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Abstract 
Compressed air is widely used in supporting industrial manufacturing processes due to 
its cleanness, practicality and ease of use. However, the efficiency of compressed air 
systems is often very low. Typically, for compressed air-driven tools only 10–15% of the 
energy input is utilised as useful work. Despite these recognised inefficiencies, and even 
though energy efficiency measures for compressed air systems normally offer several 
opportunities for energy savings and energy cost savings, generally, less attention has 
been given to the energy use and energy costs incurred in compressed air systems. 
Industrial energy efficiency measures might also yield additional effects, beyond the 
energy savings, which are denoted as non-energy benefits. This study reviews the existing 
base of scientific knowledge on energy efficiency in compressed air systems combined 
with the perspective of non-energy benefits. Even though some measures were 
mentioned more frequent than others, the results revealed significant variation in which 
measures could be undertaken to improve energy efficiency in compressed air systems. 
However, few publications employ a comprehensive approach by examining the entire 
compressed air system. Furthermore, few publications have addressed the possible 
additional benefits to be gained from energy efficiency measures in compressed air 
systems. This study provides a compilation of the various energy efficiency measures 
reported in the reviewed scientific literature that can be undertaken in order to improve 
energy efficiency in compressed air systems. It also provides a comprehensive take on the 
measures, including a systems perspective, by categorising them in respect to where in 
the compressed air system they can be undertaken. This paper suggests that energy 
efficiency measures in compressed air systems, and related non-energy benefits, should 
be studied on a specific measure level to fully understand and acknowledge their effects 
on the energy use of a compressed air system and possible additional effects, i.e. non-
energy benefits. 

Keywords: Energy efficiency, compressed air systems, energy efficiency measures, non-
energy benefits, industry, systematic literature review 
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1. Introduction 
Compressed air supports many industrial processes and is a widely used application in 
manufacturing industries due to its cleanness, practicality and ease of use. Some of the 
applications in which compressed air is used consist of tools driven by compressed air, 
and processes such as stirring, blowing, moulding and sorting [1]. The energy source used 
for the production of compressed air is most often electricity. In the EU-15 countries, the 
energy used to produce industrial compressed air accounts for 10% of their annual 
electricity use [1]. However, the efficiency of a compressed air system is often very low. 
For instance, for tools driven by compressed air, just 10–15% of the energy input into a 
compressed air system is utilised as useful work [1]. This inefficiency is for instance the 
result of heat losses during the compression stage or due to leakages in the system. If a 
life-cycle cost perspective were applied, it would show that the energy use of a 
compressed air system represents a major share of the total cost, representing almost 
80%. Despite the fact that energy efficiency measures for compressed air systems 
normally offer great opportunities, both for energy savings and energy cost savings, little 
attention has been paid to the energy use and energy costs incurred in compressed air 
systems. However, based on data from the United States, Canada, the European Union, 
Thailand, Vietnam and Brazil, McKane and Hasanbeigi [2] reported a 56% technical 
savings potential for compressed air; moreover, many of the proposed energy efficiency 
measures were considered to be low-cost measures. Marshall [3] further stressed that an 
efficient compressed air system (i.e. an optimised compressed air system) uses 66% less 
energy than a standard system. Hence, there seems to be an unexploited potential, i.e. 
energy efficiency in compressed air systems can still be improved. 

Energy efficiency measures for compressed air systems are, and have been, proposed by 
handbooks and guideline documents on compressed air systems, for example, and by 
suppliers, supply associations and energy audit experts of compressed air systems. 
However, to the author’s best knowledge, a review of academic contributions on energy 
efficiency and energy efficiency measures for compressed air systems has not yet been 
conducted. The current lack of a summary of published scientific articles on the topic calls 
for a literature review to be conducted on energy efficiency in compressed air systems. 
Furthermore, a review on energy efficiency measures for compressed air systems that 
focuses on the whole system including all sub-parts will illustrate which measures can, 
theoretically, be undertaken to improve the energy efficiency of the system.  

Hence, since there seems to be a potential for further improvements of energy efficiency 
in compressed air systems, the first part of the objective of this paper is, via a 
comprehensive take, to review and summarise the energy efficiency measures for 
compressed air systems as proposed by the scientific publications on the topic, and 
further, to structure the measures in respect to where in the compressed air system they 
can be undertaken.  

Even if great potential for energy efficiency improvements to be made in compressed air 
systems seems to exist, the proposed measures are not always realised. Previous 
literature explains this non-implementation by the existence of barriers to energy 
efficiency, e.g. [4], [5] and [6], and Trianni et al. [7] have further shown that the 
implementation of energy-efficient technologies, such as for compressed air, and even 
specific energy-efficient measures for a certain technology, face different barriers. Cagno 
and Trianni [50] concluded that specific energy efficiency measures in compressed air 
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systems often face information-related barriers, such as lack of information on costs and 
benefits regarding the considered measure.  

However, the implementation of energy efficiency measures might also yield additional 
effects, so-called non-energy benefits, that extend beyond energy savings and energy cost 
savings, e.g. [8]. Various types of non-energy benefits have been observed as a 
consequence of improving energy efficiency in general, for instance, benefits such as 
improvements in production, less operation and maintenance, and improvements in the 
work environment, e.g. [8] and [9]. Previous studies have shown that if quantified and 
translated into monetary terms, the value of the non-energy benefits are significant; in 
some cases, it even exceeded the value of the energy savings for implemented energy 
efficiency improvements, e.g. [8] and [9]. This raises the interest to also investigate 
additional benefits as a consequence of energy efficiency measures undertaken in 
compressed air systems.  

Even if previous studies have observed various types of non-energy benefits of 
industrially implemented energy efficiency measures, most have addressed them as an 
outcome of energy efficiency in general; or, from another perspective, they have observed 
and reported on the non-energy benefits of specific measures as one entity. In other 
words, in most studies, particular non-energy benefits have not been related to specific 
energy efficiency measures, and vice versa. Furthermore, the main focus of the literature 
has been on the quantification of non-energy benefits, rather than relating the benefits to 
specific energy efficiency measures. Hence, there seems to be a gap in recognition of the 
particular non-energy benefits of specific energy efficiency measures or a lack of 
reporting on the non-energy benefits of specific energy efficiency measures. This 
investigation is of interest since knowledge on specific non-energy benefits might be a 
means to overcome specific barriers to energy efficiency measures in compressed air 
system, which might improve energy efficiency and unlock the potential for further 
improvements. Therefore, the second part of this study´s objective consists of studying 
the specific non-energy benefits as an outcome of realised energy efficiency compressed 
air measures. 

To conclude, this paper aims to provide an academic perspective on energy efficiency in 
compressed air systems by reviewing the scientific literature in the area of energy 
efficiency in industrial compressed air systems including the perspective of the non-
energy benefits.  

The remainder of this paper starts with an overview of the system for compressed air 
including a historical background on compressed air (Section 2), followed by an 
introduction to non-energy benefits (Section 3). In Section 4, the research methods 
applied are described and Section 5 provides the results of reviewing the literature on 
energy efficiency in compressed air systems and non-energy benefits. Thereafter, the 
results are discussed in Section 6. The paper ends with a concluding discussion and 
implications for future studies in Section 7.  

2. The use of compressed air in industry 
Compressed air is used in industrial processes for various applications; as a part of several 
industrial processes, such as stirring, blowing, moulding and sorting, or as an energy 
medium, for instance, in compressed air-driven tool actuators [1]. Saidur et al. [10] have 
presented examples of various compressed air applications in different industrial sectors 
that showed that industrial sectors have individual needs for their use of compressed air. 
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This implies that the design of compressed air systems varies between sectors, but that 
the system should also match the processes and the production within the individual firm. 
Hence, each industrial compressed air system could be considered as unique and 
specifically adjusted to processes in the individual firm. 

2.1 Historical overview of the development of the industrial use of 
compressed air 
In technological terms, the use of compressed air started in the late nineteenth century, 
but the history of compressed air started thousands of years ago with the use of the 
human lungs when early civilisations blew on cinders to create fire [52]. Gårdlund et al. 
[52] describe that as the science of metallurgy developed, more powerful tools were 
needed to cool the metals and this led to the first types of mechanical compressors, for 
instance the blowpipe, which was followed by hand- and foot-operated bellows (around 
1500 BC) and then water-wheel-driven blowing cylinders (around 50 AD). These tools 
were all used for about 2000 years to ventilate mines and to generate blast to furnaces 
until blowing engines were invented in the eighteenth century [52]. During the nineteenth 
century several attempts to transfer compressed air were made and a major step in that 
sense and in the history of compressed air is the excavation of the Mont Cenis Tunnel 
between France and Italy between 1857 and 1871 [52]. Pneumatic drills were powered 
by a compressed air plant, which increased productivity compared to the use of manual 
drilling methods and furthermore, the drilling of the 12.2-kilometre tunnel showed that 
compressed air could be distributed over longer distances than before [52]. 

