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1 Introduzione 
 

Il Ministero dello Sviluppo Economico (MiSE) ed ENEA hanno stipulato un Accordo di Programma in base al 

quale è concesso il contributo finanziario per l’esecuzione delle linee di attività del Piano Triennale della 

Ricerca e Sviluppo 2015-2017 di interesse generale per il Sistema Elettrico Nazionale.  

Il presente documento si riferisce al Piano Annuale di Realizzazione 2015, per quanto attiene all’!rea 

“Efficienza energetica e risparmio di energia negli usi finali elettrici e interazione con altri vettori 

energetici”, Progetto D.3 “Processi e macchinari industriali”. 

Il periodo di svolgimento delle attività è 1 ottobre 2016 -30 settembre 2017.  

Il progetto ha come la realizzazione di strumenti e metodi, che mirano alla promozione di tecnologie ad alta 

efficienza energetica, allo scopo di favorire il mercato di prodotti più performanti sia a livello di 

componenti, che consumano energia, sia a livello di sistemi che la producono e di migliorare la qualità dei 

processi industriali più energivori per contribuire alla riduzione della bolletta energetica nazionale e 

aumentare la competitività del settore produttivo rispetto ai mercati internazionali.  

L’attività a termine, con un orizzonte temporale triennale, si articola attraverso le seguenti cinque linee di 

attività, più una dedicata alla diffusione dei contenuti e dei risultati ottenuti.  

 

a. Studio e applicazione di tecnologie per l'efficientamento di macchinari  

 

a.1 Facility per la sperimentazione e verifica di motori elettrici ad alta efficienza  

Obiettivo di questa linea di attività è stato il potenziamento di una struttura (progettata e in parte allestita 

nel piano triennale 2012-2014, sede ENEA di Bologna) per la sperimentazione e verifica del motori elettrici 

fino a 55kW. Allo scopo di definire i protocolli di misura (attualmente non disponibili) necessari per attuare 

la verifica dei motori come previsto dal sistema di sorveglianza del mercato, si elaborerà un metodo per la 

validazione dei risultati basato sull’analisi delle incertezze di misura. 

 

a.2 Tecniche di efficientamento di sistemi per saldature 

L’obiettivo finale della presente linea di attività la definizione di uno standard di verifica dei consumi 

energetici normalizzati per l’etichettatura di vari generatori di energia per saldatura e la predisposizione di 

linee guida per il risparmio energetico nel settore della saldatura Industriale. Allo stato attuale tali 

specifiche tecniche non sono disponibili. In tal senso si rende necessario allestire un laboratorio di misura e 

verifica delle principali tecniche utilizzate nel settore industriale per effettuare le saldature. In particolare, 

sarà potenziato unl sistema di saldatura laser ad alta efficienza con componenti optoelettronici (acquisito 

nel precedente piano triannale) in grado di incrementare l’attuale potenza da 2300 W a 4000 W per 

garantire l’applicazione del processo in almeno due range di produttività sullo spessore di 5 mm di 

spessore.  

 

 

a.3 La progettazione ecocompatibile all'interno dell'economia circolare  

Obiettivo di questa linea è lo sviluppo di specifiche e requisiti tecnici per le politiche di efficienza 

energetica, principalmente etichettatura energetica-ecoprogettazione (ecodesign)  all'interno del 

cosiddetto pacchetto dell' "economia circolare". A livello nazionale è essenziale garantire l'attuazione 

(definizione, monitoraggio e controllo) dell'etichettatura e dei requisiti di ecoprogettazione, monitorando la 
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reale presenza delle etichette nei negozi e verificando la conformità dei prodotti immessi sul mercato ai 

requisiti di legge. In questo modo si proteggono i consumatori e l'industria nazionale dalla concorrenza 

sleale. Le azioni previste nella presente annualità si sono focalizzate su prodotti industriali, professionali e 

domestici, per identificare i modelli a più elevata ecoefficienza e permetterne la loro 

diffusione/commercializzazione; inoltre è stata verificata la presenza delle etichette energetiche nei punti 

vendita dei prodotti di largo consumo, mediante un’indagine realizzata da una società di analisi del mercato 

in un campione di negozi in tutto il Paese.  

Parallelamente è stata svolta un’attività di analisi  dell’impatto della normativa inerente i SEU sugli scenari 

di applicazione della micro cogenerazione per evidenziare i vantaggi in termini costi/benefici ad essa 

correlati.  

 

 

b. Efficientamento di processi industriali  

b.1 Materiali innovativi per lo sviluppo di sistemi per il recupero energetico da cascami termici in ambito 

industriale  

L’obiettivo finale di questa linea di attività nell’orizzonte temporale triennale è lo sviluppo di un sistema 

prototipale ad assorbimento o adsorbimento per il recupero di calore di scarto a bassa temperatura. 

L’attività del secondo anno è stata  finalizzata alla progettazione e realizzazione di un sistema di prova del 

comportamento dei materiali all’interno del processo di efficientamento proposto.  

