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Abstract 

In this paper, a case study is performed using a pilot manufacturing plant in which the economic and 
environmental impacts are utilized to investigate and compare differing energy systems approaches. As the 
gap widens between archaic energy systems and the next generation energy systems, there is more incentive 
to investigate the use of these inefficient energy systems. A case study is performed on a pilot manufacturing 
plant utilizing economic and environmental impacts to investigate and compare differing energy systems 
approaches. A plan is then developed to phase-out the existing system in favor of the more attractive 
alternative approach. 
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1 INTRODUCTION 

Plant energy systems are an area that has been largely 
ignored by manufacturing facilities as equipment 
maintenance and product changeovers on short timelines 
have consumed the majority of plant engineering resources. 
As the gap widens between archaic energy systems and the 
next generation energy systems, there is more incentive to 
investigate the use of these inefficient energy systems. Due 

to these inefficiencies, the energy backbone of manufacturing 
plants should be transferred from steam and compressed air 
to electricity and gas. 

Electrical motors have increased in efficiency to where one 
HP of compressed air power is equivalent to 6-8 kW of 
electrical power [1]. The centralized system suffers from 
distribution losses, up to 30% for compressed air, and losses 
associated with poor utilization of an energy system solely 
because of its ease of use and availability [2]. 

Natural gas has replaced coal as a major source of heating in 
manufacturing. Distributed steam systems originally designed 
to use coal boilers are now being replaced by a combination 
of natural gas boilers and direct fire applications both at a 
higher efficiency [3]. Electrical heating has also replaced 
steam heating in lower temperature requirements [4]. 

The ideal and long term goal is the complete elimination of 
both steam and compressed air on the large scale from 
manufacturing facilities. Systems need to be evaluated for 
economic and environmental impact in order to better 
prioritize the elimination strategy. The economic saving will 
also provide an idea of the feasibility of the goal of 
elimination. The environmental impact will be considered in 
the energy savings from the elimination of the inefficient 
processes and the losses due to the existing energy 
networks. 

 

 

2 COMPRESSED AIR 

2.1 Overview 

Compressed air is a utility widely used in manufacturing 
facilities. It is generally used in linear motion devices where 
the compressed air enters an enclosed cylinder, expanding it 
due to the pressure of the air. Compressed air is also used in 
blow off applications where part material or fluids are blown 
off of a part. 

Compressed air is an inert utility in that it cannot combust as 
natural gas does or send great amount of energy forth as 
electricity does. Compressed air may rupture or cause great 
pressure leaks, but these are limited by the overall system 
pressure, in this case 85 psi or 586 kPa. At this relatively low 
pressure, compressed air is more of a nuisance than a 
danger as the major concern is the noise from leaks. 

The low pressure of the system is also one of the 
shortcomings of the compressed air network. Because the 
pressure is nearly uniform throughout the system, the 
numerous uses of compressed air must rely on a single 
pressure. This can be problematic and wasteful when 
processes that do not require 85 psi or 586 kPa are forced to 
use this pressure. In theory, the use of regulators can 
mitigate this issue but in practical use, most regulators are 
found to be in the full open position due to neglect. 

2.2 Production and Distribution 

Compressed air is produced using compressors, either 
reciprocal or centrifugal. In the pilot manufacturing facility, 
centrifugal compressors are used as they are more efficient 
on the large scale and are capable of producing higher flow 
rates [5]. A disadvantage of centrifugal compressors is the 
lower compression ratio across the turbines as compared to 
the reciprocal compressor cylinders. This generally requires 
the turbine to be multiple stages, in this case four stages. 

Immense heat is generated in the production of compressed 
air. The compression process is highly exothermic and the 
heat produced is lost to the environment. In some distributed 
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systems, a portion of this heat can be captured for process or 
environmental heating, but in general, those loads are not 
constant enough to utilize the full potential of the heat 
produced from the compression. 