The interest in compressed air continued to increase; a large compressed air system was 
installed and adopted in Paris in 1888. Gårdlund et al. [52] describe that the system, which 
consisted of a 7-kilometre main distribution piping and a 50-kilometre distribution piping 
of smaller size, was powered by various types of motors, both smaller ones and those of 
large types. At that time, 12 compressors generated a system pressure of 6 bar, but the 
system was later on extended with more compressors and the proponents of compressed 
air claimed it to have surpassed energy carriers like steam and electricity [52].  

The industrialisation during the nineteenth century was characterised by the 
replacement of heavy manual processes that required human power by mechanical 
processes where the mechanical energy was transferred by compressed air [51]. Motor-
driven hand-operated tools were powered by electricity, steam and compressed air, of 
which compressed air later was shown to be the prevailing one, mainly because 
compressed air-driven tools had a simple construction, few moving parts, were reliable, 
robust, easy to repair and very efficient considering their weight [52], and these are still 
used as arguments for the use of compressed air-driven tools nowadays even if the 
efficiency of compressed air systems normally is low. However, already in the 1950s, 
Möre [51] addressed that efficiency could be improved in compressed air systems if 
compressed air-driven tools were turned on only when used and then turned off when 
not used.  

In the beginning of the twentieth century, there was a great development of compressed 
air-driven tools and that development was then replaced by the generation of 
standardised compressed air systems, which facilitated the use of compressed air in the 
production [51]. The chipping hammer and the riveting hammer were a few of the first 
tools produced and these were in particular demanded by the engineering and the ship 
building industry [51], [52]. However, due to a crisis in the shipbuilding industry, 
compressed air manufacturing expanded into the aircraft industry, which also was in 
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need of tools such as the riveting hammer [52]. Nowadays, glue is used instead to 
assemble parts in aircraft models, but lighter types of riveting hammers are applied in the 
assembly of for instance cars and buses [52]. Other tools developed and produced were 
for instance power drills, sanders, scrapers and finishing tools (e.g. for painting) [52]. 
Compressed air has also been important in the automation of many production processes 
[51], [52].  

2.2 The compressed air system 
As a supplier of compressed air systems, related parts and sub-systems, Atlas Copco has 
published the Atlas Copco Compressed Air Manual [11]. It comprehensively describes 
various aspects of the compressed air system; in this section, the compressed air system 
will be briefly described based on this manual, along with two other sources, CEATI [12] 
and DOE [13], in order to provide the system overview below (Figure 1). 

The process in a compressed air system starts with the generation of compressed air 
(supply), which thereafter is distributed to the end-use location (demand). Typically, the 
supply-side comprises equipment that converts inlet air to compressed air and the 
demand-side includes distribution piping and end-use applications [12]. In Figure 1, an 
example of how a compressed air system can be designed is displayed, including sub-
systems and sub-parts. 

 

Figure 1. An overview of the compressed air system: main parts and surrounding equipment 
[11], [12] and [13]. 

The compressor is most often driven by an electric motor, which can be integrated into 
the compressor unit or separately installed. Either way, the motor is regarded as a part of 
the compressed air system.  

The compression of air generates heat, which requires the air to be cooled after the 
compression stage. Most compressed air systems are therefore equipped with an after-
cooler, and in some installations, the after-cooler is even built into the compressor. The 
cooling system further contributes to achieving an energy-efficient process through 
improved condensation of water vapour. The water precipitates and is automatically 
drained and separated. Water vapour in the compressed air equipment can cause 
problems, for instance, if water precipitates in the piping, and, apart from cooling the air, 
a compressed air system is therefore often additionally equipped to separate the 



6 
 

moisture. After moisture separation, the compressed air moves to an air receiver, 
followed by drying and further treatment of the air. 

The compressed air produced should be of the right quality, which is the air quality 
specified by the user, and this in turn depends on the air’s role within a firm’s processes. 
Along with water (droplets or vapour), compressed air can contain oil (droplets or 
aerosol) and particles (e.g. dust and micro-organisms) of various types and sizes. These 
dictate the type of filter that is required to separate particles from the air. All filters give 
rise to a pressure drop in a compressed air system; hence, filters should be designed to 
manage desired airflows, as well as to minimise pressure drops. Fine filters lead to higher 
pressure drops, which cause energy losses within the system. Oil-separating filters, in 
particular, cause higher discharge pressures, which lead to greater energy use. Further, 
these types of filters also lead to higher maintenance costs due to more frequent clogging. 
Therefore, oil-free compressors are often considered the best solution, both economically 
(since the need for oil-separating filters is avoided) and in the interests of air quality. 

A compressed air system requires a certain pressure and flow rate to support the end-use 
equipment and this is often managed by a regulation system. The regulation depends on 
the type of compressor, acceptable pressure variations, air consumption variations and 
acceptable energy losses. As energy use represents the largest share of the total life cycle 
cost of a compressed air system, the regulation system is very important. Ideally, the 
compressor’s capacity should match the amount of compressed air consumed.  

In order to regulate the compressor itself, as well as to regulate an entire compressed air 
system, a controlling system is often integrated. In addition to enabling a properly 
functioning system, the main objective of the control system is to optimise operations and 
costs. Furthermore, information about the regulation and current condition of the system 
is often monitored by a data monitoring system in which parameters, like temperature 
and pressure, are measured and displayed. If the compressed air system consists of 
several compressors and sections of smaller compressed air systems, a larger 
comprehensive control system is required in order to coordinate operations and maintain 
the supply of compressed air. In complex systems, it might also be applicable to allow the 
control system to predict values and parameters in order to achieve a more precisely 
regulated system. 

The heat formed when the air is compressed can be utilised to decrease a firm’s energy 
costs. The quantity of recovered energy will naturally vary due to the variable loads of the 
compressor. Therefore, the recovered energy from the compressor is best utilised as a 
supplement for other energy systems. For example, air-cooled compressors form air flows 
at quite low temperatures and these can be utilised directly for heating the building or 
through a heat exchange via a preheating battery. Water-cooled compressors, on the other 
hand, provide water with temperatures as high as 90°C. 

A distribution system is required to distribute the produced compressed air to where it 
will be used, i.e. to the end-use equipment. The distribution system design should 
consider a low-pressure drop between the compressor and the location of its use, 
minimisation of leakages from the piping and optimal condensation if an air dryer is 
lacking, because these factors affect the efficiency, reliability and cost of the compressed 
air system. For instance, pipeline pressure drops can be offset by increasing the working 
pressure of the compressor’s increased energy use and energy costs. One or more air 
receivers can be installed as buffers of compressed air. However, even if an optimal 
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system for the distribution of compressed air is designed, there will always be pressure 
losses (for instance, due to friction in losses in piping), throttling effects and changing 
airflows. 

As can be concluded from the description of the compressed air system above, it is a 
complex system with several parts involved. The energy efficiency of a compressed air 
system is closely related to the overall efficiency of the system, which in turn is dependent 
on the efficiency of all sub-parts in the system. Hence, an energy efficiency assessment of 
a compressed air system requires a comprehensive take on the whole system, together 
with the aspects that have an impact on its overall efficiency.  

2.3 Energy efficiency in a compressed air system 
As a supplier of compressed air systems, Atlas Copco [11] describes different parameters 
and aspects that should be considered in energy efficiency improvements for compressed 
air systems. A compressed air system often offers several opportunities for both energy 
and costs savings. Parameters, such as power requirements, working pressure, air 
consumption, regulation method, air quality, energy recovery and maintenance, should 
be considered in order to optimise the efficiency of the overall system. The power 
requirement is dependent on the working pressure; a high working pressure corresponds 
to a high-energy use. In addition, it is also important to include all parts of the compressed 
air system, for instance filters, dryers, valves, receivers and piping, because several 
components cause pressure drops in the system. Therefore, minimising unnecessary 
pressure drops over ancillary equipment in the system reduces the energy use since the 
working pressure does not have to compensate.  

