

Even if a fault is detected, energy auditors would 
recommend repairing it only if its benefit justifies its 
expense. Therefore, Fault Evaluation is an important 
element of the device and consists of three primary 
tasks: predicting the level of the detected fault, 
predicting the efficiency loss due to the fault, and 
finally calculating the corresponding cost saving from 
repairing the fault. 

 

Table 7: Rules for Fouling Fault Detection Classifier 

Detected 

Refrigerant Line 

Fault 

Condition Fouling Fault 

Detected 

Refrigerant 

Undercharge 

User prompt for EF Evaporator 

Fouling 

Check for high 

dTCA 

Condenser 

Fouling 

Liquid Line 

Restriction 

User prompt for EF Evaporator 

Fouling 

Check for high 

dTCA 

Condenser 

Fouling 

Refrigerant 

Overcharge 

User prompt for CF Condenser 

Fouling 

Check for high ES Evaporator 

Fouling 

None 

Check for High ES 

and Low dTEA 

Evaporator 

Fouling 

Check for High CS 

and Low dTCA 

Condenser 

Fouling 

 

 

To predict the level of refrigerant overcharge or 
undercharge, the device uses a virtual refrigerant 
charge sensor that can estimate the level of incorrect 
refrigerant charge by using the actual and rated 
subcooling and superheat values. It also uses a few 
constants like Ksc-sh , Kch, , Xhs,rated and αo whose values 
would ideally depend on the type of expansion valve, 
type of system and the size of the system. However 
tests comparing the use of experimentally determined 
parameters and default parameters showed that for the 
purposes of the device, the default parameters could be 
used [8]. Xhs,rated, is the ratio of high side refrigerant 
charge to the total refrigerant charge, and αo  is the ratio 
of the refrigerant charge necessary to have saturated 
liquid at the exit of the condenser to the rated 
refrigerant charge. Ksc-sh is a constant calculated using 
rated subcooling and superheat with the subcooling and 
superheat measured at some other operating condition. 
After conducting several tests by changing the 
operating conditions and the expansion valve, the 
default values for all constants were assumed as 
follows: 

Percent Incorrect Charge

=  {
1

Kch

[SC − SCrated]

− [(Ksc−sh)(SH − SHrated)]}

× 100 



where, Kch =
SCrated

(1 −∝o)(Xhs)
 

and ∝o= 0.75, Xhs = 0.73 and  Ksc−sh = 0.4 

 

The predicted level of incorrect charge from the 
virtual refrigerant charge sensor is then used in a linear 
relationship that relates the level of incorrect charge to 
the efficiency loss. The constants of the linear equation 
were obtained by referring to laboratory tests that 
recorded the effect of undercharge and overcharge on 
the efficiency of air conditioning systems. The 
constants varied based on the type of expansion valve, 
presence of accumulator in the system and the type of 
refrigerant [6].  

 

The fault levels of the remaining faults- condenser 
fouling, evaporator fouling and liquid line restriction 
could not be predicted with certainty with the chosen 
set of non-invasive measurements. Instead, the fault 
level was predicted as High, Medium or Low, based on 
the deviation of the feature values from their rated 
values or thresholds. A range of maximum and 
minimum efficiency loss levels was taken from 
experimental tests to quantify the EER loss due to these 
faults [2, 15].  

 

The final part of Fault Evaluation is estimating the 
cost savings based on the predicted reduction in 
efficiency. The cost saving is the difference between 
the proposed operating costs based on the nameplate 
SEER rating, and the current operating cost due to the 
actual reduced SEER rating. The following equation is 
used to estimate the cost for both current and proposed 
efficiency. 

 

Operating Cost

=  
(Capacity in Btu

Hr⁄ )

(SEER Rating Btu
W − Hr⁄ )

×
(Cost of Electrical Energy $

kWh⁄ )

(1000 W
kW⁄ )

× (Operating Hours per Year Hr
Yr⁄ ) 

 

TESTING THE DEVICE 

The proposed device was initially tested for 
individual faults using data generated at the Energy 
Systems Laboratory (ESL) at Texas A&M University 
[15] for a fixed orifice (FXO) and a thermal expansion 
valve (TXV). It was also tested in Texas A&M 
University’s Thermo-Fluids Controls Laboratory 
(TFCL) where faults were introduced in combinations 
of two. Finally, an actual field test was performed to 
verify the device’s ease of use, and record any 
installation and on-field issues. 

 

Individual Fault Test Results from ESL 

For these tests, a 4 ton split-system direct-
expansion air conditioner was used, with the air-
conditioner test bench equipped with the choice of 
either using a short-tube orifice (STO) or a thermal 
expansion valve (TXV).  Refrigerant undercharge and 
overcharge faults were introduced in the system by 
adding or removing a weighed amount of charge. 
Evaporator filter fouling was simulated by varying the 
speed of the evaporator fan, and condenser fouling was 
simulated by blocking the airflow to the condenser coil 
with paper.  

 

As seen in Table 8, the device has good sensitivity 
to the refrigerant line faults, but tt is not as sensitive to 
the condenser fouling fault. It can also be concluded 
from these tests, that the sensitivity of the device is 
similar for both expansion valves. 