In the distribution network, there are considerable losses. 
The main source of losses at the pilot facility is leaks. The 
leaks in the system account for an estimated 40% of the total 
consumption of compressed air at full production. In general, 
systems are estimated to have 30% losses or 10% losses if 
they are well maintained. The facility in question has suffered 
from neglect as the large facility size and lower importance 
placed on leak location and patching has resulted in a poorly 
maintained system. A similarly maintained electrical system 
is found to have losses of only 2%. 

The leaks are another one of the shortcomings of 
compressed air. Leaks in the system form and due to the 
inert nature of the system, they are largely ignored. A natural 
gas or steam system leak is a major safety hazard besides 
the energy loss so attention is given to leaks of that nature. 
Electrical system leaks would be short circuits and the 
potentially dangerous nature of short circuits requires them to 
be handled quickly. 

The leak losses for the facility are determined by evaluating 
the air flow at the compressor during shutdown. This flow rate 
is the compressed air flow necessary to maintain system 
pressure when no equipment is operating. The only load on 
the system is therefore the leaks in the system. Ideally, this 
would be the case but due to some equipment being left in 
the on position during shutdown, the flow is greater than just 
the leak losses. A leak study was performed in the facility to 
determine the losses in a section of the plant, thereby 
estimating the portion of the shutdown flow from leaks. From 
the analysis, it was found that roughly two thirds of the 
shutdown flow is from leaks, the remaining third being from 

equipment left on. 

Line losses from the flow of the compressed air through the 
piping network account for system losses as well. Typically, 
the system piping is sized large enough, lowering the flow 
rates, mitigating the effect of the piping losses. The leak 
losses greatly overshadow the piping losses. 

These losses play a role in the cost of the compressed air for 
each point of use. As the distance from the compressed air 
point of use and the production facility increases, so do the 
losses the compressed air incurs in transit. 

2.3 Use and Analysis 

Compressed air is predominately used in the form of air 
cylinders. These air cylinders consist of a cylindrical chamber 
in which one of the faces is free to move depending on the 
pressure applied to the inside of the chamber. The amount of 
compressed air consumed in these applications, V, is 
determined by the stroke and bore, s and b respectively, of 
the cylinder as in Equation 1. 
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The consumption of compressed air will determine the 
energy requirements for the actuation of the compressed air 
cylinder. By considering the flow rate of the compressor, f, 
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Compressed air consumption is highly dependent on the 
actual process itself. With the typical air cylinder use, the 
consumption is greater when the liner force requirements are 
greater. As the force requirements increase, the bore of the 
cylinder must increase as well, which has a square 
relationship with the volume. 

A conveyor stop was analyzed at the pilot facility that utilized 
a compressed air cylinder to actuate a stopper into the path 
of a moving part. This compressed air cylinder can be 
replaced with an electric linear motor which will behave in the 
same manner that the compressed air cylinder does. 

In the conveyor stop application, the air consumption can be 
determined using Equation 1 and the bore and stroke of 
0.051 m for both. This gives a consumption volume of 
4.12·10-4 m3 per stroke. By using the data for compressed air 
production at the facility and Equation 2, the energy 
consumption can be determined to be 80.5·10-6 kWh per 
stroke.  

The electric linear motor is selected from an industrial 
catalogue and its energy consumption curve was evaluated 
to determine the energy requirements in the conveyor stop 
scenario. Based on the stroke length and actuation time of 
0.666 s, the energy consumption of the electric linear motor 
is determined to be 32.0·10-6 kWh per actuation. 

From this analysis, it is clear that the energy consumption of 
the electrical replacement is 39.7% that of the compressed 
air solution. Because electricity is used in both solutions, 
directly with the electrical solution and indirectly to produce 
compressed air for the compressed air solution, the savings 
would be pronounced as electrical savings. 

As stated before, the energy consumption varies depending 
on the applications. Other case studies were performed with 
savings ranging from 25% to 40% for each of the uses. 

These case studies are a representative sample of the uses 
and the facility and therefore the savings potential represents 
a fair estimate of the total potential savings in the elimination 
of compressed air. In the whole system, there is a potential 
to save 35% of the energy cost of compressed air if the 
compressed air network is replaced with the existing 
electrical network. 