The use of compressed air can be analysed by documenting production routines and 
processes in order to match the use to the load on the compressor(s). Use of air that is not 
related to a firm’s production should be avoided or minimised (e.g. leakages and incorrect 
use), even if most systems suffer from some degree of leakage. Leakage is also related to 
the working pressure; sealing of leaks leads to lower working pressures and thereby 
decreased energy use and decreased energy costs.  

Since the compressed air use varies according to the demand, the design of a compressed 
air system should offer flexibility; a combination of compressors of various capacities and 
speed control, together with a control and regulation system, optimises energy use and 
hence minimises the cost.  

Maintenance should be properly planned for in order to optimise energy use and increase 
the life of the compressed air equipment and its ancillary equipment. The level of 
maintenance depends on several parameters, such as the type of compressor, ancillary 
equipment, operation, energy recovery and the degree of utilisation. High-quality 
compressed air, i.e. clean air, typically requires less maintenance, increases the operation 
reliability of the compressed air system and minimises the wear and tear on machines. 
Hence, dry and oil-free compressed air in the early part of a system is less expensive 
because it requires less treatment, which often leads to greater energy use.  

Energy economy can be improved by energy recovery, as described previously. Atlas 
Copco [11] stresses that more than 90% of the energy supplied to the compressor can be 
recovered.  
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3. Industrial non-energy benefits 
The implementation of energy efficiency measures is argued to be a necessary means to 
improve overall industrial energy efficiency. Energy efficiency efforts in an industrial firm 
often start with an energy audit to determine the amount of energy used and where (i.e. 
in which processes) it is used [14]. This is enabled by the division of the energy use into 
smaller energy-using parts, or unit processes. A unit process is defined with respect to the 
aim of the industrial process that uses the energy [15]. Unit processes can either be 
processes in the production (e.g. mixing, joining and coating), or processes that support 
the production (e.g. lighting, compressed air, ventilation and pumping) [15]. The aim of 
an energy audit is to visualise the main energy-using processes, or processes in which 
energy is wasted. Hence, the outcome of an energy audit comprises proposed energy 
efficiency measures and the allocation of the energy use into unit processes. This enables 
a description of the processes, both production and support, in which energy efficiency 
measures could be undertaken [14]. 

Previous studies have shown that apart from energy savings and energy cost savings, 
energy efficiency improvement measures in general might also yield additional effects, 
so-called non-energy benefits. Publications on industrial non-energy benefits are 
relatively limited even though these additional benefits of industrial energy efficiency 
measures seem to be of various types with different impacts on the processes and actors 
within an industrial firm. Non-energy benefits have been observed in relation to, for 
instance, production, operation and maintenance, work environment, waste and 
emissions, e.g. [8], [16] and [17]. In Table 1 below, industrial non-energy benefits are 
displayed and categorised according to where the benefits might appear. The division of 
the benefits is similar to the categorisation applied by Finman and Laitner [16] and 
Worrell et al. [8]. 

Table 1. Industrial non-energy benefits reported in previous literature [8], [9], [16], [17], [18], 
[19], [20] [21] and [22].  

Non-energy benefits 

Production 
Improved productivity, reduced production costs (including labour, operations and 
maintenance and raw materials), improved product quality (reduced scrap/rework costs, 
improved customer satisfaction), improved capacity utilisation, improved quality, increased 
product output/yields, improved equipment performance, shorter process cycle times, 
improved product quality/purity, increased reliability in production 
 
Operations and maintenance 
Reduced operations and maintenance costs, reduced wear, extended lifetime of equipment, 
lower maintenance, better control, longer equipment lifetimes, greater control of equipment 
and temperatures, reduced need for engineering controls, lowered cooling requirements, 
increased facility reliability, reduced wear and tear on equipment/machinery, reductions in 
labour requirements, fewer purchases of ancillary materials, reduced water consumption, 
reduced labour costs, lower costs of treatment chemicals 
 
Work environment 
Improved worker safety (resulting in reduced lost work and insurance costs), safety/security, 
improved work environment, better aesthetics, reduced glare, less eyestrain, greater comfort, 
better air flow, reduced noise, reduced need for personal protective equipment, improved 



9 
 

lighting, reduced noise levels, improved temperature control, improved air quality, increased 
worker safety, personnel health 
 
Waste 
Reduced waste disposal costs, reduced water losses and bills, greater efficiency and control of 
water use, reduced overwatering of landscaping, reduced water use, use of waste fuels, heat, 
gas, reduced product waste, reduced waste water, reduced hazardous waste, materials 
reduction 
 
Emissions 
Reduced emissions, reduced fines related to emission exceedances, reduced cost of 
environmental compliance, environmental benefits, reduced dust emissions, reduced CO, CO2, 
NOX, SOX emissions, logistical benefits, reduced currency risk 
 
Other 
Labour savings, better water flow, decreased liability, improved public image, delayed or 
reduced capital expenditures, additional space, improved worker morale, avoided/delayed 
costs, improved competitiveness, increased asset values 

 

Table 1 shows the diversity of the non-energy benefits and reveals that energy efficiency 
measures might have additional effects on different areas, for instance, in various 
industrial processes, on different organisational levels and to various individuals in an 
industrial firm. 

Pye and McKane [9] have stressed that non-energy benefits play an important role in 
investment decisions on energy efficiency improvements; if non-energy benefits are 
translated into monetary values and included in a firm’s investment calculations, the 
financial aspects of investments in energy efficiency improvements could be addressed 
and enhanced. However, not all non-energy benefits are quantifiable or monetisable, 
which hinders inclusion of the benefits into investment calculations. In empirical studies 
of industrial firms in Sweden, Nehler et al. [23] found that the main barriers to non-
inclusion were related to a lack of information on how to measure, quantify and monetise 
non-energy benefits. In line with previous studies on non-energy benefits, e.g. [19], [24] 
and [20], Nehler and Rasmussen [22] found that non-energy benefits related to operation, 
maintenance and production, for example, were more commonly quantified than the 
benefits related to an improved work environment.  

4. Method 

4.1 Literature review on energy efficiency measures in compressed air 
systems 
The study presented in this paper started with a systematic review of the literature on 
energy efficiency in compressed air systems. The objective of the literature review was to 
identify existing studies that were relevant to the aim presented in the Introduction 
section above. In more detail, the review aimed to compile the relevant contributions of 
the studies found and analyse their results in relation to where in the compressed air 
system, i.e. in which part, the measures can be undertaken and categorise them as supply-
side measures or demand-side measures. Moreover, the literature review also aimed to 
study possible non-energy benefits reported as a result of the energy-efficient 
compressed air measures.  
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The search for pertinent literature involved identifying relevant publications, i.e. studies 
published in peer-reviewed journals and peer-reviewed conference proceedings. The 
literature search was performed during autumn 2016 using the scholarly database 
Scopus.  

Only articles in peer-reviewed academic journals and peer-reviewed conference papers 
were included; other publication types were hence omitted. Further selection criteria for 
inclusion were English as the language of publication, available as full-text, related to 
energy as a research domain, related to the industrial sector and relevant to the studied 
topic. The search settings were restricted to finding search strings in article titles, 
abstracts and keywords. In addition to searching online databases, both journal articles 
and conference papers were identified through other articles’ citations and reference lists.  

Three search strings were applied: ‘compressed air’ was combined with ‘energy 
efficiency’, ‘energy saving’ or ‘energy conservation’. The search process and the selection 
process are visualised in the flow chart below (Figure 2). 

  
 
Figure 2. An overview of the literature search. 

Articles that were included in the review had a focus on compressed air systems and 
energy efficiency, as well as on measures for improving energy efficiency in a compressed 
air system. For instance, articles that focused mainly on energy audits and proposed 
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measures were excluded. Moreover, articles describing comparisons of different types of 
compressors, or combinations of compressors and comparisons of various technical 
aspects, for instance, were also excluded.  

Identified and reviewed articles were coded in respect to their bibliographic character, 
type of study, and the country and industrial sector in which they were conducted or on 
which they were based. The analysis of the articles focused on the energy efficiency 
strategies applied in the reviewed articles. The energy efficiency measures identified in 
the articles were then categorised in relation to where in the compressed air system the 
measures could be undertaken, either on the supply-side or on the demand-side. To 
enable an analysis of the results, the energy efficiency measures were further divided into 
the sub-parts in which the measures were carried out. Furthermore, the frequency for the 
measures stated in the reviewed articles was also analysed in respect to were in the 
compressed air system it could be undertaken.  

