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ABSTRACT
While there are several best practice standards available for

minimizing the energy requirement for compressed air use in an
industrial context, moving to best practice often requires invest-
ment and operational change. In production facilities, there is
often a reluctance to commit to this type of change without a
clear view of the benefit. Furthermore, there is very little de-
tailed information available in the open literature that allows
even a qualitative assessment of priorities. In order to address
this shortcoming, analyses of two industrial compressed air sys-
tems which are already installed in manufacturing plants have
been conducted in the context of energy usage. The installations
are quite different in compressed air needs: one is focused on ac-
tuation and drying; while the other uses compressed air primar-
ily for material handling. In both sites, the energy of the com-
pressed air is evaluated at each key element of the system and
the typical end use application profile is assessed. Simple mod-
els of the consumption rates are used to relate duty cycle and
device count with actual total consumption. A new way of as-
sessing the leak rate from the entire system has been developed,
based on the pressure decay time, and has been implemented at
one site. In this way, the energy balance of the system entire has
been analyzed quantitatively, with the effect of distribution leaks

accounted for directly. It is found that in both sites, open blow-
ing operations (e.g. drying) are the largest, consumers which are
amenable to optimization. It is also found that the measured leak
rate at one site represented 23% of the compressed air generated,
with an energy input of 455kWh per day. It is concluded that this
approach can help to identify priorities for optimizing CA use at
an industrial site.

INTRODUCTION
In recent years, industrial compressed air systems (CAS) are

being rightfully criticized for poor energy efficiency. This has
become an increasingly important issue as the cost of energy has
increased in all applications. The problem lies in the design of
the CAS as plant design has implicitly assumed that compressed
air is free at point of use and cheap to produce centrally, and so
energy saving aspects are rarely considered at the process plan-
ning stage. The inadvisability of CAS in terms of energy usage
has been well known for some time, but the demand for near term
product yield has acted as a major obstacle to reduction of CA us-
age. As a result, compressed air users are looking for any way
to achieve cost reduction. Typically energy savings measures are
sought mainly on the generation and treatment side even though
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compressors and dryers have been considerably optimized in re-
cent years (including more efficient compressor drive alterna-
tives). In fact, it is actually the compressed air application that is
defining the energy efficiency of the CAS, which also means that
any further effort related to the energy savings must be focused
on the application (end-use) side. While there are several best
practice guides available (from, for example, the Carbon Trust in
the UK or the DoE in the USA), for a given site, the scale of the
problem and the potential savings are difficult to quantify, even
in terms of order of magnitude. This is exacerbated by the fact
that there appears to almost no baseline data in the open literature
on industrial compressed air use. This paper presents a detailed
assessment of the end-use profile of two representative compa-
nies operating large facilities in Ireland. In order to complete an
overall picture of CA usage at each site, a model of the applica-
tion side, the so called “end-use catalogue”, has been compiled,
including where necessary models of the various components of
the system. Although results are limited in part by data avail-
ability and/or lack of detailed inputs for model, the study reveals
inefficient usage, leak problems and also poor system control and
monitoring, which is clearly not consistent with established best
practice. While in an ideal world all these issues would be dealt
with aggressively, the economics of the required investment is
often not clear. However, the end-use catalogue can be used to
target investment and activity to maximize the cost effectiveness
of energy saving measures.

NOMENCLATURE
A area
Ex exergy
F force
m mass
p pressure
r ideal gas constant
T temperature
V volume
W work
Cd discharge coefficient
η efficiency
κ specific heat ratio

CAS ANALYSIS EXERGY APPROACH
Exergy definition

In order to emphasize the inefficiency of the typical end use a
simplified system analysis based on work availability (exergy) of
the compressed air is shown. The exergy represents the amount
of useful energy, which can be theoretically converted to me-
chanical energy. It can be easily shown that in case of CAS only
the pressure dependent term is crucial (1). Equation 1 shows
the mathematical formulation of exergy referenced to the ambi-

ent conditions (subscript a) based on ideal gas approach. This is
suitable for further investigation of the work availability change
of CA over each of the key elements of the CAS characterized
by relevant efficiency.

Ex = mrTa ln
p
pa

= paVa ln
p
pa

(1)

Exergy analysis of the key components
Compressor For the sake of simplicity, consider that the

process of transformation is related to the outlet parameters from
compressor as an enclosed unit, thus any internal processes of the
compressor, including control, are not detailed. The efficiency
of conversion of the input electric power (Ėelec) to the output
compressed air power can be described by Eq. 2.