 

b.2 Studio di catalizzatori magnetici a elevata attività con finalità di efficientamento energetico  

dei processi produttivi nell’industria chimica  

L’attività mira alla progettazione e sviluppo di nuovi catalizzatori a supporto magnetico da utilizzare ai fini 

dell’efficientamento energetico di processi produttivi in ambito chimico industriale, con particolare 

focalizzazione al sistema nazionale (chimica farmaceutica, petrolchimico, sintesi di materie plastiche, 

sviluppo di coatings, prodotti avanzati per l’edilizia).  L’obiettivo finale consiste nell’allestimento di un 

reattore a scala di laboratorio per la sperimentazione di nuovi materiali (catalizzatori) da utilizzare nella 

catalisi magnetica per induzione, tecnica che si configura come game-changer nel settore della chimica 

industriale..  

 

b.3 Sistema di supporto alle decisioni per il risparmio energetico nella produzione e nell’utilizzazione 

dell’aria compressa  

Obiettivo finale della presente linea è la definizione di metodi per la riduzione dei consumi degli impianti di 

produzione, trattamento, distribuzione e utilizzo dell’aria compressa e la realizzazione di uno strumento di 

supporto alle decisioni (DSS, Decision Support Systems) in grado di indirizzare le aziende di vari settori 

produttivi verso l’adozione di tali buone pratiche secondo le modalità e le specifiche esigenze del settore e 

dell’impianto. Le attività della seconda annualità sono state orientate allo sviluppo di linee guida rivolte ad 

ottimizzare la gestione e la ripartizione dei flussi energetici nel singolo settore produttivo  e alla loro 

validazione attraverso sopralluoghi e attività sul campo da effettuare su un campione di aziende che è stato 

prescelto sulla base dei risultati conseguiti nella precedente annualità.  

 

c. Metodologie per la caratterizzazione di processi industriali energivori: benchmark e valutazione dei 

potenziali di risparmio energetico  

Definizione di metodologie per il calcolo dei rendimenti dei processi 
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Obiettivo delle attività è stata l’ individuazione di indici di prestazione nei seguenti settori: vetro, della 

trasformazione delle materie plastiche e della lavorazione della gomma . Si è valutato l’impatto potenziale 

derivante dall’implementazione di strumenti tecnico-finanziari (diagnosi energetica, rete d’impresa, ecc;) 

all’interno di PMI del settore industriale, in termini di risparmio energetico e costi da sostenere per 

l’esecuzione dei necessari interventi di efficientamento.  

 

d. Applicazione di campi elettrici pulsati nei processi industriali  

Obiettivo finale della linea di attività è la realizzazione di prototipo per l’inattivazione batterica degli 

alimenti basato su campi elettrici pulsati (PAEF). Nella presente annualità si sono ottenuti i seguenti 

risultati: analisi della fattibilità tecnica ed economica del processo di generazione del modello applicativo 

dei PEF, realizzazione del prototipo-generatore di impulsi elettrici ad alta intensità e realizzazione del 

prototipo camera di trattamento. 

 

Nel presente documento è stato collezionato il materiale delle principali azioni di diffusione dei risultati 

relative alle attività del PAR 2015 dei ricercatori ENEA e cobeneficiari. 

 

 

2 Pubblicazioni scientifiche 
 

 S. Bellocchi, G. L. Guizzi., M. Manno, M. Pentimalli, M. Salvatori, A. Zaccagnini. "Adsorbent 
materials for low-grade waste heat recovery: Application to industrial pasta drying 
processes”. Energy 140 (2017) 729-745. 

 Francesca Bonfà, Simone Salvatori, Miriam Benedetti, Vito Introna, Stefano Ubertini , “Monitoring 
compressed air systems energy performance in industrial production: lesson learned from an 
explorative study in large and energy-intensive industrial firms”, World Engineers Summit – Applied 
Energy Symposium & Forum: Low Carbon Cities & Urban Energy Joint Conference, WES-CUE 2017, 
19–21 July 2017, Singapore. 

 Miriam Benedetti, Ilaria Bertini, Francesca Bonfà, Vito Introna , Stefano Ubertini, “Explorative study 
on Compressed Air Systems’ energy efficiency in production and use: first steps towards the 
creation of a benchmarking system for large and energy-intensive industrial firms”, Applied Energy 
versione estesa del paper presentato ICAE2016 on Oct 8-11, Beijing, China (premio Award). 
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Abstract.  
In this paper we report the activation of the dry reforming reaction by induction heating of a NiCo alloy. The 
catalyst plays a double role, serving both as a promoter for the reforming reaction and producing the heat 
induced by dissipation of the electromagnetic energy. The elevated temperatures imposed by the reforming 
reaction suggest the choice of an alloy with a Curie temperature >800°C. In this respect Ni:Co ratio 60:40 was 
chosen. Alloy active sites for CH4 and CO2 activation are created by a mechanochemical treatment of the alloy 
that increases solid-state defects.  
The catalyst has been successfully tested in a continuous-flow reactor working under atmospheric pressure. 
Methane conversion and hydrogen production yields have been measured as a function of the applied magnetic 
field, reactant flow rate and time on stream. 