4.2 Searching the literature for non-energy benefits of measures in 
compressed air systems 

To study the existing knowledge on possible non-energy benefits of implementing energy 
efficiency measures in compressed air systems, and to establish a link between possible 
non-energy benefits and energy efficiency measures undertaken in compressed air 
systems, the previous literature was examined in two ways. First, the articles included in 
the literature review for energy efficiency measures in compressed air systems described 
above were searched for possible non-energy benefits or additional effects of the 
measures undertaken. Then, the literature on industrial non-energy benefits was 
searched for non-energy benefits as a result of improved energy efficiency in compressed 
air systems in general, but the search also aimed at searching for non-energy benefits of 
specific energy efficiency measures undertaken in compressed air systems. A previous 
literature review on non-energy benefits [49] was the main source for the review. 
However, a few relevant articles recently published were also included [22], [48].  

5. Results and analysis 
5.1 Description of the publications included in the review on energy 
efficiency measures in compressed air systems 

A total of 16 journal articles and 9 conference papers was identified as relevant to include 
in the literature review on energy efficiency measures for compressed air systems. 
Information on the publications is displayed in Table 2.  

Table 2. Descriptive analysis of the relevant publications for the review. 

Author and 
year 

Publication Type of 
publication  

Type of study Country Type of 
industry 

   
   

Gordon et al. 
1999 [25] 

Energy Engineering Journal Engineering USA n/a 
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Barbieri and 
Jacobson 1999 
[26] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency 
in Industry, USA 

Conference Engineering case 
study 

USA Glass 

Terrell 1999 
[27] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency 
in Industry, USA 

Conference Case study USA n/a 

D’Antonio et al. 
2001 [28] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency 
in Industry, USA 

Conference Engineering case 
study 

USA n/a 

Anderson et al. 
2001 [29] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency 
in Industry, USA 

Conference Case study USA Wood 

Kaya et al. 
2002 [30] 

International Journal 
of Energy Research 

Journal Engineering case 
study 

USA/ 
Turkey 
 

n/a 

Beyene 2005 
[31] 

Energy Engineering Journal Evaluation of data USA Manufac-
turing 

Foss 2005 [32] Energy Engineering Journal Engineering USA n/a 
Scheckler 2007 
[33] 

Energy Engineering Journal Case study USA Metal wire 

Yang 2009 [34] Energy Policy Journal Engineering case 
study 

Vietnam Footwear 

Neale and 
Kamp 2009 
[35] 

Energy Policy Journal Evaluation of 
program 

New 
Zealand 

n/a 

Gordic et al. 
2009 [36] 

Thermal Science Journal Case study Serbia 
 

Car 

Saidur and 
Mekhilef 2010 
[37] 

Applied Energy Journal Case study Malaysia Rubber 

Saidur et al. 
2010 [10] 

Renewable and 
Sustainable Energy 
Reviews 

Journal Review on energy 
efficiency 
strategies 

n/a n/a 

Tousley 2010 
[38] 

Energy Engineering Journal Engineering USA n/a 

Abdelaziz et al. 
2011 [53] 

Renewable and 
Sustainable Energy 

Journal Review on energy 
saving strategies 

n/a n/a 

Marshall 2012 
[3] 

Energy Engineering Journal Engineering Canada n/a 

Barringer et al. 
2012 [39] 

SAE World Congress 
and Exhibition 

Conference Engineering case 
study 

USA Auto-
motive 

Dindorf 2012 
[40] 

Procedia Engineering Conference Engineering n/a n/a 

Joubert et al. 
2012 [41] 

Proceedings of the 
9th Conference on the 
Industrial and 
Commercial Use of 
Energy 

Conference Case study South 
Africa 
 

Mining 

Alqdah 2013 
[42] 

International Journal 
of Sustainable Energy 

Journal Case study Saudi 
Arabia 

Meat 
 

La 2013 [43] Energy Engineering Journal Engineering case 
study 

USA n/a 

Zhang et al. 
2013[44] 

Energy Engineering Journal Engineering case 
study 

USA n/a 
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Galvao et al. 
2013 [45] 

4th International 
Youth Conference on 
Energy 

Conference Case study Portugal 
 

Plastic 

Widayati and 
Nuzahar 2016 
[46] 

IOP Conf. Series: 
Materials Science and 
Engineering 

Conference Case study Indonesia 
 

Food 

 

The reviewed articles were published between 1999 and 2016, and, as can be seen from 
Table 2, the majority of the publications are less than ten years old. This might be an 
indication of an increased interest in the studied topic. Articles published before 1999 
were found in the systematic literature search. However, none of those articles matched 
the search criteria and were hence omitted. More than half of the articles were published 
in journals, and most journal articles appeared in the publication Energy Engineering. 
There was greater diversity in the publication of the conference articles. In addition, 
numerous conference papers and other types of papers such as technical articles exist, 
but these have not been included since these papers were not published in journals or 
conference proceedings nor peer-reviewed.  

The methods applied in the articles varied from engineering studies to case studies. The 
engineering studies had a technical scope that included calculations and theoretical 
aspects but no empirical cases, whereas the case studies mainly focused on real data 
produced by actual cases. A mixed approach was also identified in engineering case 
studies, which often started with an engineering perspective and then illustrated it by 
applying empirical evidence. Two of the studies were based on evaluations of data (e.g. 
energy use) and another study evaluated an energy efficiency program. Two review 
articles were also among the publications included.  

Most of the articles originated from the United States and more than half of the articles 
had a specific industrial focus described in the article. As can be seen by the type of 
industries displayed in Table 2, various types of industrial sectors were covered in the 
studies. However, several of the articles were either not focused on a specific type of 
industry, or the type of industry covered was not explicitly mentioned in the article. A 
summary of the relevant publications included in the review, together with a 
bibliography, is provided in Appendix A.  

5.2 Energy efficiency measures in compressed air systems 

The relevant publications included in the review were analysed with respect to energy 
efficiency measures for compressed air systems, and the identified measures were then 
categorised as supply-side measures or demand-side measures. From the publications 
included, several energy efficiency measures were identified. With a few exceptions, most 
of the articles describe energy efficiency measures from both the supply-side and the 
demand-side. 

As described in Section 4, the energy efficiency measures were further structured with 
respect to where in the system, i.e. in which part of the system, the measures were 
undertaken. Hence, the supply-side measures were further divided into measures related 
to the air inlet, the compressor, the ancillary equipment or heat recovery, and the 
demand-side measures were divided into measures related to distribution, end-use 
equipment and system management. The results of this categorisation are presented in 
Figures 3 and 4 below. It should be noted that some measures were identified and 
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described several times, but with minor differences in how they were labelled. In such 
cases, these measures were reported only once in Figures 3 and 4. 

 

 

 

Figure 3. Energy efficiency measures on the supply-side in relation to the sub-part of the 
compressed air system in which the measures are undertaken.  

Among the various types of measures described for the supply-side, approximately half 
were related to the compressor (Figure 3), and for the demand-side, most measures were 
related to the end-use equipment (Figure 4). 
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Figure 4. Energy efficiency measures on the demand-side in relation to the sub-part of the 
compressed air system in which the measures are undertaken.  

All measures in the demand-side of the compressed air system aim at lowering the 
demand for compressed air. The measures could be undertaken in the end-use 
equipment, in the distribution or be implemented system-wide via management of the 
compressed air system. As all sub-parts of the system are interrelated, the measures 
undertaken on the demand-side will also affect the supply-side and its sub-parts. 
Lowering the demand for compressed air will decrease the work of the compressor. The 
same applies for energy efficiency measures undertaken in the air inlet and ancillary 
equipment. This will further affect the amount of heat that can be recovered; for instance, 
a lower working pressure achieved by the compressor lowers the amount of excess heat. 
Hence, improving energy efficiency in compressed air systems requires a system 
perspective to be applied, i.e. it is important to consider how one single measure affects 
the efficiency of the whole system.  

