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1. Introduction

Energy efficiency has been widely recognized as a very promis-
ing means to tackle environmental issues. Indeed, as shown by the
recent revision of the European energy targets [1], a strong boost
towards the reduction of energy consumption is needed. This
means that future policies should be shaped to obtain a wider dis-
semination of the so called Energy Efficiency Measures (EEMs) in
any sector. In particular, policy-makers should focus much more
in promoting energy efficiency within the industrial sector, which
covers a consistent share of the delivered energy [2], and is starting
to look at energy efficiency as a factor to gain a competitive edge
towards developing economies with lower labor costs, as noted
by recent research [3].

Unfortunately, the implementation rate of EEMs is so far still
very low, as shown by recent research from the Industrial
Assessment Center database [4,5], due to the existence of various
barriers, some of them, beside the economic ones, related to the
information about the EEM, to the organization in which the
investment is being made, to the effective implementation phase
of an EEM, as widely analyzed by the literature (for most recent
contributions, see e.g. [6–9]). The existence of such barriers shows
that, beside the very well-known perspectives largely presented
when considering EEMs (i.e., energy, environmental, as well as eco-
nomic ones), some other relevant attributes of EEMs are not suffi-
ciently transferred to industrial decision-makers. In brief, it seems
apparent that much greater attention should be paid in providing
industrial decision-makers a more comprehensive and helpful
view on EEMs, thus presenting the major perspectives characteriz-
ing them. This means to show also sufficient indications related to
the impact that an EEM has on the production system, its issues re-
lated to the effective implementation, as well as its interactions (if
any) with other parts of the production system.

For this reason, the present study aims at providing a proposal
for the characterization of EEMs, highlighting the most relevant
perspectives, then detailed into single characteristics, industrial
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Nomenclature

AC alternating current
AFD adjustable frequency drive
ARC assessment recommendation code
CSC conservation supply curve
EEM energy efficiency measure
ESM energy saving measure

GHG green house gases
HVAC heating, ventilation and air conditioning
IAC industrial assessment center
SME small- and medium-sized enterprise
VSD variable speed drive
decision-makers account for when considering an investment in
energy efficiency. Moreover, a structured characterization of EEMs
also contributes to reduce the mismatch between perceived and
real barriers, as greater knowledge would place the industrial deci-
sion-maker in facing clearly the effective opportunities and threats.
Additionally, the study could result of particular interest also for
policy-making purposes, as a greater knowledge on EEMs’ charac-
teristics – just the ones industrial decision-makers consider as rel-
evant when undertaking an investment in an EEM – represents a
basis for the promotion of most effective policies to increase the
adoption of EEMs.

In the next section we will review the literature on existing
frameworks to characterize EEMs, highlighting the scientific gaps
that we aim to fulfill with the present study. Then we will present
the novel framework and discuss the results from the application
in an extensive range of EEMs within selected cross-cutting tech-
nologies. We conclude our paper with suggestions for further
research.
2. Literature review of attributes to characterize energy
efficiency measures

This section provides an extensive review of key studies and re-
sults on characterization of EEMs. Much of the literature in this
area generally focuses on economic features, while few efforts have
been made to describe and evaluate topics that might be qualified
as other-than-economic attributes. Most of the authors have either
itemized lists of attributes or parenthetically noted individual fea-
tures to promote a particular type of EEMs [10], but very few have
taken a comprehensive view. Further complicating the matter,
other-than-economic attributes may defy researchers to provide
even quantitative estimation of their values. As a result, relatively
few have unfortunately stepped beyond the conceptual level and
have assigned specific quantitative estimates [11].

Among the studies attempting to characterize EEMs through
simple lists of recognized attributes, we can appreciate the contrib-
utes of Pye and McKane in 2000 and of Skumatz in 1997 and 2005.

Pye and McKane [12] recognize that quantifying the total ben-
efits of energy efficiency projects helps companies understand
thoroughly the financial opportunities of investments in EEMs.
They argue that energy savings alone are not primary drivers in
industrial decision-making and therefore energy savings should
be viewed more correctly as part of the total benefits of an en-
ergy-efficiency project, rather than the focus of the results. Unfor-
tunately, Pye and McKane do not provide a rationale behind the
choice of these potential benefits beyond energy savings and they
simply itemize features such as increased productivity, reduced
costs of environmental compliance, reduced production costs
(including labor, operations and maintenance, raw materials), re-
duced waste disposal costs, improved product quality (reduced
scrap/rework costs, improved customer satisfaction), improved
capacity utilization, improved reliability and improved worker
safety. By means of this broader set of parameters and some empir-
ical evidence, the authors believe that energy-efficiency advocates
will certainly gain more credibility with the industrial sector, yet it
is critical to support the claims with quantitative results of the
effective potential. Furthermore, in order to make a more compel-
ling case for energy efficiency and pollution prevention, it is also
critical to understand the decision-making process of business
management which, in turn, means to ‘‘understand the interrela-
tionships of various forms of efficiency, and measuring costs and
benefits so that the financial ramifications of our proposals are
fully understood and can be communicated to management in
terms with which they can identify’’ [12].

Skumatz has long been studying methodologies for a formal
evaluation of ‘‘hard-to-measures’’ attributes of EEMs [11,13]. Based
on the results of several dozen of projects completed over the last
decades, the author has developed and pioneered methods for
measuring non-energy impacts – both positive and negative – from
commercial and industrial energy efficiency programs. Unlike the
work presented earlier, it is worth noting that, not only the author
does address quantitative benefits as perceived by customer/par-
ticipants, but also recognizes that non-energy benefits accrue to
three different ‘‘perspective’’ or groups, including: (1) utility, rate-
payer, and shareholder perspective; (2) societal perspective; (3)
customer or participant perspective. In particular, focusing on the
‘‘commercial and industrial participants’’ category, Skumatz [13]
lists about 20 non-energy benefits: water/wastewater bill savings,
operating costs, equipment maintenance, equipment performance,
equipment lifetime, productivity, tenant satisfaction/fewer tenant
complaints, comfort, aesthetics/appearance, lighting/quality of
light, noise, safety, etc. Regardless of the length of the list, the
author acknowledges that the list is not comprehensive and sug-
gests that, perhaps, it should be refined case by case depending
on which measures are to be considered. As aforementioned,
Skumatz [13] has examined a number of different approaches to
measure non-energy benefits from the participant perspective.
Nonetheless, for the vast majority of participant impacts, the sur-
veys methodology is needed. Through nearly a decade of research,
the author has tested and refined several approaches, such as will-
ingness to pay, willingness to accept and relative scaling questions.
The empirical findings clearly show that, even if utilities may run
energy conservation programs to reduce energy use, and the com-
mercial/industrial sector may adopt EEMs, the energy savings
alone may not be, and appear not to be, the highest valued out-
come to adopters.

The second stream of literature about characterization of EEMs
is made of studies trying to take a step beyond the presentation of
list of attributes, thus providing a framework able to incorporate a
more general set of attributes.