Table 8.   Individual Fault Test Results from Energy Systems Laboratory System 

Fault 
Type of 

Valve 

Fault Levels 

Introduced 

Level First 

Detected 

Predicted Efficiency 

Loss 

Predicted Annual Cost 

Savings 

Refrigerant 

Undercharge 

STO 9 to 60% 26% 11 to 37% $154 to $397 

TXV 8 to 62% 24% 11 to 32% $79 to $318 

Refrigerant 

Overcharge 

STO 9 to 35% 9% 4 to 15% $27 to $117 

TXV 8 to 41% 8% 3 to 8% $21 to $59 

Condenser Fouling 
STO 10 to 80% 60% 5 to 30% $37 to $299 

TXV 10 to 70% 60% 5 to 13% $20 to $69 

Evaporator Filter 

Fouling 

STO 9 to 45% 36% 5 to 10% $37 to $77 

TXV 9 to 64% 18% 1 to 7% $7 to $53 

 



According to the summary of errors in Table 9, 
there were a few instances of incorrect fault detection; 
in case of higher levels of condenser fouling, the 
reduced subcooling caused the device to incorrectly 
detect refrigerant undercharge. Another instance of 
incorrect fault detection was detecting evaporator coil 
fouling for overcharge at the highest level for the TXV 
system. This was because the high overcharge caused 
the dTEA to decrease beyond its lower threshold. 
Overall, out of 51 individual fault tests at the ESL, 18 
produced Type 2 Error (no fault detection), 4 produced 
Type 1 Error (incorrect fault detection or false alarms) 
and 29 tests had no errors. Therefore faults were 
correctly detected about 56% of the time, and were 
undetected 35% of the time due to the fault levels.   

Table 9: Summary of Errors for ESL tests 

Fault Type 

of 

Valve 

Type 1 

Error 

(False 

Alarm) 

Type 2 Error 

(Missed Fault) 

No 

Error 

Refrigerant 

Undercharge 

STO 0 2 5 

TXV 0 2 6 

Refrigerant 

Overcharge 

STO 0 0 4 

TXV 1 0 4 

Condenser 

Fouling 

STO 1 5 2 

TXV 2 5 0 

Evaporator 

Filter 

Fouling 

STO 0 3 2 

TXV 0 1 6 

TOTAL  4 18 29 

 

The working of the virtual charge sensor that 
predicts the incorrect charge level was also verified for 
the different types of valves used in the ESL tests. 
Figures 4 and 5 show the working of the sensor for the 
short-tube orifice valve and Figures 6 and 7  show the 
working of the sensor for the thermal expansion valve. 
It can be concluded from the plots that the sensor works 
better for the thermal expansion valve as it very rarely 
overestimates the level of the fault. However for the 
STO valve, the sensor overestimates the level of 
refrigerant overcharge.  Auditors prefer a conservative 
estimate for energy and cost savings, and may have to 
account for the overestimated fault level for the short 
tube orifice valve.  

 

Fig. 4. Actual and Predicted Refrigerant Charge for an 
Undercharged System using FXO 

 

Fig. 5. Actual and Predicted Refrigerant Charge for an 

Overcharged System using FXO 

 

Fig. 6. Actual and Predicted Refrigerant Charge for an 

Undercharged System using TXV 
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Fig. 7. Actual and Predicted Refrigerant Charge for an 
Overcharged System using TXV 

 

Multiple Fault Test Results from TFCL  

Multiple simultaneous faults were introduced in a 
3 ton split unit. Two faults were introduced at a time; a 
fouling fault with a charge related or a refrigerant line 
fault. The level of the charge related fault was varied, 
and both the fouling faults were introduced at 40% and 
80% at each level (8 tests total for each combination). 
Evaporator and Condenser Fouling faults were also 
introduced at 5 different levels from 20 to 100% (25 
tests total).  

 

As seen in Table 10, out of a total of 73 tests of 
multiple fault detection, 1 test detected a fault that was 
not present in the system (Type 1 Error or False 
Alarm), in 26 tests neither of the two faults were 
detected (Type 2 Error: Both Faults), and 27 tests had 
incomplete fault detection where only one of two faults 
were detected (Type 2 Error: One Fault). Successful 
multiple fault detection occurred in 18 tests. Therefore 
in about 60% of the tests, at least one of the two faults 
were detected, with almost no incorrect fault detection. 
Thus overall it can be said that the device provides a 
conservative efficiency loss and cost savings estimate. 

Table 10.   Multiple Fault Test Results from TFCL Laboratory 

System 

Fault 

Combinations 

Type 1 

Error 

(False 

Alarm) 

Type 2 

Error: 

Missed 

Both 

Faults 

Type 2 

Error: 

Missed 

One 

Fault 

No 

Error 

Refrigerant 

Undercharge and 

Condenser 

Fouling 

0 4 2 2 

Refrigerant 

Undercharge and 

Evaporator 

Fouling 

0 5 0 3 

Refrigerant 

Overcharge and 

Condenser 

Fouling 

0 1 0 7 

Refrigerant 

Overcharge and 

Evaporator 

Fouling 

0 2 6 0 

LLR and 

Condenser 

Fouling 

1 2 4 1 

LLR and 

Evaporator 

Fouling 

0 2 2 4 

Evaporator and 

Condenser 

Fouling 

0 10 13 1 

TOTAL 1 26 27 18 

 

Field Tests 

The proposed device requires four items to be used 
in the field: temperature sensors, pressure sensors, data 
acquisition system (DAQ) and a laptop with the loaded 
software.  

 

To keep the measurements non-invasive and make 
installation of the sensors quick and easy, the 
temperature sensors chosen for the proposed device are 
T-type thermocouples. The wired T-type 
thermocouples work well for measurements in 
restricted spaces, like the outlet of the compressor that 
is covered by the condenser fan and panels. The user 
may also prefer to measure the evaporator saturated 
temperature with a temperature sensor rather than using 
the pressure measurement to predict the saturated 
temperature; in these cases the T-type thermocouple 
would work best in the constricted space of the indoor 
coil. A clamp type thermocouple wouldn’t have 
allowed this flexibility.  
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The pressure sensors are installed on the refrigerant 
charging ports that are found near the outdoor unit. The 
pressure sensors chosen for the device had a cable 
connection that could be connected to a DC power 
supply. They gave a 0 to 5 V output, and had a range of 
0 to 300 psig for the evaporator side and 0 to 500 psig 
for the condenser side. Mounting the pressure sensor 
requires a combination fittings and hoses to connect the 
pressure sensor to the refrigerant tube. O-rings and 
Teflon tape are necessary to ensure that there are no 
leaks while attaching the sensor.  

