energies @y

Article
Identification and Categorization of Factors Affecting

the Adoption of Energy Efficiency Measures within
Compressed Air Systems

Andrea Trianni !, Davide Accordini 2,* and Enrico Cagno 2

1 Faculty of Engineering and IT, University of Technology Sydney, Ultimo, NSW 2007, Australia; An-
drea.Trianni@uts.edu.au

2 Department of Management, Economics & Industrial Engineering, Politecnico di Milano,
20133 Milano, Italy; enrico.cagno@polimi.it

* Correspondence: davide.accordini@polimi.it; Tel.: +39-348-148-0926

Received: 11 August 2020; Accepted: 22 September 2020; Published: 1 October 2020

Abstract: Understanding the factors driving the implementation of energy efficiency measures in
compressed air systems is crucial to improve industrial energy efficiency, given their low imple-
mentation rate. Starting from a thorough review of the literature, it is thus clear the need to support
companies in the decision-making process by offering an innovative framework encompassing the
most relevant factors to be considered when adopting energy efficiency measures in compressed air
systems, inclusive of the impacts on the production resources and the operations of a company. The
framework, designed following the perspective of the industrial decision-makers, has been vali-
dated, both theoretically and empirically, and preliminarily applied to a heterogeneous cluster of
manufacturing industries. Results show that, beside operational, energetic, and economic factors, in
particular contextual factors such as complexity, compatibility, and observability may highlight crit-
ical features of energy efficiency measures whose absence may change the outcome of a decision-
making process. Further, greater awareness and knowledge over the important factors given by the
implementation of the framework could play an important role in fostering the implementation of
energy efficiency measures in compressed air systems. The paper concludes with further research
avenues to further promote energy efficiency and sustainability oriented practices in the industrial
sector.

Keywords: energy efficiency; compressed air systems; energy efficiency measures; nonenergy ben-
efits; assessment factors

1. Introduction

Industrial energy efficiency is widely recognized as crucial means to mitigate the growing final
energy consumption (by more than 25% in the 2018-2040 time span [1]), given that industry is re-
sponsible for 35% of global total final energy use [2]. Energy efficiency can also lead to other benefits,
such as enhanced security of the energy production systems and a healthier and more comfortable
environment [3], plus strategic advantages connected to a less volatile energy market [4], especially
in countries strongly dependent on energy imports [5,6]. As discussed by [7,8], previous research has
mainly focused on sector-specific energy efficiency measures (EEMs). However, the extreme hetero-
geneity of the industrial sectors calls for a different approach aimed at promoting specific cross-cut-
ting technologies. Among others, the Compressed Air System (CAS) looks particularly interesting,
being widely diffused as ancillary technology within many industrial processes [9] due to its clean-
ness, practicality, and ease of use [10]. Usually, industrial compressed air (CA) is generated by using
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electricity as energy source and can account for about 10% of the total electricity bill in some contexts
[10]. By taking a life-cycle costs perspective on CAS, the largest portion of costs is covered by operat-
ing costs (almost 80% [11]). Therefore, improved energy efficiency in CAS by implementing EEMs
(both implying both technological and behavioral changes [12]) should be abundantly cost-effective,
and lead to other benefits, such as reduced scrap rates, greater capacity utilization, enhanced safety,
and many others [13].

Nonetheless, despite the huge potentials for energy efficiency gains (up to 20% [11,14]) and con-
tinuous development in the field [15], EEMs are not diffused as expected, leading to the so-called
energy efficiency gap [16,17], particularly critical for small and medium-sized enterprises (SMEs),
which everywhere represent the vast majority of companies and are responsible for the largest share
of consumption [18,19]. Previous research noted that SMEs particularly suffer from a lack of internal
competences as well as standard procedures hindering EEMs adoption [20-22]. This is also confirmed
by studies on barriers to energy efficiency [17,20,23], which only partially refers to costs, rather point-
ing the attention on the lack of awareness and specific knowledge [22-24] as well as unperfect infor-
mation and irrational behavior [25], therefore suggesting that it is of primary importance to highlight
the single factors driving the decision-making process over EEMs. The literature has so far identified
assessment factors for EEMs (e.g., [26]); however, they are referred to other technologies other than
CAS. Since different technologies are characterized by different EEMs [27], different factors should
be analyzed as well.

Classifications of interventions in CAS have been proposed by literature [11,28,29]; nevertheless,
amere technical EEM description does not sufficiently pinpoint some relevant factors, such as specific
implications at the operational level that, beyond energy and monetary savings, are crucial for wise
decision-making, representing a major research gap. Therefore, starting from an overview of CAS
(Section 2) and literature review in Section 3, we offered a novel framework encompassing the most
important factors for decision-making over industrial CAS EEMs (Section 4). The framework, which
includes the specific EEMs description, broadens the effects of their implementation beyond energy
and economic considerations, offering a genuine and innovative contribution to the academic discus-
sion over the impacts of EEMs on industrial operations. Further, the proposed framework also aims
to effectively contribute to supporting decision-makers and policymakers in fostering the adoption
of EEMs in CAS, as well as technology and service providers in tailoring their services. A validation
and preliminary application of the framework was conducted in several manufacturing enterprises
(Sections 5 and 6, respectively), giving valuable insights and opening further research avenues (Sec-
tion 7).

2. EEMs in CAS: An Overview

Overall, CAS are usually characterized by reduced energy efficiency [10,30]. However, CAS en-
ergy efficiency can be improved through well-known EEMs, in terms of technologies and practices
available in the market. Understanding the characteristics of CAS EEMs is of primary importance to
shed light on the factors driving their adoption and foster their implementation.

A valuable source for the analysis of EEMs in CAS is represented by the US DOE Industrial
Assessment Center (IAC) [31], which identified 16 EEMs labelled with an Assessment Recommenda-
tion Code (ARC). Such EEMs, as noted by previous literature [7,26,32], represent a broad range of
activities to improve the energy efficiency of CAS, including (as summarized in Table 1):

e installation of new equipment (e.g., ARC 2,4226 “Use/purchase optimum sized compressors”,
2,4224 “Upgrade control compressors”, 2,4225 “Install common header on compressors”);

e  optimization of existing equipment (e.g., ARC 2,4231 “Reduce the pressure of compressed air to
the minimum required”, 2,4235 “Remove or close off unneeded compressed air lines”);

e  recovery of extant working conditions (e.g., ARC 2,4236 “Eliminate leaks in inert gas and com-
pressed air lines/valves”);

e replacement of compressed air medium (e.g., ARC 2,4232 “Eliminate or reduce the compressed
air used for cooling, agitating liquids, moving products or drying”, 2,4233 “Eliminate perma-
nently the use of compressed air”);



Energies 2020, 13, 5116

° energy recovery (e.g., ARC 2,2434 from either compressors or ARC 2,2435 from air dryers).

Moreover, efficiency in CAS may be reached following three directions: preventing energy
losses, minimizing energy input, and recovering energy [33]. The IAC database covers the first two
areas, however, the latter is partially lacking since the database only refers to the recovery of thermal
energy. Hence, to cover the gap, an additional EEM related to the adoption of energy harvesting units

was added to Table 1.

Table 1. Industrial Assessment Center (IAC ) classification of EEMs in CAS.
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With respect to other literature addressing EEMs in CAS (e.g., Nehler [11]), the IAC has been
preferred, given that Nehler [11] has clustered EEMs according to their physical local location to rec-
ognize the effect on the system and their interrelations, however leading to a significant overlapping,
since multiple EEMs seem to target the same energy efficiency issue. Rather, IAC classification allows
assessing EEMs with an industrial decision-maker perspective. In fact, as reported in Table 1, the
implementation of those EEMs should consider several additional operational issues (e.g., accessibil-
ity, location, noise) and impacts on other production resources (e.g., labor through an impact on
maintenance activities and/or safety) that are important for industrial decision-makers and other lit-
erature, industrial and scientific. Interestingly, the existence of such implications seems to show the
need for academic literature to more thoroughly and systematically address the factors that should
be considered when adopting an EEM in CAS.

