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ABSTRACT 

Compressed Air Systems (CAS) are one of the most common and energy intensive utilities in industry, representing up to 10% of the 

industrial energy needs. Thus, they can be considered as one of the main target systems while planning energy efficiency actions 

implementation in industry. Nevertheless, most of the available benchmarks of energy consumption are based on nominal data, thus 

referringto the quality of the design, while benchmarks based on measurements under actual operating conditions are not yet available.  

In accordance with the Italian transposition of the European Directive 2012/27/EU (i.e. Legislative Decree 102/2014), large and energy-

intensive business organizations must perform energy audits at least every four years starting in 2015 and the Italian Energy, New 

Technology and Environment Agency (ENEA) has the task of collecting and analyzing them. In this context, adata collection focused on 

CAS has been carried out and the subsequent data analysis, focused on nine most promising industrial sectors, has allowed to assess the 

current state of the art of CAS’s energy efficiency in Italy and to design a possible benchmarking system. Such a system iscomposed of a 

set of indicators and a benchmarking visual tool in the form of a matrix. In particular,  results related to the Manufacturing of basic metals 

will be presented for sake of brevity. In this paper we present the results obtained from both the data analysis and the first application of the 

proposed benchmarking system, together with next steps for the creation of reliable sectorial and cross-sectorial benchmarks.  
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1. Introduction 

The increasing worries concerning the scarceness of energy resources and climate change are forcing the global community to face new 

challenges and to revolutionize the way energy is produced and consumed all over the world. The European Union in particular is currently 

trying to undertake several actions aimed at decreasing the dependency on energy imports, reducing greenhouse gas emissions and 

overcoming the economic crisis. To fulfil all of these arduous tasks, energy efficiency is an extremely valuable means, as it improves the 

security of supply by reducing primary energy consumption and the greenhouse gas emissions (and thereby mitigates climate change), and 

allowing to decrease energy imports in a cost-effective way [1-4]. In particular, energy efficiency analysis has become an important topic in 

various disciplines such as energy economics and operations research. The aim of energy efficiency analysis is to evaluate a decision 

making unit’s efficiency in terms of energy input by comparing its energy consumption to its peers in a similar production environment, 

which in turn leads to possible actions for energy efficiency improvement and provides analysis foundation for energy and environmental 

decision making [5]. 

In this context, aiming at reducing energy wastes, to have a precise understanding of CAS’s electrical and primary energy consumption is 

of utmost importance given their relevance, from an energy point of view, in most industrial systems Thus, the European Directive 

2012/27/EU [1] is a starting point for further energy efficiency improvement actions in industrial companies and CAS are certainly one of 

the main priorities. With the promulgation of such Directive, the European Union (EU) has established a common framework of measures 

for the promotion of energy efficiency in order to ensure the achievement of the EU’s energy efficiency improvement target of a 20% 

reduction of current primary energy consumption by 2020, and to pave the way for further energy efficiency improvements beyond that 

date. In this context, CAS play a strategic role in order to achieve the always more compelling objective of reducing industrial energy 

consumption in Europe as well as in the rest of the world [6, 7], due to their large diffusion in industrial plants [8] and to their energy 

intensity [8-11]. Italy has transposed the cited Directive into national law by issuing the Legislative (Lgs.) Decree n°102 of the 4th July 

2014 [12]. According to Art. 8 of such Decree, the large [13] and energy intensive (i.e. enlisted in the ad hoc list for the electricity sector of 

Cassa Conguaglio) enterprises must undergo energy audits on their plants at least every four years, starting from the deadline that was 5 

December 2015. 

The implementation of the Lgs. Decree 102/2014 in 2015 has been the perfect opportunity to gather CAS-related data in order to assess the 

current energy efficiency level of compressed air production and use in the Italian industry, to define effective benchmarks and to enhance 

knowledge and best practices transfer among undertakings. These activities will contribute to the increment of CAS’s energy efficiency. In 

such context, the Italian Energy, New Technology and Environment Agency (ENEA, “Agenzia nazionale per le nuove tecnologie, l’energia 

e lo sviluppo economico sostenibile”), in collaboration with the University of Rome “Tor Vergata” and the University of Tuscia, has set up 

a series of studies aimed at helping companies in the difficult job of assessing, benchmarking and improving their energy efficiency, and at 

providing them with accessible, easy and effective tools. 