1.  Introduction 
The possibility of utilizing magnetic materials in catalytic processes has been recently accomplished in 
the field of magnetically assisted fluidized bed reactors [1] and magnetic separations [2]. Recently, the 
opportunity of converting electromagnetic energy into heat by means of magnetic materials has been 
proposed in the field of catalysis [3]. In this respect, energy is supplied by induction under 
radiofrequency field in a fast and efficient way to a properly responding catalytic system generally 
containing both a magnetic and catalytic component. In such a way, heat is provided directly by the 
catalytic bed itself that selectively absorbs electromagnetic energy. Heat is promptly generated on the 
chemically active site and in principle, by a precise design of the magnetic material, it should be 
possible to supply exclusively the energy required to drive the chemical process, avoiding unnecessary 
heating (and dissipation) of the whole reactor and increasing the overall efficiency of the process.  

The catalytic activity is usually performed by a different non magnetic component that it is either 
supported on the magnetic material or in close proximity.  

So far, such approach has been successfully applied to “low temperature” chemical processes such 
as the direct synthesis of amide from amine and carboxylic acid [4] at 170°C, the Claisen 
rearrangement (200°C) and many areas of organic synthesis (90-140°C) [5], 6].  Specific catalysts 
with optimized magnetic properties have been synthesized in order to adjust the reachable temperature 
and heating efficiency. Meffre et al. [7] reported the synthesis of complex nano-materials (Fe@FeCo, 
Fe@Ru) displaying high specific absorption rate (SAR) under external magnetic field. The nano-
particles heated by induction were able to catalyze CO hydrogenation leading to Fischer-Tropsch 



 
 
 
 
 
 

syntheses (T>200°C). Magnetic zeolites (TiO2-coated nickel ferrite particles coated with a layer of 
ZSM-5 zeolite crystals) were successfully tested for the isomerization of citronellal at 350°C [8]. 
Bordet at al. designed iron carbide nanoparticle with remarkable heating properties that when 
associated with catalytic metals (Ni, Ru) were able to efficiently catalyze CO2 hydrogenation in a 
continuous-flow reactor (∼350°C) [9].  

This field of investigation is new and large improvement is expected in the design of specific 
catalysts with enhanced magnetic properties. Presently the achievement of high temperatures by 
means of magnetic nanoparticles seems challenging. To overcome this problem NiCo alloy has been 
synthesized by arc melting and successively grinded to the micrometer range by a mechanochemical 
process. Here we report on the catalytic properties of the material heated by induction under r.f. field 
toward a high temperature endothermic reaction, the dry methane reforming. The reaction is highly 
endothermic (ΔH298K=247kJmol-1) and requires operating temperature in the range 800-1000°C to 
accomplish high conversion of CH4 and CO2 to H2 and CO. The most commonly used catalysts, apart 
from noble metal, are nickel based.  

 

2.  Material properties and applied methodologies 
A NiCo alloy with atomic ratio (60:40) has been synthesized by arc melting (Edmund Buler GmbH). 
The alloy has been fragmented into powder by a mechanochemical treatment (20min) using a 
vibrating cup mill inside a tempered steel grinding set. The material has been characterized by X Ray 
Diffraction (XRD) in the angular range 4° < 2θ< 40°, using a Seifert Pad VI apparatus equipped with 
Mo Kα radiation and a LiF monochromator on the diffracted beam. The resulting spectrum is reported 
in Figure 1. It shows a single phase of NiCo alloy with an average crystallite dimension of ∼15nm 
(Debye-Sherrer). Scanning electron microscopy (SEM) images were acquired by using a high-
resolution microscope (HRSEM LEO 130). In figure 2 a SEM picture of NiCo powder is reported 
showing particles with dimensions in the micrometer range.  
 

  
Figure 1. XRD spectrum of NiCo 
alloy. 

Figure 2. SEM image of NiCo powder as 
prepared. 

 
Magnetic measurements have been carried out on tightly packed, randomly oriented powder using a 
SQUID magnetometer (Quantum Design MPMS). Static magnetic properties of the as-prepared 
powder have been investigated by recording the hysteresis loop at room and low temperature (5 K), 
shown in figure 3. As expected, the sample displays very low coercive field (HC), 70 Oe and 115 Oe 
for 300 K and 5 K, respectively. Saturation of the magnetization is already obtained at 10 kOe, and the 
saturation values slightly decrease on increasing temperature from 52 emu/g at 5 K to 50 emu/g at 
room temperature. Both the low coercivity and easiness of saturation agree with the soft magnetic 
properties expected for a NiCo alloy.  
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Figure 3. Hysteresis loops of NiCo alloy powder at room 
temperature (red curve) and 5K (blue curve). In the inset a  
magnification of the low field region is shown. 

 
The capability of the NiCo alloy powder to act as a heat mediator has been evaluated by recording the  
temperature kinetics upon application of an alternating magnetic field with frequency f = 183 kHz and 
variable amplitude, H0 from 3.0 to 17.0 kA/m. The sample was prepared pressing the powder into a 
pellet (8 mm diameter, 1mm thick) and the temperature was monitored using and optical fibre 
thermometer in contact with the surface of the pellet. The resulting temperature curve as a function of 
time (s) is showed in figure 4. Extrapolating the initial slope of this curve from a linear fit we 
estimated a temperature increment per second normalized to the sample mass of 66 °C/s•g, which, 
considering the heat capacity of the bulk alloy (0.468 J/g°C-1 for Ni0.6Co0.4) corresponds to a 
dissipated power of 9.3 W/g. It is worth to note that the dissipated power scales linearly with the 
applied field. 
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Figure 4. Temperature kinetics of the powder under the application 
of an alternating field of H0 = 17 kA/m and f = 183 kHz. The 
starting temperature was 22°C. 

