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ABSTRACT 

This case study paper describes energy efficiency 
improvements to a large sanitary paper products 
manufacturing facility that underwent a 
comprehensive compressed air system retrofit.  The 
project was motivated by potential energy savings 
and better system performance, resulting in improved 
system reliability, reduced energy consumed by over 
240,000 kWh annually, reduced maintenance cost by 
nearly $7,000 annually, and reduced electric utility 
bills by nearly $19,000 annually (a 17% savings).  
This project used a whole-system approach to 
evaluate both the supply and demand sides of the 
system to develop the most comprehensive and cost 
effective solution for providing high-quality 
compressed air to the manufacturing processes.  The 
project included several actions including piping 
retrofits, equipment upgrades, pressure control 
changes, and compressor retrofits.  

INTRODUCTION 

Compressed air systems are some of the largest 
energy using systems in a modern manufacturing 
facility.  According to the December 2002 United 
States Industrial Electric Motor Systems Market 
Opportunities Assessment, compressed air systems 
consume almost 10% of all electrical energy used in 
US manufacturing facilities (6).  Furthermore, 
according to the 2010 MECS data, the net electricity 
usage in the US manufacturing sector was over 
878,000 Million kWh (19).  This leads to an annual 
estimated compressed air system energy usage of 
almost 87,000 Million kWh.  At an average cost of 
$0.0667/kWh (19), this estimate amounts to a very 
significant $5.8 Billion dollars per year spent on 
energy for compressed air systems in the US. 

Clearly, some amount of this energy expenditure 
is unnecessary and can be cost-effectively eliminated.  
The current literature offers a range of assertions on 
the amount of system-specific energy savings that is 
available, with experts in New Zealand concluding 
that 15% is a reasonable number (13), while experts 
in New Jersey think 30% is possible (1).  Studies of 
compressed air systems around the world have 
identified similar measures that should be undertaken 
to achieve this energy savings (3)(8)(13)(15)(16)(18), 
including fixing leaks, implementing new 
technologies, identifying inappropriate uses, and 
other measures.  

Rockline Industries is one of the largest global 
producers of consumer products specializing in wet 
wipes and coffee filters. Their Springdale, Arkansas 
facility was the location of the study described in this 
paper. They contacted the Arkansas Industrial Energy 
Clearinghouse (i.e., the Clearinghouse) after initially 
identifying their compressed air system as a potential 
source of significant savings.  The manufacturing 
company then made the decision to replace their air 
compressors with more efficient units.  Experts from 
the Clearinghouse then engaged and began working 
with the company, representatives of the electric 
utility and a local compressed air vendor to perform a 
more complete evaluation of the system (as described 
in this paper).  The team also provided measurement 
and verification (M&V) of the overall project 
savings. 

Energy efficiency and reduced utility costs were 
part of the justification for this detailed study.  High 
maintenance costs were another driver.  The existing 
air compressors had a history of oil carryover into the 
compressed air system, which caused costly shut-
downs and required cleaning of the compressed air 
piping throughout the facility.  Furthermore, the 
diaphragm pumps are one of the large air users in the 
manufacturing facility.  They are used to move highly 
viscous fluids such as lotions throughout the facility.  
These pumps are expensive to operate and maintain, 
and the plant was experiencing a high failure rate for 
this type of pump.   

Another driver of the project was the recent 
implementation of energy efficiency incentives in the 
State of Arkansas (22).  The local electrical utility 
began offering incentives for energy efficiency 
projects in 2010.  The staff at this company worked 
closely with the electric utility representatives to 
obtain significant incentives based on energy savings, 
which brought down the overall cost of the project.  
When this incentive was added to the annual savings 
from the reduced electric bill, it made the project 
financially viable for the company. 

There are many published papers on the general 
subject of energy cost saving measures which target 
individual components of compressed air systems; 
however, a whole-system approach is considered 
superior, and more comprehensive.  The case study 
paper presented below provides the results of a 
‘system approach’ which evaluated both the supply 
and demand sides of the system to develop the most  



 
 

cost effective solution for providing high-quality 

compressed air to the manufacturing processes.  

Overall, the project included several actions including 

piping retrofits, equipment upgrades, pressure control 

changes, and compressor retrofits.  

METHODOLOGY 

Because of its ease to quantify the cost and 
savings, a component level approach is often taken by 
equipment vendors and system operators.  In the 
component level approach, a specific measure is 
identified and implemented, and the energy and/or 
maintenance savings for that measure are quantified 
and used as justification for the project.  These 
projects are often recommended based on the 
vendor’s prior successful implementation of a similar 
project, or some other outside influence which may or 
may not be focused on energy efficiency or cost 
savings.  The Department of Energy and the 
Compressed Air Challenge; however, advocate a 
systems approach (5) as the best practice for 
analyzing and improving a compressed air system.  
The systems approach is defined as: 

Improving and maintaining peak 
compressed air system performance requires 
not only addressing individual components, 
but also analyzing both the supply and 
demand sides of the system and how they 
interact. This practice is often referred to as 
taking a “systems approach” because the 
focus is shifted away from individual 
components to total system performance (5). 

The systems approach is a much more 
comprehensive method of optimizing the 
performance of the compressed air system.  It 
includes the following steps: 

 Establish current conditions 

 Determine process needs 

 Gather baseline data 

 Develop potential energy efficiency 
measures 

 Evaluation of financial and technical 
conditions 

 Implement measures 

 Gather verification data 

 Continue to monitor and assess system 

The component level approach typically involves 
implementation of a handful of very specific, low 
cost, short payback measures, or the replacement of 
an old compressor with a more efficient one.  This 
approach guarantees that each individual measure has 
quantifiable savings and makes financial sense, if the 
time is taken to measure and verify the savings.  The 
approach also has the potential to miss significant 
savings opportunities through the interaction of 

components and also has the opportunity to 
overestimate savings based on “rules of thumb” or 
average savings instead of system specific 
calculations of savings.  The system approach is more 
costly and time consuming to implement, but has the 
potential to optimize the performance of the overall 
compressed air system.  The systems approach also 
offers the opportunity to implement more savings 
measures, by subsidizing some measures with the 
savings from others.  Since the overall cost savings is 
the final goal, this should be preferable for most 
companies. 

For this study, the company used the systems 
approach when they decided that their compressed air 
system needed to be upgraded.  The main goals of the 
project were to increase the reliability, decrease the 
required maintenance, and decrease the operating cost 
of the compressed air system, all while maintaining 
the quality of the compressed air delivered to the 
process.   

As a major manufacturer of baby wipes and other 
sanitary wipes, both process reliability and product 
quality are of upmost concern to the company. 
Therefore, high quality compressed air is a key 
component of that objective.  The compressed air 
used in the manufacturing process at this facility is 
held to ISO (International Organization for 
Standardization) class 2 air quality standards for 
particles and class 4 for humidity, since the 
compressed air is used in almost every stage of 
manufacturing their sanitary products. 

SYSTEM DESCRIPTION AND ANALYSIS 

The project included four distinct changes to the 
overall system, including a piping retrofit, diaphragm 
pump retrofits, pressure control changes, and a 
compressor room retrofit.  In addition to a description 
of the original and new system configurations, each 
of the four changes is discussed below.   

Original System Configuration. 

Figure 1 provides a schematic of the original 
system configuration.  The existing compressors at 
the facility were identical, 150hp, single stage, 
load/unload rotary screw compressors.  The specific 
efficiency of these compressors was rated by the 
Compressed Air and Gas Institute (CAGI) (23) as 
18.7 kW/100 cfm at full load, and each of the 
compressors was capable of producing 678 acfm.  
These compressors ran in a configuration where one 
of the compressors ran at full load, and the other 
compressor loaded and unloaded as needed to 
maintain plant pressure. 

Baseline energy usage data was collected by 
deploying data loggers on both compressors and 
measuring the energy usage over a period of about 
two weeks.  The data shows that the lead compressor 
is nearly fully loaded, and the trim compressor is 
loading and unloading to control system pressure.  
The logged data is shown in Figure 2. 



 
 

  

Figure 1: Original plant compressed air system configuration 

 

Figure 2: Original system measured electrical power data (60 second intervals). 

 

6/28/12  6/29/12  6/30/12  7/1/12  7/2/12  7/3/12  

k
W

0

50

100

150

200

Compressor 1 Compressor 2



 
 

The cut in pressure for the trim compressor was 
set to 100 psig, and the cut out pressure was set to 
110 psig.  The compressor room contained two wet 
storage tanks, with a total capacity of 1,800 gallons.  
A heated desiccant dryer with associated filters was 
also located in the compressor room.  Dry air was 
sent into the plant to a 2,000 gallon dry storage tank, 
which typically remained around a nominal 100 psig. 

The distribution system consisted of a 3” cast 
iron pipe header loop, which supplied air to all of the 
end uses in the facility.  The piping was over 20 years 
old, and cleaning the header system after an oil event 
caused significant downtime in the facility. 

A pressure/flow controller was present in the 
system, located between the dry storage tank and 
header loop, but the pressure controls were set to 
maintain maximum pressure downstream of the 
controller, essentially bypassing it.  The pressure 
controller settings likely ended up in this 
configuration after complaints about low air pressure 
at specific locations in the facility.  Increasing header 
pressure has the effect of increasing artificial demand 
(10) throughout the plant, and may or may not correct 
the low pressure condition that caused the complaints.   

The diaphragm pumps that are used to move 
lotions and other fluids from holding tanks to the 
process were all connected to the main header with 
separate, unregulated drops. There are 12 of these 
pumps, and on average, each pump was being 
replaced about every 2 months.   

System Piping. 

The project began by addressing the piping 
system.  The 3” black iron header was replaced with a 
90mm aluminum piping system.  The old header was 
more than 20 years old, and the iron pipe had 
degraded over time.  When a recent air compressor 
event sent oil into the header, the entire plant was 
shut down for several hours while the bulk of the oil 
was drained from the piping.  When the system 
started back up, the plant had to deal with excess oil 
in the system, which was trapped in the pores and 
rough surface of the degraded pipe.   

The new piping system was selected for several 
reasons.  First, the aluminum pipe will not corrode 
over time as steel or iron pipe will, so the integrity of 
the piping system 20 years from now should be 
significantly better than the condition of the old 
header.  Second, the time to install the aluminum 
piping system was significantly less than the time it 
would have taken to install a new threaded or welded 
steel piping system, since the aluminum piping 
system uses slip fit connections.  Lastly, the design of 
the slip fit connections, along with the reduction in 
pipe degradation means that a properly installed 
aluminum piping system should theoretically never 
leak, where iron or steel pipe undoubtedly will over 
time.   

The energy savings from the reduced leaks was a 
small consideration for this part of the project, but the 
long term benefit may be significant (12).  Figure 3 is 
an image of part of the aluminum piping system. The 
aluminum piping is blue, and the slip fit connectors 
for the system are black. 

 

Figure 3. Aluminum piping system.  Aluminum pipes are 
blue in color and slip fit connectors are black. 

End Use Equipment. 

The second change of the overall project was to 
address the diaphragm pumps in the facility.  Air 
operated diaphragm pumps are, by nature, less 
efficient than motor driven pumps (5), since they use 
compressed air as a motive force rather than using an 
electric motor directly.  The fluids that are being 
pumped in this facility are quite viscous and have 
suspended solids, so the use of centrifugal pumps was 
not appropriate.  The existing diaphragm pumps were 
fairly new, and all major manufacturers of this style 
of pump have focused on energy usage in the last 
decade, meaning that any energy efficiency gains 
from switching manufacturer’s was small.  The 
largest consideration for this stage of the project was 
to improve reliability of the pumps, and therefore 
reduce the annual maintenance cost of replacing 
failed pumps.   

The company turned to a local compressed air 
vendor to assist with the proper sizing and 
configuration of the pumping system.  The existing 
configuration of these pumps meant that each pump 
was individually powered from the main header at 
line pressure.  When pumping was called for, 100 
psig air was sent to the pumps, which then moved the 
fluids from holding tanks or vats into smaller day 
tanks or individual process lines for use. The major 
issue with the system configuration was identified as 
the over-pressurization of the pumps.   

Diaphragm pumps are typically rated for a 
maximum pressure input.  This is the pressure at 
which it is safe to operate the pump.  The pumps also 
typically have a minimum input pressure, which is 
the pressure below which the pump may stall or cease 
to operate properly.  The forces that the pump, and 
particularly the actual diaphragm, experience at 



 
 

different pressures can be wildly different.  The pump 
speed changes with pressure and the pump flow rate 
changes accordingly.  Since the applications at this 
facility involve transfer between two tanks, the 
pumping speed was not a big concern for the 
company.  This meant than the air input pressure and 
corresponding pump speed could be reduced to near 
minimum, which in turn reduced the loads on the 
pumps.   

As an example, a typical diaphragm pump may 
have a maximum pressure rating of 100 psig.  At 100 
psig, the pump may be capable of pumping 8 gpm of 
water, and the pump must consume 18 scfm of 
compressed air to do so.  The same pump, with an 
inlet pressure of 40 psig, may be able to pump a 
maximum of 6 gpm of water with only 8 scfm of 
compressed air input, or it may be able to pump 2 
gpm of water with only 3 scfm of compressed air.   

If the amount of water to be pumped is 500 
gallons, then at the 100 psig maximum case, a total of 
1,125 scfm of air is consumed, but it only takes 62.5 
minutes to complete the action.  In the 40 psig, 2 gpm 
case, the same amount (500 gallons) is pumped in 
250 minutes (4 times as long), but only 750 scfm of 
air is required (a 33% reduction).  The pump speed 
and duty are significantly reduced, the energy savings 
is significant, and the only penalty is time.  If the time 
penalty is acceptable, then the pressure reduction can 
yield a significant savings.   

The company decided that they could reduce the 
line pressure to 55 psig with no negative impact on 
production.  The new pump header is shown in Figure 
4.  The header is regulated to 55 psig. 

 

Figure 4. Diaphragm pump header regulated to 55 psig 

Pressure Control. 

The third aspect of the overall project was the 
control of pressure in the system.  The existing 
system was run with an average pressure of 100 psig, 
which included about 5 psig of drop through the 
treatment equipment, and a 10 psig differential from 
the load/no load controls on the compressors.  This 

means that while the compressors were modulating 
between 100 and 110 psig, the header was seeing a 
pressure range of 95 to 105 psig.  The additional 
pressure drop of 5 (or more) psig from the “last dirty 
thirty” (11) meant that end uses were receiving about 
90 psig before the trim compressor loaded in, and 
about 100 psig before the trim compressor unloaded.  

The DOE and the Compressed Air Challenge 
have advocated for years that plant pressure should be 
set to the lowest possible pressure to maintain 
acceptable operations (5).  The highest pressure end 
use in this facility is a set of electropneumatic 
positioners for pneumatically actuated control valves.  
These positioners become unreliable when the supply 
pressure drops below about 90 psig.  If one the 
positioners fail on low air pressure, it could cause a 
production issue that causes a production line to shut 
down or generate scrap products. The header pressure 
was apparently set to properly provide a minimum of 
90 psig to these controllers.   

However, after further investigation, it was 
discovered that most of the end uses in the facility 
were regulated in the range of 55 to 80 psig.  The 
intrinsic air consumption of the electropneumatic 
positioners is zero cfm (4), since their method of 
operation is to position an actuator.  As long as the 
actuator is in the same position, no air is consumed.  
This is the definition of a “flow static” application, 
which makes it a perfect candidate for a pressure 
booster.  A 2:1 pressure booster regulator (17) was 
installed at the bank of positioners, and set to an 
operating pressure of 95 psig, ensuring sufficient 
supply pressure for the devices.  This allowed the 
plant header pressure to be dropped to 85 psig, 
allowing for 5 psig drop to the end uses regulated to 
80 psig. 

The plant header pressure was set to 85 psig by 
using the existing pressure/flow controller at the main 
receiver tank (shown in figure 5).  This device 
ensures a constant 85 psig, regardless of tank 
pressure, as long as that pressure remains above 85 
psig.  The tank pressure is held relatively constant at 
about 93 psig by the new variable speed drive 
compressors that were installed as the final system 
change. 

Compressors. 

The new compressors consist of two identical, 
200hp, 115 psig rated, variable speed drive, single-
stage, lubricant injected rotary screw compressors.  
These compressors were selected by the company 
after consultation with a local vendor, based on the 
desire to operate one compressor normally, with the 
second compressor acting as a 100% redundant 
backup.   

The new compressors each have a specific 
efficiency as low as 19.0 kW/100 cfm at full 
operating pressure, with slightly higher values at full 
flow and full turndown.  In the case of specific 
efficiencies, with units of kW/100 cfm, lower 



 
 

 

 

Figure 5. Pressure/flow controller regulating plant pressure 
to 85 psig. Bottom view with tank shown 

numbers mean higher efficiencies, so these 
compressors, at full load, are actually slightly less 
efficient than the old compressors.  However, since 
the new compressors utilize variable speed drives, at 
part load they are quite a bit more efficient than the 
original, single-stage, rotary screw compressors.   

Analysis of the logged data from the old 
compressors (Figure 2) shows that the lead/lag 
control scheme, with the pressure settings described 
above, yielded an overall specific efficiency of 
around 21.8 kW/100 cfm.  Analysis of logged data 
from the new compressors shows an overall specific 
efficiency of 19.4 kW/100 cfm. 

The compressor replacement portion of the 
overall project included some significant piping 
changes in the compressor room.  The two wet 
storage tanks were removed from the system.  This is 
not a common measure to take when upgrading a 
compressed air system, and for many years the 
compressed air industry has held to the old rule of 
thumb that says more system volume is always better 
(7).  In the case of variable speed drive compressors, 
the added system volume does increase the ride-
through time available if the main compressor 
unexpectedly goes offline and the backup has to start 
(20), but there is no energy efficiency benefit.   

In the case of this facility, the added storage 
capacity also came with a significant number of 
valves, fittings, and potential maintenance issues.  As 
can be seen in the final system configuration (Figure 
7), removing these extra tanks simplified the 
compressor room piping, eliminating the pressure 
drop associated with them, and eliminated the need 
for the two extra ASME pressure vessels to be 
inspected and certified by the State each year.   

The removal of the wet storage tanks also 
allowed the needed floor space for the addition of a 
loose-pack, deep-bed filter (so-called mist eliminator 

filter) (Figure 6). This 10 micron filter has no 
measurable pressure drop, and removes a significant 
load from the 5 micron filters that are required 
upstream of the desiccant dryer.  In theory, there is no 
energy efficiency savings from this measure, but in 
practice this large filter will reduce the maintenance 
cost for the 5 micron filters by extending the time 
between required cartridge replacements.  
Alternately, if the 5 micron filters are serviced at the 
same intervals, the pressure drop through them will 
be reduced due to the reduced loading.  

 

Figure 6. Mist eliminator filter and associated piping 

RESULTS AND DISCUSSION 

With the plant distribution piping system 
upgraded, the end uses evaluated and improved, the 
plant pressure under control and minimized, and the 
compressor room fully retrofitted, the project’s four 
changes to the compressed air system project were 
completed.  The final system configuration is shown 
in Figure 7.  The next step of the systems approach 
was to verify the reduced energy consumption and 
determine the resulting economics (5).  Data loggers 
were deployed on the system to measure the energy 
consumption, and production data was analyzed to 
determine the energy intensity of the new system.   

The average power recorded with the old system 
configuration was 168.8 kW (Figure 2).  The average 
power recorded with the new system configuration 
was 121.5 kW (Figure 8).  This difference in average 
power is not representative of the actual energy 
savings, since the production levels during the two 
logged periods was different by about 2,600 units per 
hour.  The actual energy savings can be more closely 
estimated by calculating the energy intensity, or 
energy per unit of production, for each period.  The 
calculated energy intensities were 8.432 kWh/1000 
ea. for the old system and 6.982 kWh/1000 ea. for the 
new system (Figure 9).  
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Figure 8: Final system measured electrical power data (60 second intervals). 

 

 

Figure 7: Final plant compressed air system configuration 
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Figure 2. Compressed air energy intensity 

Based on comparison of the old system energy 
intensity to the new numbers, an annual energy 
savings of over 242,000 kWh was achieved.  This 
represents about 17.2% of the baseline compressed 
air system energy usage.  This is consistent with 
similar case studies of industrial compressed air 
systems that show overall savings of 10% to 18% of 
baseline compressed air system energy 
(2)(9)(20)(21).   

Additionally, there was some demand savings, 
but due to the different production levels during the 
baseline and verification periods, it is difficult to 
quantify the annual demand savings.  We do know 
that the average power was reduced by 47.3 kW 
between the two logging periods, so the annual 
demand savings is likely on the order of 500 to 600 
kW-mo/year. 

The 17% savings includes the energy efficiency 
improvement of the compressors, which was about 
11%, as well as a reduction in compressed air 
consumption from the diaphragm pumps, which was 
about 1.4%.  Based on published pump curves for the 
diaphragm pumps, the 1.4% savings is estimated by 
comparing the operating points at the old and new 
pressures.  The pump curves show the pump flow rate 
and the specific air consumption at each pressure.  
Dividing the total annual volume pumped by the flow 
rate and then multiplying by the specific consumption 
gives a measure of air consumed annually.  
Multiplying this number by the specific efficiency of 
the air compressor yields an annual energy usage.  
The published pump curves are based on water at 
ambient temperature, so there is some error 
introduced by the fact that the fluid being pumped is 
actually a series of lotions and other viscous fluids, 
but the result is a reasonable approximation of the 
overall energy use.  This estimate yielded a 
compressed air use reduction of about 17%, and an 
energy savings of about 1.4% of the baseline energy 
use.  The change also reduces the annual pump 
replacement costs by a projected $4,900 annually. 

The other 4.8% of the baseline system energy 
usage was saved through the combination of the 
reduction in artificial demand due to the header 
pressure reduction and the decreased friction in the 
new aluminum piping.  At an average cost of 
$0.072/kWh, the energy savings reduced the annual 
utility cost by just over $19,000.  
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Figure 3. System Energy Breakdown 

ECONOMIC VIABILITY 

The energy savings, along with the maintenance 
savings on the diaphragm pumps and compressors, 
were found to be significant.  The overall project cost 
was reduced by the energy efficiency incentives 
offered by the local electric utility, which improved 
the simple payback of the project and helped to make 
it viable.  As a long-term investment in this 
manufacturing facility, all of the life cycle costs 
should be included to determine a return on 
investment of the overall project (14).   

The maintenance savings detailed above 
amounted to an annual savings of nearly $7,000.  The 
energy savings were measured and verified as just 
over $19,000 annually.  When all four stages of the 
project were considered, and the utility rebate 
included in the overall project evaluation, the total 
cash outlay for the company was just over $70,000, 
which yielded a simple payback of just less than 3 
years.  Using a 10 year lifespan, and a 15% discount 
rate, the net present value of the project comes to 
nearly $70,000.  The internal rate of return (IRR) for 
the entire project was 56%.   



 
 

SUMMARY AND CONCLUSIONS 

This case study paper described a compressed air 
system retrofit at a large sanitary paper products 
manufacturing facility.  This project used a system 
approach to evaluate and implement changes on the 
supply side and demand side of the system to 
optimize the compressed air system efficiency, rather 
than focusing on one or two specific components.  
The result was an annual energy savings of 17.2% of 
the baseline system electricity use, which reduced the 
annual utility cost by just over $19,000 annually. 
Additionally, the system maintenance cost was 
reduced by nearly $7,000 annually.  The project 
simple payback was just under 3 years, the Net 
Present Value of the project was nearly $70,000, and 
the IRR was 56%.   

In conclusion, using a system approach when 
retrofitting a compressed air system can lead to 
higher overall energy and maintenance savings by 
considering the interaction between components 
rather than simply implementing the energy 
efficiency measures that have low simple payback 
periods when considered individually.  The 
interaction of potential measures should be 
considered in order to guarantee that individual 
measures will provide the stated benefits and 
economic viability that are expected.  This system 
approach can and should be applied to other energy 
consuming systems in industrial and commercial 
facilities, such as pump systems, fan systems, process 
heating systems, steam systems, and HVAC systems.  
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ABSTRACT 

This paper presents an investigational study on wave energy converters (WECs). The types of WEC available 

from the market are studied first. The design considerations for implementing a WEC in the Gulf of Mexico (GOM) 

are then evaluated. There are several different types of devices that can be used to model the system design.  Each 

device type has different attributes that may be helpful or hurtful for the area and wave activity in the GOM.  From 

the evaluation there is a recommendation of the optimal device design conditions, and three device types are 

recommended for further pursuit as design candidates.  Six different WEC projects that are currently being 

developed and most are ready for commercial testing are examined.  The examination evaluates the usefulness of the 

WECs for the GOM, and provides some factors of both physical and economic scaling. The result of this study 

reveals that while none of the devices can be installed “as is” in the GOM because of wave power or geometry 

requirements, there are some that have the potential to be modified and scaled down to fit the GOM climate.   
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INTRODUCTION 

The University of Louisiana at Lafayette (UL 

Lafayette) wave energy research team is in the 

process of developing a wave energy converter 

(WEC) for the Gulf of Mexico (GOM).  The goal of 

this device is to provide partial power to platforms 

in the GOM and the outer continental shelf would be 

a target area of operation.  In order to fully develop 

a WEC, several steps are involved: 

 

1. Feasibility Study on GOM. The feasibility 

study consists of gathering information to aid in the 

development of a WEC.  This includes (a) 

comparing wave energy to other alternative 

energies, (b) looking at the physical characteristics 

of the GOM, (c) assessing the platform activity in 

the GOM, (d) finding or developing equations for 

waves and wave power, (e) estimating the wave 

power available from the GOM, and (f) observing 

trends in location and weather information.   

 

2. Investigative study on WEC.  Research 

efforts are required to (a) review the types of WEC 

available in the market, (b) identify the type of 

device that would best fit the area, (c) evaluate 

WEC design considerations, and (d) survey WECs 

already in production or development. 

 

3. Development of Wave Energy Converter. 

Developing a WEC can be broken down into several 

steps: (a) select to one wave energy converter, (b) 

find or develop power and efficiency equations for 

the device, (c) run simulations on device to 

theoretically prove concept, (d) develop system for 

power generation and storage, (e) design system 

integration to platform 

 

4. Economic Analysis. Economic analysis 

involves information gathered from steps 1, 2 and 3 

to (a) find the average costs or a range of costs for 

fuel operations on platforms, (b) use power 

equations for device and waves to develop device 

efficiency, (c) estimate production, instillation, and 

maintenance costs for full scale device, and (d) 

assess the economic viability of using a WEC on a 

platform. 

 

5. Development and Testing of System. 

Development and testing is a long intensive process 

that requires several steps, some of which can be 

delayed by permitting.  (a) Develop lab and testing 

facility, (b) develop testing and instrumentation 

methods, (c) develop device prototype, (d) analyze 

and test prototype device, (e) full scale testing and 

deployment. 

 

6. Integration into platform Integration into 

platform involves: (a) finalizing the designs, (b) 

getting approval to install systems to platforms, (c) 

installation onto working platform. 

 

The steps for designing and implementing a 

WEC are very involved and require years of 

research, development, and testing.  There are 

projects that have developed WEC, but they are for 

areas that are very different from the GOM’s wave 



climate.  There are preliminary estimates of wave 

power from some studies, but none of them fully 

disclose their process of extrapolation and can have 

inflated estimates.  

  

This paper presents an investigational study on 

WEC. In the following sections, the types of WEC 

available from the market are studied first. There are 

several different types of devices that the team can 

use to model their system.  Each device type has 

different attributes that may be helpful or hurtful for 

the area and wave activity in the GOM.  From the 

evaluation there is a recommendation of the optimal 

device design conditions, and three device types are 

recommended for further pursuit as design 

candidates.  Six different WEC projects that are 

currently being developed and most are ready for 

commercial testing are examined.  The examination 

evaluates the usefulness of the WECs for the GOM, 

and provides some factors of both physical and 

economic scaling. 

 

TYPES OF CONVERTERS 

Oceans and seas have two main sources of 

movement that can be captured into energy: tidal 

currents and waves.  According to the Department 

of Energy (DoE) [1] and the European Marine 

Energy Centre (EMEC) [2] there are seven 

classifications of devices: point absorbers, 

submerged pressure differentials (SPD), attenuators, 

oscillating wave surge converters (OWSC), 

overtopping devices, oscillating water columns 

(OWC), and others or unclassified technologies that 

do not fall in any category or can be considered in a 

combination of categories.  These devices are 

reviewed and some of the most important design 

considerations are made to recommend the best type 

of device for the Gulf of Mexico.  Additional 

information on WEC can be found in [3, 4]. 

 

Point Absorbers  

Point absorbers are a simple technology that 

consists of a buoy or floating body that is used to 

capture the waves’ heaving motion.  When the float 

moves up and down it can drive pistons that cause 

rotation or hydraulics to run and create energy.  

Wave direction is not an issue for point absorbers, 

because they are operating at a single point, waves 

coming from any direction can be captured.  Point 

absorbers are relatively small when compared to the 

size of the waves.  Often point absorber systems are 

used in arrays, where multiple devices are attached 

in series or parallel to capture more energy.  Point 

absorbers can be used offshore in various depths of 

water. 

 

Submerged Pressure Differentials 

SPDs are completely submerged devices that 

use the weight of the waves moving above the 

device to pump compressed air.  SPDs work like 

point absorbers, but instead of using the waves to 

pull up, they use the weight of the waves to push 

downward [5].  Because SPDs are located below the 

surface of the waves, some of the energy potential is 

lost because the energy decreases with the depth.  

While there is a slight loss of energy potential, there 

are some benefits to being located underwater, such 

as resistance to corrosion and event activity. 

 

Attenuators  

Attenuators can be classified as a WEC that 

uses a bending action to move pistons or hydraulics, 

which create energy.  One common version of an 

attenuator is a long device, which has several 

sections that float in the water.  The wave action 

moves one section causing a “bend” between the 

first and second section.  This bend creates a point 

where a piston or hydraulic system can be used to 

generate energy.  These devices are usually larger 

than one wavelength so that they can capture the 

most effective bending motion.  Most attenuators 

are used near shore, but there are some designs that 

could be used further offshore. Attenuators need to 

be positioned parallel with the wave direction of 

travel in order to capture the wave [5].     

 

Oscillating Wave Surge Converters  

OWSCs are “flap-like” devices that move with 

the motion of the waves coming to shore.  The 

device is usually anchored to the seabed, and it can 

be fully submerged or some part of the device can 

stick out of the water.  It is most useful on or near 

the shoreline and is relatively large when compared 

to other devices.  The Oyster project developed by 

Aquamarine Power is an example of an OWSC [6]. 

 

Overtopping Devices  

Overtopping devices are designed to capture the 

energy of falling water, and have been compared to 

hydroelectric dams [7].  Waves flow over the device 

and into an opening where the water drops through a 

turbine, capturing the energy.  These devices require 

higher waves to get more energy from gravity and 

typically are very large.  Overtopping devices also 

need to be located near the shore. 

 

Oscillating Water Columns  

An OWC is a dome-like device that sits in the 

water and uses the passage of waves to create a 

pressure variation, to push air or water through an 

opening, which turns a turbine.  These devices can 

be less efficient because most use waves to 



compress air, and are not directly capturing the 

wave force [5].  OWCs work best when located near 

shore or on the shoreline. 

 

Other or Unclassified 

There is always room for new ideas and 

inventions that do not fall into one of the categories.  

These could be hybrid devices, or are completely 

different from the ones described above. Some of 

these devices include specialized systems that can 

be adapted to other WECs, like Scientific Aspect 

Research Associates’ (SARA) 

magnetohydrodynamic (MHD) energy conversion 

system [8]. 

 

DESIGN CONSIDERATIONS 

When looking at the GOM as a possible energy 

source, it is important to tailor the device that will 

be used to the conditions in this area.  An ideal 

device would be one that can work offshore, uses 

multiple small units, resists corrosion or is 

completely below water, is easily tuned, and does 

not need a specific wave direction.  The typical 

design considerations are discussed below. 

 

Location 

Some of the devices listed above have location 

restrictions to either near shore, on the shoreline, or 

offshore operations.  Near shore can be considered 

up to 25 meters from shore and offshore is typically 

anything further than 25 meters [6].  There are some 

limitations with the different locations.  Waves near 

shore typically have less energy than those waves 

offshore.  Some near shore devices have to be 

designed for the shoreline geometry; therefore, it 

becomes difficult to mass-produce this technology.  

Working near shore also means that the device 

cannot interfere with the beach community and local 

property owners who do not want to look at “ugly” 

devices that obstruct their view or the activity on 

and near the beach [4].   

 

Offshore technology does have the benefit of 

more wave activity, but it also becomes more 

difficult and expensive to install and maintain.  

When working with deep water it may not always be 

feasible to anchor directly to the seabed.  WECs 

could be anchored to platforms, but because the 

installation would be closer to the surface, design 

considerations would have to be made so that the 

anchoring system could withstand the wave activity. 

Offshore locations also experience more event 

activity than near shore because landmasses and 

other things obstruct or slow down storms [3]. 

 

Area of Capture 

 The goal of having wave capture devices is to 

get as much energy as possible.  This can be done 

by covering a large area of the waves.  One way to 

accomplish this is to have very large devices that 

capture a large area.  These can become very 

expensive to install and repair if they are broken.  

The second way is to use smaller devices that are 

connected together to cover more area [9].  These 

multiple device systems are set up in “arrays”, 

which are different configurations of the multiple-

unit system.  According to EPRI [10], experiments 

were done to test the effectiveness of putting 

devices together, specifically point absorbers.  If the 

WECs were placed too closely together, the first 

devices that felt wave action would lower the 

amount of energy captured by the other devices.  

With the units properly spaced, it was found that the 

devices could increase the other’s effectiveness.   

 

While it may be more expensive to build and 

install more WECs, the system does not have to stop 

working because one is damaged or off-line.  The 

others in the array can continue working until 

repairs can be made.  If devices are small enough, 

one unit may be replaced or removed for repairs in a 

safer, less expensive location.  With the event 

activity that can be found in the GOM, multiple 

units would work better because of the ability of the 

system to continue working if some devices are 

damaged. 

 

Tuning 

WECs need to be tuned to the waves in order to 

get the greatest efficiency.  Some devices are more 

difficult to tune than others, and some devices can 

self-tune or be tuned remotely.  Tuning is usually 

dependent on the wave height and period and can be 

affected by the dominant wave direction.  

 



Wave direction can be a factor in design 

because out in the ocean, waves change direction 

often [3].  Some of the device types require that the 

wave capture occur in a particular direction, either 

perpendicular or parallel to the wave direction.  If a 

WEC has a directional requirement, there could be 

lots of energy lost.  Devices could be remotely 

repositioned or could be designed with a self-

correcting maneuverability.  There would still be 

energy losses in the time it takes the device to right 

itself and the energy that it would take to correct its 

position.   Not all waves travel in the same direction 

at the same time.  Not just shifting wave direction, 

but wave groups can interfere with each other and 

cause a dominant wave direction to be difficult to 

determine.  Near shore, the direction of waves is not 

as erratic as offshore [11]. 

 

Environmental Considerations 

While the idea of wave energy is one that 

provides a clean source of energy, other 

environmental impacts must be considered like 

interference with wildlife and any type of leaking or 

run-off of the materials used in the device itself.  If 

these devices were to be installed, environmentally 

friendly materials could be used, but they might cost 

more.  Much of the wildlife impact has been 

considered because man-made structures are already 

in the GOM and research and regulations have been 

set up to handle the wildlife impacts of such 

structures [9].  Some of the devices would use a 

hydraulic system to create energy.  Any use of 

hydraulic fluid, that is not salt water, would have to 

be designed with systems to prevent leakage or 

fluids would need to be biodegradable.  With the use 

of an open system, using seawater as the hydraulic 

fluid, biological organisms and sea life could enter 

the system and interfere with its operation, which 

has the potential to cause great damage. 

 

Durability 

Durability to the elements is also a concern 

when looking at WEC design.  With the salt-water 

environment, devices must resist corrosion.  There 

are several types of corrosion but the main reaction 

of corrosion is between the salt, air, and metal 

surfaces.  In the Minerals Management Service 

(MMS) report on the design standards of WECs, 

there are three areas in which the devices can be 

placed: topside, which is out of the water; in the 

splash zone, where water meets air; and subsea, 

which is under the water [9].  When devices are 

subsea, air is less of a factor and these devices can 

better resist corrosion. 

 

Because of the presence of weather events like 

hurricanes and tropical storms, it is important that 

WECs are resilient and able to withstand the high 

activity without breaking.  If devices can operate 

during these events, it is even better.  Near shore 

devices have been developed more than offshore 

devices.   Part of this is because near shore there are 

fewer events or the events are not as severe once 

they approach the shore.  Devices that are offshore 

can avoid events by being subsea, or having a mode 

that submerges the device until the storm passes, 

like the design of Teamwork Technology’s 

Archimedes Wave Swing (AWS) [12].   

 

Summary of Types and Characteristics 

 Table 1 shows some typical characteristics of 

the different devices.  One of the most important 

factors is offshore vs. near shore.  There are three 

devices that can easily be placed further offshore – 

point absorbers, submerged pressure differentials, 

and attenuators.  Point Absorbers and SPDs are both 

smaller devices, and all can be easily used in 

multiple device arrays.  The attenuator has the best 

ability to be tuned, but it also requires a specific 

direction of wave to operate, while point absorbers 

and SPDs could operate with waves from any 

direction.  The only device that is completely 

submerged is the SPD, which means that it is both 

corrosion resistant and has a better chance of 

surviving harsh wave activity.   

 

Type Location Size
Specific Wave 

Direction

Top/Splash/Su

bsea
Tunability

Use 

Arrays

Point Absorber Offshore Small No Splash poor Yes

SPD Offshore Small No Subsea poor Yes

attenuator Offshore Large Yes Splash fair Yes

OWSC Near shore Large Yes
Subsea/ 

Splash
fair No

Overtopping Near shore Large Yes Splash good No

OWC Near shore Large Yes Splash fair No

Table 1. WEC device type and typical characteristics 



Out of all of the different types it seems that the 

best choice for the environment of the GOM is the 

SPD type, followed closely by the point absorber 

and attenuator.  There are still development issues 

that need to be overcome with any of these device 

types and some of the issues may prove to be more 

difficult to solve than others.  

 

WECS IN OPERATION 

In different parts of the world there has been 

research and experimentation with wave energy 

converters.  The EMEC [2] has a list of 147 

companies that are pursuing different types of wave 

devices.  Of the 148 devices, 57 were point 

absorbers, 32 were attenuators, 19 were OWCs, 9 

were OWSCs, 8 were overtopping or terminator 

devices, 4 were SPDs, and 20 were others or 

unclassified.  The companies were based in different 

parts of the world: 37 were located in the US, 29 in 

the UK, 15 in Norway, and 8 in Denmark. 

 

The list had companies with various stages of 

projects, with many were in the conceptual stages 

while some were available for market use.  The 

main objective of these projects is to supply 

electrical grids with power.  The EPRI did a review 

on some of these companies in 2004 [12].  They 

started with a list of 17 companies and reviewed a 

total of 8, which met their criteria of companies that 

were supposed to be ready for production by 2006.  

Clement [13] also reported on the status of wave 

energy in Europe back in 2002, which named 

several companies and their devices.  Throughout 

the research process, some technologies and 

companies were presented more than once.  After 

cross-referencing different papers, six of these 

technologies stood out as “most mentioned” and 

they are represented in Table 2. 

 

With these different devices and companies we 

can see what they have done and what has worked 

the best.  Most of these companies have different 

goals than those of the UL Lafayette wave energy 

team, but some of the scale and pricing of these 

devices might be helpful in the scale and price 

expectations of the UL Lafayette project’s device. 

Ocean Power Delivery 

Ocean Power Delivery is a company based in 

the UK and created the Pelamis.  In 2004 the EPRI 

reported on the progress of the Pelamis [12].  

Pelamis is an attenuator type device and the 

estimated cost in 2004 was $2-$3 million not 

including the mooring system.  The device is 150 

meters long with a 4.63 meter diameter and weighed 

380 tons.  Pelamis is “snake-like” and is composed 

of cylindrical sections that are linked together at 

joints [13].  The power system is located inside of 

the joints where hydraulics is used to create energy.  

The Pelamis captures both horizontal and vertical 

motion, and the loose mooring system allows it to 

rapidly correct itself with changing wave direction.  

According to the company’s website, the Pelamis 

was the first to successfully transport energy to an 

onshore grid network [14].  A depth of at least 50 

meters was required for the Pelamis to function 

properly, and the website mentions that the Pelamis 

is able to work in sea states with a power of at least 

15 kilowatts per meter.   

 

Wave Dragon 

Wave Dragon is an overtopping device, which 

was developed in Denmark and Wales, and it was 

also reviewed by the EPRI in 2004.  The device 

ranges from 260 meters to 300 meters in width, has 

a reservoir between 5,000 and 8,000 cubic meters, 

and weighs between 22,000 and 33,000 tons [12].  

The size of this device makes it huge in comparison 

to most other devices and repairs must be done at 

the device site location.  The Wave Dragon uses 

large wings (reflectors) to drive water into the 

reservoir.  When water flows through the reservoir, 

it turns low head turbines to generate energy.  The 

device takes advantage of its height out of the water 

and uses gravity to help turn the turbines.  The cost 

for one of these Wave Dragons was estimated at 

$10-$12 million for only the device.  The Wave 

Dragon website (www.wavedragon.net) mentions 

that a model of the system was created that needed 

only 0.4 kW/m sea state, which enables it to work in 

lower energy wave climates [15].  Because of the 

size of the device and how it uses gravity, it does 

not need to be constantly tuned for changing wave 

Company Device Name Device Type Country Base

Ocean Power Delivery Pelamis Attenuator UK

Wave Dragon Wave Dragon Overtopping
Wales/ 

Denmark

Ocean Power Technology Powerbuoy
Point 

Absorber
UK/USA

Energetech OWC OWC Australia

Teamwork Tech
Archimedes Wave 

Swing
SPD UK

Aquamarine Power Oyster OWSC UK

Table 2. Wave energy development companies 



activity.    

 

Ocean Power Technology 

Ocean Power Technology, a US and UK based 

company, which developed the Power Buoy, 

declined to participate in the EPRI study done in 

2004 [12].  The device is a point absorber type, and 

consists of a tube that has a buoy attached to it [16].  

As the buoy moves with wave action, hydraulic 

fluid is pumped and turns a generator.  The Power 

Buoy uses subsea stations to collect power from 

several different buoys.  The Power Buoy stands 44 

meters tall and the buoy is about 11 meters in 

diameter.  It requires at least 60 meters of water and 

is usually located around 8 km offshore.  Ocean 

Power Technology has performed tests in the 

Atlantic and has set up commercial sized testing in 

Australia and the Pacific.  Individual units produce 

between 20 kW and 50 kW, so the company uses 

large arrays to provide for higher demands [13].  

According to the Ocean Power Technology website 

(www.oceanpowertechnologies.com), the company 

is planning on building a commercial unit off the 

coast of Spain, which will generate 1.39 MW of 

power [16]. 

 

Energetech 

Energetech has developed an OWC device that 

is about 35 meters wide, weighs 450 tons, and can 

be placed on the shoreline or up to 50 meters off 

shore [12].  The device uses walls to focus wave 

energy into the OWC [13].  What is novel about this 

device is the use of new turbine design that turns 

when air is being pushed out as well as when it is 

sucked back inside the chamber.  With this new 

turbine design the efficiency has increased from 

30% to 60%, this power system also allows for 

instant tuning, adjusting itself for each new wave.  

The estimated cost of the device is between $2 and 

$3 million for a single device, in 2004 dollars.  This 

device was still in the development stages in 2004 

and was starting full-scale development.  There is no 

website for this company available for more current 

updates of this technology. 

 

TeamWork Technology 

TeamWork Technology is the company 

responsible for the development of the Archimedes 

Wave Swing (AWS).  According to the company’s 

website (www.teamwork.nl), the company was 

based in the Netherlands, but due to global market 

changes has moved to Scotland and is also referred 

to as AWS Ocean Energy [17].  EPRI included 

TeamWork Technology in the survey in 2004.  The 

AWS is a fully submerged device, which uses an air 

chamber to oscillate with the passage of waves.  The 

oscillation moves a direct linear generator, which 

creates the energy for the AWS.  The device is about 

9.5 meters in diameter, about 36 meters tall and 

needs depths of about 43 meters.  The AWS can be 

tuned to different waves by allowing water into the 

air chamber, changing the dampening effect on the 

system.  The company has tested the AWS at full 

scale and plans on performing further research with 

their New Wave Energy project. 

 

Aquamarine Power 

Aquamarine Power has developed the Oyster 

technology, which is an oscillating wave surge 

converter (OWSC).  The device consists of a closed 

loop hydraulic system with the hinged flap driving 

pistons.  This device needs to be located near shore 

and uses the surging action of the waves, instead of 

heave, to oscillate the device.  Oyster 2 was 

designed to be about 26 meters wide.  Henry [6] 

suggests that the device be located near shore to 

maximize the surge force, but that a minimum of 10 

meters is desirable because of a dramatic energy 

drop-off after this point.  It is also suggested that the 

flap prevents water from leaking through, over, or 

under, so as to maximize the capture, and that there 

be some “freeboard” (part of the flap should be 

above the water surface).  According to the 

company website, the idea started in 2003 in 

Queen’s University and has created several 

generations of the Oyster device, the latest being the 

Oyster 800 [18].   

 

DEVICE SUITABILITY COMPARISON 

All of these technologies have merits in one 

way or another.  Most are designed for much larger 

waters than those found in the GOM, but some have 

the potential to be adapted for use offshore or for 

lower wave climates.  Ocean Power Delivery with 

their Pelamis has had some of the biggest success.  

Because of the large size and self-tuning ability, it is 

a good candidate for adaptation or similar device 

testing.  Ocean Power Technology with the Power 

Buoy is another great candidate because they are 

closer to offshore technology than any of the other 

devices.  The AWS from Teamwork Technologies is 

slightly less desirable because of the use of air in the 

system, which is going to account for efficiency loss 

and because of the energy loss from being below the 

surface.   

 



The other technologies from Wave Dragon, 

Aquamarine Power and Energetech are not as 

favorable because of the near shore requirements 

and the complicated anchoring and mooring systems 

that they require, which would be extremely 

difficult to adapt to offshore locations.  The Wave 

Dragon does have one promising aspect because it is 

the only one that had a prototype model that worked 

in low energy wave states, but not much testing was 

done with this model. 

 

With the prices of the different devices it seems 

that the smaller, multi-unit devices are running in 

the $2-$3 million range.  The UL Lafayette team’s 

design could be smaller than the ones for these 

companies because of the smaller power 

requirements needed and the smaller waves of the 

GOM.  Further economic analysis would require 

more information from platforms and the design 

needs of the UL Lafayette team.   

 

CONCLUSIONS 

The research reported in this paper is an 

investigational study on wave energy converters for 

use in capturing wave energy in the GOM.  At this 

time, the perfect device or combination of devices 

has not yet been found that can work with low 

activity wave climates.  This research has found that 

there is no “off the shelf” model that can be used for 

the GOM.  This is consistent with other WEC 

projects because much of the design must be 

customized to the installation location.  For the 

GOM it is believed that the best device will be an 

offshore, multi-unit system, that resists corrosion by 

having minimal to no parts above water, is easily 

tuned, and does not require a specific wave direction 

in order to operate.  It is also found that the best 

theoretical device would be a submerged pressure 

differential, but design issues could still prove 

difficult to overcome and a different WEC type 

might be considered. 

 

Wave energy projects have been in the business 

of trying to capture the most energetic waves 

possible because their objective is to power towns 

and cities.  But through reviewing different 

companies and devices, some of their products and 

ideas can be used as inspiration for the development 

of UL Lafayette’s own WEC.  While none of the 

companies have devices that could be installed “as 

is” in the GOM because of wave power or geometry 

requirements, there are some that have the potential 

to be modified, and/or scaled down to fit the GOM 

climate.   

 

The Power Buoy and Pelamis are the most 

successful and adaptable for the GOM.  The AWS is 

next in line, but because it relies on compressed air 

to tune and operate, it is less desirable.  The Wave 

Dragon has the potential to be scaled down to fit the 

GOM wave climate, but what makes the Wave 

Dragon economically viable is its large size.  The 

OWC and Oyster technologies are not a good fit for 

the GOM because of the need for complex mooring 

and anchoring systems.  It is also noted that the 

average cost of the two most viable WECs is in the 

$2-$3 million range, which can provide for the 

baseline of costs estimates for a similar project. 
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ABSTRACT 

A study has been performed to determine if inlet air temperature provides an increase in compressor efficiency, seen 

through reduced power for some specified mass flow.  A theoretical analysis suggests that power is not a function of 

volumetric flow.  However, energy use will be a function of mass flow, since processes demand a given mass flow, 

which is a function of inlet density and time loaded.  For flooded oil screw compressors, our experimental results 

show that for a given mass flow (scfm), compressor power and energy are not a function of inlet air temperature.  

We believe this to be due to hot compressor oil mixing with inlet air, which dampens any temperature variation due 

to the high thermal mass of oil.  This provides the compressor a near constant effective inlet temperature regardless 

of outdoor temperature and therefore a near constant power for a given flow. 

 

BACKGROUND 

In 2010, 26% of the 3,884 Billion kWh of electricity 

generated in the United States was consumed by 

industry (1).  About 10% of this was devoted to 

generating compressed air (2), meaning about 100 

billion kWh.  Energy conservation around 

compressed air systems often focuses on repairing air 

leaks, recovering compressor waste heat, various 

capacity control schemes, and reducing system 

pressure.  Another recommendation that is often 

made, without much consideration, is to use outside 

(cooler) air for the compressor inlet. 

 

The Department of Energy Compressed Air Tip 

Sheet 14, “Effect of Intake on Compressor 

Performance”(3), suggests locating compressor 

intakes outdoors to keep ambient intake temperature 

to a minimum to lower energy consumption and 

maintenance work. There is a disclaimer stating 

savings are less pronounced for lubricant-inject 

rotary screw compressors.  This claim is made 

because the incoming air is mixed with hot oil. 

 

Smith and Shapiro (4) evaluated potential energy 

savings using outside air for screw air compressors.  

A theoretical analysis showed that for a polytropic 

process the power should not depend on temperature 

– but it does depend on mass. The polytropic work 

relation is written as follows (5): 
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    Equation (1) 

 

Note that the isentropic work equation is the same as 

the polytropic process if we let n = k.  The work 

reduction factor due to changing the inlet air 

temperature from T1 to T2 (using absolute 

temperature units) is written as: 

 

Wfraction =  
     

  
  =   

     

  
    Equation (2) 

 

This can be plotted in Figure 1 below and is often 

cited by energy assessors as proof lowering inlet air 

temperature saves power and therefore energy.  Note 

the power is plotted against inlet cfm (at the actual 

inlet conditions, i.e., acfm).  The lines diverge 

slightly with more power needed for the same inlet 

volumetric flow rate at different temperatures. 

 

However, Smith and Shapiro rewrote equation 1 as, 
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        Equation (3) 



 

where the ρ1RT1 term has been replaced with P1 

through the use of the ideal gas law.  Equation 3 is 

not a direct function of inlet temperature.   This 

would imply that instantaneous compressor work is 

not a function of inlet air temperature, which is in 

contrast to Equation 2. 

   

The discrepancy is in the density term, which is a 

function of inverse temperature.   Equation 2 and 

Figure 1 assume density is constant, but the density 

of air will change with temperature.  The increase in 

work due to a rise in temperature is offset by a 

reduction in density, making instantaneous work not 

dependent on inlet temperature. 

 

Looking at the demand side – the process being fed 

compressed air, the compressor will operate until the 

demand for air, at some relatively constant system 

pressure and temperature (i.e., mass), is satisfied 

(through measured pressure).  To keep the problem 

simple, we will assume that mass at the inlet and 

mass at the compressed air user is constant.  This is 

not quite the case in reality because compressors are 

typically followed by air dryers that remove water 

vapor from the air stream, but a reasonable 

approximation. 

 

The work relation (Equations 1 or 3) can be 

integrated over time to give energy, which is 

ultimately the goal.  We’ll assume that the mass of 

compressed air needed is a constant, regardless of the 

inlet air conditions, which means the demand for air 

doesn’t care what’s going on outside. 
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    Equation (4) 

 

We can relate mass to volume by employing a 

standard cubic foot of volume, based on standard 

temperature and pressure – scf.  Thus, for an on-off 

controlled air compressor the operational time to 

deliver some specified standard volume (mass) to the 

process is: 

 

Time  = (
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) Equation (5) 

 

 
Figure 1. Predicted Horsepower vs. Inlet Volumetric Flow Rate, icfm Plot from Equation 2 

 



The time relation can be substituted into Equation 4 

and integrated.  The energy is: 
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where C1 includes several constant terms.  The V1 

terms cancel out and the energy is a function of the 

inlet pressure P1, the standard volume flow (i.e., 

mass) needed, and the inlet density.  For a constant 

inlet pressure and mass flow, the energy is a function 

of inlet temperature through the inlet density term 

only.  Put another way, the power is not a function of 

temperature, but lower density air requires the 

compressor to operate for longer. 