Data gathered were not limited to CAS, but preliminary analyses were conducted on these systems due to their relevance from an energy 

efficiency point of view, as previously highlighted. As a matter of fact, only a few relevant and reliable benchmarks are available in 

scientific and technical literature, as for example [8, 14-16], but they are usually referred only to the production phase and are generally 
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calculated in nominal conditions, not considering system’s deterioration over time, specific operating conditions and also the influence of 

set points and demand fluctuations. This makes such information very unhandy and often confusing for companies. In such context, a series 

of studies has been set up aimed at helping companies in assessing, benchmarking and improving CAS’s energy efficiency, and at 

providing them with accessible, easy and effective tools.  

The use of Italian data is only due to the availability given by the application of the cited Decree, and should not be considered as a 

limitation for the applicability of main findings and results. In fact, data have been used to design the benchmarking methodology and tools 

presented in this paper, and while the validity of numerical results in different contexts shall be further tested, the methodology and tools 

can be applied to an international context. The application of the methodology and tools to different contexts will on the one hand further 

inform this design phase and on the other hand help provide support to the evaluation of energy efficiency of high energy-consuming 

industries, which is always more playing an important role in different countries [17]. 

In the followings, main literature regarding energy consumption benchmarking in industry, as well as CAS’s energy efficiency and 

benchmarking will be recalled. After that, the methodology used to create benchmarks for CAS’s energy efficiency in industry (from data 

collection to the creation of visualisation tools) is presented, together with main results obtained by applying it to the It alian context (and to 

the Manufacture of basic metals in particular). Results will be then discussed and main conclusions will be presented, together with some 

consideration regarding their general applicability. 

1.1. Energy consumption benchmarking in industry 

Benchmarking has been recognized to be an effective analysis methodology and management tool that helps to improve efficiency and 

performance in many areas for different objectives [18, 19] and has been well described in literature [20-23]. Energy benchmarking is 

defined as a process of measuring energy performance of an individual plant or sector against a common metric that represents “standard” 

or “optimal” performance of that plant or sector [18]. Benchmarking can also be designed to compare the energy performance of a number 

of plants against one another or to compare the plant against itself in different time periods or under different operating conditions [18]. It is 

therefore useful for understanding energy use patterns, identifying inefficiencies in energy use, estimating the potential for energy 

conservation, and designing policies to improve energy economy [24].  

Several reviews have been published on energy benchmarking methodologies in different fields. Chung [20] compared mathematical 

models for energy benchmarking in buildings, while Li et al. [25] focused on differences between black, grey and white box methods. 

Always considering buildings as main unit of analysis, Zhao and Magoules [26] reviewed the modelling and prediction of energy 

consumption, considering engineering, statistical and artificial intelligence methodologies, while Perez-Lombardi [27] analysed concepts 

such as energy ratings and labelling. Ahn et al. [28] proposed a review as well as a new statistical method to benchmark energy intensity of 

subway stations. Finally, while previous cited works generally refer to the benchmarking of energy performance of an entire site (or sector), 

Longo et al. [29] present a review of existing energy consumption benchmarking methods and tools for wastewater treatment plants, while 

Kalaiselvan et al. [30] and and Mui et al. [31] focus on centrifugal pumping systems and ventilation systems, respectively. These are rare 

examples of benchmarking methodologies and tools proposed for specific technical systems. In fact, although this is not acommon practice, 
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focusing on a specific system allows taking into account operations issues and efficiency improvement and gives more significant and 

reliable results. Benchmarking similar equipment is one method of identifying poor performing systems and estimating improvement 

potential. Actions for performance improvements can then be developed, prioritized and implemented based on benchmarking results [32]. 

Most benchmarking exercises are based on statistical analysis of time series and cross sectional data [33]. Statistical methods focus on the 

comparison of SEC amongst existing plants. This method involves data collection, analysis and reporting of the operational data. Statistical 

benchmarking is widely used (see following Table, adapted from [34]), and its main limitation is that the variations due to operating 

conditions of the processes are not considered and only similar plants or processes can be compared [34]. Researchers usually try to 

overcome such limitation by model based benchmarking, which generally results difficult to apply and not user-friendly for practitioners. 