Mills and Rosenfeld [10] study the role of ‘‘additional benefits’’
for building EEMs, and provide a framework for understanding the
many benefits of energy efficiency investments that extend beyond
the energy bill savings alone. Although they recognize the na-
tional-level benefits (e.g., improved competitiveness, energy secu-
rity, net job creation, and environmental protection) as important,
the authors provide a detailed description of user benefits made
possible by EEMs. The following seven categories are identified:
improved indoor environment, noise reduction, labor and time



savings, improved process control, increased amenity or conve-
nience, water savings and waste minimization, and direct and indi-
rect economic benefits from downsizing or elimination of
equipment. The authors note that these non-energy benefits play
a key role in consumer decision-making. In fact, they point out a
crucial factor: efficient technologies provide equivalent services
at lower costs, but non-energy benefits add value or enhance ser-
vices from efficient technologies. As a result, where certain market
segments are not sensitive to economic arguments (e.g., as shown
in the split-incentives dynamics, [14–16]), non-energy benefits can
assume a special importance. Therefore, efforts to incorporate
them in program design and marketing will help accelerate the up-
take of EEMs.

In 2003, Worrell et al. [17] argue for including ‘‘productivity
benefits’’ explicitly in the assessments of EEMs as this would dou-
ble their cost-effectiveness and economic evaluation. Still, Worrell
et al. point out the widespread omission of these benefits in most
studies of EEMs. The authors rearrange the attributes, proposed by
Mills and Rosenfeld [10] into five main categories: reduced waste,
lower emissions, improved maintenance and operating costs, in-
creased production and product quality, and improved working
environment. It should be noted that Worrell et al. add an ‘‘other’’
category in order to identify those benefits that are outside the
other categories but still worthy of noting. Some examples are de-
creased liability, improved public image, delaying/reducing capital
expenditures, additional space, and improved worker morale. Once
the categories are established, the authors put forward a standard
framework for analyzing the productivity benefits through the use
of energy conservation supply curves (CSC). However, Worrell et al.
recognize that, while including these productivity benefits is
important, and CSC provide an effective means for including them
in an analysis, estimating the magnitude of these benefits can be
difficult. Consequently, they are confident that, by following a
standard framework, the cost evaluation of productivity benefits
is formalized and transparent. All in all, the transparency of this
evaluation framework is important both to give credibility to cal-
culation and to provide flexibility to a user looking to apply the
CSC framework to another scenario.

Similarly, Lung et al. [18] examine the importance of ‘‘ancillary
savings’’ resulting from EEMs adoption in industrial facilities
through the use of energy CSC. The term ‘‘ancillary saving’’, some-
what different from the ‘‘non-energy benefit’’, refers to ‘‘all quanti-
fiable cost savings that result from an ESM (energy saving measure,
i.e. EEM) that are not part of the energy savings from that improve-
ment’’ [18]. Nonetheless, beside this slightly different terminology,
Lung et al. apply the same approach proposed by Worrell et al. [17]
to a large dataset of energy-efficiency projects. The EEMs’ attributes
are reduced to five categories, one of which is still the ‘‘other’’ cat-
egory. These include: operations and maintenance, production,
work environment, environment, and other (such as achieved re-
bate/incentive, reduced/eliminated demand charges, reduced/elim-
inated rental equipment costs, avoided/delayed costs).

The most recent contribution in categorizing EEMs is provided
by Fleiter et al. [19], who, starting from a thorough review of the
previous contributions in the literature, have provided a first ratio-
nale behind the categorization of the EEMs attributes, considering,
as selection criteria: relevance, applicability, specificity, indepen-
dence and distinctness. The authors then list twelve attributes
grouping them into three areas: relative advantage (internal rate
of return, payback period, initial expenditure and non-energy ben-
efits), technical context (distance of core process, type of modifica-
tion, scope of impact and EEM lifetime) and information context
(existence of transaction costs, needed knowledge for planning
and implementation, diffusion progress, and sector applicability).
Table 1 summarizes the relevant features of each contribution in
chronological order.
The review of both previous studies on EEMs benefits, as well as
earlier characterization frameworks suggests some interesting
considerations. Firstly, from a methodological point of view, a dis-
cordance about how to group the attributes within categories there
exists. In fact, the same attributes, grouped in a certain category by
an author, are sometimes split up and then aggregate again within
other categories by another author. For instance, regarding indirect
benefits, Mills and Rosenfeld [10] define two distinct categories for
‘‘improved indoor environment’’ and ‘‘reduced noise’’, whereas
Worrell et al. [17] cite ‘‘reduced noise level’’ as pertinent to the
‘‘working environment’’ group. Moreover, Lung et al. [18] aggre-
gate ‘‘waste’’ and ‘‘emission’’ reduction, proposed by Worrell
et al. [17] within ‘‘environmental’’ benefits. Moreover, only Fleiter
et al. [19] started to provide in an explicit form a rationale behind
the selection of the attributes.

Secondly, none of the studies have clearly identified who might
be responsible and involved in the decision-making process. This
characteristic is very relevant since it might affect the effective
success from the implementation of an investment in a given EEM.

Thirdly, we should start at noting that all the studies agree on
the importance of encompassing all possible EEMs’ impacts. In fact,
including non-energy attributes explicitly in the modeling param-
eters would double the cost-effective potential for energy-effi-
ciency improvement, compared to an analysis excluding those
benefits [17]. Therefore, an omission of these features results in
an incomplete understanding of the benefits that are derived from
energy efficiency initiatives and of the impact of energy efficiency
on firm’s profitability [12]. Nonetheless, even the most recent con-
tribution in the literature by Fleiter et al. [19] does not provide a
detail of the non-energy benefits, limiting to pointing out their
possible existence.

Fourthly, the authors also agree that giving any reliable evalua-
tion of some attributes is an extremely critical aspect. For instance,
attributes such as improved working conditions, better worker
safety/morale, reduced noise levels, or improved air quality benefit
are not easily quantified [20]. Hence, assumptions will be needed
to translate the benefits into a comparable cost figure and thus
the evaluation turns out to be rather subjective [17]. In addition,
as noted by Lung et al. [18], some attributes are not achieved con-
sistently. That is, while such benefits often accrue in the wake of an
energy-efficiency improvement, the same benefits may not be ob-
tained each time a project is implemented.

Fifthly, the efforts attempt to quantify non-energy attributes in
the literature seem to be dispersed. Indeed, Mills and Rosenfeld
[10] clearly limit their analysis to the identification of possible
non-energy attributes without making any attempt to quantify
them. Pye and McKane [12], instead, try to evaluate the avoided
non-energy costs brought by the adoption of some EEMs. A
remarkable approach is provided by Worrell et al. [17] who
pioneer the path toward a mathematical procedure to include
productivity benefits into energy CSC, rather than providing a
methodology to quantify the benefits. Likewise, Lung et al. [18]
provide other evidences favoring the integration of ancillary bene-
fits in the construction of energy CSC. Skumatz [20] refines four dif-
ferent techniques (i.e., willingness-to-pay/accept, contingent
evaluation, relative valuations as well as scaled valuations) for
measuring non-energy benefits though surveys dedicated to par-
ticipant of demand-side management programs. Finally, Fleiter
et al. [19] interestingly adopt a morphological box to attempt to
provide an evaluation of the attributes.