 

For example, the inlet air temperature is reduced by 

54°F by using outside air in the winter at 46°F, rather 

than plant air at 100°F.  The density of the cooler 

inlet air is about 10% higher, meaning 10% more air 

is compressed in a given minute.  The power to 

compress one cubic foot of air is the same at either 

temperature, but the compressor using 100°F air will 

have to operate 10% longer to produce the same 

mass.  For an on/off compressor control system, the 

energy savings are related to operating time, and the 

savings are 10% of the energy.  Thus, energy usage is 

a function of inlet temperature for an on/off 

controlled compressor. 

 

Results for screw compressors using load/unload 

controls will greatly depend on the system storage 

volume.  Cooler inlet air will allow the compressor to 

satisfy the load sooner, meaning shorter load cycles.  

Thus, the compressor will stay unloaded longer and 

perhaps allowing it to reach a fully unloaded state.  

As system volume increases, the savings will 

increase as well. 

 

For a modulating screw compressor, the inlet 

pressure at the point where compression begins is 

also a function of the position of the inlet modulating 

valve.  As the output flow rate of air decreases, the 

inlet valve closes, choking the inlet and reducing the 

effective pressure at the inlet of the screws.  The 

pressure drops roughly in proportion to the capacity 

decrease (6).  A 10% decrease in capacity means a 

10% decrease in inlet pressure and density.   This 

increases the pressure ratio, and decreases the 

efficiency of the unit for a given mass of air 

compressed.   

 

Interestingly, using warmer, less dense air increases 

the apparent loading on the unit because the 

compressor needs to draw in more cubic feet of air to 

provide the same compressed mass.  This allows the 

modulating valve to open more, decreasing the 

pressure drop across the valve and providing benefit 

through the pressure ratio term in equation 3.  

However, the P1 and   ̇ terms in equation 3 both get 

larger as well, which increases the power. 

 

Another consideration for screw compressors is the 

presence of oil in flooded oil screw compressors.  

This oil has a significant thermal mass and mixes 

with the air at the inlet.  The air temperature rises 

quickly due to mixing to near the oil temperature, but 

further temperature increases due to the compression 

process are moderated by the oil.  This creates a 

situation where compressor full-load volumetric flow 

rate is essentially constant regardless of inlet 

temperature because of the constant mix temperature 

and volume at the point of the mixing.  Therefore, we 

postulate that this essentially negates the effect of 

changing inlet air temperature and produces 

compressor energy that is essentially independent of 

inlet air temperature.   

 

EXPERIMENTAL SETUP 

The subject of this study is an Ingersoll Rand 150 hp 

industrial oil flooded screw compressor located in the 

western piedmont of North Carolina.  The 

compressor sits outside, adjacent to the plant, but 

inlet air is collected from a filter box located inside 

the compressor housing. Data logging began March 

23, 2011.  Iissues with the compressor’s oil cooler 

and air aftercooler caused the compressor to operate 

erratically starting in May and fail soon thereafter 

(however, not due to this experiment!).  At this point 

it was decided to stop data collection since the 

compressor was going to be down for an extended 

time and we had a time period where there were 

significant temperature variations. 



Current transducers were placed on the electrical 

supply wires inside the compressor control panel.  

The current was measured on an instantaneous basis, 

once every minute for two of the three legs.  This 

circuit uses a dead leg wiring where there is no power 

on the third leg (which we confirmed).  It was hoped 

to use an energy meter which would record the actual 

energy use over the entire minute, but the device 

could not be installed in the given space. Electrical 

power was computed assuming a constant 277 Volts 

(phase to ground) and a power factor of 90%. 
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    Equation (7) 

 

Motor horsepower was then computed by dividing 

the power in kW by 0.746 kW/hp. 

 

Compressor inlet air temperature at the inlet filter 

housing was measured every minute with an Onset 

12-Bit Temp Smart Sensor with a six meter cable: 

model S-TMB-M006. Compressed air flow was 

measured using a CDI 5400 compressed air flow 

meter.  This meter has a flow range from 7 to 700 

SCFM and was installed on the three inch steel pipe 

after the common air dryer. This was a requirement 

for the meter to function properly. The flow meter 

records total flow through pulses, with every 0.2 scf 

of air flowing through the pipe producing a single 

pulse.  The device counted pulses for a full minute 

and then reported the results to a H22 HOBO® 

Energy Logger. Relative humidity of air inside the 

compressor enclosure was measured every minute 

with an Onset HOBO U12-012 datalogger. 

 

RESULTS 

Results for the first week of data collection are shown 

in Figure 2 above.  Horsepower is represented with 

blue dots, flow in SCFM by green dots, and inlet 

temperature by red dots.  Starting with 3/25, it 

appears flow rate correlates with horsepower – as 

 
Figure 2. First Week Compressor Data 
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expected.  The only period of time on the graph 

where horsepower and flow did not correlate was part 

of the first day or two.  Looking at the flow data, the 

compressor was obviously shut down, i.e. consumed 

no power, but compressed air flow was still recorded.  

Compressed air flow was provided by the backup 

compressor.  Unfortunately it was impossible to tell if 

the backup compressor ever turned on while the main 

compressor was operating since pressure was not 

measured.  However, plant personnel stated that both 

units did not operate simultaneously.  We believe this 

to be true most of the time, but problems with the 

compressor in later weeks likely caused both to 

operate. 

 

The actual plot of horsepower versus flow at constant 

temperatures during the first week of data logging is 

shown below in Figure 3.  This scatter plot was 

produced by establishing several bins for inlet air 

temperature.  The (~) is used before the temperatures 

in the legend to represent a small temperature range 

about the base temperature, +/- 1°F.   ~60ºF means 

about 60ºF, or all temperatures between 59ºF and 

61ºF.  This allows us to include more points and still 

maintain the integrity of the data. 

 

If compressor power is a function of temperature, as 

shown in Equation 2, then plotting the horsepower 

versus flow at discrete temperature should produce a 

plot that looks like Figure 1.  Looking at Figure 3 it is 

apparent that power is a fairly linear fuction of flow 

rate.  However, points around 60, 70, 80, and 90°F 

are intermingled.  There is no clear delineation of 

power with respect to cooler and warmer inlet 

temperatures as in Figure 1.   

 

All together 35,736 data points over fourteen weeks 

were collected and plotted onto Figure 4.  Most of the 

data points fall onto the same region as in the week 1 

data. There is definitely a linear function at work 

from 250 to 450 cfm of flow.  Above 450 cfm, the 

horsepower seems to level off.   

 

The spread of points, about +/- 10 hp for a given air 

flow rate, is due to the method of measurement.  

Flow is computed over the entire minute, while 

power is computed on an instantaneous basis.  What 

was happening the other 59 seconds is not included in 

 
Figure 3. First Week Power vs. Flow at constant Temperatures 
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the power data, but is included with flow.  With just a 

few data points, it is difficult to have confidence in 

any results, but with 30,000 points, the random nature 

of what’s going on at the one second versus the entire 

minute are less uncertain. 

 

There is a smaller second region below the first that 

was not present in the week one data.  Further 

analysis shows that all of these points were during 

weeks 11-14, when the compressor was having issues 

with cooling.  It is speculated that the backup 

compressor may have activated during this time,  

skewing the flow (which includes both compressors) 

and power (which is just for the subject unit) 

relations. 

 

The data in Figure 4 is fed into Excel and the 

horsepower values for each temperature bin are 

subjected to a linear curve fit.  These lines are then 

plotted to remove the scatter effect of 30,000 points 

in Figure 5, which shows definitively that compressor 

power is not a strong function of temperature as the 

isothermal linear fit lines are essentially coincident, 

except for the 110°F bin line.  This temperature bin 

was also responsible for most of the points in Figure 

4 that were outside the main region, so we believe it 

to be based on bad data discussed above.  The lines 

shown (except for 110°F line) have approximately 

the same form: 

 

Power (hp) ≈ 0.115 hp/scfm x Flow (scfm) + 68 hp 

    Equation (8) 

 

The R2 for the 60 – 100°F lines varied between about 

0.68 and 0.86, with higher correlation coefficients for 

those temperature bins with more points.  The 110 

and 120°F lines had low correlation coefficients due 

to the second scatter area in Figure 4 and the low 

number of data points (1,489 and 142, respectively).   

 

Therefore we conclude that there is little correlation 

between measured power and inlet temperature for a 

given flow rate, over a wide range of flow rates.   

 
Figure 4: Horsepower vs. Flow All Weeks 
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 CONCLUSIONS 

A study has been undertaken to confirm the findings 

of Smith and Shapiro that state that use of cooler inlet 

air for screw compressors does not save energy.  

Their study concluded that cooler air does cause the 

compressor to run less, since there is more mass in 

cooler denser air, but that the compression efficiency 

is not higher.   

 

Our results confirm these findings – that oil flooded 

screw compressor power is not a function of inlet 

temperature.  This is very important in that using 

outside air is a common (and now confirmed to be 

ineffective) recommendation by energy assessors.  

One possible explanation is the mixing of air with 

compressor oil, which greatly reduces the effects of 

inlet air temperature.  This study cannot confirm this 

effect; only that cooler inlet air will not provide 

savings.  Future work on the subject will include an 

oil-free screw compressor, which will not have this 

issue. 
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Figure 5.  Linearized Results from Figure 4 

 

0

50

100

150

200

0 100 200 300 400 500 600 700

H
o

rs
ep

o
w

er

Flow (SCFM)

~60ºF

~70ºF

~80ºF

~90ºF

~100ºF

~110ºF

~120ºF



MANUFACTURING ENERGY BANDWIDTH STUDIES – CHEMICAL, PETROLEUM 

REFINING, PULP AND PAPER, AND IRON AND STEEL SECTORS 
 

SABINE BRUESKE 

PRINCIPAL ENGINEER 

ENERGETICS INC. 

BELLINGHAM, WA 

 

 

JOE CRESKO 

STRATEGIC ANALYSIS 

TECHNOLOGY MANAGER 

U.S. DEPARTMENT OF ENERGY 

WASHINGTON, DC 

 

ALBERTA CARPENTER 

ENGINEER 

NATIONAL RENEWABLE 

ENERGY LABORATORY 

GOLDEN, CO 

ABSTRACT 
Energy efficiency underlies American 

manufacturing competitiveness. Improvements in 

efficiency yield energy cost savings on site, and can 

have positive spin-off effects through the supply 

chain. An evaluation of the technical potential 

within an industrial subsector requires an 

understanding of the current average (baseline) 

energy utilization, the current improvement 

potential if state-of-the-art technologies are 

deployed, and future energy savings expected if next 

generation technologies potentials are realized. 

These “bandwidths” between baseline and improved 

energy efficiency potentials provide a consistent 

methodology to evaluate, aggregate and 

communicate energy savings potentials within 

industry.  In this paper, we review bandwidth 

studies of four of the most energy-intensive 

manufacturing sectors in the United States. The 

Chemical, Petroleum Refining, Iron and Steel, and 

Pulp and Paper Energy Bandwidth Studies serve as 

generalized guides for energy technology 

advancement opportunities.  

 

These studies identify energy intensity and 

consumption for key manufacturing processes and 

the sector as a whole. Potential energy savings 

opportunities are identified by quantifying four 

measures of energy consumption for each process 

area: current average (year 2010), state of the art, 

practical minimum, and thermodynamic 

minimum. These measures enable prediction of 

current savings opportunities and future savings 

opportunities, with supporting detail on opportunity 

areas. The resulting reports provide useful guides 

for determining which manufacturing sectors and 

processes are the most energy-intensive and offer 

the greatest energy savings opportunities from 

technology advances. 

 
  

INTRODUCTION 

In October 2012 Energetics Incorporated began 

the effort of updating four energy bandwidth studies 

for the U.S. Department of Energy, Advanced 

Manufacturing Office (DOE AMO). Earlier 

bandwidth reports prepared for AMO in the mid 

2000’s were not necessarily consistent in analysis 

and presentation of results, and were limited in 

terms of statistical sampling size of energy data 

used. For the four bandwidth studies discussed in 

this paper, standardized references and reporting 

were applied. The coverage of each sector 

(percentage of sector-wide energy studied) was also 

increased, leading to a higher degree of validation 

for extrapolated sector-wide findings. The resulting 

reports have a similar look and feel and can now be 

cross referenced by policy-makers and industry 

analysts in support of research and development 

decision making. 

 

The bandwidth opportunities identified in these 

studies are fully inclusive and represent hypothetical 

sector-wide savings scenarios from technology 

improvements irrespective of economic drivers. 

These studies serve to identify the greatest 

opportunities for energy savings, and helps inform 

where strategic investments in scale-up and R&D 

might have the greatest impact. However, a full 

techno-economic analysis of energy efficiency 

technologies is outside the scope of these studies. 

 

Four measures of energy consumption are 

determined for each sector: Current Average, State 

of the Art, Practical Minimum, and Thermodynamic 

Minimum; definitions are available in Table 1. 

Advancements in energy efficiency are estimated 

for State of the Art and Practical Minimum 

consumption. Thermodynamic Minimum serves as 

the baseline for determining energy savings.  

 

Table 1.  Definitions of Bandwidth Measures 

Current Average 

(CA): average 
U.S. energy 

consumption in 

the year 2010  

State of the Art (SOA): state 

of the art energy consumption, 
achievable through adoption of 

global best plant technologies 

and practices  

Practical Minimum (PM): practical 

minimum energy consumption, 
conceivably achieved through deployment 

of applied research technologies currently 

under development across the globe 

Thermodynamic Minimum (TM): theoretical 

thermodynamic minimum energy consumption 
needed to produce the manufactured products 

(estimate is based on ideal conditions typically 

unachievable in real-world applications) 



Sector-wide CA, SOA, PM, and TM energy 

consumption is estimated for the most energy-

intensive processes and products in each sector. And 

in the case of the chemical and pulp and paper 

studies, energy consumption for each subsector is 

also estimated.  

The results of the opportunity analysis are 

presented in the form of energy saving opportunity 

bandwidths—including both the current opportunity 

attainable today with state-of-the-art technologies 

and the future opportunity achievable through 

deployment of research technologies. The difference 

between CA and SOA constitutes the current energy 

savings opportunity, attainable through capital 

investment in active commercial projects. The 

difference between SOA and PM represents the 

future energy savings opportunity, realizable only 

through adoption of applied research and 

development. The difference between PM and TM 

is impractical opportunity, requiring fundamental 

changes in the formation of manufactured products.  

 

SECTORS SELECTED FOR STUDY 

Four of the most energy-intensive U.S. 

manufacturing sectors were selected to be studied. 

DOE AMO has a strong history in supporting 

research, development, and demonstration of energy 

improvement technologies and practices in these 

sectors. The updated bandwidth studies inform 

where current energy savings opportunities are, and 

which areas of research could enable future energy 

savings. The four sectors studied are outlined in 

Table 2, along with comparative energy use 

statistics. Energy values (in trillion British thermal 

units or TBtu) are shown in terms of primary 

energy, which includes losses associated with offsite 

generation and delivery of electricity and steam, and 

onsite energy, the amount of energy consumed 

within the plant gates. Depending on the audience, 

both measures provide useful perspective. 

Manufacturing establishments are typically limited 

to decisions within the plant boundary and will be 

more interested in onsite energy results. 

Government and industry associations may be 

interested in the more universal measure of primary 

energy. 

 

The process areas studied in the bandwidth 

reports are outlined in Table 3, as well as the 

respective coverage of the sector these process areas 

represent. Coverage is determined as a percentage of 

reported onsite energy. For the chemicals study 

only, energy consumption is reported by chemical 

product rather than process area. Due to the large 

number of products and processes in the chemicals 

manufacturing sector, the energy consumption 

results are provided by chemical product and by 

chemical subsector (e.g., petrochemical products), in 

addition to sector-wide consumption. The pulp and 

paper bandwidth results are also reported by the 

subsectors of pulp and paper separately. The steel 

bandwidth study provides added detail by 

subprocess. 

 

 

Table 2.  Energy Consumption of Energy Bandwidth Sectors 

 

Manufacturing Sector 

2010 Primary 

Energy, TBtu 

2010 Onsite 

Energy, TBtu 

% of Total U.S. 

Manufacturing 

Onsite Energy 

Chemicals NAICS 325 4,290 3,222 23% 

Petroleum Refining  NAICS 324110 3,555 3,176 23% 

Pulp and Paper NAICS 322 2,559 2,110 15% 

Iron and Steel NAICS 331111 1,359 999 8% 

Total for four sectors 11,763 9,507 68% 

 

 

  



Table 3.  Key Process Areas Studied and Sector Coverage of these Areas 

Manufacturing 

Sector 
Key Process Areas Studied 

% of Sector-wide Onsite 

Energy Covered 

Chemicals 
74 Chemical Products (e.g., ethylene, chlorine, 

ammonia) and 15 Chemical Manufacturing Subsectors 
57% for 74 chemicals 

Petroleum Refining 

9 Processes (alkylation, atmospheric crude distillation, 

coking/visbreaking, fluid catalytic cracking (FCC), 

hydrocracking, hydrotreating, isomerization, 

reforming, vacuum crude distillation) 

68% 

Pulp and Paper 

6 Processes and 2 Subsectors (Pulp Manufacturing – 

liquor evaporation, pulping chemical prep, wood 

coking, bleaching, and Paper Manufacturing – drying, 

paper machine wet end) 

52% 

Iron and Steel 

6 Processes (agglomeration, cokemaking, ironmaking, 

steelmaking, casting, rolling) and 8 Subprocesses 

(e.g., blast furnace, direct reduction, basic oxygen 

furnace (BOF), electric arc furnace (EAF)) 

82% 

 

CURRENT ENERGY CONSUMPTION 

The year 2010 was used as a base year since it 

is the most recent year for which sector-wide energy 

consumption data is available. In these studies, 

energy use impacts are defined as those occurring 

within the plant boundary. Feedstock energy is not 

included in the bandwidth energy consumption 

estimates, neither is the upstream energy 

consumption associated with feedstock handling. 

Additional insight into energy impacts, and 

associated cost impacts, could be evident if the 

scope of the study were expanded to a full life cycle 

analysis where alternatively-sourced feedstocks are 

considered and associated savings quantified.  

All energy values are derived per unit weight, 

referred to as energy intensity (Btu per volume of 

product manufactured), and then multiplied by 

production (volume per year) to determine total 

annual onsite energy consumption. Primary energy 

is determined by factoring in the generation and 

transmission losses for offsite-produced electricity 

and steam. 

Current (2010) energy consumption is shown 

by process area in Table 4, except the chemicals 

sector where results are summarized by subsector. 

Further detail on the chemical product results and 

other energy consumption details can be found in 

the bandwidth studies. 

 

MECS Data/Energy Footprints 

A large range of sources were consulted to 

provide data and insight on the manufacturing 

process and product energy intensities, production 

volumes, and savings opportunities. These 

references are detailed in bandwidth studies. One of 

the primary sources of data for current energy 

consumption is Energy Information Administration 

(EIA)-published Manufacturing Energy 

Consumption Survey (MECS) data, for the latest 

survey year of 2010 [1].  

 

MECS is a national sample survey of U.S. 

manufacturing establishments conducted every four 

years. Information is collected and reported on U.S. 

manufacturing energy consumption and 

expenditures. The MECS data has been further 

analyzed by Energetics Incorporated to develop the 

Manufacturing Energy and Carbon Footprints [2]. In 

these sixteen sector-specific footprints the flow of 

energy is visualized (in the form of fuel, electricity, 

and steam) to major manufacturing end uses, and the 

associated combustion emissions are reported. The 

footprints are discussed in a separate IETC 2014 

paper. 

 

Current energy end use results from both the 

MECS survey as well as the energy footprint 

analysis are summarized by sector in the bandwidth 

studies. In Figures 1 and 2, the end use consumption 

of electricity and fuel is reported by end use area. 

Indirect (Boiler/combined heat and power (CHP)) 

energy use refers to the energy (primarily fuel) used 

in boilers, CHP, and power generators for onsite 

production of steam and electricity. Steam end use is 

not shown here as this information is not reported in 

the MECS dataset; steam end use is estimated in the 

footprint analysis with input from industry 

contributors. 



Figure 1.  Electrical End Use for Four Bandwidth Sectors, 2010, TBtu/Yr. 

 

 
Figure 2.  Fuel End Use for Four Bandwidth Sectors, 2010, TBtu/Yr. 
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STATE OF THE ART ENERGY 

CONSUMPTION 

The data collected in this section represents the 

most efficient commercial processes. The state of 

the art (SOA) production intensity represents the 

energy savings possible by investing in global 

commercially available technologies where 

production occurs at the most efficient intensity 

given 2010 production routes in the U.S. The 

current average production considers existing 

processes in the U.S. to ascertain the actual energy 

used. SOA production is defined as the minimum 

energy consumed in commercially available and 

economically attractive production processes
1
, as 

well as a few technologies that are commercially 

deployed with somewhat less attractive economics.  

The state of the art energy consumption is calculated 

by multiplying SOA energy intensity by the 2010 

production. The resulting SOA energy consumption 

and savings potential is shown in Table 4. 

 

SOA energy intensity values were estimated 

using published data for modern or model facilities. 

Many of the studies list best available technology 

intensity for select process areas.  A full listing of 

SOA sources is provided in the bandwidth studies, 

some of the study authors include European 

Integrated Pollution Prevention and Control (IPPC) 

Bureau, Lawrence Berkeley National Laboratory, 

International Energy Agency, and Natural 

Resources Canada. Many private industry 

publications were also consulted for individual 

processes or product savings potential, and case 

studies and assessment implementation results were 

also referenced.  

 

In determining the available energy savings 

opportunity in this bandwidth study, TM was used 

as the baseline (not zero, as is typically the case in 

considering savings opportunity). TM results are 

available in the bandwidth studies. Some process 

areas (or chemical products) can theoretically result 

in net energy gain through exothermic processes. In 

the case of a net energy gain, a zero baseline would 

result in negative savings opportunity, a physical 

impossibility. Accounting for this, TM was chosen 

as the baseline for the minimum energy 

consumption in calculating absolute energy savings 

potential. The equation used for determining 

absolute SOA savings percent as shown in Table 4 

is as follows:  

 

                                                 
1
 These studies did not include a techno-economic 

analysis of technologies.   

 
  

Equation (1)  

  

PRACTICAL MINIMUM ENERGY 

CONSUMPTION 

A broad search of research and development 

(R&D) activities in these four sectors were 

conducted to help determine practical minimum. 

Financial investments and market priorities were not 

considered for this scoping analysis. Best 

engineering judgment was employed to determine 

reasonableness of predicted savings. Savings 

estimates were taken at face value and adjusted to 

represent overall average energy savings potential. 

 

Some technologies have applicability to 

multiple process areas or products. The range of 

technologies considered offers a corresponding 

range of estimated savings. Where technologies had 

general applicability to more than one process, they 

were paired with the most representative process. 

R&D savings were estimated for key process areas 

(product areas for chemicals study) as well as utility 

and crosscutting savings that were assumed to be 

applicable to all processes. Analysis of the range of 

savings offered by groups of technologies is 

complicated in that the savings offered by multiple 

technologies may or may not be additive. Given that 

the study of interrelationships between the 

technologies was outside the scope of this analysis, 

the approach that was taken was to report R&D 

savings in a range from high to low and add the 

crosscutting savings to this range. 

 

Practical minimum energy consumption and 

savings potential is shown in Table 4. The equation 

used for determining absolute PM savings percent as 

shown in Table 4 is as follows:  

 Equation (2)  

 

To address the viability of the promising but as 

yet unproven research technologies identified, a 

weighting method that utilized factors such as 

technology readiness, cost, and environmental 

impact is provided in the studies. The weighted 

outcomes provide an analysis tool to guide follow-

on studies of research opportunity. 

 

 

 

 

 

  



Table 4.  Energy Bandwidth Results for Chemicals, Petroleum Refining, Pulp and Paper, and Iron 

and Steel (Energy Consumption in Units of TBtu. Primary and Current Average Energy is year 2010) 

Manufacturing Process Area or 

Subsector 

Primary 

Energy 

Current 

Average 

Energy 

State of 

the Art 

Energy 

SOA 

Savings 

% ** 

Practical 

Minimum 

Energy 

PM 

Savings 

% ** 

C
h

em
ic

a
ls

 

Other Basic Organics 728 634 414 28% 224-414 28-53% 

Petrochemicals 636 568 466 21% 355-466 21-43% 

Plastics Materials & Resins 620 462 321 18% 126-321 18-42% 

Ethanol 371 307 271 9% 43-271 9-64% 

Alkalies and Chlorine 299 224 182 21% 132-182 21-47% 

Other Basic Inorganics  398 214 * 16% * 16-47% 

Nitrogenous Fertilizers 198 166 100 40% 69-100 40-59% 

Industrial Gases 238 96 83 6% 8-83 6-37% 

Cyclic Crudes & Intermediates 73 52 43 6% (-21)-43 6-53% 

Phosphatic Fertilizers 45 35 31 7% 7-31 7-46% 

Carbon Black 16 13 7 41% 6-7 41-43% 

Subtotal 3,622 2,771 1,917 19% 948-1,917 19-50% 

All Other NAICS 325 667 451     

NAICS 325 Total 4,290 3,222 2,458 19% 1,282-2,458 19-50% 

P
et

ro
le

u
m

 R
ef

in
in

g
 

Alkylation  101 90 80 9% 56-80 9-30% 

Atm. Crude Distillation 676 604 522 20% 314-522 20-70% 

Coking & Visbreaking 127 114 101 11% 66-101 11-42% 

Fluid Catalytic Cracking 374 334 289 17% 243-289 17-35% 

Hydrocracking 95 85 74 9% 57-74 9-22% 

Hydrotreating 437 390 333 9% 252-333 9-21% 

Isomerization 49 44 39 11% 25-39 11-43% 

Reforming 312 279 246 17% 188-246 17-46% 

Vacuum Crude Distillation 250 223 192 23% 135-192 23-64% 

Subtotal 2,420 2,163 1,877 14% 1,336-1,877 14-40% 

All Other NAICS 324110 1,135 1,013     

NAICS 324110 Total 3,555 3,176 2,756 14% 1,963-2,756 14-40% 

P
u

lp
 a

n
d

 P
a

p
er

 

Paper Drying 617 430 319 37% 254-319 37-59% 

Paper Machine Wet End 308 190 124 65% 124 65% 

Liquor Evaporation 201 178 153 35% 114-153 35-89% 

Pulping Chemical Prep 111 104 81 39% 72-81 39-54% 

Wood Cooking 151 129 103 76% 95-103 76-100% 

Bleaching 80 72 50 53% 50 53% 

Subtotal 1,469 1,103 830 45% 709-830 45-65% 

All Other NAICS 322 and Powerhouse 1,090  1,007     

NAICS 322 Total 2,559 2,110 1,646 61% 1,499-1,646 61-80% 

Ir
o

n
 a

n
d

 S
te

el
  

Agglomeration - sintering 9 8 7 17% 6-7 17-72% 

Cokemaking 37 36 31 22% 18-31 22-91% 

Ironmaking, blast furnace 351 337 329 9% 280-329 9-64% 

Steelmaking, BOF 28 20 (-10) 72% (-12)-(-10) 72-77% 

Steelmaking, EAF 256 101 88 33% 67-88 33-46% 

Casting 28 16 4 74% 3-4 74-79% 

Rolling, hot 282 219 136 38% 106-136 38-52% 

Rolling, cold 143 85 39 55% 31-39 55-63% 

Subtotal 1,133 821 625 39% 501-625 39-63% 

All Other NAICS 331111  226 178     

NAICS 331111 Total 1,359 999 760 39% 609-760 39-63% 

* For Chemicals State of the Art and Practical Minimum Energy, Other Basic Inorganics is aggregated along with All 

Other 325. This is because the coverage was deemed too low to extrapolate the numbers to the entire subsector.  

** Note Equation (1) and (2) used in calculating absolute savings %. 



The range of sources and technologies 

considered in identifying R&D opportunities are 

detailed in the bandwidth studies. In Table 5, some 

of the key R&D opportunity areas by sector are 

identified. 

 

Table 5.  Selection of R&D Technologies 

Identified in the Bandwidth Studies 

Manufacturing 

Sector 

Selection of R&D 

Technologies 

Chemicals 

- advanced distillation 

technologies 

- separation through cooling and 

compression 

- new membranes (liquid, gas) 

- new catalysts 

- advanced furnace materials 

Petroleum 

Refining 

- thermal cracking 

- progressive distillation 

- dividing wall columns 

- improved heat integration 

Pulp and Paper 

- black liquor gasification 

- membrane concentration of 

black liquor 

- direct green liquor utilization 

- Condebelt drying 

- new fibrous fillers 

Iron and Steel 

- heat recovery 

- slag recycling 

- endless rolling 

- high temperature insulation 

materials 

 

BANDWIDTH RESULTS 

Reducing energy consumption through 

investment in energy efficiency provides a 

significant opportunity to enhance American 

manufacturing competitiveness. The energy 

bandwidths and savings opportunities identified in 

these studies are intended to provide a framework 

for prioritizing investment in manufacturing energy 

efficiency.  

 

The summary charts from the four bandwidth 

studies are provided in Figures 3 through 6. The 

current average energy is shown on the right side of 

the bar chart. The current opportunity shown in blue 

is the difference between sector-wide current 

average energy consumption and state of the art 

energy consumption. The future opportunity shown 

in green is the difference between state of the art 

and practical minimum. Thermodynamic minimum 

energy consumption completes the bar chart on the 

left. For chemicals, the TM is a negative value due 

to the exothermic nature of many high volume 

chemicals; under ideal conditions, manufacturing of 

some chemicals would generate a net production of 

energy. In the pie charts, the opportunity 

“bandwidths” are broken down by process area and 

for chemicals by subsector. 

 

Readers will note the dashed lines in the 

boundaries between bandwidth measures in Figures 

3 through 6. The dashed division lines and color 

fading is intended to convey the inexact boundary, 

in all cases showing that the future opportunity may 

be greater than that which is shown. Further analysis 

of the R&D technologies identified, the 

interrelationships of these technologies, and an 

economic analysis of viability is the next step in 

refining the upper end of future opportunity.  

 

The summary figures are scaled to represent 

sector-wide consumption. This scaling is only as 

good as the coverage of sector studied (see Table 3). 

Summary figures are also provided for the process 

areas studied (not scaled) in the bandwidth studies. 

In Figure 7, the sector-wide opportunity charts are 

combined along a common axis to show the relative 

energy consumption and opportunity bandwidths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure 3.  Chemicals Sector Energy Bandwidth Results 

 
Figure 4.  Petroleum Refining Sector Energy Bandwidth Results 



 
Figure 5.  Pulp and Paper Sector Energy Bandwidth Results 

 

Figure 6.  Iron and Steel Sector Energy Bandwidth Results 



 

Figure 7.  Energy Consumption and Opportunity Bandwidths for Four Sectors 

 

CONCLUSION 

Reducing energy consumption through 

investment in energy efficiency provides a 

significant opportunity to enhance American 

manufacturing competitiveness. The energy 

bandwidths and savings opportunities identified in 

these studies are intended to provide a framework 

for prioritizing investment in manufacturing energy 

efficiency. Manufacturing energy consumption and 

savings opportunity is provided in various levels of 

detail in these studies to meet the needs of various 

audiences. Sector-wide primary energy consumption 

is a helpful gauge of overall energy impact, onsite 

energy consumption by end use area is useful for 

comparing the current energy consumption 

characteristics of the sectors, and the state of the art 

and practical minimum consumption estimates serve 

as generalized guides for current and future energy 

technology advancement opportunities 

 

Similar to the earlier energy bandwidth studies 

published by DOE AMO, these studies will likely 

attract a wide range of audiences. In the past, these 

studies have been referenced by the Environmental 

Defense Fund, National Academy of Sciences, 

Lawrence Berkeley National Laboratory (LBNL), 

the Environmental Protection Agency (EPA), and 

DOE’s Office of Energy Efficiency and Renewable 

Energy (EERE), in addition to many individual 

researchers, analysts and other agencies.  

 

The bandwidth results will also continue to be 

referenced within DOE AMO. The results of these 

studies will feed in to associated analytical work, 

providing a harmonized measure of the opportunity 

‘headroom.’ The results of these studies illustrate 

that the combined current savings opportunity 

amounts to over 1,900 TBtu, and the future 

opportunity amounts to over 2,200 TBtu. 

Considering that these four sectors consumed 9,507 

TBtu of onsite energy in 2010, the combined current 

opportunity is found to be 20% of this total and the 

combined future opportunity represents an 

additional 23% of the total.   

 



Additional bandwidth analyses will be prepared 

for other energy intensive sectors in the future, 

leading to a more comprehensive understanding of 

the energy savings potential across the entire U.S. 

manufacturing space. The energy bandwidth 

findings presented herein will also serve as a basis 

for subsequent economic/market characterization. 
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Abstract   

On 31st March 2012, India quietly announced a 
historic regulation for industrial sector in a bid to 
ensure energy security of the country. The 
regulation, with an aim to enhance energy 
efficiency in energy intensive industrial sectors, is 
empowered by Energy Conservation Act, 2001 of 
India and National Mission on Enhanced Energy 
Efficiency (NMEEE) under National Action Plan 
on Climate Change (NAPCC).  The Energy 
Conservation Act, 2001 which is the first 
legislative initiative by Govt. of India to give fresh 
impetus in energy efficiency movement of the 
country, has the provision of declaring ‘Designated 
Consumers (DC)’ in ‘Energy Intensive Industries’. 
The above regulation, under a scheme called 
Perform, Achieve & Trade (PAT), notified specific 
energy consumption (SEC) reduction targets for 
478 DCs in eight industrial sectors like Cement, 
Pulp & Paper, Aluminium, Textile, Chlor-Alkali, 
Iron &Steel, Fertilizer and Thermal Power Plant. 
Different targets have been assigned to different 
DCs and to be achieved in a three years time period 
from the date of notification. The over-performers 
will be entitled to get energy saving certificates (e-
certs) at the end of the compliance period. 
Similarly, the under-achievers will have to comply 
the shortfall by purchasing the e-certs in a tradable 
system or paying the penalty. This market based 
mechanism is first of its kind in the world. 
 
The PAT scheme envisages an absolute energy 
saving of 6.68 million tonnes of oil equivalent 
(mtoe) by March 2015. This would also expect an 
investment to the tune of 12000 million USD 
during this period and accelerates technology 
transfer options in these eight sectors. The PAT 

scheme in India was launched with much 
preparedness in legal, institutional, administrative 
and financial provisions. The major attributes of the 
scheme like establishing the baseline and targets, 
monitoring, reporting & verification (MRV) 
system, compliance check and trading system have 
been looked into before the scheme was rolled in, 
but challenges are being faced by every 
stakeholders at various steps. Few of the challenges 
are complex and must be addressed or simplified 
before the next cycle of PAT starts in April 2015. 
Similarly, the scheme has now arrived in the 
second year of the first cycle and therefore, many 
lessons have been learnt or successes have been 
realized.  
 
This paper highlights the progress of the PAT 
scheme, its present positioning, challenges faced 
and the effort of the Government of India to 
overcome such challenges. Such take ways would 
be helpful for other countries like Thailand who is 
proposing to initiate an Energy Performance 
Certificate (EPC) scheme in the near future. The 
author attempts to put forward his own experience 
of designing and administering the PAT scheme in 
India in this paper.   
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BACKGROUND 

The National Action Plan on Climate Change 
(NAPCC) of India, released by the Indian Prime 
Minister on 30th June 2008, recognizes the need to 
maintain a high growth rate for increasing the 
living standards of the vast majority of people and 
reducing their vulnerability to adverse impacts of 
climate change. The National Action Plan outlines 
eight national missions that represent multi-
pronged, long-term, and integrated strategies for 
achieving key goals in the context of climate 
change. The National Mission for Enhanced 
Energy Efficiency (NMEEE) is one of such eight 
missions.  
 
The Ministry of Power (MoP) and Bureau of 
Energy Efficiency (BEE) of India prepared the 
implementation plan for the NMEEE. A high level 
committee of MoP suggested four new initiatives to 
enhance energy efficiency in addition to the 
programmes on energy efficiency already being 
pursued by MoP and BEE [1]. The initiatives are as 
follows. 
 
a) Perform, achieve, and trade (PAT), a market-

based mechanism to make improvements in 
energy efficiency in energy-intensive large 
industries and facilities more cost-effective by 
certification of energy savings that could be 
traded 

 
 

b) Market transformation for energy efficiency 
(MTEE) by accelerating the shift to energy-
efficient appliances in designated sectors 
through innovative measures that make the 
products more affordable  
 

c) Energy efficiency financing platform (EEFP), a 
mechanism to finance Demand Side 
Management (DSM) programmes in all sectors 
by capturing future energy savings  

 
d) Framework for energy efficient economic 

development (FEEED), for developing fiscal 
instruments to promote energy efficiency  

 
The mission which is being implemented by 
Ministry of Power, Govt. of India with Bureau of 
Energy Efficiency (BEE) as the nodal agency for 
implementation, has set the following goals by 
2014-15 [1] : 
 

a) Annual fuel saving of more than 23 
million tons of equivalent (mtoe) 

b) Cumulative avoided electricity capacity 
addition of 19000 MW 

c) CO2 emission mitigation of 98 million 
tons per year 

 

Figure 1 :  Components of NMEEE 
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THE PAT SCHEME 

The major players in the PAT scheme would be the 
large energy intensive industries. Industrial sector 
has played significant role in India’s growth, 
especially in post-liberalization era. It has grown at 
a compounded annual growth rate (CAGR) of 6.4% 
since liberalization, a little lower than the CAGR of 
gross domestic product (GDP) as a whole (i.e. 
6.8%).  The GDP of industry during 2004-05 to 
2008-09 has grown by about 6.5% per annum and 
poised to grow further. The total commercial 
energy consumption in industrial sector has grown 
by 3.8% per annum during 2004-5 to 2008-9. In 
view of continuing growth of industry sector, the 
proportion of commercial energy consumed by 
industry is envisaged to be around 40-45% in the 
next five-year plan. The energy intensity i.e. energy 
consumed per unit of GDP for industrial sector has 
declined by about 1.5% per annum during 2004-05 
to 2008-09 which is a welcome note. This has been 
possible due to multiple reasons and the broad ones 
being (i) regulatory compulsions (ii) strategies to 
increase competitiveness and (iii) increased 
awareness level about efficient utilization of 
energy. 
 
Identification of Potential Participants for the 
Scheme 
 
It is observed that in recent years, industry has been 
choosing state-of-the-art energy efficient 
technologies. Also, there have been many in-house 
efforts made by the industry to become more 
energy-efficient. In order to further accelerate as 
well as incentivize energy efficiency initiatives, the 
Perform Achieve and Trade (PAT) mechanism was 
designed. PAT is a market based mechanism to 
enhance cost effectiveness of improvements in 
energy efficiency in energy-intensive large 
industries through certification of energy savings 
that could be traded. The genesis of the PAT 
mechanism flows out of the provision of the 
Energy Conservation Act, 2001 of India.  Section 
14 (e) of the Act empowers the Central 
Government to notify energy intensive industries, 
as listed out in the Schedule of the Act, as 
Designated Consumers (DCs) [5]. The Ministry of 
Power (MoP), vide its notification in March 2007, 
has notified industrial units and other 
establishments having annual energy consumption 
more than the threshold in 8 industrial sectors 
namely Thermal Power Plants, Fertilizer, Cement, 

Pulp and Paper, Textiles, Chlor-Alkali, Iron & 
Steel and Aluminium as DCs (Refer Table 1). 
There are 478 designated consumers in 8 industrial 
sectors identified in the country who have a 
mandatory participation in PAT scheme. BEE 
initiated the process of identifying the DCs in these 
8 sectors during 2010-11 from a probable list of 
714 numbers by actually obtaining the information 
of annual energy consumption (in tonnes of oil 
equivalent) and comparing with the notified 
threshold limits. Although it looks simple, 
identifying DCs was one of the biggest challenges 
for BEE. 

 
The DCs of these 8 sectors account for about 164 
mtoe (million tons of oil equivalents) of energy 
consumption annually as per the 2009-10 data 
which is about 34% of the total energy consumed 
in the country [4]. The breakup of energy 
consumption of each sector is depicted in the table 
2.  
 

 
Considering the quantum of energy consumption, 
the energy intensity, large bandwidth in energy 
usage pattern, the above 8 sectors are selected in 
the 1st cycle of PAT scheme. 

 
 
 
 
 
 

 
 
 
 
 

Table 1 :  Designated Consumers in PAT Scheme 
Industry Sector Annual Energy 

Consumption 
Norm to be DC 

(toe) 

No. of 
Identified 

DCs  

Aluminum 7500  10 
Cement 30000 85 

Chlor-Alkali 12000 22 
Fertilizer 30000 29 

Pulp & Paper 30000 31 
Power 30000 144 

Iron & Steel 30000 67 
Textiles 3000 90 

Table 2 : Annual Energy Consumption by DCs 
Sector MTOE 

Power (Thermal) 104.14 
Iron & Steel 28.00 

Cement 11.87 
Fertilizer 7.86 

Aluminum 7.73 
Paper 2.09 

Textile 1.62 
Chlor-Alkali 0.84 

TOTAL 164.15 
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Setting Up of Energy Usage Norms in 
Designated Consumer Sectors 
 
Section 14(a) of the Energy Conservation Act, 
2001 empowers central government to set up 
standards & norms for energy consumption of DCs 
[5]. However, the government followed a 
consultative process involving various stakeholders 
like industry, industry associations, and experts etc. 
to take views on the issue. Although most of the 
designated consumers of a particular sector produce 
similar products, it is quite possible that ‘Energy 
Usage Pattern’ may vary depending upon the 
process, technology adopted, operation & 
maintenance (O&M) practices and many other 
factors. In addition to this, many industries have 
taken various energy conservation measures in 
recent years by adopting Energy Efficient 
technologies, process modifications, improvements 
in O&M practices etc. Therefore, the energy 
consumption pattern is seen to be different even if 
similar technology / process is practiced. 
 
In order to establish a suitable energy consumption 
norm, an inter-industrial benchmarking study was 
conducted by BEE during 2008-09 to know the 
energy usage pattern in various load centres of the 
industry. The studies and stakeholder consultations 
revealed that setting up of standards and norms for 
energy usage pattern in a particular sector was not 
possible because these sectors were characterized 
by great diversity in terms of  
 
 Scale of production: The production capacity 

varies widely within the sectors like Iron & 
Steel, Cement, Pulp & Paper, and Fertilizers 
etc. resulting in wide variation in energy usage 
pattern. 

 Use of raw material & Energy Sources: 
Sectors like Pulp & Paper and Fertilizers are 
highly characterized by type of raw material 
used. Similarly, for a particular application, 

say ‘heating’ , industries in a particular sector 
uses coal, steam, electricity, fuel oil etc. as 
energy sources. 

 Type of Technology: Adoption of different 
technology within the sector changes the 
energy scenario entirely. For example, energy 
intensive sectors like aluminium popularly 
uses ‘Soderberg’ and ‘Pre-Bake’ technology in 
smelting process thereby resulting in huge 
variation in energy consumption. 

 Technology Vintage: Over the years, there 
have been tremendous changes in process 
technology in every sector. However, there is a 
wide mismatch in the technology among the 
industries because of not being able to adopt 
the technology transfer for whatsoever reasons. 
There is much higher energy consumption and 
environmental concerns in older technologies. 

 Product Diversities: Sectors like textiles, pulp 
& paper etc. are highly characterized by 
different types of product output. As different 
products require different quality, process time 
etc., the energy consumption varies 
accordingly. 

 
Hence it may be seen that there is large 
‘bandwidth’ of specific energy consumption in all 
sectors due to one or more factors mentioned 
above. In almost every sector, the most energy 
efficient unit is also amongst the most efficient 
units in the world. Such diversity renders each 
industrial unit as unique [4].  
 
It is thus may not be feasible to define a single 
energy consumption standard/norm unless there is a 
significant homogeneity amongst the industrial 
units in a sector. This implies that the energy 
efficiency improvement targets would have to be 
almost ‘Industry Specific’. This was the 
uniqueness of the PAT scheme, yet a challenging 
task for BEE.  

 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

Table 3 : Factors of Diversity affecting energy consumption pattern in industrial sectors 
Factors of Diversity Most Affected Sectors 

Raw Material Input Pulp & Paper, Fertilizer, Power Plant, Textile 
Quality of Raw Material / Fuel All sectors 

Process  & Technology Aluminium, Iron & steel, Chlor-Alkali, Paper 
Final Product output Textile, Iron & Steel, Aluminium 

Vintage All Sectors 
Capacity Utililization All sectors 
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Targets for DCs under PAT Scheme 
 
The target has been defined in the ‘percentage’ 
form. It is the percentage reduction of Specific 
Energy Consumption (SEC) from baseline value to 
be achieved in the target year.  Moreover, the SEC 
is estimated on a “gate-to-gate” concept as per the 
data reported by the designated consumer i.e. all 
forms of energy going inside a plant boundary 
(being converted to a common unit i.e. TOE) is 
divided by the quantity of product being shipped out 
of the boundary.   
 
India’s Energy Conservation Act, 2001 mandates 
the DCs to submit the annual energy consumption 
figures and other information to BEE in a structured 
format. The baseline parameter ideally should not be 
taken by referring to data of just a single year. There 
may be influence of many factors like operational, 
market demand, or other issues in the energy 
consumption of an industry which may not be 
captured in the data of single year. So, the baseline 
was built up in these data i.e. the average of 3 years 
data. The reported data were subsequently verified 
by BEE through agencies having certified energy 
auditors.  Overall, the PAT scheme has taken into 
account the following attributes for estimation of 
baseline: 
 
 It is simple to understand.  
 Does not require complex data. 
 It is easy to calculate/estimate.  
 Does not involve any direct measurements by 

gadgets at designated consumers 
 It is in line with international practices. 
 

 
The methodology for setting target SEC for DCs has 
been designed in such a way that it is simple and 
transparent and has no room for arbitrariness as 
directed by the Prime Minister's Council on Climate 
Change [1]. The SEC reduction target has been so 
established that the best performing plants would get 
lesser target. Similarly plants having higher SEC 
will have comparatively higher targets calculated on 
a ‘relative SEC’ concept. The targeted energy 
savings in the first commitment period of 3 years 
(April 2012 to March 2015), is  estimated at 6.68 
million tons of oil equivalent (MTOE) which is 
about 4% of the total energy consumption in the 
base year of 2009-10. 
 
Each DC would have such mandatory target of 
reducing the SEC in three years time which starts 
from the date of notification by Govt. of India. If, in 

the target year,   the DC achieves more than the 
target, energy saving certificates (e-certs) of 
equivalent excess energy saving would be issued to 
the DC. On the other hand, if the DC fails to do so, 
the compliance to achieve the target may be met by 
purchasing the e-certs from DCs through a trading 
platform. If the shortfall still remains, penalty 
(financial terms) would be levied as per the 
provisions of the Act. The methodology is based on 
the expectation that all DCs would reduce their 
SEC, the less energy-efficient DCs in a sector being 
required to achieve a greater reduction in their SEC 
than the more energy-efficient DCs in the same 
sector. The SEC targets has been fixed through a 
statistical analysis followed by stakeholder 
consultation in each designated sector. 

Figure 2 : Concept of Target in PAT 
 
In this scenario, the best performing (in terms of 
energy consumption) DCs has got lesser targets as 
compared to moderately or poorly performing DCs 
(Refer Table 4).  
 

Table 4 : Range of Target in PAT Scheme 
Sector Minimum 

Target (%) 
Maximum 
Target (%) 

Average 
Target 

(%) 
Aluminium 3.75 10.50 5.31 
Iron & Steel 1.00 14.50 4.50 

Fertilizer 1.00 25 5.12 
Chlor-Alkali 3.07 8.15 4.92 

Cement 3.81 9.91 7.23 
Pulp & Paper 1.45 11.15 5.45 

Textile 0.80 27.60 4.55 
Thermal 
Power  

0.02 17.30 10.68 

 
 
Hence, for best DCs even to achieve a very small 
target, it may not be cost effective to invest in 
projects which may have also larger payback period. 
But, the compliance can be done through purchase 
of Escerts which may be cost effective to the DC. 
 
 

Baseline Parameters in PAT Scheme 
Base Year       :   2010 
Baseline Production       :   Avg. of 2009, 2010 & 2011 
Baseline SEC                 :  Avg. of 2009, 2010 & 2011 
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Major Entities in PAT Scheme 
 
The PAT scheme covers various entities responsible 
for scheme administration, direct participation, 
monitoring & verification, trading, dispute 
resolution etc. These entities have direct linkage 
with the scheme. There are other entities like 
technology providers, Energy Servicing Companies 
(ESCOs), energy auditors who have different roles 
to play in this scheme. Appendix-I shows a brief 
description of the roles & responsibility of each 
entity involved in PAT scheme. 
 
The 1st cycle of PAT scheme has been operational 
with effect from 1st April 2012. The following basic 
phases would be involved during this cycle 
 
 Target Setting Phase    : By March 2012 
 Compliance Phase:    April 2012 to March 2015 
 M&V Phase                 : April 2013 and beyond 
 Trading Phase              : July 2013 (voluntary) 
                                : July 2015 (mandatory) 
 
The verification would be conducted by Accredited 
Energy Auditors (AEA) in a suitable verification 
protocol. Similarly, the State Designated Agencies 
(SDAs) will also have a specific role in this scheme 
in terms of assessing the annual energy consumption 
returns, verifying the target compliance and 
recommending for levying the penalty. The trading 
platform will be maintained and administered by 
Power Exchangers. The other entities who would be 
playing a pivotal role at the backend of this scheme 
are technology providers, bankers and ESCOs. BEE 
has developed the design of the institutional 
mechanisms for successful implementation of the 
scheme. 
 
Present Positioning & Challenges of the PAT 
Scheme  

Ever since the program got launched, various 
activities were initiated by different entities with 
respect to the scheme. Here is an excerpt of the 
present positioning of the scheme. 
 
(i) Stakeholder Engagements: BEE had conducted 

about 20 stakeholder consultations across the 
country involving DCs, industry associations, 
SDAs and energy auditors before the 
notification of PAT scheme.  Thereafter, there 
have been good initiatives by many agencies to 
propagate the operational features, obligations 
and benefits of the scheme to various 
stakeholders, especially DCs. Two premiere 
industry associations of India – Federation of 
Indian Chambers of Commerce & Industry 
(FICCI) and Confederation of Indian Industry 
(CII) are regularly conducting workshops and 
training programs in this regard to keep the 

DCs updated. International support programs 
like Partnership to Advance Clean Energy 
Deployment (PACE-D) under USAID 
collaboration are also providing technical 
support to BEE to certain extent. However, the 
roles and responsibilities of key enteritis like 
verifiers and SDAs are yet to be conveyed by 
the scheme administrator. An operational 
document followed by quick & continuous 
explanation to these two entities must be 
carried out by BEE for smooth functioning of 
the scheme. 

  
(ii) Operational Mechanism: Although BEE had 

come out the design document on PAT, it does 
not explicitly address many technical, 
procedural and legal issues. The issue of 
change in baseline scenario during the 
compliance scenario has been a major concern 
by all sectors. BEE is trying to develop 
guidelines on “Normalization Factor” with due 
consultation with sector expert committee to 
address the issue. It is believed that such 
guidelines are in concluding stage for all 
sectors. Now, as only one year left before 
compliance, it must be communicated to the 
DCs and verifiers as quick as possible. 

 
(iii) Monitoring & Verification System :  The PAT 

scheme has a very robust monitoring and 
verification system. In order to know the 
preparedness of the DCs to comply to the 
notified norms, BEE asked all participating 
units to submit an action plan in the first year 
of notification indicating the road map of the 
implementation of projects. Most DCs of all 
sectors have submitted this; however a review 
of the action plan should be done by BEE. This 
would give an indication of how the market for 
energy saving certificates is going to behave.  

 
BEE also developed an interactive e-platform 
called PAT-NET during 2012 and encouraged 
DCs to submit the annual energy consumption 
data and other PAT related data to this 
platform. It seems that DCs are yet to fully 
utilize this platform till now. As this platform 
is the only channel for communicating the 
compliance status to scheme administrator, a 
greater effort by BEE in educating the DCs in 
this regard seems to be a priority.  

 
The very nature of the scheme does not require 
any energy gadgets or instruments to measure 
the reported energy saving during verification. 
The gate-to-gate concept avoids this 
complexity. What is important now is to 
develop a step-by-step approach of verification 
and quickly make it conversant to verifiers.  
This seems to be a great challenge. 
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Considering the nature of verification, the 
scheme would require about 150 accredited 
energy auditors as verifiers by March 2015. 
BEE has already notified 90 accredited energy 
auditors after going through a stringent 
selection process. These verifiers are certified 
energy auditors by BEE and requisite 
experience in the sector. It seems that the rest 
accredited energy auditors would be in place 
before the compliance period.     