None of the publications included in the review addressed the order in which energy 
efficiency measures in compressed air systems could be, or should be, undertaken. 
According to Björk et al. [47], the first step in improving energy efficiency in compressed 
air systems in industrial companies should involve making a change from compressed air-
driven equipment to electric-driven equipment, followed by seeking and sealing leakages 
of compressed air. After the equipment has been changed to electric-driven tools and the 
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leakages have been sealed, the remaining need for compressed air should be analysed and 
compressors and sub-systems should be adjusted to suit that revised need [47]. For 
instance, the remaining need might be met by smaller compressors, or it may be that some 
sections of a compressed air system could be turned off during specific production hours. 
The last measure to consider, according to Björk et al. [47], after all other measures have 
been addressed, is opportunities for energy recovery. 

The energy efficiency measures reported in the reviewed literature were also investigated 
in respect to how many times the various types of measures were mentioned by the 
publications. In Table 3 and 4 the results are summarised for supply-side measures and 
demand-side measures respectively. The most commonly mentioned measures on the 
supply-side were variable speed drive/frequency drive compressor, upgrade 
performance on drying, filtering and filter substitution, use of excess heat and reduce air 
inlet temperature. Furthermore, from Table 3, it can also be seen that the largest number 
of measures in respect to the supply-side’s sub-parts were reported for the part of the 
compressed air system which includes the compressor. 

Table 3. Summarised energy efficiency measures on the supply-side in respect to how many times 
and by which reference the measures have been mentioned in the reviewed literature. 

Measure Reference Number  

Air inlet   
Reduce air inlet temperature [10], [30], [31], [37], [40], [44] 6 
Upgrade performance of intake cooling [31], [45] 2 
Throttled inlet  [27] 1  

  
Compressor   
Variable speed drive/frequency drive compressor [3], [10], [32], [33], [36], [40], [43], 

[45], [46], [53] 
10 

Shut of compressor(s) not in use [3], [31], [38], [40], [46] 5 
Adjust compressor to load demand [26], [27], [42], [44] 4 
Optimised operation of compressor(s) [29], [32], [34], [35] 4 
Optimised control of compressor(s) [25], [29], [35], [45] 4 
Energy-efficient compressor(s) [25], [27], [32], [40] 4 
Improved motor efficiency [10], [30], [45] 3 
Isolate parts of the system with specific demands 
(e.g. very dry air or high pressure) 

[25], [27], [41] 3 

Avoid over-sized compressor(s) [30], [31], [39] 3 
Minimise over-compression [3], [31] 2 
Multiple compressor control [27] 1 
Install booster compressor(s) [43] 1 
Trimming of compressor(s) [32] 1 
Start/stop compressor [3] 1 
   
Ancillary equipment   
Upgrade performance on drying, filtering and 
filter substitution 

[3], [10], [25], [27], [29], [35], [40], 
[43], [45] 

9 

Extra air storage [3], [32], [33], [40], [43] 5 
Properly sized filters and dryers [31], [32], [34] 3 
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Reduce pressure by flow controller [3], [36], [40] 3 
Unload unnecessary ancillary equipment [32] 1 
Cleaning condenser coils on air dryers [26] 1 
Use high quality filters [27] 1 
   
Heat recovery   
Use of excess heat [10], [27], [31], [34], [37], [40], [43], 

[45] 
8 

 

Among the demand-side measures, reduction of leaks along with reduce system pressure 
(via system management) and convert to other type of equipment, e.g. electric-driven 
equipment. The largest number of measures were reported for the part of the compressed 
air system which includes the distribution. However, as displayed in Figure 4, reduction 
of leaks were a commonly mentioned measure, which contributes to this result.   
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Table 4. Summarised energy efficiency measures on the demand-side in respect to how many 
times and by which reference the measures have been mentioned in the reviewed literature. 

Measure Reference Number  

Distribution   
Reduction of leaks [3], [10], [25] - [28], [30] - [40], [42], 

[43], [45], [53] 
21 

Optimise tubing design [25], [29], [40], [45] 4 
Minimise energy losses in the distribution  [32], [35], [43] 3 
Minimise pressure drops [34], [45] 2 
Install flow meters [32] 1 
Reduce piping bottle necks [26] 1  

  
End-use equipment   
Convert to other type of equipment, e.g. electric-
driven equipment 

[27], [28], [31], [32], [34], [40] 6 

Efficient nozzles [3], [10], [25], [28], [37], [45] 6 
Minimise demand [10], [32], [35] 3 
Minimise inappropriate use [3], [35], [433] 3 
Shut off air-using equipment when not in use [3], [31], [32] 3 
Elimination of the use of air for personnel cooling [3], [28] 2 
Eliminate open compressed air blowing 
applications, e.g. by using special nozzles 

[28], [32] 2 

Air amplification nozzles [27] 1 
Install nozzles and valves in end-use applications [26] 1 
Avoid open pipes [26] 1 
   
System management   
Reduce system pressure [26] - [28], [34], [37] - [39], [46] 8 
Peak load management [32], [35] 2 
Separate end-use locations in several parts 
according to their load 

[34], [40] 2 

Regulate all points of use [32] 1 
Add control storage [32] 1 
Install pressure monitors to get instant 
information on the system 

[32] 1 

Flow control [39] 1 
   

 

5.3 Reviewing the compressed air publications on non-energy benefits 

The publications included in the review of energy efficiency measures in compressed air 
systems were also parsed for any descriptions of non-energy benefits in relation to the 
measures. Two publications, Gordon et al. [25] and Anderson et al. [29], addressed the 
concept of non-energy benefits directly, i.e. the specific term ‘non-energy benefits’ was 
mentioned by the authors. One publication, Gordić et al. [36], addressed additional effects 
from energy efficiency measures in compressed air systems; however, the term non-
energy benefits was not mentioned. 
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Gordon et al. [25] reported several non-energy benefits as an outcome of energy efficiency 
improvements in compressed air systems. However, the benefits were not linked to 
specific measures; rather, they were reported as the non-energy benefits of general 
energy efficiency improvements of compressed air systems. The following effects were 
stated as non-energy benefits by Gordon et al. [25]: reduced capital; reduced interest cost 
on capital investments; reduced floor-space requirements from fewer compressors and 
better system operation; reduced maintenance costs from fewer compressors; reduced 
back-up requirements due to lower CFM1 requirements; reduced labour costs for 
equipment attendance; increased reliability of compressed air service (fewer consequent 
production disruptions); improved system performance (pressure levels, consistency of 
pressure, ability to address spikes in usage); reduced worker safety issues; and improved 
ease of system operation. The authors also stressed that non-energy benefits often 
contributed to making positive decisions on energy efficiency improvements in 
compressed air systems.  

Anderson et al. [29] addressed non-energy benefits2 in relation to two energy efficiency 
improvement projects. In the first project, the size of piping was increased and dryers 
were replaced. Because of these measures, two compressors could thereby be taken off-
line, which yielded energy savings. Moreover, Anderson et al. [29] explained that these 
measures also provided in-line air storage capacity and that earlier moisture problems 
were avoided. In the second project, the authors reported on the optimisation of a 
multiple compressor system by installing a system for monitoring and controlling. They 
found that the energy costs decreased, but the project also stabilised air pressure and 
produced more reliable air quality. These additional effects were estimated to reduce 
downtime and increase productivity.  

Gordić et al. [36] reported additional effects as a result of installing new compressors with 
variable speed drives. Apart from energy savings, the outcomes of this measure were 
increased quality in the air production, consistent air supply without disruptions or 
terminations and a functioning compressor without unexpected costs. 

5.4 Description of the publications included in the review on non-energy 
benefits 

The literature on non-energy benefits was reviewed in relation to energy efficiency 
measures in compressed air systems. In Table 5 below, a descriptive summary of the 
reviewed articles on non-energy benefits is displayed. 

Table 5. Descriptive analysis of the relevant publications for the review on non-energy benefits 
searched for energy efficiency measures in compressed air systems. 