 

Finally, there are 3 DAQs that are needed by the 
proposed device: one for temperature measurements on 
the outdoor unit, one for temperature measurements on 
the indoor unit and one for pressure measurements. The 
DAQ used for measurements on the indoor unit is a 
wireless thermocouple DAQ that can communicate to 
the laptop outside. A multifunction DAQ that can read 
voltage measurements from the pressure sensor is used 
for pressure measurements. And a wired thermocouple 
DAQ is used for the remaining temperature 
measurements at the outdoor unit. 

 

The total cost of all components (excluding the 
laptop) was $2,380. 

 

Fig. 8. Final Proposed Device 

Field tests were performed on a 2 ton residential, 
heat pump system that used a Thermal Expansion 
Valve. Installation of the sensors took about 20 
minutes, with TCRI taking the most time as this required 
lifting the condenser fan to access the compressor 
outlet line. Once the sensors are mounted, the air 
conditioning unit is turned on and data is recorded for 
about 30 minutes. This operation doesn’t need to be 
monitored, so while the measurements are being 
recorded, energy auditors are free to look at other 
industrial equipment. At the end of 30 minutes, the data 

is saved, so that the saved file can be opened with the 
proposed Fault Detection and Diagnosis algorithm.  

 

The few issues that were encountered while 
installing the sensors in the field test were-  

- Sweating on the evaporator outlet line 
which made it difficult to mount the 
sensor. A thermal paste can be used 
instead to mount the sensors.   

- Pressure sensors require a DC power 
source, and if there is no power outlet 
close to the outdoor unit this can be an 
issue. In such cases, portable batteries can 
be used.  

- Installing the compressor discharge 
temperature sensor is time consuming 
since it may require removing the 
condenser fan and replacing it. 

 

Overall, the proposed device was low cost, quick 
and easy to install. The field test could be performed in 
less than an hour, and all additional information was 
easily obtained from the nameplate and maintenance 
brochure of the system. Based on the recorded 
measurements, most of the feature values were within 
the thresholds, and the tested system was confirmed to 
be fault-free. 

 

CONCLUSION 

Based on the results from laboratory tests and field 
tests, the proposed device can detect multiple faults and 
conservatively predict the related efficiency loss. It can 
do this with information that is easily available to the 
technicians performing an energy audit, and without 
the need for extensive measurements and tests to 
develop a model that is typically needed for fault 
detection. The low cost and mobility of the device is a 
trade-off for its sensitivity to faults; it works well for 
refrigerant line faults, but detects evaporator and 
condenser fouling only at higher levels. This is 
acceptable, since unlike refrigerant line faults, the 
fouling faults are easily visible to energy auditors. In 
the future, the sensitivity of the device can be further 
improved by tying it to a broader set of thresholds 
related to the type of system, the expansion device, the 
system capacity and the SEER rating of the system. In 
addition, further testing could be done on packaged 
rooftop units, and systems having more than two 
simultaneous faults. 
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ABSTRACT 

 In many industrial facilities it is common for 

more than one air compressor to be operating 

simultaneously to meet the compressed air demand. 

The individual compressor set-points and how these 

compressors interact and respond to the facility 

demand have a significant impact on the compressed 

air system total power consumption and efficiency. In 

the past, compressors were staged by cascading the 

pressure band of each compressor in the system. 

Modern automatic sequencers now allow more 

intelligent and efficient staging of air compressors. 

AirSim, a compressed air simulation tool, is now able 

to simulate multiple-compressor systems with 

pressure band and automatic sequencer controls. 

AirSim can simulate a current compressed air system 

and a proposed system with changes to the equipment 

and/or controls. Thus, quickly and accurately, users 

can calculate the energy and cost savings expected 

from many proposed compressed air system 

upgrades. 

 

 

 

INTRODUCTION 

 Nearly every industrial plant contain compressed 

air systems. In many industrial facilities air 

compressors use more electricity than any other 

single type of equipment. Commonly referred to as 

the “fourth utility”, compressed air systems can 

typically be optimized to decrease the energy use of 

the system by 20% to 50%. In addition to energy and 

cost savings, an energy efficient compressed air 

system can reduce maintenance, extend the useful life 

of the system components, and improve system 

reliability [6]. 

 Compressed air controls match the compressed 

air supply with the facility demand and can be one of 

the most important determinants in overall system 

energy efficiency. Compressed air systems are sized 

for the maximum expected plant air demand, thus 

these systems typically operate only partially loaded. 

Compressed air system controls coordinate how 

individual compressors operate and how multiple 

compressors interact to deliver the required pressure 

and volume of air to the facility in the most reliable 

and efficient manner. Systems with multiple 

compressors contain greater opportunity for controls 

optimization. The three main types of multiple-

compressor control strategies which will be discussed 

in this paper are: pressure band control, network 

sequencer control, and automatic sequencer control 

(also referred to as system master control) [13]. 

 Compressor air component manufactures are 

acutely aware of the potential for energy savings 

from multiple-compressor controls. Atlas Copco, 

Kaeser, and Quincy all market compressed air system 

central controllers to optimize system efficiency [1] 

[10] [12]. Furthermore, the 2013 California Building 

Energy Efficiency Standard, which became law July 

1, 2014, requires a central controller for multiple-

compressor compressed air systems with total rated 

power over 100-hp. This standard also requires a 

variable speed drive (VSD) trim compressor [8]. As 

will be discussed later, these two requirements 

cannot be met with pressure band control or network 

sequencer control. Only automatic sequencer control 

allows a trim compressor to always meet the part-

load marginal system demand. 

 This paper begins by reviewing the basics of 

simulating individual air compressors, fundamental 

to the compressed air simulation tool AirSim. Next, 

the basic principles and control algorithms are 

detailed for pressure band control, network sequencer 

control, and automatic sequencer control strategies 

for multiple-compressor compressed air systems. 

Finally, a case study is presented demonstrating the 

use of the improved compressed air simulation tool, 

AirSim [9], to quickly and accurately model 

multiple-compressor compressed air systems. 