This paper presents an alternative approach for considering operating conditions and systems with different size, with a relatively simple 

statistical approach. 

Table 1. Examples of different benchmarking model types and methods applied to different context (table adapted from [34])  

Author Objective of research Model type Benchmarking methods 

Chung et al. [20] Energy benchmarking model 

for commercial buildings 

Statistical Multiple regression analysis 

Omid et al. [35] Benchmarking of selected 

green houses in Iran 

Statistical Linear regression model 

Chauhan et al. [36] Benchmarking of energy in 

paddy production 

Statistical Linear regression model 

Boyd et al. [37] Industrial energy benchmarking Statistical Linear regression model 

Sardeshpande et al. [38] Energy benchmarking of glass 

furnace 

Analytical Thermodynamic approach 

Mui et al. [31] Energy benchmarking model 

for ventilation system 

Statistical Monte-Carlo technique 

Holiastos and Manousiouthakis 

[39] 

Estimate minimum total utility 

cost 

Analytical Thermodynamic approach and 

pinch analysis 

Grabowski et al. [40] Estimate minimum energy 

consumption in sugar 

production 

Analytical Pinch analysis and targeting 
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To the best of the authors’ knowledge, there are no standard approaches to evaluate CAS energy performance. In this paper, authors 

describe the challenges inherent to CAS energy benchmarking and give an overview of efforts made by both academics and practitioners to 

improve their energy efficiency. Authors have used some methods that are widely adopted for benchmarking, as they have proved to be 

effective, but some features have been added in order to ease results’ visualisation and to take differences among analysed systems into 

account, making the methodology more dynamic and widely applicable. This paper represents therefore a first step in the development of a 

systematic methodology for evaluation and improvement of energy performance in CAS operation. 

1.2. Compressed Air Systems energy efficiency and benchmarking in industry 

CASs are extremely common in industrial plants [8, 41-46], asthey are employed in approximately 70% of Italian industrial plants [8]. 

Compressed air is, in fact, characterised by a good transportability, safety, purity and storability and can be used as an energy carrier for 

various processes, like drilling, carving or energy storage, or as a process fluid carrier, for example in cleaning or varnishing) [42, 47]. In 

addition, they represent a huge percentage of the total industrial energy consumption in most industrialized countries [8], and the 

improvement of their efficiency is therefore a strategic goal. In fact, the energy cost of this utility is one of the highest  in industry, as air has 

to be treated in various ways, filtered, compressed and refrigerated before being stored, transported and finally used as energy vector. 

Nevertheless, still little attention is paid across most manufacturing and process industries to this topic, and, as a result, most industrial 

CAS are poorly designed, with an emphasis on risk aversion rather than actual operational efficiency. In most cases this results in oversized 

systems, with spare installed capacity to insure against such losses, which typically compromises the long-term energy efficiency of the 

installation [43]. Potential savings due to the improvement of CAS energy efficiency are estimated to be around 20-30% of current energy 

consumption [43]. 

Radgen and Blaustein [8] estimated the energy consumed to produce compressed air in Europe to be about the 10% of the total industrial 

energy consumption (and up to 70% for particular industries according to [9]), and such value was later confirmed by other authors in other 

contexts [44-46]. The high energy intensity of these systems is mainly due to the fact that only the 19% (or less [48]) of the energy 

employed to produce compressed air is actually available to final users [49]. 

For all of these reasons CASs can be considered the most expensive of all the most common industrial utilities from an energy point of 

view (their energy cost represents up to the 73% of their lifecycle cost calculated over ten years), which is the reason why monitoring and 

improving their energy efficiency is of utmost importance [50]. 

Given their strategic importance, there are several papers [8-11,15,51-53] and whitepapers [16,50,54-59] in literature reviewing best 

practices, techniques and technologies allowing CASs to be as energy efficient as possible. In order to give a brief and general overview of 

most common energy efficiency best practices applied to CAS, a detailed list is reported in the Figure 1, together with the recommendation 

rate (blue bars), the estimated payback (in brackets) and energy saving (green bars) for each practice.  
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Fig. 1. Energy saving and payback period for different improvement actions in Air Compressors systems (adapted from [60])  

Despite this, only a few benchmarks are given which can be considered relevant and reliable, as for example [8,14-16].  