ηcom =
Exout

Eelec
=

Ėxout

Ėelec
=

paV̇a ln p
pa

Ėelec
(2)

The long term averaged values of the existing oil free centrifugal
compressor installed in Company A are: pout = 6.75 bar(a); Va =
0.45 Nm3/s, Ėelec = 220 kW. Thus, the efficiency of the process
is 0.39. The rest of energy is lost in the form of heat and losses
(including venting excess compressed air to atmosphere unused
which is referred to as bypass).

Dryer The efficiency of the dryer is expressed by Eq. 3.
The outlet exergy of CA can be modified by the dryer pressure
drop only or a combination of purge air loss and the pressure
drop depending on the dryer type. The effect of purge air is to
reduce the mass flow out ṁout .

ηdryer =
Exout

Exin
=

Ėxout

Ėxin
=

ṁout ln
pout
pa

ṁin ln pin
pa

(3)

A typical long term purge air loss in Company A is approxi-
mately 5% of the inlet mass rate and with a pressure drop of 2%
of the inlet pressure. Under these conditions the value of dryer
efficiency is 0.94. The installed dryer is a heated desiccant type,
so inclusion of power consumption of the heating elements into
dryer efficiency calculation is possible, but unlike the compres-
sor, electrical energy does not directly change the exergy.

Pressure regulator. The next important element of the
CAS is the pressure regulator stabilizing the pressure level be-
fore final application by reducing pressure of the incoming com-
pressed air. The efficiency of the process can be also described
by Eq. 3 depending on the pressure regulator type. A non-
ventilating pressure regulator adjusted to the pressure level of
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6 bar(a) for pneumatic actuators, with data taken at Company A,
yields an efficiency of 0.95. The pressure drop of the distribution
system is not explicitly accounted for, hence the efficiency of the
pressure regulator is a lower bound. Please note that possible low
efficiency of the regulation does not mean a poor quality regula-
tor, but work availability destruction according to the need of the
relevant application. In fact, in some sense the purpose of the
regulator is to reduce the exergy.

Application side. This is the most interesting part of the
work availability analysis. Two different CA applications, pneu-
matic actuation and pure cooling/drying, are discussed from the
point of the view of the usage of the useful energy. Pneumatic
actuation, which is supposed to be a relatively efficient CA ap-
plication, will be detailed for the example of the double acting
rodless cylinder. Moreover, using the work availability (exergy)
approach it is possible to understand compressed air power as
similar to electrical power, which leads to the direct comparison
of efficiencies between an electrical and pneumatic actuator. This
has been previously done by Cai et al.(1), who have reported that
an electric actuator is always more efficient in a wide range of sit-
uations especially under heavy duty cycle (non-stop operation).
They also pointed out that pneumatic actuators with low duty cy-
cle are more efficient than the electric alternative, but these are
rarely used in the industrial applications.

Figure 1 shows dynamic behavior of the double acting rod-
less cylinder, trends have been slightly smoothed for the sake of
simplicity. The experimental data, test rig description and further
system parameters can be found in Ning & Bone (2). The data
has been used to estimate the efficiency during the motion of the
actuator. The efficiency of the process can be defined by Eq. 4,
where the numerator represents useful work W done by pneu-
matic forces F while the denominator is the total energy of the
incoming compressed air to the working chamber which can be
utilized for the useful work from the start of the motion at time
t1 until the end of motion at time t2.

ηact =
W

ΔExin
=

∫ L
0 Fds∫ t2

t1
Ėxindt

(4)

Useful work W is performed by pneumatic forces F defined
by Eq. 5. The forces are acting on area A in the direction of the
piston motion from start position 0 (t = t1) to final position L
(t = t2).

F = A(pin− pout) (5)

The efficiency in this case is ≈ 0.14. This is a maximum
value as when total energy available for work is considered from

time 0s until final time available of 2s, or when backstroke mo-
tion is included, the useful work, W , will be unchanged, but the
Exergy supplied will increase, leading to a lower efficiency. Al-
though the efficiency of the actuation can vary depending on the
situation under investigation, any scenario will make the total ef-
ficiency of the CAS (the product of particular efficiencies) tend
towards zero.
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FIGURE 1. Rodless cylinder behaviour. Data from Ning & Bone (2)