 
Functional tests have been performed utilizing the quartz reactor and gas distribution lines of a 

Temperature Programmed Desorption Analyzer-TPD (Micromeritics Autochem 2920). Catalyst 
powders were compacted (5ton/cm2) into a disc (8mm diameter, 1mm thick) and placed inside a U 
quartz tube (figure 5). Before its utilization in the process conditions, the sample was reduced in He-H2 



 
 
 
 
 
 

(3%vol), 50ml/min flow, to clean the oxidized surface through a thermal treatment in TPD at 350°C 
(10 minutes). An Ambrell EasyHeat 2.4 apparatus has been utilized to heat the catalyst. The inductor 
is placed around the quartz tube as shown in figure 6. In figure 7 the power supplied to the coil to 
generate the magnetic field is displayed.  

 

   

Figure 5. NiCo powders are 
compacted into a pellet 
(d=8mm, h=1mm) and placed 
in the quartz reactor. Reactive 
gases flow through the disc. 

Figure 6. Inductor coil  
(d= 2.5cm, h=4.5cm) 
surrounding the reactor 
tube. A pyrometer provides 
an estimation of the catalyst 
surface temperature. 

Figure 7. Power consumption 
vs. generated magnetic field 
for the coil utilized in this 
work. (f=190KHz). The linear 
response of the coil is 
highlighted.  

 
The experimental set-up includes an optic pyrometer (IRTech Radiamatic IR20CF2150) to estimate 

the catalyst surface temperature. Such value is only an approximation of the real temperature since the 
emissivity of the catalyst is not known. GC analysis (Agilent GC490 equipped with two independent 
columns MS5A and PoraplotU) is utilized to determine the composition of the gas leaving the reactor.  

Samples are heated by induction at 190kHz under argon flow until the temperature reaches a stable 
temperature (few minutes), then the gas is switched to a reactive mixture composed of 50ml/min Ar-
CH4 (10%) and 5ml/min CO2. 
 

3.  Catalytic activity 
The NiCo catalyst activity toward the dry reforming reaction was firstly investigated in the TPD 

reactor by conventional heating and results are reported in figure 8. Methane conversion and hydrogen 
production yield exceeding 70% were observed at 850°C. The measured conversion values are 
considered a reference to which results obtained by induction heating are compared. 
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Figure 8. Methane conversion 
 𝑋𝐶𝐻4 = !"4 𝑖𝑛![!"4]𝑜𝑢𝑡

[!"4]𝑖𝑛
. 100 and hydrogen 

yield 𝑌𝐻2 = [!2]𝑜𝑢𝑡
![!"4]𝑖𝑛

. 100 measured when 

NiCo catalyst is conventionally heated at 
different temperatures. Theoretical 
expected values, calculated on the basis of 
thermodynamic equilibrium data (HSC 
Chemistry 6.1 software) taking into 
consideration multiple equilibria, are 
reported. 

 
The NiCo activity was measured heating the catalyst by induction for magnetic field amplitudes 

ranging from 26 to 32mT (limited to the coil linear response range in figure 7). In figure 9 the methane 
conversion (XCH4) and hydrogen yield (YH2) are reported as a function of the applied magnetic field. 
When compared to measurements performed by conventional heating, the catalyst shows a better 
performance suggesting that NiCo surface is higher than 850°C. In figure 10 the effect of the gas feed 
on the catalyst activity is reported, keeping CH4:CO2 ratio 1:1. Conversion data versus time on stream 
are reported in figure 11. These data, a preliminary investigation on catalyst stability, are very 
promising considering that the metallic catalyst is not dispersed or supported on an inert substrate and 
that annealing phenomena could easily deactivate it. 

 

   
Figure 9. Methane conversion 
(XCH4) and hydrogen yield (YH2) 
as a function of magnetic field 
amplitude. GHSV=9330h-1. 

Figure 10. Effect of the gas 
feed on methane conversion 
(XCH4) and hydrogen yield 
(YH2). Magnetic field amplitude 
27mT, 0.32kW. 

Figure 11. Catalytic results as a 
function of time on stream. 
Preliminary test of the stability 
of the catalyst. Magnetic field 
amplitude 27mT, 0.32kW, 
GHSV=9330h-1. 

 
The mass balance between gases feed and outlet shows a carbon deficit (0.5-3%). Preliminary SEM 

observation does not evidence carbon deposits on the powder and a longer time on stream operation is 
needed to clarify this indication. 