In particular, Radgen and Blaustein [8] mainly mention benchmarks in the context of the definition of a European energy label for air 

compressors, with the aim of enhancing efficient machines’ adoption within industry. Therefore, it is referred to benchmarking 

performances in standard or nominal condition. In addition, they focus on the design phase and on the air compression equipment only, 

excluding downstream issues, such as distribution networks, overall system design or leak detection. Authors envisage the necessity of 

defining some sort of categorisation of systems for benchmarking purposes, mainly based on air quality and nature of variable  loads, thus 

once again considering only design information.  

The European commission prepared a document [14] for benchmarking the efficiency of energy consuming systems in business 

organizations. Such a document includes a description of the main technical systems, together with a list of main common energy saving 

opportunities for each of them. In the economics section of the CAS discussion, the benchmark value for the specific energy consumption 

is given for a correctly dimensioned and well managed installation, operating at a nominal flow and at a pressure of 7 bars: according to 

authors, it should be within 85 and 130 Wh/Nm3. In this case, as opposed to what stated for the previous reference, this value takes into 

account the operation of the whole system, not only of the air compression phase, but it still refers to nominal conditions. 

Anglani and Mura [15] performed an energy audit campaign where CAS belonging to different companies from various industrial sectors 

had been analysed from an energy efficiency point of view. In their report, differences in the efficiency of the use phase of compressed air 

are highlighted, leading to the conclusion that benchmark values should be defined per each industrial sector. In addition, authors conclude 

that benchmarks should be based on measured data rather than on nominal data in order to be more effective and to allow companies to use 

them also in the use phase. However, the data set used in this report is limited and the authors could not propose a final benchmark value. 
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Finally, also the U.S. Department of Energy [16] proposes a data based approach to benchmarking, and details a list of required measures: 

electric power, pressure, flow rate and temperature under different operating conditions, as well as the estimating leak load. By doing so, 

authors basically state that benchmarking is needed in CAS use phase, in order to establish current performance levels and costs of a CAS, 

and to correlate the results to the specific plant’s production level. 

This is the first study, to the best of authors’ knowledge,  based on such a large data collection and is the first step to the definition of a 

unique set of benchmarks which will help business organizations to assess their energy efficiency in the production and use of compressed 

air, so as to guide them in the correct implementation of existing best practices. 

2. Methodology 

2.1 Target 

The target of this study are large and energy intensive enterprises operating in Italy and has been set on the basis of the Legislative Decree 

102/2014, which motivated the study itself. The data collection process has been applied to the whole target. In addition, it has been 

considered that energy efficiency of high energy-consuming industries plays a significant role in social sustainability, economic 

performance and environmental protection of any nation [17]. As too many undertakings qualified for the cited Legislative Decree, data 

analyses have been initially limited to nine industrial sectors, selected for their intensive use of compressed air on the basis of existing 

literature [15,16].  

The following nine sectors (defined according to the 2007 NACE, the Statistical classification of economic activities in the European 

Community [61]) are considered in this study.  

 Manufacture of basic metals: this sector includes the activities of smelting and/or refining ferrous and non-ferrous metals from 

ore, pig or scrap, using electrometallurgy and other process metallurgic techniques it also includes the manufacture of metal 

alloys and super-alloys by introducing other chemical elements to pure metals: the output of smelting and refining, usually in 

ingot form, is used in rolling, drawing and extruding operations to make products such as plate, sheet, strip, bars, rods, wire or 

tubes, pipes and hollow profiles, and in molten form to make castings and other basic metal products.  

 Manufacture of chemicals and chemical products: this sector includes the transformation of organic and inorganic raw 

materials by a chemical process and the formation of products; it distinguishes the production of basic chemicals that constitute 

the first industry group from the production of intermediate and end products produced by further processing of basic chemicals 

that make up the remaining industry classes. 

 Manufacture of basic pharmaceutical products and pharmaceutical preparations: this sector includes the manufacture of 

basic pharmaceutical products and pharmaceutical preparations; it also includes the manufacture of medicinal chemical and 

botanical products. 