Sixthly, we can observe that so far the perspectives industrial
decision-makers consider as relevant when evaluating an EEM
are not fully represented in any of the previous literature contribu-
tions. For instance, if we should acknowledge the valuable contri-
bution offered by Worrell et al. [17] in detailing the productivity
benefits, nonetheless we should also recognize that the study does



not focus sufficiently on other relevant perspectives, e.g. the imple-
mentation one. Again, other authors group attributes according to
‘‘areas’’ (Fleiter et al., [19]), but, if on the one hand they tend to
present the ‘‘policy-making’’ perspective, on the other hand they
do not consider very relevant perspectives, such as the energy
and environmental-related ones.

In summary, many valuable contributions in the literature can
be found, but an all-encompassing characterization framework is
still needed, since the previous works are missing some features
spotted in other studies.
3. A novel framework to characterize EEMs

Taking the suggestions from the literature, the following section
presents a thorough description of the perspectives, then detailed
into attributes, upon which the characterization framework is
built.

In selecting and describing the attributes, we have followed the
selection criteria proposed by Fleiter et al. [19]. Indeed, it should be
noted that our categories have not been created simply by a random
aggregation of basic attributes. Instead, we have tried to comply
with some assumptions proper of the knowledge-representation
science [21,22]. In this regard, we may define the characterization
framework proposed in this study as an attribute-value system.
For instance, our categories were firstly intended to deal with the
broadest array of attributes characterizing any EEM. In doing that,
we have referred to the perspectives industrial decision-makers
consider as most relevant when undertaking an investment in an
EEM. In fact, beside energy, environmental and economic issues,
industrial decision-makers necessarily require adequate detail on
the impact an investment has on the existing production system,
on the effective implementation issues to be addressed, as well as
the interaction an EEM might have with other parts of the produc-
tion system. Secondly, our categories were borne from an aggrega-
tion process of simple attributes. Thirdly, we attempted to
minimize the degree at which categories overlap with each other.
Fourthly, the list of categories is neither lengthy nor short in order
to provide a right balance between, in turn, not being redundant or
conflicting.

Nonetheless, it is apparent that some attributes might present
some common elements. Indeed, we want to point out that the
choice of such attributes has been made to point out the perspec-
tives deemed as most relevant by industrial decision-makers when
evaluating an EEM. In this regard, the categories in which we have
grouped the attributes represent such perspectives. In fact, it is
clear that attributes expressed differently (e.g., amount of energy
saved expressed in physical units versus monetary energy savings),
although reflecting the same phenomenon, i.e. an energy saving,
might have different impact on different decision-makers, accord-
ing to their attitudes and mindset.

In the following, we will provide the description of our frame-
work, grouping the attributes according to six categories: economic,
energy, environmental, production-related, implementation-re-
lated and indirect attributes.
3.1. Economic attributes

Payback time: the payback criterion continues to be widely used
in industry since it is regarded as simple, easy to communicate and
intuitive [23]. Hein and Blok [24] report that all the 50 firms, sur-
veyed in their study, used the simple payback criterion. Moreover,
Alhourani and Saxena [25] conducted a logistic regression analysis
on 147 reported energy efficiency projects and they found that the
probability of implementing a suggested EEM is mainly dependent
on the payback period.
Implementation costs: as noticed in Martin et al. [26], the most
promising technologies are characterized by lower initial costs.
Implementation costs, such as adaptation costs, engineering/con-
tractor fees, equipment purchases, might be particularly critical
for SMEs. In fact, Woodruff et al. [27] found that first costs appear
to be even more important than payback periods on implementa-
tion rates. They also explain that SMEs are likely to be more capital
constrained than larger establishments and are thus less able to in-
vest in even those higher cost measures that have very short pay-
back periods.

3.2. Energy attributes

Resource stream: if industrial enterprises are assumed to choose
the cheapest energy sources (and thus, fuels) available to them, the
knowledge of which type of energy, either directly employed or
indirectly influenced by an EEM, is essential in order to predict
possible responses to changing fuel prices. Moreover, the type of
energy employed shapes the mix of fuel consumption in the indus-
trial sector and thus the related air pollutant emissions [28].

Amount of saved energy: Anderson and Newell [5], through a sta-
tistical analysis of a large database containing information on en-
ergy audit recommendations, bring some evidences that firms
seem to be more responsive to energy savings based on the quan-
tity of energy conserved than to energy prices. At this point, redun-
dancy may be claimed since the payback time is mathematically
linked both to the energy savings and the implementation costs.
Nonetheless, from a bounded rationality perspective which implies
non-perfectly rational behaviors [23], the three attributes might
have different impacts on energy efficiency investments.

3.3. Environmental attributes

Environmental attributes refer to reduction in either air emis-
sions or in waste streams that result from the adoption of EEMs
[26]. As noted by Atkins in an assessment of UK small business
[29], when asked to consider the association between good envi-
ronmental practice and real business benefits, the majority of par-
ticipants believe that environmental good practice and business
success are linked. Therefore, smaller businesses are clearly asking
for more information and advice on environmental issues in order
to make positive changes.

Emission reduction: given the present need to meet the Kyoto
targets, it is straightforward to highlight whether an EEM will help
a firm to comply with or anticipate GHG emission regulations. The
cost of complying with environmental regulation can be an impor-
tant driver in the decision to invest in particular EEMs, especially in
the non-attainment areas [26]. A part form GHG emissions, follow-
ing Worrell et al. [17], dust emission reduction is also included
here.

Waste reduction: Ilomaki and Melanen [30], in a study focused
on waste minimization practices of 41 Finnish SMEs, argue that
improvement of the company image as a result of waste reduction
practices are generally seen as an asset. Hence, if an EEM yields to
decreased waste amounts it is actually adding value to the firm.

3.4. Production-related attributes

Productivity: manufacturers’ primary motivation is to keep their
production operating because this generates their income and
increases shareholders’ value. Anything, including a seemingly
simple EEM, that can be perceived as threatening this primary
motivation needs to be carefully brought to the decision-maker
[31]. Porter and van der Linde [32] claim that it is a common
occurrence that the search for energy efficiency leads to productiv-
ity improvements. Furthermore, Boyd and Pang [33] provide



Table 1
Synthesis of the literature review on earlier characterization frameworks.