 
(iv) Status of Implementation: BEE has not 

reviewed the status of implantation by DCs as 
the scheme does not cover this responsibility 
before the compliance period. However, 
interaction with DCs and industry association 
indicates that about 65-70% of DCs would be 
able to achieve the target and many of them 
would go beyond the target, thus gaining 
Ecserts. The achievement is envisaged from 
implementation of energy efficiency projects 
having payback period about 2 years, fuel 
switching and operational fine tuning.   An 
analysis (assuming 70% of DC’s going beyond 
the target by at least 15% and rest of DCs 
falling short by 20% of the target) shows that 
there is a minimum 696045 & 397740 Escerts 
as supply and demand by the end of first PAT 
cycle.  However, the actual scenario may vary 
at the time of compliance.  India has 
established an organization called “Energy 
Efficiency Service Ltd. (EESL)” to support the 
interested DCs in implementing energy 
efficiency projects through performance 
contracting approach.  

 
(v) Market Scenario :  The PAT scheme is an ex-

ante approach. The price of e-certs would then 
be decided by market i.e. demand and supply. 
However, as of now, there is no mechanism to 
discover the price as the status of 
implementation is yet to be known by the 
scheme administrator.  This seems to be a great 
ambiguity among the DCs who wants to take a 
decision on investment in complying the 
norms. 

 
(vi) Registry Mechanism:  The registry system is an 

important component in any cap-and-trade 
system, so also in PAT.  BEE is in the process 
of developing the registry system including its 
architecture, trading rules etc. It would be a 
great challenge for BEE to quickly finalize the 
registry system of PAT scheme and launch it 
before head so that all concerned would be 
conversant to participate in the treading. 

 

CONCLUSION 

Thus, it is very clear that the PAT Scheme is in the 
right direction of successful implementation, 
although few components have not been 
implemented or institutionalized yet. For example, 
there would have been a voluntary trading of E-
Certs since June 2013. But due to the absence of 
verification protocol, operationalization of PAT-
NET platform and registry system, this could not 
happen. However, there has not been any request 
from any DC for early issuance of E-Certs, hence 
the above issue could not be felt important. As only 
one year is left for final compliance of first cycle of 
PAT Scheme, a concentrated effort by BEE is 
highly required for successful implementation of the 
scheme. Nevertheless BEE is thinking of bringing 
out a policy paper on PAT to highlight the 
challenges and learning of the first cycle and how to 
take it forward in the second cycle. No doubt, the 
historic regulation in the form of PAT scheme is 
something to cheer up as the nation is on the verge 
of achieving over 6 million tonne of oil equivalent 
by March 2015. This innovative scheme is a giant 
step to achieve the goals under national action plan 
on climate change. 
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Appendix -I 

Entity Roles Responsibility Authority Who 
Policy governor and 
compliance driver 

Compliance 
assurance through 

incentives and 
automatic 
penalties 

Reduce conflict of 
interest, accredit 

independent third-
party energy 

auditors 

Sets compliance 
benchmarks, 

resolve disputes 
through 

collaborative 
approach 

Ministry of Power 
and Bureau of 

Energy Efficiency 
(BEE) 

Market governor Ensure publicly 
available data 

Maintain 
centralized data 
administration; 
strong quality 

assurance 

Level playing field; 
issue of Energy 

Saving Certificates 
(Escerts) 

Bureau of Energy 
Efficiency (BEE) 

 
 

Industry 

Undertake energy 
efficiency 
measures; 
Appoint 
accredited third-
party energy 
auditors,  

Maintain 
compliance with set 
energy-efficiency 
benchmark submit 

requisite 
information to BEE  

 
 

 
478 designated 
consumers in 8 

sectors 

Inspection & 
Capacity building 

Build the capacity 
of DCs for 
efficient 
participation, 
conduct 
inspection 

Ensure compliance 
by DCs as per 

Energy 
Conservation Act, 

smooth 
participation in the 

scheme 

Facilitate 
compliance check 
to BEE, initiate 

action against non-
compliance 

 
28 State Designated 
Agencies (SDA) in 

as many states 

Stock Exchange Maintain data of 
traded prices, 

traded volumes 
and trends 

Create efficient and 
transparent market 

for trading 

Safeguard market 
integrity and 

enhance 
transparency in 

operations 

Indian Energy 
Exchange (IEX), 

Power Exchange of 
India Ltd. (PXIL) 

Transfer agents or 
depositories 

Hold the Escerts 
under each 
industry in 

electronic form. 

Provide services 
related to 

transactions in ESC 

 NSDC 

Third Party Energy 
Auditors 

 Verify the reported 
energy saving by 

industry 

Recommendation 
for issue of Escerts 

Accredited Energy 
Auditors notified by 

BEE  
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ABSTRACT 

Large cool Thermal Energy Storage (TES), 

typically ice TES or chilled water (CHW) TES, has 

traditionally been thought of, and used for, managing 

time-of-day electricity use to reduce the cost 

associated with electric energy and demand charges 

for air-conditioning or process refrigeration.  

However, this is but one of the many benefits which 

are often and increasingly obtained from the use of 

TES.  These other benefits can include one or more 

of the examples which are described, depending on 

the particular situation of a given facility. 

 

Each of these additional benefits is illustrated 

with at least one specific real-world TES installation, 

including example applications from automotive 

assembly, pharmaceutical manufacturing, insurance 

data processing, computing facilities, corporate 

research, on-site Combined Heat & Power (CHP), 

etc. 

 

Most systems, whether found in nature or in the 

man-made environment, have and benefit from some 

type of storage.  Thermal storage in cooling systems 

(which is also effectively a “virtual” storage of 

electricity) can and often does provide many benefits 

both for the owner/user of the cooling system and for 

the operator and customers of the electricity grid.  

The potential benefits are myriad.  The technology is 

mature, commercially proven, and often yields 

extremely attractive economic returns.  

Owners/operators of large cooling systems (as well as 

owners/operators of gas turbines) should consider the 

use of TES, and not just for its ability to reduce 

electric costs.  Often, one or more of the many other 

potential benefits of TES can justify its use and 

provide lasting value for the owner. 

 

 

 

INTRODUCTION AND BACKGROUND 

Thermal Energy Storage (TES) provides a 

particularly useful means of de-coupling the time 

when cooling is generated, from the time when that 

cooling is used to meet cooling loads.  Thus, cool 

TES can reduce peak electric power demand 

associated with chiller plant operation, and shift 

energy use from higher cost “on-peak” periods 

(typically daytime on weekdays) to lower cost “off-

peak” periods (typically at night or on weekends). 

These traditional operating cost benefits of TES, 

deriving from conventional electric utility tariffs, 

have long been recognized. 

 

TES Technology Options 

There are two families of TES technology: 

Storage of Latent Heat (typically Ice TES) and 

storage of Sensible Heat (typically chilled water 

[CHW] or Low Temperature Fluid [LTF] TES). 

 

Ice TES.  These systems offer compact thermal 

storage, due to the latent heat of the liquid-solid 

phase change of water-ice.  However, ice TES 

requires low charging temperatures and thus 

consumes extra energy for recharging compared 

to the other two TES technologies.  Additionally, 

there is no significant economy-of-scale with 

modular ice TES equipment.  Therefore, ice TES 

is most often applied in small or medium scale 

applications [3], or where its available low 

discharge temperature is desirable for use. 

 

Chilled Water (CHW) TES.  CHW TES provides 

the simplest, most energy-efficient, and (for 

large-scale applications) the lowest capital cost 

TES option.  CHW TES requires a relatively 

large TES tank volume; though this can be 

mitigated with an increased supply-to-return 

temperature differential.  Stratified CHW TES is 

limited by its minimum operating supply 

temperature of approximately 39 F, which is, 

however, adequate for most cooling applications. 

 

Low Temperature Fluid (LTF) TES.  Similar to 

stratified CHW TES, but employing a low 

temperature fluid in storage, it avoids the 

minimum temperature limit of stratified CHW.  

LTF achieves constant supply temperatures in 



the range of 30 to 36 F, or even cooler if 

desired.  LTF TES is somewhat more compact 

than CHW TES, while maintaining the relative 

simplicity and efficiency of CHW TES.  One 

particular low temperature TES fluid has been in 

commercial service for 20 years; it has 

demonstrated attractive thermo-physical 

properties, corrosion inhibition, and 

microbiological control, throughout its time in 

service [4, 11]. 

 

Each TES technology type has both inherent 

advantages and limitations that are keys to its proper 

application.  Table 1 presents simplified rules-of-

thumb regarding those advantages and limitations for 

the three types of TES technologies currently in 

widespread commercial use. 

 

Table 1 

Inherent Characteristics of TES Technologies 

 

 Ice CHW LTF 

Volume good poor fair 

Footprint good fair good 

Modularity excell poor good 

Economy-of-Scale poor excell good 

Energy Efficiency fair excell good 

Low Temp Capability good poor excell 

Ease of Retrofit fair excell fair 

Rapid Discharge Capability poor good good 

Simplicity and Reliability fair excell good 

Site Remotely from Chillers poor excell excell 

Dual-Use as Fire Protection poor excell poor 

 

TES applications include private industrial and 

commercial facilities, as well as university, medical, 

research, government, and other institutional 

facilities, plus thermal utility District Cooling 

systems and utility gas turbine power plants where 

TES is employed for Turbine Inlet Cooling (TIC).  

The example applications described below are 

relatively large and thus are focused on CHW and 

LTF TES, rather than ice TES. 

 

THERMAL ENERGY STORAGE BENEFITS 

Beyond the traditional expected benefit of 

reducing electrical utility tariff-based costs, TES 

often provides one or more additional benefits, 

capturing substantial economic and/or other value for 

the energy user and other stakeholders. 

 

Operating Cost Savings 

Operating cost savings need not be limited to 

those flowing from traditional electric utility tariffs 

with their demand charges and time-of-use (TOU) 

variable energy charges.  In de-regulated electricity 

markets, other power procurement options such as 

Real-Time Pricing (RTP) or spot market pricing can 

and do provide even greater value from TES. 

 

Examples from Table 2 include: 1) Princeton 

University (where a 40,000 ton-hr LTF TES captures 

several times more savings than would accrue on a 

standard tariff) and 2) Thermal Energy Corp. (TECO) 

which serves the medical district in Houston (where 

spot pricing in 2011 varied from as low as negative 

$0.10/kWh on some nights when TES is recharged to 

as high as $3.00/kWh on hot afternoons when its 

64,235 ton-hr CHW TES has been discharged to save 

as much as $25,000/hr). 

 

Capital Cost Savings 

When TES is installed during either new 

construction, retrofit expansion, or chiller plant 

rehabilitation, it is possible to reduce the otherwise 

necessary capital investment in conventional chiller 

plant capacity.  In large applications, where CHW 

TES enjoys a dramatic economy-of-scale, this can, 

and often does, create an immediate net capital cost 

saving. 

 

Representative examples from Table 2 include: 

1) Washington State University (where a 17,750 ton-

hr CHW TES in lieu of a 2,000 ton chiller plant 

addition saved between $1 and $2 million in capital, 

plus $260,000/yr in operating costs [9]), 2) 

Climaespaco mixed-use urban District Energy system 

in Lisbon, Portugal (where a 39,800 ton-hr CHW 

TES allowed the chiller plant to be reduced by 50% 

to 5,687 tons, for a net capital saving of $2.5 million, 

plus an operating saving of over $1.1 million/yr 

[10]), 3) The University of Alberta academic and 

medical campus in Edmonton (where a 60,000 ton-hr 

CHW TES was installed in lieu of a new satellite 

chiller plant, netting a capital saving of $4 million, 

plus an operating saving of $600,000/yr [7]), 4) 

Chrysler Motors new 2 million square foot corporate 

R&D campus (where a 68,000 ton-hr CHW TES 

allowed the chiller plant to be reduced from 17,700 to 

11,400 tons, yielding a net capital savings of $3.6 

million [1], plus an energy cost saving of 

approximately $1 million/yr [2]), 5) DFW 

International Airport in Texas (where a 90,000 ton-hr 

LTF TES was approximately $6 million less capital 

cost than equivalent conventional chiller water plant 

capacity, and saves $815,000/yr [16]), and 6) 

OUCooling’s District Cooling system serving a 

convention & industrial district in Orlando (where its 

major expansion used a 160,000 ton-hr CHW TES to 

eliminate the need for new 10,000 ton chiller plant, 

netting a capital cost saving of over $5 million, plus 

an operating saving of more than $500,000/yr [8]). 



Table 2 

Selected Examples of Thermal Energy Storage (TES) for Traditional Air-Conditioning (approximate data) 

 

 Initial TES Type TES Supply & Peak TES Load Shift 

 Operation (CHW Capacity Return Cooling Electric 

TES System Owner - Location (year) or LTF) (ton-hrs) Temp (°F) (tons) (MW) 

3M Corporation - Maplewood, MN 1992 CHW   32,000 40/55     6,250     5 

3M Corporation - Columbia, MO 1995 CHW   12,800 42/60     3,980     3 

3M Corporation - Austin, TX 1998 CHW     6,400 42/58     1,600     1 

Abbott Laboratories - North Chicago, IL 1993 CHW   10,000 40/54     2,800     2 

ARCO Exploration & Production - Plano, TX 1995 CHW   24,000 39/55     2,910     2 

Boeing Electronics - Corinth, TX 1990 CHW     9,932 40/56     1,240     1 

Chrysler Motors - Auburn Hills, MI 1990 CHW   68,000 43/61     7,600     5 

Climaespaco - Lisbon, Portugal 1998 CHW   39,807 39/54     3,980     3 

Cornell U. - Ithaca, NY 1990 CHW   38,000 39/52     9,345     7 

DFW Int’l Airport - DFW Airport, TX 2003 LTF   90,000 36/60   29,000   20 

General Motors - Pontiac, MI 1986 CHW   17,000 42/62     2,000     1 

General Motors - Lansing, MI 2000 CHW*   36,500 42/62     5,010     4 

General Motors - Oklahoma City, OK 2001 CHW*   45,000 42/62     8,000     6 

IBM (now Lexmark) - Lexington, KY 1984 CHW   35,000 40/60     5,200     4 

IBM - Rochester, MN 1989 CHW   23,000 43/57     2,900     2 

Metro Pier & Expo Authority - Chicago, IL 1994 LTF 123,000 30/54   25,000   19 

OUCooling - Orlando, FL 2002 CHW* 160,000 40/55   20,860   15 

Penn State U. Medical Center - Hershey, PA 1992 CHW   12,500 42/57     1,500     1 

Phoenix Newspapers - Phoenix, AZ 1991 CHW     8,500 42/60     1,500     1 

Pratt & Whitney - North Haven, CT 1995 CHW   20,000 42/58     2,500     2 

Princeton U. - Princeton, NJ 2005 LTF   40,000 32/56   10,010     7 

Saudi Aramco - Dhahran, KSA 2012 CHW   37,500 40/54     7,110     5 

Shell Development - Houston, TX 1994 CHW   38,500 42/57     7,500     5 

State Farm Insurance - Bloomington, IL 1994/2000 CHW   89,600 40/60   12,260   11 

State Farm Insurance - Alpharetta, GA 1996 CHW   12,000 40/60     2,000     2 

State Farm Insurance - Dallas, TX 1996 CHW   12,000 40/60     2,000     2 

State Farm Insurance - Phoenix, AZ 1996 CHW   12,000 40/60     2,000     2 

Texas Instruments - Dallas, TX 1990 CHW   24,500 42/56     3,200     3 

Thermal Energy Corp. (TECO) - Houston, TX 2009 CHW*   64,300 40/52   13,760   10 

U. of Alberta - Edmonton, Alberta, Canada 2005 CHW*   60,000 41/54     7,200     5 

U. of Illinois - Urbana-Champaign, IL 2011 CHW*   50,000 40/53     9,750     7 

U. of Texas - Austin, TX 2011 CHW   30,000 40/52   10,000     7 

U. of Nebraska - Lincoln, NE 2012 CHW*   16,326 42/52     4,000     3 

Washington State U. - Pullman, WA 1993 CHW   17,750 41/56     2,630     2 

 

* Originally CHW TES, but pre-designed for potential future conversion to LTF TES for more capacity. 

 

Utility Cash Incentives 

Some electric utilities provide significant 1-time 

cash incentive payments for customers who install 

TES systems to reduce summer peak power demand.  

These payments often amount to hundreds of dollars 

per kW of peak reduction, aiding project economics. 

 

Some examples in Table 2 of TES owners who 

received such incentives include: 1) Boeing 

Electronics manufacturing facility in TX, 2) Penn 

State University Medical Center in PA, 3) Phoenix 

Newspapers printing facility in AZ, and 4) Texas 

Instruments manufacturing facility in TX. 

 

Flattened Load Profiles 

TES achieves a flattening of a facility’s 24-hr 

load profile for both cooling and electric power. This 

provides a better ability to match cogeneration or 

trigeneration, i.e. Combined Heat & Power (CHP) or 

Combined Cooling Heat & Power (CCHP), to the 

facility’s loads, thus improving the annual equivalent 

full load operation of the CHP or CCHP equipment 

and its economics. 



Some examples from Table 2 where TES flattens 

load profiles for the Owner’s CHP installation 

include: 1) Climaespaco district energy in Portugal 

(with 8 MW of CHP), 2) Metro Pier & Expo 

Authority convention district in IL (with 3 MW), 3) 

Princeton U. in NJ (with 15 MW), and 4) TECO 

medical district in TX (with 45 MW). 

 

Fire Protection 

CHW TES often provides dual-service as both 

TES and a Fire Protection water storage reservoir, 

reducing risk and/or insurance premiums for the 

owner. 

 

Examples from Table 2 include: 1) 3M 

manufacturing facility in MO, 2) Abbott Laboratories 

pharmaceutical manufacturing in IL, 3) ARCO 

petroleum R&D in TX, 4) Chrysler corporate R&D 

campus in MI, 5) General Motors auto assembly 

plants in OK and MI, 6) Phoenix Newspapers 

printing facility in AZ 7) Pratt & Whitney 

manufacturing plant in CT, 8) Shell petroleum R&D 

campus in TX, and 9) State Farm Insurance data 

processing campuses in GA and IL 

 

Mitigation of Piping Bottlenecks 

As loads grow over time in large cooling 

systems, not only can the central chiller plant run 

short of capacity, but also the cooling piping network 

can become “bottlenecked” or constrained for 

meeting peak cooling load.  This situation is 

traditionally addressed by adding a satellite chiller 

plant at a remote location from the original central 

plant; in that way, the peak system loads can be met 

from two points in the network, mitigating the piping 

limitations.  However TES can also be used to 

address the issue, either by locating CHW TES 

strategically at a remote satellite location or by 

utilizing Low Temp Fluid (LTF) TES to achieve a 

larger Delta T for increased thermal capacity of the 

piping network. 

 

Some examples in Table 2 of satellite TES 

locations include: 1) OUCooling, 2) U of Alberta, 3) 

U of Illinois, 4) U of Nebraska, and 5) Washington 

State U.  Examples in Table 2 of using LTF TES with 

an expanded Delta T include: 1) DFW International 

Airport and 2) Princeton U. 

 

Seasonal Free Cooling 

TES can often enhance the use and economics of 

seasonal “free cooling” by extending the number of 

hours/yr that free cooling can be used.  Specifically, 

CHW TES can be recharged on some nights that are 

too cold to need facility air-conditioning, and then be 

discharged on subsequent days that are too warm to 

use free cooling directly. 

 

An example from Table 2 is the Abbott 

Laboratories pharmaceutical manufacturing facility 

in IL. 

 

Deep Water Source Cooling 

Where local natural resources are favorable, 

Deep Water Source Cooling (e.g. deep cold water 

from a lake or the ocean) can be and is used, with or 

without conventional chillers to supplement it, as the 

means for cooling.  This dramatically reduces cooling 

energy (by up to 90%), in exchange for a high initial 

capital cost.  Combining this technology with CHW 

TES however can increase the peaking capacity of 

the Deep Water cooling system without adding 

additional costly Deep Water infrastructure. 

 

A notable example from Table 2 is Cornell U. 

where their 38,000 ton-hr CHW TES provides 

peaking and back-up capacity to the campus’ state-

of-the-art 20,000 ton Deep Lake Source Cooling 

system. 

 

Reduced On-Site Energy Use 

Although TES does have some inherent 

inefficiencies, related to: 1) pumping to and from the 

storage tank and 2) heat gain into the storage tank, 

these inefficiencies are generally quite small. 

 

Furthermore, there are inherent efficiencies in 

TES, related to: 1) lower nighttime condensing 

temperatures when operating chillers at night to 

recharge TES and 2) avoiding low-load operation of 

chillers and their auxiliaries, which is quite 

inefficient.  These energy efficiency gains for TES, 

particularly for CHW TES, can offset (or even 

overcome) the TES inefficiencies, resulting in total 

annual energy consumption, in kWh per ton-hr, that 

is very nearly neutral (or even better than) non-TES 

systems. 

 

Examples from Table 2 include: 1) State Farm 

Insurance in IL (where modeling yielded a 3% 

reduction in annual kWh/ton-hr [2]) and 2) Texas 

Instruments manufacturing in TX (where 

measurements demonstrated a 12% reduction in 

annual kWh/ton-hr [12]).  

 

Reduced “Source” Power Plant Fuel and Emissions 

An even larger efficiency related to TES use 

occurs, not at the TES site, but rather at the “source” 

power plants where electricity is generated.  Cool 

TES shifts electricity use from peak demand periods 

(when the power plant “on the margin” is a peaking 



plant which has a high fuel “heat rate” (Btu/kWh) 

and high emissions) to off-peak periods (when the 

marginal power plant is more efficient and less 

polluting). 

 

Separate independent studies conducted on 

utility grids in CA, FL, TX, and WI have reported 

that shifting a MWh from peak periods to off-peak 

periods produces reductions in source power plant 

fuel use (and emissions of SOX, NOX, particulates 

and CO2) typically ranging from 15 to 20%, and 

sometimes 30 to 50% [13, 14, 17, 18]. 

 

Integration of Renewable Power 

Various State Public Utility Commissions have 

imposed Renewable Portfolio Standards which have 

led to increasing amounts of renewable power plants, 

much of which are intermittent (e.g. Wind and Solar 

Power); in particular Wind Power is not only 

intermittent, but primarily out-of-phase with the 

demand for power. 

 

Accordingly, the electric power industry has 

recognized the critical need for Energy Storage to be 

integrated with the power grid, to absorb the 

intermittencies.  This need only grows larger, as more 

Wind Power is planned to be installed.  Already, 

there are periods on some windy nights when 

wholesale electricity trades at negative values, due to 

the fact that generation from wind plus base-loaded 

nuclear and coal-fired plants exceeds the total 

demand for power; Texas trading values were seen as 

low as negative $0.10/kWh in 2011, while Nebraska 

values were as low as negative  $0.20/kWh in 2012. 

 

Energy Storage has many technology options, 

including Pumped Hydroelectric (PH), Compressed 

Air Energy Storage (CAES), Electrochemical 

Batteries, Mechanical Flywheels, Superconducting 

Magnetic Energy Storage (SMES), and Fuel Cells.  

However, large-scale CHW TES, either on the 

Demand-Side of the meter (as in the many preceding 

examples) or on the Supply-Side (as described in the 

following paragraph on Turbine Inlet Cooling) 

provides dramatic advantages versus other multi-hour 

Energy Storage technologies. These advantages 

include much lower unit capital cost, much higher 

round-trip energy efficiency, ease of siting and 

permitting, short installation times, and long life 

expectancy, plus already proven development and 

commercial applications [6]. 

 

Turbine Inlet Cooling 

One rapidly growing application of TES is 

Turbine Inlet Cooling (TIC) of the inlet air for 

combustion turbines (CTs), for enhanced hot-weather 

power output [5].  This applies to both simple cycle 

and combined cycle CTs, as well as to CTs in 

cogeneration or CHP service.  It applies from small-

scale on-site (hundreds of kW) CTs to the largest 

utility-scale (hundreds of MW) CTs. 

 

CT power output drops dramatically as inlet air 

temperature rises, due to the low density of the warm 

air reducing mass flow through the CT.  But hot 

ambient air temperatures generally represents the 

times when power is most in demand and most highly 

valued.  The CT inlet air can be cooled by 

evaporative cooling; but this has limited impact in 

hot-humid weather.  The air can be cooled by a 

chilled water heat exchanger; but this generally 

involves a large costly chiller plant, which also 

reduces net power enhancement due to the parasitic 

power consumed by the chillers.  Accordingly, TES 

is increasingly incorporated to reduce the capacity 

and capital cost of the chiller plant, and to eliminate 

or minimize the parasitic chiller power which occurs 

during the peak power periods of the day. 

 

Examples of representative TES-TIC 

applications are presented in Table 3 [19].  Note that 

these are primarily relatively recent installations, 

located around the world, often quite large, and 

include multiple installations by individual utilities, 

e.g. Dominion Energy in the USA and Saudi 

Electricity in the Middle East.  Large-scale TES-TIC 

applications represent some of the lowest capital cost 

power generation at only a few hundred $/kW (about 

half the cost of equivalent simple cycle CT capacity), 

and achieve hot weather power enhancement of up to 

30% [15]. 

 

Note that these TES-TIC applications can be 

economically justified even where a dedicated chiller 

plant must be installed.  However, where a facility 

with an on-site CT already has a large central chilled 

water system, adding CHW TES to provide TIC can 

be especially simple and economical. 

 

Redundancy & Emergency Mission Critical Cooling 

Another very significant and recently growing 

application of TES is the provision of redundancy 

and emergency reserve cooling for Mission Critical 

Facilities (MCF) or crucial cooling loads, including 

especially data centers, as well as medical and 

research facilities.  This back-up cooling is held in 

reserve for the potential event that there is a loss in 

power for the primary chilling system.  Although on-

site emergency power can usually be almost 

immediately restored, there is a more extended period 

required to re-start the chiller plant equipment; the 

TES is designed to span that period.



Table 3 

Selected Examples of TES for Turbine Inlet Cooling (approximate data) 

 

 Initial TES Type TES Supply & Peak TES Load Shift 

 Operation (CHW Capacity Return Cooling Electric 

TES System Owner - Location (year) or LTF) (ton-hrs) Temp (°F) (tons) (MW) 

Calpine - Pasadena, TX 1998 CHW 107,000 37/64   11,260     8 

Climaespaco - Lisbon, Portugal 1998 CHW   39,807 39/54     3,980     3 

Dominion Energy - Fairless Hills, PA 2009 CHW 123,750 39/66   20,625   14 

Dominion Energy - New Canton, VA 2011 CHW   78,710 39/70   11,244     8 

Dominion Energy - Front Royal, VA 2014 CHW 232,000 39/78   25,778   18 

Dominion Energy - Freeman, VA 2016 CHW 267,800 39/78   26,780   19 

Metro Pier & Expo Authority - Chicago, IL 1994 LTF 123,000 30/54   25,000   19 

Princeton U. - Princeton, NJ 2005 LTF   40,000 32/56   10,010     7 

Reedy Creek Energy - Lake Buena Vista, FL 1998 CHW   57,000 40/58     8,240     6 

Saudi Electricity Co. (SEC) - Riyadh, KSA 2005 CHW 193,000 45/86   32,000   48 

Saudi Electricity Co. (SEC) - Riyadh, KSA 2008 CHW 710,000 45/86 142,000 200 

Thermal Energy Corp. (TECO) - Houston, TX 2009 CHW*   64,300 40/52   13,760   10 

 

* Originally CHW TES, but pre-designed for potential future conversion to LTF TES for more capacity. 

 

Table 4 

Selected Examples of TES Emergency Cooling for Mission Critical Facilities (approximate data) 

 

 Initial TES Type TES Supply & Emergency Capacity 

 Operation (CHW Capacity Return Cooling Time 

TES System Owner - Location (year) or LTF) (ton-hrs) Temp (°F) (tons) (mins) 

Apple - Maiden, NC 2010 CHW 13,433 58/72 10,000   20 

AT&T - Kings Mountain, NC 2013 CHW   1,500 60/72 

Bank of America - Plano, TX 2010 CHW   2,000 45/70   2,000   60 

Bank of America - Richmond, VA 2010 CHW   4,500 44/57   3,000   90 

California ISO - Folsom, CA 2010 CHW   3,000 40/58   1,125 160 

Capital One - Chester, VA 2013 CHW      900 65/75   1,500   36 

Citibank - Silver Spring, MD 2007 CHW      567 44/54   1,700   20 

Covidien - St. Louis, MO 2012 CHW*   1,500 40/50      500 180 

DuPont Fabros - Elk Grove Village, IL 2008 CHW   1,725 48/60 

DuPont Fabros - Elk Grove Village, IL 2011 CHW   1,725 48/60 

DuPont Fabros - Santa Clara, CA 2014 CHW   2,875 64/80 

eBay - Arlington, VA 2007 CHW   2,400 50/60 

Equinix - Secaucus, NJ 2009 CHW   1,600 48/60 

HSBC - Volo, IL 2007 CHW*   5,500 48/60   5,500   60 

Kaiser Permanente - Napa, CA 2009 CHW   3,880 45/60   2,700   86 

MCI - Ashburn, VA 2006 CHW*   1,600 45/59 

Nationwide Insurance - Columbus, OH 2004 CHW      900 45/55 

Nationwide Insurance - New Albany, OH 2011 CHW      850 54/64   2,000   25 

Northern Trust - Rochelle, IL 2009 CHW*      445 48/62   1,700   15 

Princeton U. - Princeton, NJ 2011 CHW   1,000 45/60   2,000   30 

Target - Brooklyn Park, MN 2002 CHW   3,800 45/60   2,500   90 

Target - Elk River, MN 2007 CHW   3,800 45/60   5,000   45 

United Healthcare Group - Elk River, MN 2007 CHW   4,650 48/62 

United Healthcare Group - Chaska, MN 2011 CHW   4,185 48/62   4,185   60 

US Bank - Olathe, KS 2008 CHW   2,700 44/58 

 

* Originally CHW TES, but pre-designed for potential future conversion to LTF TES for more capacity. 



Many examples of representative TES for MCF 

are presented in Table 4.  Note that they tend to be 

relatively recent installations, often using operating 

temperatures somewhat warmer than those typically 

used in conventional space air-conditioning, and the 

storage discharge period is relatively short, often only 

a fraction of an hour. 

 

Although most of these data center or other MCF 

applications limit the design and use of TES to 

standby or reserve emergency cooling, it is 

noteworthy that larger TES installations can be used 

for both emergency reserve and daily peak load 

management functions.  An example from Table 4 of 

a MCF installation employing those dual TES 

functions is the Apple data center in NC, where 75% 

of the TES capacity is used for reducing peak electric 

power demand for 8 hrs/day, while the remaining 

25% is held in reserve for 20 minutes of emergency 

cooling. 

 

CONCLUSIONS AND RECOMMENDATIONS 

Thermal Energy Storage (TES) has long 

provided operating cost savings for users, based on 

traditional electric utility tariff demand charges and 

time-of-use energy charges.  However, there are 

many other potential benefits of TES, one or more of 

which often apply in particular applications. 

 

With deregulated electric markets, real-time 

pricing and spot market pricing reflect a more 

realistic time-dependent value of power, leading to 

even greater operating savings for TES. 

 

When applied in large applications, at times of 

new construction, facility expansion, or chiller plant 

upgrades, chilled water (CHW) TES and low 

temperature fluid (LTF) TES often provide, not only 

very significant operating energy cost savings, but 

often substantial net capital cost savings (often 

millions of dollars) versus equivalent conventional 

(non-TES) chiller plant capacity. 

 

In addition, we have explored numerous other 

TES benefits and cited actual installations of each.  

These benefits can offer value, not only to TES 

owners, but also to the electric utility grid, and in turn 

to all rate payers, and the environment. 

 

Also, we discussed two relatively recent but 

rapidly expanding applications of TES: Turbine Inlet 

Cooling (TIC) plus Emergency Cooling and 

redundancy for Mission Critical Facilities. 

 

Owners and operators of cooling systems (and 

combustion turbines) should fully understand and 

consider the various applications and potential 

benefits of TES in order to identify and capture its 

maximum potential value. 
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Environmental Management 

CONTROL 
BOILER EMISSIONS 

through Work Practices and 
Energy Management 

JAMES E. RoBINsoN, P.E., P.ENG. 
DES GLOBAL, LLC 

The Boiler MACT regulation provides compliance 
options that include pollution-abatement equipment, 
work practices, and energy efficiency improvements. 

An energy management and reporting system (EMRS) 
can be a part  of  plant's compliance strategy. 

Virtually all chemical process industries (CPI) plants 
in the U.S. are subject to a regulation known as 
the Boiler MACT rule, i.e., the National Emis-

sion Standards for Hazardous Air Pollutants (NESHAP) 
for Major Sources: Industrial. Commercial, and Institutional 
Boilers and Process Heaters (1). This rule sets numerical 
emission limits for five hazardous air pollutants (HAPs) 
-carbon monoxide (CO), hydrogen chloride (HCI), 
mercury (Hg), and particulate matter (PM) or measured 
total selected metals (TSM, the combination of arsenic, 
beryllium, cadmium, chromium, lead, manganese, nickel, 
and selenium) - based on the application of maximum 
achievable control technology (MACT). 

The specific requirements that a plant must meet depend 
on the facility's construction status (new or existing), boiler 
design, fuel burned, and boiler size, as well as whether the 
facility is a major source - defined as a facility that emits 
10 ton/yr or more of any single HAP or 25 ton/yr or more 
of any combination of HAPs or an area source (all oth-
ers). The detailed requirements and the many numerical 
limits are beyond the scope of this article and are available 
in the regulation. 

Although some facilities should already be in compli-
ance with the rule (for instance, new sources constructed 
or reconstructed after June 4, 2010, had to comply by Jan. 
31, 2013, or upon startup if that was later), existing major 
sources must comply by Jan. 31, 2016. 

To meet the regulatory requirements, some facilities,  

such as those that burn coal, heavy oil, or biomass, will 
need to install or upgrade end-of-pipe pollution-control 
equipment, such as electrostatic precipitators, dry or wet 
scrubbers, fabric filters, and/or sorbent injection systems. 
Implementing these controls can have considerable initial 
capital and annual operating costs. Table 1 presents the 
U.S. Environmental Protection Agency's (EPA) estimates 
of the capital and annual operating costs (Ref. 2, Table 5, 

pp. 7 155-7156). Notice the three numbers in red: 
• $5.1 billion is the estimated capital to be spent over the 

next four years 
• $94 million/yr is the annualized testing and monitoring 

cost (excluding the staff costs for recordkeeping and 
reporting) 

• $1.3 billion/yr is the projected net annualized operating 
cost for MACT equipment operation and work practices. 
This incorporates a $400-million/yr credit for energy savings 
('3) from new equipment, inspections, and tune-ups that 
reduce fuel consumption by 47.3 trillion Btu/yr against an 
unadjusted annual operating cost of $1.7 billionlyr. 

Many CPI plants, particularly those that burn natural gas 
in their boilers, may be able to avoid major capital expendi-
tures by adopting various operating work practices, includ-
ing advanced energy management and combustion control. 

An energy management and reporting system (EMRS) 
is a real-time, closed-loop, model-predictive control system 
that manages utility supply (in the powerhouse) and demand 
(in the process) through the effective management of equip- 
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ment operation, fuel allocation, and combustion optimiza-
tion. Managing energy supply and demand effectively is 
critical to maintaining profitability, so most large facilities 
employ some type of energy management system. This 
article outlines an approach to EMRS implementation for 
work practices, advanced controls, and automated report-
ing systems that major sources can use to comply with the 
MACT regulation. 

Boiler MACI emission limits and work practices 

The rules have different requirements for boilers and 
process heaters based on their: 
• construction date - existing units commenced con-

struction or reconstruction prior to June 4, 2010, new units 
after that date 
• size - large major source boilers and process heat- 

ers have a heat input capacity of 10 million Btu/hr or more, 
small major sources have a capacity less than 10 MMBtu/hr 

fuel - coal, biomass, heavy liquid, light liquid, natural 
gas or refinery gas (designated Gas 1), or other process gases 
(Gas 2); liquid-burning units located outside the continental 
U.S. are regulated under the fuel category of "non-continen-
tal liquid." 

Table 2 summarizes the applicability of numerical 
emission limits and work practices based on these 
distinctions (4). Tables 3 and 4 summarize the emission 
limits for existing and new sources, respectively (Ref. 2, 
pp. 7142). The facility owner may choose to manage either 
filterable PM or TSM to best mitigate the non-Hg metals 
with the instrumentation and process controls available. 

The owner of an existing system must perform a one-
time energy assessment to evaluate the operating character- 

Table 1. Boiler MACI regulatory cost estimates, assuming all new units will barn natural gas, refinery gas, or biomass. 

Source 

Existing Units 

Subcategory 

(Fuel Fired) 

Coal 

Heavy Liquid 

Light Liquid 

No. of 
Affected 

Units 
(Estimated or 

Projected) 

621 

615 

Capital 
Cost, 

million 

$2,554 

$405 

$712 

Annualized 
Cost 

Considering 
Fuel Savings, 

million/yr* 

Annualized 

Testing and 
Monitoring Cost, 

million/yr 

Capital 
Cost 

per Unit 

$4,113,000 

$807,000 

$2,386,000 

$1,158,000 

Annualized 
Cost 

per Unit 

$1,456,000 

$217,000 

$693,000 

$270,000 

Biomass 
	

502 

$904 
	

$46 

$109 
	

$29 

319 $761 $221 $5.4 

$166 
	

$4.2 

21 $17 $0.8 Non-Continental 
Liquidt 

$2,952,000 $810,000 

Gas 1 (Natural Gas 
or Refinery Gas) 

Gas 2 (Other Gases) $138 $1,070,000 

($24,700) 

$450,000  

$6,500 

New Units Coal 
	

0 

Biomass 82 $381 $99 $5.6 $4,646,000 $1,207,000 

Heavy Liquid C 

Light Liquid 

Non-Continental 
Liquidt 

Gas 1 (Natural Gas 
or Refinery Gas) 

Gas 2 (Other Gases) 

Energy 
Assessments 

All 
	

1,700 
	

NA 
	

$28 
	

NA 
	

$0 
	

$16,500 
Facilities 

Total $5,101 
	

$1,312 
	

S94 

Notes: 
* Annualized costs include testing and monitoring costs, but not recordkeeping and reporting costs. 
A non-continental liquid source is a liquid-burning unit located in Hawaii, the Virgin Islands, Guam, American Samoa, Puerto Rico, or the Northern Mariana 

Islands. 
Total annualized costs for new units do not account for fuel savings, since no fuel savings are estimated in the first year of use. 

NA = Not Applicable. 

Source: Adapted from Ref. 2, pp. 7155-7156. 
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istics of the affected boiler or process heater and its energy 
load (among other things). As an alternative to performing a 
one-time energy assessment, the facility can implement an 
energy management program that meets the requirements 
of ISO 50001 (5, 6) for the affected units. EPA recognizes 
that facilities with such programs, which incorporate energy 
performance measurements, tracking plans, and periodic 
reviews, operate under a set of practices and procedures 
designed to manage energy use on an ongoing basis. 

Instrumentation 
The energy assessment typically uses the existing 

instrumentation and data historian to provide the process 
data needed for the overall evaluation. Additional 
information required for MACT compliance can be obtained 
from other data sources, such as fuel usage logs. 

The energy assessment is a good opportunity to verify 
that the process measurements and controls are reliable and 
available to meet the regulation's continuous compliance 
requirements. Historian data gaps, bad process readings, con-
trollers in manual operation, and a large number of equipment 
malfunction alarms are indications of violations to come. 

System installation, operation, and maintenance prob-
lems that cause malfunctions often result in violations. 
Under the Boiler MACT startup, shutdown, and malfunc-
tion (SSM) provisions, the operator is subject to penalties if  

emissions during a malfunction exceed the applicable limits, 
unless the operator can provide what is known as an affirma-
tive defense, which is a demonstration that: 

• a reasonable effort was made to avoid the malfunction 
• the malfunction was not the result of operator error or 

abnormal operating practices 
• every effort was taken to safely correct the malfunction 

and return the unit to compliance. 
To avoid violations during malfunctions, review process 

systems and associated work practices to ensure proper con-
tinuous operation, and to ensure that any malfunction would 
be an abnormal occurrence. Evaluate the reliability of the 
overall process measurement and control system, and correct 
any deficiencies promptly. 

An EMRS that incorporates environmental and operating 
constraints into an automatic control system can provide 
consistency across operating shifts and minimize the risk 
of operator error contributing to a malfunction. Should a 
malfunction occur, an EMRS can provide the documentation 
that the facility was operating within process constraints 
and according to standard operating procedures necessary to 
establish an affirmative defense. 

Instrumentation requirements depend on the type of 
environmental control equipment installed in the plant and 
the method used to calculate the allowable emission rate, as 
discussed in the next section. 

Table 2. Summary of Boiler MACT requirements for existing and new major sources. 

Existing or 
New Large or Smalit Tune-Up Numerical Limits 

One-Time Energy 
Assessment 

Gas 1 (Clean Gas) Existing Large Yearlyt None Yes 

Small Biennia1ly5  None Yes 

New Large Yearlyt None No 

Small Biennially* None No 

Coal, Biomass, Oil, Gas 2 
(Process Can) 

Existing Large Yearlyt Hg, CO, HCI, and PM (or TSM) 
See Table 3 

Yes 

Small Biennially*  None Yes 

New Large Yearlyt Hg, CO, HCl, and PM (or TSM) 
See Table  4 

No 

Small Blennlally None No 

Limited Use; Existing or New Large or Small Every 5 yr None No 

Notes: 
*  Existing sources are those that commenced construction or reconstruction on or before June  4, 2010;  new sources commenced construction or 
reconstruction after June  4, 2010. 

Large sources have a heat input capacity  ?10 MMBtu/hr; small sources have a heat input capacity <10 MMBtWhr. 
*  A limited-use unit is one that has a federally enforceable average annual capacity factor of  10%  or less. 

Boilers and process heaters with a continuous oxygen-trim system perform a tune-up every 5 yr. 
Boilers and process heaters with a continuous oxygen-trim system, or that have a heat input caprity *5 MMBtu/1ir and are designed to burn Gas 1, 

Gas 2, or light liquid, perform a tune-up every 5 yr. 

Source: Adapted from Ref.  4, pp. 4-5. 
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Calculating the allowable emission rate: 
input basis vs. output basis 

The Boiler MACT emission limits for PM, TSM, HCI, 
CO. and Hg depend on the amount  of fuel consumed by 
the boiler or process heater and have units of pounds per 
million Btu (lbiMMBtu). The owner must convert the 

appropriate limit to an allowable emission rate (lb/hr) 
based on the boiler's firing rate (MMBtu/hr). This rate 

can be calculated based on heat input, or on steam and 
electricity output (Figure 1). 

Input basis. The input basis is the simplest method for 
both new and existing units. If  the heat entering the boiler 
or process heater can be measured (Q 	MMBtu/hr), it can 
be used to calculate the allowable emission rate  
lb/hr). The equations for this calculation are given in Ref. I 
(pp. 153-155). 

In some cases, fuel delivery reports are sufficient to 

prove a unit's annual fuel consumption. However, most 
sources will need fuel measurements and data from a process 
historian to calculate rolling averages of their emissions. 

Output basis. The regulation also provides an alternative 
output-basis method for calculating the allowable emission 

rate. The challenge for some facilities that bum multiple fuels 
with variable heat content, such as biomass or clean secondary,  
sludge, is that it is impractical (or impossible) to measure the 
fuel's Btu value, and heat inputs are often inferred from the 

steam output minus any metered co-fired  fossil  fuel burned in 
the boiler. Such facilities can determine their allowable emis-
sion rate based on steam and/or electrical measurements: 

• for boilers or process heaters that provide dedicated 
process heating, use the amount of process steam produced 

(Q:ampmcc..c) 

Table 3. Emission limits for existing boilers and process heaters with a heat input capacity 210 MMBtu/hr. 

Subcategory 

Particulate Matter (PM) or 
Total Selected Metals (TSM) 

HCI, 
lb/MM Btu 

of heat 
input* 

Hg, 
lb/MMBtu 

of heat 
input" 

Carbon Monoxide (CO) 
or CO Limit with CEMS 

Filterable PM, 
lb/MMBtu of 
heat input* 

TSM, 
lb/MMBtu of 
heat input* 

CO, 
ppm 

03% oxygen" 

CO Limit with 
CEMS, 

ppm 
@3% oxygent 

Coal 

Stoker 0.0400 5.30E-05 0.022 5.70E-06 160 340 

Fluidized Bed 0.0400 5.30E-05 0.022 5.70E-06 130 230 

Fluidized Bed with FB Heat Exchanger 0.0400 5.30E-05 0.022 5.70E-06 140 150 

Burning Pulverized Coal 0.0400 5.30E-05 0.022 5.70E-06 130 320 

Biomass 

Wet Stoker/Sloped Grate/Other 0.0370 2.40E-04 0.022 5.70E-06 1,500 720 

Kiln-Dried Stoker/Sloped Grate/Other 0.3200 4.00E-03 0.022 5.70E-06 460 ND 

Fluidized Bed 0.1100 1.20E-03 0.022 5.70E-06 470 310 

Suspension Burner 0.0510 6.50E-03 0.022 5.70E-06 2,400 2,000 

Dutch Ovens/Pile Burners 0.2800 2.00E-03 0.022 5.70E-06 770 520 

Fuel Cells 0.0200 5.80E-03 0.022 5.70E-06 1,100 ND 

Hybrid Suspension Grate 0.4400 4.50E-04 0.022 5.70E-06 2,800 900 

Heavy Liquid 0.0620 2.00E-04 0.0011 2.00E-06 130 ND 

Light Liquid 0.0079 6.20E-05 0.0011 2.00E-06 130 ND 

Non-Continental Liquid 0.2700 8.60E-04 0.0011 2.00E-06 130 ND 

Gas 1 (Natural Gas, Refinery Gas) NA NA NA NA NA NA 

Gas 2 (Other Gases) 0.0067 2.10E-04 0.0017 7.90E-06 130 ND 

Notes: * 3-run average, unless otherwise noted. 
30-day rolling average, unless otherwise noted. 

* 10-day rolling average. 
* A liquid-burning unit located in Hawaii, the Virgin Islands, Guam, American Samoa, Puerto Rico, or the Northern Mariana Islands. 
NA  =  Not Applicable; ND = No Data Available. 

Source: Adapted from Ref. 2, pp.  7142. 
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• for boilers or process heaters that provide dedicated 
steam for electricity generation, use the amount of electricity 
produced 

• for cogeneration systems in which the affected steam 
generators provide process steam and electricity, use the 
amount of steam extracted by the turbine (Q ) and 
the amount of electricity generated. 

The equations for these calculations are found in Ref. I 
(pp. 186-188). 

The alternative output-basis calculation provides 
owners of existing affected sources some latitude in 
complying with Boiler MACI. Existing facilities that 
use the output-basis method can avoid some or all of 
the expense of pollution-abatement equipment by taking 
advantage of efficiency credits and/or emissions averaging 
(discussed later). 

Example: Evaluating compliance options 
This example illustrates the steps and calculations 

involved in determining an existing boiler's compliance 
status with the particulate matter limits and evaluating its 
compliance options. The goal is to identify the lowest-cost, 
highest-reliability solution with some safety margin. 

The process for this example is shown in Figure 1. A 
boiler supplies steam to an extraction-condensing turbine 
and generator (with an extraction generation coefficient of 
28,900 lb/MW) for the production of electricity. The fuel is 
pulverized coal (PC) with a conversion efficiency of 85%. 
An existing electrostatic precipitator (ESP) controls PM 
emissions to 5.OE-02 lb/MMBtu measured at the stack. The 
boiler has a maximum continuous rated (MCR) capacity of 
500,000 lb/hr and operates at 880 psig and 900°F without 
an economizer feedwater heater. The average process steam 

Table 4. Emission limits for new boilers and process heaters with a heat input capacity 210 MMBtu/hr. 

Particulate Matter (PM) 
or Total Selected Metals (TSM) 

HCI, 
lb/MMBtu 

of heat 

Hg, 
lb/MMBtu 

of heat 

Carbon Monoxide (CO) 
or CO Limit with CEMS 

Filterable PM, 
lb/MMBtu of 

TSM, 
lb/MMBtu of 

CO, 
ppm 
@3% 

CO Limit with 
CEMS, 
ppm 

Subcategory heat input' heat input* input input' oxygen* @3% oxygent 

Coal 

Stoker 0.0011 2.30E-05 0.022 8.00E-07 130 340 

Fluidized Bed 0.0011 2.30E-05 0.022 8.00E-07 130 230 

Fluidized Bed with FB Heat Exchanger 0.0011 2.30E-05 0.022 8.UOE-07 140 150 

Burning Pulverized Coal 0.0011 2.30E-05 0.022 8.00E-07 130 320 

Biomass 

Wet Stoker/Sloped Grate/Other 0.0300 2.60E-05 0.022 8.00E-07 620 390 

Kiln-Dried Stoker/Sloped Grate/Other 0.0300 4.00E-03 0.022 8.00E-07 460 ND 

Fluidized Bed 0.0098 8.30E-05 0.022 8.00E-07 230 310 

Suspension Burner 0.0300 6.50E-03 0.022 8.00E-07 2,400 2,000* 

Dutch Ovens/Pile Burners 0.0032 3.90E-05 0.022 8.00E-07 330 520* 

Fuel Cells 0.0200 2.90E-05 0.022 8.00E-07 910 ND 

Hybrid Suspension Grate 0.0260 4.40E-04 0.022 8.00E-07 1,100 900 

Heavy Liquid 0.0130 7.50E-05 0.00044 4.80E-07 130 ND 

Light Liquid 0.0011 2.90E-05 0.00044 4.80E-07 130 ND 

Non-Continental Liquidt 0.0230 8.60E-04 0.00044 4.80E-07 130 ND 

Gas 1 (Natural Gas, Refinery Gas) NA NA NA NA NA NA 

Gas 2 (Other Gases) 0.0067 2.10E-04 0.0017 7.90E-416 130 ND 

Notes: 
* 3-run average, unless otherwise noted. 

30-day rolling average, unless otherwise noted. 
10-day rolling average. 
A liquid-burning unit located in Hawaii, the Virgin Islands, Guam, American Samoa, Puerto Rico, or the Northern Mariana Islands. 

NA = Not Applicable; ND = No Data Available. 

Source: Adapted from Ref. 2, pp. 7142. 

Copyright © 2014 American Institute of Chemical Engineers (AIChE) 	 CEP  February 2014 www.aiche.org/cep  43 



Input 
	

Output 
Basis 
	

Basis 

Boiler 
with 
ESP V Feedwater 

Heater 

..—.*  Fuel 

—.0.  Steam 

-p.  Condensate or 
Feedwater 

4 	 

Steam Header 

Steam 
Turbine  0Bot,ca 

V Electric 
Load 

QSteamcv— 	 ..E,1- 

V 

E , - 

Heat Load 

Reclaimed 
Condensate 

	H 
Feedwater Pump 

Deaerator 

Environmental Management 

I Figure 1. The MACI environmental limit calcula-
tions require the boiler firing rate, which can be 
calculated in two ways: the input-basis method, 
which uses the fuel input, or the output-basis 
method, which uses the steam and electric outputs. 

The measured emissions of 21.2 lb/hr 

exceed the allowable emission rate of 

16.9 lb/hr PM, so the boiler is not in 
compliance. Therefore, it may require 

combustion air modifications and pollution-

abatement equipment, such as upgrading 

the ESP by combining it with a wet scrub-
ber or other pollution-control equipment. If 

the cost of these modifications exceeds 50% 
of the boiler's replacement cost, the unit 

would be reclassified as a new or rebuilt 
boiler and subject to stricter emission limits. 

It would be valuable to know the emission 
limit for a rebuilt boiler. 

Step 2. Evaluate what the emission 

demand is 300,000 lb/hr. (For this analysis, sootblower 

steam, blowdown steam, and steam turbine discretion-
ary condensing are ignored.) Table 5 lists the process data 
needed for the calculations. 

Step 1.  Evaluate the boiler's current performance 

(Case 1) and compare that to the input-basis limit for exist-
ing boilers. From Ref. 1  (p.  195. Item 2, Column 3), the 

PM limit for an existing PC boiler and the input-basis 
method is Q. 	 . = 4-OE-02 lb/MMBtu, so the h,,ns.sIons1.ftnii,IB/ 

allowable emission rate is: 

423 MMBtu/hr  Y  4.0E-02 lb/MMBtu = 16.9 lb/hr PM 

The measured emissions are: 

423 MMBtu/hr 5.OE-02 lb/MMBtu = 212 lb/hr PM 

Table 5. Process data for Figure 1 example calculation. 

Feedwater and Fuel 

Case 1 Case 2 

Temperature 280°F 440°F 

0F00dwaio 249 Btu/lb 419 Btu/lb 

°FueI 423 MMBtu/hr 365 MMBtu/hr 

Steam 

Temperature Pressure 

stcemp,ocess 900°F 880 psig 

sioamxactio., - 160 pslg 

requirements would be if the facility installs 

a combustion air and fluegas backend 
upgrade. From Ref. 1  (p.  191, Item 2, Column 3), the PM 

limit for a new or rebuilt PC boiler and the input-basis 
method is 	 = 1. I E-03 lb/MMBtu, so the 

allowable emission rate is: 

423 MMBtu/hr 1.IE-03 lb/MMBtu = 0.47 lb/hr PM 

That would require an advanced ESP configuration at a 
cost of $3 million to $8 million and a  3-5  day service outage 

(7). Can this expenditure be avoided? 
Step 3. Use the output-basis method to calculate the 

allowable emission rate for an existing boiler, and determine 
whether this could be met through modified work practices. 