 

SIMULATING SINGLE AIR COMPRESSOR 

PERFORMANCE 

 Individual air compressors can be controlled in 

several ways. Schmidt and Kissock describe these 

control methods as generalized linear relationships 

between fraction full-load power (FP) and fraction 

rated capacity (FC) [3]. Using linear generalizations 

and assigning FP0 as the fraction of full-load power 

consumed when the compressor is producing no 

compressed air, the relationship between FP and FC 

can be modeled as: 

 

 FP = FP0 + (1 – FP0) × FC (1) 



The normalized power and capacity coefficients in 

Equation 1 are the actual power and capacity divided 

by the maximum power and capacity: 

 

 FP = P / FLP (2) 

 FC = C / FLC (3) 

 FP0 = P0 / FLP (4) 

 

P is the actual compressor power, FLP is the full-load 

compressor power, C is the actual compressed air 

output, FLC is the full-load compressor output 

capacity, and P0 is the compressor power when 

producing no compressed air.  

 Schmidt and Kissock originally graphed the 

linear relationships between FP and FC for different 

control methods [3]. Figure 1 shows these FP and FC 

relationships for several common compressor control 

methods with added insight. While Equation 1 can be 

used to model the part-load efficiencies of these 

different control types, it is important to notice the 

variations which occur for load/unload, variable 

speed, and on/off control. Load/unload and on/off 

only operate at full-load, 100% capacity and 100% 

power, or no-load, 0% capacity and FP0. Variable 

speed control can operate on the continuum between 

full-load and about 25% FC. Blow off and 

modulation control operate continuously between 

full-load and no-load. 

 

 
Figure 1. FP vs FC for Common Compressor Control 

Types 

  

 Other control methods not shown in the FP-FC 

graph in Figure 1 include dual, auto-dual, and 

variable displacement control. Dual and auto-dual 

control operate in load/unload control down to a 

certain capacity, below which they operate in on/off 

control. Variable displacement typically employs a 

turn-, spiral-, poppet-, or slide-valve to vary the 

effective length of the screw compressor [7]. 

 Air compressors supply compressed air to the 

distribution system, which deliver it to end-uses. The 

system pressure depends on the volume of air 

supplied by the compressors, the volume of air 

demanded by the plant, and the fixed volume (storage 

and distribution) of the compressed air system. A 

first order model of this relationship, originally 

developed by Schmidt and Kissock, is revisited 

below, which leads to the underlying relationships 

AirSim uses to model air compressors. The model 

excludes the effect of pressure drop due to friction 

through the dryer and distribution system [3]. 

 From the ideal gas law, the mass of air, m, 

enclosed in a volume, V, at a given air pressure, P, 

and temperature, T, where R is the gas constant for 

air can be written as: 

 

 m = (P × V) / (R × T) (5) 

 

The volume flow rates of air from the compressor 

and to the plant are defined as Vc and Vp, 

respectively. Similarly, the mass flow rates of air 

from the compressor and to the plant are defined as 

mc and mp, respectively. The volume of compressed 

air storage is defined as Vs. A mass balance on the 

compressed air distribution system, where t is time, 

is: 

 

 mc – mp = δm / δt = 

 δ[ (P × V) / (R × T) ]  / δt (6) 

 

 Assuming the compressed air system is 

isothermal and the changes happen over a finite time 

interval, Δt, Equation 6 can be simplified to: 

 

 (V × ρ)c – ( V × ρ)p  =  

 (P
+
 – P) × Vs / (R × T × Δt) (7) 

 

where ρ is the density of air and P and P
+
 are the 

pressures at the beginning and end of the time 

interval, respectively. When the volume flow rates 

are measured in terms of standard conditions (i.e. 

scfm), the air density is also taken at standard 

atmospheric conditions. Thus, the pressure at the end 

of a time interval, P
+
, with varying volume flow rates 

from the compressor and to the plant, can be written 

as: 

 

 P
+
 = P + (Vc – Vp) × ρ × Δt × R × T / Vs (8) 

 

 Equation 8 is the fundamental equation AirSim 

uses for simulating air compressor performance, 

since air compressor output, Vc, is typically 

controlled based on the system pressure, P. Thus, a 

control algorithm for on/off and load/unload control 



modes can be written such that the compressor 

generates the full rated capacity of compressed air 

output to raise the pressure from the lower to the 

upper activation pressures. The compressor would 

generate no compressed air output as the system 

pressure falls back to the lower activation pressure.  

 Similarly, an algorithm for modulation and 

variable speed control modes can be written to 

maintain system pressure between the lower and 

upper activation pressures, Pl and Ph, respectively, 

using a variant of proportional control. AirSim does 

this by relating the compressed air output and the 

system pressure, P, such that the compressed air 

output is the product of the full rated capacity and 

FC, where FC is defined as: 

 

 FC = 1 – (P – Pl) / (Ph – Pl) (9) 

 

 The primary differences between AirSim and the 

popular AirMaster+ software [17] is the time interval 

for the simulation and the automatic sequencer 

control logic. AirSim allows the user to define a time 

interval appropriate for the system being considered, 

where AirMaster+ operates on a fixed time interval 

of one hour. Thus, in AirSim the time interval can be 

defined short enough to model actual load/unload, 

blowdown, or modulation events, which typically 

occur on the order of seconds or minutes. This 

feature makes calibration easy, allows the user to 

develop a better understanding of the dynamic 

behavior of the system, and allows AirSim to 

consider savings opportunities, such as automatic 

shut off, which cannot be modeled using AirMaster+. 

 Additionally, AirSim allows the user to simulate 

a compressed air system with multiple compressors 

using automatic sequencer control. AirSim uses basic 

control logic, to be discussed in the next section, to 

automatically determine which compressors operate 

based on the variable plant air demand. AirMaster+ 

requires the user to specify the staging order of 

compressors for each hour of plant air demand. 