Source Type Framework

Mills and
Rosenfeld [10]

Grouped Improved indoor environment Reduced noise Labor and time savings

Reduce indoor air pollution, enhance
thermal comfort, or improve factors
associated with health or safety, such as the
ability of exhaust heat recovery systems to
decrease the likelihood of insufficient
ventilation rates

Reduced noise levels, such as the sound-
insulating value of highly-efficient
windows

Lower maintenance costs, improve
productivity because workers have an
improved environment, or reduce the
amount of time required to do a task,
exemplified by the more rapid cooking time
offered by microwave ovens

Improved process control Increased amenity or convenience Water savings and waste minimization

Enhance the control of a process, such as
the use of variable-speed motors to
improve the quality and uniformity of a
manufacturing procedure or halogen-lamp
cooktops to improve control over cooking

Enhance the quality of energy services or
the functionality of the end-use device,
such as, electronic ballasts eliminate
flicker and noise from lighting systems

Less water use, such as horizontal-axis
clothes washers, which require less water
and detergent

Direct and indirect economic benefits from downsizing of equipment

Measures such as HVAC equipment (direct)
and distribution system (indirect)
downsizing made possible as a result of
reduced solar gain through windows, from
lights and plug loads, etc.

Skumatz [11,13] Listed Water/wastewater bill savings; Operating costs (non-energy); Equipment maintenance; Equipment performance (push air better,
etc.); Equipment lifetime; Productivity; Tenant satisfaction/fewer tenant complaints; Comfort; Aesthetics/appearance; Lighting/
quality of light; Noise; Safety; Ease of selling/leasing; Product losses (mostly refrigeration at grocery); Labor requirements; Indoor air
quality; Health/lost days at work; Doing good for environment; Reliability of service/power quality; Savings in other fuels or services
(as relevant)

Pye and McKane
[12]

Listed Increased productivity, reduced costs of environmental compliance, reduced production costs (including labor, operations and
maintenance, raw materials), reduced waste disposal costs, improved product quality (reduced scrap/rework costs, improved
customer satisfaction), improved capacity utilization, improved reliability and improved worker safety

Worrell et al. [17] Grouped Waste Emission Operations and maintenance

Use of waste fuels, heat, gas Reduced
product waste Reduced waste water
Reduced hazardous waste Materials
reduction

Reduced dust emissions; Reduced need
for engineering controls Reduced CO,
CO2, NOx, SOx emissions

Reduced need for engineering controls;
Lowered cooling requirements; Increased
facility reliability; Reduced wear/tear on
equipment; Reductions in labor
requirements

Production Working environment Other

Increased product output/yields Reduced need for personal protective
equipment;Improved lighting; Reduced
noise level; Improved temperature
control; Improved air quality

Decreased liability; Improved public image;
Delaying or Reducing capital expenditures;
Additional space; Improved worker morale

Improved equipment performance Shorter
process cycle times
Improved product quality/purity
Increased reliability in production

Lung et al. [18] Grouped Operations and maintenance Production Work environment

Reduced maintenance costs; Reduced
purchases of ancillary materials Reduced
water consumption; Lower cooling
requirements; Reduced labor costs

Reduced product waste Increased worker safety

Lower costs of treatment chemicals Increased production Reduced noise levels
Improved product quality Improved workstation air quality
Increased production reliability
Shorter process/cycle time

Environmental Other

Reduced hazardous waste; Reduced dust
emissions; Reduced waste water output;
Reduced CO, CO2, NOx, SOx emissions

Achieved rebate/incentive (one-time)

Reduced/eliminated demand charges
Reduced/eliminated rental equipment
costs
Avoided/delayed costs (one-time)

Fleiter et al. [19] Grouped Relative advantage Technical context Information context

Internal rate of return Distance to core process Transaction costs
Payback time period Time of modification Knowledge for planning and implementation
Initial expenditure Scope of impact Diffusion progress
Non-energy benefits Lifetime Sectorial applicability



statistical support that energy intensity and productivity have at
least a proportional link.

Operation and maintenance: as it emerges from Lilly and Pearson
[34] who analyzed a set of industrial energy efficiency projects, the
uptake of EEMs led to lower maintenance costs and replacement
costs of related components. Most of the quantified ancillary sav-
ings are recorded in situations in which less equipment and
machinery are in use after an EEM is adopted [18].

Working environment: occupants who are satisfied with the
overall environmental quality of their workspace are widely as-
sumed to be more productive [35]. In accordance with Abrahams-
son [36], working environment issues should be regarded as
production-related since there is a strategic advantage: it becomes
natural to regard the expenditure as investment rather than
‘‘working environment costs’’ and to question and modify the con-
ditions that give rise to working environment problems.
3.5. Implementation-related attributes

Saving strategy: as suggested by Vidmar [37], it should be distin-
guished between ‘‘pure energy efficiency’’ and ‘‘energy conserva-
tion’’. He points out that an important way to view the difference
is what happens to the ratio useful output over energy input: con-
servation achieves reduction in energy use by reducing both the
output and input of the system, while pure efficiency reduces con-
sumption while having the same result from the system.

Activity type: this feature distinguishes if an EEMs (intended
either as technology or practice) constitutes: (i) a simple refurbish-
ment or recovery of the existing functions; (ii) an optimization in
the use of an existing technology; (iii) an equipment retrofitting;
(iv) a new energy-efficient equipment installation. According to
Worrell and Biermans [38], the knowledge of such a feature is
important to differentiate the decision-making behavior. For in-
stance, Sandberg [31] suggests that simple refurbishment or pure
retrofit investments may be easier to make, respect to new equip-
ment purchase, because the conditions remain almost the same. Fi-
nally, taking suggestion from previous research of Cagno and
Trianni [6], and Cagno et al. [39], it is important to distinguish be-
tween recovery, optimization, and innovation EEMs, due to their
different impact within the production system.

Ease of implementation: this attributes indicates how easy it is
for the people involved to accomplish the EEM properly. As de-
scribed in [40], the implementation may be: (i) easy, when the
implementation requires only minimal effort, no extra skill are
need, does not present tricky factors; (ii) routine, when still not
much effort or skill required, however operators may need to learn
a new procedure in order to install correctly the measure; (iii) dif-
ficult, if it needs major staff effort since the procedure may be
tricky, or it could be even hard just to find reliable contractors.
(iv) very challenging, when the implementation can be unpleasant,
and even likely to be resisted.

Likelihood of success/acceptance: Martin et al. [26] point out that
it is difficult to predict how likely a technology is to be successful
since certain technologies reach different efficiency levels depend-
ing on local conditions, including the quality of inputs and style of
operation (e.g., plant availability and maintenance methods).
Therefore this attribute indicates the likelihood that an EEM will
remain effective throughout its promised service life.

Corporate involvement: successful adoption of EEMs means in
some cases more than just installing few pieces of equipment, as
it may require to make people at all levels aware of efficiency goals
[41], thus with a wider corporate involvement of the whole
production unit. Whilst, in some cases only few people could be
involved (e.g. the maintenance staff). Hence, it is important to
identify the people affected by the establishment of an EEM, since
it will help the company to design a better strategy toward a suc-
cessful implementation [31].

Distance to core processes: as described by Fleiter et al. [19] and
empirically pointed out by Thollander and Ottosson [42] and Die-
perink et al. [43], the distance to the core process might be a major
factor influencing the adoption of an EEM from a technical perspec-
tive, in particular related to its effective implementation.