Step 3a. According to the definitions in Section 63.7575 

of the regulation (Ref. 1, p.  186, Steam Output Definition 2), 
the total energy output is the sum of the energy content 
of the steam exiting the turbine and sent to the process in 

MMBtu/hr and the energy of the electricity generated con-
verted to MMBtu at a rate of 10 MMBtu/MWhr: 

Output  =  Q,c.a,n&,ractjon + 	)( 10 MMBtu/ MMhr) 

= (300,000  lb/hr)(1,254 Btu/lb) 

300,000 lb/hr  
+ 	 (IOMMBtu/MMhr) 

28,900 lb/MW 

=480 MMBtu/hr 

Step A. From Ref. 1 (p. 195, Item 2, Column 4). the PM 
limit for an existing PC boiler and the output-basis method 
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is Q FmIcIo,,c( suit, 	= 4.2E-02 lb/MMBtu, so the allowable 
emission rate is: 

operating data. These provisions establish a fair assessment 
of the plant's energy usage prior to implementation of the 
energy savings program. 

480 MMBtu/hr  Y  4.2E-02 lb/MMBtu = 20.2 lb/hr PM 

The existing emissions of 21.2 lb/hr exceed this limit by 
only 1.0 lb/hr. Process modifications might be able to reduce 
emissions by this amount. 

Stej 4. Evaluate the boiler's performance if the 
temperature of the feedwater into the boiler is increased to 
440°F, which would allow the fuel input to be reduced to 
365  MMBtu/hr. Emissions under these conditions would be: 

365 MMBtu/hr >' 5.OE-02 lb/MMBtu = 18.3 lb/hr PM 

This is 1.9 lb/hr below the allowable emission rate of 
20.2 lb/hr. The boiler would be in compliance with a 9% 
margin of safety. 

Steps 1, 2, and 3 show that MACT compliance can 
be difficult to achieve. However, the regulation provides 
options to help existing boiler owners comply. 

Step 4 shows that with a higher feedwater temperature, 
the amount of coal needed in the boiler can be sufficiently 
reduced to reduce emissions enough to meet the standard. 
Furthermore, if the boiler runs 24 hr/day, 320 days/yr, and 
the facility uses blowdown or waste steam, the plant could 
realize more than Sl-2 million/yr in energy savings. 

Efficiency credits 
The Boiler MACT standard allows a source to take credit 

for emission reductions that result from energy conservation 
projects. Efficiency credits can be obtained if the benefits of 
the energy conservation measures are realized after Jan. 1, 
2008, and if sufficient information is available to determine 
the appropriate value of credits  (i.e., the amount of energy 
saved and the quantity of emissions avoided as a result of the 
reduced energy consumption). 

Credits are calculated based on the difference between an 
energy benchmark that is established for each affected boiler 
and the actual energy demand reductions due to energy 
conservation measures after Jan. 1, 2008. Section 63.7533 of 
the regulation (Ref. 1, pp.  161-163) provides the equations 
to calculate efficiency credits, and Ref. 8 provides further 
guidance on performing the calculations as well as some 
examples for complex systems. 

The energy benchmark is generally the rate of heat 
input to the unit during the one-year period before the 
date that an energy demand reduction occurs. A different 
time period can be used if the facility can demonstrate 
that it is more representative of historical operations. 
To account for process changes, the benchmark can be 
normalized based on non-energy-related facility and 

Emissions averaging 
A source that meets certain conditions can demonstrate 

compliance with the PM (or TSM), HCI, and Hg limits 
through emissions averaging, as long as the average 
emissions are not more than 90% of the applicable 
emissions limit. If a facility's annual stack test emissions 
are below 75% of the emission limits two years in a row, 
the performance testing interval can be extended from every 
year to every three years. 

Existing boilers and process heaters in the same solid, 
liquid, or Gas 2 fuel subcategory that vent to separate stacks 
are eligible for averaging; new units are not. Averaging 
across fuels is not permitted (for example, emissions from a 
unit burning a solid fuel such as coal cannot be averaged with 
emissions from a unit burning a liquid such as No. 6 oil). 

For mercury and HCI, averaging is allowed among units 
that burn solid fuels regardless of the equipment's design 
subcategory, among units that burn liquid fuels regardless 
of design, and among units that bum Gas 2 fuels regardless 
of design. 

For PM (or TSM), averaging is only allowed among 
units within the same equipment-design subcategory. For 
example, emissions from a fluidized-bed unit designed to 
burn biomass cannot be averaged with emissions from a 
suspension burner designed to bum biomass. 

Details on emissions averaging and the applicable 
equations can be found in Section 63.7522 of the regulation 
(Ref. 1, pp. 142-147). 

Demonstrating compliance 
Facilities that are subject to numerical emission limits 

can demonstrate compliance with the Boiler MACT rule 
in several ways. Continuous monitoring systems (CMS), 
such as continuous emission-monitoring systems (CEMS) 
or continuous parameter-monitoring systems (CPMS), 
collect a wide range of data (e.g., opacity readings, as well as 
measurements related to the operation of pollution-abatement 
equipment) to prove a source's continual compliance. 

Facilities can avoid the expense of CMS equipment 
by conducting stack testing (also called performance test-
ing) and fuel analysis. An initial performance test and fuel 
analysis is required to establish initial compliance with the 
numerical limits for Hg, CO, HCI, and TSM or PM and to 
establish operating limits that must be observed until the 
next test. 

Instead of demonstrating compliance by adhering to 
operating limits, a plant can perform annual stack testing and 
monthly fuel analysis. This approach assumes that the emis- 
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sions limits will be met if the amount of pollutants entering 
the boiler are kept below specific levels determined during 
the initial and annual testing. To use fuel analyses to demon-
strate compliance, a source must: 

* demonstrate that the emissions of Hg, HCI, and TSM 
are less than the regulation's limits 

• conduct a fuel analysis each month for each type of fuel 
burned, reduce the calculated emissions data to a 12-month 
rolling average, and maintain the 12-month rolling average 
at or below the emission limit established during the initial 
stack test. 

If a plant burns more than one type of fuel, it must 
determine the fuel type or mixture that would result in the 
maximum emission rates of Hg, HC1. and TSM. Before 
burning a new type of fuel or mixture, the plant must 
recalculate the Hg, HCl, and TSM emission rates, which 
must be less than the applicable emission limits, and perform 
a stack test within 60 days. 

Section 63.7530 of the regulation (Ref. 1, pp. 153-161) 
discusses fuel testing. 

An EMRS is well suited to automating the tasks 
involved in using the fuel-analysis approach to demonstrate 
compliance. As combustion parameters change from 
one moment to the next to satisfy process demands and 
reliability requirements, the EMRS can calculate, track, and 
report the expected emissions. 

A  Figure 2. Fuel, excess air, CO. and 02  affect combustion efficiency 
in a complex way. The vertical axis plots The relative change in CO (in 
ppm), 02  (in percent excess air), and efficiency (in percent). The nonlinear 
nature of CO creation makes it difficult to control CO directly, so 02  is 
controlled instead. The highest-efficiency region occurs in a slightly air-rich 
environment above the point where excess air and excess fuel both equal 
zero. The preferred operating point occurs when a slightly air-rich environ-
ment is reached, indicating that all of the fuel has been consumed. Below 
that point, an explosive fuel-rich environment would exist, and that is to 
be avoided. 

Process control techniques for CO control 
The minimum compliance requirement for major source 

boilers and process heaters is to perform inspections and 
tune-ups and to employ rigorous combustion control. A 
boiler or process heater with a rating of 10 MMBtulhr or 
higher that bums a fuel other than natural gas is subject to 
numerical limits on (among other things) its emissions of 
carbon monoxide. 

Combustion control is designed to minimize excess 
air for maximum efficiency while managing CO and 0., 
concentrations to prevent the release of pollutants. This 
balancing act is carried out by automated instrumentation 
and control systems under the watchful eye of a trained 
process operator. Stricter environmental standards and 
reductions in operating staffs over the past few decades 
have made the process control challenge more difficult. The 
Boiler MACT rule provides additional incentives for plants 
to install continuous 0,-trim and a combustion-optimization 
system to manage CO emissions. 

Air and fuel are the basic inputs to the boiler or process 
heater. The combustion reaction oxidizes carbon in the 
fuel to carbon dioxide according to the following two-step 
reaction: 

2C +02  2CC) + Heat 
2C0  +02  2CO3  ± Heat 

For the complete combustion of carbon to carbon 
dioxide, every carbon atom must make contact with two 
oxygen atoms. In large industrial boilers, this is difficult to 
achieve in practice for several reasons: 

• Complete mixing of the free oxygen in air with carbon 
in the fuel requires sufficient reaction time. Complex multi-
fuel boilers require independent control of several layers of 
combustion air systems to provide the residency time in the 
furnace needed for complete combustion. 

• The boiler firing rate varies constantly with changes in 
user steam demand to avoid high or low header pressures. 
This dynamically changes the fuel and air inputs into the 
boiler, generating HAPs during the transitions. 

• The specific amount of carbon in a given volume of 
fuel may be unknown, so the amount of air required to 
complete combustion cannot be determined with certainty. 

Figure 2 depicts the relationships among fuel input, 
oxygen consumption, CO production, and boiler efficiency. 
The nonlinearity of the CO curve illustrates why it is 
difficult to control CO directly. However, the CO production 
rate can be used to dynamically determine the minimum 
excess air required for complete combustion. 

Simple systems use a common mechanical jackshaft 
combustion-control strategy, which consists of mechanical 
linkages for air and fuel metering mounted on the front of 
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the boiler. An alternative is a small electronic controller on 
the front of the boiler to set and maintain a minimum 0, 
level. While these simple controls may use more fuel and 
cost more, they do assure that excess air is present and above 
the CO-formation point. 

Larger systems use interconnected air and fuel 
controllers with 0, trim to limit the amount of excess air 
present until CO begins to form. While this is more efficient, 
it does not respond to changing operating conditions, such 
as variable-Btu fuels, dynamic process demand changes, or 
process turndowns. 

Complex units with environmental constraints have 
successfully employed a consumed-air combustion strategy 
to manage variable-Btu-fuel, multi-fuel boilers. Boilers 
with changing operating ranges, fuel moisture content, 
and/or fuel mixes can use adaptive control in addition 
to consumed-air control to manage CO formation to 
maximize efficiency. 

Consumed-air control 
The primary indicator of the completeness of combustion 

is the amount of oxygen in the fluegas exiting the boiler. 
Excess oxygen (beyond the stoichiometric amount) is 
required to complete combustion because the mixing of air 
and fuel in a boiler is not perfect. If too little excess 02  is 
supplied, combustion will be incomplete and the fluegas 
will contain some amount of carbon monoxide. When 
more excess 02  than necessary is provided, the excess 
air is heated in the furnace, which increases the fluegas 
temperature and velocity. The increased heat exiting through 
the stack reduces the boiler's efficiency, and more fuel is 
needed to meet the steam demand, thereby increasing the 
environmental impact of the boiler. 

The oxygen content of air is relatively fixed, whereas the 
carbon content of fuel (other than fuels like natural gas or 
diesel fuel) is variable. The rate of steam generation can be 
stabilized by setting the air flow based on steam demand and 
adjusting the fuel rate to achieve the proper amount of 0, 
required for combustion. 

In the consumed-air strategy, the flow of air into the 
boiler is initially set at a high enough level to ensure 
complete combustion. The air flowrate is then trimmed 
over a short period of time to reduce the excess oxygen to 
a minimum. Over the long term, the fuel flowrate is varied 
based on the air-to-fuel ratio calculated dynamically as a 
function of fuel flow, air flow, and excess 0.,. 

The minimum C), requirement can be found while the 
boiler is operating by monitoring carbon monoxide as an 
indication of incomplete combustion in the fluegas. A CO 
reading of zero indicates that the excess air may be higher 
than necessary. At the minimum excess 0, level, the fluegas 
will contain a small quantity of CO (50-150 ppm). 

Adaptive control 
Large boilers and process heaters require control systems 

that can respond to wide variations in process parameters 
such as: 

• steam demand variability and turndown requirements 
• ambient air temperature and humidity 
• moisture content of the fuel 
• inconsistencies in the atomization of the fuel 
• fuel quality. 
Boiler operators often respond manually to variations in 

these parameters to minimize fuel usage and environmental 
impact, and each shift operator has his or her own style of 
tweaking the boiler. With multiple shifts at a plant, operating 
variability can cause performance to degrade, resulting in 
larger economic and environmental impacts. 

Example of adaptive control. CO control can be provided 
by special tools that manipulate controlled variables while 
maintaining several environmental constraints. Fuzzy logic 
is one such tool. 

In this example, a chemical recovery unit at a paper mill 
employs a chain of individual, single-variable, priority-
constrained fuzzy-logic controllers (9) interfaced to other 
modules in an advanced process control network. One fuzzy 
logic controller acts as an input bounday limiter ([BL) to 
incorporate one process input, such as CO level, into a chain 
of multiple inputs. When these lBLs are linked in a chain, 
they form a prioritized rule set in which each IBL gives 
increase and decrease permission to all the rules beneath 
it. The position of an IBL in the chain, therefore, affects its 
operation and the final behavior of the controlled variable, 
which is usually the position of a valve or damper. 

This type of control system can manage the behavior of 
multiple process variables in a very sophisticated manner. 

EMRS rules 
The EMRS rule sets have always included environmental 

constraints. This structure can simply be expanded to include 
the additional Boiler MACT compliance requirements. The 
constraints are prioritized in order of importance: 

I. safety limits 
2. physical limits of the equipment 
3. environmental limits 
4. efficiency. 
Notice that control actions aimed at increasing 

efficiency can be taken only when all physical, safety, and 
environmental constraints are satisfied. If environmental 
limits are approached, the control system automatically 
sacrifices economics and operational demands to keep the 
boiler in compliance while assuring safe operation. 

Velocity rules can be added to prevent the controlled 
variable from increasing or decreasing too quickly. Atypical 
single-loop controller monitors only one process variable, and 
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A Figure 3. The EMRS integrates Boiler MACT compliance requirements 
with equipment operating limits, continuous compliance instrumentation, 
and advanced boiler controls. 
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A Figure 4. The EMRS is a closed-loop controller and a dynamic model-
based advisor. The advisor display gives the operator constant feedback 
on the current system performance using a process model that adjusts to 
current constraints. This allows the operator to properly respond to process 
dynamics with the equipment available. Lost opportunity cost is the gap 
between the ideal hourly operating cost and the current hourly operating 
cost. It allows the operator to respond more strategically to reduce costs, 
and is often an indication of abnormal process or control conditions that 
should be addressed. 
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that variable is intentionally tuned slowly to prevent an upset 
in another boiler variable (e.g., drum level or furnace draft). In 
contrast, an IBL chain can be tuned aggressively, because the 
other variables incorporated as increase-and-decrease limiters 
control the amount of gain on IBLs lower in the chain. 

Integrating an EMRS with 
pollution abatement equipment and work practices 

Plants that currently have less-than-ideal energy 
management may find Boiler MACT compliance particularly 
challenging. Many facilities have increased their utility 
demands without increasing the dynamic capabilities of the 

utility system to meet the higher demands. This presents a 
challenge if the utility system's environmental permits are 
based on stack testing under steady-state conditions and 
require continuous compliance with emission limits that are 

based on not exceeding 110% of the tested load. 
An EMRS can address this challenge by coordinating 

different combustion control strategies, pressure relief valves 
(PRVs), turbines, and vents to provide anticipatory control to 
satisfy facility steam demand across multiple control rooms 
built on different hardware platforms. This hardware can be 

incorporated into a modularized yet seamlessly integrated 
control and reporting solution. An example is predictive 

header-pressure control (10, 11) that manages the powerhouse 
combustion and steam-distribution systems to reduce 

variability while satisfying header-pressure requirements. 
Figure 3 illustrates a typical EMRS designed for Boiler 

MACT compliance. The dynamic process advisor model 
includes fuel characteristics and cost data, which it uses 
to calculate fuel usage, emissions, savings, and other 
parameters needed for both regulatory reporting and plant 

operation and management. Integration of continuous 
compliance instrumentation with the EMRS permits the 

implementation of emission averaging. The allocation 
system uses the plant's projected steam demands to manage 

the boilers, turbines, PRVs, and vents in order to optimize 
overall utility management, subject first to emission limits 
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and reliability requirements and then economic goals. The 
advanced boiler combustion controls are integrated with the 
pollution abatement equipment's operating limits to manage 
boiler loading and minimize the risk of malfunctions or 
unscheduled outages due to operator error. 

Environmental parameters have been integrated into 
powerhouse control EMRS since 1999. This approach has 
reduced overall steam and fuel costs by 5% to 7% and total 
facility carbon dioxide equivalent (CO 2e) emissions by 
12% (12). Some projects have reported a simple payback of 
less than three months with savings of $500,000 in the first 
month of operation (13). 

The standard reporting provided by an EMRS satisfies 
a significant portion of the MACT reporting requirements. 
Figure 4 shows a typical communications interface with the 
dynamic process advisor model, which gives the operator 
constant feedback on the system operation, constraints, and 
current economics. This is important under Boiler MACT, 
because the environmental constraint rule set is part of the 
overall operating strategy. 

Closing thoughts 
EPA has provided alternatives for sources that are subject 

to the Boiler MACT regulation. Not all facilities will need 
to install pollution-abatement equipment. Many will be able 
to comply with the standard through work practices, fuel 
switching, and tighter energy management. An EMRS can 
provide that energy management. By stabilizing dynamic 
boiler operation and improving safety, an EMRS drives the 
boiler to higher efficiencies while automatically respond-
ing to environmental upsets according to a prioritized, 
rule-based set of controls. From a financial perspective, an 
EMRS implementation project has a high rate of return. 
From a plant management perspective, an EMRS and 
advanced combustion controls assure compliance at minimal 
cost, and EMRS reporting charts allow management to view 
MACT compliance daily. For operators, an EMRS provides 
the tools and guidance to succeed in a real-time operating 
environment. 	 MM 
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ABSTRACT 

     An approach is proposed to determine the optimal 
air compressor location in a manufacturing facility. 
The optimization strategy is based on an objective 
function that minimizes the total energy consumption 
of the air compressor —thereby decreasing the 
energy cost —in the manufacturing facility. 
Compressor distance to air demand, air pressure, load 
factor and volume are all factors considered in the 
model. 
 
     The proposed model determines the facility’s 
attributes based on user inputs of facility size. The 
model then divides the facility into zones and creates 
a zone-to-zone distance matrix within the prescribed 
facility. Demand and pressure profiles of the facility 
are created based on the equipment and tools present 
in each zone. The model also determines the ideal air 
compressor horsepower required to meet the facility 
air demand at the required pressure.  Air pressure 
drops are incorporated using a compressed air 
pipeline pressure drop table, while air leaks are 
calculated throughout the system using novel and 
conservative estimation technique. Facility shape and 
facility temperature profile used to ensure safe and 
proper operation of the air compressor are also 
considered in the objective function.  
 
     To examine the effectiveness of our approach, a 
simulation based experimental analysis is conducted 
using a representative facility layout (office space, 
production area, machine shop, shipping and 
receiving, and sand blasting) with nameplate data for 
compressed air demand, air pressure, and load factor. 
The outcomes of the experimental analysis were 
validated through an established theoretical approach, 
with analysis conducted on multiple facility zones. 
The results suggest that, by utilizing the proposed 
model to optimize the air compressor location in the 
facility, significant energy reduction can be achieved. 
 

 

1. INTRODUCTION 

     Compressed Air is often regarded as the fourth 
utility and is one of the most critical applications in 
production and process environments [1, 2]. It 
accounts for approximately 10% of total industrial-
energy use in the U.S, resulting in a staggering 90 
billion kWh per year [3, 4]. Furthermore the total 
installed power of compressed air systems in the U.S 
is estimated at more than 17 million horsepower [5], 
accounting for about 16% of industrial motor system 
energy use [6]. Having said that, a well-designed 
compressed air system is only about 11% efficient [2] 
with some estimates stating that poorly designed 
systems account for up to $3.2 billion in wasted 
utility payments in the U.S each year [7]. This 
combined with the fact that compressed air is the 
most expensive form of energy to deliver make it 
critical for manufacturing facilities to optimize 
compressed air energy efficiency and reduce cost [8]. 
Unfortunately compressed air systems are one of the 
least understood processes in most manufacturing 
facilities [9].    
 
     The location of the air compressor in a facility is a 
critical step in ensuring an energy efficient 
compressed air system. By optimizing the air 
compressor location, distance to the highest demand 
zones are minimized, the total pressure drop and 
number of air leaks are reduced, and the compressed 
air distribution system (piping) is improved. 
According to Scott Foss, President of Plant Air 
Technology, “The concept design or redesign should 
be to minimize the highest amount of air mass or 
volume of air and the distance that the air must flow 
to support any part of the system from supply to 
demand [2]”. In essence the goal is to get the 
compressed air from the supply side to the demand 
side in the most efficient and cost effective manner.  
     
      In this paper an optimization model is proposed 
to increase energy efficiency in a facility by 
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determining optimal air compressor location. The 
optimization strategy is based on an objective 
function that minimizes the total energy consumption 
of the air compressor—hence the energy cost for the 
facility. The strategy is centered on the idea that 
reducing the total distance compressed air needs to 
travel to the highest demand locations will result in a 
significant reduction in air compressor energy 
consumption. Air leaks, and pressure drop in a pipe 
due to friction, are directly correlated to distance. The 
further the distance of the air compressor location to 
the respective demand zone i, the more pressure drop 
and air leaks the system will experience. Minimizing 
the distance compressed air must travel to high 
demand and high-pressure zones will result in a more 
efficient compressed air system. 

 
2. OPTIMIZATION OF AIR COMPRESSOR 

LOCATION 

    In this section an objective function is proposed to 
find the optimal air compressor location in a 
prescribed facility. The objective function’s goal is to 
minimize the total energy consumption of the air 
compressor and hence the energy cost for the facility.  
    The objective function can be written as follows: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑��𝑃𝑖𝑗 ∗ 𝑉𝑖𝑗� ∗  𝐷𝑖𝑧�                                            
          (1) 

For i = 1……………….N 
      j = 1……………….R 
      z = 1…………....…N 
 
     Where N and R represents the number of zones in 
the facility and the number of machines in each zone 
respectively. For machine j in zone i, Pij is the 
pressure (psig) requirement, Vij is the effective 
demand (cfm) requirement (Volume * Load Factor 
(%)). Diz is the distance between zone i and the 
potential air compressor zone z. The optimal zone for 
air compressor location is the zone z that minimizes 
the above function (1).  The following sections detail 
the various terms in the objective function. 

2.1. Distance, Facility, and Zones  

     It is important to first describe how the function 
addresses the facility to be optimized.  Facility size is 
given as an input of length and width in feet. The 
facility is then divided into zones for further analysis. 
For the purpose of this research a zone size is defined 
as a 20ft x 20ft square. This zone size was selected 
based on a number of considerations. The primary 
concern is to select a zone size that is most 
representative of an ideal compressed air demand 
region in a facility.  

     Diz  represents the total distance compressed air 
must travel from the air compressor location to each 
zone i. The effect of Diz on air compressor energy 
consumption in the model is measured using the 
energy consumption term �𝑃𝑖𝑗 ∗ 𝑉𝑖𝑗�. 

2.2. Energy Consumption Term 

     The energy consumption component of the air 
compressor is represented by the product sum of 
distance between the potential air compressor zone 
and each defined facility zone (Diz) and the 
compressed air demand at each respective zone�𝑃𝑖𝑗 ∗
𝑉𝑖𝑗�.  
 
     Using the effective demand of each machine, the 
objective function establishes a demand profile for 
the entire facility. The function is then able to 
position the air compressor closest to the zones with 
the highest effective demand rate. Reducing distance 
to the highest demand zones will intern help 
minimize the potential for air leaks and pressure drop 
(reducing overall air demand) while maximizing the 
air compressor efficiency to distribute air.   
 
     Pressure required (Pij) is the second significant 
term used in defining compressed air energy 
consumption in the function. Air pressure is directly 
correlated to energy consumption, the higher the air 
compressor pressure set point or machine pressure 
requirement, the more energy is consumed by the air 
compressor. In fact for every 2 psi increase in the air 
pressure set point, the air compressor experiences a 1 
% increase in energy consumption (10). In order to 
ensure that machines run uninterrupted, the air 
compressor must match the pressure requirements of 
each machine in a facility. In this paper, air pressure 
requirement is calculated on a zone by zone basis. 

3. EXPERIMENTAL ANALYSIS OF 
OBJECTIVE FUNCTION 

    To test the proposed objective function, a 
simulation based experimental analysis is conducted 
to investigate the impact of the objective function on 
air compressor location and associated energy 
consumption/cost in a facility.  
 
     The facility size and layout are first defined and 
divided into zones. Special attention is taken to 
generate a simulation environment that realistically 
represents the characteristics of a typical medium 
sized manufacturing facility in the United States. A 
rectangular shaped facility layout is modeled for this 
research study (Seen in Figure 1).  
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Figure 1: Established Facility layout, zone distribution and Air demand.

Figure 2: Facility Layout Key 

     The modeled facility has a length of 300ft and 
width of 200ft resulting in a 60,000sq/ft area. Figure 
2 displays the facility layout key showing seven main 
areas in the facility. These are office space, 
production area, machine shop, paint and 
sandblasting area, shipping and receiving, and 
warehouse space. As discussed in section 2.1, a 
square zone size of 20ft x 20ft was selected for this 
facility as it proved to be representative of an ideal 
compressed air demand area in the facility. Using this 
zone size resulted in the facility being divided into 
150 zones. Once the facility layout and zones are 
established, the characteristics of each zone are 
defined. 

     
     Next characteristics such as: the number of 
machines, pressure requirement and air demand, are 
defined. This is done based on a collection of real 
compressed air demand and pressure data for facility 
and tool requirements [22]. Machines and tools are 
picked to correspond with specific areas in the 
facility. For example the machine shop area 
contained pneumatic tools (sanders, grinders, 
screwdrivers) that represent a real machine shop in a 
manufacturing facility. Furthermore, the volume of 
compressed air required, pressure, and load factor of 
these tools was also representative of actual tool 
settings.  
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    The zone locations with a black square in Figure 1 
represent the locations with compressed air demand. 
There are 24 demand zones in the simulation 
environment. As discussed in the previous section, 
the different shades represent the different facility 
areas. 
 
    The simulation analysis is then implemented using 
LabVIEW.  A distance matrix for the zone to zone 
distances is first created. A demand profile is then 
generated using pressure, and demand inputs. The 
analysis is run to find the most energy efficient 
compressor location. 
 
    As shown in Figure 1, for this particular simulation 
environment, the most energy efficient location was 
found to be in zone 85.  

4. VALIDATION OF EXPERIMENTAL 
RESULTS 

    In order to validate the proposed objective function 
the generated results from the simulation analysis 
must be compared with the actual compressed air 
energy consumption at each zone. Hence the derived 
optimal location (Z85) resulting from the simulation 
analysis is compared with three selected zones. Air 
leaks, air pressure drop, theoretical horsepower, and 
effective horsepower (Using resulting air leaks and 
pressure drop) where all calculated to determine the 
actual energy consumption of each selected zone.  
 
    The first step in the validation process is to 
calculate the air leaks (cfm) resulting from locating 
the air compressor in each of the four selected zones. 
Next the total pressure drop resulting from 

positioning the air compressor in the four zones is 
calculated.  
    The total pressure drop for each of the four zones 
is then converted into a percentage of compressed air 
consumption using the industry standard 2 psi 
pressure increase to 1% energy consumption increase 
[10]. The energy consumption increase resulting from 
the system pressure drop is applied to the calculated 
theoretical horsepower to get the effective 
horsepower required to supply air demand in the 
facility.  
 
    Theoretical horsepower and the effective 
horsepower required to meet air demand at each of 
the four selected locations is then calculated. The 
theoretical horsepower is calculated using the total 
required air demand (Air demand of machines and air 
leaks). Once theoretical horsepower is generated, the 
percent consumption increase due to pressure drop 
and air leaks caused by locating the air compressor in 
each of the four selected zones is applied resulting in 
the effective horsepower required to meet air demand 
for the facility.  
 
    Table 1 displays the results of the air leaks, 
pressure drop, and resulting horsepower by placing 
the air compressor in each of the four selected 
locations. As it can be seen from the table, placing 
the air compressor at zone 85, which is the most 
energy efficient location, will require 84.92hp to 
meet demand. This is 11.34hp or 10.8% less required 
horsepower than placing the air compressor in the 
least energy efficient location, zone 1. This result 
shows a significant opportunity in energy and cost 
savings by optimizing the air compressor location in 
facilities using the proposed objective function.  

Table 1: Summary of validation results for four selected zones 

 Zone 1 Zone 76 Zone 85 Zone 104 

Leak (cfm) 33.4 23.3 15.2 21.6 
Pressure Drop (psi) 28.44 19.02 11.99 17.57 
Pressure Drop (%) 14% 10% 6% 9% 
Horsepower 83.3 81.58 80.12 81.28 
Actual Horsepower 95.26 89.34 84.92 88.42 
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5. CONCLUSION 

    In this paper an objective function is proposed to 
determine the optimal air compressor location in a 
facility. The developed model minimizes the total 
energy consumption of the air compressor. A 
simulation based experimental analysis is then 
conducted to identify the optimal air compressor 
location. To achieve this, a set of predefined 
parameters are incorporated into a real-life facility 
layout with actual compressed air demand and 
pressure profiles. Using the developed rectilinear 
distance matrix algorithm and the established user 
preference index the model conducts a zone to zone 
analysis resulting in the identified optimal location 
(Z85).  
 
     To investigate and demonstrate the effectiveness 
of the proposed approach, a novel mathematical 
formulation is used to compare the derived optimal 
zone with three other zones of interest. 
 
     The effect of the air compressor location on the air 
compressor efficiency is demonstrated by the impact 
the four selected locations have on the total 
mechanical energy required to meet compressed air 
demand in the facility. The results obtained by using 
the proposed model were significant. A reduction of 
up to 10.8% in energy consumption by placing the air 
compressor in the most energy efficient location 
(Z85) was achieved. This outcome indicates that by 
using the proposed model to optimize the air 
compressor location in a facility, significant energy 
reductions can be achieved. 
 
     Since the proposed objective function is tailored 
towards maximizing the energy efficiency of an air 
compressor system, its benefits are best realized 
when the model can effectively capture and integrate 
the user preference index in its analysis. Such a 
component will be more effective deducing the user’s 
preference via a prediction preference model.  An 
applicable extension to this research would be to 
develop an effective and practical mechanism to 
accomplish this task.  
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ABSTRACT 
A first step in realizing industrial energy 

efficiency opportunities is to understand how 

industry is using, and losing, energy. The U.S. 

Manufacturing Energy and Carbon Footprints 

provide a reliable macro-scale reference for 

manufacturing energy use benchmarking. The 

footprint analysis incorporates published energy use 

and loss data with layers of peer review to develop a 

macroscopic view—the “big picture”—of energy use 

in U.S. manufacturing. 

 

Our analysis indicates that 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 manufacturing energy use and loss analysis 

discussed here helps us understand where these losses 

occur, in each sector, from supply to end use. 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. Various visual 

approaches exist for documenting the analysis results 

with varying levels of detail.  

 

 

 

INTRODUCTION 

The footprint analysis was completed by 

Energetics for the U.S. Department of Energy (DOE) 

Advanced Manufacturing Office (AMO) and is 

currently available on the AMO website [1]. Since 

the footprints analysis was first initiated in 2001, 

Energetics has prepared several generations of 

footprints that have used 1998, 2002, 2006 and now 

most recently 2010 energy consumption data. 

 

Some notable enhancements since the Energy 

Footprints were presented at the 2012 IETC 

conference include updated energy use data, updated 

and refined energy loss assumptions, a refined visual 

footprint layout, and the addition of Sankey diagrams 

for more simplified presentation.  

 

The footprints are used by a variety of 

stakeholders, including manufacturing organizations, 

industrial equipment suppliers, technology 

developers and government groups. Many 

organizations have referenced the footprint results in 

their publications; the Energy Information 

Administration provides a link to the footprints on 

the Manufacturing Energy Consumption Survey 

(MECS)
1
 homepage. 

 

U.S. manufacturing consumes nearly one quarter 

of the nation’s primary energy consumption (Figure 

1) across a diverse number of manufacturing sectors 

within North American Industry Classification 

System (NAICS) 31 to 33.
2
 Energy consumption is 

often one of the most costly and consequential 

variables for manufacturing facilities.  
 

 

                                                 
1
 EIA MECS website: 

http://www.eia.gov/consumption/manufacturing/  
2
 The U.S. Census Bureau defines manufacturing as 

consisting of NAICS 31-33, comprised of “establishments 

engaged in the mechanical, physical, or chemical 

transformation of materials, substances, or components into 

new products.” Industrial non-manufacturing includes 

construction (NAICS 23), agriculture (NAICS 11), and 

mining (NAICS 21). 

 

http://www.eia.gov/consumption/manufacturing/


Dependence on fluctuating energy prices and 

supply, and environmental reporting requirements 

associated with energy use are two compelling 

reasons why manufacturing facilities are taking a 

closer look at how energy is managed throughout the 

manufacturing supply chain. Policymakers, industry 

analysts, and other stakeholders can examine energy 

use and the associated greenhouse gas (GHG) 

emissions in manufacturing through at least three 

different lenses: 

1) Sector approach: U.S. manufacturing can be 

split into a number of NAICS-code defined 

sectors that group similar manufacturing 

industries together. For example, the Forest 

Products sector is comprised of NAICS 321 

(wood product manufacturing) and NAICS 322 

(paper manufacturing).  

2) Equipment approach: U.S. manufacturing can 

be examined in terms of major energy-

consuming equipment area. Focusing on these 

crosscutting areas can help to identify 

opportunities applicable to multiple sectors. 

Major equipment area includes industrial boilers, 

combined heat and power (CHP), process 

equipment such as process heating, machine 

driven processes (e.g., pumps, fans, compressed 

air) and nonprocess equipment such as facility 

HVAC and facility lighting. 

3) Energy type approach: The type of energy 

consumed is also a significant factor to take into 

consideration. Price, availability of supply, and 

equipment and compliance limitations are all 

factors affecting the energy type breakdown 

(electricity, steam, natural gas, coal, byproduct 

fuels, LPG and NGL etc.).  

 

Stakeholders interested in reducing 

manufacturing energy intensity can focus efforts on 

individual sectors, on major energy-consuming 

equipment across multiple sectors or on major energy 

types that crosscut sectors and equipment. The most 

immediate questions are: Which sectors consume the 

most energy and in what applications? What are the 

most significant forms of energy used? And which 

sectors or equipment have the greatest losses?  

 

The footprint analysis described in this paper 

aims to help answer these questions and visually 

communicate the findings. This paper describes some 

of the most important results of the Manufacturing 

Energy and Carbon Footprints analysis. Supporting 

information, including references and analysis 

assumptions, are available on the AMO footprint 

analysis website [1].

 

       Table 1. Manufacturing Sectors Selected for Footprint Analysis 

 Manufacturing Sector NAICS Code 

1 Alumina and Aluminum 3313 

2 Cement 327310 

3 Chemicals 325 

4 Computers, Electronics, Electrical Equipment 334, 335 

5 Fabricated Metals 332 

6 Food and Beverage 311, 312 

7 Forest Products 321, 322 

8 Foundries 3315 

9 Glass and Glass Products 3272, 327993 

10 Iron and Steel 3311, 3312 

11 Machinery 333 

12 Petroleum Refining 324110 

13 Plastics and Rubber Products 326 

14 Textiles 313, 314, 315, 316 

15 Transportation Equipment 336 

16 All Manufacturing 31 - 33 

 

http://energy.gov/eere/amo/manufacturing-energy-and-carbon-footprints-2010-mecs
http://energy.gov/eere/amo/manufacturing-energy-and-carbon-footprints-2010-mecs


FOOTPRINT ANALYSIS METHODOLOGY 

Sixteen footprints for the manufacturing sectors 

in Table 1 are available on the AMO website [1]. 

Each footprint visualizes the flow of energy (in the 

form of fuel, electricity, or steam) to major 

manufacturing end uses, including boilers, power 

generators, process heaters and coolers, machine-

driven equipment, facility HVAC, and lighting. 

Each footprint is shown in the form of two 

diagrams; the All Manufacturing footprint is shown 

for reference in this paper. The first diagram (Figure 

2) shows primary, or source energy, and the second 

diagram (Figure 3) shows onsite energy use detail 

by end use. Onsite end uses of energy are grouped 

as generation end uses, process end uses, or 

nonprocess end uses. Feedstock energy, such as 

crude oil in the petroleum refining sector and coal in 

the iron and steel sector, is not included in the 

primary or onsite energy values
3
. 

 

Energy use statistics were obtained from DOE, 

Energy Information Administration (EIA)-published 

Manufacturing Energy Consumption Survey 

(MECS) data, for the latest survey year of 2010 [3]. 

MECS is a national sample survey that collects 

information on the stock of U.S. manufacturing 

establishment, their energy-related building 

characteristics, and their energy consumption and 

expenditures. In order to complete an accurate 

balance of manufacturing energy use, several 

adjustments were applied to the MECS data tables 

to account for withheld data or to avoid double-

counting, and many peer-reviewed assumptions 

were applied. Energy losses (including offsite and 

onsite energy generation losses, process energy 

losses, and nonprocess energy losses) were 

estimated by relying on credible published 

references; MECS does not report data on energy 

loss. Industry-led working groups were formed to 

estimate the end use distribution of steam 

(information that is also not available through 

MECS) and to estimate the losses from key process 

heating equipment.  

 

Combustion GHG emissions are calculated for 

each step of the footprint; calculations are based on 

the Environmental Protection Agency’s Mandatory 

Greenhouse Gas Reporting Rule. A full list of 

references and loss factors is available on the AMO 

footprints website [1] in a supporting document 

titled “Definitions and Assumptions”.  

 

                                                 
3
 Feedstock energy was excluded from the footprint 

analysis to avoid issues with double-counting. Byproduct 

fuels from feedstock are included. 

As is evident in the footprints, a large portion of 

onsite fuel energy is used to generate onsite steam 

and electricity. The equipment areas of combined 

heat and power, boilers and power generation are 

combined under the general heading of Onsite 

Generation. Process equipment are the largest onsite 

energy users; key process equipment areas include 

process heating (e.g., kilns, ovens, furnaces, strip 

heaters), process cooling and refrigeration, electro-

chemical processes (e.g., reduction processes), 

machine drive (e.g., motors and pumps associated 

with process equipment), and other direct process 

uses. Nonprocess end use of energy is reported 

separately. Nonprocess equipment areas include 

facility HVAC, facility lighting, other facility 

support (e.g., water heating and office equipment), 

onsite transportation, and other nonprocess use.  

 

The two footprint diagrams are labeled as Total 

Primary Energy Use and Onsite Energy Use. 

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. To distinguish these two important 

terms the following definitions are provided. Onsite 

energy use is equal to the sum of offsite electricity, 

offsite steam, and offsite fossil fuel entering the 

onsite plant boundary; all MECS-derived values. 

This calculation is shown in Equation 1. 

 

Onsite energy = offsite electricity supply + offsite 

steam supply + offsite fuel 

Equation (1) 

 

Total primary energy use is a value that is 

calculated in the footprint model; it is not directly 

provided in the MECS data set. Primary energy use 

is calculated as the sum of onsite energy and offsite 

electricity and steam generation and transmission 

losses. This calculation is shown in Equation 2. 

 

Primary energy = onsite energy + offsite electricity 

losses + offsite steam losses 

Equation (2)  

 

In November 2012 the study U.S. 

Manufacturing Energy Use and Greenhouse Gas 

Emissions Analysis [1] was published, which 

compiles analysis of the footprint results and 

documents detailed energy and emission profiles for 

individual manufacturing sectors. Detailed fuel, 

electricity, steam, combined-heat-and-power, and 

end use profiles are provided for individual sectors, 

http://energy.gov/eere/amo/manufacturing-energy-and-carbon-footprints-2010-mecs
http://www.eia.doe.gov/emeu/mecs/
http://www.eia.doe.gov/emeu/mecs/


along with sector ranking tables. The summation of 

estimated energy losses (e.g., offsite electricity and 

steam losses, onsite boiler and CHP losses and 

onsite end use losses), allowed for the determination 

of what has been termed “applied energy”. This 

calculation is shown in Equation 3. 

 

Applied energy = onsite energy – offsite electricity 

losses – offsite steam losses – onsite generation 

losses – onsite end use losses 

Equation (3)  

 

Applied energy signifies the remaining energy 

that was not lost (i.e., it is amount of energy that is 

applied to useful end use). The percent of energy 

that is applied varies when considering different 

sectors, different energy types, and different end 

uses. The 2012 Energy Use study presents the 

weighting and ranking of these conclusions. 

 

Multiple rounds of review have taken place in 

finalizing the Manufacturing Energy and Carbon 

Footprints, including review and input from staff 

from DOE AMO, Oak Ridge National Laboratory 

(ORNL), EIA, and representatives from various 

industry organizations and associations.  
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THE RESULTS 

Considering that nearly one-quarter of U.S 

energy consumption was used by manufacturers in 

2010 (Figure 1), the footprint analysis allows us to 

narrow in on where this energy is consumed. Figure 4 

shows how is consumed by sector; feedstock energy, 

which is not accounted for in the footprints, 

completes the balance. 

 
Figure 4. U.S. Primary Energy Consumption (quads) 

 

Table 2 lists the total primary energy use, onsite 

energy use and applied energy results for 2010 (in 

units of trillion Btu, TBtu) for the sixteen footprint 

sectors studied. Energy consumption from the 2006 

footprint data is also included in the table. The 

reduction in energy consumption from 2006 to 2010 

(12% reduction on average) is largely a result of the 

economic downturn in the U.S.; some sectors were 

more affected than others in terms of overall energy 

consumption. In Figure 5, the same sector detail is 

shown graphically with indication of the percent of 

total primary energy that is applied. 

 

Industry energy analysts will be quick to point 

out that not all energy loss is recoverable and applied 

energy should not be considered a measure of 

comparable efficiency; many thermal and mechanical 

losses are unavoidable. Capturing the big picture of 

where energy is used and lost as determined in the 

footprint analysis is a useful first step in framing the 

opportunity for energy saving opportunity. 

Subsequent analyses of system and equipment 

efficiency is the next step.  
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Table 2. Primary, Onsite and Applied Energy for 16 Footprint Sectors, Years 2010 and 2006, TBtu 

Manufacturing Sector 

2006 Data 2010 Data 

Primary 

Energy 

Percent Change in 

Primary Energy  

2006 to 2010 

Primary 

Energy 

Onsite 

Energy 

Applied 

Energy 

Chemicals  4,519 -6% 4,252 3,221 1,636 

Petroleum Refining  3,546 0% 3,542 3,176 2,082 

Forest Products 3,553 -11% 3,152 2,573 653 

Food and Beverage  1,935 -5% 1,836 1,245 486 

Iron and Steel 1,481 -1% 1,463 1,056 531 

Plastics and Rubber Products  729 -20% 586 272 151 

Fabricated Metals 706 -21% 557 301 167 

Transportation Equipment 904 -40% 541 275 144 

Computers and Electronics 527 -6% 493 217 121 

Alumina and Aluminum 603 -24% 456 220 102 

Cement  471 -35% 307 245 139 

Glass and Glass Products  466 -37% 294 197 89 

Machinery  444 -35% 288 147 80 

Textiles  472 -49% 242 123 52 

Foundries  281 -38% 173 97 54 

All Manufacturing 21,972 -12% 19,237 14,064 6,856 

 

 
 

Figure 5. Primary, Onsite and Applied Energy by U.S. Manufacturing Sector 



THE BIG PICTURE  
The results of the footprint analysis are 

intended to serve a range of audiences with various 

angles of focus and levels of detail. At the highest 

level, when the data is rolled up in to one pie chart 

for all of U.S. manufacturing (Figure 6) the analysis 

shows that 27% of primary energy is lost during the 

offsite generation and transmission of electricity and 

steam outside the plant boundary. Once inside the 

plant boundary, approximately half of the fuel 

energy supplies are converted to generate onsite 

electricity and steam, incurring onsite generation 

and distribution losses equal to 12% of primary 

energy. And finally, the remaining fuel, electricity 

and steam energy is consumed by process and 

nonprocess end use equipment, which results in end 

use equipment losses equal to 25% of primary 

energy. Overall, 36% of manufacturing primary 

energy is applied to useful end uses. 

 

Figure 6 shows how primary energy can be 

decomposed into losses and applied energy. 

Similarly, Figures 7 and 8 show a similar 

decomposition of energy, but examining each fuel 

type separately. Figure 8 shows the large variation 

in applied energy between the different fuel types. 

 

 

 
 

Figure 6. Energy Use and Loss in All Manufacturing 



 
Figure 7. Primary Energy Use by Energy Type in All Manufacturing 

Figure 8. Primary Energy Use and Applied Energy by Energy Type in All Manufacturing 
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Use
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29%

Steam 
Generation

5,845
30%

7,926 TBtu *

5,845 TBtu

5,465 TBtu

19,237 TBtu

* 45 TBtu of electricity used for onsite steam generation is included in the 
Steam Generation pie chart, and not the Electricity Generation pie chart, to 
avoid double-counting. 
* 7 TBtu of onsite, renewable electricity generation is not included  here (no 
primary energy generation use). 

Note: Pie chart areas are proportional based on data magnitude.
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VISUALIZING RESULTS 

The energy footprints themselves – which are 

some of the most highly downloaded pdf files from 

the DOE AMO website – and the rigorous data 

tables in the 2012 Manufacturing Energy Use and 

Greenhouse Gas Emissions Analysis provide the 

detail that many analysts are looking for to support 

strategic decision making. There is a wider audience 

that may prefer a more compelling visual 

representation of comparative results.  

 

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. Showing the footprint 

analysis results in the form of Sankey diagrams 

allows a full range of both technical and non-

technical audiences to appreciate the proportional 

energy use areas and associated losses. The Sankey 

diagrams discussed here are in the process of being 

finalized and published on the DOE AMO website; 

only a few select images have been shared in this 

paper. The resulting interactive reference will allow 

users to navigate between sectors and to view more 

refined levels of energy flow detail within a given 

sector.  

 

Figure 9 shows the weighting of primary energy 

for all U.S. manufacturing sectors and the resulting 

proportion of applied energy. This image appears at 

the front end of navigation in the Sankey reference; 

users will be prompted to select one of the fifteen 

individual sector energy flow arrows, or the All 

Manufacturing sector energy flow arrow. 

 

Using All Manufacturing again as an example, 

Figure 10 shows the full sector Sankey with 

proportional weighting of fuel (yellow), steam 

(blue), and electricity (red). The weighted gray lines 

represent offsite and onsite generation losses and 

end use losses.  

 

To reveal more detail, users will be prompted to 

click on the intermediate steps of onsite generation, 

process energy and nonprocess energy. The Sankey 

details for All Manufacturing Process and 

Nonprocess energy use are shown in Figures 11 and 

12. The overall energy applied versus lost is shown 

in each Sankey diagram; for the onsite process and 

nonprocess detail only onsite energy loss is shown. 

Users will also have additional functionality such as 

the ability to click on fuel arrows for detail on fuel 

type breakdown and end use arrows (e.g., process 

heating and machine drive) for process equipment 

detail. 

 

 
Figure 9. Weighting of Primary Energy for Fifteen Energy Intensive Sectors 

 



 
Figure 10. Full Sector Sankey for All Manufacturing  

 

 
Figure 11. Process Energy Sankey for All Manufacturing 

 

 
Figure 12. Nonprocess Energy Sankey for All Manufacturing 



CONCLUSIONS  

 U.S. manufacturing consists of a diverse 

number of sectors that collectively consume nearly a 

quarter of the nation’s energy. In order to develop 

and deploy impactful technologies and programs 

that can help manufacturers use energy more 

efficiently, it is imperative to understand how 

efficiently energy is being used throughout the 

sector—what are the dominant fuel types used, 

which pieces of equipment use the most energy. The 

AMO energy and carbon footprint analysis provides 

a resource that visually illustrates how 

manufacturing energy is used and lost. 

 

 Applied energy is a term that describes the 

energy that is applied to useful end uses, i.e., energy 

that is not lost during generation, transmission or 

equipment end use. Applied energy varies by sector, 

by equipment use and by energy type and in the 

U.S. manufacturing sector as a whole, 36% of 

primary energy is applied, while the remaining 64% 

of primary energy is lost during via generation, 

transmission, or onsite end use. 

 

 The Sankey diagrams provide a visual method 

of showing applied energy and energy losses for 

different industries, different fuel types, and 

different equipment types. The Sankey diagrams 

shown in this paper will be available on the DOE 

AMO website and will provide a compelling visual 

representation of manufacturing energy use for 

interested stakeholders. 
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ABSTRACT 

Eastman Chemical Company has a long history 

of promoting and implementing energy efficiency.  It 

is commonly known that energy costs are significant 

to the chemical industry.  Because of cost pressures, 

energy has been a common target for process and 

efficiency improvements for many years.  In addition 

to cost pressures, Eastman has sustainability goals to 

create value through environmental stewardship, 

social responsibility and economic growth.  Energy 

efficiency addresses both these goals and cost 

concerns. 

In 2010, the company set an aspirational goal to 

reduce energy intensity by 25% over a ten year 

period, making a public commitment to the U.S. 

Department of Energy (DOE) Better Buildings, 

Better Plants program, recognizing that changes were 

needed to take the program to a new level.  Since that 

time, Eastman’s energy program has seen significant 

advancements and received national recognition. 

This paper will discuss the actions taken by the 

company that proved significant in transforming the 

already good energy program to a great one that has 

received national attention and recognition including 

winning 2012 and 2013 ENERGY STAR
®

 Partner of 

the Year, the only chemical company to ever win the 

award more than once.  

INTRODUCTION 

Many are familiar with Jim Collin’s book, Good 

to Great.  Collins describes the transformation of 

eleven companies that, through various means, 

became great ones.  At Eastman, our management 

inspires us by talking about the difference between 

good and great and encouraging us for the future.  

The same type of introspective evaluation can be 

applied to many things, including an energy program.   

In 2010, by many measures, Eastman had a good 

energy program.  There was a Corporate Energy 

Team and some site energy teams in place, an energy 

policy had existed for decades, and many energy 

projects had been completed.   Some of these projects 

won American Chemistry Council (ACC) energy 

efficiency awards.  In fact, in 2010, Eastman had won 

these awards for 17 consecutive years.   

A long list of potential projects had been 

generated.  There was a concerted study in the early 

2000s to generate project ideas for energy efficiency 

and capture these in a database.  The Department of 

Energy (DOE) had conducted on-site training and 

assessments to increase skills and knowledge of DOE 

tools and identify additional opportunities.   

There were also programs in place to improve 

insulation, lighting efficiency and reduce steam leaks 

with money allocated to address these issues at 

Eastman’s two largest manufacturing sites.  There 

was management support in general and especially at 

these two sites which constituted over 90% of the 

company’s energy use.  In particular, at the largest 

site in Kingsport, TN, the site manager took a long-

term view and allocated millions of dollars over 

several years to improve metering of energy 

consumption with no direct evidence of immediate 

return.  This foresight was instrumental in later years 

in providing valuable data. 

But, in 2010, something changed.  Eastman 

decided on an aspirational goal to inspire radical 

improvement and made a public pledge to the DOE 

Better Buildings, Better Plants Program to reduce 

energy intensity 25% over ten years with a baseline 

of 2008, the year Eastman became an ENERGY 

STAR Partner.  Suddenly what had been good 

enough in the past was recognized as falling short of 

what was needed to meet this ambitious goal.  

EXECUTIVE LEVEL SUPPORT 

It is widely recognized that executive level 

support is needed for a successful energy program.  

As Eastman’s program was revamped in 2010, an 

executive steering team was formed.  The team 

consists of three of the eleven executive team 

members representing environmental, sustainability, 

and engineering organizations.  The manager of the 

corporate energy program meets quarterly with the 

Steering Team who has provided support and asked 

challenging questions.  Two things in particular are a 

result of this high level support.   

Funding 

In 2010, no capital money was allocated 

specifically for energy projects.  While many good 

projects that saved energy and money had been 

identified, they often fell below the approval level as 



they competed with other projects.  When shown a 

list of projects that had not been funded with the 

projected returns, the Steering Team immediately 

agreed to fund $4.2M of energy projects.  As projects 

were completed and more high return projects were 

identified, the budget grew to over $8M per year 

within two years. 

While the budget was essential for completing 

more projects, it also heightened interest in the 

energy program.  Employees in manufacturing 

recognized an additional avenue for funding projects 

and approached the Energy Team with ideas.  The 

dynamics changed, with the members of the Energy 

Team now becoming invited guests rather than the 

effort being seen as an additional unfunded mandate. 