 Manufacture of fabricated metal products except machinery and equipment: this sector includes the manufacture of “pure” 

metal products (such as parts, containers and structures), usually with a static, immovable function; the manufacture of weapons 

and ammunition is also included in this division. 
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 Manufacture of motor vehicles: this sector includes the manufacture of motor vehicles for transporting passengers or freight; 

the manufacture of various parts and accessories, as well as the manufacture of trailers and semi-trailers, is included here. 

 Manufacture of plastics products: this sector comprises processing new or spent (i.e. recycled) plastics resins into intermediate 

or final products, using such processes as compression moulding, extrusion moulding, injection moulding, blow moulding, and 

casting; for most of these, the production process is such that a wide variety of products can be made. 

 Manufacture of textiles: this sector includes preparation and spinning of textile fibres as well as textile weaving, finishing of 

textiles and wearing apparel, manufacture of made-up textile articles, except apparel (e.g. household linen, blankets, rugs, 

cordage etc.). 

 Manufacture of food products: this sector includes the processing of the products of agriculture, forestry and fishing into food 

for humans or animals, and includes the production of various intermediate products that are not directly food products; it 

includes activities dealing with different kinds of products: meat, fish, fruit and vegetables, fats and oils, milk products,  grain mill 

products, animal feeds and other food products. 

 Manufacture of paper and paper products: this sector includes the manufacture of pulp, paper and converted paper products. 

The manufacture of these products is grouped together because they constitute a series of vertically connected processes; more 

than one activity is often carried out in a single unit, of essentially three types: the manufacture of pulp involves separating the 

cellulose fibres from other matter in wood, or dissolving and de-inking of used paper, and mixing in small amounts of reagents to 

reinforce the binding of the fibres; the manufacture of paper involves releasing pulp onto a moving wire mesh so as to form a 

continuous sheet; converted paper products are made from paper and other materials by various techniques. The paper articles 

may be printed (e.g. wallpaper, gift wrap etc.), as long as the printing of information is not the main purpose. 

2.2 Data Collection Process 

The exploratory study has been undertaken simultaneously with the implementation of the Legislative Decree 102/2014, in order to obtain 

the largest possible visibility and diffusion amongst target enterprises. Target organisations have been asked to complete a voluntary semi-

structured questionnaire in the form of a spreadsheet, and to submit it together with the mandatory documentation. The questions asked in 

the spreadsheet are summarized in Table 2. The collected variables (summarized in Table 3) are production volumes, total electrical 

consumption, indicated as kWhe TOT, amount of energy consumed for the production of compressed air, indicated as kWhe CAS, and 

value of the main energy driver. Both questions and variables are referred to the year 2014.. Submissions started in October 2015 and 

closed on December 2016. Given the exploratory nature of this study, no power analysis and sample size calculation was performed in a 

preliminary fashion. 

Table 2. Questions and percent breakdown of responses  

Questions Possible answers 

Methodology adopted for estimating total electrical consumption Calculated from energy bills 

Spot measures 

Continuous measures provided by dedicated meters 

Undeclared 
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Methodology adopted for estimating the energy consumed for the production of compressed 

air 

Calculated from energy bills 

Spot measures 

Continuous measures provided by dedicated meters 

Undeclared 

Please indicate the main energy driver you use to evaluate the performance of your 

compressed air system 

Compressed air production 

Others 

Undeclared 

Methodology adopted for estimating values related to the main energy driver for your 

compressed air system 

Calculated on the basis of nominal system’s parameters or 

of physics 

Spot measures 

Continuous measures provided by dedicated meters 

Undeclared 

Table 3. Variables collected in the spreadsheet 

Variables Unit of measure 

Production volumes Not standardized 

Total electrical consumption (kWheTOT) [kWh] 

Amount of energy consumed for the production of compressed air (kWhe CAS) [kWh] 

Value of the main energy driver Not standardized 

2.3 Data preparation for analysis 

In order to make the data analysis process easier and more effective, data have been previously prepared as follows: 

 questionnaires returned by the same enterprise for different plants have been identified, separated and named with different IDs 

so as to be analysed as separate entities; 

 production volumes have been all converted in tons if expressed in a weight unit of measure; 

 energy driver’s measures have been all converted in m3, if the energy driver indicated was the amount of compressed air 

produced; 

 derived variables have been calculated. 