3. Literature Review, Critiques, and Needs

Section 2 highlighted several EEMs characteristics helpful to identify technical and operative
factors that should be assessed when dealing with the adoption of EEMs in CAS. Similarly, assess-
ment factors have been discussed by previous academic literature. A breakthrough contribution is
represented by the study by Fleiter et al. [26], who developed a framework based on 12 factors
grouped into three categories, namely relative advantage, technical context, and information context.
Interestingly, the factors considered refer to the profitability side of the EEMs, but point also toward
their complexity, with thus some links to research by Rogers focused on the adoption of innovation
into industry [99]. The relative advantage and the complexity indeed represent the only factors,
among the ones considered by Rogers [99], which are statistically related to the adoption of interven-
tions, together with the compatibility of an innovation [100], considered however as a “rather broad
and subjective characteristic that is heavily dependent on the potential adopter”, thus neglected in
the analysis by Fleiter et al. [26]. Roberts and Ball [101], referring more generally to sustainability
practices (thus with a broader focus than energy efficiency), encompassed most of the aforemen-
tioned considerations, defining a framework that also pointed out the importance of including the
time dimension in the analysis, which was not included by Fleiter et al. [26]. Similarly, factors for the
characterization of EEM were considered by Trianni et al. [7], who maintained the profitability di-
mension but also the description of the complexity of an EEMs, as suggested by Fleiter et al. [26],
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through factors such as the activity type, the ease of implementation, and the likelihood of success/ac-
ceptance. Noteworthy, both Roberts and Ball [101] and Trianni et al. [7] made a further step prelimi-
narily suggesting to include among the assessment factors also the nonenergy benefits (NEBs), i.e.,
all the benefits coming from the adoption of an EEM beyond the energy savings, as defined by Mills
and Rosenfeld [102], but not explicitly.

However, NEBs represent the positive impacts that EEMs have on the operations and the other
production resources. They were considered mainly as additional benefits to stimulate the imple-
mentation of industrial energy efficiency, since their value may exceed that of the energy savings
[7,103]. However, recent research has pointed out that there may be also negative implications stem-
ming from the adoption (e.g., [103,104]), which should likewise be included in the assessment also as
a necessary acknowledgement to gain credibility with the industrial sector [102]. In a nutshell, re-
gardless of being positive or negative, NEBs describe impacts stemming from the EEMs adoption
and, as such, they should be assessed during the decision-making process to make a sound decision.

Literature identified NEBs stemming from the adoption of a variety of technologies and EEMs,
referring them to a set of categories according to their nature and targeted area (e.g., relative ad-
vantage, technical context, information context [26]; complexity, compatibility, observability [99,100];
waste, emission, operation and maintenance, production, working environment, and other [105,106]).
In this regard, Table 2 shows the most significant contributions (NEBs encompassed by literature are
indicated with an “X”; the green background helps to graphically highlight the areas most frequently
covered by the past studies). Unfortunately, the majority of literature over NEBs does look to specific
technologies not including CAS (e.g., [107-109]), or considers CAS together with other technologies
[11]. To the best of our knowledge, only very few studies were conducted targeting CAS specifically.
Gordon et al. [49] first attempted to analyze NEBs referring to CAS exclusively, listing a variety of
NEBs, ranging from maintenance and insurance and labor costs to improved system performance
and workers’ safety conditions. More recently, Nehler et al. [27] highlighted a simple list of 34 specific
NEBs for CAS, ranked according to their importance as perceived by users and experts, with the top
positions occupied by organizational related factors (e.g., commitment from top management; people
with real ambition), energy-related factors (cost-reductions resulting from lowered energy use; en-
ergy management system; the threat of rising energy prices), and strategic factors (long-term energy
strategy). Doyle and Cosgrove [110] further delved into this issue by identifying the benefits stem-
ming from one EEM, i.e., compressed air leaks repair, in terms of reduction of the required working
units and the consequent drop in the plant room temperature, which in turn improve the efficiency
of CAS. Interestingly, Table 2 shows that, despite referring specifically to CAS, these studies consider
about the same NEBs already defined by Worrell et al. [105]. The only exception is represented by
the improvements in system performance, which address improved pressure levels, consistency of
pressure, and the ability to address spikes in usage [49], which are indeed specific of the technology.
On the other hand, if many manuals deal with CAS technology (e.g., [29,39,111]) they refer solely to
technical aspects, such as the impact on parameters like pressure or temperature, which are critical
for the adoption of the technology, nonetheless representing a limited perspective, not even naming
the wider concepts of assessment factor nor NEBs.
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Table 2. Factors used in literature to describe EEMs.

CAS (Specific)

CAS (Among other Technologies)

Other Technologies/innovations

Cat i Fact
ategories actors [49] [110] [27] [105] [112] [106] [7] [107]  [113] [108] [109] [114] [26] [115] [100] [99] [102]
IRR X
Pay-back X X X X X (rela- X (rela-
Relative Increased sales X five ad- five ad-
Initial expendi- vantage) vantage)
advantage/ ture/implementa- X X X
economic .
tion cost
Interest cost on X
capital investment
Distance to core X X
process
Type of modifica- X
Technical tion
context Scope of impact X
Lifetime (of the X
measure)
Complexity X X X
Compatibility X X
Transaction cost X
Knowledge for
planning and X
Informational implementation
context
Diffusion progress X
Sectoral
. X
applicability
Trialability X
Observability X
Communicability X
Divisibility X
Social approval X
Saving strategy X
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Categories Factors

CAS (Specific)

CAS (Among other Technologies)

Other Technologies/innovations

(49]

[110]

(27]

[105]

[112]

[106]

7] [107] [113] [108]  [109]

[114]

[100]  [99]  [102]  [116]

Activity type

X

Ease of implemen-
tation

X

Implementa- Likelihood of suc-
tion cess/acceptance

lated .
relate Corporate involve-

ment

Check-up fre-
quency

Use of waste fuel,
heat, gas

Reduced product
waste

Reduced
wastewater

Waste Reduced hazard-
ous waste (and
hazardous water)

Waste disposal cost

Material reduction
(raw material)

X (waste)

X (waste)

Reduced dust emis-
sion (ashes)

Reduced CO, CO2,
NOX, SOX emis-
Emissions sions

X (emis-

Reduced cost of en-
vironmental com-
pliance (fines in-
cluded)

X X

. emis- (emis-
sion) ( (

X (emis-
sion)

sion)  sion)

Reduced need for
engineering
control

Operations and
maintenance

X (opera-
tions and
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Categories Factors

CAS (Specific)

CAS (Among other Technologies)

Other Technologies/innovations

[105]

[112]

[106]

(7]

[107]

[113]

[108]

[109]

[114] [26]  [115]

[100]  [99]  [102]  [116]

Better control/ im-
proved process
control

Lowered cooling
requirements

Increased facility
reliability

Reduced wear and
tear on equipment

Increased lifetime

Reduced labor
requirements
(cost, savings)

Reduced mainte-
nance (mainte-
nance cost)

Reduced water
consumption

Lower cost of
treatment
chemicals

Reduced
operating time

Reduced purchases
of ancillary
materials

Reduced non-
energy operational
cost

Improved ease of
system operations

mainte-
nance)

X

X

Productivity

Increased product

Production output/yield

X (pro-

Improved

duction)
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Categories Factors

CAS (Specific)

CAS (Among other Technologies)

Other Technologies/innovations
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[113] [108] [109] [114] [26]  [115] [100]  [99]  [102]

[116]

equipment
performance

Shorter process
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product quality/
decrease scrap

Increased system
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Reduced cost of
production
disruption
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in production
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Categories Factors

CAS (Specific)

CAS (Among other Technologies)
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[110]
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[105]

[112]
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7] [107] [113]  [108]

[109]

[114]

26] [115] [100]  [99]  [102]  [116]

capital
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By analyzing the literature, and in particular the area surrounded by the red line in Table 2, the
main literary gap is clearly represented by the lack of study encompassing for the entire range of
factors that should be considered by decision-makers during the assessment of EEMs, especially
when dealing with CAS. Referring to a single technology is necessary since different technologies
require different EEMs, which might provide different NEBs [27] and be characterized by different
assessment factors. Moreover, without this specificity, the work might lose the practical interest by
decision-makers because it is too general to describe the broadest set of possible industrial contexts
where to consider the adoption of EEMs on CAS. Furthermore, it is clear how most studies dealing
with assessment factors on CAS, regardless from the addressed technology, do not address the con-
text in which the technology is called to operate, therefore missing a (potentially) crucial element for
a complete decision-making. Moreover, it should be noted that most studies are focused on NEBs
from the service phase of the equipment, whilst both the drawbacks stemming from the adoption
and the implementation phase itself of the EEM have been rarely considered in the analysis [117].