 

3 STEAM 

3.1 Overview 

Steam has been a resource in manufacturing since the early 
stages of the industrial revolution. Steam was originally 
produced by wood or coal but in the pilot facility, it is now 
produced by natural gas. Steam is generally used in heating 
applications in manufacturing but it can also be used to drive 
turbines producing mechanical power or coupled with 
generators to produce electrical power. In the pilot facility, 
steam is used for both of these applications, but heating is 
far more common than the production of mechanical power. 

As other technologies have developed, the steam use has 
become more inefficient as a heating medium. Direct heating 
with natural gas and electric resistance heating have 



  

supplanted steam in individual heating tasks in 
manufacturing.  

Steam is still preferred for most electric power generation 
facilities. These systems are unique in that the loads on the 
system are typically stable and the turbines are on a large 
scale where steam turbines become more efficient. They also 
can employ supercritical boilers at pressures and 
temperature well beyond what is possible in a manufacturing 
facility.  

3.2 Production and Distribution 

Steam is produced in the manufacturing facility in natural gas 
boilers. These natural gas boilers are fire tube boilers and are 
estimate to run at 80% efficiency. The majority of the losses 
in the boiler are attributed to the stack heat losses. There are 
also some losses from the heat dissipated to the 
environment from the boiler casing but these are 
overshadowed by the stack losses. In Figure 1, a summary of 
a steam system is shown. The significant areas of heat loss 
are shown with radiant arrows. 

The steam is distributed in iron piping covered in insulation in 
most places in the facility. The insulation on the main piping 
is 50 mm thick on a 200 mm diameter pipe. With an average 
of 120 °C temperature differential, this gives a heat loss of 
800 W/m of piping [6]. The average pipe length is 500 m 
within the plant so the typical losses for a piping run to a 
point of use is 40 kW. This number is the losses for the entire 
pipe contents over the distance so the losses are for more 
than one point of use. However, due to the large system size 
relative to the usage points, no more than four loads share 
the same portion of the piping network. Considering this 
factor, each load suffers an additional 10 kW of loss due 
solely to transmission losses. 

The condensate return rate is also an important factor when 
considering the efficiency of the steam system. In the pilot 
facility, the condensate still holds 30% of the energy 
transferred into it at the boiler. Because of this stored energy, 
it is necessary to return the condensate to the boiler in order 
to capture that energy in the preheat stage. The condensate 
system suffers from losses due to the prevalence of leaks in 
steam traps. Steam traps operate to separate steam from 
condensate but they are subject to failure in which case 
steam directly enters the condensate return lines, essentially 
pumping steam in a continuous loop. 

The distribution of steam incurs many losses simply from the 
fact that the steam network distributes a heated medium over 
length of piping. These losses are not present in natural gas 
direct fire solutions or electrical heating. Neither of these 
require the networks to retain the heat as the heat is only 
created at the point of use. These alternatives also do not 

 

Figure 1: Steam system summary. 

need a return network, eliminating the losses and extensive 
added complication to the network. 

3.3 Use and Analysis 

In the pilot facility, steam is used for process, environmental, 
and auxiliary heating. Steam is also used to drive a steam 
turbine connected to a chiller. In process heating, steam is 
fed through steam coils immersed in a bath of the fluid that is 
being heated. The environmental heating also uses steam 
coils in the air handling units and during re-heat. The main 
auxiliary heating done at the plant is for oily waste treat. In 
this process, steam is directly added to the oily waste with 
chemicals to aide in the separation. During the summer 
months, the air conditioning chillers are driven by a steam 
turbine. 

The steam used for process heating is a very inefficient 
application of steam. In the applications that the steam coils 
are used, the risk of contamination of the coils leads to the 
steam condensate to be released into the general drain to 
avoid damage to the boiler through the condensate. The 
typical temperature of the baths heated by of the steam 
heating coils is 49 °C. At these low temperatures, the heat 
from the steam is unnecessary. The heat energy stored in 
the steam is much greater than that needed to be dissipated 
to the fluid so a great portion of the energy store ends up 
being lost as waste water. Other methods of heating, mainly 
electric heating, will elevate the fluids to the required 
temperatures with on the energy required to heat the fluid. It 
is also important to note that the heat generated from the 
pumping of the fluid is sufficient to reach many of the 
temperatures for the baths in the facility. The steam heat is 
applied to initially heat up the fluid but the temperature can 
be maintained by the pump itself. 