Data Based Decisions 

Prior to 2010, most of the work dealing with 

energy efficiency was done at the site level.  As the 

executive team members became increasingly 

involved, they challenged the Energy Team to 

develop quantitative information to identify the major 

items affecting the measure, assess the magnitude of 

each and evaluate progress toward the goal.  

Intensive data analysis resulted in a tool that was 

used to set priorities for funding and quantify the gap 

between current plans and the energy intensity goal.  

One of the significant learnings from this work was 

that repairing steam leaks played a much bigger role 

than expected.  The value of this analysis was proven 

and is now updated on an annual basis for the 

Steering Team’s review to further guide the program.   

DOCUMENT STRATEGY AND PRINCIPLES 

While it would not be true to say there were no 

strategy or principles, they were not written, agreed 

to, and generally understood.   These documents were 

developed and then endorsed by the new Executive 

Steering Team proving a vital communication tool 

for the energy program and a valuable check step as 

decisions were made.  The strategy utilizes five key 

components in the program.  They are: 

 Measures 

 External resources 

 Awareness 

 Initiatives 

 Projects 

 

Each of these will be discussed in more detail, 

including development and implementation. 

The guiding principles were developed as a 

reference to ensure that decisions made related to the 

energy program were, and remain, consistent with the 

intended direction.  The principles are: 

 Ensure the accuracy of utility information  

 Maximize operating efficiency 

 Incorporate energy efficiency in capital 

investments 

As mentioned previously, site management at the 

Kingsport site proactively decided to add meters in 

strategic locations.  This has proven extremely 

helpful in determining actual energy use.  In addition, 

energy surveys check the accuracy of allocated costs 

and correct placement of meters.  Recent modelling 

efforts have been able to predict energy use on a 

product level with varying accuracy depending on 

number of products and run days.  The belief is that 

manufacturing managers are more than willing to 

make good energy decisions – they just need the right 

information to enable them to do so. 

Rotating equipment is tested to ensure that each 

piece of equipment is operating at the best efficiency 

point on the operational curve.  This equipment 

includes turbines, pumps, chillers, and 

compressors.  Rotating equipment is tested annually 

and the results are compared to previous test 

results.  Equipment that is not performing as designed 

is scheduled for maintenance to restore optimum 

performance.  

It is recognized that the most opportunities for 

energy efficient equipment and processes occur 

during the design stage rather than considering later 

retrofits.  According to the DOE’s sourcebook for 

improving motor and drive system performance, 

electricity costs make up about 96% of the total life-

cycle cost of a motor, while capital costs (3%) and 

maintenance (1%) account for the rest. As a result, 

energy efficiency considerations can have a large 

effect on the total ownership costs related to machine 

drives, including the use of optimally sized energy-

efficient motors and proper motor maintenance. 

Well Defined, Auditable Measure with Meaningful 

Goals 

The primary goal was established to reduce 

energy intensity by 25% over a 10 year period.  There 

are secondary goals as well, including maintaining 

minimum returns with the energy project portfolio 

and tracking spending.  Although Eastman has 

tracked energy intensity, defined as MMBTU/kkg of 

product for many years, the existing measure was 

found to be lacking in several respects: 

 

Lack of definition. 

While it was clear that an energy number was 

divided by a production mass, there were no clear 

http://www1.eere.energy.gov/manufacturing/tech_assistance/pdfs/motor.pdf
http://www1.eere.energy.gov/manufacturing/tech_assistance/pdfs/motor.pdf


definitions of what should be included.  The 

following definitions were developed: 

 The energy measure includes any source of 

fuel or energy that is purchased by 

Eastman.  Energy sources at Kingsport 

include coal, natural gas and 

electricity.  Energy produced from waste 

heat is not included in the measure; an 

example is steam that is generated from 

waste heat from chemical processes.  While 

renewable energy is viewed positively from 

a sustainability standpoint, its use is 

irrelevant to the energy intensity measure.   

 Production is tied to a specific defined level 

of the business software used.  Eastman’s 

very large sites were found to provide 

information that was not comparable to 

other chemical companies that may have 

many small sites which count production 

every time a product leaves one site for 

processing at another.  Using a specific level 

within Eastman’s business management 

system provided consistency in the measure 

across the corporation regardless of the size 

of the site. 

DOE guidelines assisted in determining what 

should and should not be included for both 

energy and production.   

Frequency. 

Corporate data was collected on an annual basis 

prior to 2010. It was recognized that the limited data 

available was not sufficient to track trends, provide 

any kind of analysis or allow intervention should the 

energy intensity increase. 

 

Eliminate opportunity for errors. 

All data was generated by an individual at each 

site.  There were many opportunities to make 

mistakes.  Not only was the definition vague but it 

was unclear where the data was obtained.  There 

were no clear processes for transitioning to a new 

individual when jobs changed.  While there are a few 

exceptions at some of the smaller sites, the majority 

of the data for the energy intensity measure is now 

obtained directly from on-line business software thus 

eliminating potential for error. 

As sustainability has become a higher priority 

and germane both to the success of a company and 

influential to shareholders, it is increasingly 

important that the measure is sound.  Accordingly, 

Eastman’s energy intensity measure has been subject 

to internal auditing and found to be satisfactory.  It is 

now reported externally in Eastman’s Sustainability 

Report.  

Use of External Resources 

Many resources are available to assist companies 

in developing a new program or enhancing an 

existing one.  An excellent resource is the ENERGY 

STAR Guidelines for Energy Management.  

Following the restructuring of the energy program in 

2010, Eastman utilized the guidelines to identify gaps 

in the existing program.  In working to address the 

gaps, Eastman found that other ENERGY STAR 

partners were often willing to share ideas through 

benchmarking and by providing best practices on the 

ENERGY STAR website and at ENERGY STAR 

meetings and webinars.   

In addition, ENERGY STAR provided both a 

mentor (an energy manager at another company) and 

a technical advisor; both proved very helpful.  Each 

reviewed the existing corporate energy program and 

provided specific suggestions for improvement.  

ENERGY STAR and DOE hold meetings where 

companies share information both through formal 

presentations and networking opportunities.  In 

addition, DOE provides on-sight training and 

assessments.  Eastman takes advantage of all of these 

opportunities recognizing that the value far exceeds 

the costs.   

Employee Awareness  

While energy efforts previously focused on 

completing projects and involved people in 

procurement, engineering, maintenance, 

manufacturing and technology, it was recognized that 

additional engagement and awareness could yield 

benefits.  Resources were available to assist in this 

effort.  ENERGY STAR is an excellent resource for 

employee awareness campaigns.  Posters, brochures 

for home and work energy efficiency, children’s 

activity books, and displays are available for the 

asking for ENERGY STAR partners.  ENERGY 

STAR has the benefit of being a well-recognized and 

positively perceived brand so that it instantly garners 

favorable attention when used in company awareness 

campaigns. 

Eastman learned that other companies held 

employee energy fairs to promote energy awareness 

at home.  After visiting another company’s fair, the 

value became apparent and the first annual energy 

fair was held in 2011 at the company’s largest 

manufacturing site, co-located with the corporate 

headquarters.  The fair used ENERGY STAR 

resources with booths manned by local utilities and 

retail stores showcasing home energy efficiency 

products.  This has truly been a win-win with utilities 

and local companies now readily participating as they 



also receive value with opportunities to proactively 

provide information to their customers. 

Eastman also learned that other companies have 

Green Teams geared toward sharing information with 

employees who have personal interests in preserving 

the environment. ENERGY STAR provides a Green 

Team Checklist that provides a framework for 

development of these teams.  At Eastman, anyone 

who is interested can join.  Monthly newsletters 

which are appropriate to share on bulletin boards are 

developed at the site level.  These are emailed to 

Green Team members who are asked to share the 

information with their co-workers and post them 

within their areas.  Topics typically include energy 

efficiency ideas, local opportunities for recycling or 

other activities, and suggestions for family activities.  

Out of consideration for workload, communications 

to Green Team members are limited to twice per 

month and are typically sent only once per month.  

The site newsletters are shared among the developers 

at all sites.  While some of the newsletter topics 

promote local activities, others are applicable to 

everyone, regardless of location. 

Eastman utilized the ENERGY STAR Pledge to 

raise awareness.  This pledge is designed for 

individuals to pledge to save energy at home.  It 

includes installing more energy efficient light bulbs 

or appliances or simply turning off lights when not 

needed.  The pledge forms were distributed via email 

to Green Team members, included in the company 

newsletter, and at manned tables in cafeterias and 

lobbies as a promotion during October, Energy 

Awareness Month.  Receiving national recognition 

for the campaign as a Top 5 pledge driver in 2012 

and 2013 contributed to employee interest and 

enthusiasm for the energy program. 

While the majority of Eastman’s energy use is 

consumed in manufacturing, office building energy 

use was targeted to demonstrate savings and gain 

awareness and recognition.   Eastman used ENERGY 

STAR’s Portfolio Manager to track energy use 

intensity.  This program is simple to use and requires 

only a limited number of inputs – area, number of 

occupants and computers and monthly energy use.  

Eastman has initially focused on buildings outside the 

plant fence which receive an independent energy bill.  

Portfolio Manager provides a monthly score, a 

percentile, which indicates building performance 

compared to that of other similar buildings across the 

US. 

Work began in the small office building that 

houses the Corporate Energy Manager and the energy 

engineers.  A score of 75 or better is required for 

certification, demonstrating that the building 

performs in the top quartile of similar buildings. 

Knowing this, an initial score of 39 was 

discouraging.  However, implementing projects and 

asking for employees’ help to turn off unneeded 

lights and equipment proved worthwhile with the 

building becoming an ENERGY STAR Certified 

Building in 2013 with a current Portfolio Manager 

score of 96 and a 57% energy reduction during that 

period.  In total, Eastman received three ENERGY 

STAR building certifications in 2013, and occupants 

of other buildings are now asking to be involved.  

While some buildings are not independently metered, 

energy savings tips can be shared and implemented 

although certification will not be possible.  

Participation in ENERGY STAR’s Battle of the 

Buildings provides additional opportunities for 

communications and reinforcement.  An internal 

competition between two buildings of the same size 

at Eastman increased employee enthusiasm. 

While these examples have focused on engaging 

general employees, it is also worthwhile to consider 

whether specific organizations should be targeted for 

participation in the energy program.  For example, 

Marketing has proven a valuable ally.  They 

developed a campaign with a unifying graphic to 

promote the ENERGY STAR Partner of the Year win 

and have incorporated the news and logo in company 

communications.  Production planning agreed to 

consider energy costs as well as the cost for inventory 

after discussing the possibility that some products can 

be run more efficiently as a campaign rather than at a 

lower level to minimize inventory. 

Even groups who were previously involved were 

found to have opportunities for greater contribution.  

A Process Efficiency Team was chartered in 

Eastman’s Technology organization to look at 

existing chemical processes as if they were being 

designed from scratch to foster break-through ideas.  

Distillation was identified as a very energy intensive 

process and a task force was assembled to develop a 

list of best practices.  Finally, Technology developed 

“Energy Briefs,” short descriptions of energy savings 

ideas identified early in the project that would follow 

it through the design process for consideration. 

Energy Initiatives 

  Prior to the revitalization of the Energy Team, it 

was recognized that certain energy efficiency efforts 

were not related to manufacturing and could best be 

handled centrally rather than by each manufacturing 

area.  These included replacing lighting, repairing 

leaks and adding insulation.  The two largest sites 



had programs in place for addressing these issues 

with manufacturing personnel happy to let 

maintenance take the lead.  While the programs were 

good, there were opportunities for improvement.  The 

programs were limited to the two sites and sharing of 

best practices was limited.  Several improvements 

were made. 

Identification and sharing of best practices.   

An excellent example is related to steam leak 

repair.  By analyzing steam leak repair data during a 

six sigma project to improve the plant steam system, 

one area of the Kingsport plant was found to have a 

minimal number of leaks compared to other areas. 

Several key learnings were identified from this area.  

When leaks occurred, an entire length of tracing was 

replaced rather than just repairing the leak.  And, 

when it was replaced, the material of construction 

was changed from copper to stainless steel.  Finally, a 

single maintenance coordinator was dedicated to leak 

repair.  Over ten years, this area decreased the 

number of leaks by 98%.  These learnings are now 

disseminated as best practices and are incorporated 

into the program. 

Identification of other initiatives.   

While seeing the value of a centralized, 

standardized approach to leak repair, it was 

determined that there were opportunities for other 

initiatives to be included.  The list was expanded to 

include steam traps, motors, and HVAC. 

Evaluation.   

After identifying the full list of initiatives, a 

questionnaire was developed to assess the progress of 

each site in each area.  The results serve to identify 

common areas of concern, needs for improvements, 

and best practices at individual sites which can then 

be shared more broadly through the Corporate 

Energy Team. 

Energy Projects 

A database of potential projects is updated as 

ideas are identified.  The database is regularly mined 

with the best projects selected as circumstances and 

energy prices change.  Typical projects include 

upgrades to more energy efficient equipment and 

taking advantage of heat recovery opportunities.  

While initiatives were broad and applicable to many 

sites, the projects are more specific and limited to 

certain process areas.  However, similar processes at 

other sites benefit from being aware of successful 

projects for possible future consideration. 

 

 

 

LINK WITH OTHER INITIATIVES 

Energy projects often have tangential benefits.  

Highlighting these benefits and linking them to other 

corporate initiatives may gain additional support for 

the energy program.  Safety is extremely important to 

Eastman with a tag line of “ALL IN FOR SAFETY.”   

Some energy projects improve safety.  For example, 

changing to more efficient lighting provides 

improved light, making for safer working conditions.  

These lights also have to be changed less often 

meaning that employees will be working fewer hours 

at elevated heights to change bulbs. The strategy to 

do group relamping rather than replacing lights one at 

a time links nicely with the company’s efforts to 

improve productivity.  When considering required 

permits, obtaining tools and supplies and lock out/tag 

out for safe operation for one light, the labor required 

can be reduced by a factor of six for each light by 

replacing a group of lights at one time rather than 

waiting for each individual light to fail. 

In addition, at least for Eastman, linking with the 

fairly new Sustainability Organization is a beneficial 

alliance.  Our sustainability organization has stronger 

linkage to the businesses while the energy program is 

more closely tied to manufacturing.  The connections 

and insights to the other organizations have proven 

valuable for both.  The Director of Sustainability is 

an advocate for the energy program and includes the 

Energy Program manager in team meetings and 

discussions.  The Executive Steering Team also links 

to the company’s Sustainability Council with 

additional members of top management. 

CONSISTENCY 

Like many companies, the gas shortages of the 

1970’s and the threat of an interrupted supply of 

petroleum captured Eastman’s attention.   There was 

a significant response that changed the future of the 

company.  Eastman invested in coal gasification, 

reducing its dependence on foreign oil.  The company 

also responded by naming the first of a long line of 

energy managers and developing the first energy 

policy. 

Over the next several decades, however, interest 

in and attention to energy efficiency varied with the 

availability and cost of energy.   As we take a look 

back, it is clear that the previous energy programs 

had many good things to offer.  At times, the energy 

manager was a full time position reporting to site 

management.  There were also periods when capital 

funding was available, but many of these good 

practices were not sustained consistently over time.   



It is more likely that there will be consistency in 

the future as energy efficiency is no longer just about 

cost.  It is a key element of Eastman’s sustainability 

commitment.  Hopefully, this lesson has been learned 

and the future program will be consistently strong, at 

least as strong as it is today.   

GROWTH   

While Eastman is proud to display the 2012 and 

2013 ENERGY STAR Partner of the Year Awards, it 

is recognized that an effort must be made to continue 

to improve and grow.  Eastman expects to grow the 

energy program with more acquired sites to be added. 

After all, as the company grows, so does the 

opportunity for energy efficiency.  Eastman has a 

goal to add acquired manufacturing sites to the 

program within three years of acquisition.  With the 

large Solutia acquisition in 2012, there was an 

opportunity to meld the two energy programs 

resulting in an overall better program.  While Solutia 

had only a limited number of sites in their program, 

others were eager to come on board when they 

recognized the value of the program.  An integration 

strategy was developed to facilitate the transition and 

be available for use with any future acquisitions. 

 

Eastman is also considering expanding the 

program to include other natural resources such as 

water.  Many program elements lend themselves to 

being more efficient with any natural resource, not 

just energy. 

CONCLUSION 

Beginning in 2010, Eastman deliberately took 

steps to transform an already good energy program 

into a great one.  While energy efficiency in industry 

may be perceived as purely a technical challenge, a 

robust energy program must broadly seek support and 

input from many internal organizations with 

engagement of employees at all levels.  Many of the 

items discussed in this paper may not appear 

groundbreaking in scope and may even seem easy to 

implement, however, a great deal of effort and 

discipline is required to maintain focus and influence 

progress.  And whether you choose to have a good 

program or a great one, almost any program can 

benefit in some way by learning from others.   
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ABSTRACT 

This paper discusses the professional risks and rewards of being an industrial energy manager.  
The content is derived from the author’s personal experience1 plus 80 separate interviews of 
industrial energy practitioners and experts conducted during 2012-14 for the American Council 
for an Energy Efficient Economy.  The intended reader is anyone who is interested in reconciling 
industrial energy management tasks with their business and career performance. 

Energy managers ensure that their facilities receive the benefits of improved energy 
technologies, practices, and accountabilities.  But energy issues are not why industrial leaders 
get out of bed in the morning.  Energy management imposes new priorities on long-standing 
organizational structures and procedures.  To propose energy management is to propose 
change.  Changes impact the way money is budgeted and spent, alters the order of work 
priorities, and can potentially upset the current balance of professional power and influence 
held by different department heads within a facility.  Change elicits perceptions of risk.  Risk 
begets resistance. Energy management becomes change management, which entails the 
modification of organizational accountabilities and procedures.  Change management demands 
initiatives that are often beyond the reckoning of mechanically inclined staff that are 
accustomed to hands-on engineering or maintenance tasks.   

The energy manager is ultimately an upstart who challenges the goliaths who lead production 
and finance activities through long-standing, pre-eminent authority.  This imbalance ensures 
that energy management involves as much diplomacy, negotiation, and communication as it 
does hands-on technical tasks if it is to be sustained beyond a simple punch-list of projects. To 
advocate energy management is to be an iconoclast, swimming against the tide of traditional 
industrial priorities.  It is an undertaking that requires temerity on the part of the nascent 
energy manager, and indeed some investment of individual professional credibility.   

Hence the purpose of this paper:  to propose a framework for identifying the strategies and 
resources for navigating the tasks of energy management.  The goal is to help energy managers 
to better articulate their relevance to the greater industrial organization.  This paper describes 
the professional risks of energy management-- considerations of which a technical-minded 
audience may not be fully aware.  Navigating these risks (and opportunities) are the key to 
professional success.  Accordingly, this paper introduces a codification of the energy manager’s 
professional risks: (1) technical risk, (2) accountability risk, (3) measurement risk, (4) 
investment risk, and (5) management risk.  

BACKGROUND:  WHY ENERGY NEEDS TO BE MANAGED 

The industrial sector, which accounts for almost one third of total U.S. energy consumption, 
figures prominently in the cost and scale of energy generation and supply infrastructure.  Access 
to energy supplies—and any subsequent waste—are a matter of importance to industrial 

                                                        
1 The author was appointed by the County Executive as energy manager for the Howard County, 
Maryland government, 2010-12. 



 

corporations and to society as a whole.  To the extent that industrial facilities can make more 
efficient use of energy, the need to build and maintain energy regional generation, transmission 
and distribution infrastructure is reduced accordingly.  Energy efficiency also provides 
competitive advantages to industrial facilities, thanks to waste reduction and enhanced 
productivity.2,3 

Energy is an absolute, must-have ingredient for industrial activity.  Industry sustains a forced 
marriage with energy. Without energy, there will be no output, no revenue, and no returns to 
shareholders.  As long as energy cannot be consumed free of charge or without consequence, 
energy loss cannot be taken for granted. And without manufacturing, the U.S. loses 12.5 percent 
of its GDP, before counting the additional loss of services that depend on income from 
manufacturing.   

Consider the opposite approach, which posits energy as an uncontrollable “cost of doing 
business.” This conclusion rests on the knowledge that energy expenditures, like all operating 
expenses, are deductible from income for tax purposes.  Following this logic, waste is tolerable 
because it is a tax write-off!  This shallow perception is marred by glaring flaw:  a dollar’s worth 
of deductible tax basis yields only a fraction of a dollar in tax savings.  For example, say a 
corporation has a marginal income tax rate of 35 percent.  The dollar’s worth of deduction from 
income will provide only $0.35 worth of tax savings.  In this example, the company still sustains 
$0.65 cents worth of negative cash flow for each dollar spent on energy waste.     

Like everyone else, energy managers strive to demonstrate their value. To state it more 
urgently: energy managers are often found in the bulls-eye of corporate leaders who ruthlessly 
seek to reduce their organizational headcount.  What is an energy manager to do? 

Industrial culture and tradition allow many observers to be complacent about energy waste.  
People conclude, in so many words, that energy waste is minimal and not worth pursuing.  
Similarly, the idea of adding an energy manager runs counter with the desire to reduce 
headcount, a human resource strategy for cost reduction.  Many managers reach these 
conclusions without knowing the magnitude of value embodied in energy use.  Consider the 
most recent data describing the volume of all energy delivered to (and lost by) U.S. 
manufacturing facilities in aggregate: 

 

                                                        
2 A gross estimate of energy value lost by the U.S. manufacturing sector is $91 billion in 2006 dollars 
(see Appendix B).   

3 At the time of this report’s writing, ACEEE is compiling a compendium of data describing the non-
energy benefits resulting from industrial energy efficiency improvements.  



 

Table 1. Breakdown of Primary Energy Consumed  
for Manufacturing Heat & Power Applications by U.S. Industry, 2006 

Stage of Manufacturing Energy Use 

Volume of 

Energy 

Trillion Btu Percent 

Primary energy supply for industrial consumption;  

omits feedstocks and energy produced onsite  

LOSS incurred by offsite generation and transmission of electricity and steam 

 

21,972 

-6,479 

 

100% 

-29% 

Total energy delivered to industrial facilities for heat & power applications 

LOSS from onsite conversion of fuels to heat and power 

15,493 

-1,582 

71% 

-7% 

Total energy available for onsite distribution 

LOSS from onsite distribution 

13,911 

-937 

63% 

-4% 

Total energy available for all applications 

NET energy diverted and applied to onsite non-process activity 

LOSS of energy diverted (but not applied) to onsite non-process activity  

12,974 

-1,000 

-647 

59% 

-5% 

-3% 

Total energy available for revenue purposes 

LOSS from manufacturing applications 

11,327 

-4,807 

52% 

-22% 

Total energy applied to revenue purposes  

Energy exported offsite 

6,520 

-67 

30% 

<1% 

NET TOTAL energy applied to onsite manufacturing purposes 6,453 29% 

Numbers do not add exactly due to rounding.  Source:  U.S. DOE 2012. 

 
In 2006, 21,972 trillion Btu (TBtu) of energy were devoted to meeting the primary energy 
requirements of all U.S.-based manufacturing.   Energy purchased as feedstocks (i.e., direct 
content of products) is not counted in the total.  Note that this is a gross total which includes 
energy consumed for the offsite generation and transmission of electricity and steam that was 
accomplished before delivery to industrial facilities.  Losses incurred offsite amounted to 29% of 
the primary total supply.  Therefore, only 15,493 TBtu (71%) were delivered to manufacturing 
sites, procured at a weighted average price of $10.05 per MMBtu.4  This volume equated to an 
annual value of  $155.7 billion in 2006.5   

Care should be taken when interpreting industrial energy “loss.”  Raw energy inputs received by 
a manufacturing facility are refined through stages:  fuel becomes heat, power, and pressure, 
while electricity becomes heat, motive power, compressed air, refrigeration, or other forms per 
the unique needs of the process.  The stages of energy conversion impose some unavoidable 
losses attributable to the laws of thermodynamics and chemistry.  The balance of energy loss 
can be prevented at some cost; the law of diminishing returns suggests that the volume of 
economically recoverable energy waste is a smaller fraction than that which is technically 

                                                        
4 U.S. Department of Energy, Energy Information Administration. 2013. State Energy Data System 
(SEDS): 1960-2011.  http://www.eia.gov/state/seds/seds-data-
complete.cfm?sid=US#CompleteDataFile 

5 Note that these figures describe U.S.-based manufacturing in aggregate in 2006.  The energy 
performance of individual facilities varies, with waste percentages being greater at some, less at 
others. 



 

recoverable.  It is beyond the scope of this study to put a definitive number or percentage on the 
volume of economically recoverable industrial energy loss. 

Of the total primary consumption of 21,972 TBtu described here, only 30 percent was actually 
used for revenue-making purposes as it was either applied to process work or purposely 
exported offsite.  A small amount (five percent) was applied onsite for non-process space 
conditioning and comfort purposes.  Conversely, 65 percent was lost—29 percent being lost 
offsite prior to delivery, with the balance (36 percent) lost while being processed, distributed, 
and applied onsite.  

The reality: for each dollar spent by the U.S. industrial sector on energy, only $0.30 was applied 
to manufacturing works in progress plus another $0.05 diverted to providing onsite comfort and 
convenience needs.  Losses amounted to $0.65 on the dollar.  A portion of the losses—$0.36 on 
the dollar—is incurred within industrial facilities, within the nominal control of their facility 
managers.  The enumeration of waste is only one reason for managing industrial energy use. 

TECHNICAL RISK 

One compelling reason for energy management is technical.  Wasted energy does not simply 
dissipate into the atmosphere.  It travels in the form of heat, friction and chemical reactions, 
depleting the very assets through which they travel.  Think of acids resident in combustion 
gasses and steam mains.  Or pumps or motor drives needlessly left in motion.  Think also of 
uninsulated surfaces that cause bodily harm.  Or penalties for prohibited emissions.  These are 
but a few examples.  The value of wasted energy is compounded by the value of physical assets it 
destroys, as well as the safety and environmental liabilities that are its consequence.  These 
compounded losses subtract even more value from the industrial energy dollar. 

Forward-thinking facilities manage energy not only for its own value, but also for the 
information that energy monitoring provides.  Real-time energy monitoring provides a pulse on 
the mechanical integrity of operations.  For example, temperature readings on motor bearings 
can be a leading indicator of equipment failure.  Exhaust temperatures indicate the efficacy of 
fuel combustion.  Information like this indicates how well thermal resources are meeting 
process specifications—ensuring that manufactured products meet quality and quantity 
expectations. 

More to the point of this discussion, when a company chooses not to manage its energy, it 
implicitly chooses to pay for the compounded consequences of energy waste.   

ACCOUNTABILITY RISK 

Global competition has taken a ruthless toll on industrial resources.  Managers are chronically 
short of time, staff skills, and budget resources.  Facility leaders are hard-pressed to meet 
production goals—to keep everything up and running—leaving little time to pursue waste or 
lost efficiencies.   Inefficiencies may cost pennies on the dollar, but even these pennies are not to 
be found if production (revenue) goals are not met in the first place.  For industrial operations, 
efficiency is nice to have, but reliability is indispensible.   

“Accountability risk,” for the purposes of this discussion, describes the consequences of 
competing priorities.  The costs of energy inefficiency can be perceived from two angles.  The 
vast majority of industrial managers, whose business priorities are shaped by an annual budget 
and calendar, hold the first view.  In the context of an annual operating budget, energy waste is 
often a small percentage of expenses, and is therefore afforded less attention.  In contrast, these 



 

same individuals make a series of one-time equipment choices that will determine energy use—
and cash flow—for years if not decades to come.  

More to the point, individuals who are rewarded for output achievements before efficiency, per 
se, make industrial choices.  This reality is the first hurdle for initiating an energy management 
effort.  A lack of performance metrics allows energy consequences to remain “invisible” to 
facility managers. An energy manager must begin by creating awareness and urgency where 
there was none before. 

The first practical step for many energy managers—before tackling change management—is to 
simply make an inventory of energy use and loss for their facilities.  This is essentially what an 
energy assessment (audit) does.  While this step is indeed useful, assessments report are often 
received with some skepticism, as facility managers often find recommendations that are 
unactionable for a variety of reasons.  These reasons align broadly with the investment, 
technical, and accountability risks described heretofore.  Underscoring again the preeminence of 
production and revenue goals, industrial decision-makers are exceedingly protective of their 
production facilities, and are loathe to change anything that’s “not broken.”  This underscores 
once again the reality that the changes proposed through energy management depend as much 
on the coordination of people and procedures as they do technology. 

Herein lies another hurdle.  The energy manager advocates not only equipment changes 
(projects), but also procedural changes that impose new protocols and behavioral 
accountabilities. Businesses customarily ration capital through an annual budgeting process.  
This ensures that energy management will be propelled by a series of individual projects—one-
time episodes of equipment installation achieved only as capital is awarded.  This hit-or-miss 
capital project approach is without consideration of broader system and behavioral 
optimization. Quite simply, it is politically more expedient to pursue projects than it is to tackle 
procedural change. 

Industrial business culture and perceptions provide a hurdle to adequately staffing the energy 
management position.  The bias for “projects” over deeper change management leads many 
organizations to pursue energy management as (1) a number of projects, or really, distractions 
antithetical to a normal routine; and (2) an intrinsically mechanical pursuit suitable for 
delegation to staff with mechanical aptitudes and hands-on personalities.  While suitable for 
handling implementation tasks, these individuals rarely display the communication skills and 
gravitas needed to sustain the change-management aspects of energy cost control.  In other 
words, they are inclined to reinforce the emphasis on energy “projects.”  This places another 
hurdle:  if it is perceived as no more than a punch-list of projects, then a successful energy 
manager would presumably work his or her way out of a job by exhausting the list. 

To whom shall the energy management task be assigned?  Given the frequent skepticism and 
resistance among incumbent staff, it would seem that a new-comer has an inordinate challenge.  
For this reason, many organizations recruit energy managers from existing ranks of staff.  This 
bodes well in that the energy manager is already familiar with the facility, and facility staff are 
familiar with this person.  A possible downside is that this person’s facility-specific experience 
comes at the expense of broader knowledge obtained by working elsewhere.  Training may be 
needed in either case: inside hires may need more energy training, while the outside hire’s 
training needs are more organizational.    



 

MEASUREMENT RISK   

It’s one thing to inaccurately measure, record, or interpret energy data. An even larger issue is 
that many facilities fail to measure energy impacts, while those that do often rely on ill-chosen 
metrics.  Data handling best practices are the response.  Effective energy management metrics 
are (1) easy to collect on an ongoing basis, (2) are easy to understand, and (3) clearly relate to 
the job performance criteria of certain staff.   

Graphics are helpful in communicating energy management results.  Figure 1 is an example of 
“Q-Sum,” or cumulative summation.  The line graph depicts energy efficiency gains that accrue 
over time for one facility.   

Figure 1. 

 
 
The Q-Sum function is derived from linear regression data as follows: 

 Decide what variable best determines energy consumption.  It could be process output 
in units or by weight or volume.  Or is it by weather?  You decide which variable is 
appropriate.  The relationship between energy consumption and the determining 
variable can be expressed through linear regression.6 

 Collect at least one year’s worth of data for energy consumption and its determinant 
variable.  For this discussion, let’s assume that “output,” or the volume of production, is 
the determinant variable.  Collect data for both variables for equivalent time periods—at 
the very least, you can get monthly totals for both.  

 The regression analysis allows you to compare an “expected” to an “actual” measure of 
energy consumption.  That is, if you are given a specific measure of production output, 

                                                        
6 See this link for an explanation and example of linear regression analysis for energy consumption:  
http://www.degreedays.net/regression-analysis 



 

you can mathematically project the “expected” volume of energy consumption.  The 
expected-vs.-actual variance can be calculated for successive months, both before and 
after an energy improvement.   

 Focus now on the data for months prior to the improvement.  We know that the 
calculated or “expected” value will compare closely to monthly actual figures.  There will 
be variances from month to month, both positive and negative.  We expect these 
variances to balance each other out.  Accordingly, if you sum the variances over time, the 
running total tends to equal zero, as depicted in Figure 1 for the first half of the study 
period (left side of graph).    

 Once the energy improvement is made, the data will reflect less energy use per volume 
of output.  This will become apparent in the variances between the measures of 
expected and actual energy consumption.  Specifically, the monthly variances will be 
negative, indicating that actual energy use is less than expected.  These negative values 
are added to the ongoing summation of monthly variances.  A graphic depiction of the 
summation trend line, like the one in Figure 1, illustrates the magnitude of avoided 
energy consumption. 

“A picture is worth a thousand words,” per the old adage.  The Q-Sum function is one example of 
this energy management truism.  Documenting progress regularly, in a clear way, helps the 
energy manager to defend and sustain progress.    

INVESTMENT RISK 

Energy managers can and do misjudge the financial performance of energy improvements.  
Curiously, most industrial decision-makers in the 21st century evaluate their investment choices 
with simple payback—a metric that pre-dates the 1920s.  Business exigencies demand ever-
shorter payback on investment:  a 12-month payback is better than 24; six months are better 
than twelve.  However, paypack measures fail to answer a more pertinent question:  What rate 
of return should a business earn on its investments if it is to compete successfully?  If a business 
is to grow, it must earn rates of return that exceed the returns on its previously invested capital.  
A “good” energy improvement is one with a rate of return that exceeds the current rate of return 
on the business as a whole.7 Reliance on payback criteria can lead to less-than optimal 
investment choices.  To illustrate, consider Figure 2. 

 

                                                        
7 The current rate of return on the business as a whole is the pre-tax operating margin, in other 
words, the cents earned from a revenue dollar after subtracting costs of goods sold and other 
operating costs. 



 

Figure 2:  Payback vs. Rate of Return:   
Obscuring True Investment Performance 

 

 
 
Figure 2 demonstrates the relationship between simple payback and rates of return.8 Operating 
margins (the rate of return to operations prior to financial expenses) in manufacturing can be 
quite small.  For example, a realistic operating margin for a diversified chemical producer could 
be eight percent.9  That means that the company makes eight cents on every dollar of revenue it 
makes.  An eight-percent annual return equates to a 12.5-year simple payback (See Figure 2).  In 
other words, the capital invested in existing plant and equipment pays for itself every 12.5 
years.  In the meantime, the facility’s management may impose a two-year payback (a 50% rate 
of return) on new, incremental business investments. They categorically refuse any investment 
proposal showing a payback of more than two years.  This creates a “dead band” of wasted 
investment opportunity.  In this example, the dead band covers rates of return between eight 
percent (12.5 year payback) and 50 percent (two year payback).  By refusing an energy 
improvement with financial performance that falls within that dead band, the company forfeits 
the opportunity to improve the performance of its total invested capital.  

MANAGEMENT RISK   

Energy management is almost never initiated by organization as a whole.  Rather, it is likely the 
initiative of one individual (or at best, a part-time task for a very small number of individuals); 
the balance of the staff are unaware, indifferent, or perhaps even hostile to the idea.  It helps to 

                                                        
8 We know that a one-year payback is a 100 percent rate of return, two years is 50 percent, etc., when 
calculated without compounding.  In contrast, businesses earn an operating margin—the ratio of 

income compared to revenue for an accounting period.  This is expressed as a percentage.  For 
example, if a firm collects $1 million in revenue, has $800,000 in expenditure, its operating income is 
$200,000, yielding an operating margin of 20 percent ($200,000/$1 million = 20%).   

9 http://pages.stern.nyu.edu/~adamodar/New_Home_Page/datafile/margin.html 



 

have visible, sustained support from top management, but the presence of such support does 
not guarantee that the balance of an organization will understand or accommodate all facets of 
energy management in advance of its implementation.  

If top management support for comprehensive energy management is lacking, then an 
incremental approach is warranted.  The idea is to build on a series of small victories.  The 
energy manager can systematically seek collaborative opportunities with department-level 
managers. Chances are good that complementarities can be found—after all, everyone depends 
on energy in some fashion.  Just a few realistic examples: 

 A manufacturer’s chief information officer needs capital to expand the facility’s data 
center.  This effort would include additional air conditioning to expel heat from the 
expanded server capacity.  The energy manager secures rebates from the local utility to 
cover the incremental cost of implementing energy-efficient cooling equipment.  Instead 
of competing for capital, the energy manager has combined forces to subsidize the data 
center construction while also advancing energy performance goals. 

 A production facility has over 300 staff.  The director of human resources receives a 
message from the new energy manager, inviting collaboration.  The HR director’s 
immediate reply was that he had a staff of only four people—surely, their collective 
energy use must be inconsequential.  The energy manager replied, indicating a different 
intention.  The HR director has been searching for “employee engagement” 
opportunities—ways to boost volunteer leadership among existing staff.  The energy 
manager explains how volunteer staff can be organized as an energy resource team to 
help diagnose energy improvement opportunities while helping to disseminate energy 
awareness information in their respective departments. 

 A manufacturer’s marketing department wants to pursue emerging markets for “green” 
or sustainable products.  The energy manager can contribute directly to this effort by 
documenting the company’s progress in addressing energy waste and the concurrent 
reduction in fossil fuel emissions.  Recognition of these achievements can be advanced 
through participation in EnergyStar and similar programs.10 

Energy managers will find potential allegiances as well as enemies.  Money is always a pre-
eminent issue.  Few if any new energy managers are given authority and a budget from day one.  
This sets the scene for conflict:  energy management resources will be carved out of existing 
budgets and authorities.  The costs to diagnose, evaluate, and implement energy improvements 
will come from an existing budget.  If the energy manager is not the “owner” of that budget, a 
stand-off is likely.  Nor will the balance of the organization know what to expect from an energy 
management effort.  If top management support is lacking, then the energy manager is forced to 
become both diplomat and salesperson to win over colleagues throughout the organization. 

CONCLUSION 

Energy managers are no better than the results they create.  Successful energy management 
requires efforts over and above mechanical, hands-on aspects.   Ignoring these tasks is to invite 
the risk of failure: 

 TECHNICAL and INVESTMENT risk:  Monetize the dollar value of the costs and savings 
potentially available through waste recapture. Energy assessments provide this 

                                                        
10 http://www.energystar.gov/buildings/facility-owners-and-managers/industrial-plants/earn-
recognition/energy-star-challenge-industry 



 

knowledge.  If the budget does not allow this, start by collecting data from energy audits 
of comparable facilities.  The U.S. DOE’s Industrial Assessment Centers provide an 
online, searchable database of energy audits.11  This is a free resource, giving 
ammunition to energy managers who face skeptical colleagues. 

 ACCOUNTABILITY RISK:  Map the pathway to implementation.  Anticipate the choices 
to be made and who will be involved.  After listing these choices, sort them out by 
degree of difficulty.  Some energy choices are immediately do-able without consequence.  
Some choices must be coordinated through formal budgeting or other annual resource 
planning episodes. Yet other choices can only be achieved in the context of larger 
organizational changes—for example: facility expansion, product line changes, 
installation of new labor contracts, etc.  The very act of “roadmapping” choices helps to 
make the consequences of change transparent, assuaging the fears of others.  This is the 
essence of change management.   

 MEASUREMENT RISK:  Measure impacts.  Information is vital to the energy manager.  
Energy savings are obviously important, but so are investment results.  Secondary 
information is helpful as well, such as counting the number of volunteer hours or 
suggestions collected for energy housekeeping.  The old adage still stands:  you can’t 
manage what you don’t measure. 

 MANAGEMENT RISK:  Facilitate organizational change.  Understanding the technical 
and engineering aspects of facility operation remains crucial to energy management.  To 
be successful, however, energy managers must advocate changes that have 
organizational consequences. Receptiveness to the energy manager will be uneven.  
They will mark progress by working with allies, documenting the success stories, and 
communicating these to entice additional collaboration.    

“If the only tool you have is a hammer, you will spend all your time looking for nails.”  And so it 
is with energy management.  If energy management is perceived as a purely mechanical pursuit, 
it amounts to nothing more than installing a list of projects.  This does not bode well for career 
longevity: when you run out of projects, you run out of a job.  Sustained energy management is a 
process that continuously refines value.  This approach, however, often runs counter to the 
expectations of traditional facilities management culture.  Implementing energy management as 
a process requires organizational change—a mission that requires evolving skill sets. 
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ABSTRACT 

  Countries participating in the Global 

Superior Energy Performance (GSEP) Energy 

Management Working Group (EMWG) are 

leveraging their resources and taking collective 

action to strengthen national and international efforts 

to facilitate the adoption of energy management 

systems (EnMS) in the industrial and commercial 

building sectors. EnMS can help organizations 

potentially conserve 10%–40% of their energy use by 

institutionalizing the policies, procedures and tools to 

systematically track, analyze, and improve energy 

efficiency. The EMWG harnesses the collective 

expertise of 11 member countries to provide 

assistance on policies and programs, advocate for 

energy management, and develop technical resources. 

Though national policies and programs to drive 

EnMS implementation vary, EMWG members of 

EMWG successfully collaborating on projects to 

build and improve the business case for energy 

management, workforce capacity, and measurement 

and verification. Each activity has the support of one 

or two country sponsors that provide strategic 

leadership and resources. 

 

 

 

INTRODUCTION: THE IMPORTANCE OF 

ENERGY MANAGEMENT AND GLOBAL 

SUPERIOR ENERGY PERFORMANCE  

Energy management represents a significant 

opportunity for organizations to reduce their energy 

use while maintaining or boosting productivity. The 

industrial and commercial sectors jointly account for 

approximately 60% of global energy use [2]. 

Organizations in these sectors can reduce their energy 

use 10% to 40% by effectively implementing an 

energy management system (EnMS) [3, 1]. 

 

Industrial companies can use energy 

efficiency as a business strategy to improve their 

competitiveness and also achieve societal 

environmental goals. However, barriers to energy 

efficiency include financial, technical, behavioral, 

organizational, and other challenges. As a result, 

organizations do not always consider energy 

efficiency to be a high priority compared to other 

business investments and often leave energy 

efficiency measures unimplemented [3].  

 

To help industry overcome these barriers, 

the International Organization for Standardization 

(ISO) published the ISO 50001 energy management 

standard in 2011. ISO 50001 provides industrial 

companies with guidelines for integrating energy 

efficiency into their management practices—

including fine-tuning production processes and 

improving the energy efficiency of industrial systems 

[4].  

 

The Global Superior Energy Performance 

Partnership (GSEP) is an initiative of the Clean 

Energy Ministerial (CEM), a global forum for 

encouraging and facilitating the transition to a global 

clean energy economy, and the International 

Partnership for Energy Efficiency Cooperation 

(IPEEC). GSEP aims to significantly cut global 

energy use by encouraging the industrial and 

commercial buildings sectors to continually improve 

their energy efficiency.  

 

GSEP’s Energy Management Working Group 

(EMWG) advocates the increased adoption of EnMS 

or ISO 50001 in industry and commercial buildings. 

It goal is to accelerate the adoption and use of energy 

management systems in industrial facilities and 

commercial buildings—enabling continual 

improvement in energy efficiency worldwide. 

Improving energy efficiency in buildings and 

industry yields clear energy, economic, and 

sustainability benefits to companies, communities, 

countries, and the world. Energy management 

programs can help countries meet their policy goals 

or targets for energy efficiency, energy security, 

economic growth, and climate change mitigation. 
 

The 11 member countries of the EMWG 

include Australia, Canada, Denmark, the European 

Commission, Japan, India, Mexico, the Republic of 

Korea, South Africa, Sweden, and the United States. 

These governments work collectively to strengthen 

the national and international efforts to make it easier 
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for these sectors to adopt energy management as a 

key aspect of their operations.  

 

EMWG Collaborative Approach 

The EMWG encourages active peer sharing 

among member countries on a broad range of 

relevant issues. The group provides diverse 

opportunities to present and discuss strategies, 

experiences, and best practices—inviting industry, 

non-government organizations (NGOs), and others to 

contribute as appropriate. The participating countries 

share their knowledge, experience, and insights to 

accomplish the following: 

  

 Advocate for energy management. Build the 

business case for energy management to 

effectively communicate its diverse benefits for 

companies, communities, and countries. 

 Provide Support. Provide guidance and 

resources to support implementation of energy 

management in GSEP countries. Develop and 

disseminate practical tools and resources to 

support and enable broad government and 

industry implementation efforts.  

 Set Policy. Establish energy management as a 

key energy efficiency strategy for industrial and 

commercial buildings sectors. Offer stakeholders 

(governments, NGOs, etc.) technical support for 

their efforts to design, implement, and evaluate 

energy management policies and programs. 

 

Though national policies and programs to 

drive EnMS implementation vary, the members of 

EMWG are working together on several projects with 

great success, including efforts to build the business 

case for energy management, prepare the workforce, 

and improve the accuracy and consistency in 

measuring outcomes. The EMWG has adopted a 

country-led approach to advance progress on 

activities. Each activity has the support of one or two 

country sponsors that provide strategic leadership and 

resources. 

 

ADVOCATE FOR ENERGY MANAGEMENT 

To gain management support for EnMS 

implementation, the EMWG is working to build the 

business case for EnMS by demonstrating that 

investing in an EnMS has a favorable payback. 

 

EnMS Case Studies. 

The EMWG is creating case studies that 

highlight the business value of EnMS implementation 

and cover range of companies across sectors, facility 

sizes, countries, government programs, and 

languages. Case studies will provide insights to 

companies considering EnMS and ISO 50001, such 

as the associated costs, demonstrated payback 

periods, implementation steps, keys to success, and 

lessons learned. The successes of early adopters will 

help the EMWG develop a compelling business case 

based on real-world data and experiences. Industrial 

companies and commercial buildings can then use the 

case studies to gain management support for EnMS 

implementation.   

 

As of March 2014, the EMWG’s collection 

of case studies now covers energy management 

investments and outcomes for six companies in 

Australia and the United States; additional case 

studies from other countries participating in the 

EMWG are anticipated. The four Australian case 

studies, which feature companies participating in the 

Australian Energy Efficiency Opportunities (EEO) 

Program, detail a range of methods used to increase 

energy productivity through energy optimization 

projects. The two case studies from the United States 

feature industrial facilities that have achieved 

certification through Superior Energy Performance, 

which requires implementation of an energy 

management system that is in conformance to ISO 

50001 and achievement of an energy performance 

improvement, both of which are verified by a third 

party auditor. These two case studies each provide a 

detailed cost-benefit analysis for implementing and 

conforming to ISO 50001 and SEP requirements. For 

example, General Dynamics improved energy 

performance at its Scranton federal ammunition 

manufacturing facility by 11.9%, and achieved 

payback within 6 months. Nissan’s Smyrna, 

Tennessee vehicle assembly plant, improved plant 

energy performance by 7.2% and saved $938,000 

each year, recouping its investment in SEP in only 

four months.    

 

EMWG members produced a design 

template and content guidelines for use in developing 

these case studies, both of which are available to 

other governments and companies that are interested 

in collaborating with the EMWG to produce case 

studies to add to this portfolio. 

 

Energy Performance Database 

A robust dataset of EnMS implementation 

across multiple countries is needed. The Energy 

Performance Database (EPD) is a valuable tool that 

allows participating countries to gain a more detailed 

understanding of the drivers and barriers to effective 

energy management system (EnMS) implementation 

from sharing EnMS implementation data. 

Understanding these drivers and barriers can enable 

countries to refine their national programs and 

policies related to energy management.  
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Participating countries will submit data 

detailing EnMS implementation at organizations 

within their country. In time, the EPD will contain an 

array of information that will form a foundational 

tool to promote EnMS implementation and program 

and policy development as well as provide a source 

of valuable information on industrial energy use and 

consumption and the role of operational changes and 

technology upgrades in improving energy 

performance. Multiple layers of protection are 

employed to ensure the security and confidentiality of 

proprietary information within the submitted data.  

Any government with national EnMS 

programs in place or company that has implemented 

an EnMS is encouraged to contribute data. Results 

and findings will be shared with contributors. 

 

PROVIDE SUPPORT 

To support implementation of energy 

management, the EMWG is developing tools to 

support and enable broad government and industry 

implementation efforts and to improve accuracy and 

consistency in measuring outcomes.  

 

EnMS Practitioner’s Toolbox  

Many corporations want proven, cost 

effective tools that can be enacted in a timely manner 

to deliver immediate EnMS benefits. Currently under 

development in partnership with the Institute for 

Industrial Productivity, this online toolbox will 

contain a practical suite of proven and cost-effective 

tools, measures, and activities for companies to 

improve energy efficiency through effective energy 

management. 

 

The EnMS Practitioner’s Toolbox can 

increase the value of existing tools to both current 

and new users and provide leverage for accelerated 

implementation and substantial energy and carbon 

savings.  

 

Prepare the Workforce 

To successfully capture the potential savings 

that an energy management system (EnMS) can 

offer, specific expertise is needed. Access to the 

skills of an experienced professional in energy 

management—whether staffed within a company or 

an external consultant—will result in more effective 

implementation of the EnMS and greater energy 

savings.  

 

The EMWG recognizes that countries share 

similar challenges in preparing workforces to 

successfully implement and maintain an EnMS. 

Many governments have incorporated energy 

management requirements into their programs, while 

others have adopted EnMS standards such as ISO 

50001. The EMWG prioritizes workforce 

development and training to help foster EnMS 

adoption in industry and commercial buildings.  

 

 Job-Specific Knowledge and Skills for EnMS 

Implementation:  GSEP conducted a multi-

country analysis of the knowledge and skills 

currently covered in workforce programs for 

professionals engaged in energy assessment and 

energy management in Australia, Japan, 

Republic of Korea, South Africa, and the United 

States.  

 

The report also identified relevant 

knowledge and skills for key personnel that can 

influence energy management decisions and that 

may be involved in the various steps of 

implementing EnMS. As examples, some of 

those positions include: Chief Financial Officers, 

sustainability officers, accountants and financial 

professions, Environment, Health and Safety 

(EH&S) professions, engineers, technicians, and 

tradespeople.  

 

The recommended knowledge and skills in 

this report may impart guidance to workforce 

programs under development, generate 

opportunities for collaboration among 

developing or expanding training programs, 

facilitate greater consistency among existing 

professional programs, and increase awareness 

about the energy efficiency potential that can be 

achieved through skills programs. Ultimately, 

building skills in the workforce will help 

countries achieve their national energy efficiency 

goals.  

 

 (Also see “GSEP ISO 50001 Auditor 

Certification Scheme” under “SET POLICY” on 

page 5.) 

Improve Accuracy and Consistency in Measuring 

Outcomes 

 The measurement and verification (M&V) 

of energy performance improvements is an important 

method to determine and report on the value of an 

implemented energy conservation measure or project. 

The EMWG has various activities to enhance M&V 

practices to promote successful implementation of 

EnMS, facilitate comparison of results across 

countries and companies, and improve the accuracy 

and confidence in reported EnMS implementation 

outcomes and energy savings.  
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 M&V Data Quality guidance document: This 

document seeks to provide assistance and 

guidance to global M&V practitioners, resulting 

in increased stakeholder confidence in M&V 

data quality and more informed decision making 

when analyzing and interpreting measured or 

derived M&V data.  

 

This document shares a recommended M&V 

data quality framework as well as guidance on 

determining the measures to report, M&V 

reporting format and reporting periods, definition 

of data quality, M&V approaches, data quality 

value versus cost, statistical methods, and 

uncertainty management.  

 

This document does not seek to globally 

standardize data quality, issue prescriptive 

guidelines, or attempt to cover all of the M&V 

protocols and methodologies that may be used. 

Rather, the aim is to help make M&V reporting 

more comparable across the Global Superior 

Energy Performance Partnership (GSEP) 

countries and globally. International 

comparability of results not only enables 

countries to more effectively share results with 

one another, it also facilitates improved 

knowledge sharing regarding the challenges and 

successes a facility or country may have faced 

while implementing M&V. Accordingly, the 

target audience for this document includes all 

M&V practitioners within the GSEP countries, 

as well as the wider global M&V community. 

 

 M&V Decision Tree: The purpose of this 

document is to explain what is understood by the 

term M&V as it applies to efficiency demand 

side management (EEDSM) projects, explain the 

basic M&V process, where and when M&V fits 

into the EEDSM implementation process of 

projects, and provide a “roadmap” 

(methodology, process or decision tree) that can 

be used to develop consistent, impartial, reliable, 

and repeatable project-specific M&V plans to be 

used for credible and accurate reporting of 

savings.  

 

Reporting savings which are deemed 

credible and acceptable is dependent on 

following appropriate M&V processes, as well 

as applying the correct protocol and 

methodology (combined forming the M&V 

plan).  

 

 Energy Accounting: When conducting M&V, the 

accounting of a facility’s energy consumption is 

dependent on different contexts that are often 

unclear in how to navigate. This activity will 

produce a report, largely in the form of a series 

of decision trees, to assist M&V practitioners in 

navigating EnMS measurements and energy 

accounting calculations. This project will help 

establish best practices to aid decision making, 

improve data collection consistency, and enable 

M&V results to be compared more easily across 

countries. 