4. A Novel Framework of Factors for Decision-Making Over CAS EEMs

The framework, designed to provide a holistic perspective for decision-making purposes, has
been created by tailoring factors and the broader categories to the specific features of CAS EEMs. The
factors, which should be relevant to the adoption of EEMs and, if possible, should avoid overlaps,
derive from either a thorough review of the industrial literature about the technology behind single
EEMSs (Table 1) or from the scientific literature on EEMs characteristic. This dual perspective guaran-
tees the completeness of the analysis, being therefore inclusive of the impacts on the operations and
the other productive resources of a company. This completeness was maintained during the follow-
ing synthesis process, which made it possible to obtain a synthetic framework thanks to the grouping
of factors into categories and subcategories. Furthermore, the grouping process was carried out in
such a way that the framework obtained corresponds to the perspective adopted by decision-makers
regarding the adoption of EEMs to CAS. As summarized in Table 3, 22 factors were identified and
organized in three categories, respectively: (i) operative factors, (ii) economic-energetic factors, and
(iii) contextual factors, which in turn were divided into three further subcategories, i.e., (i) complex-
ity, (ii) compatibility, and (iii) observability.

4.1. Operational Factors
The need for compressed air is primarily defined by end-users’ requirements in terms of:

o agir flow rate [29];
e pressure level [29];
e aqir temperature [39].

The CAS performance and efficiency do not rely exclusively on such primary factors. Yet, pri-
mary factors are strictly interconnected to several secondary ones: among these, we can find heat and
thermal capacity, linked to the air temperature, power, work, but also volume, density and mass flow
rate of air, directly connected to its pressure and flow rate.

4.2. Economic and Energetic Factors

Pay-back time. Pay-back time has been widely recognized as an easy yet indicative factor sup-
porting industrial decision-makers with limited resources [7,118].

Initial expenditure. Regardless of the type of investment [119], the initial expenditure is a crucial
factor and may represent a major hurdle hindering EEMs adoption, especially among SMEs, due to
their limited capital availability [120,121].

Energy savings. The amount of saved energy is a critical indicator of savings stemming from the
adoption of an EEM [7] and it refers to monetary quantification of the physical energy source (either
primary or secondary).
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4.3. Contextual Factors

Other than considering operative and economic-energetic factors, CAS EEMs can be character-
ized by many factors strongly dependent on the specific industrial context for which they are consid-
ered. We took inspiration from the study conducted by Rogers [99] who broadly reviewed the char-
acteristics of innovation in general. Since the adoption of EEMs into a specific context can represent
a process innovation, those characteristics were transferred and adapted to CAS EEMs, as detailed in
the following.

4.3.1. Complexity Factor

Complexity describes the difficulty one might encounter when adopting an EEM, inversely pro-
portional to the adoption rate of the measure itself [99]. Understanding in which cases the adoption
is revealed to be complex is a fundamental passage to characterize it. Literature on innovation refers
to the radicalness as an index of complexity, since it is correlated to the degree of change required for
the adopters [122]. This is a rather vague definition for the specific study and a potential source of
misunderstanding [26,123]. Hence, we decomposed the complexity into factors whose definitions are
specifically intended for the analysis of EEMs.

Activity type distinguishes if an EEM constitutes a simple refurbishment or recovery of the exist-
ing functions, an optimization in the use of an existing technology, a retrofitting of the equipment or
a new energy-efficient equipment installation [7]. Indeed, a simple retrofit is easier than a new in-
vestment in equipment [124].

Expertise required refers to the range of skills required for the correct implementation of an EEM.
Since different levels of expertise are required for each EEM and considering their variety, the skill
range can be wide enough to be hard for firms in finding technology experts, especially for SMEs,
where CAS is used almost exclusively as a service [125].

Independency from other components/EEMs refers to the influence of the implementation of an EEM
on the existing system, to underline the nature of the impact [26,100,126]. The possible impacts can
influence CAS equipment working conditions, other systems or can generate cause—effect relation-
ships with other EEMs, with the magnitude of the influence being inversely proportional to the easi-
ness of understanding the consequences of the installation and predicting the total savings.

Change in maintenance effort. The variation of maintenance requirements as a consequence of the
adoption of EEMs has been often considered an important factor by previous literature [102,105,106].

Accessibility. Difficulties in accessing equipment may require higher efforts from personnel or a
greater amount of technological resources to carry out operations; this can be even harder for CAS,
in which the distribution system is usually difficult to access. Moreover, accessibility may also refer
to space unavailability for maintenance procedures when technology add-on measures are installed.

4.3.2. Compatibility Factors

Compatibility explains to which degree EEMs can be adapted to the existing system. According
to Rogers [99], it can be referred, among others, to the compatibility with previously introduced ideas,
that can be translated into technological compatibility, as suggested by Tornatzky and Klein [100], or
to layout features or operating conditions that difficultly fits in the existing system. Nonetheless, de-
spite being relevant for the adoption, compatibility and related factors have not been adequately con-
sidered in EEMs literature, being strongly dependent on the adopters” contextual characteristics [26].

Technological compatibility analyzes the technological constraints related to EEMs, pointing out
the conditions where their implementation is suggested or should be avoided, highlighting a strict
connection to the specific context. Indeed, in several cases, more technologies concur for the adoption
of the specific EEM, and the best choice depends on their matching with the existing system, as well
as their suitability [127]. Without technological compatibility, the EEMs expected performance may
not be guaranteed, with also possible lack of trust for future interventions [128].

Presence of difference pressure loads outlines the existence of different pressure levels at the end-
use which may be a source of high inefficiencies and incompatibilities in the system [129]. This may
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be due to (i) the widespread availability of lamination valves that, although can be easily installed,
are meant to disperse the pressure generated; (ii) the generation of a high-pressure point, which is
recommended only when a considerable amount of air is required at that pressure.

Adaptability to different conditions may be referred to demand needs as well as to different ambient
conditions, which can influence, e.g., the air conditions at the compressor intake (e.g., see IAC ARC
2,4221). It represents a critical factor considering the flexibility of use usually required for CAS [29].

Synergy with other activities. During the EEM implementation, synergies among different EEMs
may occur, leading to potential benefits coming from the coordination of multiple activities (e.g.,
similar interventions that are suggested contemporarily, taking advantage of the same downtime of
the equipment [130]). Nonetheless, synergies may also be negative for EEMs adoption [131].

Distance to the electric service. The distance of the point of use to the electric service can be a reason
for the low adoption rates of EEMs requiring the technology substitution from compressed air-driven
to electric driven devices [132].

Presence of thermal loads. The quality level of the fluid delivered by the heat exchangers from heat
recovery units represents the major problems for the low diffusion of this solution throughout CAS.
Although the EEM can be theoretically installed for each compressor type (both packaged or not),
[29,36], its profitability depends on the fluid quantity and temperature. If the compressor load is var-
iable, heat may be delivered discontinuously in time, potentially representing an issue for the end-
use application [36].

4.3.3. Observability Factors

Observability, when referred to innovations, relates to their visibility and the communicability
of their effects to others [99]. Concerning CAS EEMs, observability can be translated into focus to-
wards the sensible changes detected in both the CAS and the working environment once the EEM is
implemented.

Safety. Since difficulties may arise when handling compressed air for high fluid pressure and
high-speed rotating parts, safety requirements are tight, aiming at reducing the accident rates [133].

Air quality. Pollution in an indoor environment is one of the more underestimated problems
within a production facility. Paying attention to air quality monitoring and improvement is on the
one hand related to enhanced health and performance of operators [106,113]; on the other hand, to
improved operating conditions for all the parts in contact with the fluid, thanks to lower values of
solid and liquid contaminants.