Cai et al. (1) have shown that compressed air power (exergy
rate) has two parts: (i) the transmission power used for push-
ing compressed air towards to the application side and (ii) the
expansion power, which can be used when compressed air is ex-
panding after closing inlet valve. Although the latter represents
the larger part of all compressed air power above 5.2bar, often
only a small fraction of the expansion power is utilized. Further-
more, once the piston reaches the end of stroke position, the com-
pressed air inlet remains open leading to accumulation of high
pressure energy in the working chamber as shown in the Figure
1. This energy is wasted during retract motion of the cylinder
as compressed air is ventilated to the atmosphere. Moreover, the
same energy reduces the pneumatic force used for useful work as
there is still a high level of decaying pressure in the non-working
chamber, which is also clearly visible in Figure 1. Several ap-
proaches of energy efficiency improvement of pneumatic actua-
tors can be found, for example, in Shen & Goldfarb (3).

In terms of energy efficiency, use of CA for pure cool-
ing/drying is usually completely inappropriate. Since there is no
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useful work done, the efficiency is zero, based on the exergy ap-
proach. The high pressure level energy is usually throttled down
and work availability destroyed. For the sake of simplicity, the
effect of cooling/drying can be related to the mass flow rate of the
compressed air, which must run through compressor to the end
use application according to conservation of mass. As a consid-
erable part of electric energy is transferred into pressure energy
of the medium and this high pressure energy is not utilized at
the application side, compressed air usage leads to most of the
energy being wasted.

DETAILED INVESTIGATION OF THE SYSTEM
The application of the exergy analysis has shown that the

critical point of the compressed air system is the application side,
which is a limiting factor of the efficiency of the whole com-
pressed air system. From the point of view of utilization of use-
ful energy, the overall efficiency of the CAS generation is likely
to be order of magnitude one. Although efficiency of particu-
lar CAS elements may vary according to the specific operating
conditions, the end-use side will be the most inefficient part of
CAS. Thus, any future optimization of the compressed air system
should be focused on the application side, where a high potential
of energy savings is projected. This requires detailed knowledge
of the application side. Ideally, the actual compressed air con-
sumption would be monitored proximal to each end use. While
in principle this is straight forward and requires simply installing
air flow meters in the line, the reality of lost production due to
the down time needed for installation is prohibitive. This is com-
pounded by risks to product quality control associated with the
possibility of air contamination by residual material left in the
line after the drilling and/or cutting operations needed to install
the flow meters. Thus, an indirect approach has been adopted to
quantify consumption.

In order to quantify air consumption of the CAS, the types
and characteristics of the end use applications are surveyed and
catalogued. As detailed characteristics in terms of air consump-
tion were not always available, the different types of air con-
sumers are modeled and the overall air consumption is compared
to the real data available. The process includes collection of
available information such as pressure level of the particular end
application, geometric parameters, working time/cycling, shift
patterns etc. which is necessary for the mathematical model. It
is obvious that this kind of data is not always easy to obtain re-
sulting in an imprecise model, but a better understanding of the
process is still possible as shown by the results below.

In terms of the dominant physics, there are three main types
of compressed air consumer found overall in the Companies A
and B which have been modeled using a simplified ideal gas ap-
proach. The model in Equation 6 is used mainly for estimation of
compressed air consumption of pneumatic actuators and valves,
where volume V is a function of internal cylinder geometry and

stroke (inlet tubing volume downstream of proportional valve in-
cluded). Volumetric flow rate is defined by the number of cycles
per time. Equation 7 represents all open blow applications (dry-
ing, cooling, cleaning, conveying etc.), where the pressure ratio
is below critical pressure ratio (pcrit = 0.528). It is assumed that
critical conditions occur at the nozzle outlet. Equation 8 is used
for situations where CA pressure is only slightly higher than am-
bient pressure.

ṁ =
pV̇
rT

(6)

ṁ = cdA

√
κrT

2
κ +1

(
2

κ +1

) 1
κ−1 p

rT
(7)

ṁ = cdAp

√
2
rT

κ
κ−1

√(
pa

p

) 2
κ
−

(
pa

p

) κ+1
κ

(8)

The temperature of the compressed air in the models is as-
sumed to be 20oC. The discharge coefficient cd is generally set to
a value of 0.65 as a sharp rather than smooth edge is more appro-
priate. All results are recalculated to volumetric flow rate at the
reference conditions of Tre f = 293 K, pre f = 1 bar for comparison
with the measured data.