 

SIMULATING MULTIPLE AIR COMPRESSOR 

PERFORMANCE 

 Multiple-compressor system controls coordinate 

how individual compressors operate and how 

multiple compressors interact to deliver the required 

pressure and volume of air to the facility in the most 

reliable and efficient manner. The three main types of 

multiple-compressor control strategies are: pressure 

band control, network sequencer control, and 

automatic sequencer control (also referred to as 

system master control). In the past, compressors were 

typically staged by cascading the pressure bands of 

the compressors in the system, the most basic type of 

pressure band control. The next advancement was 

network sequencer controls, which tied multiple 

compressors together to operate as a strategic unit, 

rather than independently. Modern automatic 

sequencers now enable much more intelligent and 

efficient staging of air compressors by fully utilizing 

VSD trim compressors [13]. 

 

Pressure Band Control 

 The lease sophisticated multiple-compressor 

control strategy is pressure band control. Pressure 

band control is a strategy for operating individual 

compressors without communication between 

compressors. Each compressor continues to operate 

with a distinct control type (i.e. modulation, 

load/unload, variable speed) and makes control 

decisions based solely on the pressure at the outlet of 

the compressor. Traditionally, pressure band control 

has been used to stage load/unload compressors in 

cascading pressure band, as shown in the Figure 2. 

Pressure bands for load/unload compressors typically 

span 10 psig with individual compressors 

overlapping every 5 psig. 

 

 
Figure 2. Cascading Pressure Band Control Strategy 

  

 For the set-points shown in Figure 2, if plant 

demand is low, only the lead compressor will operate 

between 105-115 psig. When the plant air demand 

increases, the lead compressor will become fully 

loaded. If the lead compressor cannot keep up with 

demand, the system pressure will drop and eventually 

hit 100 psig. At this point the first lag compressor 

will sense the plant air pressure at its activation 

pressure, 100 psig, and it will load. 

 Now if the plant air demand remains fairly 

constant the system will stabilize with the lead 

compressor running fully loaded and the first lag 

compressor operating at part-load between load and 

unload. The plant pressure will be in the 100-110 

psig band. Since the pressure never reaches 115, the 

lead compressor will not unload. 

 Finally, if the plant air demand increases further 

beyond the capacity of both the lead and first lag 



compressor combined, the system pressure will drop 

below the lower band of the first lag compressor to 

the activation pressure of the second lag compressor, 

95 psig. At this higher plant air demand both the lead 

and first lag compressors will operate fully loaded, 

while the second lag compressor loads and unloads 

between 95-105 psig. If additional plant air demand 

were to occur beyond the capacity of these three 

compressors an additional lag compressor would 

need to be cascaded at a lower pressure band. When 

plant air demand decreases and the system pressure 

increases, the compressor operating partially loaded 

will unload and typically automatically shut off after 

a certain time period. Once the system pressure 

reaches the unload pressure of the previously 

cascaded compressor, this compressor will 

unload/load and become the partially loaded 

compressor. 

 This control strategy allows only one compressor 

to operate at part-load at a time, thus limiting the 

quick cycling of load/unload compressors. However, 

since the lower band of the last cascaded compressor 

must still provide high enough pressure to meet plant 

demand, the lead and lag #1 compressors operate 

inefficiently at excessively high pressures. This 

control strategy also results in very high pressure 

fluctuations throughout the compressed air system as 

the system cascades between pressure bands. 

Furthermore, depending on plant demand, any one of 

the three compressors could be operating at part-load 

with a cascading pressure band control strategy. 

 Figure 3 shows a simple compressed air demand 

profile over time. The operation of lead and lag 

compressors with varying demand is shown for 

cascading pressure band control and network 

sequencer control (discussed in the next section). As 

described previously, the lead compressor always 

meets the first amount of compressed air demand, 

followed by each of the lag compressors based on 

their cascading pressure set-points. 

 

 
Figure 3. Cascading Pressure Band and Network 

Sequencer Control Demand Profile 

 

 More complicated control strategies can be 

achieved if a modulating or variable speed 

compressor is included in a pressure band controlled 

system. Figure 4 shows one such pressure band 

strategy with a VSD compressor staged in such a way 

as to maximize the operation of the VSD compressor 

at part-load rather than the load/unload compressors. 

This strategy achieves energy savings due to VSD 

compressors operating at higher part-load 

efficiencies and an overall reduction is the system 

pressure band compared to the cascading pressure 

band strategy shown in Figure 2. 

 

 
Figure 4. VSD Pressure Band Control Strategy 

 

 The VSD pressure band strategy shown in 

Figure 4 would operate in the following way as plant 

air demand changes. Initially assume that the plant 

air demand is low enough to be met by the VSD 

compressor alone. The compressor speeds up and 

slows down within the pressure band of 99-102 psig 

with a control algorithm similar to Equation 9. If the 

plant air demand increases beyond the capacity of the 

VSD compressor, the system pressure will drop 

below 99 psig to the activation pressure of the first 

load/unload compressor. This constant speed drive 

(CSD) compressor will load at 97 psig and cause the 

system pressure to increase. As the system pressure 

increases back within the VSD compressor’s pressure 

band, the VSD compressor slows down until the 

system pressure stabilizes. Since the system pressure 

did not increase to the first load/unload compressor’s 

unload pressure, this compressor will remain fully 

loaded while the VSD compressor will operate at 

part-load. 

 If the plant air demand increases further, the 

pressure will drop causing the VSD compressor to 

fully load and the first load/unload compressor will 

remain fully loaded. The pressure will drop to the 

second load/unload compressor’s activation pressure, 

95 psig, causing it to load. As the system pressure 

increases back within the VSD compressor’s pressure 

band, the VSD compressor slows down until the 

system pressure stabilizes. Now the two load/unload 



compressor are operating fully loaded and the VSD 

compressor is operating at part-load.  