Check-up frequency: as noted by Wulfinghoff [40], the adoption
of some measures can be considered as a one-time effort while
others require periodic check. EEMs within the former type, once
installed, remain fully functional throughout the service life. How-
ever, others may requires continuing management attention and
periodic check, e.g., in case of reflectors and lamps to be regularly
cleaned.

3.6. Interaction-related attributes

Indirect effects: as pointed out by Mills and Rosenfelds [10], e.g.
cross-cutting technologies are not stand-alone systems. Some
EEMs primary intended to enhance energy efficiency within a par-
ticular area may display effect on components belonging to other
systems. In fact, a particular measure may enhance the quality of
the energy service, improve the functionality of other end-use de-
vices or even effect the load of other systems. Typical examples are
the interactions between: (i) electronic ballasts and lamps, (ii) mo-
tors and HVAC loads; (iii) variable speed drives and the electricity
distribution system.
4. Application of the novel framework

In the following we apply the framework to an extensive range
of EEMs in cross-cutting technologies. Before, we will briefly pro-
vide explanation of the rationale behind the choice of the selected
EEMs and the research to better describe the selected EEMs.

4.1. EEMs in cross-cutting technologies

4.1.1. Selected cross-cutting technologies
Although the approach described in the present study could be

applied to any EEMs, we have decided to analyze four cross-cutting
technologies, as they are of great interest due to their wide diffu-
sion across industries of different sectors [44], and improvements
in such systems are easily replicable among, e.g. SMEs [26], but
also as they are accountable for a considerable share of the energy
not directly related to the production processes.

In fact, electric motor systems account for a considerable pro-
portion of total power consumption, being responsible for about
69% of industrial power consumption in EU [45]. Furthermore, it
should be emphasized that a standard motor is already an efficient
device with efficiency above 80% over most of the working range,
rising over 90% at full load [46]. However, according to estimates
[47], adopting existing well-established EEMs would result in sav-
ings of approximately 11–18%, and in turn would push down the
total environmental cost of electricity generation [48]. Specifically,
systems driven by AC induction motor are the focus of the charac-
terization, because they represent more than 90% of the motor
electricity consumption [45].

Compressed air is widely used throughout industry, and is of-
ten considered as quite relevant in many facilities [49]. It accounts
for as much as 10% of industrial electricity consumption in the EU,
10% in US and 9.4% in China [50]. However, it is probably the most
expensive form of energy because of its poor efficiency, typically
about 10–19% [41,50]. For instance, the cost of electric power oper-
ating an air compressor continuously for a year is usually greater
than the initial price of the equipment. From this perspective,



any effort to reduce energy consumption pays for itself immedi-
ately and produces ongoing savings [51].

The importance of industrial lighting can be appreciated both
in terms of safety (due to the need to provide adequate visibility
so that materials can be transformed into finished products with-
out hazards for the operators executing the tasks [52]), but also
in terms of energy consumption. In fact, although representing
generally a few percentage in the industrial energy consumption,
it is a large amount in absolute terms [41]. Nonetheless, only a
small part of the energy used in lighting luminaries is for lighting;
the remainder is lost as heat [52]. So, even when lighting is a rela-
tively small part of a plant’s energy use, it may be possible to find
considerable energy savings from using more efficient lighting
systems.

Finally, HVAC systems can cover a consistent share of the
industrial energy consumption due to their primary role both
being submitted to the production processes, but also in providing
a comfortable environment to the operators. They are also quite
relevant for the processes and various cost-effective opportunities
for energy saving are widely known [40].
4.1.2. Identification of EEMs in the selected cross-cutting technologies
Although there exists a large volume of literature on EEMs for

homes and some categories of public and commercial buildings
such as offices, hotels, hospitals, shopping centers, school and col-
lege facilities, sports centers and even airports, there exist much
fewer comprehensive reviews on EEMs in cross-cutting technolo-
gies for the industrial sector [53]. The first step toward a thorough
characterization of EEMs was to collect information on a broad
‘‘universe’’ of potential measures. The search was exclusively re-
stricted to the publications which were available in full-text only.
Furthermore, the information has been sought according the two
principles of quality and recentness. First, in order to ensure the
quality of information, the key sources included only academic
articles (both peer-reviewed articles and conference proceedings),
Government reports and published books. Then, the time span was
restricted to the latest 15 years to ensure that our assessment fo-
cused only on recent researches. It is, however, important to note
that exhaustiveness of our review may not be claimed and some
promising technologies might have likely been overlooked.

The review allowed to identify 192 EEMs. The information gath-
ered has been transferred to the same degree of detail, according to
the standard defined by the United States Industrial Assessment
Center [54], obtaining 88 EEMs. In Table 2 we report the descrip-
tion of the identified EEMs as well as the literature used (respec-
tively in columns 1 and 2).
4.2. Application of the novel framework on EEMs in selected cross-
cutting technologies

For the identified EEMs, we have performed an additional liter-
ature review of the studies providing qualitative judgments and
quantitative evaluations of the attributes associated to each EEM.

The result of this extensive and thorough review has been
reported in Table 2 (with the corresponding references in the last
column). Nonetheless, some clarifications for the process of evalu-
ating EEMs attributes are needed.

Firstly, attributes such as initial cost, payback time, waste
reduction, emission reduction, operation and maintenance, pro-
ductivity, working conditions and indirect benefits, have been
evaluated exclusively when information was supported by quanti-
tative estimations.

Secondly, when available, quantitative and qualitative evalua-
tions considering the other attributes (e.g. ease of implementation
and check-up frequency), have been favored and reported.
Thirdly, considering the type of activity, it is apparent that both
in terms of technologies and practices (procedures) we can distin-
guish between recovery and refurbishment, optimization of the
existing equipment, retrofit of an existing equipment and complete
new installation. Nonetheless, at a first approximation, we have
decided to not perform this distinction between procedures, as a
greater shading can be found. For example, considering ARC.
2.7311 (Shut off ventilation system when room is not in use), we
have no elements to express whether this practice should be intro-
duced from the beginning, or represents the optimization of an al-
ready existing procedure, or even if the procedure is in place, but
simply not adopted. Considering the technologies, it can be easily
claimed to operate a distinction between recovery, optimization,
retrofit or complete new installation. It is rather more difficult to
distinguish between a refurbishment (e.g. ARC 2.4154, Avoid
rewinding motors more than twice) and the needed procedure,
as they result strictly related, and from the ARC the distinction
does not seem that can be claimed. Therefore, we have decided
to mark refurbishment EEMs as procedures. Finally, attributes as
corporate involvement, resource saved and distance to core pro-
cesses have been evaluated upon authors’ experience, being aware
that might be subject to specific cases. As an example, in case of
ARC 2.4111 (Utilize energy-efficiency belts and other improved
mechanisms), it is apparent that the distance to core processes
might not be clearly evaluated, as it depends whether the less effi-
cient motors are related to production processes or to ancillary sys-
tems. Analogously, the level of the needed involvement of the
maintenance staff to evaluate some EEMs might depend on many
factors, such as firm’s size.