The data analysis is performed on the following derived variables: 

 the ratio between the amount of energy consumed for the production of compressed air and the total electrical consumption 

(kWhe CAS/kWheTOT); 

 the ratio between the amount of energy consumed for the production of compressed air and the production volumes (kWhe 

CAS/t) [17, 32, 34, 62]; 

 the ratio between the amount of energy consumed for the production of compressed air and the value of the main energy driver 

(kWhe CAS/m3). 

The choice of the last variable is due to the fact that the amount of compressed air is the most used energy diver in the questionnaires, and 

also coherent with results presented in [19]. 

The analyses presented in the present paper refers on a part of the submitted questionnaires (i.e. those submitted electronically).  
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2.4 Data Analysis 

The data analysis has been performed in different steps, using different statistical analysis tools. The distribution of the collected variables 

has been first analysed and its normality has been assessed with the Anderson-Darling test [63]. Then, variables have been examined by 

calculating descriptive statistics (frequencies, percentages, averages, medians, standard deviation and confidence of intervals at 95%). To 

compare industries’ sub-sectors, the Welch’s One-Way ANOVA [64] test has been used to evaluate differences in the means of continuous 

variables. This test has been selected for its wide applicability, as it does not assume data sets to be normally distributed if they have an 

adequate size or to have similar standard deviations. Statistical tests have been performed accepting a probability value (P-value) ≤ 0.05. 

Such analyses have been performed for each industry and also repeated for industries’ subgroups limited to those that have provided 

continuously measured data, except for the Welch’s One-Way ANOVA test due to the restricted samples size. Analyses regarding the 

kWhe CAS/m3 derived variable have only been conducted on subgroups, as non-measured data seemed useless in this case, and cross-

sectorially, in order to avoid problems due to restricted sample size. 

A benchmarking tool is proposed and a benchmarking analysis is also performed for each industry and for each subsector. The 

benchmarking analysis is based on the evaluation of two variables: the amount of energy consumed for the production of compressed air 

and the Efficiency Ratio, defined as the ratio between the actual amount of energy consumed for the production of compressed air and the 

amount of energy that should have been consumed according to the baseline (see following Equation).  

             (1) 

where “i” indicates the single measured data. The baseline is defined through a regression analysis between the amount of energy 

consumed for the production of compressed air and the production volumes of the industrial plants, according to the following relationship: 

            (2) 

In the above equation α and β are the intercept and the slope of the best fitting line, calculated according to the followings: 

           (3) 

          (4) 

The strength of the correlation is evaluated using the r2 and the p_value indexes [63]. 

Benchmarking results are illustrated using an assessment matrix, a scatterplot having the two variables used for the benchmarking analysis 

on its axes, and divided into quarters (illustrated in the Figure 2). The quarters are defined observing the fitting between the actual and the 

ideal cumulative frequency of the variables. Each point on the matrix is a different industrial plant. 

According to the position of the points into the matrix, a different priority for possible energy-efficiency interventions can be identified, as 

follows.  
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 In the up-right corner there are the most inefficient systems. The Efficiency Ratio for these systems is high and their energy 

efficiency is therefore very low. Efficiency interventions are of utmost priority, as it is possible to obtain very high energy 

savings. 

 In the down-right corner there are quite inefficient plants. In this case the Efficiency Ratio is still very high but the value of the 

total consumption is a bit lower than in previous case. There is still the possibility to obtain high energy savings by implementing 

energy efficiency improvement actions. 

 In the up-left corner there are potentially critical systems. Their Efficiency Ratio is low but their consumption is high, so that it is 

worth to verify that their efficiency does not change over time. 

 In the down-left corner there are the most efficient plants. In this case it is not usually worth to implement energy efficiency 

actions as all of these sites are already very efficient, and they can also be used as a reference to derive best practices to transfer 

to the other sites. 

 

Fig. 2. Division of the assessment matrix into quarters 

In addition, further information on CAS energy efficiency and support for companies’ decision making can be drawn from this matrix. 

Those systems characterised by the same value of consumption and different efficiency ratio can be compared in order to identify and 

transfer best practices (these systems are most likely to have similar sizes). Systems characterised by the same value of efficiency ratio and 

different consumption can instead be compared as they should have similar operating condition, but clearly different levels of efficiency.  