 If the plant air demand decreases from this point, 

the system pressure will increase through the VSD 

compressor pressure band causing it to eventually 

shut off. The pressure may continue to rise to the 

second load/unload compressor’s unload pressure 

set-point, 105 psig, causing this compressor to 

unload. With the second load/unload compressor 

unloaded, the system pressure will decrease back into 

the VSD pressure band. If the system demand 

stabilizes, the first load/unload compressor remains 

fully loaded and the VSD compressor operates at 

part-load.  

 A potential issue when operating a VSD 

compressor in such a manner as shown in Figure 4 is 

having a system control gap. Control gaps can be 

avoided by properly sizing the capacity range of the 

VSD compressor to be greater than the full-load 

capacity of the largest base compressor. Control gaps 

will be discussed further in the automatic sequencer 

section. 

 The VSD pressure band control strategy is much 

more efficient than the cascading pressure band 

control strategy with all load/unload compressors. 

However, the main disadvantages of both include: 

large pressure swings throughout the plant, decreased 

compression efficiency due to excessively high 

pressure bands, and limited compressor response 

time. This last issue, compressor response time, often 

results in some “ideal” pressure band control 

strategies being unrealistic due to significant 

response times of individual compressors not tied to 

a central controller. If the individual compressor’s 

pressure bands are too small or if compressors’ 

unload or load set-points are too near each other, 

compressors could short-cycle, excessive pressure 

swings could occur, and the system will likely not 

operate as intended [16]. Thus, communication 

between individual compressors is key to reduce 

large pressure swings and operate the system most 

efficiently.  

 AirSim allows for the staging of multiple 

compressors of various individual controls with 

pressure band system control [9]. This control 

strategy idealizes systems to have immediate 

response times and exactly the same system pressure 

sensed at each compressor. Thus, simulating pressure 

band control in AirSim should be done with caution. 

 

Network Sequencer Control 

 Network sequencer control adds a level of 

sophistication by allowing individual compressor to 

communicate with one another. This typically occurs 

by linking the compressors’ microprocessors 

together, with one compressor designated as the lead 

compressor and all other compressors subordinate, 

lag compressors. Network sequencer control allows 

the lead compressor to decide which compressors 

operate based on which compressors are currently 

operating and a single reading of system pressure. 

This single pressure reading reduces the variance 

which often occurs in pressure band control where 

different compressors sense different system pressure 

depending on where they are located throughout the 

system [16]. 

 Although the system still makes decisions based 

primarily on the system pressure, the additional data 

points of which compressors are operating allows for 

tighter overall system pressure control. An example 

of a network sequencer control strategy is shown in 

Figure 5. 

 

 
Figure 5. Network Sequencer Control Strategy 

  

 In this network sequencer control strategy, three 

load/unload compressors are operating within a 

common pressure band. This is possible by 

classifying their sequence of operation based on their 

lead/lag position. The lead compressor will operate 

first within the 95-105 psig range. If the system 

demand exceeds the lead compressor’s capacity, the 

network sequencer will sense the system pressure 

dropping below the lower pressure set-point, 

determine which compressors are currently 

operating, and turn on the next appropriate 

compressor (lag compressor #1). Now the first lag 

compressor will operate at part-load while the lead 

compressor will remain fully loaded. If plant demand 

continues to increase and system pressure drops 

below the lower pressure set-point, the second lag 

compressor will operate at part-load with the first 

two compressors fully loaded. Conversely, if the 

plant air demand decreased and the pressure rises 

above the upper pressure set-point, the network 

sequencer will know which compressors are 

operating and determine which compressor to shut-

off (lag compressor #2) and which compressor to run 

at part-load (lag compressor #1). 
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Figure 6. Network Sequencer Control Logic 



 This multiple-compressor control strategy is 

currently not explicitly available in AirSim, however, 

the pressure band control strategy can be used to 

simulate network sequencer control. Rather than a 5 

psig span between cascading compressors, to 

simulate network sequencer control enter a 1 psig or 

even a 0.1 psig gap between sequenced compressors. 

As always, AirSim models should be carefully 

calibrated with each use. 

 Figure 6 details the control logic which could be 

expected for network sequencer control. In 

application, compressors contain timers to prevent 

them from short-cycling on/off too frequently. Thus, 

the compressors will typically idle for 5-10 minutes 

before automatically turning off.  

 While network sequencer control achieves a 

tighter system pressure band resulting in increased 

compression efficiency, it still is not an ideal control 

strategy. As shown in Figure 3, any of the 

compressors could operate partially loaded, 

regardless of their individual part-load efficiency. 

Ideally, only one compressor in a multiple-

compressor system should operate at part-load, with 

all other compressors either fully loaded or off. 

Automatic sequencer control achieves this objective 

and is, therefore, the most efficient multiple-

compressor control strategy. 

 

Automatic Sequencer (System Master) Control 

 Automatic sequencer control (also referred to as 

system master control) ties compressors together at a 

central controller which operates the system at the 

highest efficiency at any plant air demand. This is the 

most sophisticated multiple-compressor control 

strategy and also the most efficient. In addition to 

measuring system pressure, central controllers 

typically monitor the rate of change of system 

pressure, plant air demand, and individual 

compressor’s output and power draw. Rather than 

being responsive to system pressure changes, an 

automatic sequenced system proactively makes 

adjustments based on all of these incoming data. 

Furthermore, more holistic central controllers could 

measure drier performance, pressure drop across 

filters, and include the ability to trend historic data. 

These additional data provide added value for 

preventative maintenance programs on compressed 

air system components [13]. 

 The main disadvantage of both pressure band 

and network sequencer control is that any of the 

compressors in the system could be operating at part-

load depending on the plant air demand. Automatic 

sequencer control eliminates this problem by 

designating one compressor the “trim” compressor, 

which is the only compressor in the system to operate 

at part-load. Thus, the trim compressor should have a 

very high part-load efficiency and fast response time 

to changing air demand. Trim compressors are 

typically VSD compressors. 