In the following we present the application of the novel frame-
work to four EEMs in the selected cross-cutting technologies (ex-
tracted from Table 2) and discuss them. Of course, it should be
pointed out that the framework has been oriented to provide sug-
gestions to industrial decision-makers as well as policy-makers on
the most relevant features of EEMs’ characteristics, trying to pro-
vide a set of useful perspectives to analyze them. This necessarily
implies that, during a proper design phase of an investment in a
particular EEM, a more accurate and tailored evaluation about
the identified feasible measure is however required.

4.2.1. ARC 2.4143: use AFD to replace throttling system
The replacement of the throttling system through the adoption

of an adjustable frequency drive (AFD) can be considered as an effi-
ciency EEM, and represents a retrofit of an existing equipment. It is
rather a simple measure, whose implementation requires from 10
to 70 labor hours, depending on system size and complexity [69],
and can be either strictly connected to the core production pro-
cesses or more related to ancillary services. Moreover, as pointed
out by Saidur [69], modern variable speed drives (VSD) systems
are affordable, reliable, flexible, and offer significant electrical en-
ergy savings (37% less energy according to Ferreira,[70]), and with
a very high likelihood of success. Furthermore, its return has been
estimated from few months to about 3 years [46,69], in any case
less than one third of the motor service life, depending on average
speed reduction. In addition, it is a one-time EEM that does require
a minor corporate involvement, typically the maintenance staff,
and presents medium implementation costs. Finally, it can be
interestingly noted that the installation of AFD has several environ-
mental benefits: indeed, authors estimate an about 30% reduction
in non-hazardous waste, and about 37% of GHG reduction, with a
low dependency on the motor rated power [70]. This EEM provides
also benefits in terms of reduced wear on mechanical equipment
[71] (with consequent reduction of operation and maintenance
activities), a tighter control of the process (increased productivity)
[71,72], and a reduction of worker noise exposure [17], leading to
an improvement in the working environment.
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Table 2 (continued)

ARC Cross-
cutting
technologya

Description Ref. description Economic Energy Environmental Production-related Implementation-related Inter.

Pay-
back
timeb

Implementation
Costsc

Resource
Streamd

Amount
of Saved
Energyd

Emission
reductione

Waste
reductione

Productivitye Operation
and
Maintenancef

Working
Environmentf

Saving
strategyg

Activity
Typeh

Ease of
Implementationi

Likelihood
of success/
acceptancec

Corporate
Involvementj

Distance
to core
processesk

Check-up
frequencyl

Indirect
effectse

Ref.
attributes

2.7244 H Revise smoke cleanup from
operations

[57] M M E/T N/A N/A N/A N/A N/A N/A E/C N Diff M L C O N/A

2.7245 H Use direct air supply to exhaust
hoods

[57] M M E/T N/A N/A N/A N/A N/A N/A E/C N Dep M L C O N/A

2.7251 H Reduce air conditioning load by
evaporating water from roof

[57] M/L H E/T N/A N/A N/A N/A N/A N/A E/C N Diff M L D O P*

2.7252 H Utilize an evaporative air pre-
cooler or other heat exchanger
in ac system

[57] M H E/T N/A N/A P N/A N/A N/A E N Diff M* L D O N/A [54]

2.7261 H Install timers and/or
thermostats

[53,57] S L E/T L* N/A N/A N/A N/A N/A E N Dep M* W C/D O N/A [100]

2.7262 H Separate controls of air
handlers from ac / heating
systems

[57] L L E/T L* N/A N/A N/A N/A N/A E R Diff M* L C/D O N/A [47,49,75,76]

2.7263 H Lower compressor pressure
through a/c system
modification

[57] M H E/T N/A N/A N/A N/A N/A N/A E R Dep* H L C/D O N/A [49]

2.7264 H Interlock heating and air
conditioning systems to
prevent simultaneous operation

[57] S M E/T H* N/A N/A N/A N/A N/A E R Diff M* L C/D O N/A [40]

2.7271 H Replace electric reheat with
heat pipes

[57] M* M* E/T M* N/A N/A N/A D* I* E N Diff M* L C/D O P*

2.7272 H Install heat pipes / raise cooling
setpoint

[57] M* M* E/T M* N/A N/A N/A D* I* E N Diff M L C/D O P*

2.7273 H Install desiccant humidity
control system

[57] L* H* E/T M* N/A N/A N/A D* I* E N Diff H L D O P* [54,105,106]

2.7291 H Reschedule and rearrange
multiple-source heating
systems

[57] S L E/T N/A N/A N/A N/A N/A N/A E O Dep L L D P N/A

2.7292 H Lower ceiling to reduce
conditioned space

[57] M M E/T N/A N/A N/A N/A N/A N/A E N Dep H L C/D O N/A

2.7293 H Install dry sprinkler system to
reduce heating requirements

[57] M H E/T N/A N/A N/A N/A N/A N/A E N Diff H L C/D O N/A

2.7311 H Shut off ventilation system
when room is not in use

[57] S M E/T M* N/A N/A N/A N/A N/A E/C P Easy M* W C/D P N/A [40,98]

2.7312 H Minimize use of outside make-
up air for ventilation

[57] S M E/T L* N/A N/A N/A N/A I* E O Easy* M* L C/D P P* [40]

2.7313 H Recycle air for heating,
ventilation and air conditioning

[57] M H E/T N/A N/A N/A N/A N/A N/A E R Diff H L C/D O N/A

2.7314 H Reduce ventilation air [57] S M E/T N/A N/A N/A N/A N/A N/A E/C O Easy H W C/D P N/A
2.7315 H Reduce building ventilation air

to minimum safe levels
[57] S M E/T N/A N/A N/A N/A N/A N/A E/C O Easy H W C/D P N/A

2.7316 H Centralize control of exhaust
fans to ensure their shutdown,
or establish program to ensure
manual shutdown

[57] S L E N/A N/A N/A N/A N/A N/A E P Diff M L D P N/A

With ‘‘*’’ we mark values supported by literature studies.
When not marked with ‘‘*’’, the columns referring to pay-back time and implementation costs have been supported by values from the Industrial Assessment Center database [57].

(a) Motors (M); Compressed Air (C); Lighting (L); HVAC (H).
(b) Short (S); Medium (M); Large (L).
(c) Low (L); Medium (M); High (H).
(d) Electricity (E); Thermal (T).
(e) Proven (P); Not Available (N/A).
(f) Increase (I); Decrease (D); Not Available (N/A).
(g) Efficiency (E); Conservation (C).
(h) Procedure or recovery (P); Optimization (O); Retrofit (R); New Installation (N).
(i) Easy (Easy); Dependent (Dep); Difficult (Diff).
(j) Limited (L); Wide (W).

(k) Close (C); Distant (D).
(l) One-time intervention(O); Periodic check required (P).