 

4.  Conclusion  
 

A NiCo alloy catalyst is proposed to carry out the dry reforming of methane supplying the required 
energy by a radiofrequency alternating electromagnetic field. Catalyst powders are heated by 
induction to very high temperatures (>850°C). The developed material has been utilized at the same 
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time as a catalyst and heating agent to perform dry-methane reforming with conversion values up to 
90%. Preliminary tests have been performed to evaluate the effect of gas feed and the stability of the 
developed catalyst. Reported evidences open new opportunities in the research of magnetic materials 
for industrial chemical processes. 
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 Abstract 

Compressed air is one of the principal means for energy and material transport in today’s industries. On average, the 
incidence of the compressed air systems is around 10% of total energy consumption but in some cases can reach 
25%. Nevertheless, there are still no available energy performance benchmarks based on measured industrial data, 
taking into consideration actual operating conditions, and referred to compressed air production and, most of all, 
use. In 2015 the Italian transposition of the European Directive 2012/27/EU (i.e. Legislative Decree 102/2014) 
allowed to require energy audit to large and energy intensive enterprises. First analyses, aimed at developing energy 
performance indicators, showed some limitations in data collection. For these reasons, a questionnaire has been 
composed in order to identify the actions to be undertaken, we need to start from "specific" consumption by type of 
production. In particular, the questionnaire has made possible to identify some necessary actions to develop a 
rational compressed air production and use management system using measuring systems suitable for monitoring 
and controlling operations. The survey is aimed at the energetic analysis of the operating conditions of the 
compressors and their technical characteristics for a sample of companies, selected among those with a compressed 
air consumption of 5% EE.  
The present study aims to define a measurement procedure that will ensure the availability of the necessary data for 
proper benchmarking of energy performance in production and use of compressed air.  
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1. Introduction 

According to Benedetti et al. (2016) compressed air accounts for as much as 10% of industrial electricity 

consumption in the European Union and in some cases the energy consumption due to the compressed air systems 

can reach 25% of the total. It is easy to understand the importance of the reduction of energy consumption due to the 

generation of compressed air for industrial uses.  

According to Art. 8 of Legislative (Lgs.) Decree n°102 of the 4th July 2014, Italian transposition of the European 

Union through Directive 2012/27/EU, the large and energy intensive enterprises must undergo energy audits on their 

plants at least every four years, starting from the first deadline that was 5 December 2015 (Benedetti et al. (2016)). 

Energy audit allows to obtain adequate knowledge of the energy consumption profile of an industrial plant. This 

kind of energy data analysis, carefully lead, has made possible to identify the best opportunities for improvement 

(Longo et al. (2016)). 

Doing continuous evaluations of the products, services and organizations between one site belonging to a firm 

and another one representing the best practices is a starting point to reach a complete results, that is the benchmark 

for Festel et al. (2014). Benchmark is recognized to be one of the most important methods to improve energy 

efficiency. According to Ke et al.(2013) it is the methodology to have a full evaluation of the energy performance of 

an industrial part or sector against a reference plant o sector. A benchmark analysis can help firms to assess their 

performances compared to the other enterprises and to increase own performances in term of production and energy 

efficiency. Making a benchmark oblige the companies to have a lot of data coming from the measuring systems and 

to use typical indicator to have an assessment of their performances. It needs a certain number of examples to define 

a range of methods to build the benchmarking model. It is possible to use both very basic single-factor measures, 

both complex econometric techniques and mathematical programming approaches (Chung (2011)). 

In some cases benchmark has been done on entire industrial sectors analysing energy consumption related to 

CO2 production (Phylipsen et al.(2002)); in other cases only a kind of installation has been considered (Mui et 

al.(2007), Sahoo et al. (2014), Chung et al. (2006)). 

Despite the importance of compressed air generation sector, does not exist a common standard to evaluate 

compressed air systems performances. Furthermore, there are not many documents and reviews about benchmarking 

methodologies applied in compressed air production which consider other than nominal conditions (Benedetti et al. 

(2016)). 

Collected data has been used for some considerations about energy consumption of the various sectors and to do 

simple comparisons using KPIs about energy consumption and tons of final product. Starting from the most 

common techniques of data analysis, the study presented in this paper wants to define a strategy to measure the 

energy performance in the right way to make the data available to a benchmark. In particular, this work wants to 

define which are the variables to be measured and how to do it. To do a benchmark for the compressed air systems it 

is important to have some characteristic values as the amount of air produced, the system operating pressure, etc.  

To collect more information about compressed air system besides the requested data, a questionnaire was set up 

with the aim of obtaining more information about the compressed air measurement system and about the level of 

management of this.  

The already possessed data have been resulted unreliable because of some non-negligible approximations. First 

of all, it is impossible to know their veracity; in many cases the consumption data come from estimates made on 

productions of hours or even relying on electric bills. This inconsistency has led to a great difficulty in preparing 

complete and accurate analysis. Also, more importantly, it was not possible to use a common standard to develop a 

reliable benchmark methodology.  

The results of this study will be the starting point for the development of guidelines for the next energy audit 

(expected in 2019) and a useful reference for all organizations wishing to evaluate and monitor over time the energy 

performance of their compressed air systems. 

2. Methods 

To monitor the degree of potential efficiency gains available for any given system it is important to consider 

many factors including: leakage rates, system pressure (set point and variation), specific demand (CAS demand per 
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unit of plant output), specific power consumption of compressors, environmental variables (air quality, water 

quality) (Neale and Kamp (2009)). 

To provide a valid benchmark analysis it is important to consider some key performance indicators, defined in 

terms of energy demand, end use, technology, process and device, and use them to compare the various cases. 

Physical-based indicators are normally calculated by relating energy consumption to an activity indicator measured 

in the physical terms (e.g. tons of steel, passenger-kilometres, floor area in square metres, etc.) or to an energy 

consumption unit (e.g. vehicle, dwelling, etc) (Ang (2006)). 