 Similar to network sequencer control, automatic 

sequencer control operates compressors within a 

common pressure band. However, the sequencer 

order is not predefined, as it is in network sequencer 

control. The automatic sequencer determines the 

combination of compressors at any given plant air 

demand which will produce the require amount of air 

within the required pressure band at the highest 

system efficiency. Typically this results in base 

compressors either fully loaded or automatically 

shut-off, with a trim VSD compressor meeting the 

part-load air demand. The same sample demand 

profile from Figure 3 is shown in Figure 7 with 

automatic sequencer control. 

 

 
Figure 7. Automatic Sequencer Control Demand 

Profile 

  

 The trim compressor is vital to the successful 

operation of an automatically sequenced system. If 

the trim compressor is incorrectly sized, control gaps 

can occur at various plant air demands. A control gap 

occurs when the plant air demand cannot be met by 

some combination of fully-loaded base compressors 

and a partially-loaded trim compressor. This results 

in a base compressor cycling between loaded and 

unloaded or modulating at an inefficient part-load. 

To avoid control gaps, the trim compressor should be 

at least the same size as the base compressors [11]. 

Control gaps can also occur on pressure band 

controlled systems with VSD compressors, such as 

the one described in Figure 4. Similar precautions 

should be taken when sizing VSD compressors in 

these systems [14]. 

 Additional consideration should be given if the 

trim compressor is a variable speed compressor 

controlled with a variable frequency drive (VFD), 

which is often the case. VFDs can typically only 

reduce electrical frequency down to about 15 Hz, 

corresponding to motor speeds of about 25%. Thus, 

the effective capacity range of most VSD 
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Figure 8. AirSim Automatic Sequencer Control Logic 

 

Compressors is only about 75% of their full-load 

capacity. This is the motivation behind the 2013 

California Building Energy Efficiency Standard 

requiring VFD compressors to be at least 1.25 

greater than the next largest compressor [8].  

 Compressors controlled with VSDs operate more 

efficiently at part-load than full-load. Another 

advantage of automatic sequencers is determining the 

specific part-load efficiency relationships for all 

compressors in the system and making sequencing 

adjustments accordingly. The linear FP vs FC 

relationships shown in Figure 1 are simplifications 

which depend on many factors from system storage 

to operating pressure. 

 AirSim allows users to specify a trim compressor 

and the sequence order of the base compressors for 

automatically controlled systems [9]. The automatic 

sequencer control logic built into AirSim operates the 

base compressors at full-load or no-load and operates 

the trim compressor to meet any part-load demand. 



This is the main advantage of AirSim over 

AirMaster+, as AirMaster+ does not have the 

capability to automatically sequence air compressors 

[17]. Users must manually choose the percent load of 

each compressor for each hour of operation based on 

the plant air demand profile. While it is feasible to 

simulate automatically sequenced system in this 

manner [4], it is a very time intensive process 

requiring in-depth knowledge about compressed air 

systems.  

 The AirSim automatic sequencer control strategy 

is controlled by the following logic. The automatic 

sequencer allows for only one trim compressor. If 

more than one trim compressor is present in a system, 

consider modeling the multiple trim compressors as 

one larger trim compressor. All other compressors 

are designated as base-load compressors. The highest 

numbered compressor (i.e. ‘4’ in a 4-compressor 

system) is designated as the trim compressor, and all 

other compressors are designated as base-load 

compressors. Base-load compressors are staged in an 

ascending order following their defined sequence 

position (i.e. compressor ‘1’ loads first before 

compressor ‘2’ loads). The automatic sequencer 

determines which compressors operate based on the 

plant air demand and the capacity of the available 

compressors with the logic diagram shown in Figure 

8. 

 

CASE STUDY 

 The following case study uses AirSim to 

simulate a multiple-compressor compressed air 

system and calculate the energy use from various 

system controls. Additional and updated examples of 

energy saving opportunities modelled with AirSim 

are available in the University of Dayton Industrial 

Assessment Center (UD-IAC) Energy Efficiency 

Guidebook [15]. The Energy Efficiency Guidebook 

is available for download free of charge on the UD-

IAC website: http://www.udayton.edu/engineering/ 

industrial_assessment/. 

 During an UD-IAC energy assessment, the 

following compressed air system was investigated. 

Two 100-hp, air-cooled, oil-injected, rotary-screw, 

CSD compressors were operating in load/unload 

control. One 125-hp, air-cooled, oil-injected, rotary-

screw, VSD compressor was operating in VSD 

control. The compressed air system contained 1,860 

gallons of primary compressed air storage and was 

controlled with an automatic sequencer between 110-

115 psig. The VSD compressor operated as the trim 

compressor, and the two CSD compressors operated 

as base compressors. Trend power, output, and 

pressure data was provided for each compressor and 

the system, as seen in Figures 9 and 10. 

 Using these power and load profiles and the air 

compressor datasheets from the Compressed Air & 

Gas Institute (CAGI), AirSim was used to model the 

current system [5]. AirSim was calibrated against the 

logged system data to accurately simulate the actual 

compressed air system. Figures 11 and 12 show the 

inputs and outputs for the base case automatically 

sequenced compressed air system. 

 

 

 
Figure 9. Stacked Individual Compressor Input Power for 24-hours 

http://www.udayton.edu/engineering/industrial_assessment/
http://www.udayton.edu/engineering/industrial_assessment/


 
Figure 10. Stacked Individual Compressor Air Output and System Pressure for 24-hours 

 

 
Figure 11. AirSim Inputs for Base Case Automatically Sequenced System 

 

 
Figure 12. AirSim Outputs for Base Case Automatically Sequenced System



 As described in previous papers by Schmidt and 

Kissock and Abels and Kissock, AirSim can be used 

to simulate a variety of compressed air system 

changes including: reduced pressure set-points, 

increased storage, decreased plant air demand, and 

various control and compressor changes [3] [2]. 