Wear and tear variation of the equipment is widely considered in scientific literature, mostly with
a positive meaning [105]. The same factor can be perceived, in turn, as influencing the lifetime of the
equipment [103,113]. For the specific case of CAS, a reduction of wear and tear of the equipment may
be obtained because of the lower stress impressed by the fluid, attained with the reduction of pressure
or through enhanced control capabilities.

Noise coming from the equipment may affect the working environment and possibly the perfor-
mance of the operators [102,103,105]. Nonetheless, the quantification of noise variation stemming
from the implementation of a CAS EEM can be extremely difficult, being related to several parame-
ters such as e.g., cost of absenteeism, accidents, and variation in workers productivity, that are ex-
tremely complex and with impacts measurable almost exclusively in the long-term.

Artificial demand. Air flow demand increases at higher pressure, especially when air is open
blown to the atmosphere; hence, the sizing of the system based on the maximum pressure creates an
over-pressurization that minimizes efficiency [134]. This further demand, defined as artificial de-
mand, is considered one of the major causes of inefficiencies in compressed air systems. On the other
hand, each time an EEM entails a reduction of the CAS pressure level or the reduction of its unregu-
lated use, this affects positively the amount of air being delivered, representing a further benefit of
the adoption.
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Table 3. Categories, subcategories, and factors of the new framework.

Categories Subcategories Factors References
Pressure [29,49]
Operational factors Temperature [39]
Flow rate [29]
Economic-energetic Pay-back time [7,26,118]
& Initial expenditure [7,26,119-121]
factors .
Energy savings [7,135]
Activity type [7,26,124,136]
Expertise required
. Independency from other [26,100,107,126]
Complexity components/EEMs
h . .
Change in maintenance [102,105,106,137]
effort
Accessibility /
Technological [99,127,128]
Presence of different [129]
pressure load
A ili iff
Contextual factors dal:.)t?bl ity to different [29]
ey conditions
Compatibility Synergy with other
yhesy [130,131]
activities
Dlstz.mce to the electric [132]
service
Presence of thermal load [36]
Safety [102,103,105,106,133]
Air quality [103,105-107,113]
Observability Wear and tear [103,105,106,113]
Noise [72,102,103,105]
Artificial demand [29,134]

5. Validation of the Framework

The validation of the model, intended to reach the analytical generalization as defined by Yin
[138], is performed following two separate steps: theoretical and empirical. The theoretical validation
is based on the assessment of the factors that compose the model and their capacity to describe the
selected EEMs through the analysis of literature contributions, both scientific and industrial, as dis-
cussed in Section 5.1. On the other hand, the empirical validation, structured according to the case
study methodology following Yin [138] and Voss et al. [139], is required to validate with industrial
decision-makers the framework and its composing elements, basing the analysis on a set of predeter-
mined indicators (Section 5.2). For the purpose of the present study, i.e., understanding the main
factors that rule the adoption rate of EEMs in CAS and their influence on the decision-making pro-
cess, multiple case study is the most appropriate research methodology. Discrete experiments that
serve as replications, contrasts, and extension to the emerging theory [138] are considered so that
each of the case-studies gives a contribution to the theory development beside emphasizing the rich
real-world context in which the phenomena will occur [140]. The combined approach for validation,
successfully undertaken by previous research on similar topics ([7,141]), provides better generaliza-
bility of results, avoiding relying uniquely on the data obtained from a limited number of investiga-
tions.
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5.1. Theoretical Validation

The theoretical validation is used (i) to verify the ability of the developed framework in charac-
terizing the EEMs addressing CAS and (ii) to provide a qualitative evaluation of factors, which could
result in interesting insights for decision-makers. The process involves a revision of the EEMs high-
lighted in Section 2 and it is accomplished thanks to a thorough review of the literature performed
following the perspective imposed by the factors considered in the model. The results of the theoret-
ical validation are reported in Table 4. In a nutshell, the framework proved to be able to fully describe
EEMs in CAS, also supported by the inclusion of a qualitative evaluation of interventions, intended
however to provide general guidelines rather than absolute and specific insights.
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Table 4. Theoretical validation of the framework.
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Descrip-
tion

Ref.
Description

Economic
Energetic Fac-

Operative Factors

Contextual Factors

Complexity
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Observability

Ref.
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- Y -
. © g et € & = £ E =
b « o e i - o = 9 - W e
2y p 2 R EEs £ 3 3ETE.EE = k%
o E & ° ;mgsmﬁ.sm:.zﬁ.:“_gm“?:::b”E
= B &% 5 £ & T gfey B BT 2ELET L I E G
= « B 8 2 ggowu_go“_‘:':"-':‘.ow....wm-c-c
g ¥ 9 &2 § S 2 g 89Ef 7 s TEEEETEEEE
g«:%o&ﬁ-;mguggmg@—ﬁhgwomzo’ﬂ_g
m—Q&‘DEE"U-aﬁWg 2 $ £ g 8§ T Y 9w = B B
¥ = g s 5 T ¥ #fVse 8 Y & =8 g § = 8 &
2 < 5] = = < 2 = © g < o 8 = S o =
5 R 23] = o 'g < = o < 5 b o z £
o= = & < w»w A & <
Recover
heat from
air com- M
[27,29,34,36,39,40,42,44,45,51,579091] M M H X X R H L - - M+ 0O+ 0 0 + + 0 [7,29,36,39,72,89,142]
pressor (N/A)
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units

a Low (L) if less than $2.000; medium (M) if between $2.000 and $10.000; high (H) if higher than $10.000; not available (N/A). b Short (S) if less than 1 year; medium
(M) if between 1 and 2 years; long (L) if more than 2 years. < Impacted by the adoption of the EEM: (X); not impacted: ( ). ¢ Retrofit (R); new installation (N);
optimization (O); procedure of recovery (Rec). ¢ Low (L) if the presence of maintenance personnel is enough; Medium (M) if engineering is required; High (H) if the
support of a technology expert is needed. f Magnitude: Low (L); medium (M); high (H). Orientation: positive (+); negative (-). 8 Changes with technological change
(T); maintenance effort is decreased (+); maintenance effort is increased (-); the factor is not influent for the EEM (0); not available (N/A). M Accessibility problems
negatively influence the EEM adoption (-); the EEM may change accessibility to some point, but the influence is negative or positive depending on the context (I);
not available (N/A). i High (H); medium (M); low (L); not influencing the EEM (0). i If the condition is verified, the factor may: highly influence the adoption (H);
have a little influence (L); not influence at all (0). The influence may also depend on the technology (T). Orientation: the influence positively (+) or negatively (-)
affects the adoption. X The factor may: highly influence the adoption (H); have a little influence (L); not influence at all (0). Orientation: the influence positively (+;
++) or negatively (-) affects the adoption. ! Possibility of installation with other EEMs: low (L), medium (M), high (H). Orientation: positive (+) or negative (-) influence
on the synergy with similar maintenance activities (M) or required shutdown of equipment (D); not available (N/A). ™ The factor may positively (+) or negatively (-
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) influence the adoption or may be not influencing at all (0). » The factor may positively (+) or negatively (-) influence the adoption. In some cases, the factor is
influencing but not in a precise direction (I) or it does not influence at all (0).
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5.2. Empirical Validation

We sampled firms across several sectors, limiting the analysis to SMEs, as discussed in the in-
troduction [161]. In this exploratory phase, different industrial sectors are considered, since the usage
of CA may vary according to the application, as well as its energy intensity. Five companies embod-
ying the previously stated criteria were considered for the empirical validation (details provided in
Table 5).

Table 5. Heterogeneity of the sample for the framework empirical validation.

E
Dimensions Turnover nerg:y Role of the
Company Sector (employees) [Me€] Intensity Interviewee
poy (EUNED) -
. . Site
Vi Plastic and packaging 150 + 199 <20 EI
manager
Test and inspection of Mainte-
V2 electric/mechanical com- 10 = 49 <2 El nance
ponents responsible
. . Quality and
Machine d d
V3 achine cesigh an 100 + 149 <10 EI energy
construction -
responsible
Quality and
V4 Tires regeneration 10 +49 <10 EI energy
responsible
Quality and
V5 Food and beverage 100 + 149 <50 NEI energy
responsible

aThe threshold between energy intensive and non-energy intensive companies is defined by the value
of energy costs compared to the total turnover; in the present study such value is set at 2% [162].