Companies whose data make up the dataset are all part of nine industrial sectors that are: manufacture of basic 

metals, chemical products, pharmaceutical products, metal products, motor vehicles, plastics products, textiles, food 

products, paper. Available data include the amount of finished products typical for each industrial sector, the 

production data of compressed air and the relative energy consumption. 

Specifically, the most significant data indicate the total amount of energy used by the company, the amount of 

energy used for the compressed air production, the amount of the final product and the amount of compressed air 

produced. Using these first KPIs which has been considered were: 

• kWhe CAS/kWhe TOT - The ratio between the amount of energy consumed for the compressed air 

production and the total electrical consumption; 

• kWhe CAS/t - The ratio between the amount of energy consumed for the compressed air production and 

the production volumes, generally expressed as tons of final product. 

The two KPIs used cannot outline an overview of the situation about the efficiency of the compressed air 

generation system because of the great difference of the production volumes between the various sectors e.g. the 

importance of compressed air in the production of one ton of paper rather than one ton of metal is very difficult to 

evaluate. That kind of results can be used to begin a benchmark analysis within the single sectors but are not useful 

to consider the general performances. 

Considering the difficulties to compare different sectors because of their operating services, making a benchmark 

analysis without considering the differences between the various production is the main idea of the work. To do a 

benchmark analysis data can be compared using many techniques including: normalization technique, statistical 

approaches and programming techniques (Longo et al. (2016)). In this work, the normalization technique and the 

statistical approach are used. 

The performance of the system can be robustly monitored in a real-time environment monitoring the flow rate 

and associated power consumption at a variety of system loads. The use of this KPI on a periodic basis allows the 

overall system condition assessment. For this reason it has been chosen to use a more objective relationship between 

energy consumption for compressed air generation and the amount of air produced measured in m3 (kWhe CAS / 

m3) (O’Driscoll et al.(2013)).  

This indicator does not give importance to the final production in fact, only the data on compressed air 

production are present in the formula.  

 

3. Results and discussion 

                             
Fig.1. Incidence % of compressed air on national electricity consumption Fig.2. Incidence of "specific" consumption of electricity by sector 
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Results coming from the data collection campaign show that, within the sample, the sectors whose energy 

consumption is larger are: Chemical products (about 31%) and Motor vehicles (about 15%). In Fig. 1 has been 

represented the incidence of "specific" electricity consumption in comparison with the corresponding total national 

total consumption. The Fig. 2 represents the incidence of the compressed air system consumption within the total 

energy consumption sector by sector.  

By comparing the energy consumption in kWhe CAS/m
3
 it is assumed that the working conditions do not vary 

significantly between all the enterprises, hence restricting the applications of this approach (Longo et al. (2016)).  

From these data analysis, it is difficult to find clear indications to have a good benchmark. The data are little 

significant and apart from outliers, previously removed, there is a typical trend for each sector that differs a bit from 

the general average. In Fig. 3 the histograms of collected data have been represented. 

The situation gets better if we also add a correlation analysis between energy consumption and production data.  

As it can be seen from the Table 1 (left side), the correlation between all the input and output data is not 

homogeneous for all the sectors. Furthermore, the firms which have not measured the compressed air production 

might have estimated their data starting from some assumption coming from literature; that kind of data would 

falsify the analysis.  

Doing a linear regression with the data relative to the measured quantities has allowed to analyze the P-Value and 

the significance (right side). From the results, if all the available data are considered, the P-Value is under 0.05 for 

all the linear regression inclines. If only the measured data have been considered, for some sectors, the regression 

loses its significance. This result can be due to the differences between the various firms analyzed; to have a relation 

between the electric consumption and the air production it is assumed that it is possible to scale linearly inputs and 

outputs, i.e. it is assumed constant return to scale. This heterogeneity is also effective due to the differences with 

which companies have estimated their consumption. The measurement difficulties are also considerable and are 

given by the paucity of information on the operating pressure of the compressors, the type of compressors installed 

and the plant characteristics. Furthermore, of all the companies for which data were available, 17% have measured 

their consumption related to the production of compressed air in a continuous or periodic, 69% calculated the 

consumption through bills while the remainder did not state the data; the way the data was calculated based on the 

energy bills is not known. Even if the data are derived from direct measurements not all companies are equipped 

Fig. 3. Histograms of data sorted by sector. 
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with the necessary tools and there is not a unique procedure that can determine the power consumption for the 

compressor park. 

From this first analysis, it is easy to note that the percentage of companies that provide a certain datum of their 

consumption (albeit with possible errors) is low, for this reason some corrective actions are necessary. 
 

Table 1. Correlation and Linear regression results 

4. Lesson learned on monitoring of compressed air system 

Used data about produced compressed air and consumed energy make the benchmarking not completely 

significant for all the sectors taken into account because of the low reliability of the most data available.  

Starting from this assumption a 12 wide-ranging questions survey were submitted to a sample of companies. The 

questions are collected in table 2. 
Table 2. List of the questions 

Q1. What about an energy efficiency program of the compressed air 

system serving the production processes within the company? 

Q7. What about the compressors control system (on/off, inverter)? 

Q2. Systematic diagnoses of the compressed air system, to find out 

energy saving opportunities carried out including measurement 

campaigns and energy audits.  