Author and 
year 

Publication Type of 
publication  

Type of study Country 

 
 

 
  

Lilly and 
Pearson 
1999[17] 

Proceedings of the ACEEE 
Summer Study on Energy 
Efficiency in Industry, USA  

Conference Multiple case study – 
evaluation of five energy 
efficiency projects 

USA 

                                                           
1 The volume of compressed air at atmospheric pressure. 
2 Anderson et al. [29] also denote the additional benefits described in their article as non-electricity 
benefits. 
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Pye and 
McKane 
2000 [9] 

Resources, Conservation 
and Recycling 

Journal Multiple case study – 
evaluation of three energy 
efficiency projects 

USA 

Skumatz et 
al. 2000 
[18] 

Proceedings of the ACEEE 
Summer Study on Energy 
Efficiency in Buildings, USA 

Conference Evaluation of a commercial 
and industrial program for 
energy efficiency – 100 
interviews 

USA 

Finman and 
Laitner 
2001 [16] 

Proceedings of the ACEEE 
Summer Study on Energy 
Efficiency in Industry, USA 

Conference Multiple case study – 
evaluation of 77 energy 
efficiency projects* 

USA 

Hall and 
Roth 2003 
[19] 

Proceedings of the 
International Energy 
Program Evaluation 
Conference 

Conference Multiple case study – 
evaluation of 74 energy 
efficiency projects 

USA 

Worrell 
2003 [8] 

Energy Journal Multiple case study – 
evaluation of 77 energy 
efficiency projects* 

USA 

Lung et al. 
2005 [20] 

Proceedings of the ACEEE 
Summer Study on Energy 
Efficiency in Industry, USA 

Conference Multiple case study – 
evaluation of 81 energy 
efficiency projects 

USA 

Trianni et 
al. 2014 [7] 

Applied Energy Journal Evaluation of 88 energy 
efficiency measures 

Italy 

Nehler and 
Rasmussen 
2016 [22] 

Journal of Cleaner 
Production 

Journal Multiple case study – 
interviews with 13 firms and 
a questionnaire 

Sweden 
 

Parra et al. 
2016 [48] 

Proceedings of the ECEEE 
Industrial Summer Study, 
Berlin 

Conference Multiple case study – 
interviews with and a 
questionnaire sent to global 
energy managers and energy 
audit experts 

Global 

* Based on the same projects. 

The relevant articles included comprised three journal articles and six conference papers. 
All the studies were published between 1999 and 2016. Most of the studies originated in 
the US, but the three most recent studies had other geographical origins. Furthermore, 
most of the studies presented in the articles above were characterised as having a case 
study approach based on evaluations of energy efficiency projects. Energy efficiency 
projects were evaluated based on collected data documented in the projects, together 
with information on observed non-energy benefits retrieved through interviews, for 
example. 

Non-energy benefits observed in the previous literature on the subject were reported on 
three different levels: as an outcome of energy efficiency in general; as the additional 
effects of energy efficiency measures for an energy-using process or technology (e.g. 
compressed air); or as the particular non-energy benefits of specific energy efficiency 
measures (e.g. sealing of leaks). 

5.5 Reviewing the non-energy benefits literature in relation to compressed 
air energy efficiency measures 

The studies produced by Lilly and Pearson [17], Parra et al. [48] and Trianni et al. [7] 
represent articles that have addressed non-energy benefits in relation to energy efficiency 
measures in compressed air systems. The remainder of the studies presented in the 
reviewed articles focused on the non-energy benefits of energy efficiency measures in 
general, and did not specify the observed non-energy benefits of a specific energy 
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efficiency measure or the non-energy benefits related to measures of specific energy-
using processes (for instance, compressed air systems).  

Parra et al. [48] reported on non-energy benefits in general for energy efficiency measures 
in compressed air systems. Their study was based on a questionnaire sent to five 
independent energy audit experts for compressed air systems. Their cumulative 
experiences, after having conducted up to 300 audits, showed that the main perceived 
non-energy benefits were more reliable production, capital avoidance, improved air 
quality, reduced labour requirements, reduced maintenance and increased equipment 
lifetimes.  

Lilly and Pearson’s [17] article reported on observed non-energy benefits as a 
consequence of specific energy efficiency compressed air measures. The measure 
undertaken was a replacement of two 200-HP rotary-vane compressors with two 150-HP 
rotary-screw air compressors, i.e. two new high-efficiency compressors. The authors 
reported the following non-energy benefits from the measure: reduced frequency and 
cost of overhauling; reduced cost of lubrication oil; and reduced load on the cooling 
system used to cool the replaced compressors. 

Trianni et al. [7] reported on the observed non-energy benefits of five energy efficiency 
measures undertaken in compressed air systems as follows: 

o Upgraded control on compressors resulted in increased productivity. 
o Use of compressor air filters resulted in decreased operation and maintenance. 
o Reducing the pressure to the minimum required resulted in reduced operation and 

maintenance. 
o Reduced leaks resulted in increased production, decreased operation and 

maintenance and improved work environment. 
o Substituting compressed air with water or air cooling resulted in decreased waste. 

The results from reviewing the body of literature on non-energy benefits indicates that 
the studies on observed non-energy benefits of energy efficiency measures in compressed 
air systems, and of specific energy efficiency measures, in particular, are few. Most 
publications reported on the non-energy benefits of energy efficiency measures in 
general, even if the studies had evaluated specific energy efficiency projects. However, it 
should be noted that the total number of published articles on non-energy benefits is also 
limited. 

6. Linking energy efficiency measures in compressed air 
systems and non-energy benefits 
The results above showed diversity in the measures that can be undertaken to improve 
the energy efficiency of compressed air systems. Many of the measures are interrelated 
and affect other parts of the system. For instance, sealing the leaks in piping has an effect 
on the system pressure, which in turn affects the discharge pressure of the compressor. 
However, categorisation of energy efficiency measures for compressed air systems could 
be a way to aid in the understanding of where in the systems effects will appear. The 
interrelation between many of the energy efficiency measures that can be undertaken in 
compressed air systems adds complexity to the efforts made in improving the energy 
efficiency of compressed air systems. This implies that single energy efficiency measures 
should not be undertaken in isolation. The energy efficiency measures uncovered in the 
literature review were categorised as supply-side measures and demand-side measures 
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and additionally divided according to which system sub-part the measure aimed at. This 
also enables a systems perspective to be applied, which can avoid the risk of focusing only 
on certain parts of the system in energy efficiency considerations, but also the risk of 
missing important relations between measures and hence their possible effects on energy 
efficiency. As was previously addressed by Björk et al. [47], this further relates to how 
energy efficiency measures in compressed air systems should be prioritised and in 
particular in which order measures should be undertaken.  

Publications on the reported non-energy benefits of energy efficiency measures for 
compressed air systems were few, but the results they presented indicated diversity in 
the benefits observed. Some of the benefits were observed in the same part of the system 
as where the measure was undertaken (e.g. reduced operation and maintenance by using 
air compressor filters), while other measures generated effects that influenced the entire 
compressed air system (e.g. increased production, and reduced operation and 
maintenance due to reduction of leaks). Categorisation of energy efficiency measures in 
compressed air systems could therefore be a means to also enable observation of 
additional effects, such as non-energy benefits. In addition, compressed air system energy 
efficiency measures also yielded non-energy benefits beyond the compressed air systems, 
such as increased productivity, fewer issues related to worker safety and improved 
financial aspects. Hence, the recognition of these effects might be aided by having a 
comprehensive perspective including the entire system and the environment that 
surrounds it.  

This study approached the literature from two ways in searching for non-energy benefits 
of energy efficiency measures in compressed air systems; the literature on energy 
efficiency in compressed air systems was searched for non-energy benefits and the 
literature on non-energy benefits was searched for energy efficiency measures in 
compressed air systems. Even if few non-energy benefits were identified via the literature 
on energy efficiency measures in compressed air systems, it revealed that knowledge on 
non-energy benefits could be found in publications studying energy efficiency for a 
specific energy-using process, as in this study, publications on energy efficiency measures 
in compressed air systems. This stresses the importance of widening the system boundary 
and expanding the scope also methodologically in studying non-energy benefits. 
Searching new knowledge on non-energy benefits in more than one way in order to 
capture the non-energy benefits of the energy efficiency measures of compressed air 
systems increased the retrieved information on non-energy benefits compared to a one-
way literature search.  

A comprehensive view, or an extended systems perspective, enables the inclusion of the 
non-energy benefits of energy efficiency measures in compressed air systems, but also it 
revealed that non-energy benefits can be studied on various levels, and this is illustrated 
in Figure 5 below. 

 



23 
 

 

Figure 5. Non-energy benefits divided according to level of energy efficiency measures. 