The interviews followed a semi-structured format [156], to give higher flexibility and customi-
zation, being able to encompass a broader set of situations. In each case study, in the first part we
collected various information regarding company profile, including sector, size, energy intensity and
turnover, the role of the interviewees—ranging from the owner to the maintenance or energy man-
ager—and their status and main responsibilities in the decision-making process over the adoption of
CAS EEMs. Moreover, the perceived importance of energy and energy efficiency were investigated,
together with the past EEMs implemented. Additionally, the CAS was analyzed to understand the
applications and purposes of compressed air usage.

In the second part of the interview, respondents evaluated the proposed set of factors based on
four performances, i.e., completeness, usefulness, clearness, and absence of overlapping, exploiting
an even Likert scale from 1 (poor) to 4 (excellent) to avoid any neutral output. In particular, the vali-
dation process was divided into two separate steps: first, the foundations of the framework were
assessed, i.e., its general structure, scope and perspective, as well as categories, subcategories, and
factors considered as clusters in their own (top-level analysis). Second, the analysis delved into the
investigation of the single elements of the framework, i.e., categories, subcategories, and factors (bot-
tom-level analysis). The dual step process was designed to provide the interviewee with the general
picture and only later moving into details, to avoid losing his attention releasing too much infor-
mation in a single instance. The indicators used for the evaluation are displayed in Table 6, with
detailed scores for the five companies reported in Appendix A.
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Table 6. Parameters for the framework validation.

Framework Completeness Usefulness Clearness Absence .Of
Overlapping
Structure X X
Scope X X
Perspective X

Categories X (cluster) X X X
Subcategories X (cluster) X X X
Factors X (cluster) X X X

The overall evaluation is extremely positive for each indicator, with no changes in the frame-
work suggested:

o usefulness: the framework can provide useful insights to industrial decision-makers when deal-
ing with the adoption of EEMs in CAS;

e completeness: all the critical factors are identified, especially those which are usually neglected
due to a lack of awareness or specific knowledge about the technology;

e clearness: the factors are clearly defined and easy to understand for industrial decision-makers;

e absence of overlapping: the framework does not contain any unnecessary repetition.

The importance of pointing out all the consequences stemming from the adoption is moreover
stressed by the interviewee of company V4, suggesting that technology providers should also use the
framework to highlight the consequences when proposing CAS EEMs. On the other hand, as noted
by company V5, such increased knowledge might empower industrial decision-makers, since he rec-
ognized that usually service providers lean on a greater set of competences, thus limiting the com-
pany to implement suggested EEM, rather than proposing EEMs by themselves.

6. Application of the Model

Multiple case-study with semistructured interviews was selected as research methodology also
for the empirical application of the framework into a second sample composed by 11 companies,
sampled with the same rationale previously presented in Section 5 (details in Table 7). In order to
apply the framework and test its effectiveness, considering the sample heterogeneity, we focused our
analysis on the most recommended interventions, by considering the IAC database as reference (Ta-
ble 8). Considering the timeline of the companies, EEMs are divided into:

(i) past EEMs when recommended and backed up by an investment plan but never implemented;

(ii) present EEMs if recommended and adopted, so the companies experienced the result; and

(iii) future EEMs if not yet recommended or only recently recommended, with no decision about
their implementation undertaken.

Table 7. Heterogeneity of the sample for the framework application.

Energy

Dimensions Turnover A Role of the

Company Sector (employees) (M¢€) Intensity Interviewee
Py (EUNED)
Al Plastic and packaging 150 + 199 <20 EI Site manager
Test and inspection of elec- Maintenance
A2 tric/mechanical compo- 10 +49 <2 EI .
responsible
nents
. . Quality and
A3 Machine design and 100 + 149 <10 EI energy re-

construction g
sponsible
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Quality and
A4 Tires regeneration 10 + 49 <10 EI energy re-
sponsible
Quality and
A5 Food and beverage 100 + 149 <50 NEI energy re-
sponsible
. . Quality and
Thermoforming of plastic
A® and PVC miterizls 1049 =10 N/A enerey et
sponsible
A7 Microelectronic compo- 100 + 149 <0 EI Site manager
nents
Plastic manufacture, ther- Owner/site
A8 moplastic, and plastic 10 = 49 <2 EI
manager

welding

A9 Manufacture and distribu- 10 + 49 <0 NEI  Site manager
tion of paints

Al10 Food and beverage 10 = 49 <10 EI Owner/site
manager
All Food and beverage 10 +49 <20 N/A Site manager

Table 8. Synoptic of the most recommended EEMs [142] that will be analyzed for the framework

application.
AR
¢ Measure Recommended % Implementation
Code
2 4236 Eliminate leaks in inert gas and compressed 8138 80.38
air lines/vales
2 4221 Install compressor air intakes in coolest lo- 5129 465
cations
2 4231 Reduce the pressure of comPressed air to 4446 496
the minimum required
2,2434 Recover heat from air compressor 1626 31.86
Eliminate or reduce compressed air used for
2,4232  cooling, agitating liquids, moving products, 1450 46
or drying
2,4226 Use/purchase optimum sized compressor 692 42.92
2,4224 Upgrade controls on compressors 639 44.6

The application of the framework is intended to test its ability to work as an assessment tool.
Decision-makers are required to indicate the importance factors have in the adoption process, rang-
ing between ‘not important” and ‘very important’. Eventually, the relevance in using the framework
for the decision-making process and the greater awareness gained from it are asked to the respond-
ents, together with the effort required for its usage and its ease of application.
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Box 1. Application of the framework to company A5.

Company profile:

¢  Company A5 is a medium size company, with 105 employees and about €50 million of annual
turnover, part of a multinational corporation operating in the food and beverage sector.

e  They are specialized in the production and distribution of canned sea food, with six produc-
tion lines present in the plant. CA is used in the production lines for cleaning activities on the
cans, for cutting fish, for the packaging system, and to drive the transportation lines.

Energy profile:

¢  Energy consumption is around 1% of the total turnover, which makes it a non-energy intensive
company [1]. About 15% of the total energy consumption is related to compressed air, with a
total power installed of 162 KW, distributed along four compressors located in two separate
COMpressors rooms.

e  Company A5 is not certified with ISO 50001.

e  The last energy audit was performed in 2016

Interviewee profile:

e  The interviewee is the site manager, who is moreover in charge of the energy management
inside the plant.

e  The decision-making process is performed by the site manager together with his team, com-
posed of four people. They are also responsible for maintaining the correct conditions, aligned
with the indications coming from the installed performance measurement system, during the
execution of the production and service processes.

EEM profile:

e  Company A5 considered the replacement of CA used for the transportation system for cans
and aluminum tubes along the production line with a motor driven vacuum system, aiming
at enhancing the performance getting rid of a dated technology.

e  The EEM belongs to the past cluster since company A5 eventually did not perform the substi-
tution. The reason lies in the high investment cost and the required shutdown of the entire line
which would have meant production disruption, thus losses, since they are continuously op-
erating 24 h per day.
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Application of the framework:

The requirements to be satisfied in terms of pressure were considered by the

Noise

Pressure .
- decision-maker.
<
g o Temperature was not perceived as a very influencing factor for the replace-
= 8 Temperature .
g g ment of the CA-based transportation system.
o
8 ha Together with pressure, the flow rate requirement was considered during the
Flow rate decision-making process, being of paramount importance for the operation of
the system.
. The importance of the factor was high, although the decision-maker was more
Pay-back time ] )
9 susceptible to costs rather than to the extent of the pay-back period.
B
& The high investment cost required for the EEM, together with the losses due
-
g o .. . to the stop of production which would have been necessary to perform the
¥ 3 Initial expenditure . . .
23 substitution of the transportation system, were the main reasons that led to
g = the nonadoption decision.
] . . .
S Energy savings represent an important factor for the adoption of the EEM,
= Energy savings with the decision-makers pointing out the possibility to enhance the energetic
performance of the system by replacing a dated technology.
Activity type The EEM is a new installation.
The installation of the EEM requires the involvement of experts in the substi-
Expertise required | tution process, negatively affecting the decision according to the decision-
= maker.
g Independency from | Considering the pervasive involvement of the transportation system for the
'é. other compo- proper operation of the production line, the decision-maker pointed out a
S nents/EEMs high dependency for the EEM.
Change in mainte- | No main changes were pointed out by the decision-maker with respect to
nance effort maintenance efforts.
- For the specific location of the CAS and the transportation system in company
Accessibility e .
Ab, the accessibility is not a big issue.
. The measure cannot be applied on all systems; hence the technological com-
Technological o . . .
patibility is a very important factor according to the decision-maker.
Generally, the presence of different pressure loads should usually favor the
Presence of different | adoption of the vacuum pumps; however, for the specific situation of com-
pressure loads pany A5, pressure loads differences were almost negligible, reducing the
g weight of the factor.
S The capacity of the EEM to adapt to different operating conditions does not
£ 2 | Adaptability to dif- | pactty . P . P 8 . .
~ = o influence the adoption for the specific case of company A5 since a single vac-
5 | ferent conditions . .
< = uum pressure level is required.
9 <3
"g g-' Through the exploitation of synergies the installation can be performed when
o S . the line is down, taking advantage of a planned production stop; this factor is
Synergy with other . . .
tiviti critical, since for no reason the replacement of the actual transportation sys-
activities
tem would have been performed in a different time slot, with the risk of in-
fluencing and stopping the normal activities.
Distance from the For the specific situation of company A5 the factor is not critical due to the
electric service installation of the compressors in two rooms, close to the electric service.
Presence of thermal
load No thermal loads are present for the specific application.
oa
Saf The factor is not highly influential for the adoption of the specific EEM ac-
afe
Y cording to the decision-maker.
> . . The variation in the quality of air was not perceived as a very important factor
= Air quality .
7 by the decision-maker.
< - - "
2 The variation in wear and tear of the equipment does not represent a critical
2} Wear and tear . i
2 factor for the adoption of the specific EEM.
o}

The interviewee proved to be almost unaware of the potential improvement
in noise level and assigned a low weight to the factor.

Artificial demand

The factor is not critical for this EEM according to the decision-maker.
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Eventually, the framework proved to be able to outline factors not known to the engineering
of company A5, although it should be noted that none of the negative ones had been underesti-
mated. In turn, more aware of the positive consequences of the adoption, the decision-maker could
go back to his steps in case of a new stoppage of the line. He admitted that, despite the massive
usage of compressed air and its energy consumption, they are not completely aware of the measure
which could fit in their context. For this reason, he considered the developed tool as extremely
tailored for their case. Moreover, the user-friendliness and the ease of use were positively rated.
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In Box 1, we reported the application of the framework to a selected company (A5). In the fol-
lowing, we present the results of the application, displayed in Table 9. By looking at the implemen-
tation of the proposed framework, it appears clear how the operational factors are always considered
during the assessment, with the only exception represented by the temperature, neglected in the as-
sessment conducted by company Al for the adoption of a controller, which nonetheless did not com-
promise the result. Referring to the economic-energetic factors, decision-makers stated how im-
portant they are for the correct assessment of EEMs, hence are usually the major set of factors consid-
ered in the decision-making process.

Nevertheless, the contextual factors pointed out on multiple occasions their capability to high-
light critical features whose absence may change the adoption outcome. Particularly, the type of ac-
tivity, providing information regarding the complexity of an EEM, was considered of primary im-
portance in all the assessments, pointing out the huge perceived differences between the different
nature of EEMs. The installation of a new device, or even a retrofit entailing the addition of new
equipment, was indeed perceived as a complex operation by Al, which installed control systems and
considered the movement of the compressors air intakes in a cooler place, or even by A5, which con-
sidered the replacement of the transportation system based on compressed air. On the other hand,
completely different perceptions came from the companies which considered an optimization, e.g.,
companies A3, A6, A8, and A10, where the EEM relates to the repair of leaks. A2 stated how the type
of activity was an important factor in his assessment, since the EEM, i.e., the reduction of the pressure
level to the minimum required, is a simple optimization which does not imply any structural change
in the system, hence requiring only a low level of involvement.

Similarly, the expertise required to carry out the adoption is assessed as one of the main factors
to be taken into consideration by decision-makers, especially for complex EEMs or in case of lack of
knowledge, e.g., for the EEM considered by A9, which would imply the elimination of the com-
pressed air used for dense phase transport but would be completely outsourced because of lack of
internal competences. The expertise required guides A2 on the choice of simply consulting the com-
pressor technical manual or contacting a technology expert for the adoption of the planned EEM.
Further, in the case of A7, one of the main reasons for not adopting the EEM was the high expertise
required, similarly to A5.

The independence from other components or EEMs was highly appreciated by the decision-
maker of company A5, who was indeed worried about the high involvement of the transportation
system in the production processes. Although the same EEM was considered by A9, the decision-
maker was at first unaware about the importance of the factor. Rather, he was aware of the high
dependency for what concerns the other EEM adopted by the company, i.e., the installation of control
systems (two in the specific case), as he recognized how one may influence the proper working of the
other. Regarding the repair of leaks in the compressed air lines, the advantage coming from the in-
creased pressure level, which may end up with the reduction of the number of required compressors,
was known to A3, A8, and A10. Differently, A6 was sceptic about this potential influence, thus ne-
glected the factor from the analysis and ended up not adopting the EEM. Similarly, the dependency
of the considered EEM was not known by A2, which did not take into account the potential risks
related to the reduction of the pressure level for other activities to be performed through the same
medium. Likewise, the decision-makers within Al disregarded to resize the air receivers and the
possible installation of the central control for the dryers. In both cases, the assessment resulted in the
underestimation of the negative sides of the EEMs which could compromise their adoption.



Energies 2020, 13, 5116 36 of 51

Table 9. Assessment of the factors from the application of the model.

. Opera- Economic- Contextual Factors
Categories tional Energetic
of Factors Factors Facﬁ)rs Complexity Compatibility Observability
d . &
7] on >~ = - = 8 Y o -
o £ 2 E Y E R .o 2 F EEB . E EE G
g &2 8 ¥ B = 2 L 9 9 g = W w 2 & 2 8 - B X 4 8 =
B &8 4 % S5 & o EET 2 6 ©° = ¢ T8 £ =273 & 8§
Factors & 9 S ET 2 2 EES E E RS 9LE B Y o ¥ EZR S EE £
8 = 2 S E§ BE &g &L ¢ g gEE £ g g s <35 S EF
S E 2 T~ a 8 2 XY o §H S g R g S g N o = 0
~ 5 = 2 x ¢ 9 H K 5 & © T 2.8 (=) £ & 2 5 <
A s H OB < K- s < S £ 2 » A g =
5 &
Com- EEM EEM
pany status
Al Install compressor air intakes in coolest location (ARC 2,4221) past v v v v v vV (m v 10
Al Upgrade controls on compressors (ARC 2,4224) present v () v v v vv v/ /() v v oY v
Reduce the pressure of compressed air to the minimum required
A2 fut 4 A A A 1 v ! !
(ARC 2,4231) uture *) © ©
A3 Use/purchase optimum sized compressors (ARC 2,4226) past v v v VY vy v v
A3 Eliminate leaks in inert gas and compressed air lines/ valves future v v v v s v VYA, , ,
(ARC 2,4236)
A4 Install compressor air intakes in coolest location (ARC 2,4221) future v v vV Vv VvV VYOV v 0
A5 Elimi‘nate‘or .reduce tbe compressed air uéed for cooling, agitat- past v Vv vY v v v v v v
ing liquids, moving products, or drying (ARC 2,4232)
A6 Eliminate leaks in inert gas and compressed air lines/ valves past v Vo vY v v v 0 v , n
(ARC 2,4236)
A7 Recover heat from air compressor (ARC 2,2434) past v YWY v vy v n v Vv
AS Eliminate leaks in inert gas and compressed air lines/valves future v Vo vY v v v v oIr s Sy n
(ARC 2,4236)
A9 Upgrade controls on compressors (ARC 2,4224) present v vV vV Vv Vv v v/ vV vV v vV v
A9 Elimi‘nate‘or .reduce tbe compressed air used for cooling, agitat- future v Vo v v v vy v v S
ing liquids, moving products, or drying (ARC 2,4232)
A0 Eliminate leaks in inert gas and compressed air lines/ valves present v v v v ", p S,
(ARC 2,4236)
A10 Install compressor air intakes in coolest location (ARC 2,4221) future v v v v v VvV v/ v
All Use/purchase optimum sized compressors (ARC 2,4226) present v v VY VY YV 0] v

Factors considered as important (v') and very important (v'v') by decision-makers and literature; factors important (!) and very important (!!) that should have been
considered by decision-makers according to literature, but which were not considered in the decision to adopt EEMs.
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The variation in maintenance effort is considered by almost all the respondents but it was per-
ceived as critical only when the effort would be increased because of the leaks repair activity, i.e., by
A3 and A8, which were considering the EEM for the future. Differently, A10, which performs the
same EEM regularly, evaluated the effort as manageable.