AirSim now has the capability to simulate multiple-

compressor compressed air systems and investigate 

total system power from changing system control 

parameters.  

 Maintaining the same demand profile with the 

same compressors used to establish the base case in 

Figures 11 and 12 above, various pressure band and 

network sequencer system controls were simulated in 

AirSim. A summary of these control strategies and 

resulting system power are shown in Table 1. 

 The current automatically sequenced system is 

the most energy efficient, when compared to 

cascading pressure band, VSD trim pressure band, 

and network sequencer controls. Cascading pressure 

band control is the least efficient alternative, while 

pressure band control with the VSD compressor 

staged as the trim compressor is the most efficient 

alternative. It is important to keep in mind that 

AirSim allows for instantaneous compressor response 

with all compressors sensing the exact same system 

pressure. This is not true in most facilities and piping 

arrangements, thus the tight and overlapping pressure 

bands in some of the alternative cases are likely not 

practical without a central controller. 

 Further analysis was done with the same demand 

profile and three CSD compressors, rather than two 

CSD and one VSD compressor. Automatic 

sequencer, cascading pressure band, and network 

sequencer controls were simulated for this system 

with the inputs and output power shown in Table 2. 

 Without a VSD compressor, the total system 

power draw is significantly increased. In all three 

cases, the average power increased by at least 10%, 

in addition to increased system pressure swings 

without a VSD compressor. These energy savings for 

systems with and without a central controller and a 

VSD trim compressor are comparable to those 

calculated by the California Utilities Statewide Codes 

and Standards Team [4]. 

 

CONCLUSIONS AND FUTURE WORK 

 Multiple compressor systems without a VSD 

compressor or an automatic sequencer can benefit 

from both. Energy savings on the order of 10% could 

be realized for systems without VSD compressors. 

While energy savings between 2-7% could be 

realized for systems with VSD compressors but 

without automatic sequencer control. Compressed air 

systems are very complicated and detailed analysis 

should be conducted before upgrading system 

components or controls. However, AirSim allows 

individuals to quickly and accurately simulate current 

and proposed compressed air systems. By making 

modifications to the base case, the proposed systems 

can estimate the energy savings and pressure swing 

reductions expected from hardware and/or software 

controls upgrades. 

 Furthermore, the ability of AirSim to simulate 

pressure band control and automatic sequencer 

control allows individual system operators and policy 

makers to simulate energy efficient compressed air 

systems. As more states begin to follow California’s 

leading role in energy efficiency, VSD trim 

compressors and automatic sequencers will become 

the norm, not the exception, in compressed air 

systems. AirSim allows users to quickly and 

accurately model automatically sequenced systems, 

where AirMaster+ lacks this capability. 

 Despite the many improvements made to 

AirSim, additional advancements are always

 

Table 1. Various Control Strategies with a VSD Compressor Simulated with AirSim 

Control Strategy with VSD 100-hp CSD #1 100-hp CSD #2 125-hp VSD #3
Avg. Power 

hp (kW)

Percent Difference 

from Base Case

Automatic Sequencer - Base Case Base #1 Base #2 Trim 225.3 (168.0) 0.0%

Pressure Band (Cascading) 115-125 psig 110-120 psig 120-130 psig 240.2 (179.1) 6.6%

Pressure Band (Cascading) 120-130 psig 115-125 psig 110-120 psig 235.2 (175.4) 4.4%

Pressure Band (VSD trim) 112-122 psig 110-120 psig 114-117 psig 230.1 (171.6) 2.1%

Pressure Band (VSD trim) 111-116 psig 110-115 psig 112-114 psig 227.4 (169.6) 1.0%

Network Sequencer Lag #1 Lag #2 Lead 232.7 (173.5) 3.3%

Network Sequencer Lead Lag #1 Lag #2 230.4 (171.8) 2.3%  
 

Table 2. Various Control Strategies without a VSD Compressor Simulated with AirSim 

Control Strategy without VSD 100-hp CSD #1 100-hp CSD #2 100-hp CSD #3
Avg. Power 

hp (kW)

Percent Difference 

from Base Case

Automatic Sequencer Base #1 Base #2 Trim 252.4 (188.2) 12.0%

Pressure Band (Cascading) 120-130 psig 115-125 psig 110-120 psig 249.6 (186.1) 10.8%

Network Sequencer Lead Lag #1 Lag #2 248.0 (184.9) 10.1%  



available. With the capability to simulate multiple 

compressors, better output visualization is needed to 

differentiate individual compressors in a system. 

Output load profile plots, similar to those in Figures 

3 and 7, would increase the understanding of how 

compressors are interacting and help identify 

potential system inefficiencies. 

 Future work should also add additional 

individual compressor control options, such as auto-

dual control, and refine current control options. For 

example, the relationship between power and 

capacity becomes non-linear for VSD compressors 

operating at very low loads, and most VSD 

compressors can only reduce to about 25% fraction 

capacity. Furthermore, AirSim is currently based on 

linear generalizations for individual compressor 

control; future work should allow for custom 

development of the performance function based on 

measured data or manufacturer data. Manufacturer 

automatic sequencer control algorithms consider 

these non-linear part-load efficiencies with added 

complexity to multiple-compressor control logic. 

 Additional areas for improvement within AirSim 

include the ability to model the influence on 

compressed air storage volume on dampening system 

pressure swings. Also, secondary effects such as 

pressure drop from friction through dryers and the 

compressed air distribution system could be 

incorporated into AirSim in the future. Finally, 

increased demand profile resolution would increase 

the accuracy of AirSim, especially when simulating 

different multiple-compressor compressed air system. 

 Despite these limitations, AirSim is an effective 

tool to quickly and accurately simulate compressed 

air systems. It allows users to easily calibrate a 

simulation to the current system and simulate 

proposed changes to the system. The pressure band 

and automatic sequencer control logic built into 

AirSim can simulate multiple-compressor control 

strategies with VSD compressors, which are certain 

to become more prominent in future compressed air 

systems. 
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