4.2.2. ARC 2.4231: reduce the pressure of compressed air to the
minimum required

The presented EEM, related to the optimization of the existing
equipment, can be either classified as an energy efficiency and con-
servation measure that can be either referred to some equipment
particularly close to the core activities, or distant from them. It
has been evaluated as easy to be implemented and with high like-
lihood of success, as the unique drawback to be taken into account
is the possible pressure fall of the point-of-use below the minimum
requirements [49] which can be easily managed. Moreover, it re-
quires a periodic check and an involvement of the maintenance
staff, but its implementation requires no direct implementation
costs, and is able to bring a moderate saving, in terms of a few per-
centage of the specific energy consumption by each half bar re-
duced [47,49,75,76]. Nonetheless, it should be pointed out that
operating at a too high pressure increases maintenance costs
[41,50], and decreases the system life. Therefore, this measure
has a proven effect in terms of reduction of operating and mainte-
nance costs, and an indirect benefit on the whole compressed air
system.

4.2.3. ARC 2.7123: keep lamps and reflectors clean
This procedure can be easily implemented [40] and with a very

high likelihood of success, and can be either close or distant to the
core production activities. According to the Energy Efficiency Man-
ual [40] can bring even 10% of less energy used for lighting, and
according to estimates from the IAC database presents a very low
payback time. Although requires an increase in the operation and
maintenance activities (as a routine of the maintenance), it can
substantially increase the conditions of the working environment.
Finally, as dirt also traps heat, keeping lamps and reflectors clean
can thereby increase lamps and ballasts life [40].

4.2.4. ARC 2.7243: improve air circulation with destratification fans/
other methods

This new installation EEM belonging to the HVAC system shows
a higher difficulty in the implementation, and might also refer to
an EEM to be implemented close or distant from the core produc-
tion activities. Moreover, it presents a medium likelihood of suc-
cess, as its success is highly dependent on climate, latitude, and
orientation [101]. Nonetheless, it is a measure that requires a min-
or corporate involvement, and with a medium payback time (about
2 years, according to Balaras [96]). As acknowledged by some
authors, the savings are relevant (up to 60% less electric energy
[100], and about 3% of less energy [96]). Moreover, we can appre-
ciate improvement of the system productivity [104] and several
authors highlight an improved indoor comfort condition and re-
duced thermal stratification [41,96], and improved occupant’s
health [104]. Finally, this EEM is evaluated to provide a reduced
AC load, and a 17–48% cooling load reduction [104].
5. Discussion

We should acknowledge that, although from a theoretical view-
point the EEMs characteristics are independent, nonetheless, in
some cases, they appear concurrently. By looking at the structure
of the IAC database, the distribution of the considered EEMs by
areas is: 19 about Motors, 15 on Compressed Air, 16 about Lighting
and 38 about HVAC systems.

Firstly, we can appreciate that 32 out of 88 present a relevant
likelihood of success, 47 medium, and only 9 a low one (about
10% of the total).

Considering those with low likelihood of success, 6 refer to the
HVAC area. Indeed, considering that HVAC system could even
represent in some cases an effective system within a production
system, it is reasonable to be more subject to customization and
consequent variations in its performance.

Only in 5 cases we have found in the literature a proven emis-
sion reduction, and only in 10 a proven waste reduction. By looking
at this small cluster, we have not found any relationship between
the two attributes (with just one exception). For what concerns the
GHG emission reduction, in all cases are related to motor systems
presenting also an increase of the productivity, medium imple-
mentation costs, retrofit or installation of new equipment, and in-
creased working conditions. Moreover, in all cases, they present
also indirect benefits, only in one case the need to be checked-up
regularly there exists, and with one exception the corporate
involvement is limited. Regarding EEMs with proven waste reduc-
tion, 5 out of 10 belong to motors, and 5 seem to be related to in-
creased working conditions, present a high likelihood of success, 8
out of 10 should be implemented once and are related to a retrofit
or a new installation.

With respect to implementation costs and payback times, the
EEMs seem to be distributed with a preponderance towards low
(32) and medium (39) payback times. Motors and HVAC seem to
present higher payback times, possibly to the disruption of the
production activities, and the precise setting needed to be oper-
ated. When looking at EEMs with lower implementation costs
(24), 18 of them present a low payback time: as they are mostly
optimization or procedures EEMs (only in 4 cases they represent
a new installation). Nonetheless, we can appreciate that those
EEMs are still able to lead to relevant savings, and thus should
not be overlooked both by entrepreneurs but also by policy-mak-
ers. In 20 cases out of 88 we have observed a proven increased of
productivity.

For what concerns the saving strategy, the EEMs considered are
almost exclusively related to efficiency (64), with about 25% (22) of
both efficiency and conservation, and 2 of just conservation. This
seems reasonable, as it is apparent, in the industrial context, to find
more efficiency EEMs than conservation ones, as the latter could
affect the production throughput. In this regard, it is noteworthy
that motors and compressed air systems are usually more related
to the specific production processes, whilst lighting and HVAC to
the working conditions. Nonetheless, it is apparent that in many
contests HVAC is strictly related to specific production process
conditions (e.g. clean rooms). Therefore, considering that, at least
partially, the way the EEMs are implemented might affect their
evaluation with respect to the saving strategy (therefore being
either efficiency or conservation), we might expect to find few con-
servation EEMs, in particular for motors and air compressed sys-
tems. In fact, in the aforementioned cross-cutting technologies, a
reduction of both input (energy) and output (service offered)
would deeply affect the production. For example, eliminating or
reducing compressed air used for cooling, agitating liquids, moving
product, or drying might be critical in case of moving, e.g., alumi-
num cans (that are paramagnetic), or plastic bottles. When looking
at lighting and HVAC systems, instead, conservation EEMs might
affect the service provided (at least perceived by a worker, in terms
of safety and well-being). For instance, reducing the illumination to
minimum necessary levels (ARC 2.7111) should be surely imple-
mented considering the safety requirements for the operators.
Nonetheless, it can be foregone concluded that operators would
perceive a reduction in the comfort.

The vast majority of EEMs (71) does not seem to affect deeply
the organization, as the decision about their investments requires
a limited corporate involvement. Indeed, only in 17 cases we have
pointed out the need to involve the whole organization. It is
remarkable that in 55 out of 88 EEMs we have one-time invest-
ments, thus without the need to be checked-up regularly. More-
over, in 37 out of 88 EEMs we have observed indirect benefits
from the interaction with other systems.



By considering the distance from the core production activities,
only 3 out of the considered 88 EEMs can be primarily referred to
be as close, since the EEM has been specifically described as deal-
ing with production activities. In 27 cases we have EEMs far from
the core activities. The vast majority of them (58) are either close
or distant from the core activities. Although in real cases it is quite
easy to operate a clear distinction between distant and close from
core processes, by considering the ARC, that presents a lower de-
tail, it has not been always possible to further characterize the dis-
tance of an EEM from the core activities.
5.1. Analysis by cross-cutting technologies

Motor systems: 18 out of 19 motors EEMs require a limited cor-
porate involvement, and in only one case the whole organization
needs to be involved. This results in a lower difficulty to be imple-
mented, as it is requires in general the involvement of the mainte-
nance staff. Nonetheless, it seems relevant to point out that motor
systems, although quite often being a standard component, are
widely diffused in production processes, thus possibly affecting
the operating performance. Indeed, it can be interestingly noted
that in 16 cases they are evaluated as with a high or medium like-
lihood of success.