The accessibility of CAS was widely considered since some companies had issues in the past.
A10, e.g., assessed the accessibility as the most critical factor when dealing with the repair of leaks,
together with A6 and A8, since parts of their compressed air lines can either be hard to reach or
inaccessible (underground). The criticality of the factor was also pointed out by company A9, where
the transport system to be replaced is integrated into the process lines, and A4 and A7.

Moving to the compatibility subcategory, technological compatibility was considered a critical
factor by many companies. The choice of the controller, for instance, was strictly constrained by the
type of compressor installed, as highlighted by Al and A9. Technological compatibility was also
rated as very important by A2, dealing with the reduction of pressure level of the CAS, since the
variation in performance depends on the type of compressor. Eventually, A5 and A9 pointed out how
the elimination of compressed air from the transportation system is an EEM which cannot be always
applied because of technological constraints.

The presence of different pressure loads was considered of utmost importance by A3 when deal-
ing with the correct sizing of compressors, since it may influence the decision regarding the number
of devices required. However, for the same EEM, A1l did not perceive the criticality of the factor,
despite the effective presence of different pressure levels in their lines. The explanation should be
researched in the number of pressure reducers installed in the system. Eventually, if the factor had
been properly considered, the company would have probably opted for a different and more efficient
configuration. Similarly, in A2 the factor was not considered, despite the influence the pressure level
has on the heat recovery potential.

The adaptability to different conditions was considered as the most important factor by Al and
A9, both dealing with the adoption of controllers on compressors, which were indeed installed with
the specific purpose of changing the operating conditions of the equipment when needed. The factor
was, however, underestimated by A1l regarding the assessment of the second EEM, i.e., the displace-
ment of the compressors air intakes in the coolest location, because of a lack of awareness, and this
was one of the main reasons hindering the adoption. Moreover, as stated by the decision-maker of
company A7, the adaptability to different conditions, related to the variability of requirements in the
demand side, is a very important factor when considering the recovery of heat from the compressors.

It should be assessed, however, together with the factor describing the presence of thermal loads,
which refers to the availability of the right amount of heat to match the demand side. These are the
most important factors to be considered when dealing with that type of EEM according to A7.

The possibility to take advantage of synergies to carry out the installation when the production
line is down was considered as a very important point by both A5 and A9 when deciding about the
replacement of the old air compressed transportation system with a more efficient technology. Oth-
erwise, this would lead to an additional plant shutdown with related production losses, hence sup-
porting the non-adoption of the EEM. The same factor was rated as critical for the adoption of con-
trollers on compressors carried out by Al and A9. In particular, the decision-maker of company Al
pointed out that the activity requires a long time to be performed, thus it was done during the sum-
mertime when the plant was closed. The synergy is also reported by Al and A10 considering the
displacement of the compressors air intakes in cooler locations.

Regarding the observability factors, all the respondents whose companies performed the repair
of leaks in compressed air lines recognized the importance the activity has on the safety.

The air quality was generally not acknowledged as a critical factor, although other authors
pointed out its relevance [29]. Companies Al and A4 considered the displacement of the compressors
air inlets from the external environment to the internal one, in a cooler location. Beside a difference
in temperature however, the quality of the internal air is usually better: the moisture content is lower,
and this may lower the wear of the compressors, extending their lifetime. Differently, for A10 there
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would be no variation in the air quality but only in air temperature since the EEM would just imply
to shift the air inlet indoor.

The variation of CAS wear and tear was considered by A1l in terms of the extended lifetime of
the equipment embedded in the installation of the new and correctly sized compressor and, accord-
ing to the respondents, was a very important factor. Differently, A9 was unaware of the factor when
referring to the adoption of a controller, nor A2 when thinking about the reduction of pressure level,
although in both cases they agreed on the importance this could have on the decision-making process.

Noise was considered critical by A10 to foster the repair of leaks. A3, A6, and A8, who assessed
the same EEM, did not deem the factor important. However, they claimed to perform repair activities
as soon as a noise is perceived to limit its effect on the surroundings.

The artificial demand was known and considered very influential only by A3 and A10, both
dealing with the repair of leaks. For the same EEM, A6 and A8 did not perceive the criticality. Initially,
the decision-maker within A2 did not give much importance to the factor. However, he pointed out
that the actual compressed air flow was higher than required because of a poorly sized compressor,
and the artificial demand phenomenon was further increasing the gap between supply and demand.
Therefore, the consideration of this factor could significantly increase the possibilities of a future
adoption of the EEM. Moreover, the influence of the artificial demand also affects the adoption of
controllers, as pointed out by the decision-makers of companies A1 and A9.

Overall, regardless of the nature of the EEM, i.e., past, present, or future, the framework proved
to be able to provide additional information to industrial decision-makers. For instance, the respond-
ent within Al pointed out that the increased awareness resulting from the framework application
would be probably enough to reconsider in the future the displacement of the compressors air intakes
in the coolest location. Moreover, using the framework, the decision-maker of company A9 assessed
an EEM he was not aware of. The framework resulted effective in A5 to highlight factors unknown
to the decision-maker. However, none of the negatives were underestimated, and ultimately the de-
cision not to adopt was due to the high investment costs and the production disruption to carry out
the installation. Similarly, A7 acquired more insights from the framework, but the low amount of
achievable savings drove the decision not to implement the considered EEM.

Furthermore, all the respondents particularly appreciated the ease of use of the framework and
the low efforts required for its application, in particular for being able to completely define the EEMs
encompassing only a limited number of factors.