The environmental heating application of steam was 
traditionally the most efficient approach for environmental 

heating. With advances in direct fire natural gas, it has 
replaced steam as the most efficient environmental heating 
method. The pilot facility has started to transfer some of the 
air handling units over to natural gas, with about 50% of the 
conversions being complete. The remaining units are in older 
sections of the plant and are still in place solely because no 
new programs have required them to be replaced. A 
proposed alternative to replacing the remaining air handling 
units is a new heating strategy for the overall plant. This 
would reduce the number of air handling units while 
increasing their size. An initial investigation into this 
alternative showed that there is a great potential savings for 
this new system but more investigation is necessary. 

In the oily waste treat application of steam, the current use of 
steam being pumped into the mixture is an inefficient 
process. Adding steam to the mixture not only prevents the 
ability to collect condensate but it also exacerbates the 
problem of separating the oily waste from the water in the 
mixture. The high temperatures and equipment set-up of 
independent tanks makes the option of direct natural gas 
heating as a viable option. Direct natural gas heating will 
suffer from the same stack losses that the boiler does in 
steam heating, but the transmission losses associated with 
steam will be avoided. 

The chiller system driven by the steam turbine was an 
attempt to balance the load of the boilers out over the year so 
increasing their efficiency. The turbine would be an effective 
use of surplus steam but now that the steam loads for the 
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processes are much lower with new equipment, the steam 
during the summer months is mostly generated for the steam 
driven chiller. The steam turbine was also installed at a time 
when electric motor efficiency was not as high as it is today. 
It is now possible to drive the chillers with electric motors at a 
lower energy cost than the steam turbine [7]. 

 

4 PHASE OUT STRATEGY 

4.1 Overview 

The best approach to implementing the future energy 
networks is through a tiered strategy. The strategy is 
organized such that a small group of employees are the 
nucleus of the operation throughout all phases, utilizing other 
resources, including other employees, as necessary. With 
the small nucleus and transient assistance, the engineering 
costs can be kept to a minimum. Also, by maintaining the 
single small nucleus knowledgeable of the entire scope of the 
project, the project continuity will be maintained throughout 
the length of the three phases. 

It is important to consider that the savings created by the 
phase out are minimal compared to the total operational and 
material costs. This is of great importance as any production 
loss related to the phase out strategy is unacceptable. This 
makes organizing the work more challenging to schedule. 

4.2 Phase I 

In the first phase of the strategy, the main focus is to 
communicate the ideas of the entire strategy to the general 
employee population. This serves two purposes.  

First, it allows the general population to contribute ideas to 
the project as well as have partial ownership of the project, 
providing for less resistance to change as it takes place.  

Secondly, it is important to avoid adding to the work 
necessary in the phase out strategy in future projects. If 
employees are aware of the overall goals and benefits, they 

will be able to consider the consequences and future actions 
they will take. For example, if a machining engineer needs to 
design equipment that cleans a part of burrs after a 
machining operation, the engineer will know to avoid using an 
open blow off directly connected to the compressed air 
system. 

4.3 Phase II 

At the facility considered, the steam system was less 
prevalent in process loads. That makes the removal of the 
steam system easier from the standpoint of avoiding 
disruption the manufacturing operations. Therefore, the 
steam elimination is the second phase of the strategy. 

In order to approach the steam elimination, the major 
consumers of steam have to be identified and evaluated. In 
the pilot facility, steam was used predominantly for 
environmental heating during the colder months and driving a 
chiller during the warm months. These major loads will 
generally be the most expensive to eliminate and therefore 
provide a good basis for initial project estimation. If it is not 
feasible to eliminate the major loads, there may be less 
advantage to the overall elimination strategy. 