Moreover, all the 9 EEMs with high likelihood of success require
a limited corporate involvement. Additionally, only two out of 19
are evaluated as being easy to be implemented (and all with a high
success likelihood): this might imply that, although their general
low implementation costs (and the possible incentives to further
reduce their costs), to be most effectively diffused a technical sup-
port might be necessary, due to their hidden costs.

In the majority of cases (12) the considered EEMs imply a retro-
fit or a new installation of the equipment (and 7 of them are re-
lated to a procedure): this might be interesting, as it has an
impact on the avoided need to frequent check-ups (only half of
them). Finally, as aforementioned, motors are by their nature
either close or distant from core production activities.

Compressed air: Only 4 out of 15 compressed air EEMs in this
area required the involvement of the whole organization. As
pointed out before for the motor systems, also in the compressed
air the EEMs are of a greater difficulty to be implemented, as they
refer to a system strictly connected to the production activities.
Nonetheless, considering the 4 EEMs being easy to be imple-
mented, in all cases they present a low implementation costs,
and usually low payback times.

Moreover, all EEMs present a medium or high likelihood of suc-
cess, and in 2 cases we have found a proven effect in decreasing the
operation and maintenance activities.

Lighting systems: in the greater majority (13) of the considered
lighting EEMs (16) the investments require a limited corporate
involvement (and almost all of them being one-time interven-
tions), with just three cases of involvement of the whole organiza-
tion required. Moreover, 10 out of those 13 EEMs can be easily
implemented, with a high (or medium) likelihood of success (none
of them being difficult). Additionally, 7 out of 10 are related to a
retrofit or new installation. If we also consider that 10 out of 13
present low or medium payback times, and in 7 out of 10 also high
savings, these EEMs seem very promising to be exploited for an in-
creased energy efficiency. Indeed, although lighting does not usu-
ally cover a significant portion of the energy consumption (and
related costs), the achievable savings from the implementation of
such EEMs are considered as very interesting.

By looking at the two EEMs with a difficulty to be implemented,
we can reasonably note that they are related to the existing build-
ing and envelope configuration, whose modification might result
to be difficult (e.g. in ARC 2.7145, Installing skylights).
Moreover, considering that are in the vast majority standard
components, the implementation costs of lighting EEMs result to
be usually low or medium, with just two exceptions.

In 10 out of 16 lighting EEMs we have found a proven increase
of the working consideration, and, among them, in 7 cases also an
effect from the indirect interaction with other systems (e.g., the to-
tal electrical load).

HVAC systems: the HVAC systems is by far the most complex
cross-cutting technology among those considered in this study,
and quite often at least partially customized. This can result in
greater implementation costs (17 out of 39 EEMs with high imple-
mentation costs, only 6 present low values). Nonetheless, the
achievable savings are in general relevant, thus leading to low or
medium payback times (only in 8 cases large or medium-large).

Customization also related to a greater difficulty of implemen-
tation, with only 8 cases being easy. This might also result in a
greater (than estimated) payback, in case detailed data and infor-
mation would be required, thus increasing the so-called hidden
costs.

Nonetheless, from our preliminary analysis the need to further
explores the characteristics of HVAC EEMs clearly emerges, as it
can be reasonably assumed that a relevant reduction in the emis-
sion, as well as an increase of the working environment can be
achieved (now proven in just 8 cases), considering the huge impact
of such cross-cutting technology on the workers’ comfort.
6. Conclusions and future research

Firstly, developing an innovative framework to characterize
EEMs is crucial to the structuring and the sharing of knowledge
on EEMs both for decision-makers and policy-makers. Indeed,
thanks to an increased knowledge on EEM, policy-makers could
be better supported in developing the most effective policies to
promote industrial energy efficiency. Moreover, improving the
knowledge about EEMs characteristics could drive a deeper com-
prehension of the barriers currently hindering their adoption,
which is again an additional interesting issue for decision-makers
as well as policy-makers. Indeed, our novel classification scheme
might provide a useful support to point out the punctual differ-
ences in the barriers to specific EEMs, e.g. when considering the
hidden costs related to their adoption. In fact, in many cases, a
proven easiness of implementation, the existence of productivity
benefits, as well as reduction of operation and maintenance costs,
should represent relevant elements to be considered when evalu-
ating EEMs, in addition to their low payback times. In particular,
it would be interesting to see how different barriers seem to
tackle different EEMs in the, e.g. lighting with the respect to
the, e.g. HVAC cross-cutting technologies: here, beyond the mere
considerations about the different implementation costs and re-
lated pay-back times, a more thorough investigation, with a full
spectrum of EEMs’ characteristics, could serve to systematically
understand which different barriers, e.g. economic, competence-
related or information-related, might hinder the adoption of such
EEMs.

In detail, the presented framework starts from an encompassing
review of the previous literature contributions, that has high-
lighted the need to come up with a novel approach to the charac-
terization of EEMs, as in most cases even the rationale behind the
selection of the attributes is not discussed.

In addition to that, the framework has provided a comprehen-
sive view on EEMs, presenting the most relevant perspectives
industrial decision-makers consider as most relevant when under-
taking an investment in energy efficiency. This has implied a large
effort in detailing, beside the energy, environmental as well as eco-
nomic perspectives (well-known in the literature), also the impact



on the existing production system, the implementation issues, as
well as the interaction with other systems of EEMs.

Moreover, and notable for a practical application of the frame-
work, none of previous studies has highlighted attributes such as
‘‘corporate involvement’’, that is particularly critical for industrial
decision-makers, and, in turn, also for policy making purposes, as
a wider corporate involvement represents a critical barrier hinder-
ing the adoption of an EEM. Additionally, another crucial element
of novelty is represented by having pointed out the need to analyze
EEMs according to different perspectives. In particular, having
grouped the attributes in categories allows to provide a compre-
hensive view of the most relevant perspectives characterizing the
EEMs and resulting to be particularly useful for the selection of
the most promising EEMs to be promoted. This has been obtained
also by recovering in the framework a structured set of attributes
related to the non-energy benefits that had been neglected in the
most recent literature contributions.

This opens the research to a better understanding of the drivers
to promote industrial energy efficiency, that has, since now, re-
ceived too little attention by the research. In this field in fact only
a few empirical studies have been developed [107–110], but, and
more critical, still a lack in a comprehensive theoretical classifica-
tion there exists, as the existing contributions seem to be more a
list of potential drivers than taxonomies [3,42,111]. Future re-
search should thus detail more deeply, e.g., which is the impact
of the drivers on the decision-making process, i.e. to which step
of the decision-making process appears to be most tackled by the
different drivers, and which are the barriers behind each deci-
sion-making process step. Moreover, starting from a feature of
our classification scheme, it seems interesting to explore which
phases of the decision-making needs the involvement of different
actors, and how drivers could better improve their involvement.
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