Previous studies have mainly addressed non-energy benefits on an aggregated level, i.e. 
by considering the additional effects of energy efficiency improvements in general or the 
additional effects of energy efficiency improvements for a certain energy-using process 
or technology (e.g. ventilation, lighting, etc.). A compressed air generation system consists 
of several parts connected to each other through networks of various sizes. The sub-parts 
(e.g. the compressor, storage, filter, dryers, piping and end-use applications) are 
interrelated and create a complex system that adds complexity to energy efficiency 
improvements in compressed air systems. Moreover, the literature review showed 
significant variation in the measures that could be undertaken in a compressed air system 
to improve energy efficiency. Therefore, to fully understand the effects of energy 
efficiency in compressed air systems, specific measures and relations between these 
measures must be considered. In addition, this also applies to the observation of 
additional effects beyond energy savings. Hence, non-energy benefits are therefore 
suggested to be studied on the level of specific energy efficiency measures (e.g. the sealing 
of leaks) for compressed air, to enable their observation because the effects of different 
measures, i.e. the non-energy benefits, will naturally vary thereafter. This further implies 
that energy efficiency measures and their related non-energy benefits are suggested to be 
studied on the ground level (see Figure 5) to fully understand and acknowledge their 
effects. 

7. Concluding discussion 
This study contributes to the field of energy efficiency in two ways. Firstly, this study 
provides a compilation of the various energy efficiency measures proposed in the 
reviewed scientific literature that can be undertaken in order to improve energy 
efficiency for compressed air systems thereby contributing new knowledge on how to 
improve energy efficiency in a specific industrial energy-using process, compressed air 
systems. The energy efficiency measures reported in the literature were categorised with 
respect to where in the system the measures can be undertaken, which enabled the 
interrelations between various measures to be recognised as well as the interrelations 
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between them. This addressed the importance of applying a systems perspective when 
improving energy efficiency in compressed air systems. Furthermore, even though some 
measures were more commonly reported than others, the literature review also revealed 
the existence of several measures of various  types that can be undertaken to improve 
energy efficiency in a compressed air system, which indicates a potential for further 
improvements that might aid in improving industrial energy efficiency.  

Secondly, this study contributes to new knowledge on the non-energy benefits of a 
specific energy-using process, compressed air systems, and in particular, new knowledge 
on the non-energy benefits of specific energy efficiency measures for compressed air 
systems. However, even if the review revealed few non-energy benefits, their existence is 
still important since these might have a role in overcoming barriers and in particular 
specific barriers and, in the long run, improve energy efficiency. For instance, Cagno and 
Trianni [50] concluded that specific energy efficiency measures in compressed air 
systems often face information-related barriers, such as a lack of information on costs and 
benefits regarding the considered measure. Gordon et al. [25] have stressed that non-
energy benefits can contribute to making positive decisions on energy efficiency 
improvements in compressed air systems and further, Pye and McKane [9] point out that 
non-energy benefits can be important in investment decisions on energy efficiency 
improvements; if non-energy benefits are translated into monetary values and included 
in a firm’s investment calculations, the financial aspects of investments in energy 
efficiency improvements could be addressed and enhanced. Hence, knowledge on specific 
non-energy benefits could increase information on benefits and costs regarding the 
proposed measures and thereby, these might contribute to overcoming the specific 
barriers to energy efficiency. This study also revealed that non-energy benefits can be 
studied on various levels; benefits of energy efficiency improvements in general, benefits 
of energy efficiency improvements for a specific energy-using process, such as 
compressed air, and benefits of specific energy efficiency measures within a specific 
energy-using process, such as sealing of leaks.  

Energy efficiency measures in compressed air systems and the related non-energy 
benefits are suggested to be studied on the specific, individual measure level to fully 
understand and acknowledge their effects on the energy use of a compressed air system 
and possible additional effects, i.e. non-energy benefits. However, the literature review 
showed that there is little existing knowledge on the non-energy benefits of specific 
energy efficiency measures. Therefore, recognising particular non-energy benefits in 
relation to specific energy efficiency measures in compressed air systems requires further 
study on the non-energy benefits of specific measures. 

Furthermore, this paper adds to linking these two contributions together, i.e. the system 
perspective including the compressed air system is widened by including knowledge on 
non-energy benefits. However, few non-energy benefits were revealed, and in particular 
few specific non-energy benefits of energy efficiency measures for compressed air 
systems in the literature review address a research gap. This indicates that more research 
is needed on the non-energy benefits of specific energy-using processes and specific 
energy efficiency measures because this might lead to an increased awareness on non-
energy benefits. This might in turn lead to the measurement and quantification of more 
non-energy benefits, which have been shown to be a barrier, to make use of them in 
investment calculations and decisions [23]. However, this will also require that future 
research addresses the monetising of non-energy benefits. An increased awareness of 
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specific non-energy benefits might also lead to increased numbers on positive decisions 
on energy efficiency investments. 
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Appendix A 
The articles below were included in the systematic literature review on energy 
efficiency in compressed air systems. 

Author 
and year 

Publication Type of publication  
Type of study 
Industry  
Country 

Supply measures Demand measures 

Abdelaziz 
et al. 
(2011) 
[53] 

Renewable and 
Sustainable 
Energy 
Reviews 

Journal 
Review on energy 
saving strategies 
- 
- 

Variable speed drive (VSD) Leak prevention, lowered pressure 

Alqdah 
(2013) 
[42] 

International 
Journal of 
Sustainable 
Energy 

Journal 
Case study 
Meat 
Jordan 

Adjust supply to demand Reduction of leaks 

Anderson 
et al. 
(2001) 
[29] 

Proceedings of 
the ACEEE 
Summer Study 
on Energy 
Efficiency in 
Industry 

Conference 
Case study (6 projects 
of which one was 
regarding compressed 
air) 
Wood 
USA 

Optimisation via monitoring and 
controlling the system (air 
management), changing dryers 

Increased size of piping 

D'Antonio 
et al. 
(2001) 
[28] 

Proceedings of 
the ACEEE 
Summer Study 
on Energy 
Efficiency in 
Industry 

Conference 
Engineering case study 
(one case) 
- 
USA 

 Leak reduction, lower system 
pressure (lowest functional 
pressure that meets production 
requirements), efficient nozzles, 
flow control (air should not flow out 
in end-use applications if not used), 
convert to el-driven equipment (e.g. 
el-driven pumps, vacuum systems 
and blower systems), do not use air 
for personnel cooling (use HVAC 
systems instead) 

Barbieri 
and 
Jacobson 
(1999) 
[26] 

Proceedings of 
the ACEEE 
Summer Study 
on Energy 
Efficiency in 
Industry 

Conference  
Engineering case study 
(one case) 
Glass industry 
USA 

Adjustment of pressure 
regulators, cleaning condenser 
coils on air dryers 

Leak reduction, reduce piping 
bottlenecks, install nozzles and 
valves in end-use applications, 
avoid open pipes, minimise system 
pressure 

Barringer 
et al. 
(2012) 
[39] 

SAE Technical 
Papers, SAE 
2012 World 
Congress and 
Exhibition 

Conference  
Engineering case study 
(one case) 
Automotive 
USA 

Reduce compressor discharge 
pressure 

Leak reduction, lower the system 
pressure via flow controller 

Beyene 
(2005) 
[31] 

Energy 
Engineering 

Journal 
Evaluation of data on 
energy use from 300 
manuf. plants. Scope: 
energy savings of 
which compressed air 
measures is one type 
Manufacturing industry 
USA 

Minimise over-compression, shut 
off compressor when not in use, 
avoid over-sized compressors, 
reduce air inlet temp., use of 
compressor heat, expensive 
condenser cooling 

Leak reduction, convert CA to el-
driven equipment, solenoid valves 
to shut off compressed air supply 
when not needed 

Dindorf 
(2012) 
[40] 

Procedia 
Engineering 

Conference 
Engineering 
- 
- 

Use of excess heat, variable speed 
drive (VSD), reduce the air inlet 
temperature, more eff. 
compressor, enhance and check 
pressure regulating valves, filters, 
lubricators, dryers and 
condensate traps, too long drying 
or too fine filtering leads to 
unnecessary overconsumption, 
design proper storage capacities, 
install control equipment such as 
flow meters, do not provide 
machines with compressed air 
when they are off 

Increase the diameter of the pipes, 
reduce the length of the network, 
loop the network, limit elbows, 
repair leaks periodically, divide the 
network into areas with pressure 
controls or appropriate isolation 
valves, convert to other types of 
driven tools 
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Foss 
(2005) 
[32] 

Energy 
Engineering 

Journal  
Engineering (no case) 
- 
USA 

Trimming compressor, variable 
frequency drives (VFD) 
compressor, energy-efficient 
compressors, optimised 
operation of compressor(s), 
properly sized filters, dryers, 
unload unnecessary ancillary 
equipment, extra air storage 