After the major loads are identified and found feasible for 
elimination, the smaller loads have to be identified. Once 
identified, they must be ordered by ease of use to eliminate. 
Ease of use is objective and depends on many factors that 

cannot be easily captured quantitatively. Some general 
factors to consider are steam use, location, use for 
production, and operational frequency. 

In some cases, it may be found that replacing the 
dependency on steam for a minor load may not be possible. 
Unlike the major loads, this should have no major impact on 
the overall elimination strategy. Processes, such as chemical 
mixing, may require steam or superheated water. In such 
cases, package boilers or even water heaters may be a 
viable alternative to the steam network connection. 

The minor steam loads will have incremental savings that will 
not include the overall savings achieved with the full 
elimination of steam. As shown previously, the majority of the 
processes for which steam is used are more efficient with 
natural gas of electricity, even without including transmission 
losses. 

It is best to validate the minor load eliminations for a period 
of time, around six months, in order to ensure the project is 
being completed as planned and the strategy should 
continue. Relative to the major loads, the minor load costs 
should be inexpensive. If a mistake is made in the early 
stages of phase two, it would be more economical to cease 
the strategy completion and deal with the minor loads as 
necessary.  

As the load on the steam network diminishes with the 
removal of all of the minor loads, the focus will switch to the 
identified major loads. Scheduling of the major load transfer 
off of the steam network is important. The expense incurred 
by the major loads will generally be recuperated only when 
the steam network is fully eliminated. Unlike the small load, 
the large load elimination will include the transmission losses 
as after the large loads are eliminated, there should no longer 
be a need for the steam network. 

Finally, the overall system elimination should be validated. 

After the system has passed validation, the phase will be 
complete and the removal of the physical steam equipment 
can be considered. The equipment may hold a substantial 
value which can help to mitigate the capital cost required for 
phase two. 

4.4 Phase III 

Compressed air is a utility that is used in many direct process 
applications. Due to this, compressed air becomes more 
difficult to eliminate. The third phase is therefore longer term 
than phase two. The timeline is highly dependent on future 
programs in the facility. In the case study, the facility in 
question has periodic product changeovers in which the 
whole production line is newly designed and purchased. 
Phase three will gain the greatest advances when this 
occurs. 

The first opportunity with eliminating compressed air is to 
eliminate it in auxiliary equipment not directly involved with 
the manufacturing process. Such equipment may include 
controls systems for natural gas or steam pipes that are used 
for environmental heating. With the elimination and 
replacement of these uses of compressed air, there is no 
direct impact on the production capacity of the facility should 
something go wrong. 

In order to eliminate compressed air in the active processes, 
case studies have to be performed and monitored to ensure 

the alternatives function properly. Each alternate solution that 
is chosen will have to be rigorously tested and approved by 



  

all concerned parties before the solution can be implemented 
on a larger scale. 

Another strategy that may provide useful in larger facilities is 
the distribution of the compressors throughout the plant. If 
sections of the compressed air network can be isolated and 
feed from their own compressors, it may be easier to make 
changes within the isolated unit. Any disruptions to 
compressed air service would be contained within the unit 
and therefore mitigate the impact. 

As new projects arrive and equipment is incrementally made 
independent of compressed air, there will be a period in 
which it is economically advantageous to eliminate all 
remaining equipment, even though new programs are not yet 
required. This will be the balance point between the capital 
investment cost and the savings from the transmission and 
leak losses. Only when the compressed air network is wholly 
eliminated is it possible to consider the transmission and leak 
losses as saved. 

 

5 CASE STUDY 

5.1 Overview 

Using the pilot facility as a general automotive manufacturing 
facility, the strategy and topics discussed in this paper are 
implemented. The pilot facility uses compressed air, steam, 
natural gas, and electrical energy networks. The total energy 
consumption for the facility is broken down into the four 
energy components, with their respective percentage of the 
total energy in kWh: 

 • 7.4% compressed air 

 • 40.1% steam 

 • 17.5% natural gas (excluding boiler gas) 

 • 35.0% electrical (excluding compressor electricity) 

When considering the elimination of compressed air and 
steam in the facility, it is important to take into account the 
benefits outside of utility savings. Both compressed air and 
steam require large energy networks to supply the steam and 
compressed air to the points of use. Electricity and natural 
gas also require these networks.  