Q8. What about the pressure drops in distribution system? 

Q3. What about the improper use of compressed air? Q9. What about the positioning of the intake air inlet? 

Q4. What about measurement systems with which determine the 

amount of   compressed air produced and/or used (definition of a 

measurement plan able to determine the variables to be measured, 

the measurement frequency and the measuring instruments)? 

Q10. What about the evaluation of compressed air delivery pressure? 

Q5. What about the analysis of compressed air demand profile? Q11. What about the analysis of the compressed air leaks in the 

distribution network? 

Q6. What about the scheduling maintenance of compressors? Q12. What about the analysis of the cost and energy consumption 

data of the compressed air system? 

 

Questionnaire 

 

In order to have meaningful results, only companies whose electric consumption related to compressed air system 

is major than 5% of the total are considered in the questionnaire. The Fig. 4 shows the percentage distribution of the 

sample. The most numerous sample is represented by chemical sector which is also the more energy intensive. 

 

Sector 

Correlation Linear regression 

   Overall Measured 

Overall Measured Estimated Intercept Incline Intercept Incline 

Food products 0,970 0,992 0,882 0,582 9,60E-68 0,439 1,28E-15 

Paper 0,963 0,986 0,961 0,002 1,07E-15 0,646 0,106 

Metal products 0,123 0,261 0,072 0,214 0,270 0,865 0,281 

Plastic products 0,969 0,998 0,955 0,899 2,64E-45 0,027 5,27E-06 

Chemical products 0,996 0,997 0,978 0,017 4,47E-84 0,119 1,36E-16 

Pharmaceutical products 0,865 0,821 0,821 0,811 7,15E-10 0,935 0,179 

Basic metal 0,974 0,978 0,974 0,248 2,67E-44 0,726 5,07E-06 

Motor vehicles 0,949 0,999 0,955 0,049 1,69E-14 0,288 0,027 

Textiles 0,997 1,000 0,999 0,142 1,30E-42 - - 
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Such a developed questionnaire helps to understand what kind of actions are needed get a better dataset with 

more information useful to get a good benchmark analysis. In this way, it is possible to cluster the enterprises based 

on their answers in order to have groupings not based on their performances neither on their features, that could go 

against the feature of generality described above. 

This type of action has been made necessary by the feature of current dataset which is composed mainly by 

estimated values. Using the results, it is possible to assess the quality of analysed data and suggest some corrective 

actions.  

Questions have been collected in Table 3. The rows indicate the number of choices (from 3 to 5). The columns 

indicate the class of the questions. The first column collects general questions about energy efficiency of CAS, the 

second column groups the questions about measurement systems and in the third column there are questions about 

working conditions. Answers are organized according to the growing level of development of management and 

operation procedures. One of the most simple and powerful way to reduce energy consumption is to install a 

measurement system capable of continuous monitoring and any anomalies detection. For this reason, the analysis 

focused on class 2 (about measurement system).   

       
Table 4. Possible answers to questions 4, 8 and 11 

  
Q

4
 

1. They have never been considered; 

2. They have been considered and used sporadically (indicate the frequency of the measurements, the unit of measurement of the 

amount of compressed air measured and the measuring point); 

3. They have been considered and used regularly (indicate the frequency of the measurements, the unit of measurement of the amount 

of compressed air measured and the measuring point). 

Q
8
 

1. They have never been measured; 

2. The magnitude of pressure drops is known and some more immediate and cost-effective corrective actions have been planned 

(regular maintenance of filters, replacement of other welding connections, etc.); 

3. The magnitude of pressure drops is known and almost all the most immediate and low-cost correction work was done and some of 

the most important interventions planned (check the correct size of the pipes and replace them, purchase pressure gauges on 

condition Filters, correcting the shape of the net to avoid curves); 

4. All the most important interventions have been planned and some have been implemented; 

5. The network is optimized for minimizing pressure losses. 

Q
1

1
 

1. An assessment of their size has never been carried out; 

2. It has been estimated on the basis of on-board ignition / shutdown tests of stationary compressors and is considering taking action to 

improve it; 

3. Surveys were carried out following which the most significant losses have been removed and at least the planned introduction of 

solenoid valves on the ducts to the user equipment has been planned; 

4. Minor losses were also eliminated or reduced. 

 

The results of questions 4, 8 and 11 are collected in table 5. The answers to question 4 show that most of the 

companies surveyed do not have a measuring system, corresponding to 52% of the sample. From the analysis of the 

answers to question 8, it is noted that, adding the percentages of response 1 and 2, most of the sample has not yet set 

Fig. 4. Percentage of answers sorted by sectors. 
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up a system for monitoring pressure drops. Therefore, there is the possibility that some of them produce compressed 

air at a pressure higher than that required by the user, and may increase the consumption considerably. From 

question 11 on the note that only 15% of the sample has never undertaken actions aimed at assessing leakage of 

compressed air. Very positive result indicating a certain sensitivity to the energy data. 
 

Table 5. Answers percentage to questions 4, 8 and 11 

Answers 1 2 3 4 5 

Q4 52,54% 11,86% 35,59% / / 

Q8 37,29% 15,25% 16,95% 10,17% 22,23% 

Q11 15,25% 30,51% 32,20% 23,73% / 

 

Measurement system 

 

Starting with the questionnaire, it is necessary to define a standard for surveys, which makes possible to compare 

different companies also belonging to completely different industrial sectors. 