Company A
In the first site under investigation, there is a multi-purpose

usage of compressed air inclusive of pneumatic actuation, clean-
ing, panels and controllers sealing, fluidizing, filter pulsing, open
blowing and use of some air accessories. The model does not
take into account any dynamic behavior of the system, so all val-
ues of CA consumption are day average and total result is com-
pared to long-term averaged daily measured data. The break-
down of air usage is shown in Table 1.

The leakage has been estimated by monitoring the pressure
decay in the entire system. At end of a production period, all
machines are stopped and the system is pressurized up to a pres-
sure of 6.6 bar(a). The generation side is separated from the
distribution system and end-use side by closing a check valve
behind the receivers. A time of 400s for the pressure to decay
from p1=6.6bar(a) down to p2=2bar(a) was recorded. Assuming
an exponential decay, the pressure function can be described by
Eq. 9, where it is assumed that the final steady pressure is equal-
ized to atmospheric (ambient) pressure i.e. pa=1bar.

p(t) = p1e
kt + pa (9)
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Application Usage
fluidizing (conveying/cleaning at
two different pressure levels) 67.12%

open blow applications (e.g. bowl
feeding, index sensor blow-off)

12.76%

filter pulsing 5.92%

actuation 3.82%

controllers sealing 3.5%

hoisting 3.46%

air whip cleaning 1.77%

PLC sealing 1.53%

air gun 0.12%

TABLE 1. Breakdown by volumetric flowrate of compressed air end
use in Compamy A (excluding leakage)

The unknown decay parameter k is solved using a matrix ap-
proach given by Eq 10.

X = A−1B (10)

where X =
[
ln(p1)

k

]
, A =

[
1 0
1 400

]
, B =

[
ln(p1 − pa)
ln(p2 − pa)

]
. Under

the conditions mentioned above, compressed air is escaping from
the system at sonic flow velocity; leaking mass is defined using
Eq. 7 with generalized area A and discharge coefficient cd . More-
over, system temperature is considered to be constant during sys-
tem pressure decay, i.e. 20◦C. Thus the rate of pressure change
is

− ṗ =
rT
V

ṁ (11)

Combining this with Eq. 7 produces the completed differential
equation of the process:

− ṗ =
rT
V

cdA

√
κrT

2
κ +1

p
rT

(
2

κ +1

) 1
κ−1

(12)

Equation 12 can be integrated from zero initial time to final time
τ:

−
∫ τ

0
ṗdt =

rT
V

∫ τ

0
cdA

√
κrT

2
κ +1

(
2

κ +1

) 1
κ−1 p(t)

rT
dt (13)

The leak flow rate can now be expressed in general form as

V̇leak = −cdA

√
κrT

2
κ +1

(14)

= − V(
2

κ+1

) 1
κ−1

∫ τ
0 ṗdt∫ τ
0 pdt

(15)

Combining this with Eq. 9 yields an expression for the leak-
age flow rate. For the particular measured case k = −0.0043.

V̇leak = − V(
2

κ+1

) 1
κ−1

P[ekt ]τ0
P[ekt ]τ0 + paτ

= 0.0049V (16)

The volume V of distribution system and end use pipelines
(without PLC cabinets) has been estimated as 5.1 m3 from the
system schematic drawings. The estimate of leak flow rate is
directly proportional to V, and so has a sensitivity of 1, thus,
there is a potential for improvement of the technique by detailed
volume estimation. It is reasonable to assume that leaks appear
largely on the application side, where operating pressure level is
mostly 6 bar(a), thus a leak flow rate would be 342.2 Nm3/hour.
The technique assumes that the start pressure p1 is the same ev-
erywhere in the system, which is obviously not true (similarly
with the final pressure p2), but as it is assumed that all leaks oc-
cur in a choked flow, this should not make much difference. An
additional source of error is the assumption that ventilation of
the end use machines during pressure decay process is equal to
the internal machine leaks. This will tend to underestimate the
leak flow rate. The result is also affected by CA consumption for
PLC panels sealing, which is actually very low as PLC enclosure
pressure is only slightly higher than ambient pressure, nonethe-
less air consumption of PLC panels is deducted from total leak
estimation in the final calculations.

The overall performance of the model, including the leak
estimation, is presented in Table 2, along with the total air con-
sumption as measured. The difference between the model and
measured values was initially almost 30%. However, when the
estimate of the leak estimation is included, this difference is been
reduced to 6.7%.

Based on details embedded in the model, almost 80% of
the fluidizing air is used at pressure only slightly higher than at-
mospheric. Thus, this air has been generated with considerably
higher pressure level than actually required. A more detailed
study of the process and possible local blower implementation
could result in a substantial energy saving opportunity.