Thefore, the matrix can be also used to compare the efficiency of the own CAS with that of different business organizations in the same 

industrial sector (by positioning the own consumption and efficiency ratio values on the matrix). In addition, evolution of efficiency can 

also be monitored over time (by repositioning new values on the matrix). The matrix can therefore be a useful tool for researchers and 

policy makers in order to identify most (and less) efficient companies and organise knowledge-transfer activities.  
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3. Data analysis results 

In this section, the results of the data analysis are presented in details for the manufacture of basic metals in order to give a complete 

description of the presented methodology’s application, while they are only briefly summarized for the other analysed sectors. 

3.1 In-depth analysis for manufacture of basic metals 

For the manufacture of basic metals, 223 questionnaires have been analysed. Of the corresponding 223 plants, 195 gave an estimation or a 

measure of the value of the amount of energy consumed for the production of compressed air. The highest percentage of questionnaires was 

returned by undertakings belonging to the casting of metal sub-sector (over 40%) and the rest of them belongs to other 4 sub-sectors or did 

not declare it (over 20%, see Figure 3). 

 

Fig. 3. Manufacturing of basic metals: percentage of questionnaires returned by undertakings belonging to different sub-sectors. 

Figure 4 summarises the percent breakdown of responses to each question. The Figure highlights how continuous measures are generally 

used to estimate total electrical consumption (even if not in a very high percentage of analysed questionnaires), but rarely used to estimate 

the energy consumed for the production of compressed air. Furthermore, the majority of companies do not indicate any energy driver for 

the evaluation of the CAS’s performance; in case they do, it is generally the amount of compressed air produced, but it is not clear how it is 

estimated. 
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Fig. 4. Percentage breakdown of the four responses . 

The plots of Figs. 5-7 report the results of the normality test and the descriptive statistics of main and derived variables for groups of data 

comprehending continuous measures. The same results for the whole sample are reported in figs. 8-10. Only plants measuring production 

volumes in weight have been considered, in order to analyse the ratio between the amount of energy consumed for the production of 

compressed air and the production volumes due to the fact that they are above 90% of the total. The ratio between the amount of energy 

consumed for the production of compressed air and the value of the main energy driver has not been analysed for each sector because this 

derived variable has been considered useful to analysis purpose only when both variables were measured (if not, one would have probably 

been derived from the other); thus, the amount of data available for each single industry was too narrow. 
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Fig. 5. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS for groups of data comprehending continuous measures 

only. 

 

Fig. 6. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS/kWhe TOT for groups of data comprehending continuous 

measures only. 
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Fig. 7. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS/t for groups of data comprehending continuous measures 

only. 

 

Fig. 8. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS for all available data. 
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Fig. 9. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS / kWhe TOT for all available data. 

 

Fig. 10. Manufacturing of basic metals: normality test and descriptive statistics of kWhe CAS / t for all available data. 

The mean value of the analysed variables and derived variables of plants belonging to different sub-sectors resulting from the  Welch’s 

One-Way ANOVA are not plotted for sake of brevity, but are in perfect agreement with the previous ones . Figure 11 depicts the 

assessment matrix for both the whole sample and the group of data comprehending continuous measures only. 
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Fig. 11. Assessment matrix for the whole sample (on the left corner) and for the group of data comprehending continuous measures only (on the right 

corner). 

Assessment matrixes for the subsectors are not reported, as there were not enough data or data were not good enough to obtain satisfactory 

results from the regression analysis.  

3.2 Summary of main results for all the analysed sectors 

Main results of data analysis are summarized in the matrix shown in Figure 7, which reports the various industries on columns and 

questions, variables and derived variables on rows. The green colour in the cells of the matrix means that values of answers,  variables and 

derived variables highlight a satisfying amount of data collected or a relevant probability of profitably implement energy efficiency 

measures. Red colour means the opposite. Median values rather than means have been analysed, in order to obtain more reliable results, as 

several industries showed a relevant amount of outliers that have still got to be interpreted. The last row of the matrix reports the impact of 

the amount of energy consumed by CAS in each industry on the national industrial energy consumption (calculated according to data 

reported by [65]). 
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Fig. 12. Summary of the main results of the data analysis for all analyzed industries. 

Figure 13 reports the results of the kWhe CAS/m3. 