 

 M&V Terminology: The EMWG will produce a 

document that lists energy efficiency 

terminology relevant to the M&V field. This is 

something that is currently partially addressed in 

different forms (e.g., the ISO 50001 standard has 

a limited number of terms defined), but is not 

consolidated into one document for the benefit of 

the M&V community. This activity does not 

seek to replicate the work being done in the joint 

working group between the International 

Organization for Standardization and the 

International Electrotechnical Commission. 

Instead the activity seeks to facilitate discussion 

specifically on M&V terminology to better 

understand where there is agreement in 

terminology and where inconsistencies exist. 

 

 International Approaches to Measurement and 

Verification: The EMWG has conducted analysis 

to identify areas of commonality across the 

M&V documents and programs and has 

considered the challenges for developing 

standardized M&V documents. Understanding 

the context and constraints of the diverse 

existing approaches can help us move toward a 

common approach that will support and enhance 

their values.  

 

This paper reviews a number of existing 

guidance documents from the six countries 

involved in the GSEP EMWG, in terms of how 

they address these M&V issues, what context 

they’re designed for, and what elements might be 

needed to extend them to address other contexts.   

 

Issues that M&V needs to address to support 

an energy management program such as ISO 

50001 include the following: defining 

boundaries for which improvement is to be 

measured, defining improvement metrics, 

creating appropriate baselines, determining what 

should be normalized for and how it should be 

done, reporting and potentially setting 

requirements for accuracy and reliability of data, 

specifying data quality requirements and 
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accounting for total consumption across multiple 

energy sources. 

 

SET POLICY 

To establish energy management as a key 

energy efficiency strategy for industrial and 

commercial buildings sectors, the EMWG is working 

to elevate energy management in their own countries 

and around the globe. EMWG members have shared 

technical support for efforts to design, implement, 

and evaluate energy management policies and 

programs. 

 

GSEP ISO 50001 Auditor Certification Scheme 

This activity aims to produce a consensus-

based, international certification scheme that supports 

greater consistency in ISO 50001 certification 

outcomes and demonstrates the value of EnMS 

business practices. The outputs of this activity 

include job task analyses, certification schemes, and 

general implementation principles for ISO 50001 

Auditor and Lead Auditor. Countries will 

individually decide how best to implement the 

certification schemes in their country.  

 

The ISO 50001 EnMS standard has a dual 

focus on the development of an energy management 

system (EnMS) and data-driven improvements in 

energy performance. This dual focus requires a set of 

skills in the business processes of a management 

system and the technical requirements of energy 

performance that are unique in the field of 

conformity assessment. Since global energy 

consumption represents the largest contributor to 

greenhouse gas emissions, effective and robust 

implementation of ISO 50001 has the potential to be 

a significant driver in efforts to reduce these 

emissions. 

 

The EMWG is working to address the lack 

of skilled and trained personnel available to review 

an organization’s EnMS. This activity focuses on the 

knowledge and skills needed to effectively conduct 

audits of organizations seeking certification to ISO 

50001.  

 

Pilot Projects 

EWMG members are sharing best practices, 

resources, and protocols to conduct pilot projects, 

which have focused on EnMS implementation and 

measuring results with companies on a national level. 

Canada, the Republic of Korea, and the U.S. 

collaborated on a number of aspects of government 

program development and implemented EnMS pilot 

projects with facilities in each of their respective 

countries. In Canada, a two‐ year pilot supported by 

GSEP to implement EnMS resulted in a 15.2 percent 

energy performance improvement at a 3M 

manufacturing facility. The Republic of Korea 

completed the second stage of an EnMS Pilot Project 

involving 10 facilities that combine energy 

management with energy performance evaluation. In 

the U.S., 16 facilities are certified to Superior Energy 

Performance. Those facilities implemented an EnMS 

in conformance with ISO 50001 and improved 

energy performance between 5-25% over three years 

and 16-40% over ten years. 

 

CONCLUSIONS 

Energy management systems help an 

organization institutionalize the policies, procedures, 

and tools to systematically track, analyze, and 

improve energy efficiency—leading to continual 

improvements in energy performance. EMWG 

members seek to promote broad use of EnMS 

worldwide by sharing knowledge and expertise, 

learning from each other and leveraging each other’s 

strengths. The EMWG prioritizes the activities 

described in this report due to their potential to 

accelerate energy management implementation in 

industry while maximizing the contributions of 

working group members, available resources, and 

outreach partnerships. Collectively, these efforts will 

help countries foster continual energy improvement 

in the industrial and commercial buildings sectors 

and help meet national energy and climate mitigation 

goals.  

 

More information about the EMWG and its 

activities is available at: 

www.cleanenergyministerial.org/energymanagement. 
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ABSTRACT 

Decision makers in the industrial sector have only recently started to realize the potential of smart 

manufacturing to transform manufacturing. The potential gains in efficiency at the process and supply-chain level 

are still largely unknown. For utility sector energy efficiency program administrators and policy makers to properly 

respond to this emerging opportunity to reduce the sector’s future energy intensity, they need to better understand 

the scope of the opportunity and the economic potential it portends. This paper will define smart manufacturing, 

explain its promise, and examine its economic potential in terms of energy and energy costs savings for the 

industrial sector. Key questions that will be addressed include: 

 

 What is smart manufacturing? 

 How will it impact the industrial sector? 

 What is the potential for it to save energy and reduce energy intensity in the industrial sector? 

 What are near-term and mid-term challenges to broad implementation? 

 

 

 

INTRODUCTION 

Building on ACEEE’s existing work on 

intelligent efficiency, which is “a systems-based, 

holistic approach to energy savings enabled by 

information and communication technology (ICT) 

and user access to real-time information” (5), this 

paper explores its applications in the manufacturing 

sector, where it is known as “smart manufacturing.” 

Opportunities within the industrial sector encompass 

electricity, natural gas, transportation fuels, and other 

fuels as well as chemical feed stocks. Smart 

manufacturing can address all of these opportunities 

in a holistic fashion to produce the next step change 

in energy efficiency.  

 

Surprisingly, many end users in the 

manufacturing sector are not already familiar with the 

energy savings properties of process automation. A 

recent survey by ASQ (1) revealed that 80% of 

manufacturers were unaware of smart manufacturing 

technologies and a majority of respondents did not 

think it would be of value to them. These same 

manufacturers may also not be aware that their 

investments in automation may qualify for financial 

incentives so long as they are willing to share their 

net energy savings data.  

 

The efficiency gains anticipated as a result of 

machine-to-machine (M2M), often referred to as the 

“Internet of Things” or more narrowly as the 

“Industrial Internet”, are capable of generating both 

cost savings and new revenues that in total could add 

$10-15 trillion to global DDP over the next 20 years" 

(7). The speed with which these technologies are now 

entering the marketplace is a result of the 

improvements in the underlying technologies’ 

capabilities while the cost of these technologies 

simultaneously drops. (4).  

 

It is estimated that over half of the 

manufacturing sector will have migrated some of 

their IT infrastructure to the Cloud within the next 

two years (13) and that there will be more than 50 

billion connected devices around the world by 2020 

(6). These two trends are profoundly changing the 

way businesses interact with each other and of equal 

importance, how devices within a company will 

interact with each other.  

 

Ubiquitous mobile broadband-enabled internet 

access is making connectivity and networking 

available independent of location (8). Combined with 

falling prices for networks and data analytical 

capabilities, new services will evolve that make 

possible more efficient business models and greater 

productivity for workers and facilities. The nation is 

already heading towards connectivity for everyone. 

There were more than twice as many connected 

devices as subscribers were added to mobile telecom 

carrier networks in the U.S. market in 2010" (6). 

 

These new big data collection and analysis 

capabilities will put customer demand, production 

and supplier data in context at a rate that is faster, 



more accessible and less expensive (13). Business 

solution providers and their enabling technology 

vendors need to overcome IT challenges such as 

ensuring that the new machine to machine (M2M) 

data flows can be integrated into existing enterprise 

IT systems (4). The IT and telecommunications 

sectors are responding with non-competitive 

collaborative efforts to standardize platforms so that 

it will be much simpler for end users to compare 

which packages best fit their needs and give them 

increased flexibility as their businesses evolve (4).  

 

The top 20 mobile operators are projected by 

Machina Research to generate €25 billion in revenues 

from machine-to-machine space by 2020. (11) The 

M2M industry is projected to maintain 23% annual 

growth rates over the next decade, and what is today 

a $121 billion business will be worth $948 billion by 

2020" (9). 

 

With such significant economic growth potential, 

it is important for decision makers in the 

manufacturing sector and stakeholders in the energy 

and public policy sectors to understand the transition 

manufacturing will undergo over the next two to 

three decades and what it means for the energy 

efficiency resource planning. 

 

WHAT IS SMART MANUFACTURING? 

Smart manufacturing is many things. It is 

equipment, it is sensors, it is communications 

systems/networks, it is automated control, it is 

information sharing. It is measurement, evaluation 

and validation via data analytics. It is the harvesting 

of big data for analysis of operations, to identify 

faults in systems, to understand customer interests, 

and to inform operators. It is the combining of an 

enterprise resource planning (ERP) system and a 

production management system, and it is the 

connection of both with an environmental health and 

safety compliance system (EHS) and an energy 

management system (EnMS). It also includes the 

product design teams’ efforts to design for the 

environment. It is the networking of an entire supply 

chain, from mine to manufacturing to merchandise on 

a retail shelf; from farm to factory to table. It is the 

capability, it is the stuff, it is the phenomenon that is 

transforming manufacturing. 

 

According to Jim Davis of the Smart 

Manufacturing Leadership Coalition (SMLC), “Smart 

manufacturing marries information, technology and 

human ingenuity to bring about a rapid revolution in 

the development and application of manufacturing 

intelligence to every aspect of business. It will 

fundamentally change how products are invented, 

manufactured, shipped and sold. It will improve 

worker safety and protect the environment by making 

zero-emissions, zero-incident manufacturing 

possible.” (2) 

 

Thus, smart manufacturing isn’t just the next 

iteration of manufacturing automation. When full 

realized, companies will gain efficiency at all steps in 

a manufacturing process. The actions of customers 

will pull products and services through the supply 

chain. Only that which will be purchased will be 

manufactured.  

 

At the facility level, smart manufacturing 

integrates both vertically (within a production 

process) and horizontally (across systems). For 

example, many companies now have separate 

business and production systems. The first system 

takes care of accounting and perhaps payroll, the 

second manages the machinery in the plant.  

 

One or both of these two systems may be 

integrated with a quality management system of the 

company. Many energy management systems 

(EnMS) are integrated into environmental 

management systems (EMS)   which may be linked 

to environmental, health and safety (EHS) programs. 

Ideally, the product design process follows design for 

the environment (DfE) practices and takes into 

consideration environmental impacts of production 

processes, use of the product, and its final 

disposition.  

 

Smart manufacturing will ultimately bring all of 

these management systems together so that use of 

resources can be maximized through instructive 

feedback loops, early identification of errors, and 

better decision making.  

  

Process Automation and “Smart Manufacturing” 

Devices, systems, and facilities are deemed 

‘smart’ because they have the ability to make logical 

choices about future actions. Smart manufacturing is 

different than automation, which is a practice that has 

been taking place in manufacturing since the dawn of 

the industrial age. Automation is a step toward Smart 

Manufacturing, but it falls short of this designation 

because it is designed, built and programmed (or re-

programmed) to handle one task (or a series of tasks) 

in one certain way with pre-set parameters.   

 

Smart manufacturing, on the other hand, is the 

integration of all aspects of manufacturing, regardless 

of level of automation, with computer systems that 

can use real-time information and past behavior to 

model scenarios and choose the best outcome not just 



for the current situation, but for likely future 

situations. The end result is superior control and 

productivity. Automation of a process can be done 

discretely, but the implementation of smart 

manufacturing is “a business and technology journey 

not a technology” (3). 

 

Over the next decade, the technologies and 

practices of smart manufacturing will complete the 

evolution of manufacturing from a supply side 

focused mass production to demand-driven mass 

customization. An entire enterprise will be 

coordinated around the ability to respond 

dynamically to customer requests and supply chain 

realities. Systems will harvest large volumes of data 

and use data analytics to model and simulate 

production scenarios for the purpose of identifying 

the best operating conditions needed to satisfy 

customer demands. These new factories will be 

flexible in what they make, where they source inputs, 

and how they distribute outputs.  

 

To understand the distinction we are making 

between automation and smart manufacturing, it is 

helpful to revisit a methodology developed in our 

earlier work (12) to differentiate between 

conventional energy measures and intelligent energy 

measures. The same concepts apply to automated 

manufacturing and smart manufacturing.  

 

In addition to characterizing the difference 

between a conventional and intelligent energy 

measure, this methodology can be used to determine 

the portion of overall energy savings resulting from 

an energy efficiency project that should be attributed 

to the “intelligent” or “smart” aspect of the efficiency 

measure. In other words, the difference between what 

is possible with enabling technology alone and what 

is possible with an intelligent efficiency approach. 

This is important because there will be incremental 

energy savings at all levels within the manufacturing 

process that are not possible without the new 

technology, and that all of these discrete 

improvements will be significant as a whole.  

 

This methodology requires a heuristic for 

determining when an energy measure should be 

considered enabling technology and when it reached 

the level of intelligent or smart efficiency. To aid in 

this determination and to help the reader categorize 

and compare technologies along this evolutionary 

scale, we devised a simple hierarchy. The levels 

connote complexity rather than additional energy 

savings, although energy savings generally increase 

as we move toward Level 4.  

 

Table 1: Control System Hierarchy 

Level Technology 

Level 0 Manual On / Off 

Level 1 Reactive On / Off 

Level 2 Programmable On / Off 

Level 3 Variable Response 

Level 4 Intelligent Controls 

 

The challenge of determining the energy savings 

from intelligent efficiency pivots on what is 

considered the baseline. An easy-to-understand 

example in manufacturing is an electric motor. The 

baseline for controlling the speed of the motor is a 

simple manual on/off switch. Since there is no 

automation at this baseline level, we are calling it 

Level 0. A more complex example is a water 

pumping system, where the baseline is likely that a 

switch turns the motor on or off, but other 

components—the pump, valves, and piping—also 

contribute to the energy use of the system. The 

amount of energy consumed by the motor is related 

to the features of the pump and friction within the 

piping and valves.  

 

Level 1 incorporates a reactive control such as a 

level sensor that turns the pump motor on and off 

automatically or a temperature switch in a thermostat 

that causes the pump to circulate cooling water. The 

pump motor turns on or off when certain set points 

are reached.  

 

Level 2 is programmability. Instructions 

contained in the computer programming determine 

the conditions, (e.g.: time, temperature, or 

environmental stimulate) the pump is turned on or 

off. Examples are an irrigation system, a building 

cooling system and a city water tower.  

 

Level 3 incorporates variable response. The 

pump motor is connected to a variable speed drive 

(VSD) that speeds up or slows down the pump in 

response to an instruction. That instruction could be 

in response to data from a sensor or from a 

predetermined program. The VSD adjusts the speed 

of the pump and with each second that the pump 

operates at less than full speed, energy is saved.
1
   

 

Level 4 is the full integration of all of these 

enabling technologies with an additional software 

component that analyzes past performance and 

adjusts system outputs in anticipation of future 

                                                 
1
 n.b., there are many common situations in 

which a VSD controlled pump will use more energy 

than a conventionally controlled pump.  



performance. At this level, additional savings are 

possible because the process control is proactive and 

not just reactive. It has the ability to take past 

performance into consideration in determining future 

operating set points. 

 

BUILDING UP TO “SMART MANUFACTURING” 

There are many components to a smart 

manufacturing system. The sensors give us the ability 

to collect information, the controller gives us the 

ability to act upon information, and the embedded 

software gives both the ability to communicate with 

each other. The next step is to create a feedback loop 

to controller so that the device can respond to its 

environment. Half the electricity used in 

manufacturing is used to drive electric motors, so for 

our first example we'll use a motor driven pump. It 

could just as easily be a motor driven fan, 

compressor, conveyor belt or stamping machine. 

 

A More Efficient Device 

Our generic pumping system is pulling water 

from the city water supply and elevating it to a water 

tank several hundred feet away . The water tank 

supplies various processes through the factory, so 

water is drawn out at varying rates throughout the 

day. This is a very simple and common application. 

Our goal is to use as little electricity to supply water 

to the plant as is needed to keep operating at the pace 

of customer demand for product. 

 

A common system would be to have a pump fill 

the tank until it is full at which time a float trips the 

off switch and the pump is turned off. When the tank 

gets too low, another mechanical device turns the 

pump on. This process continues without human 

intervention day in and out. This is our baseline in 

terms of energy use. 

 

And this system seems efficient enough. 

However, in this scenario, the pump operates at full 

speed each time it runs. Energy can be saved by 

running the pump at a lower speed. Cutting the speed 

in half reduces energy consumption by seven eighths, 

so even though it will take twice as long to fill the 

tank, it will take a fourth as much energy. However if 

it is run too slowly, it may not be able to keep up 

with demand for water by production. 

 

A more automated system might have several 

sensors in the tank so that the speed of the pump 

speeds up the lower the tank gets and slows down the 

closer to full it gets. This will save energy by running 

the pump at reduced speed part of the time. We'll call 

this system level savings due to automation. 

 

A More Efficient End-Use System 

There is still some waste left to be eliminated, 

the difference between what this automated system 

uses to fill the water tank and the least amount 

needed to satisfy production. Prior to new smart 

technologies, it would have been very difficult and 

expensive to capture this comparatively small amount 

of additional savings. What smart technologies give 

is the ability for the production line to tell a central 

control how much water it needs now, five, fifteen, 

and sixty minutes from now. This information can be 

used by the pump to fill the water tank to just the 

level needed to ensure it maintains pressure and 

volume for the production line. We'll call this system 

level savings to smart manufacturing.  

 

A More Efficient Process 

Of course this system is part of the larger 

manufacturing process. The same network that 

enables the pump to schedule its load for the day also 

allows each system in the production line to optimize 

its use of energy. The system made do this 

automatically or it may present options to the 

production manager who will accept 

recommendations and/or adjust them as there will 

always be some variables of which the production 

automation system is unaware. As each of these 

communicates with other systems, an improved 

optimal operating scenario can be discovered. This 

process level efficiency is on top of the savings that 

come from system level savings. 

 

A More Efficient Factory 

The next level is for the production process to 

communicate with the company accounting system 

that lets it know when shipments of raw material are 

due to arrive at the loading dock. It may also have 

information about the quality of the raw materials as 

this may affect the amount of processing that is 

required. For example, a high quality, albeit more 

expensive, raw material might require less milling 

than a lower quality, less expensive raw material. The 

business automation system can take all of these 

variables into consideration and recommend options 

that reduce overall costs.  

 

The business systems such as customer 

relationship management (CRM) will inform the 

production system of orders. In modern lean 

manufacturing processes, production runs at the 

speed of customer demand (vs. projections) so no 

energy is wasted making products that won't sell. 

This last step we'll call savings at the facility level 

due to smart manufacturing. 

 

APPLICATIONS OF SMART MANUFACTURING 



While there are many ways to apply smart 

manufacturing, and many benefits of doing so, this 

section highlights two applications that go beyond 

energy savings. 

 

Smart Parts 

Manufacturing is trending from mass production, 

in which one variant of a product is made in large 

volumes, to mass customization, in which each 

product is tailored by the customer to meet his or her 

needs. The famous example of the first is the Ford 

Model T, the nation’s first mass produced car and the 

reported statement by Mr. Ford that, “you can have 

the car in any color you want so long as it is black!” 

An example of the later is Dell Computers where 

customers “build” their computer virtually, then order 

it and it arrives in a matter of days.  

 

In order for the mass customization 

manufacturing facility to be able to successfully 

manufacturing products at the pull of its customers, it 

must be able to track all parts and assemblies entering 

and leaving its facilities in real time. Each of these 

parts has a unique identifier that informs what it is 

and who it is for. The more common identifier is a 

radio frequency identification (RFID) tag that can be 

scanned an read throughout the facility. These “smart 

parts” carry operating instructions for the workers 

and machines as it is carried through the 

manufacturing process (14).  

 

The tagging of individual parts enables each part 

to be treated as a unique, tailor-made item. The vital 

statistics of the individual part design can be stored as 

information on the RFID tags. This information 

distinguishes the part from other similar parts in the 

same production line (14). At the quality control step, 

the compliance of the part is captured and fed back 

through the system so that any needed adjustments 

can be made on the fly. Better tracking and 

adjustments to quality reduce costs and by extension 

energy consumption.  

 

Intelligent Maintenance 

Predictive maintenance of production equipment 

is a significant opportunity for reducing variable and 

non-variable costs of production through smart 

manufacturing. The potential exists to eliminate 

unplanned downtime through real-time monitoring 

and data analytics. These systems compare a 

product’s performance through a networked 

monitoring system that compares performance 

against historical data of the device in question and 

others within the company or that are also monitored 

by the vendor. The system identifies degradation and 

prognosticates the need for maintenance rather than 

wait for fault detection (10).  

 

CHALLENGES AND BARRIERS 

Despite the potential for energy savings and 

increased production, reliability, and safety, there are 

several challenges and barriers to implementing 

smart manufacturing. 

 

Common Protocols 

Smart manufacturing relies on the ability of 

different machines, processes, and management 

systems to talk to each other, but currently there are a 

large number of proprietary or closed systems that 

hinder this. (8). 

 

Spectrum Congestion 

Smart manufacturing depends on many machines 

and processes talking to one another, but this can 

crowd the electromagnetic spectrum used to transmit 

signals wirelessly. (4) 

 

Need for Trained Workers 

Finding, training and retaining a workforce 

knowledgeable of the technologies required for smart 

manufacturing is going to be growing challenge as 

smart manufacturing spreads. 

 

Future Proofing  

Companies don’t want to invest in solutions that 

won’t be useful down the road when technology 

changes. While the hardware solution could be 

operational for 15-20 years, the communication 

network it relies on may not last as long before 

becoming obsolete. 

 

OPPORTUNITY: INCLUDING SMART 

MANUFACTURING IN INDUSTRIAL ENERGY 

EFFICIENCY PROGRAMS 

Leading ratepayer-funded efficiency programs 

are seeking new programmatic methods to gain 

greater volumes of energy savings from each 

customer and an emerging trend is to create programs 

that capture savings from multiple systems in one 

project. 

 

What is promising about including smart 

automation and controls in efficiency programs is 

that if done right, it will not only provide additional 

savings, but also provide an improved measurement 

capability. 

 

Dynamic Baseline 

The computational power of data analytics 

enables the establishment of a baseline much more 

easily and inexpensively than before, even with less 



historical data. Advanced manufacturing process 

control systems now have the ability to measure 

current performance, compare with past performance, 

and then forecast future performance. This solves the 

issues of attribution and energy intensity. The 

intelligent efficiency measures can track energy 

consumption at the device level, match that with 

facility use or production values, and provide both 

facility operators and efficiency program 

administrators energy performance data and forecasts 

that they can use to forecast future energy resource 

needs. And since this is an automated process, the 

exchange of information can happen at or near real 

time and at a lower cost than conventional data 

collection and reporting. 

 

Programs Focused On Performance  

Intelligent efficiency provides an opportunity to 

move from energy efficiency programs that are 

device-based to programs that systems- and 

performance-based. Older programs that may be 

reaching the limits of what can be achieved with 

fixed rebates for purchasing specific items may find 

the concept of paying for performance of interest, 

especially if they are looking for new program ideas 

that will appeal to their larger industrial and 

commercial customers.  

 

With the ability to determine current and future 

savings, a factory manager and the efficiency 

program administrator can begin a conversation on 

paying for performance. Once in place, the smart 

manufacturing system is able to compare current 

operating conditions with a previous baseline under 

similar operating conditions and determine the net 

energy savings. It may also have the ability to 

forecast future energy demands. Performance 

information is reported to the program administrator 

and the incentive paid is based on energy saved. 

Programs may provide a bulk of the incentive upfront 

based on forecasted energy savings and later, as 

actual performance is reported, the balance is 

released. That balance may increase or decrease 

depending on whether more or less energy has been 

saved than forecasted and it may be released over a 

period of one or more years. 

 

Recommendations 

Policy makers need to see that the creation of 

open access platforms is a significant opportunity for 

the economy but one that is too complicated and 

expensive for industry to tackle on its own. 

Government can function both as an investor and 

convener for this pre-competitive collaboration. 

Manufacturers of smart devices should support the 

development of open source platforms through their 

participation and financial support. Ultimately, this 

will lead to a larger market than currently exists and 

by becoming engaged early, they will have 

opportunities that late adopters will not.  

 

Vendors of existing proprietary products should 

recognize that open source platforms will require 

them to migrate to a different business model. This 

transition will not be unlike the move communication 

technology companies made with the advent of the 

Internet and the move from land-line phones to 

mobile phones and computers.  

 

CONCLUSIONS  

Smart manufacturing is an emerging technology 

advancement that will transform the manufacturing 

environment. It will enable mass customization and 

reduce wastes of all sorts. It will be able to document 

energy, water and material savings with accuracy and 

expediency. That information will be shared 

throughout the organization and its supply chain as 

needed. The information will be presented in 

actionable format that improves decision making and 

enables superior management of the manufacturing 

process.  

 

Smart manufacturing will become an economic 

engine from growth in this sector. Innovation will 

respond to customer demand to develop better and 

more targeted products. Design, development and 

delivery to market will be quicker and at a lower cost. 

Vertical integrated companies will give way to B2B 

collaborations of small, medium and large enterprises 

that form and reconfigure as needed to meet a 

customer’s request.  

 

Cooperation within the vendor community and 

with leadership by the federal laboratories, 

communication and device standards will be created 

that will enable more market participants and quicker 

uptake of new technologies. The interoperability of 

systems will benefit customers and vendors alike.  

 

The ubiquity of data and the ability to analyze it 

will enable companies to compete on energy 

efficiency, environmental, safety and sustainability 

performance metrics. Customers will have access to 

the information and will incorporate it into their 

decision making.  

 

On an individual facility basis and on a national 

industrial sector basis, the energy intensity, that is the 

amount of energy embedded in a unit of production, 

will continue to decrease. There are not any 

overwhelming market failures that will prevent or 

complicate this evolution. It is, essentially, part of the 



normal progress of manufacturing technology. It will 

happen because it helps manufacturers save money. 

Some of that money, will be energy not purchased.  
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ABSTRACT 

ISO 50001:2011 – Energy Management Systems – Requirements with Guidance for Use was published as a 

voluntary international standard in June 2011.  Companies are slowly beginning to consider use of the standard, and 

a few are implementing the standard and receiving third party certification.  This paper will discuss facilities within 

the U.S. manufacturing sector that have completed the certification process.  Based on published summaries and 

interviews with personnel in organizations involved in both the certification process, the author will examine the 

motivations for pursuing ISO 50001, lessons learned, and a comparison of costs and benefits. 

 

Discussion will consider how adoption of the standard fits with corporate energy management policies and 

goals, as well as broader sustainability or corporate social responsibility initiatives.  The paper will also compare 

adoption of the standard in other countries relative to the U.S. 

 

The paper will attempt to inform companies that are learning about ISO 50001 and assist in their decision-

making process. 

 

 

INTRODUCTION 

The quest for improving energy efficiency is not 

new, dating back to at least the early days of steam 

engines in the late 1700s.  Energy efficiency was 

theorized upon by Nicolas Léonard Sadi Carnot in 

the early 1800s, which a few years later led to the 

second law of thermodynamics (16).  Widespread 

public awareness of the benefits of energy efficiency 

came about following the Arab oil embargo in 1973.  

The rising cost of oil, along with temporary 

shortages, led individuals and organizations to 

consider efficiency improvements as a way to cut 

costs and preserve finite sources of energy.  Since 

that time, appreciation of the benefits of efficient 

equipment, systems, processes, and buildings has 

slowly grown.   

 

Energy management is a term with several 

definitions, depending upon the context.  For 

manufacturing facilities, the focus of this paper, 

energy management can be defined as the control and 

optimization of energy use within the organization.  

Certain manufacturers, especially the energy 

intensive ones, have been managing their energy for a 

number of years as a means to control costs.  

Increasing costs, along with other factors, such as the 

desire to limit greenhouse gas emissions, have 

brought greater attention to energy management.   

 

As with the term energy management, the 

definition of the term energy management system has 

multiple definitions.  For example, the Wikipedia 

definition of energy management systems is quite 

narrow, and refers only to computer-based tools for 

monitoring and controlling energy-consuming 

systems in buildings and facilities.  This paper refers 

an energy management system as an orderly method 

for seeking to continually improve energy 

performance within an organization.   

 

ISO 50001:2011 Energy Management Systems – 

Requirements with Guidance for Use is the first 

international standard developed for energy 

management systems, and defines an energy 

management system as a “set of interrelated or 

interacting elements to establish an energy policy and 

energy objectives, and processes and procedures to 

achieve those objectives” (11).  ISO 50001 is a 

voluntary standard, and facilities in compliance with 

the standard can self-evaluate and self-declare 

conformance, or can be certified through third party 

certification. The standard does not prescribe any 

specific performance criteria that must be met for 

certification.  Organizations define their own “energy 

performance indicators” and objectives, and 

determine their own targets. 

 

BACKGROUND ON ENERGY MANAGEMENT 

SYSTEMS AND ISO 50001 

The use of a standardized management system 

approach to improvement has existed for a number of 

years, and dates to the plan-do-check-act series of 

steps for continual improvement popularized by W. 

Edwards Deming with Japanese manufacturers in the 

1950s, and originally developed by Walter Shewhart 

of Bell Laboratories (2).  The plan-do-check-act 

model is often referred to as the Deming Cycle. 
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 Figure 1:  Energy Management System Model (15) 

 

The ISO quality management and environmental 

the management standards, ISO 9001:2008 Quality 

Management Systems – Requirements and ISO 

14001:2004 Environmental Management Systems – 

Requirements with Guidance for Use, are two well-

known international standards that use the Deming 

Cycle management system approach.  ISO 50001 

also makes use of the Deming Cycle to embed 

continual improvement in energy performance into 

organizations.  Figure 1 graphically shows the 

management framework described in the standard.   

 

An organization committing to the use of an 

energy management system will benefit from having 

standardized procedures and policies in place.  Such 

rigor will ensure continuity of the energy program 

should the organization’s energy champion depart, 

while the tracking and record-keeping required by 

ISO 50001 will be extremely helpful should the 

organization choose to participate in a greenhouse 

gas reporting program or initiate sustainability 

reporting. In addition, the process of creating an 

energy management system requires setting up an 

energy policy and getting a commitment from the 

organization’s leadership, thus further ensuring 

continuity.   

 

While ISO 50001 is the first international energy 

management standard, it benefits from prior national-

level standards, including the American National 

Standard Institute’s ANSI/MSE 2000:2008 – A 

Management System for Energy, the European 

Commission’s EN 16001:2009 Energy Management 

Systems – Requirements with Guidance for Use, and 

others.   

 

ISO 50001 IN CONTEXT 

 

Types of Organizations Using ISO 50001 

The ISO 50001 standard states that it is 

applicable to any organization, but organizations 

currently using an energy management system or ISO 

50001 are primarily organizations within the 

commercial buildings and manufacturing sectors.  

Organizations in the institutional sector will find use 

for the standard as well.  While over 6,900 facilities 
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have reported achieving certification under ISO 

50001, at present, data on the number of certified 

facilities by sector are not available.  Data are also 

unavailable on companies implementing the standard 

and opting to self-declare rather than seek third-party 

certification. 

 

Companies pursuing ISO 50001 certification or 

already certified are primarily organizations with 

large facilities or large energy footprints.  Smaller 

organizations, including smaller manufacturers, are 

much less likely to adopt an energy management 

system such as ISO 50001.  This is likely due to a 

number of factors, such as a lack of knowledge, 

awareness, staff, and financial resources.  In 

particular, a small company is less likely to have an 

internal champion to generate and maintain interest in 

energy management and energy performance 

improvement.  One exception is Veriform, Inc., a 

small Canadian manufacturer, in which the internal 

energy champion happens to be the company 

president.  Veriform’s energy management activities 

are discussed later in this paper. 

 

Companies already conforming to other ISO 

standards are more likely to adopt ISO 50001.  In 

particular, companies certified to the ISO 9001 or 

ISO 14001, two standards commonly used at U.S. 

manufacturing facilities, are already “up to speed” on 

the management system approach to continual 

improvement, and thus are familiar with creating 

internal policies, action plans, and document control. 

 

Use of ISO 50001 Globally 

 Companies typically pursue energy efficiency to 

reduce energy consumption and costs, and begin by 

working to identify energy savings projects.  Projects 

may be in the form of low-cost, no-cost operational 

improvements or capital investments in new 

equipment or technologies.  Projects are each 

evaluated on a case-by-case basis, and for capital 

projects, compete for capital with other requests 

within an organization.  This project-based approach 

to energy improvement is often piecemeal, lacking a 

long-term strategy, and with viable projects subject to 

cancellation anywhere along the approval process.  

Another motivation for pursuing energy efficiency 

for a number of organizations is the need or desire to 

reduce greenhouse gas (GHG) emissions, and energy 

consumption is the largest source of GHG emissions 

for many manufacturers. 

 

 According to a study by Deloitte Consulting 

(13), companies with an energy management system 

in place improve their energy performance three 

times faster than companies with no system 

(7.2%/year vs. 2.4%/year).  Having an energy 

management system can have a significant positive 

impact on energy performance, and in turn GHG 

emissions reductions.  An energy management 

system can also be an important component of a 

company’s sustainability or corporate social 

responsibility program.  In addition, adherence to a 

recognizable standard such as ISO 50001 can 

facilitate public discussions with local communities 

and other stakeholders with the organization. 

 

 As of March 2014, over 6,900 facilities have 

been certified under ISO 50001 since the standard 

was published in June of 2011 (9) (see Figure 2).  

Companies in European countries have taken the lead 

in achieving certification, with Germany, Spain, and 

Denmark having the most certified facilities (8).  

Organizations in Europe typically are faced with 

higher energy prices, making managing energy an 

 

 
Figure 2.  Worldwide Sites ISO 50001 Certified through March 2014 (http://www.aems.ie/Pages/iso50001.aspx) 
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easy sell.  German companies have the additional 

incentive of being exempt from the German 

Renewable Energy Sources Act fee for facilities that 

are ISO 50001 certified (4).  Yet another factor in the 

rapid adoption of ISO 50001 is the European affinity 

to ISO standards relative to U.S. companies.  Data on 

organizations that are self-declared (i.e., not seeking 

third party certification) are not available. 

 

Use of ISO 50001 in North America  

 In the U.S. and Canada, a number of companies 

have facilities certified under ISO 50001, but far 

fewer than in Europe.  Canadian companies may be 

eligible for financial incentives from Natural 

Resources Canada through an ISO 50001 

implementation pilot program.  No similar incentives 

currently exist in the U.S., but the U.S. Department 

of Energy (DOE) is partnering with select utilities 

and utility program administrators to create a 

ratepayer-funded program based upon DOE’s 

Superior Energy Performance (SEP) initiative (3).  

SEP is a certification program that builds on the ISO 

50001 framework, and offers silver, gold, and 

platinum designations based upon the extent of 

performance improvement. As of the end of 2013, 40 

facilities were participating in SEP and 17 are 

certified under the program.  If those select utilities, 

or others that may be observing, see value in SEP or 

ISO 50001, then utility incentives could become 

common and ISO 50001 adoption in the U.S. could 

quickly grow. 

 

 So lacking both carrots and sticks, uptake of ISO 

50001 in the U.S. has been limited to date.  Some 

companies, such as 3M and Schneider Electric, that 

adopted ISO 50001 at one or two facilities initially 

are now pursuing ISO 50001 certification at other 

facilities within their organization.  Schneider 

Electric has committed to obtaining ISO 50001 

certification at all U.S. facilities. 

 

Paying for ISO 50001 Implementation 

 Setting up and conforming to ISO 50001 does 

entail costs, in terms of both personnel time and 

direct financial expenditures for outside technical 

expertise, monitoring and metering equipment (if not 

already in place), and the third party certification 

audit.  Companies seeking only self-declaration and 

not third party certification will not incur the audit 

cost, and may require only limited external 

assistance.  Costs for implementing the standard vary 

by facility and organization, dependent in part on the 

facility function and size and pre-existing knowledge 

of the management system process.   

 

 Accurate data on companies’ costs for ISO 

50001 implementation are not available at present, 

due to the relatively recent publication of the 

standard, and the limited number of certified facilities 

to date in the U.S.  A study presented at the July 2013 

ACEEE Summer Study on Energy Efficiency in 

Industry (14) analyzed information collected from 

nine facilities participating in the pilot phase of the 

SEP program, and estimated average costs for ISO 

50001 and SEP implementation.  The average cost 

for implementing ISO 50001 and SEP at the nine 

studied facilities was $319,000, with a range of total 

costs from $207,000 to $498,000 among the 

facilities.  Of this total, the largest single cost on 

average was internal staff time, comprising two-

thirds of the total cost, mainly for developing the 

energy management system, and secondarily for audit 

preparation.  The study is being updated (as of April 

2014) to disaggregate incurred costs from sunk costs 

for internal personnel time.  The revised average total 

cost is expected to be substantially lower once the 

personnel costs are corrected.  In addition, costs tend 

to be higher for pilot phases of new initiatives such as 

SEP.  As the program grows, program best practice-

sharing will bring costs down.  The study found the 

second largest cost was external technical assistance, 

accounting for 18% of the total.  The purchase of 

monitoring and metering equipment cost 9% of the 

total on average, and the third party certification audit 

averaged 6% of the total.  Due to the limited sample 

size of the study, the average costs derived from the 

study provide a good starting point for evaluation of 

costs and benefits, but the sample size is not 

statistically significant for broad conclusions. 

 

Benefitting from ISO 50001 Implementation 

 Implementing ISO 50001 can provide a number 

of benefits to an organization or facility.  Large-scale 

studies of the benefits, like the costs, of ISO 50001 

have yet to be performed.  However, some idea of the 

type and magnitude of benefits can be derived from 

the above-mentioned report, which identified the 

following largely qualitative benefits: 

 

 uncovering previously overlooked no-cost and 

low-cost opportunities,  

 more effectively communicating the value of 

continual energy improvement within the 

facility, 

 increasing top management confidence in the 

results, thanks to verification and certification, 

 increasing credibility for energy savings 

calculations, and 

 local community awareness of facility action 

toward becoming more sustainable. 
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 Energy savings, which can be more easily 

determined once significant energy uses are 

monitored as a part of an energy management system, 

were substantial for the studied facilities.  The study 

of SEP projects provides some preliminary energy 

savings averages, but only for the first 18 months 

after the initial SEP training was provided to staff.  

The study reports 10.1% energy savings on average 

after 18 months. The study also notes that most 

facilities reported an increase in the percentage of 

energy performance improvement projects that were 

operational projects relative to capital projects. The 

study adds:  “Facilities reported that ISO 50001 

helped identify operational improvements that 

previously had gone unnoticed” (14).  

 

CASE STUDIES 

 Limited case studies are currently available on 

company experiences implementing ISO 50001 in the 

manufacturing sector, especially in the U.S.  

Following are brief summaries of the experiences of 

two Canadian manufacturers; one summary based on 

available literature, and another derived from a 

telephone discussion between the author and the 

company president.  It is interesting to note that one 

company is a relatively small manufacturer, a group 

often assumed to lack the resources and motivation 

for implementing an energy management system.  

Also included is a summary of some highlights from 

published case studies for several facilities 

participating in the SEP program. 

 

Case Study – Veriform, Inc. 

 Veriform, Inc. is a metal fabricating company 

located in Cambridge, Ontario, Canada.  By 

manufacturing sector standards, Veriform is a small 

business, with a staff of 22.  Most small 

manufacturers are not concerned with energy 

management and would not consider implementing 

an energy management system due to the perceived 

costs and personnel commitment. However, Veriform 

embraced ISO 50001 as a component of their 

sustainability program, which dates to 2006.  Since 

that time, the company’s facility size increased by 

145% while reducing electricity use by 58% and 

reducing its carbon footprint by 65% (12).  Despite 

the company’s actions toward energy efficiency over 

a number of years, Veriform felt they could further 

improve by dropping their project-based approach 

and adopting ISO 50001.  Veriform achieved 

certification in 2013.  As of early 2014, company 

sales per kilowatt-hour have improved by over 200% 

relative to 2006. 

 

 The key component leading to Veriform’s 

success with ISO 50001 is its energy champion, Paul 

Rak, who is also the company president.  Mr. Rak has 

championed energy management within the company 

for many years, creating awareness among staff and 

instilling confidence in staff and the company’s 

energy manager to pursue energy projects and the 

management system.  Another key for Veriform is its 

experience with the ISO 9001 quality management 

system standard. This prior ISO standard exposure 

meant a smaller learning curve for ISO 50001 due to 

the number of overlapping requirements, such as 

policy setting, development of an action plan, record-

keeping, and experience preparing for third party 

audits.  Moving to ISO 50001 facilitated Mr. Rak’s 

sharing of energy management responsibilities with 

staff who make up the new energy management team 

(12). 

 

 Veriform reports a simple payback for the cost of 

ISO 50001 of less than six months.  The company 

spent a total of $61,000 Canadian ($55,000 USD), 

and received a $25,000 Canadian ($23,000 USD) 

incentive from Natural Resources Canada, a 

department of the Canadian government, for a net 

cost of $35,000 Canadian ($32,000 USD) (12).  Note 

that even before factoring in the incentive, 

Veriform’s costs for ISO 50001 were substantially 

less than the $319,000 average noted in the SEP 

study.  This is partly due to Veriform’s small size, 

but also because the company already had: 

 

 metering and monitoring systems in place,  

 internal staff with prior ISO and management 

system experience, 

 some level of awareness and understanding of 

energy management, and 

 experience and an existing relationship with a 

third party auditor. 

 

 An important benefit of the energy management 

system approach for Veriform is the maintenance 

savings that results from investments in energy 

efficiency.  The company attributes to ISO 50001 a 

total savings of $140,000 Canadian (($127,000 USD) 

last year, with $110,000 Canadian ($100,000 USD) 

in energy savings (primarily electricity savings) and 

$30,000 Canadian ($27,000 USD) in maintenance 

savings.  As an example of the maintenance savings 

achieved, part of an energy review resulted in 

replacement of a compressed air system.  The 

compressor motor for the new system is 50% smaller 

than the one in the previous system, and the new 

system includes an automatic shut-down feature.  The 

new system consumes 91% less energy per year, but 

the cost savings for maintenance exceeds the energy 

savings.  Plant-wide, maintenance costs are down 
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45% because of the improved efficiency, optimized 

sizing, and control of equipment. 

 

Case Study – Lincoln Electric  

 Lincoln Electric Company of Canada is a 

manufacturer of welding equipment and welding wire 

in Toronto, Ontario with about 250 employees and 

production lines operating 24/7.  The company 

already had ISO 9001 and ISO 14001 certifications 

prior to seeking ISO 50001 certification, and they use 

tools such as Six Sigma and Lean Manufacturing, so 

many of the systems and processes for implementing 

a management system were in place and could be 

duplicated or expanded to accommodate ISO 50001 

(1).  The company considers energy management to 

be a part of their corporate culture, and that has been 

reinforced by providing full energy management 

training sessions to all employees.  The company has 

an active employee energy project suggestion system.   

 

 The company added submetering as a part of the 

planning process for certification.  Although not 

directly related to ISO 50001, Lincoln Electric has 

made a couple of notable business changes after 

becoming more knowledgeable on corporate energy 

and environmental impacts.  They added life cycle 

analysis as a feature of all procurement actions for 

capital equipment, and added an environmental 

component to the supplier report cards required of 

their suppliers. 

 

Observations from Other Case Studies 

 Only a limited number of manufacturing 

companies in the U.S. have become certified under 

ISO 50001 to date, and these companies tend to be 

the “early adopters” of energy and environmental 

programs. Many of those that have put an energy 

management system in place through ISO 50001 

have done so through the Department of Energy’s 

Superior Energy Performance program, which builds 

upon the ISO 50001 framework in its certification 

and recognition program by requiring facilities meet 

prescribed energy performance improvement targets 

to become SEP certified.  Case studies and trade 

press articles describe the ISO 50001 and SEP 

experience for several of the SEP-certified facilities, 

including General Dynamics Ordnance and Tactical 

Systems (GT-OTS), Nissan’s assembly plant in 

Smyrna, TN, Bridgestone Tire’s Wilson, NC facility, 

and 3M’s Brookville Tape Plant in Ontario.  A few 

common themes emerge from review of their 

experiences: 

 

 most of these facilities already have management 

system experience through certification efforts 

for ISO 9001 and ISO 14001, 

 energy efficiency projects are not new to these 

companies, but prior efforts have been sporadic 

due to varying management interest and budget 

limitations, 

 employee training is important for embedding an 

energy improvement culture within the facility, 

 payback times for the ISO 50001 process are 

usually well under one year. 

 

Other notable observations from the individual 

facilities include: 

 

 GT-OTS has found the submetering helpful in 

justifying future investments, by proving savings 

of previous projects and improving estimated 

savings of future projects (7), 

 as a federally-owned facility, meeting energy 

reduction goals of an Executive Order was an 

incentive for GD-OTS to pursue ISO 50001 (7), 

 Nissan’s Smyrna plant sets an example for other 

Nissan plants as well as suppliers in their supply 

chain partnership program, which requires a 

commitment to energy efficiency (6),  

 Nissan’s opportunities must compete with all 

other potential projects at Nissan facilities 

globally, so the rigor of an energy management 

system helps identify and document robust 

project opportunities (6), 

 3M found value in performing a gap analysis 

early in the process, once the energy team 

developed an understanding of the components 

of the standard (10), 

 even with a system in place, management at 3M 

still needs a valid business case before 

committing resources (10). 

 

While not within the manufacturing sector, 

Google has obtained ISO 50001 certification for 

seven of its U.S. data centers and is looking to certify 

its data centers in Europe (17).  Data centers are very 

energy intensive, with large cooling demands and 

24/7 operation.  As with the companies profiled 

previously, Google began the ISO 50001 process 

with each facility benefitting from having ISO 14001 

processes and procedures in place. 

 

LESSONS LEARNED 

 The experiences of and lessons learned by 

companies that have completed ISO 50001 

certification can be valuable to organizations 

considering ISO 50001 or wanting to understand 

more about the commitment.  Following are some of 

the key insights from the companies discussed in this 

paper: 
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 the return on investment for implementing ISO 

50001 can be very good, and having prior 

facility-level experience in other management 

systems such as the ISO quality and 

environmental standards will significantly ease 

the learning curve and reduce internal staff costs, 

 creating a culture of continual improvement 

among employees is critical, and ISO 50001 

helps embed that culture, 

 even small companies can benefit from the 

standard with strong management commitment 

and an understanding of the management system 

approach, 

 submetering is important not just for baseline-

setting and project validation, but can also aid 

forecasting, 

 efficiency improvements typically lead to 

reduced maintenance requirements and reduced 

maintenance costs, 

 initial planning needs to include allocating the 

necessary resources and setting task expectations 

in advance, 

 internal costs can be minimized by integrating 

requirements such as training and documentation 

into existing systems as much as possible, 

 a rigorous, yet flexible software tool is valuable 

for not only baseline development and energy 

use tracking, but also for scenario evaluations 

and forecasting.  SEP participants see much 

value in DOE’s spreadsheet-based EnPI tool (5), 

 the management system approach can help 

facilitate lines of communication as well as 

alignment between departments in a facility. 

 

 

CONCLUSION 

ISO 50001:2011 – Energy Management Systems 

– Requirements with Guidance for Use was published 

in June 2011.  Over the past two and one-half years, 

many organizations, primarily in Europe, have 

adopted the voluntary standard.  Areas with 

government financial incentives in place have greater 

numbers of companies certified. With some notable 

exceptions, manufacturing companies in the U.S. 

have been slow to adopt the standard. Based on 

limited data and case studies, the financial returns for 

implementing the standard are very good.    

 

The standard is particularly suitable for facilities 

already familiar with or certified to another 

management system type of standard, such as the ISO 

9001 quality standard and the ISO 14001 

environmental management standard.  Small facility 

size may not necessarily preclude a company from 

benefitting from ISO 50001. Facilities that have gone 

through the process of putting the standard in place 

note a number of benefits beyond energy savings, 

from maintenance savings to improved alignment 

between departments to improved community 

engagement. 

 

 The need exists for additional case studies, as 

well as further analysis of the costs and benefits of 

implementing ISO 50001 so that companies 

considering the standard can make an informed 

decision.  In addition to the resources contained 

within the References section, companies considering 

ISO 50001 may benefit from review of the resources 

contained in the Appendix. 
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APPENDIX 

 

Additional Resources 

 

 

In addition to the resources identified in the 

References section, a number of other resources are 

available to organizations seeking to gain a better 

understanding of energy management systems and 

ISO 50001.  A few of these resources are provided 

below. 

 

1. DOE eGuide for ISO 50001.  U.S. Department of 

Energy. 

https://ecenter.ee.doe.gov/EM/SPM/Pages/Home

.aspx  

2. Guidelines for Implementing ISO 50001 Energy 

Management Systems in the Oil and Gas 

Industry. IPIECA. 2013. 

3. ISO 50001:  Recommendations for Compliance.  

White Paper. Schneider Electric. 2012. 

4. ISO 50001 Energy Management System.  British 

Standards Institute.  

http://www.bsigroup.com/en-GB/iso-50001-

energy-management/  

5. ISO 50001 Energy Management Systems 

Standard.  Natural Resources Canada, Canadian 

Industry Program for Energy Conservation. 

http://www.nrcan.gc.ca/energy/efficiency/industr

y/cipec/5379 
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http://www.bsigroup.com/en-GB/iso-50001-energy-management/
http://www.bsigroup.com/en-GB/iso-50001-energy-management/
http://www.nrcan.gc.ca/energy/efficiency/industry/cipec/5379
http://www.nrcan.gc.ca/energy/efficiency/industry/cipec/5379
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Embedding Sustainability into Manufacturing Organizations

Vestal Tutterow Sr. Technical Consultant Project Performance Company McLean, VA

ABSTRACT
While definitions of sustainability and sustainable development vary to a certain extent, manufacturing

organizations tend to define sustainability as the triple bottom line – pursuing profitability, environmental integrity,
and social equity. This paper will discuss the best practices of organizations that have ingrained sustainable practices
throughout their organizations, as well as their experiences balancing the triple bottom line. The paper will examine
barriers and opportunities encountered by organizations when considering sustainability programs. Costs and
benefits – financial and other – that facilitate and impede sustainability actions will be examined. Existing models
and frameworks will be overviewed. Current codes and standards for reporting will be reviewed, also. This paper
has an emphasis on smaller manufacturers, and will discuss how large manufacturers can engage the smaller
companies within their global supply chains in both energy management and sustainability.

INTRODUCTION
Organizations worldwide are starting to embed

sustainable practices into their governance,
management practices, and daily operations. This is
a significant development, especially as global
manufacturing companies commit to the pursuit of
corporate sustainability. The potential for resource
conservation, emissions reductions, and energy
savings as manufacturers adopt sustainable practices
is immense. Equally important, manufacturers
embracing the social responsibility aspects of
sustainability can have huge impacts on workers’
rights and poverty reduction. To date, however,
organizations embracing sustainability are mostly
large organizations. Small and medium-sized
enterprises (SMEs), including small and medium-
sized manufacturers, are much less likely to have
sustainability goals and practices in place (26). This
provides a huge opportunity for environmental
improvement, however, since about 70% of global
pollution is attributable to SMEs (17).

A recent survey conducted by KPMG
International found that 93% of the world’s largest
companies publish annual corporate sustainability
reports (28). On the surface, this is quite impressive,
offering evidence that many of the world’s largest
employers and greenhouse gas emitters are
addressing the challenges of conducting business
while minimizing their impacts on the environment
and working to improve their communities. While
reporting is an important first step, embedding
sustainability into organizations’ business models and
operations is required before positive impacts can be
realized.

What exactly is corporate sustainability? Several
similar definitions of sustainability exist, and all are
guided by the principles of environmental
stewardship, social responsibility, and economic
wellbeing. A good definition of sustainability
relevant to corporations in the manufacturing sector
comes from the International Institute for Sustainable
Development (20):

Adopting business strategies and activities that
meet the needs of the enterprise and its
stakeholders today while protecting, sustaining
and enhancing the human and natural resources
that will be needed in the future.

Just as several definitions exist, several terms are
often applied to sustainability. Most organizations
use the terms sustainability, sustainable development,
and social responsibility interchangeably. Similarly,
corporate sustainability, corporate social
responsibility (CSR), and corporate responsibility
(CR) are used interchangeably by businesses when
discussing sustainable practices.

RECENT DEVELOPMENTS IN
SUSTAINABILITY AND CSR

Frameworks, Protocols and Standards
Organizations looking to gain an understanding

of sustainability and corporate social responsibility
will find a myriad of frameworks, protocols, and
reporting standards. The most well-known have at
their core carbon and greenhouse gas reporting, and
use the GHG Protocol accounting and reporting
framework developed by the World Resources
Institute and the World Business Council for
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Table 1. Key International Organizations and Sustainability Reporting Initiatives, Standards, Ratings,
Codes, and Other Guidance Relevant to U.S. Manufacturing Sector

Organization Product Scope
Reporting
CDP Standardized on-line questionnaires

for reporting (5)
Climate change, water, forests, and
supply chain reporting

Global Reporting Initiative G4 Sustainability Reporting
Guidelines (12)

Economic, environmental, and social
sustainability reporting

International Integrated Reporting
Council

The International <IR> Framework
(45)

An approach to integrated reporting
for both corporate financial and
sustainability reporting

United Nations Global Compact Communication on Progress UNGC members reporting on
progress toward UNGC’s ten
principles related to human rights,
labor, environment, and anti-
corruption.