Combining the breakdown by category of end use applica-
tions obtained from the model with the overall measured sys-
tem performance, the power consumption associated with com-
pressed air within the company can be determined. Figure 2
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FIGURE 2. Energy flow in CAS for company A

(Nm3/day)

Modelled air consumption 27,478.23

Leakage estimate 7,787.92

Model total 35,266.15

Measured consumption 37,800.00

Model discrepancy 2,533.85

TABLE 2. Summary of compressed air model in Company A

shows the energy flux per day. This highlights the importance
of heat recovery in boosting overall energy efficiency, however,
the heat available is low grade (primarily cooling water at 40oC),
and so is of limited use, except for space heating. The lack of an
appropriate heat load in the plant means that this energy is lost.
Furthermore, this loss is compounded by the need to purchase
water for evaporative cooling towers to actually dispate the en-
ergy. Althought the device count for actuators is higher than any
other category, these devices have a relatively small volumetric
consumption rate. Conveying is the single biggest consumer of
air. However, this is an integral part of the process and so it is the
open blow applications which represent the best opportunity for
energy savings.

(Nm3/day)

Modelled air consumption 528.24

Measured consumption 744.00

Model discrepancy 215.76

TABLE 3. Summary of compressed air model in Company B

Company B
The usage of CA in Company B is primarily to operate au-

tomated assembly units with various pneumatic components. In
this case there are only two categories of compressed are appli-
cation: actuation and open blow. The model of compressed air
consumption of only one assembly unit has executed due to the
availability of real data. Further details of the measurement and
system can be found in Harris et al. (4). The data has been related
to the reference conditions of Tre f = 293K, pre f = 1bar for direct
comparison with the model. The consumers of compressed air
are actuators for moving the products (15.65%) and air knives
for drying in the form of open blow (84.35%). Table 3 summa-
rizes the results for the situation of a heavy load cycle (maximum
number of products per minute = 24). Small variability associ-
ated with the data has been observed. The model has revealed
that only a small part of the utilized compressed air is used for
actuation; most of the modeled process air is used for drying.
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Harris et al. (4) have also reported for a number of observations
that air consumption at no production output was as high as that
required for full production. This would support the result of a
very small proportion of the compressed air used for actuation
as well as poor control of pneumatic elements. The difference
between the modeled situation and the measured values (29%)
can be attributed to both imperfections of the model caused by
lack of detailed input data and mostly compressed air losses in
the form of leaks in the distribution system. The leak estimation
can be also justified using available data (4) for air consumption
at zero machine output, where a box-plot containing the mid-
dle half of the scores in the distribution ranges from 2.6 14.5
Nm3/hour (median 3.1). This would mean that the difference be-
tween the model and measurement of 8.99 Nm3/hour associated
mainly with leak estimation is a realistic value. However, it can
be concluded that in this particular case the usage of compressed
air for producing any useful work (actuation) is minimal as the
machine uses most of the compressed air for drying. The ineffi-
ciency of this open blow process has been previously explained.
The costs associated with compressed air usage required for dry-
ing are enormous. High pressure energy is given to the required
mass flow rate at the generation side (system pressure level 8
bar(a)) and this energy is wastefully lost before final application
as pressure is reduced down to 2.75 bar(a). Implementation of lo-
cal blower with relevant air treatment and slightly bigger nozzle
diameter could give a similar drying effect if flow is choked, but
the initial pressure level can be considerably lower resulting in
operational costs savings. The advantage of local configurations
of CAS has been demonstrated by Yuan et al. (5).

CONCLUSION
Although compressed air systems are geomterically com-

plex, and involve a range of fluid mechanics processes, it has
been shown that it is possible to understand system behavior
based on a relatively simple set of mathematical tools, coupled
with a detailed survey of the end use applications and informa-
tion about the duty cycle. This basic approach has been imple-
mented at two industrial sites. The discrepancy between the raw
model and the measured volume of air generated centrally can
be attributed mainly to leakage in the distribution system. How-
ever, it has been shown that it is possible to get a good esti-
mate of the leak rate in the system by using a single pressure
decay measurement. The resulting analysis reveals poor com-
pressed air energy utilization on the application side resulting in
low overall system efficiency and several energy savings oppor-
tunities have been suggested for specific applications found in
the investigated companies. The improvement of end-user per-
formance, including reduction of inappropriate use and leaks, is
a key step towards optimization of compressed air systems and
any future work should be focused on this side.
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