If steam and compressed air are eliminated from the energy 
backbone of the facility, the complexity of the plant energy 
networks will reduce by half. The electrical and natural gas 
networks will have to be expanded to carry the additional load 
they will carry. However, this expansion will be overshadowed 
by the elimination of the other two energy networks. In Figure 
2, the energy networks before and after steam and 
compressed air elimination are shown as (a) and (b) 

respectively.  

   

(a)                                             (b)  

Figure 2: Plant energy networks. 

Compressed air and steam generation at the pilot facility also 
require the use of a centralized powerhouse. This 
powerhouse is staffed by 21 employees that work on a 24/7 
rotation to keep the boilers and compressors operational. 
With the elimination of the boilers and compressors, there is 
great potential for labor savings as the systems will no longer 
have to be maintained. Electrical systems need minor 
upkeep and the plant facilities can handle the task. Natural 
gas only requires inspections at the points of use which is no 

different than the current operations. 

5.2 Economic 

With the cost of natural gas in the United States rising over 
the past five years to US$7.5 per mmBtu or US$0.0256 per 
kWh, the cost of operating the boilers for inefficient heating is 
growing [8]. 

Using the 35% potential savings determined for compressed 
air, there is potential to save 2.6% of the total energy budget 
by eliminating compressed air. Due to the large cost of 
energy, this percentage represents a significant potential for 
savings. 

The most significant savings potential in the elimination of 
compressed air and steam is the labor savings. The current 
complexity of the energy networks and the use of the power 
house require a significant maintenance force to keep the 
networks operational. These savings can vary greatly due to 
the wide range of wages for maintenance personnel. In the 
pilot facility, the potential energy savings was doubled when 
the labor savings was included. 

A potential issue is finding a capital budget available to 
complete the work.  With automotive manufacturing 
companies losing money every quarter, it is difficult to 
dedicate money to an energy project.  However, there are 
other options such as performance contracting where another 
party absorbs the initial capital and benefits from the majority 
of the energy savings over the length of the contract.  At the 
end of the contract, the facility keeps the new equipment and 
the full savings are now realized by the facility. 

5.3 Environmental 

Any energy not consumed by the pilot facility reduces the 
production of carbon dioxide. The carbon dioxide savings is 
dependent on the local generation method. 

With the use of natural gas onsite and the inefficiency of 
natural gas, there is an opportunity to reduce the amount of 
carbon dioxide emitted from the pilot facility. With the more 
efficient direct fire applications, the natural gas will still be 
consumed, but at a lower rate. 

In applications where electricity replaces steam, the carbon 
dioxide reduction can be even greater depending on the 
source of the electricity. Further work can be done by the 
facility to purchase “green” electricity that comes at a higher 
rate but assists in the expansion of renewable electrical 
production. 

Steam production also requires a significant amount of boiler 
chemicals to treat the water to lengthen the life of the boiler. 
The treatment chemicals are not required if the boiler is not 
operational and therefore, will not be released into the waste 
water as is currently the case.  

 



  

6 SUMMARY 

Plant energy networks are slow to evolve due to the constant 
mix of legacy and new equipment in manufacturing facilities.  
Projects are also generally handled on a case by case basis 
with no overall plan for energy in the facility.  The rising cost 
of energy, and the greater awareness to the environmental 
burden of energy make reevaluating the current energy 
networks of manufacturing facilities necessary. 

From an economic perspective there is great potential for 

direct energy savings as well as indirect savings as a result 
of facility simplification.  The environmental burden of the 
facility can also be improved by preventing the emission of 
excess carbon dioxide from the inefficient use of natural gas 
and electricity in the generation of steam and compressed 
air.  Furthermore, treatment chemicals currently used in the 
steam system will no longer be required. 
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