World Resources Institute & World
Business Council for Sustainable
Development

GHG Protocol – Corporate
Accounting and Reporting Standards
(9)

Accounting framework used by most
programs and standards globally

Standards
Global Initiatives for Sustainability
Ratings

GISR standard (13) (under
development)

Accrediting other sustainability
ratings, rankings, and indices

International Organization for
Standardization

ISO 14001:2004 – Environmental
Management Systems –
Requirements with Guidance for Use
(22)

Environmental management system
criteria

International Organization for
Standardization

ISO 14064:2006 – (parts 1,2,3) (23) Principles and requirements on GHG
quantification, reporting, and
verification

International Organization for
Standardization

ISO 50001:2011 - Energy
Management Systems --
Requirements with Guidance for Use
(25)

Energy management system
framework for continual
improvement

NSF International NSF Protocol 391: General
Sustainability Assessment Criteria for
Services and Service Providers (33)

Criteria in environment, labor, and
social responsibility for service
provider organizations

Ratings
S&P Dow Jones and RobecoSAM Dow Jones Sustainability Indices

(10)
Evaluates corporate sustainability and
best practices of the 2,500 companies
in the Dow Jones Global Total Stock
Market Index

Maplecroft Global Risk Analytics Maplecroft Climate Innovation
Indexes

Ratings of 360 top U.S. companies

Codes
United Nations Global Compact Ten Principles on Human Rights,

Labor, Environment, and Anti-
Corruption (46)

Corporate Strategic Policy Initiative
with Annual Communication of
Progress

The Leon H. Sullivan Foundation Global Sullivan Principles Social responsibility criteria for
corporations

Other Guidance
International Organization for
Standardization

ISO 14001 - Environmental
Management Systems - An Easy to
Use Checklist for Small Business.
Are You Ready? (21)

Handbook with checklist guidance
tailored to small enterprises

International Organization for
Standardization

ISO 26000:2010 – Guidance on
Social Responsibility (24)

Seven sustainability principles and
seven core subject areas on
sustainability for organizations

Organization for Economic Co-
operation and Development

OECD Sustainable Manufacturing
Toolkit (34)

18 indicators to measure for assessing
environmental performance
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Sustainable Development, first published in
September 2001. Its success and longevity can be
attributed to the collaborative development process
that engaged an array of stakeholders, particularly
sectors within the business community. Two
prominent global initiatives are CDP (formerly the
Carbon Disclosure Project) and the Global Reporting
Initiative (GRI), both of which use the GHG Protocol
and now have portfolios that encompass much more
than greenhouse gas (GHG) reporting.

CDP is a nonprofit organization to which
thousands of companies report their GHG emissions
and climate change strategies. CDP has the world’s
largest collection of self-reported and publicly
available climate change data, which allows for
benchmarking by companies (through a scoring
methodology) and analysis by institutional investors
and others seeking to better understand risks
associated with climate change (5). Although
originally founded as a vehicle for greenhouse gas
reporting, CDP now has programs related to water,
forests, and supply chains.

GRI is also a nonprofit organization, and its
Sustainability Reporting Framework (38) is
considered the most comprehensive set of guidelines

for reporting the economic, environmental, and social
impacts of companies’ activities. Over 11,000
companies worldwide now use the GRI framework as
a basis of their reporting (14). G4, the latest version
of the guidelines, was published in May 2013. An
effort is underway to “harmonize” the reporting
process for the CDP and GRI (7), which should ease
the burden for companies reporting to both
organizations.

Table 1 lists many of the international
sustainability-related protocols, standards, and
guidance documents currently available. Companies
in the U.S. are not required to conform to any of
these standards, but many choose to do so voluntarily
for a number of reasons, including economic,
reputational, and other business reasons. The drivers
that prompt companies to adopt sustainable practices
will be discussed in more detail later in this paper.

Table 2 provides a list of sustainability-related
standards that are specific to the U.S. Currently, only
the U.S. Environmental Protection Agency’s (EPA)
Greenhouse Gas Reporting Rule is mandatory, and
only for large emitters. Mandatory standards are
common in other countries, however (30).

Table 2. U.S. Organizations and Key Sustainability Reporting Initiatives, Standards, Ratings, and Other
Guidance Relevant to U.S. Manufacturing Sector

Organization Product Scope
Reporting
The Climate Registry Climate Registry Information System

(6)
Standards for calculating, verifying
and reporting GHGs

U.S. EPA Greenhouse Gas Reporting
Program

Greenhouse Gas Reporting Rule (8) Mandatory reporting for large
emitters

Standards
Sustainability Accounting Standards
Board

Non-financial accounting standards
for ten sectors (40)

Standards (2 issued, 10 under
development) for reporting
sustainability-related risks and
opportunities to the SEC by publicly-
traded companies in the U.S. Will
cover specific sectors only. Most
relevant to manufacturing are the
Health Care, Technology &
Communications, Non-Renewable
Resources, Transportation, and
Renewable Resources & Alternative
Energy sectors

Ratings
Green Plus Green Plus Certification (15) Certification program for small

businesses in U.S.
Other Guidance
National Council for Advanced
Manufacturing (NACFAM)

Sustainability Framework Model (32) MS Excel-based tool for analysis of
financial and environmental impacts
of projects
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U.S. companies adopting corporate social
responsibility or corporate-level sustainability goals
tend to turn to the international frameworks, which
are now well-known within the business community,
and are logical choices for U.S.-based multinational
companies and internationally-based companies with
facilities in the U.S. None of the reporting initiatives
or standards listed in Table 2 are as comprehensive in
scope as the more widely used international
standards, and none are currently in widespread use
by manufacturers.

A similarity among many of these frameworks,
protocols, standards, and other documents is the need
for a repeatable set of procedures for creating goals,
taking action, and documenting efforts toward
becoming more sustainable. This concept is like a
“management system”, such as the well-known
quality and environmental standards of the
International Organization for Standardization (ISO).
William R. Blackburn laid out such a management
system for sustainability in his 2007 book, The
Sustainability Handbook (4). Blackburn calls his
recommended approach a “sustainability operating
system”.

The array of frameworks, protocols, standards,
and other documents can be daunting to SMEs
looking to better understand how to design and
implement a sustainability management system. In
addition, most of the protocols and standards were
developed with large enterprises in mind, not small
and medium-sized enterprises, and certainly not small
and medium-sized manufacturers. Blackburn’s
sustainability operating system is also geared toward
large companies.

Reporting
CDP, GRI, UNGC’s Communication of

Progress, and the Dow Jones Sustainability Indices
(DJSI) all have detailed annual reporting
requirements, necessitating a significant investment
in time to collect and verify the data, and to then
report the data. Even though the data requests by the
reporting organizations are not identical, it is
encouraging that efforts are underway to
“harmonize” their respective data requests to the
maximum extent possible. The number of companies
reporting on their sustainability efforts is growing
steadily, especially by large multinational companies
and producers of consumer goods. In addition to the
CDP and GRI activity to better harmonize, IIRC and
SASB are collaborating to better align their reporting
processes (39).

In the U.S., all corporate social responsibility
reporting is voluntary. Companies have the option of
obtaining third-party verification (usually called
external “assurance” in CSR reporting parlance) of
their reports. External assurance is performed by an
outside group or individual with expertise in both the
reporting process and the defined procedures of
assurance. Verifiers look at the validity of the data in
the reports, as well as the adherence to the reporting
framework used. Most companies currently do not
have their reports verified. In the U.S., only about
10% of companies that report obtain verification
(47). Internationally, about 38% of companies
verify. Although third-party verification adds to the
cost of reporting, verification can provide benefits
such as improved credibility and recognition with
stakeholders, in particular with customers.
Verification can also confirm the quality of data and
internal analysis, while ensuring that the
sustainability management system is effective (44).

The extensive reporting requirements can be
daunting to any organization, especially a small or
medium-sized company. In fact, the data analysis
and reporting requirements (and associated costs) of
the CDP and GRI frameworks are seen as a barrier to
greater participation by SMEs (3). Deciding the
reporting indicators that are relevant to a company’s
specific sector, location, products, and other factors
typically requires assessing the materiality of each
indicator and performing cost/benefit analyses. Most
SMEs do not have the experience or expertise to
conduct these evaluations internally.

An alternative reporting process has been
proposed for SMEs by researchers at Politecnico di
Milano in Italy (3). Rather than starting with a large
set of indicators, they propose a “process-based
framework” that could be developed by groups such
as trade associations, government agencies, or other
network organizations for their SMEs. The process
would begin by determining the subset of indicators
from within the GRI framework that are relevant to
that network organization’s members or constituents.
The next step would be to create a matrix of key
processes vs. key sustainability issues. From this
matrix, indicators are identified and methods of
measuring each indicator are determined based on a
cost/benefit analysis. Third party experts hired by the
network organization would perform each step of this
process.

The process was piloted with success among
SME steel manufacturers in Italy. The framework
allowed for quicker and less expensive reporting
relative to other approaches, and appears to provide
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flexibility for modification as needed over time. This
framework should be applicable in the U.S., and
U.S.-based industrial sector trade and technical
associations could be appropriate network
organizations.

Thanks to the efforts of many stakeholders,
including nonprofits, governmental organizations,
and progressive corporations, many large
organizations now regularly prepare CSR reports.
However, the sustainability reporting frameworks
were developed over the past two decades with large
organizations specifically in mind. The resulting
complexity of reporting is a significant deterrent to
most small organizations. The Italian-piloted
approach for SMEs, engaging network organizations
such as trade associations to create tailored
frameworks, is worthy of consideration in the U.S.
The potential impact of an innovative sustainability
reporting framework for U.S. SMEs is significant.

SUSTAINABILITY IN SMALL & MEDIUM
ENTERPRISES IN U.S. MANUFACTURING

Sustainability Commitments within SMEs
Small and medium-sized businesses are vital to

the economies and social structures of the U.S. and
the world, accounting for over 90% of businesses
worldwide and 50-60% of employment (37).
However, SMEs are much less likely to be on the
path to sustainability than their large counterparts.
According to the 2013 Global Corporate
Sustainability Report from the United Nations Global
Compact, company size is the most telling indicator
of whether a company is pursuing sustainability (48).
The report is based on survey results from over 1,700
of the 8,000 companies participating in the Global
Compact, with 753 (44%) of the respondents being
SMEs. The survey found that only 37% of SMEs are
monitoring the environmental performance of their
operations. This is particularly surprising
considering that the Global Compact is an initiative
based upon participant commitments to ten principles
closely aligned with sustainability – principles related
to human rights, labor, environment, and anti-
corruption. The participants, large and small, should
be leaders in the corporate world. The report does
not differentiate respondents between manufacturers
and other types of businesses. However, the results
can be expected to be similar among manufacturers
and other business types.

Applicability of Protocols and Standards to
SMEs in U.S. Manufacturing

The principles of sustainability and corporate
social responsibility are universal, addressing

economic, environmental, and social issues within
companies. In an effort to create a comprehensive
method of accounting for all aspects of these issues,
the standards-setting organizations developed rather
complex frameworks and reporting standards. These
frameworks and guidelines were developed with
large enterprises in mind. The new G4 Reporting
Principles and Standard Disclosures document is 94
pages in length, and the companion Implementation
Manual is 266 pages long (12). Understandably,
training on GRI reporting is recommended before
starting to compile a first report. Before reporting
can begin, a large data collection exercise is required
to gather all of the report inputs. GRI recommends:

“Some of the information requested will be easy
to obtain and will only take days or weeks to
gather and organize. Other sections may require
you to implement a series of actions and
procedures in order to obtain the required
information. To complete the template will
require your organization to undergo both
internal and external discussions” (29).

BARRIERS TO SMES’ PURSUIT OF
SUSTAINABILITY

While a number of compelling reasons lead
companies to establish comprehensive sustainable
practices, most companies, especially SMEs, have no
comprehensive strategies and practices in place.
Some recent surveys and reports identify the barriers
that companies face.

The 2013 Business for Social Responsibility
(BSR)/Globescan State of Sustainable Business
Survey was completed by over 700 sustainability
professionals within their membership, with results
published in October 2013 (42). Respondents cited
convincing leadership of the value of sustainability
and changing management’s mindset as the top
barriers to fully integrating sustainability into their
businesses. Other barriers these professionals face
include inability to correlate sustainability to business
goals, identifying key performance indicators to
measure value, financial barriers, and lack of a return
on investment.

According to the UN Global Compact’s Global
Corporate Sustainability Report (48), based on a
survey of the UN Global Compact’s participants, the
barriers are different for large companies than for
SMEs. The three primary barriers for large
companies are:
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 Extending the strategy through their supply
chain

 Implementing the strategy across business
functions

 Competing strategic priorities

For SMEs, the three primary barriers are more
basic:

 Lack of financial resources
 Lack of knowledge
 Extending the strategy through their supply

chain

The report goes on to state that company size has
the most significant influence on whether or not a
company takes action to become more sustainable.

These surveys and reports indicate that
companies have a lot of work to do even after
committing to sustainability. Many of the barriers
identified above can be brought back to the need for
total management buy-in. With full management
support, including CEO and board, support, financial
resources will be made available, supply chain
strategies will change, and definition of business
“value” will be broadened to include sustainability
concepts.

It is important to note, however, that both of
these surveys were of companies already committed
to corporate sustainability. Both BSR and the UN
Global Compact are membership organizations made
up of companies that have made commitments to
becoming more sustainable organizations. Therefore,
these companies generally already understand the
value of corporate sustainability, so their
perspectives, when discussing barriers, relate to
barriers to integrating or further integrating
sustainability into their organizations. Companies
not pursuing sustainability may see different barriers.

Another survey, conducted by the MIT Sloan
Management Review and the Boston Consulting
Group, surveyed a broad cross section of companies
globally, not just organizations with sustainability
commitments (27). The survey asked companies for
a more specific response – to identify barriers to
making the business case for sustainability. The
responses, provided in their report The Innovation
Bottom Line, resulted in these top obstacles:

 Difficulty in quantifying intangible effects
of sustainability actions

 Competing priorities

 Difficulty capturing comprehensive metrics
 Lack of a model or framework

Forty-six percent of the companies responding to
the MIT Sloan Management Review identified
difficulty in quantifying the benefits of sustainability
actions as a key barrier. Since this survey included a
broader spectrum of companies – not just those
already pledged to the pursuit of sustainability
actions – the importance of being able to quantify the
benefits of sustainability is noteworthy.

One Denver, CO-based organization,
Sustainability4SMEs.com, is surveying U.S. SMEs
exclusively. Their survey is ongoing, but their
findings so far identify these primary reasons for
SMEs not pursuing sustainability (18):

 Limited resources (financial, personnel, and
time) to develop and implement a
sustainability program

 Lack of customer demand
 Lack of knowledge

Note that both the UN Global Compact study
and the Sustainability4SMEs.com findings point to a
lack of resources and a lack of knowledge as key
barriers. Sustainability4SMEs.com goes on to state
that for companies that identify as not currently
incorporating sustainability practices, limited time to
develop and implement is most often cited as the
principal constraint. It is interesting that the SMEs
not pursuing sustainability do not cite a lack of
knowledge as their top constraint.
Sustainability4SMEs.com states that twice as many
respondents not pursuing sustainability indicate time
as the primary constraint compared to the number
citing lack of knowledge.

Unfortunately, there are no surveys or studies
that focus exclusively on U.S. manufacturers, and
none that focus on small and medium-sized
manufacturers. U.S. companies tend to lag behind
other developed countries in adopting sustainable
practices, and it is safe to assume that the extent of
sustainability programs within U.S. SME
manufacturers similarly lags other countries, and lags
relative to large manufacturers.

Even without the benefit of survey data specific
to SME manufacturers, the likely barriers to greater
embedding of sustainability can be discerned as:

 Lack of resources (financial, personnel, and
time)
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 Limited demand from customers
 Lack of an internal champion
 Lack of knowledge
 Lack of appropriate metrics to quantify the

costs and benefits

Despite the barriers that exist for organizations
of all types and sizes, many organizations have
overcome these barriers and have sustainability-
related systems in place and are reporting their
progress.

SUSTAINABILITY DRIVERS FOR SMES
IN U.S. MANUFACTURING

What leads organizations to the pursuit of
sustainability? For organizations in Europe and some
other locations, mandatory reporting rules on
sustainability efforts are strong incentives. For
organizations in other countries, and for those
considering factors beyond compliance, several
benefits that go well beyond “doing good” are
documented.

The MIT Sloan Management Review and the
Boston Consulting Group’s report, The Innovation
Bottom Line, also asked companies to identify the
benefits of addressing sustainability (27). The most
often cited benefits to companies are:

 Improved brand reputation (40%)
 Better innovation of product/service

offerings (29%)
 Improved perception of how well company

is managed (26%)
 Increased competitive advantage (22%)
 Reduced costs due to energy efficiency

(22%)
 Reduced costs due to materials or waste

efficiencies (20%)
 Better innovation of business models and

processes (19%)

Sustainability4SMEs.com also asked SMEs to
provide their drivers for pursuing sustainability. For
SMEs, the top responses were:

 Personal values of the company’s leaders
 Customer demand or downstream

imperatives
 Cost reductions
 New markets, products, or service

opportunities

For SMEs, the top-down leadership is notably
important. Without that leadership and corporate
directive, the typical barriers noted earlier (in
particular, a lack of resources) are likely to keep
sustainability as a non-starter for most SMEs.

The Sustainability4SMEs.com survey finds
regulatory compliance, financial incentives, and
upstream supply chain directives as the least
mentioned drivers.

For companies already implementing sustainable
practices, continual improvement often depends on
proving the business case internally. The MIT Sloan
Management Review report found a strong
correlation between profiting from sustainability and
having a defined business case for sustainability. The
survey results found that “companies that profit from
sustainability are almost 200% more likely to develop
sustainability business cases”.

It is important to note that the drivers internal to
the organization (corporate management values, cost
reduction, new market opportunities, etc.) are most
influential in SME adoption of sustainable practices.
External drivers, such as brand reputation, others’
perception of the company, and regulations, are less
effective as motivators for SMEs. Table 3
categorizes the key drivers. Thus SME motivations
for becoming more sustainable will not always align
with the motivations of large companies, which most
often cite brand reputation as a key driver.

In the U.S., GHG and other emissions reductions
and energy costs savings are often motivating factors
for companies to improve their operations. Drivers
for these individual actions may include
environmental regulatory compliance and financial
incentives for installing energy-efficient equipment.

Table 3. Internal and External Drivers for SME Corporate Sustainability
Internal Drivers External Drivers

Personal values of corporate leaders Customer demand
Better innovation of product/service offerings Supply chain directives
Increased competitive advantage Improved perception of how well company is managed
Cost reductions Regulatory compliance
Better innovation of business models and processes Financial incentives

Improved brand reputation
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These drivers may indirectly facilitate
sustainable actions, but drivers for the broader CSR
efforts do not exist. Utility companies, which often
provide financial incentives to companies for
investing in energy efficiency, have no reason to
encourage other sustainable practices by their
customers. Governments, especially at the federal
and state levels, lack policies for sustainability within
the private sector. The Council on Environmental
Quality coordinates federal agency environmental
efforts, but is not engaged in outreach to the private
sector. In addition, a 2009 Executive Order, E.O.
13514, requires federal government agencies to
report annually on progress toward energy, water,
and greenhouse gas reduction goals using an Office
of Management and Budget Sustainability/Energy
scorecard (35). While this activity is an important
way for the federal government to lead by example,
there is no federal agency or office with the mandate
to formulate policy, incentivize, or create awareness
of the business rationale for corporations to pursue
sustainability.

Despite the numerous barriers to pursuing
sustainability, a number of SME manufacturers are
moving forward, often driven by the vision or
leadership of company leaders. Some companies
find direct cost benefits or find new markets through
CSR, and others are driven by customer demand –
such as customers up their supply chain. To date,
however, these drivers have not been sufficient to
entice most SME manufacturers toward sustainable
practices.

ROLE OF LARGE MANUFACTURERS TO
IMPACT SME SUSTAINABLE PRACTICES

One way large manufacturers can influence
smaller manufacturers is through leading by example.
A number of large organizations are doing this, and
making their efforts known to the public through
sustainability reports, company web sites, print
media, and social media. The sustainability goals,
policies, and metrics are available for SMEs to
emulate or adapt. Large manufacturers with a
national or global presence are able to engage in
large, broad-based membership initiatives such as the
Global Environmental Management Initiative and the
World Business Council for Sustainable
Development, and to partner with nonprofit
organizations on sustainability issues of interest. 3M,
for example, partners with over 20 nonprofits and
community organizations, and has membership in 16
different associations which focus on various aspects
of sustainability (1). SMEs may not have the
capacity for such extensive participation, but they can
engage with community or even state-level

organizations on issues of relevance to their
companies and employees.

Large manufacturers can also lead through
innovation, creating innovative new products,
“greening” their manufacturing processes, developing
new best practices, or even creating new metrics. In
fact, the pursuit of sustainability often leads to
innovation, according to 3M (31). Schneider Electric
participates in a number of sustainability-related
initiatives and reporting programs, but still developed
their own metric – the Planet & Society Barometer –
for tracking three-year goals for fourteen different
indicators (41).

Most measures of sustainability factor in the
contributions and impacts of companies’ supply
chains, similar to the Scope 3 (corporate value chain)
emissions reporting for the GHG Protocol. For many
manufacturers, the combined contributions and
impacts of their suppliers can far exceed those of the
companies themselves. Therefore, it is important for
manufacturers to understand the sustainability
implications of their supply chain partners. As
discussed earlier, the U.N Global Compact report
(48) found that large companies see “extending
corporate sustainability strategies through the supply
chain” as the top impediment to improving their own
corporate sustainability.

While true that their supply chain partners are
indeed vital to the overall sustainability performance
of large manufacturers, of equal importance is the
influence large manufacturers can have in their
suppliers becoming more sustainable. While not all
supply chain partners are small or medium-sized,
most SME manufacturers are a part of one of more
supply chains. So this discussion equates
sustainability within supply chains with corporate
sustainability in SME manufacturers.

Fifty-seven percent of the UN Global Compact
survey participants are providing sustainability goals
or expectations to their supply chain (48). However,
significantly fewer companies are monitoring their
suppliers’ efforts to meet expectations. Only a small
percentage of respondents are actively engaged in
helping their suppliers become sustainable. For
example, only 18% are assisting in setting and
reviewing sustainability goals, and only 11% provide
suppliers with resources for specific improvement
projects.

The potential impact through engaging supply
chains is enormous, and a few leading companies are
taking action. For example, Sprint, which has about
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5,000 suppliers active in any year, has a goal of
engaging with 90% of their top 100 or so suppliers by
2017 (16). Sprint has a set of supplier criteria that
requires suppliers to complete a materiality
assessment, and to also set, measure, and publicly
report a GHG reduction target by 2015. Sprint is
preparing to offer assistance to any key suppliers that
have difficulty in meeting the criteria.

Lockheed Martin is another company engaging
its suppliers. Lockheed Martin has about 30,000
suppliers, and about one half of them are small
businesses (36). To begin to engage its suppliers on
sustainability, Lockheed Martin is providing

resources to inform and educate. Further, Lockheed
Martin will soon be asking suppliers to provide
information on emissions, social responsibility,
climate change risks, and other areas.

Ford Motor Company, like a number of other
companies, is looking to sector-specific initiatives to
engage their supply chains. Ford is active in the
Automotive Industry Action Group that, among other
objectives, seeks to assist suppliers through
resources, training, and stakeholder groups such as a
GHG Reporting Group. Table 4 below lists several
active sector-specific sustainable supply chain
initiatives.

Table 4. Example Sector-specific Sustainable Supply Chain Initiatives Relevant to U.S. Manufacturing
Sector

Nonprofit organizations such as CDP also have
launched sustainable supply chain initiatives that
provide resources and seek to engage suppliers in
sustainability efforts. In addition, the U.S. General

Services Agency (GSA) has a new initiative centered
on information sharing, with hopes of creating a
knowledge base useful to SMEs (Table 5).

Table 5. Other Sustainable Supply Chain Initiatives Relevant to U.S. Manufacturing Sector
Initiative Relevance

CDP Supply Chain Program Coordinated surveys of suppliers on climate and water-related
activities

UN Global Compact Advisory Group on Supply
Chain Sustainability

Developing guidance for companies to improve transparency
and traceability

U.S. General Services Agency’s Sustainable Supply
Chain Community of Practice

Sharing of information, supplier engagement tools, and other
resources

E3 Green Suppliers Network U.S. federal agencies’ program offering technical assistance and
resources

Sustainable Supply Chain Foundation Research related to sustainable supply chains

Large manufacturers (as well as other large
companies) potentially can have a significant positive
impact on the planet through their leadership in
engaging their supply chain companies in
sustainability efforts. Large companies can
individually serve as mentors, establish robust

sustainability-related criteria, and provide resources
and training that empower their suppliers to become
more sustainable. Large companies can also
participate in sustainable supply chain initiatives,
where they can collaborate with peers and other

Initiative Relevance
Pharmaceutical Supply Chain Initiative Pharmaceutical Industry Principles for Responsible

Supply Chain Management, guidance, and other resources
Together for Sustainability Sustainability assessments of chemicals industry suppliers by

third party experts
Automotive Industry Action Group Long-established automotive industry nonprofit; mission

includes areas beyond just sustainable supply chains. Offers
training and collaboration opportunities.

Aluminum Stewardship Initiative Developing a global standard for aluminum sustainability
throughout it’s value chain

Bioplastic Feedstock Alliance Eight companies and the World Wildlife Fund supporting
responsible development of plastics from agricultural materials

Electronics Industry Citizenship Coalition (EICC) EICC Code of Conduct for Suppliers; EICC Carbon Reporting
System (template), other resources

http://www.pharmaceuticalsupplychain.org/
http://www.tfs-initiative.com/
http://www.aiag.org/
http://aluminium-stewardship.org/
http://www.bioplasticfeedstockalliance.org/
http://www.eicc.info/
https://www.cdp.net/en-US/Programmes/Pages/CDP-Supply-Chain.aspx
http://www.unglobalcompact.org/issues/supply_chain
http://www.unglobalcompact.org/issues/supply_chain
http://www.data.gov/supplychain/community/supplychain
http://www.data.gov/supplychain/community/supplychain
http://www.e3.gov/about/gsn.html
http://www.sustainable-scf.org/
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stakeholders to develop new resources and
frameworks for their suppliers.

ROLE OF OTHER ORGANIZATIONS TO
IMPACT SME SUSTAINABILITY

While there is much that large manufacturers can
do through their power to leverage their supply chain
companies, a number of other organizations can also
help SME manufacturers embed sustainability into
their practices. The Italian-piloted concept of a
tailored sector-specific framework for reporting is a
promising template that trade and technical
associations in the U.S. can adopt. These trade and
technical associations are also well-positioned for
activities beyond tailored reporting. They can collect
and institutionalize sustainability best practices, offer
training, facilitate benchmarking, and other services.
The Responsible Care® program within the chemical
industry is an example of a successful voluntary
association-based initiative (19). Launched by the
Canadian Chemical Producers’ Association in 1985,
it is now a widely-recognized source of certification
and resources on chemical manufacturers’ health,
safety, and environmental performance adopted by 54
chemical associations globally, including the
American Chemistry Council.

In some manufacturing sectors, coalitions and
alliances of manufacturers now serve as sources for
training, best practices, tools, and other resources.
Several of these initiatives are listed in Table 6. For
example, the Sustainable Cement Initiative,
organized by the World Business Council for
Sustainable Development, provides guidelines and
other resources on key sustainability issues within the
cement industry. The Sustainable Apparel Coalition

is singularly focused on a suite of self-assessment
tools known as the Higg Index for apparel and
footwear companies (43). The tools provide a
standardized approach to measuring and
environmental and social performance at the facility,
product, and brand levels.

Several agencies within the U.S. federal sector
have resources and programs that can benefit SMEs.
In addition to the GSA Sustainable Supply Chain
Community of Practice discussed earlier, the U.S.
Department of Commerce’s Manufacturing
Extension Partnership (MEP) has offices throughout
the country specifically tasked to assist small and
medium-sized manufacturers. CSR is not currently a
focus area for MEP, but MEP is part of a broad
agency technical assistance initiative called E3
(Economics, Energy, and Environment). Also, the
U.S. Small Business Administration provides tips on
sustainable business practices such as waste
reduction and water conservation.

RECOMMENDATIONS
The need exists for additional tools, best

practices, and other resources tailored to individual
manufacturing sectors, and to SME manufacturers.
Creating such resources can be facilitated by
alignment of stakeholders, especially within the
manufacturing sector, and the individual subsectors
within manufacturing. Nonprofits and associations,
groups with the experience and credibility to draw in
SMEs, can best create such alignment.

The formation of a number of sustainable supply
chain initiatives is encouraging since the large

Table 6. Sector-specific Sustainability Initiatives Relevant to U.S. Manufacturing Sector
Organization Relevance

Sustainable Apparel Coalition Developed the Higg Index, a tool for measuring the environmental and social
performance of apparel products

Sustainable Textiles Coalition Developing a tool for home textile products, based on the apparel industry’s
Higg Index

Sustainable Furnishings Council Raising awareness and promoting best practices among manufacturers and
retailers in the home furnishings industry

American Chemical Society’s Green
Chemistry Institute

Promotes green chemistry through industry roundtables, education programs,
and research

Cement Sustainability Initiative Sustainable development within the cement industry through an Agenda for
Action; an initiative of the World Business Council for Sustainable
Development

Sustainable Packaging Coalition Provides resources for member companies and others on sustainable
packaging, including the COMPASS (Comparative Packaging Assessment)
online life cycle assessment tool

http://www.apparelcoalition.org/
http://textilesupdate.com/sustainable-textiles-coalition-to-host-open-meeting-on-september-25-at-market-week
http://www.sustainablefurnishings.org/
http://www.acs.org/content/acs/en/greenchemistry.html
http://www.acs.org/content/acs/en/greenchemistry.html
http://www.wbcsdcement.org/
http://www.sustainablepackaging.org/
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organizations have considerable leverage over
suppliers, many of which are SMEs. So the
continued expansion of such initiatives will be
important as mechanisms to engage SMEs – through
increasing SME awareness of sustainable practices,
providing tools and resources, and even mentoring
SMEs.

Further, alignment on sustainability policy at the
federal level would benefit companies large and
small. Considerable technical and policy expertise
exists within the Departments of Energy and
Commerce, EPA, the Small Business Administration,
and other agencies, but to date, no agency provides
policy or comprehensive resources for companies in
the U.S. The E3 (Economy – Energy – Environment)
initiative is the federal government’s most relevant
program targeting U.S. manufacturers. E3 offers
limited technical assistance to manufacturers and,
through its website, offers links to a wide range of
tools (11). A federal-level sustainability program
promoting sustainable practices within the private
sector could take the form of providing nonprofits
and associations with the financial resources to move
forward on sector-specific and SME-specific
programs. However, the greatest contribution the
government could provide may be funding support
for a broad-based network or set of networks
organized and implemented by private sector
organizations such as nonprofits.

Business networks tailored to topics on
sustainable practices can be beneficial to SMEs that
participate. Both locally-focused and sector-focused
networks have the potential to engage SMEs. Local
networks can provide forums for better understanding
community and state-level sustainability issues.
Sector-focused SME networks can be based in trade
and technical associations or in existing sustainability
initiatives, offering tailored tools, best practices, and
resources. Network organizations such as trade and
technical associations are well positioned to engage
the proper stakeholders and lead such sector-specific
programs.

An online network that serves as a home for the
above suggestions as well as a forum to connect SME
management, energy, environmental, and
sustainability professionals in a peer-to-peer setting
can be valuable. Such a network can include online
resources such as tools and training, links to solution
providers. An organization such as a nonprofit could
organize and implement such a network. The
2degrees Community is a good example of such a
network (2). Although the 2degrees Community is
United Kingdom-focused and run by a for-profit

company (2degrees Network), it does provide a good
example of an online sustainability-oriented forum
for businesses.

SUMMARY
Many organizations across the world are

working to embed sustainability into their operations
and to report on their actions. Companies in the U.S.
are less likely to be pursuing sustainability, especially
small and medium-sized U.S. businesses, including
small and medium-sized manufacturers. A number of
factors account for the limited engagement by SME
manufacturers. The current standards and reporting
systems in place were developed with large
enterprises in mind, but the one-size-fits-all approach
does not work well for SMEs.

While many SME manufacturers do not see the
need to alter their current practices, those with an
interest face a number of barriers to greater
embedding of sustainability. These barriers include a
lack of resources (financial, personnel, and time),
limited demand from customers, lack of an internal
champion, lack of knowledge, and a lack of
appropriate metrics to quantify the costs and benefits.
Sustainability reporting requirements are a particular
barrier for smaller organizations. The analysis and
documentation needed to report is challenging for
resource-constrained SMEs. New reporting
guidance, in the form of the GRI G4 guidelines, are
aimed at streamlining the reporting to only the
aspects of companies’ business that is “material”,
based on a materiality assessment. The G4
guidelines should ease the reporting burden to an
extent.

Despite the numerous barriers to pursuing
sustainability, a number of SME manufacturers are
moving forward, often driven by the vision or
leadership of company leaders. Some companies
find direct cost benefits or find new markets through
CSR, and others are driven by customer demand –
such as customers up their supply chain. Companies
with active CSR programs are typically the
companies that have established the “business case”
for sustainable practices.

A significant opportunity exists for large
manufacturers and other large companies to engage
their supply chain companies in sustainability efforts.
Large companies can mentor and train their suppliers.
They can develop and require suppliers to meet
sustainability-related criteria as a condition of doing
business together. In addition, a growing number of
sustainable supply chain initiatives provide
opportunities for large manufacturers to collaborate
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with peers and other stakeholders to develop new
resources and frameworks for their suppliers.

Several federal agencies have activities in place
to assist manufacturers, including SME
manufacturers. However, opportunities exist to
increase collaboration of these agencies with
manufacturers, and with stakeholders such as
nonprofits and associations. In particular,
opportunities exist for sector-specific trade and
technical associations to create tailored CSR

programs that help manufacturers, especially SME
manufacturers, begin embedding sustainability into
their organizations and to develop streamlined
standards and reporting.

Much has been accomplished, with some SMEs
forging ahead. But much more remains to be done to
ensure that a critical mass is reached for embedding
sustainability into small and medium-sized
manufacturers.
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ABSTRACT  

Ocean energy conversion has been of interest for many years. Recent developments such as concern over global 

warming have renewed interest in the topic. Part II provides an overview of the energy density found in ocean waves 

and how it is calculated.  Part III of this study focuses on wave energy converters (WEC) as opposed to ocean 

current energy converters. The point absorber, terminator, and attenuator WEC devices are addressed with regards to 

their operation and function.  In Part IV, the University of Louisiana at Lafayette WEC concept is introduced and a 

look is taken at the market potential and how WEC devices can be applied in the Gulf of Mexico.  A special look is 

also taken to suggest what use WECs may have in the Gulf Coast region. 
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INTRODUCTION 

Ocean energy comes in a variety of forms such 

as marine currents, tidal currents, geothermal vents, 

and waves. All are concentrated forms of solar or 

gravitational energy to some extent. Moreover, wave 

energy provides “15-20 times more available energy 

per square meter than either wind or solar” [1]. Of 

these the most commercially viable resources studied 

so far are ocean currents and waves.  Some research 

has been conducted on constructing a heat cycle 

based on geothermal vents, but this work has led to 

the conclusion that geothermal vents are not 

commercially viable [2]. On the other hand, ocean 

current and wave energy have already undergone 

limited commercial development and is therefore of 

more interest. 

 

Ocean waves arise from the transfer of energy 

from the sun to wind then water. Solar energy creates 

wind, which then blows over the ocean, converting 

wind energy to wave energy. Once converted, this 

wave energy can travel thousands of miles with little 

energy loss. Most importantly, waves are a regular 

source of power with an intensity that can be 

accurately predicted several days before their arrival 

[3]. Furthermore, wave energy is more predictable 

than wind or solar energy. Figure 1 depicts wave 

power levels in kW/m of wave crest, the typical units 

for measuring wave energy.  

 

There is approximately 2,640 TWh/yr of energy 

within the U.S. coastline [8], and on average, each 

wave crest transmits 10 – 50 kW per meter [8].  The 

energy levels depicted in figure 1 are important to 

keep in mind when designing any sort of wave power 

take-off device, but it should also be noted that wave 

power decreases closer to the shore because of 

frictional losses with the coastline.  In order to assess 

an area for wave energy development the wave 

climate must be defined. The wave climate describes 

an area’s wave height distribution, wave length 

distribution, and total mean water depth. From these 

parameters, one can compute wave power levels. A 

significant piece of data to gather from figure 1 is 

that the waves present on the western edge of the 

continents contain more energy because of the west 

to-east winds. Another important fact not shown in 

figure 1 is that average wave power is cyclical with 

winter bringing energy levels up to six times greater 

than summer [5]. 

 

 

Figure 1.  Approximate global distribution of wave 
power levels (kW/m of wave front) [2] 



 

WAVE ENERGY AND IT’S POTENTIAL 

While we know that wave power is more energy 

dense than wind power and produces power for a 

larger percentage of the year, we still do not know 

how to calculate the power available from a wave. 

This is important for the design process of a wave 

energy converter. First, the power and forces acting 

on the device should be assessed, and then the device 

may be sized for the desired energy output. In this 

section we explain how to calculate the wave energy 

and power and how to size point absorbers and 

oscillating water columns for a given power level. 

The following analysis describes a wave’s energy and 

power characteristics.  Table 1 complements figure 

2’s wave diagram depiction of the variables used in 

this section’s wave energy analysis with units. 

 

The energy density of a wave, shown in equation 

(1), is the mean energy flux crossing a vertical plane 

parallel to a wave’s crest. The energy per wave 

period is the wave’s power density. Equation (2) 

shows how this can be found by dividing the energy 

density by the wave period [6].  Figure 3 illustrates 

how wave period and amplitude affect the power 

density. 

 

 
 
         Figure 2.  Wave diagram 

      Table 1, Variables in Wave Diagrams & Equations 
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          Figure 3.  Wave power density graph 

A wave resource is typically described in terms 

of power per meter of wave front (or wave crest). 

This can be calculated by multiplying the energy 

density by the wave celerity (wave front velocity) as 

equation (3) demonstrates [6].  Figure 4 characterizes 

an increase in the amplitude and period of a wave 

increases the power per meter of wave front. 

                      
       

   

   
 
       

   

  
      (3) 

 

 

Figure 4.  Power per meter of wave front graph 

CURRENT TECHNOLOGIES 

Currently, various technologies have been used 

to harness wave energy and convert it to useful 

electricity. A wave energy converter is a device that 

is capable of converting wave energy into electrical 

energy.  In order to do this the Wave Energy 

Converter (WEC) must have a central, stable 

  Variables             Meanings 

SWL  

Edensity  

Ewavefront  

Pdensity 

Pwavefront  

h  

ω  

λ (or L)  

ρwater  

g  

A  

H  

T  

       C 

mean seawater level (surface) 

wave energy density [J/m2]     

energy per meter wave front [J/m] 

wave power density [W/m2] 

power per meter wave front [W/m] 

depth below SWL [m] 

wave frequency [rad/sec] 

wavelength [m] = gT2/(2π) 

seawater density [1000 kg/m3] 

gravitational constant [9.81 m/s2] 

wave amplitude [m] 

wave height [m]  

wave period [s] 

celerity (wave front velocity) [m/s] 



 

structure with some active parts that are working 

efficiently under the force of the waves. There are 

different configurations and classification of wave 

energy converters that have been produced. One 

schematic representation of the various types of wave 

energy converters is shown in figure 5 [7]. Wave 

energy converters can also be classified in terms of 

their location [7]: 

 Fixed to the seabed, generally in 

shallow      water. 

 Floating offshore in deep water. 

 Tethered in intermediate depths 

 

 

          Figure 2.  Various types of WECs [7] 

Terminators 

Terminator devices extend perpendicularly to the 

direction of wave travel and capture or reflect the 

power of the wave. This device is typically installed 

onshore or near shore. There has also been floating 

versions which have been designed for offshore 

applications. The oscillating water column (OWC) is 

an example of terminator in which water enters 

through a subsurface opening into a chamber with air 

trapped above it. The wave action causes the captured 

water column to move up and down like a piston to 

force the air through an opening connected to a 

turbine. 

Point Absorbers 

The buoy type wave energy converter is also 

known as a “point absorber” because it harvests 

energy from all directions at one point in the ocean. 

These devices are placed at or near the ocean surface 

away from the shoreline. They may occupy a variety 

of ocean depths ranging from shallow to very deep 

water depending on the WEC design and the type of 

mooring used. There are several types of point 

absorbers with the most common being the hollow 

tube type and the float type, although there are other 

forms. 

Attenuators 

Attenuators are long multi-segment floating 

structures oriented in parallel to the direction of the 

travelling wave. The differing heights of waves along 

the length of the device causes flexing where the 

segments connect and this flexing is connected to 

hydraulic pumps or other converters. 

ENERGY POTENTIAL IN THE GULF COAST 

REGION 

According to a 2011 EPRI study the total 

recoverable wave energy resource, as constrained by 

an array capacity packing density of 15 megawatts 

per kilometer of coastline, with a 100-fold operating 

range between threshold and maximum operating 

conditions in terms of input wave power density 

available to such arrays, yields a total recoverable 

resource along Gulf of Mexico (GoM) continental 

shelf edge of 60 TWh/yr [8].  As compared to other 

coastlines in colder waters this total is not significant 

so the question comes is to how to maximize this 

energy potential.  Also with the current energy 

potential, how can it be utilized in a sustainable 

market to help further develop this technology? 

Maximizing the GoM Resource 

The GoM presents a definite challenge when 

trying to harness its wave climate energy.  Of the 

methods listed in previous section the one that seems 

most beneficial in trying to convert the low-speed 

oscillating motion of the GoM waves is to employ a 

point absorbing WEC with a direct drive power-take-

off (PTO) system is most efficient and beneficial in 

converting the low-speed oscillating motion of GoM 

waves [9]. The point absorbing WEC is a simple 

technology that consists of buoys or floating body to 

capture the wave’s heaving motion. In a point 

absorbing system, buoys move through a single 

degree of motion with the ocean waves, driving 

swing arms that turn a rotary generator. This can then 

deliver needed power to the platform while releasing 

zero-emissions to the atmosphere. Waves in the GoM 

apply large forces at slow speeds and direct drive 

point absorbing systems may be well suited to 

capture energy in these conditions. A concept 

drawing of the University of Louisiana at Lafayette 

(ULL) design can be seen in figure 6.  Comparing to 

other types of WECs (attenuators, terminators, etc.), 

the point absorber is relatively small in size and often 

used in arrays, where multiple devices are attached in 

series or parallel to capture energy in a large amount. 

It can be used in offshore for various depths of water. 

This aspect makes the system ideal to configure in 



 

relatively close proximity to where the power is 

needed as seen in figure 7. 

Market Potential in the GoM and it’s Advantages 

Since the near shore development of WEC 

technology offering a power source for sea side 

communities seems insufficient for the wave climate  

 

Figure 6:  Concept drawing of a direct drive  

        point absorbing WEC system 

 
Figure 7.  Illustration of a typical offshore  

           platform with mounted WEC 

 

In the GoM at this time, then a more feasible market 

needs to be considered.  The GoM offers a unique 

opportunity with its vast offshore oil and gas industry 

especially when considering deep water waves.  Oil 

and gas leaders are continually looking for ways to 

reduce emissions for their offshore facilities.  With 

sufficient research and development WECs could be 

adapted in the GoM to offshore facilities in an effort 

to reduce their dependency on gas turbines.  If 

successful this would not only lower costs associated 

with power generation but would also reduce the 

facilities carbon footprint.  Figure 7 is a map of the 

GoM with every black dot depicting a possible 

location for WEC use. 

 

This proposed wave energy technology has 

distinct advantages due to its application and target 

market.   

 

(1) The proposed technology offers a unique 

fast track for commercialization due to a ready 

market and an immediate need for deep-water power 

 
 
        Figure 8.  Platform locations in the GoM [4] 

 

generation.  As oil and gas operators move into a 

deep water environment in order to harness the vast 

amount of fossil fuels needed to sustain their revenue 

stream, the means to generate power becomes a vital 

need.  The ability to harness the energy of the wave 

action at their location would be a huge asset for any 

operator. 

 

(2) It is hopeful that by successfully 

implementing the developed WEC model, at least 

15% or more of electricity required for running the 

offshore oil and gas platforms in the GoM can be 

provided from wave energy, which will lower the 

levelized cost of energy.  This becomes possible in 

large part due to the fact that such energy systems 

can be easily accessed through established 

infrastructures already operating in the GoM.  

 

(3) The full implementation of the developed 

WEC system in the GoM will bring new jobs related 

to construction and maintenance of the WECs. It is 

anticipated that at least 200 to 300 new jobs will be 

created to provide construction, maintenance, and 

repair service to the WEC systems if they are 

installed on each offshore platforms in that area. 

 

(4) Moreover, the implementation of the 

proposed WEC system will lead to more R&D 

investments in the WEC technology in an effort to 

improve the system for its customers and promote 

commercialization of this technology. 

 

(5) Power to Weight Ratio (PWR) is defined as 

the ratio of effective power to weight in air of the 

device. The proposed WEC system will improve 



 

PWR by increasing the energy capture efficiency of 

the WEC model and by reducing its weight. 

Compared to existing WEC systems, the anticipated 

PWR of the proposed WEC system is 4 times greater. 

The weight of the proposed WEC design is much 

lower because due to the fact the system is attached 

to an established platform. The lightweight design 

dramatically increases the power to weight ratio, 

reduces the manufacturing and maintenance cost and 

makes the model easier to be transported and 

installed. 

 

(6) Availability is the percentage of time a 

system is operable over the service life and the 

system.  Based on current data (the data in this 

section are provided by COMM Engineering, 

www.commengineering.com), within a service life of 

1 year (52 weeks), total operable time for current 

WEC systems is about 41 weeks, which brings the 

availability to 78%. It is expected that our WEC 

system can significantly improve the availability 

from 78% to 96%. The increase in the availability 

will be achieved through reducing number of 

maintenance visits, shortening weather windows, 

cutting down time to retrieve and deploy, and saving 

mean time to repair (MTTR). 

Current Work and Further Studies 

Current work is underway at the University of 

Louisiana at Lafayettte in an effort to research the 

possibility of developing this type of technololgy in 

the offshore environment.  The current goals are to 

meet between 15 to 20 percent of a typical offshore 

platforms power needs.  This includes work in 

mathematical and fluid dynamic anlysis of design and 

efficiency of a prototype as well as capital costs 

associated with production.  Future studies will be 

focused on prototype development and successful 

real world deployment in the GoM for future testing 

by the UL Ocean Energy and Technology Team.   

CONCLUSIONS 

The offshore ocean wave energy resource, as a 

derivative form of solar energy, has considerable 

potential for making a significant contribution to the 

alternative usable energy supply. The total available 

wave energy along the GoM continental shelf edge is 

estimated at 80 TWh/yr [8]. In the past several 

decades, various designs have been developed and 

tested to capture this energy resource, and several are 

now moving toward commercial prototype testing.  

This offers a unique time and opportunity for the 

Gulf Coast to position itself as a future energy leader 

by developing WEC technology for the offshore oil 

and gas market. 
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ABSTRACT  

In order to predict the response of wave energy converters an accurate representation of the wave climate 

resource is crucial.  This paper gives an overview of wave resource modeling techniques as well as detailing a 

methodology for estimating the naturally available and technically recoverable resource in a given location. The 

methodology was developed by the EPRI and uses a modified Gamma spectrum that interoperates hindcast sea state 

parameter data produced by NOAA’s Wave watch III. This Gamma spectrum is dependent on the calibration of two 

variables relating to the spectral width parameter and the spectral peakedness parameter. Minor changes were 

implemented by the author to increase accuracy in formulating wave length. Overall this methodology describes 

how to asses a given geographic area’s wave resource for wave power density and total annual wave energy flux. 

Keywords:  wave spectra, wave climate analysis, wave power absorption. 

  

 

 

INTRODUCTION 

In order to give an adequate forecast of the long-

term energy out-put of a wave energy converter 

(WEC), it becomes necessary to find the response in 

full range of sea states at a given site.  Because of the 

time factor when simulating a WEC or an array of 

WECs it becomes impractical to calculate this 

response for every measured wave spectra at that site.  

In lieu of this a systematic method practical for any 

site is needed to parameterize the wave resource so 

that a WEC’s response can be calculated for a finite 

range of conditions from which performance in other 

sea states can be estimated by interpolation.  

Presently WEC developers utilize an approach that 

represents a WEC’s power production by means of a 

power matrix in terms of significant wave height 

(Hs), and the peak wave period (Tp).  This can prove 

to be inadequate due to the fact that there can be a 

wide range of spectral shapes for a given Hs and Te. 

This can result in a large variation in the power 

produced relative to the value listed in the power 

matrix. 

 

In the past there have been a number of 

approaches that have been used to address the limited 

descriptive ability of the power matrix.  In the UK the 

DTI’s preliminary wave energy device performance 

protocol [1] implies that several tables outlining the 

mean, standard deviation, minimum and maximum 

power for each cell of the power matrix can be used 

to describe the response of a WEC.  This technique 

has the advantage of being relatively simple, 

however, the distribution of spectral shapes for a 

given Hs and Tp is likely to vary with the location so 

a set of tables would need to be generated for each 

site of interest. 

 

In an effort to solve this, an approach was 

developed that would include more parameters to 

describe the power response.  There have been 

several studies that have examined the sensitivity of 

power output to a variety of spectral bandwidth 

parameters [2, 3]. Within these studies it was 

suggested that 3-dimensional power matrices could 

be used to describe a device’s power response, 

partitioned by Hs, Tp and spectral bandwidth.  The 

results presented in [2,3] show that while the use of 

certain bandwidth parameters can improve the 

accuracy of predicted performance of certain WECs 

at certain locations over a range of conditions, there 

was no single bandwidth parameter which was 

effective at predicting performance of all WEC types 

at all locations, over all conditions. 

 

In another study a slightly different approach 

was proposed in [4] where measured spectra are 

partitioned into separate wave systems, each 

represented by a modified JONSWAP spectrum.  The 

power response in then calculated as the sum of the 

contributions from each component wave system.  

This method was shown to significantly improve the 

accuracy of the energy yield assessment, but at the 

expense of using six parameters to describe the 

directional characteristics of the spectrum.  By 

introducing further parameters improvements in the 

accuracy of the description of the shape of wave 

spectra and therefore the WEC response.  However, 

the disadvantage with using more parameters is that a 

large number of points are required to cover the 



 

parameter space which describes the full range of sea 

states at a given site. 

 

The This paper will look at the different models 

for omnidirectional wave spectra and then will 

outline the systematic methodology used to estimate 

the two quantities for characterizing the naturally 

available wave energy resource in a given area as 

given by the Electric Power Research Institute 

(EPRI) [5].  This method developed by the EPRI is 

based on a calibration of the spectral width 

parameter, n, which is observed to have a significant 

influence on the wave power density and is proved to 

be robust in all ocean regions evaluated including the 

North Pacific Ocean, Gulf of Mexico, and the 

Caribbean Sea. The paper will begin by describing 

the standard spectral models used in Section II.  In 

Section III a five step technical approach will be 

outlined that will describe the methodology for 

estimating the wave energy resource and follow with 

a detailed process for estimating the values of wave 

power density and the annual wave energy flux in a 

given area.  In Section IV a localized application of 

this technique will be applied and its results will be 

compared to current data in order to validate the 

findings.  Finally conclusions and how this work can 

be applied will be presented in section V. 

THEORETICAL BACKGROUND OF 

OMNIDIRECTIONAL WAVE SPECTRAL 

MODELS 

When assessing the unimodal spectra the most 

commonly used forms belong to the family given by 

[5]: 

                                   (1) 

 For α, β, r, s > 0, and γ ≥ 1, where 
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                          (3) 

The parameters r and s control the shape of the 

spectrum, α is the scale parameter, β is the location 

parameter (in terms of frequency) and γ is known as 

the peak enhancement factor.  The peak frequency of 

the spectrum is given by             . 