To do a complete benchmark analysis can be used two types of indicator using different type of data. The first 

kind of indicator serves to calculate the performance of the different systems according to (Cesarotti et al.(2006)). 

To calculate other performances indicators it is necessary to have:  

• Greater availability of data from measurements; could be defined a minimum measurement system in order 

to measure the amount of energy used by all the compressor park including the cooling system’s pumps and the 

compressed air produced by all the compressors (Fig. 5). In this way, it is possible to calculate the ratio between 

compressed and energy consumption and the total consumption or the air production (kWhe CAS/kWhe TOT, kWh 

CAS/m3).  

• Some further information about the pressure of compressed air generated. In the event that the system has 

multiple pressure levels it would be useful to develop a statistical analysis system that considers the effect of 

pressure and develop different benchmarks based on the pressure level. A further path could be the development of a 

more complex benchmark system capable of different pressure levels. 

• More information about compressor parks: e.g. compressor size, compressor type, modulation type 

(presence of inverter or not, presence or not of an electronic control unit for the ignition and shutdown of individual 

compressors). If it is possible, it is useful to know the percentage of consumption and of total compressed air of each 

compressor or, at least, an estimate of the annual operating hours of the individual compressor. An indication of the 

variability of air demand over time it could be useful, but more complex. In this way, it would be possible to 

compare the performance of the different systems, provide information on the most efficient systems and the savings 

that can be gained from using these systems. 

• More information about the system management. It can be useful to know some information about the 

maintenance scheduling, about the cost analysis and, above all, about any possibility of energy efficiency. 

Fig. 5. (a) minimum configuration of measurement system; (b) ideal configuration. 
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The second kind of indicator wants to investigate and compare various features of compressed air such as: type of 

use, quality and pressure. Data coming from firms could be used for a preliminary clustering and later perform the 

analysis cluster by cluster. 

Using data from surveys, it is possible to estimate the potential for energy savings and a general assessment of 

the company's level of performance over time.  

The introduction of a performance-oriented measurement system is the first step to developing an energy 

performance management and information system based on an energy management system (Introna et al. (2014)). 

Each company can also develop a baseline for internal performance benchmarking, monitor them through the use 

of control charts and improve them. The regression method using measured data can help firms to analyze their 

electric consumption and thanks to control charts and CUSUM they can have a real-time monitoring system. 

This kind of procedure allows to have alarm signals about malfunctions and excessive consumptions ensuring 

significant savings (Cesarotti et al. (2014)). 

5. Conclusions 

Starting from the lesson learned by Benedetti et al. (2016), some further indication to make a complete 

benchmark analysis are given. The available data have made necessary a definition of indicators and procedures to 

collect more data in order to perform a complete benchmarking of compressed air generation systems for energy-

intensive industrial firms. The indicator kWh CAS/m
3 
is considered the most important and the only on which allow 

to compare firms belonging to different industrial sectors. 
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3 DIFFUSIONE DELL' INFORMAZIONE SULL’ETICHETTATURA ENERGETICA 
E L'ECODESIGN E SULLA SORVEGLIANZA DEL MERCATO 

Questa attività si è concretizzata nella partecipazione a incontri e seminari tematici organizzati sia da ENEA 
che da altri soggetti pubblici nell’ambito della comunicazione e diffusione dell'etichetta energetica al 
pubblico: 

- "L’etichetta energetica nei punti vendita. Luci ed ombre - indagine mercato 2016”, Milano, 5 
ottobre 2016  

- Direttive europee Ecodesign ed Ecolabelling: cosa cambia per apparecchi e caldaie a biomasse, 
Seminario tecnico per aziende costruttrici e installatori, Legnaro (Padova), 6 ottobre 2016 

- Convegno refrigerazione professionale, Milano, 7 ottobre 2016 
- E2 FORUM - Sessione  PROGETTAZIONE, SICUREZZA E SERVIZIO Efficienza e prestazioni energetiche 

di edifici e impianti, Milano, 26 ottobre 2016. 
 
Su specifica richiesta delle Associazioni di categoria italiane ed europee ENEA ha partecipato a incontri 
informativi per illustrare i contenuti  delle misure di etichettatura ed ecodesign approvate e delle loro 
ricadute a livello nazionale concentrandosi in particolare sugli aspetti della sorveglianza del mercato. In 
particolare: 

‒ Master in Energy Management | MIP in collaborazione con BIP – Ispra, 3 febbraio 2017 

‒ "WORKSHOP: La Sorveglianza del Mercato sui Prodotti Connessi all’Energia e sulla Direttiva Ecodesign, 
Milano, 20 febbraio 2017 

‒ La conformità dei prodotti all’etichettatura energetica e all’ecodesign. Apparecchi di riscaldamento 
d’ambiente, apparecchi di riscaldamento misti, insiemi di apparecchi per il riscaldamento di ambienti", 
Milano, 27 giugno 2017 

‒ La conformità dei prodotti all’etichettatura energetica e all’ecodesign. Armadi frigoriferi e congelatori 
professionali", Milano, 05 luglio 2017.  
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