 

Fig. 13. Results of the analysis conducted on the ratio between the amount of energy consumed for the production of compressed air.  

4. Discussion 

Results from data analysis have led to the drawing of a first set of findings. First of all, the dramatically low percentage of plants measuring 

kWhe CAS as well as the amount of compressed air produced is an effective indicator of the still too little attention paid to energy 

management in Italian industrial plants. Despite the high energy cost related to compressed air production and the always more restrictive 

regulation, energy measuring, controlling, budgeting and forecasting are still rarely performed, not even in highly energy intensive systems. 

Therefore, the development of energy measuring systems should be considered as a priority over the next few years. 

CAS appear to be a significant energy use in most industries, as the kWhe CAS/kWhe TOT derived variable ranges from 4% to 12%, with 

a mean value across different industries of 7%. They also cover a relevant percent of national industry consumption (i.e. a t otal of 5% 

considering all analysed industries). This is in line with values individuated in literature and reported in the introduction section, and being 

the first time such a value is calculated rather than estimated, it represents an encouraging start. 
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The kWhe CAS/t derived variable seems to be a promising indicator for CAS energy efficiency within a single industry, as it appears to 

have a non-scattered distribution. On the other hand,it cannot definitely be used to compare different industries and this is probably due to 

the differences of the industrial processes required to produce different products. 

Looking at the plots reported in Figs. 5-10, we observe that only few industrial plants show anomalous behaviours and are easily 

identifiable. Once the energy efficiency situation of these plants will be analysed, evaluating whether different performances are due to 

different systems’ efficiency or to different operational parameters’ settings, it will be possible to repeat the analysis on the same sample 

and verify the reliability of those values and distributions as benchmarks. In addition, plants showing anomalous behaviours are also 

identified by assessment matrixes (matrixes identify as anomalous the same plants appearing anomalous in the normality assessment plots). 

These matrixes allow to clearly identify plants that need energy audits and energy efficiency measures, thus allowing to benchmark CAS in 

companies of the same sector and to prioritise interventions. Such matrixes can definitely be considered a very promising benchmarking 

tool. 

Differences existing among subsectors are not significant for the sector considered in the present paper. This could be due to sector’s or 

data characteristics, and causes should be further investigated. 

The kWhe CAS/m3 is instead a good cross-sectorial indicator of the energy efficiency in the production of compressed air, but it does not 

allow measuring the energy efficiency in the consumption of such vector. An indicator such as the amount of compressed air used to 

produce a single ton of product would be useful, but the restricted number of plants measuring compressed air still does not al low its 

calculation. Anyway, Fig. 13 shows that the range of kWhe CAS/m3 value is slightly above the one proposed by [6], which is probably due 

to the fact that the latter does not consider real use operating conditions. There is also a small number of industrial plants showing a much 

higher range. This is probably related to non-standard pressure requirements, although a deeper analysis is needed to confirm it. 

5. Conclusions and future developments 

First findings from an explorative study aimed at assessing CAS’s energy efficiency and defining reliable and robust benchmarks have been 

presented. On the average, less than 20% of analyzed plants effectively measure kWhe CAS and about 7% of them measure the quantity of 

produced compressed air. CAS appear to be a significant energy use in most companies, covering on average the 7% of kWhe TOT.  Most 

promising benchmarking indicators and tools for both compressed air production and use and their calculation have been illustrated, along 

with their first application to a selected number of industries. In particular, the assessment matrix allows to easily and effectively 

individuate best performing CAS as well as systems needing improvement. By inputting their own data, companies can visualise their own 

CAS on the matrix and understand their performance in comparison with other companies from the same sector. Researchers/third  parties 

can in addition use the matrix to enable sectorial and cross-sectorial knowledge transfer. 

Through additional effort and data sets, the proposed methodology will allow to define cross-sectorial and industry-specific CAS energy 

efficiency benchmarks, enabling and enhancing a more efficient knowledge and best practices transfer among undertakings. Target 

companies will also be individuated to further test the use of the assessment matrix, its general applicability and the usefulness of results 
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obtained by companies involved, This process will start off by considering industries showing relevant probability of profitably implement 

energy efficiency measures, so as to achieve the highest possible impact on national energy consumption in the short term. 
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