Minimise energy losses in the 
distribution, leak reduction, 
eliminate open compressed air 
blowing applications, e.g. use 
special nozzles, convert to el-driven 
tools, minimise demand, peak load 
management, shut off air-using 
equipment when not in use, 
regulate all points of use, reduce 
pressure differentials over filters, 
for example, add control storage, 
install flow meters or demand 
pressure monitors to get instant 
information on the system, reduce 
the size of demand events (e.g. open 
the demand valve more slowly) 

Galvao et 
al. (2013) 
[45] 

IYCE 2013 - 
4th 
International 
Youth 
Conference on 
Energy 

Conference 
Case study 
Plastic 
Portugal 

Increased motor efficiency, VSD, 
compressor substitution, 
optimised control, heat recovery, 
upgraded performance in intake 
cooling, drying and filtering, filter 
substitution 

Tubing and other components 
design, minimise pressure drops, 
end-use device optimisation, leak 
reduction 

Gordić et 
al. (2009) 
[36] 

Thermal 
Science 

Journal 
Case study 
Car 
Serbia 

Installing flow meters, VSD 
compressor 

Leak reduction 

Gordon et 
al. (1999) 
[25] 

Proceedings of 
the ACEEE 
Summer Study 
on Energy 
Efficiency in 
Industry 

Conference 
Interviews with 
experts, consultants, 
ECSOs, energy service 
providers, engineering 
firms 
- 
USA 

Compressor improvements, 
better compressor unit control, 
improved cooling and 
dehumidification systems, 
controls for sequencing 
compressors 

Leak reduction, design and 
mechanical improvements to 
distribution piping and system 
configuration, improved end-use 
devices (e.g. nozzles), improved 
end-use applications of compressed 
air 

Joubert et 
al. (2012) 
[41] 

Proceedings of 
the 9th 
Conference on 
the Industrial 
and 
Commercial 
Use of Energy, 
ICUE 2012 

Conference 
Case study 
Mining 
South Africa 

Dedicated high-pressure supply 
to a specific process that requires 
higher pressure 

 

Kaya et al. 
(2002) 
[30] 

International 
Journal of 
Energy 
Research 

Journal  
Engineering case study 
(four cases) 
- 
USA/Turkey 

High eff. motors, reduce air inlet 
temp with outside air, reduce 
compressor air pressure 

Leak reduction 

La (2013) 
[43] 

Energy 
Engineering 

Journal  
Engineering case study 
(four cases) 
- 
USA 

System auxiliaries improvements, 
addition of air storage capacity or 
booster compressors, VFD 
compressor, equipment of higher 
efficiency, heat recovery 

Optimise the distribution, leak 
reduction, minimise inappropriate 
use 

Marshall 
(2012) [3] 

Energy 
Engineering 

Journal  
Engineering, but 
presents two cases 
- 
Canada 

VSD, start/stop compressor, air 
dryer efficiency, filters with 
minimal pressure differential, 
storage receiver, flow control, 
discharge pressure as low as 
possible, shut down compressor 
at night/weekends 

Leak reduction, end-use reduction 
(application of specialty blowing 
nozzles, on/off control of blowing, 
reduction in cabinet cooling, 
optimisation of air-powered 
vacuum generators, elimination of 
the use of air for personnel cooling), 
minimise inappropriate uses 

Neale and 
Kamp 
(2009) 
[35] 

Energy Policy Journal  
Evaluation of a best 
practice program for 
compressed air 
systems 
- 
New Zealand 

Compressor operation and 
control, environmental control, 
system ancillary equipment 
(dryers, filters, drains, etc.), 
installation of new technology 

Air leaks, artificial demand or 
inappropriate use, peak demand 
management, pressure 
minimisation, distribution 
inefficiencies 

Saidur and 
Mekhilef 
(2010) 
[37] 

Applied Energy Journal  
Multiple case studies 
based on energy audits 
Rubber 
Malaysia 

Using cooler inlet air, heat 
recovery 

Leak reduction, lower system 
pressure, efficient nozzles 
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Saidur et 
al. (2010) 
[10] 

Renewable and 
Sustainable 
Energy 
Reviews 

Journal  
Review on energy 
efficiency strategies 
- 
- 

Energy eff. motor, VSD, using 
outside intake air, heat recovery, 
keep compressor and intercooling 
surfaces clean, i.e. improve 
maintenance, variable 
displacement compressor 
operation 

Leak reduction, minimise pressure 
drops at end-use, efficient nozzles 

Sheckler 
(2007) 
[33] 

Energy 
Engineering 

Journal  
Case study, 4 measures 
are computer modelled 
Metal wire 
manufacturing 
USA 

New VFD compressor, extra air 
storage (dry receivers) 

Leak reduction 

Terrell 
(1999) 
[27] 

Energy 
Engineering 

Journal 
Engineering 
- 
USA 

Use of excess heat recovery, 
choose good quality filters to 
minimise pressure drops over 
them (also leads to lowered 
operating costs since good filters 
do not have to be replaced so 
often), choose energy-efficient 
drying of the right size for what is 
required. Parts of a system that 
make demands on very dry air 
should be isolated. Chose efficient 
and properly sized compressor, 
throttled inlet, multiple 
compressor control 

Convert equipment to other tools, 
reduce leaks, lower system 
pressure, air amplification nozzles 

Tousley 
(2010) 
[38] 

Energy 
Engineering 

Journal  
Engineering 
- 
USA 

Shut off system when not in use Leak reduction, reduce system 
pressure 

Widayati 
and 
Nuzahar 
(2016) 
[46] 

IOP 
Conf.Series: 
Materials 
Science and 
Engineering 

Conference 
Case study 
Food 
Indonesia 

VSD compressor, switch off 
compressor 

Reduce system pressure 

Yang 
(2009) 
[34] 

Energy Policy Journal  
Engineering case study 
(one case) 
Footwear 
Vietnam 

Excess heat recovery, optimise 
system operation, properly used 
filters 

Leak reduction, minimise system 
pressure, minimise pressure drops, 
separate end-use locations in 
several parts according to their 
load, convert equipment to el-
driven tools, e.g. 

Zhang et al. 
(2013) 
[44] 

Energy 
Engineering 

Journal  
Engineering case study 
(one case) 
USA 

Cooling of intake air, optimising 
multiple compressor operation in 
accordance with the load demand 

 

 

Appendix B 
The articles below were included in the literature review on non-energy benefits in 
relation to energy efficiency in compressed air systems. 

Author and 
year 

Publication Type of publication  
Country 

Type of study  
 

Lilly and Pearson 
(1999) [17] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency in 
Industry, USA  

Conference 
USA 

Multiple case study – evaluation of five energy 
efficiency projects 

Pye and McKane 
(2000) [9] 

Resources, 
Conservation and 
Recycling 

Journal 
USA 

Multiple case study – evaluation of three energy 
efficiency projects 

Skumatz et al. 
(2000) [18] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency in 
Buildings, USA 

Conference 
USA 

Evaluation of a commercial and industrial 
program for energy efficiency – 100 interviews 

Finman and 
Laitner (2001) 
[16] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency in 
Industry, USA 

Conference 
USA 

Multiple case study – evaluation of 77 energy 
efficiency projects* 

Hall and Roth 
(2003) [19] 

Proceedings of the 
International Energy 

Conference 
USA 

Multiple case study - evaluation of 74 energy 
efficiency projects 
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Program Evaluation 
Conference 

Worrell et al. 
(2003) [8] 

Energy Journal 
USA 

Multiple case study – evaluation of 77 energy 
efficiency projects 

Lung et al. 
(2005) [20] 

Proceedings of the 
ACEEE Summer Study 
on Energy Efficiency in 
Industry, USA 

Conference 
USA 

Multiple case study – evaluation of 81 energy 
efficiency projects 

Trianni et al. 
(2014) [7] 

Applied Energy Journal 
Global 

Evaluation of 88 energy efficiency measures 

Nehler and 
Rasmussen 
(2016) [22] 

Journal of Cleaner 
Production 

Journal 
Sweden 

Multiple case study – interviews with 13 firms 
and questionnaire 

Parra et al. 
(2016) [48] 

Proceedings of the 
ECEEE Industrial 
Summer Study, Berlin 

Conference 
Global 

Multiple case study – interviews with, and a 
questionnaire sent to, global energy managers 
and energy audit experts 
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