 

The family of spectra given by equation (1) has 
five free parameters.  To describe the sea state with 
fewer variables, some of these parameters can be 
fixed whilst the others are left free.  Fixing r = 5, and 
s = 4 and γ = 1, gives the commonly used 
Bretschneider form [7].  A special form of the 

Bretschneider spectrum for ‘fully developed’ seas was 
proposed by Pierson and Moskowitz [8], where α is 
fixed and the energy in the spectrum depends on the 
value of β only (equivalently Hs is in fixed ratio to Tp).   
The JONSWAP form [9] was a further generalization 
of Bretschneider spectra which accounted for the 
more peaked spectral shapes observed in fetch-limited 
wind seas.  Ochi and Hubble [10] advocated the used 
of the form where s = 4, γ = 1 and r is a free 
parameter.  Finally, the term ‘Gamma spectra’ is used 
in [11, 12] to describe the form where γ = 1 and s = (r-
1), and will be the basis of the methodology used in 
this paper.  

 

Examples of the JONSWAP, Ochi and Gamma 

families are shown in Fig. 1 for fixed Hs and fp and a 

range of the third free parameter.  In each plot the 

Bretschneider spectrum is a special case and is 

indicated with a bold line.  For the JONSWAP family 

the Bretschneider spectrum is the limiting form, 

corresponding to the most broad-banded member.  As 

the peak enhancement factor increases, the spectrum 

becomes more peaked, but a spread of energy 

remains between about 0.6fp and 2fp.  Gamma and 

Ochi spectra can take more broad-banded forms than 

the JONSWAP spectra, albeit with the possibility of a 

physically unrealistic amount of energy in the tail for 

low values of r. For Ochi spectra there is little 

variation in the shape for frequencies less than fp, 

whereas for the Gamma spectra the proportion of 

energy below fp increases as r decreases.  For higher 

values of r, both the Gamma and Ochi spectra can 

have an arbitrarily narrow concentration of energy 

about the peak frequency.   

 

For spectra with three parameters the third free 

parameter (other than α and β) controls the bandwidth 

or equivalently the peakness of the spectrum.  The 

peakedness of a spectrum will be defined as the ratio 

S(fp)/Sp0 where Sp0 is the peak spectral density of a 

Bretschneider spectrum with the same Hs and Tp, 

given by: 
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The peakedness of the JONSWAP, Ochi and 

Gamma spectra are shown in Fig 1.  The peakedness 

increases approximately linearly with r for the 

Gamma spectra, and approximately logarithmically 

with r and γ for Ochi and JONSWAP spectra 

respectively.  In fact to a good approximation the 

peakedness of the JONSWAP spectrum is equal to 1 

+ ln(γ) for γ < 100. 

 

 



 

 
Figure 1. Normalized shapes of JONSWAP spectra for 

 γ   = 1,…,5 and Ochi and Gamma spectra for r = 2,…, 

10.  In each plot the Bretschneider Spectrum is shown 

in  bold.  The peakedness of each type of spectrum is 

shown in the lower right plot as a function of γ for the 

JONSWAP spectrum (bold line) and r for the Ochi 

spectra (thin line) and Gamma spectra (dashed line). 

 

The most commonly used multimodal spectral 

shapes are formulated as the summation of either 

JONSWAP, Gamma or Ochi spectra.  Ochi and 

Hubble [10] proposed a six-parameter spectrum 

formed as the sum of two Ochi spectra.  Guedes 

Soares [13] proposed a bimodal spectrum formed as 

the sum of two JONSWAP spectra, but with γ fixed 

as 2 for both components, resulting in a four 

parameter spectrum.  Other forms composed as the 

sum of two JONSWAP spectra were proposed in [14, 

15].  Finally, multimodal spectra formed as the sum 

of Gamma spectra are used in [11, 12]. 

 

In this paper the use of the Gamma spectra will 

be modified.  This modified Gamma spectrum will 

have two spectral shape coefficients.  Through an 

iterative process the calibration objective will be to 

find values of these coefficients for a given region 

that will reconstruct the overall sea state spectra that 

would best fit the full hindcast spectra for that given 

region from a selected deep-water calibration station. 

METHODOLOGY FOR ESTIMATING THE 

AVAILABLE WAVE ENERGY RESOURCE 

This section will describe the methodology for 

estimating the naturally available and technically 

recoverable resource in a given region.  In a recent 

study done by the EPRI, data was gathered from U.S. 

coastal waters for a 51- month Wavewatch III 

hindcast database that was developed specifically for 

the EPRI by NOAA’s National Centers for 

Environmental Prediction (NCEP). The NCEP 

maintains this database and can be found here [16].  

The method developed by the EPRI was validated by 

comparing Wavewatch III hindcast results with wave 

measurements covering the same time period.  From 

this database a methodology will be described in 

order to find the two quantities needed for 

characterizing the naturally available wave energy 

resource in a given region.   

 

The first of these quantities to be estimated is 

known as the wave power density (kilowatts per 

meter of wave crest width), and the second quantity 

is the total annual wave energy flux (terawatt-hours 

per year).  The overall methodology for obtaining 

these two quantities can be broken down into five 

major steps and a flowchart describing process can be 

seen in Fig. 2. 

 

Figure 2. Flow Chart for wave climate analysis 

 

Step 1:  Pre-Process Wavewatch III Multi 

Partition Hindcast of Sea State Parameters 

WAVEWATCH III solves the random phase 

spectral action density balance equation for 

wavenumber-direction spectra. The implicit 

assumption of this equation is that properties of 

medium (water depth and current) as well as the 

wave field itself vary on time and space scales that 

are much larger than the variation scales of a single 

wave.  The computations made by the program are at 

three-hour intervals for all grid points in a given 

model domain. Due to the fact that the full directional 

spectrum contains such a vast amount of information 

(24 directions x 25 frequency bins = 600 numbers per 

hindcast), the full directional spectrum is only 

archived for 275 grid points around the world.   If a 

full directional spectrum is available then these 

values need to be converted into the non-directional 

wave spectrum.  

  



 

1) Calculating Non-Directional Spectrum from 

Directional Spectrum:  From here after the non-

directional wind wave sea surface elevation variance 

density spectrum can simply be refferred to as non-

directional wave spectrum.  This is the dintegral of 

the directional wave spectrum over all directions at 

each frequency, multiplied by the directional- 

resolution (∆θ).  Therefore given S(f,θ) as the 

directional wave spectrum in m2/Hz/radians, then the 

non-directional wave spectrum, S(f), in m2/Hz, is 

calculated as follows: 
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                             (7) 

 

Where N is the number of bins which in the case of 

Wavewatch III is 24, θ is the wave direction in 

radians, and f is the frequency in waves per second or 

Hz.  Now that the non-directional wave spectrum is 

established the spectral moments needed for 

calibration can be found. 

 

      2) Calculating the Spectral Moments from the 

Non-Directional Spectrum:  In order to calibrate the 

spectral shape coefficients and calculate the sea state 

parameters from the non-dicrectional wave spectrum 

the nth spectral moment needs to be defined: 
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                              (9) 

 

Where N is the number of frequency bins which is 25 

for Wavewatch III and ∆fi is the frequency bin width 

for bin i. 

 

      The next two values needed are the two spectral 

moments m0 and m-1 These moments are required 

for calculating the significant wave height, wave 

energy period, and wave power density and are 

calculated as: 
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                                     (11) 

 

       The remaining grid points only archived three 

sea state parameters:  spectrally derived significant 

wave height (Hm0), peak wave period (Tp), and 

mean direction of spectral peak energy (θp).  While 

such a database of fully partitioned sea state 

parameters does not provide as much information as 

contained in the full directional spectrum, the 

information is sufficient enough to reconstruct the 

non-directional spectrum by applying a theoretical 

spectral formulation to each partition, and then 

summing the remaining spectra across all partitions 

or component wave trains.  This will be done in Step 

2 of the process.  But first the large gridded hindcast 

data files that are produced by the NCEP need to be 

pre-processed into a more usable and accessible 

database structure. 

 

The way that the Wavewatch III hindcast file 

produced by the NCEP is structured by month such 

that the multi-partition sea state parameter data are 

given for every grip point throughout a given 

geographic domain of the file at a particular time 

step, and then the entire grid repeats for the next time 

step (3 hours later).  Typically the large gridded 

domains have a spacing of 4 minutes in longitude and 

latitude.  Then two steps are needed to pre-process 

the data: 

 Step 1A – Select only the grid points for 

your specific geographic area and mapping 

limitations. 

 Step 1B – Organize the grid points into a file 

structure that has all the time steps for a 

given month as an individual file for each 

grid point. 

An example of how this can be done is shown 

here in Fig. 3. This database structure shows a sorting 

of files by region, depth zone, grid point, and month. 

 

 
Figure 3:  NCEP file structure for Wavewatch  

III Hindcast Data [16] 



 

Step 2:  Calibrate the Spectral Shape Coefficients 

From the sea state parameters given the wave 

power density needs to be accurately calculated.  To 

accomplish this, the spectrum must be reconstructed 

and in the methodology described in this paper a 

modified Gamma spectrum is applied to each sea 

state partition.  This modified Gamma spectrum has 

two spectral shape coefficients.  In order to find these 

coefficients a calibration process is needed to find 

their values for a given region so as to reconstruct the 

overall sea state spectra that would best fit the full 

hindcast spectra for that region from a selected deep-

water calibration station.        

When looking at wave power density it can be 

observed that it is directly proportional to the 

negative-first moment (m-1) of the wave spectrum.  

The calibration technique developed by the EPRI 

attempts to minimize the difference between the 

reconstructed spectrum and the full spectrum for the 

quantity S(f)/f, which is the integrand for m-1 [5].  

The process involves calculating the root-mean-

square (RMS) difference in the quantity S(f)/f  

between the reconstructed spectrum and the full 

hindcast spectrum over the entire range of 

frequencies for a particular time step, and then 

aggregating such RMS differences over all time steps 

in a given month-year combination.  Next is to find 

the shape coefficient value that leads to the least 

aggregate RMS difference which is denoted by the 

EPRI as (kb).   This process is described in Figure 5. 

 

1) Theoretical Gamma Spectral Formulation: 

The spectral formulation for a single wave train or 

partion developed by the EPRI is derived from the 

basic Gamma (Γ) spectrum equation as discussed in 

Section II of this paper has the following form: 
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Where:  
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For these equations n is the spectral width 

parameter and γ is the spectral peakedness parameter.  

The exponent a defines the asymmetry around the 

spectral peak and is a function of f according to the 

following formula: 
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Where: 

 

   
              
              

                           (16) 

If the values of n = 5 and γ = 1 were plugged in, 

then the Gamma spectrum becomes the Bretschneider 

spectrum, whose shape depends only on two sea state 

parameters which are Hs and Tp.  When n = 5 and γ 

> 1 then the Gamma spectrum becomes the 

JONSWAP spectrum, with a peak overshoot 

characteristic for developing seas.  Following the 

Boukhanovsky and Guedes Soares approach [12] a 

full spectrum can be reconstructed at the sum of 

Gamma spectra by calibrating either n or γ. 

 

2) Calibrating n and γ for use in the Gamma 

Spectra:  Within any given hindcast partician there 

are two types of wave trains that can be represented 

that the shape factors n and γ are dependent on.  

These two types are as follows: 

 Type I sea state: This sea state represents 

developing wind seas so we set n = 5 and 

calibrate γ using Eq. (15) to define the 

spectral peak asymmetry. 

 Type II sea state:  For swells, decaying 

wind seas, and fully developed wind seas 

(all other sea states), we set γ = 1 and 

calibrate the spectral width parameter, n. 

 

The Type I sea state is defined by developing 

wind seas and in order for developing seas to grow 

the spectrum the periods need to be longer than the 

peak period.  This is due to the fact that waves that 

characterize shorter periods have already reached the 

steepness required for equilibrium and cannot grow 

higher without destabilizing or breaking.  Within the 

spectra there exists a long-period cutoff above which 

the wave energy in the spectra is traveling faster than 

the wind.  This is because the wave group velocity is 

directly proportional to wave period.  As long as the 

spectral peak period is less than the long-period 

cutoff, the spectrum can still develop further. 

 

Another advantage to the NOAA hindcast is that 

is also produces local wind speed along with the sea 

state parameters.  It is from this that the long-period 

cutoff can be estimated using a relationship that has 

been established by Pierson and Moskowitz in 1964 

[8].  This is known as the Pierson-Moskowitz 

relationship and can be used to identify developing 

seas in the hindcast patricians.  The Pierson-

Moskowitz theoretical peak period for a fully 

developed sea state in complete equilibrium with the 

local wind speed is what can be used as the long-

period cutoff.  In order to extrapolate the hind cast 

wind speed at 10 m above sea level a 1/7-power law 

for the shear profile in the marine boundary layer to 

the Pierson-Moskowitz wind speed elevation of 19.5 



 

m above sea level.  Applying this result in the 

formula needed for the fully-developed peak period 

which is: 
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                                          (19) 

Where U10 is the NOAA hindcast wind speed at 10 

m above sea level and g is acceleration due to gravity 

(9.8067 m/sec2).   

 

Once TpFD is found then is can be compared to 

the NOAA hindcast peak period (Tp) for that given 

patrician.  If Tp < TpFD, then that partition is 

considered to be in a developing wind sea state and 

can be labeled as a Type I sea state and calibrated 

accordingly as stated above.  If Tp ≥ TpFD, then the 

patrician is labeled as a Type II sea state and n is 

calibrated.   

 

In order to calibrate n the EPRI developed a 

method that incorporates another NOAA hindcast 

parameter known as wind fraction (wf) [5].  This 

refers to the fraction of energy in a given patrician 

that is forced by local winds.  The formula for finding 

n is: 

 

                                   (20) 

where Tp is the NOAA hindcast peak period of the 

patrician and wf is the hindcast wind fraction of the 

patrician.  Note that the calibrated value of kb as 

discussed above is now implemented as a 

dimensional constant which models the dependency 

of the spectral width on the peak. 

 

If the value of wf is found to be 1 then n 

becomes equal to 5 thus producing the Bretschneider 

spectrum, which is appropriate for seas under the 

influence of local winds with no swell energy 

present.  It was found by the EPRI that kb indicates 

the spectral width of wave energy that is not under 

the influence of local winds [5].  It is the value of kb 

that is calibrated which in turn determines n from Eq. 

(20). 

Step 3: Reconstruct the Overall Spectra 

Now that the spectral shape parameters for each 

month in the desired time frame are calibrated in the 

desired region of interest the reconstructed overall 

spectra can be generated as defined by equation (12).  

By using the two data inputs for each patrician in the 

region, namely the hindcast sea state parameter data 

and the spectral shape coefficient data, the spectra as 

well as the quantities listed in Step 4 can be 

calculated for each time step in a given month.  If the 

desired period of interest were a 12 month period 

then there would be approximately 2,920 hindcast 

time steps.  Depending on the size of the region of 

interest then that value would be multiplied to the 

number of grid points which would indicate the 

number of reconstructed overall sea state spectra in a 

12 month period.  Figure 5 gives a description of this 

process. 

    
Figure 4: Calibrated parameters for Gamma Spectra 

 

 
Figure 5:   Process for calibrating theoretical spectra   

reconstructed from sea state parameters 

 

Step 4: Calculate Overall Sea State Parameters 

and Wave Power Density 

In order to reconstruct the overall sea state 

spectrum three quantities are needed.  These consist 

of the significant wave height, the wave energy 

period, and the wave power density. 



 

The first value is the spectrally derived 

significant wave height (Hs) which can be calculated 

as: 

 

                                                 (21) 

 

This value approximates time-series derived 

significant wave height, which is the average of the 

highest third of the waves in a random seaway and 

generally corresponds to the mean wave height that 

could be estimated by visual observation due to the 

fact that the smaller waves can pass undetected by the 

human eye.  This figure is calculated and archived by 

Wavewatch III and can be found through their 

website [16]. 

 

Using again the two spectral moments calculated 

above, now the wave energy period (Te) can now be 

calculated as: 

 

   
   

  
                                             (22) 

 

The energy period (Te) is rarely specified and 

must be estimated from other variables when the 

spectral shape is unknown. For example, in preparing 

the Atlas of UK Marine Renewable Energy 

Resources, it was assumed that Te=1.14Tz [18].  

Another approach when Tp is known is to assume 

 

                                             (23) 

 

The coefficient α depends on the shape of the 

wave spectrum: α=0.86 for a Pierson-Moskowitz 

spectrum, and α increases towards unity with 

decreasing spectral width. In assessing the wave 

energy resource in southern New England, Hagerman 

[19] assumed that Te=Tp. In this study, we have 

adopted the more conservative assumption that 

α=0.90 or Te=0.9Tp, which is equivalent to assuming 

a standard JONSWAP spectrum with a peak 

enhancement factor of γ=3.3. It is readily 

acknowledged that this necessary assumption 

introduces some uncertainty into the resulting wave 

power estimates, particularly when the real sea state 

is comprised of multiple wave systems (for example, 

a local sea plus one or more swells approaching from 

different directions).  However, since P ∝ TeHs, 

errors in period are less significant than errors in 

wave height. 

 

The peak wave period (Tp) is the inverse of the 

frequency at which the wave spectrum has its highest 

energy density, and is also referred to as the 

dominant wave period.  This value is necessary for 

formulating the theoretical spectrum and is archived 

by Wavewatch III (NWW3). 

 

The mean direction of spectral peak energy (θp) 

is the spectrally weighted mean direction of the wave 

energy contained within the frequency bin that 

contains the peak wave period.  The units that are 

used are in degrees measured clockwise from true 

North, with North stating at 0o and East continuing 

with 90o. These values are also archived by 

Wavewatch III. 

 

The total of potential and kinetic energy content 

of a wave per unit area of water surface (joules/m2) 

in an irregular sea state can be found using the 

following calculation: 
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If        , then    
  
 

  
, and: 
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For each harmonic component of the wave 

spectrum, its energy travels at the group velocity 

(cG): 
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Where g is the acceleration due to gravity, and k 

is the wave number which is given by the dispersion 

relation that is: 

        
  

 
 
 

                              (28) 

 

Where   
  

 
, and d is the water depth, and L is 

the wave length.  In deep water, where the local 

depth is greater than half a wavelength,          
  and the dispersion relation simplifies to: 

 
  

 
 
 

                                         (29) 

This can be rearranged to produce: 

 

   
   

  
                                      (30) 

and therefore the deep water group velocity 

simplifies to: 

    
 

 
 

 

  
 

  

  
                              (31) 

It is here where this paper will deviate from the 

methodology yielded by the EPRI in an effort to 

produce more accurate results.  There is a more exact 

equation using Hunt’s method, which utilizes the 



 

Pade’s approximation [17].Eqs. (32 – 34) are 

accurate to 0.1% for determining the wavelength in 

any depth of water.  These equations are formulated 

as: 
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The wave power density (P), which is also referred 

to as the “wave energy flux”, is given in watts per 

meter of wave crest width at any given water depth, 

d, is calculated as: 
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 (36)  

       

In deep water, the term  

 

   
    

          
          

      
     , therefor Eq. 

(36) simplifies to: 
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                           (39) 

 

 A seawater density (ρ) is 1025 kg/m
3
 and 

acceleration due to gravity (g) is 9.8067 m/s
2
.  As can 

be seen here the calculation involves integrating the 

quantity S(f)/f multiplied by a depth and frequency 

dependent dispersion term.  So in order to calculate 

this, the overall spectrum must be reconstructed. 

 

Step 5:  Estimating the Total Wave Energy Along 

a Depth Contour 

Now that the wave power density has been 

calculated for a given area, the total annual wave 

energy flux in terawatt-hours per year can be 

estimated.  If the region involves more than one 

depth contour, such as a region that incorporates deep 

water to its nearest shore line, then the estimation can 

be a range to reflect the extent to which the deep-

water waves traveling towards the shore line begin to 

significantly be affected by the decreasing depth.   

CALCULATED RESULTS FOR A LOCALIZED 

GEOGRAPHIC LOCATION. 

The purpose of this paper was to describe the 

available wave energy for a specific geographical 

location.  This information is vital when assessing 

that area for use with wave energy conversion 

technology.   The relevant data was collected from 

NWW3-Global wave climatology for the grid point 

located at 29°N, 88°W which was the area selected 

for this study [16]. Once the data was analyzed using 

the technique described in Section III the average 

was taken over 10 years for the significant wave 

height and peak wave periods which were found to be 

Hs = 1.1m and Tp = 5.7 sec.  These values were then 

used to formulate the wave energy spectrum using 

equation 12 which can be seen in Figure 6. 

 

 
     Figure 6: 10 year average of the wave energy spectrum 

for the grid point at 29°N, 88°W with an Hs value of 1.1 

meters and Tp value of 5.7 seconds 

 

In order to help verify the wave energy 

predictions obtained from this analysis, results have 

been compared with current data from the NOAA 

National Data Buoy Center’s Station 42040 (LLNR 

293) – Luke Offshore Test Platform which is located 

about 64 nautical miles South of Dauphin Island, AL 

at 29°12’45”N, 88°12’27”W which is archived and 

disseminated by the National Data Buoy Center [20]. 

 

Data for the year of 2012 was taken from Station 

42040 (LLNR 293). The monthly variation in the 

year 2012 for the available wave power (P, Equations 

35 - 39) at buoy 42040 is shown in figure 7 and is 

compared with the monthly available wave power (P) 

predictions derived from the 10 year average 

formulated in figure 6. Both the annual mean power 

and the monthly power variation are in reasonably 

good agreement. The level of agreement is 

considered satisfactory and sufficient to conclude that 

the wave energy estimates derived from the NWW3-

Global model are reliable.  This agreement can be 

seen in Table 1 which gives the %error of the 



 

predicted available wave power with respect to the 

actual wave power in 2012.   

 
FIGURE 7: MONTHLY VARIATION IN WAVE 

POWER FOR NOAA BUOY STATION #42040 

 
Table 1- Percent error of the predicted available  

wave power with respect to the actual  

available wave power in 2012 

 

  

Predicted 
Pavail 

Pavail 
2012 

% 
Error 

Jan 2983.57 2543.21 15% 

Feb 2499.12 2295.20 8% 

Mar 2585.30 2416.69 7% 

Apr 1735.20 1429.99 18% 

May 1357.28 1189.04 12% 

Jun 1333.04 1237.11 7% 

Jul 733.10 791.11 7% 

Aug 1014.97 922.53 9% 

Sep 2542.29 2172.37 15% 

Oct 3034.14 2805.23 8% 

Nov 2882.43 2875.59 0% 

Dec 3401.58 3487.74 2% 

Avg 2175.17 2013.82 9% 

 

 

CONCLUSIONS 

The purpose of this paper was to outline a method 

to parameterize a wave climate resource for the 

purpose of analyzing its potential for wave energy 

conversion in a desired location.  This technique 

allows WEC developers to predict the wave power 

available to their devices and therefore allowing them 

to predict the power output performance in a given 

year, season, month etc. in a specific location.  

Various approaches were described that have been 

developed in the past based on forms of unimodal 

spectra belonging to the family of Eq. (1).  A 

methodology was chosen based on a modified 

Gamma spectrum that was developed by the EPRI 

and has been shown to deliver robust results in 

representing the wave climate in a given region.  The 

main focus of this methodology is the calibration of 

the spectral width parameter, n, and the spectral 

peakedness parameter, γ.  A modification was applied 

to the method to increase the accuracy of the 

equations by using Hunt’s method to find 

wavelength, L. This method is demonstrated in 

Equations (32 - 34).  Overall this method has proven 

reliable within 10% and is effective for predicting the 

wave power climate for a specific geographical 

location. 
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ABSTRACT  

This paper focuses on the potential and application of developing wave energy technology in the Gulf of 

Mexico (GOM). The conditions (weather, wave climate, activity of the oil industry, etc.) in the GOM are assessed 

and the attributes of wave energy in the GOM is explored and verified. Based on the findings, there is great potential 

in the GOM for wave energy technology and it is expected that the wave energy captured from the GOM can 

provide a considerable portion of power required by oil platforms in that area.  
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INTRODUCTION 

The Gulf of Mexico (GOM) is a highly active 

area that supports many different kinds of platforms, 

drilling, and has the potential for hosting waver 

energy technology.  The introduction of alternative 

energy operations is likely to have more support if it 

is paired with existing operations.  Wave energy 

technology, along with other alternative energy 

sources are gaining momentum because of the 

growing demand for electric power and petroleum 

products along with the limitation of petroleum 

resources as nonrenewable fuels.  

All energy is created from two main sources, 

heat and motion.  People working with alternative 

energy are looking for natural, reproducible, low 

emission, and sustainable sources of both heat and 

motion. Several avenues of sustainable energy have 

been found such as solar, wind, geo-thermal, 

biofuels, and hydropower, which are all examples of 

renewable energy sources that are currently being 

developed. 

 

Wave energy in the US was estimated by the 

Electric Power and Research Institute (EPRI) to 

average 2,100 terawatt-hours per year for a depth of 

60 meters. If only 20% of this wave energy were 

utilized with a wave energy converter (WEC) 

capturing 50% of the wave power, it could provide 

for 7% of the US electrical consumption (in 2005) 

[1]. Wave energy projects around the world are 

focused on providing power to a land grid. Another 

study is developing better technology to power 

offshore platforms from land [2].  Both of these ideas 

involve great costs though the transmission of power 

to or from the shore, estimated at $5 million per mile 

for wave generation [3]. A majority of wave energy 

development has been in the areas near shore on the 

inner continental shelf, and there has been little to no 

exploration and exploitation of the outer continental 

shelf [3]. Because the wave capturing industry is 

relatively new, compared to wind and solar power, 

there has been little to no emphasis on capturing mild 

energy wave climates. 

 

Because of its rich potential in the wave energy, 

it is expected that a large amount of electricity can be 

converted from the wave energy in the Gulf of 

Mexico (GOM) to power the oil platforms in the 

outer continental shelf of GOM. In order to verify 

this idea an investigation study was performed and 

demonstrated, which includes (a) comparing wave 

energy to other alternative energies; (b) review of the 

physical characteristics of the GOM; (c) assessing the 

oil platform activities in the GOM; (d) finding or 

developing equations for waves and wave power; (e) 

estimating the wave energy potential in GOM; and (f) 

analyzing local trends and weather information.  

 

The following sections are organized as follows: 

section 2 reviews the benefits and attributes of wave 

energy, and compares it to wind and solar energy; 

section 3 illustrates physical characteristics of the 

GOM, and assesses the oil platform activities in the 

GOM; section 4 reviews the linear wave theory and 

estimates the waves and wave power; section 5 

collects wave data recorded from several stations in 

the GOM and uses that data to verify the equations 

developed in section 4. 

BACKGROUND ON WAVE ENERGY 

Wave energy is a combination of solar, wind, 

and hydropower. As stated by Mcormick [4], gravity 

along with wind and the sun combine in seas and 

oceans to create and sustain waves. Like wind, waves 

are a naturally occurring force that have the potential 

for creating energy.  Waves are also more predictable 



 

and continuous than other natural sources like wind 

and solar. There are many areas that get more 

overcast days than days of sunlight or areas that do 

not have heavy winds that could propel turbines. 

Solar and wind energy can capture and generate 

energy only 20% to 30% of the time, but wave 

energy can produce power about 90% of the time [5]. 

 

Water is also considered as a more efficient fluid 

than air. Unlike air, water has a much higher density 

and is an incompressible fluid; these characteristics 

mean that the movement of water is more powerful 

than that of air over the same volume. Thus, it 

requires much more air to move an object than to 

move the same object with water. The average wave 

power intensity produced over a square meter is 

about ten times the average solar energy intensity 

produced in the same area [5]. 

 

Most of the current projects being developed 

have the similar objective of connecting with an 

electric grid and transmitting power to land 

operations. One company, Ocean Power 

Technologies, has compared their technology, the 

Power Buoy, with solar, wind, biomass, and natural 

gas resources. When compared to wind and solar 

power, wave energy has a high power density. Ocean 

Power Tech. estimates that 400 buoys per year the 

wave power costs is around 15 cents per kilowatt-

hour. Solar power is estimated at 9-19 cents, and 

wind power is from 5-24 cents [6].  It is noted that 

while wave power might be more expensive, the cost 

could be substantially reduced by reducing the 

distance between the wave-capture site and the power 

consumption site.  

 

In spite of the listed advantages over other 

energies, wave energy is an under explored resource 

that has great potential. Because of its higher power 

intensity and reliability, wave energy should be an 

excellent candidate for further development and 

consideration as a prime alternative energy source. 

Table 1 shows the comparison among wave energy, 

solar energy, and wind energy 

Table 1- Energy Source Comparisons 

Source Capturing 

rate 

Cost 

per kWh 

Wave 90% $0.15 

Wind 20-30% $0.05-0.24 

Solar 20-30% $0.09-0.19 

 

CONDITIONS OF THE GULF OF MEXICO 

Before fully launching the wave energy 

technology in GOM, the real conditions of that area 

have to be reviewed and analyzed so as to verify the 

potential of wave energy. 

Physical Characteristics 

 

Figure 1. Map of the GOM and surrounding areas [8] 

The GOM is a circular body of water that 

borders the United States and Mexico.  The GOM is 

approximately 580 thousand square miles (1.5 

million km2) and measures approximately 560 miles 

(1,600 km) from east to west and 995 miles (900 km) 

from north to south. The GOM has a continental shelf 

that is approximately 590 ft (180 m) deep before the 

major drop-off, and this shelf comprises nearly 38% 

of the entire gulf area [7]. The Gulf Stream is created 

from water moving in through the Yucatan Strait, 

which causes the direction of waves to change in a 

circular manner around the GOM [7, 8].  There is 

also water that drains from the mouth of the 

Mississippi River into the GOM, which creates more 

water flow in the northeast corner. From observations 

made from wave forecasts of the GOM, it can be seen 

that landmasses cause reduced wave activity near the 

eastern tip of Louisiana, but there is much higher 

wave activity as the distance from shore increases 

[8]. 

Oil And Gas Platform Activities 

Currently, there are over 4,125 active drilling 

platforms in the gulf with 2,380 qualified companies, 

and 161 active operators with 217 thousand mil2 (561 

Gm2) of leased work sites [9]. Because of political 

and environmental concerns after the Deep Water 

Horizon oil spill, drilling in the GOM had a large 

period of low production and many platforms were 

closed, most of them temporarily. According to the 

Bureau of Safety and Environmental Enforcement’s 

(BSEE) website [10], permits are being granted to 

more companies and platforms are slowly re-opening. 

Over the past ten years offshore work has been 



 

shifting to “deep-water” drilling, where the “deep-

water” is considered to be stations located in depths 

of over 1,000 ft. (305 m).  For depths of less than 

1,000 ft., there are two classifications based on the 

drilling depth. The first is called “shallow-water 

shallow” and is considered to be drilling depths of 

15,000 ft. (4,572 m). The second is “shallow-water 

deep” and includes stations, which drill below 15,000 

ft. and are located in areas where the sea floor is less 

than 1,000 ft. [11]. While these platforms, stations, 

and work areas are used to help obtain crude oil, 

natural gas, or other petroleum substances, they also 

consume a fair amount of energy during operation. 

 

 
Figure 2. Map of oil and gas platforms in the GOM with 

indications of deep water areas [12] 

Currently, companies have to ship in diesel or 

other petroleum products to the platforms for power 

generator units. Not only is there the direct cost of 

purchasing processed fuels, but there is the cost of 

shipping the fuel. In the oil and gas industry there are 

also high costs of doing business when it comes to 

carbon emissions. Wave energy, however, would be a 

source of low to no emissions and if wave energy 

technology becomes feasible, it could replace the 

diesel currently used because wave energy does much 

less harm to the environment. This means that by 

using wave energy, not only could the operational 

costs potentially go down, but the fees that these 

companies pay for high carbon emissions could be 

reduced as well.   

 

Government regulations, political pressure, and 

environmental concerns are driving companies to 

reduce their emissions through regulation and fees 

with bills like “Cap-and-Trade” [13]. The U.S. 

government is also trying to create incentives, such as 

tax credits, for companies who produce their own 

energy or for using alternative energy sources in their 

production process [14]. “Good press” is another 

incentive for these companies. Openly utilizing and 

developing a new technology that is considered 

“green” would help the reputations of oil and gas 

companies and provide them with an avenue to 

diversify and expand. 

 

Overall, the GOM is a large body of salt water 

with varying level of wave activity that increases 

when moving away from the shoreline. The 

continental shelf provides an excellent base for 

mounting platforms and can serve in the same 

capacity for mounting Wave Energy Converters 

(WECs). Understanding the physical characteristics 

of the GOM helps to set a baseline of the potential 

power area in the GOM. The GOM is highly 

populated by oil and gas platforms. There are a 

growing number of platforms that are moving further 

offshore and these platforms have higher energy 

requirements than those located closer to shore. With 

growing industry demands it is becoming more and 

more expensive to operate these platforms in the 

GOM. Thus, utilizing wave energy is one way that 

those companies can offset their fuel operating costs 

and come into the forefront of developing low 

emission technology, which makes the GOM a great 

market site for development and testing of WECs. 

LINEAR WAVE THEORY 

Linear wave theory is a method that describes 

the motion and effects of water-surface waves. It was 

established for use in naval and ocean science to help 

explain the movement and forces of water waves and 

has been used to develop equations for estimating 

wave energy density and wave power [4, 15].  Even 

though several other theories exist to determine wave 

equations, linear wave theory remains the most 

commonly-used theory and was applied for wave 

analysis in this study. 

 

According to linear wave theory, the greatest 

amount of force activity is found on the surface of the 

wave. As stated by Drew et al. [5], “up to 95% of the 

energy in a wave is located between the water surface 

and one-quarter of a wavelength below it”. The idea 

behind linear wave theory is that water waves can be 

physically represented as a sine (cosine) function and 

has position and time variables [15].  Fig. 3 shows an 

approximate model of a sine wave and the various 

components, which will be used to describe the wave.   



 

 

Figure 3. Wave Diagram 

The parameters displayed in figure 3 are: 

A= amplitude, the distance from standing water to the 

top of crest, half of the wave height (m) 

H= significant wave height, measured from the top of 

the crest of a wave to the bottom of trough (m) 

λ= wavelength, distance measured from crest to crest 

(m) 

T= period, time to cycle through one full wavelength 

(s) 

C= phase velocity (celerity), speed that a single wave 

is moving (m/s) 

SWL= still water level, water level when no waves 

are present 

d=  water bin depth, measurement from seabed to the 

still water level (m) 

p= particle motion, motion of a particle sitting on the 

surface of the wave 

 

In most cases of data collection, not all of these 

parameters are available for direct measurement but 

they can be calculated based on three basic primary 

parameters: SWH, T, and d. Different equations are 

developed for modeling and predicting wave motion 

at different levels of water depth.  Equations are 

categorized into three sets: shallow water, deep 

water, and water with transitional depths. In order to 

avoid confusion due to different equation sets, the 

equations and parameters with the subscript “o” refer 

to the deep water calculations, the subscript 

“shallow” refers to the shallow water calculations, 

and the subscript “T” refers to the calculations for 

transitional water depths. Equations without a 

subscript are applicable for all depths of water. In all 

calculations involved in this study, the density of the 

gulf water (ρ) is taken as 1,025 kg/m3 and the 

gravitational acceleration (g) is 9.81 m/s2. 

Wave Motion 

According to the Shore Protection Manual 

created by the Army Corps of Engineers [16], a 

regular wave moving along direction x over time t 

can be modeled as a normal sine function and 

depicted based on the wave height, wave period, and 

wavelength equation. (1).  

𝜂 =
𝐻

2
sin(

2𝜋𝑡

𝑇
+

2𝜋𝑥

𝜆
)  (1) 

Wavelength Calculation 

Wavelength (λ) is used to determine the water 

depth levels. Specifically, the water is considered 

shallow if its depth is less than one-twentieth of its 

wavelength (d < λ/20); transitional when the depth is 

between one-twentieth and one-half of its wavelength 

(λ/20 < d < λ/2); deep if the depth exceeds half of its 

wavelength (d ≥ λ/2). It is obvious that the 

wavelength cannot be directly measured from the 

gulf but can be calculated as [4]:   

𝜆𝑜 =
𝑇2𝑔

2𝜋
    (2) 

𝜆𝑠ℎ𝑎𝑙𝑙𝑜𝑤 =𝜆𝑜tanh(
2𝜋𝑑

𝜆𝑠ℎ𝑎𝑙𝑙𝑜𝑤
)  (3) 

 

However, a more exact and general equation for 

determining the wavelength at any depth was 

presented in [16] as:  

  𝜆 = 𝑇√
𝑔𝑑

𝐹
     (4) 

𝐹 = 𝑮 +
1

1+0.6522𝑮+0.4622𝑮2+0.0864𝑮4+0.0675𝑮5
  (5) 

      𝐺 = (
2𝜋

𝑇
)
2 𝑑

𝑔
     (6) 

Phase Velocity 

Phase velocity, which is also known as celerity, 

is the velocity of a single wave and defined as C = 

λ/T. It is well known that the waves generated in the 

ocean can be considered as moving in groups and 

Eqn. (7) describes the relationship between the 

celerity (C) and the group velocity of waves (Cg).   

 

𝐶𝑔 =
𝐶

2
[1 +

4𝜋𝑑

𝜆sinh(
4𝜋𝑑

𝜆
)
] =

𝜆

2𝑇
[1 +

4𝜋𝑑

𝜆sinh(
4𝜋𝑑

𝜆
)
]   (7)  

 

For shallow water, the group velocity equals the 

phase velocity (Cg = C) and for deep water group 

velocity can be approximated as half of the phase 

velocity (Co = C/2). 

Energy Density 

The energy density (E), a wave’s specific energy, 

measures the amount of energy over the surface area 

of the wave. According to linear wave theory, the 

energy density is directly proportional to the square 

of the significant wave height and is measured as the 

summation of potential and kinetic energy of the 

wave unit wave surface area (Eqn. (8)) [4, 15]. 

 

𝐸 = 𝐸𝑃 + 𝐸𝐾 =
𝜌𝑔𝐻2

16
+

𝜌𝑔𝐻2

16
=

𝜌𝑔𝐻2

8
   (8) 



 

Underwater Loss 

Eqn. (8) determines the wave energy density at 

the surface of the water; however, an underwater loss 

needs to be considered when measuring the energy 

density below the water surface. The energy 

underwater decays exponentially, as depicted in Eqn. 

(9), where z is the depth below the still water level 

[17]. 

𝐸(𝑧) = 𝐸 × 𝑒−
2𝜋

𝜆
𝑧
   (9) 

Wave Power 

Wave power (P), also known as the energy flux, 

is the power of a wave over the length of the wave 

crest. According to Mcormick [4], the wave power is 

a function of the square of the wave height and the 

group velocity, which is also a function of 

wavelength and period (Eqn. (10)). Wave power 

determines the energy potiential for an area of water.  

Because it is in watts per meter of wave crest, during 

extrapolation it is assumed that wave crests can be 

lined up over an area.  The wave power is multiplied 

by an area in square meters (kilometers) to determine 

the overall power potential for that area. 
   

𝑃 = 𝐸 ∗ 𝐶𝑔 = 
𝜌𝑔𝐻2𝜆

16𝑇
[1 +

4𝜋𝑑

𝜆sinh(
4𝜋𝑑

𝜆
)
]   (10) 

 

In section 5, wave height, period, and water 

depth collected from the GOM will be substituted 

into above equations to estimate the wave energy 

potential in that area. 

WAVE DATA 

Stations 

There are a number of stations established in the 

GOM to record wave and climate data. In this study, 

data collected from three stations (station #6, #9, and 

#15) were used for estimation of the wave energy 

potential. Those stations, which are located off the 

coast of Louisiana, are run by the Coastal Studies 

Institute (CSI) of the Louisiana State University 

(LSU) and provide the most complete data about the 

waves in GOM [8]. For an example, Fig. 4 shows the 

CSI station #6.  Stations #6 and #15 are closer 

together than station #9, which is about twice the 

distance away from #6. 

 
Figure 4. CSI station 06, Chevron platform ST-

52B, South of Terrebonne Bay, LA [8] 

The updated wave data measured from the CSI 

stations can be found on LSU’s official website for 

Wave-Current-Surge Information System 

(WAVCIS). Important wave data that were used for 

calculations in this study include the wave height, the 

period, and the water bin depth, which are collected 

every hour from October 2010 to March 2012.  Not 

all stations collected data during the entire period of 

time because of complications due to instrumentation 

issues or maintenance.   

Events 

Figure 5 plots the wave height measured from 

the CSI stations #9 and #15. Tropical storm Lee 

occurred in early September of 2011 and lingered in 

the area of the stations for a few days while moving 

westward. It is apparent that during that time, most 

wave energy devices would not be able to perform 

properly due to the extremely high waves. The peak 

wave height caused by the tropical storm Lee can be 

easily identified in Figs. 5 and 6. Consequently, the 

wave power, which calculated based on the wave 

height and other parameters (Eqn. (11)), exhibits an 

extremely high peak value during that storm, which 

can be seen from the Fig. 6.  

 



  
(a) (b) 

Figure 5. Wave height with and without events. (a) station #9 (b) station #15  

 
(a) 

 
(b) 

Figure 6. Wave power with and without events. (a) station #9 (b) station 15  

Data Calculations 

Based on the data collected from the three 

stations, the physical characteristics of wave in the 

GOM can be calculated using the equations presented 

above. For example, the wavelength was calculated 

using Eqns. (2-6); the phase velocity and group 

velocity was calculated using Eqn. (7); the wave 

energy density Eqn. (8); and the wave power Eqn. 

(10). Each of the calculated characteristic parameters 

was averaged and the results are listed in Table 2.  

 

The “event data points”, which are the data 

related to the tropical storm Lee, were then removed 

and the average values were recalculated and listed in 

Table 3. The percentage differences between the 

average values calculated with and without those 

“even data points” were calculated and displayed in 

Table 4.   

 

Table 2. Average parameter values for each station, all data points 

 

Station Height (m) Period (s) Depth (m)
Wavelength 

(m)

Phase 

velocity 

(m/s)

Group 

velocity 

(m/s)

Energy 

density 

(J/m
2
)

Wave 

power 

(W/m)

#15 0.61 4.96 17.05 38.55 7.6 4.06     681.56    3,341.9 

#9 0.6 3.78 17.3 23.6 5.86 3.01       622.2    2,614.8 

#6 1.02 4.51 21.26 32.89 7.01 3.57  1,519.85    5,837.1 

Average 0.74 4.42 18.53 31.68 6.82 3.55       941.2    3,931.2 



 

Table 3. Average parameter values for each station, without event data points. 

 

Table 4. Percent difference between values with and without the event data points. 

 

 

From above tables it can be found that for 

stations #9 and #15, the wave energy density and 

wave power estimated without those events data 

points are considerably lower than those with the 

events data points. It is also found that for other wave 

parameters of those stations, the effects of the events 

data points were much lower, and for the station #6, 

the events data points did not apparently affect the 

wave parameter values.    

In further consideration, it is recommended that 

all the events data points being considered in 

estimating the wave power. This is because that (1) it 

is hard and time consuming to identify the events 

data points from a huge number of measured data 

points and completely remove them; and (2) the 

operational range of a wave energy device could 

possibly cover some of those events data points. 

Thus, if further study, the events data points will be 

included in estimation but their effects on the results 

will be indicated separately.  

Trends 

For wave power estimation, it is commonly to 

calculate annual averages and monthly averages to 

reveal the trends of wave power potential in warm or 

cold weather. The average values for each station are 

displayed in Tables 5 to 7. 

 

Figure 7 plots the monthly average wave powers 

for all three stations. For all the stations the highest 

monthly wave power appears in September because 

of tropical storm Lee, which brought on very high 

wave heights.  There seems to be a slight decrease in 

the estimated wave power during warmer months 

(May ~ August).  Station #6 appears to have a higher 

potential wave power when compared to stations #9 

and #15.  This could be due to the fact that all of 

station #6’s data points occur during cold weather 

months, while #9 and #15 span other periods of time. 

Because of these sparse patterns of data collection it 

is advisable to keep with an annual estimation instead 

of seasonal ones.  

 

 

 

  

Station 
Height 

(m) 

Period 

(s) 

Depth 

(m) 

Wavelength 

(m) 

Phase 

velocity 

(m/s) 

Group 

velocity 

(m/s) 

Energy 

density 

(J/m2) 

Wave 

power 

(W/m) 

#15 0.59 4.94 17.05 38.23 7.58 4.04 602.19 2,793.95 

#9 0.57 3.73 17.30 22.93 5.80 2.96 504.34 1,824.95 

#6 1.02 4.51 21.26 32.89 7.01 3.57 1519.85 5,837.06 

Average 0.73 4.39 18.53 31.35 6.79 3.52 875.46 3,485.32 

Station 
Height 

(m) 

Period 

(s) 

Depth 

(m) 

Wavelength 

(m) 

Phase 

velocity 

(m/s) 

Group 

velocity 

(m/s) 

Energy 

density 

(J/m2) 

Wave 

power 

(W/m) 

#15 3.27% 0.40% 0% 0.83% 2.63% 0.49% 11.65% 16.40% 

#9 5% 1.32% 0% 2.84% 1.02% 1.66% 18.94% 30.21% 

#6 0% 0% 0% 0% 0% 0% 0% 0% 

Average 1.35% 4.39 0% 1.04% 4.4% 0.85% 6.98% 11.34% 



 

Table 5. Average values calculated for station #6 

 

Date  

Wave 

height 

(m) 

Wave 

period 

(s)  

Water bin 

depth (m) 

Wavelength 

(m) 

Phase 

velocity 

(m/s) 

Group 

velocity 

(m/s) 

Energy 

density 

(J/m2) 

Water 

power 

(W/m) 

 

Deepness  

Oct-11 0.75 4.42 20.98 31.52 6.84 3.53 979.36 4,193.32 Deep  

Nov-11 1.10 4.54 21.16 32.68 7.07 3.58 1,668.68 6,253.30 Deep 

Dec-11 1.08 4.52 21.28 32.92 7.02 3.60 1,659.94 6,525.56 Deep 

Jan-12 0.96 4.53 21.29 32.52 7.05 3.57 1,355.88 5,086.08 Deep 

Feb-12 1.11 4.51 21.42 32.72 7.00 3.58 1,742.23 6,584.98 Deep 

Mar-12 1.01 4.44 21.46 31.31 6.92 3.49 1,520.79 5,658.06 Deep 

 

Table 6. Average values calculated for station #9 

 

Date  

Wave 

height 

(m) 

Wave 

period 

(s)  

Water bin 

depth (m) 

Wavelength 

(m) 

Phase 

velocity 

(m/s) 

Group 

velocity 

(m/s) 

Energy 

density 

(J/m2) 

Water 

power 

(W/m) 

 

Deepness  

May-11 0.57 3.77 17.23 23.04 5.88 2.97 458.65 1,499.05 Deep 

Jun-11 0.57 3.90 17.25 24.39 6.08 3.07 472.81 1,601.43 Deep 

Jul-11 0.45 3.28 17.30 17.56 5.11 2.58 320.73 1,022.24 Deep 

Aug-11 0.36 2.92 17.26 13.55 4.56 2.28 172.23 405.90 Deep 

Sep-11 0.71 3.77 17.33 24.44 5.75 3.07 1,455.07 8,821.34 Deep 

Oct-11 0.58 3.70 17.35 22.93 5.72 2.95 548.56 2,094.57 Deep  

Nov-11 0.72 4.10 17.41 27.06 6.38 3.26 722.82 2,594.86 Deep 

Dec-11 0.71 4.19 17.37 28.77 6.46 3.38 747.84 3,064.99 Deep 

Jan-12 0.65 4.00 17.25 26.00 6.21 3.18 622.85 2,327.89 Deep 

Feb-12 0.68 4.12 17.26 27.60 6.38 3.30 679.42 2,621.14 Deep 

Mar-12 0.69 4.14 17.22 27.85 6.41 3.32 717.15 2,885.73 Deep 

 

Table 7. Average values calculated for station #15 

 

Date  

Wave 

height 

(m) 

Wave 

period 

(s)  

Water 

bin depth 

(m) 

Wavelength 

(m) 

Phase 

velocity 

(m/s) 

Group 

velocity 

(m/s) 

Energy 

density 

(J/m2) 

Water 

power 

(W/m) 

 

Deepness 

Dec-10 0.67 4.82 16.92 36.57 7.41 3.93 788.37 3,678.14 Intermediate  

Jan-11 0.61 4.81 16.90 36.43 7.37 3.93 664.13 3,245.18 Intermediate  

Feb-11 0.56 4.89 16.91 37.37 7.56 3.97 487.48 1,965.93 Intermediate  

Mar-11 0.64 5.24 16.95 42.63 7.98 4.35 645.66 3,316.90 Intermediate  

Apr-11 0.76 5.20 16.90 42.03 7.90 4.31 935.89 4,396.40 Intermediate  

May-11 0.58 5.08 16.90 40.16 7.63 4.11 506.78 2,139.70 Intermediate  

Jun-11 0.48 5.00 16.95 39.00 7.69 4.09 351.80 1512.52 Intermediate  

Jul-11 0.30 4.73 16.90 35.06 7.69 3.81 124.13 497.89 Intermediate  

Aug-11 0.29 4.61 17.13 33.26 7.31 3.68 122.86 446.76 Deep 

Sep-11 0.56 5.21 17.18 42.43 7.16 4.34 954.16 5995.12 Intermediate  

Oct-11 0.65 4.98 17.23 39.02 7.89 4.09 794.97 3957.94 Intermediate  
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Figure 7. Monthly wave Power estimates for each station 



 

Locations of the stations also affect the readings. 

As shown in Fig. 8, the station #9 is located at the 

mouth of a gulf embankment, where the wave 

activities are affected by wave reflection and 

deflection. Thus, the estimated potential wave power 

is less than the wave power estimations of the other 

two stations. Stations #6 and #15 are close to each 

other and locate far from the land; therefore their 

wave power estimations are higher because of less 

interference of the land on the wave activities.   It is 

difficult to estimate other land/obstacle interactions 

that might be going on to boost station #6 or dampen 

station #15 and #9. 

 

 
Figure 8. Locations of CSI Stations 

Results 

As illustrated in previous sections, the average 

wave power for all of the data points collected from 

all the stations is 3.54 kilowatts per meter of wave 

crest, based on which the wave power potential in the 

GOM can be estimated. As shown in Fig. 9, the total 

area of the drilling platforms and surrounding areas 

(green) in the GOM is approximately 252,829.85 

km2.    

Assuming that a wave energy device(s) can work 

over the entire area mentioned for 8,760 hours per 

year, the total wave power provided in the area 

shown in Fig. 9 will be 3.54 kW/m × 252,829.85 km2 

× 8760 hours/year ≈ 7.8 TWh/yr.  This estimate is 

probably lower than the actual number because wave 

heights get higher as the distance from shore 

increases.    

With one meter of wavelength providing an 

estimated 3.54 kW of power and a WEC running 

continuously can provide approximately 31 MWh/yr.  

According to an assessment made by UL Lafayette’s 

Industrial Assessment Center (IAC) [19], to power 

10% of a large oil/gas platform would require 

approximately 948 meters of wave crest.  This 

estimate is encouraging because some WECs being 

developed are on the order of 10s of meters in 

capture length/area.   

The GOM is considered by many to be a low 

activity wave climate [20]. Most wave energy 

research has gone into capturing higher activity 

waves, but there is a need to develop technology for 

different ranges of wave activity because there are so 

many areas that could benefit from utilizing wave 

energy.   The wave energy technology for the GOM 

deserves further development and investment.  

 

 
Figure 9. Map of drilling platforms and estimated wave 

capture area [18] 

CONCLUSION 

This paper reports an investigational study on the 

potential and prospect of developing wave energy 

technology in the GOM. Based on a review of 

physical conditions in the GOM and power 

estimation by using linear wave theory, it was 

concluded that the wave energy in the GOM is worth 

pursuing and utilizing. Important research results and 

contributions are summarized as follows. 

(1) Wave energy is considered a “green” 

renewable resource that is currently being developed 

by several different companies.  Despite its high 

utility cost, wave energy is a more productive, 

reliable, and continuous energy resource when 

compared to solar and wind energy. 

(2) The GOM is a large body of water with two 

main sources of water inlet, which create flow, 

currents, and waves. The shelf area is a good site for 

developing and testing wave energy devices because 

the water depth is sufficient for deep-water activity. 

(3) The GOM is a thriving and active area that 

boasts over 4,100 platforms, and is continuing to 

grow, which demands growing requirements of 

power and costs for new and bigger platforms. It is 

therefore urgent to develop and utilize new energy 

source to power the growing industrial activities in 

that area. Wave energy, as stated above, is an ideal 

option.  

(4) Linear wave theory was employed to estimate 

the wave power potential in the GOM and the results 

showed that it was possible to produce 3.54 kW/m of 

wave crest out from the waves in the GOM. This 

estimate can provide 10% power to a large platform 

with less than 1 kilometer of wave crest.  

1
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(5) From the monthly estimation, it was found 

that the wave power produced in summer months is 

notably lower than that produced during the rest 

months. This phenomenon should be considered in 

operating wave energy converters (WEC), for 

example, it may be suggested that the WECs are 

repaired and maintained during summer.  

Overall, the potential of wave energy in the 

GOM was confirmed and the UL Lafayette wave 

energy team is setting their goals to design and 

develop a WEC with a small scale and low 

transmission cost, which could power oil and gas 

platforms. In the future, more research effort is 

required for the development of the WEC; the future 

research should focus on following two areas: wave 

energy device design and economic analysis to prove 

the feasibility of the WEC.  
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