7. Discussion

Comparing the result with the existing models, similarities can be found only regarding ener-
getic and economic factors, since the most widespread and universally accepted indicators are uti-
lized (e.g., pay-back time [26,112,163]) to evaluate the investment from an economic point of view,
thus making the tool more user-friendly for the final adopters. On the other hand, differences can be
found if considering operative factors, although technical information is widely covered by past lit-
erature [39]. The reason lies in the restricted focus of this work, i.e., CAS, being specific enough to
enable the analysis of specific characteristics of the technology, which has been rarely investigated to
this level of detail concerning characterizing factors. As confirmation of the previous statement, Neh-
ler and Rasmussen [107] indicate that the characteristics of factors may depend on the type of EEMs,
as already pointed out by Cagno and Trianni [22] referring to barriers to specific EEMs. Less detailed
results come from a variety of studies considering compressed air through a multitechnology analysis
[103,106], in many cases not even providing a clustering framework of factors [108,109,113]. Differ-
ently, more specific focus is provided by the study conducted by Nehler et al. [27], focused on CAS,
which includes among the NEBs an improvement in temperature control, hence indicating the criti-
cality of this factor. Moreover, considerations about pressure and flow rate are listed among the im-
pacts perceived by suppliers concerning specific EEMs, as documented by a wealth of technical man-
uals and industrial literature extensively covering these aspects, despite neither categorizing the fac-
tors into an operative framework nor providing additional insights with respect to the mere technical
ones. During the interviews conducted on field, these factors were highly appreciated by industrial
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decision-makers, given the practicality they confer to the tool; it would be indeed unfeasible to dis-
cuss the implementation of EEMs within CAS without taking into account such information. Other
differences can be found analyzing those factors which introduce the contextual dimension, making
the framework flexible enough to be exploited in all the different situations where the industrial de-
cision-maker is required to operate. The first step toward this path was made by Rogers [99], followed
by Tornatzky and Klein [100]; both the studies, however, treat compatibility referring to innovation,
thus dealing with society in its entireness rather than a specific technology or field. Although the
definition of the category can be adapted to the industrial environment, the details depicted by the
single factors are here included for the first time. An exception is represented by the observability
factors, i.e., safety, air quality, wear and tear, and noise, which are commonly considered in literature
[105,106,164], sometimes clustered in a single element describing the whole working environment
[7], given the strict relation with many EEMs, regardless of the technology considered. Industrial
respondents were generally aware of such characteristics, despite the fact that they were never con-
sidered as the most critical elements leading the adoption of EEMs, with the exception being for A4;
however, here compressed air belongs to the production process, which may act as a discriminant for
the perceived importance of the role of compressed air. This is aligned with the perspective provided
by Nehler et al. [27], where the importance of NEBs as a driver for the decision-making process is
evaluated: enhancements of the working environment and safety conditions are considered. How-
ever, they are perceived as of secondary importance with respect to other advantages, e.g., those
directly connected to the reliability and lifetime of the equipment. One reason could be the difficulty
of their evaluation and monetization, thus the impossibility to include these considerations in the
economic assessment of any investment, which represents a critical step of the decision-making pro-
cess [165]. Nevertheless, according to Nehler and Rasmussen [107] those characteristics that cannot
be evaluated from a monetary perspective, may be considered alongside the proposal in the form of
comments. Regarding the remaining operational factor, i.e., artificial demand, given the strict de-
pendency with the specific CA technology, it cannot be found in frameworks related to a broader
cluster, such as by Trianni et al. [7]. Nevertheless, it should be noted that almost all the interviewees
were aware of this phenomenon, despite the technical nature and difficulty of observation make it
hard to be recognized by users without deep expertise in CAS.

Apart from observability factors, the complexity ones are partly included in previous literature,
despite being categorized differently (e.g., [26,105,126]). Activity type, for instance, is included by
Trianni et al. [7], who confined the definition by Rogers [99] and Tornatzky and Klein [100] to a lim-
ited field, i.e., industry, to make it practically exploitable. On the other hand, the willingness to focus
on more than a single technology prevented them from analyzing all single factors related to com-
pressed air solely. Interestingly, the present framework specifically included for the first time the
difficulty in accessing the distribution system (accessibility factor), despite being deemed as im-
portant by any decision-maker interviewed. Further, compatibility issues, except for synergies [131],
represent a neglected dimension in scientific literature, despite the fact that they are widely recog-
nized in technical manuals or industrial sources (e.g., [29,127,129]). Once more, since the framework
is intended for a practical application into companies, these considerations should be encompassed
in the decision-making process, as revealed from the investigation where decision-makers acknowl-
edged that some important factors were not always taken into account. This capability was embed-
ded in the design of the framework, thanks to its focus on the single technology of CAS.

The need of a more specific funneled knowledge over relevant factors for EEMs adoption is par-
tially aligned with the specificity of the characteristics but also to the applicability property discussed
by Fleiter et al. [26], provided that the efficiency interventions remain confined to CAS. On the other
hand, as demonstrated by the different importance attributed to the observability factors during the
interviews, the selected factors should not be independent of the context and the adopting company,
as stated by [26], but should include the information; the category contextual factors is considered in
the present study to fulfil this necessity. In this regard, future research could explore whether such
interdependency could be modulated by the different relationships between CA and the core process
of the firms. Relationships may also exist among the various factors included in the framework, which
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are not completely disconnected from each other, confirming the close interactions CAS have with
the operations of a company. For instance, the repair of leakages (ARC 2,4236) would lead to a reduc-
tion in pressure requirements, which in turn would affect the noise level and the wear and tear of the
equipment. Interestingly, preliminary results of the analysis (e.g., Table 4) may suggest that some
relationships exist, although more research is needed to shed some light on this. Indeed, an in-depth
study of the impacts between factors could make a further contribution to the discussion about im-
pacts on the operations and the other productive resources of a company.

8. Conclusions

The willingness to understand the main factors that rule the adoption of EEMs on CAS repre-
sents the driver that pushed toward the definition of the present framework. Aiming at providing a
systemic view of the adoption, factors referring to the complexity, compatibility, and observability of
the results coming from the adoption of EEMs were included in the model, encompassing, among
others, the impacts on the operations and the other productive resources of an industrial firm, to-
gether with more traditional considerations regarding the operational and the economic and ener-
getic factors. Results from the empirical application show how these features might prove critical in
the path for the adoption, sometimes even capable of reversing the outcome, hence confirming the
added knowledge brought by the framework. In this regard, future longitudinal research could ex-
plore the change of awareness in decision-makers when assessing EEMs in CAS and other sustaina-
bility practices within industrial operations. Moreover, the focus kept on the specific technology of
CAS enabled to point out peculiar factors that might be lost approaching the problem through a more
holistic perspective, e.g., difficulties in accessing CAS, which was a recurrent topic in the empirical
investigations. Nonetheless, despite its non-negligible importance according to the interviewed deci-
sion-makers, the factor has never been approached by previous studies.

Using the framework, industrial decision-makers could tackle the perception of uncertainty they
have concerning EEMs, beside finding valuable support to overcome the barriers related to risk, im-
perfect evaluation criteria, and lack of information, which might represent critical issues preventing
a sound decision-making process. These barriers might be particularly present in SMEs, generally
characterized by less trained or less skilled decision-makers, who may moreover face difficulties in
the use of complex or overly detailed models. However, the structuring resulting from the synthesis
process to which the framework was subjected made it possible to obtain a complete framework re-
garding the factors to be considered in the adoption of CAS EEMs, characterized at the same time by
a high ease of use. Indeed, as pointed out by the empirical application, the evaluation of the user-
friendliness and the effort required for the usage were overall positive, despite the fact that the great-
est share of companies in the sample were SMEs. Policy makers, on the other hand, could take ad-
vantage of the framework to design tailored policies for enhancing the efficiency of CAS. Moreover,
the assessment of the factors that rule the adoption of EEMs on CAS could lead to a deeper under-
standing of the specific barriers that affect the technology, which might move away with respect to
the issue preventing the adoption of other technologies, assigned to different roles in a plant, e.g.,
electric motor systems. This deeper knowledge would, in turn, create solid foundations on which to
lay the basis for the definition of drivers to overcome these barriers, improving the overall efficiency.

In conclusion, we would like to acknowledge some study limitations, starting from the narrow-
ness of the application sample and its heterogeneity with respect to the industrial sectors. Besides,
not all sectors are encompassed in the present study, e.g., textile or metal manufacturing are missing.
Moreover, limiting the analysis to the technology of CAS did not enable to consider the entire set of
impacts the adoption of an EEM has on the other productive resources or on the operations of a firm.
Accordingly, future research could move towards this direction, furtherly extending the analysis to
include a broader set of heterogeneous EEMs to better assess the impacts of their adoption. Addition-
ally, further research could effectively develop approaches to measure such impacts more quantita-
tively, linking the impacts on production and operations performance. Furthermore, research could
explore what synergies may be explored by integrating the developed framework into a broader set
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of tools to improve the sustainability performance of industrial enterprises, also connecting it with
assessment tools, maturity models, etc.
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Company V1 Company V2 Company V3 Company V4 Company V5
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tSi}érslergy with other activi- 4 3 3 4 4 4 4 4 3 4 4 4 4 4 4
\]?ilcsetance to the electric ser- 4 4 4 3 4 4 4 4 4 4 4 4 4 4 4
Presence of thermal loads 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Safety 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Air quality 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Observability Wear and tear 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Noise 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Artificial demand 4 3 4 4 4 4 4 4 4 4 S 4 4 4 4
2 The green background represents an excellent rating (4 on the Likert scale); the orange background represent a good rating (3 on the Likert scale); no mediocre or poor ratings

are present.
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