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Abstract

:

Petroleum products account for the 32.3% of worldwide primary energy. There are more than 100 oil refineries in Europe that directly employ 119,000 people with a turnover of EUR 600 billion and around 1.2% to the total value added in manufacturing. Therefore, the petroleum refining sector is very important in the European economy, and its decarbonization is crucial in the energy transition. Refineries present a high degree of complexity and integration, and the continuous increase of their energy efficiency is a key topic for the sector. In this work an analysis of the energy efficiency in ten Italian refineries based on mandatory energy audits and public data is presented. The primary (0.0963 ± 0.0341 toe/t), thermal (3421.71 ± 1316.84 MJ/t), and electrical (68.20 ± 19.34 kWh/t) specific energy consumptions have been evaluated. Some insights about the impact of refined products mix (mainly driven by production of diesel fuel) and Nelson Complexity Index in energy consumption are presented. Lastly, an overview of energy performance improvement actions (EPIAs) information extracted from energy audits is presented. This work presents a first step for the benchmark of Italian refineries that should be subsequently improved.
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1. Introduction


Nowadays, fossil fuels provide more than 80% of all the energy used worldwide. The products derived from petroleum are the first primary energy source since 1970 and its consumption has been constantly growing since the end of “1980s Oil Glut” in 1983 (except during the “2008 financial global crisis” and the “2020 COVID crisis”). Oil consumption increased annually by 1.3% from 2000 to 2019 (from 154.39 EJ to 191.89 EJ). This increase is driven by non-OECD countries (mainly China and India) with an annual rate of +3.1%, meanwhile consumption in the EU has been reduced by −0.3%. However, this trend is opposite to the share of oil consumed as part of global primary energy consumption (from 39.1% to 32.3%) mainly due to the substitution of oil by coal, natural gas and renewables in power generation [1]. Since Hubbert’s pioneering theory of “Peak oil” [2] the proven reserves of oil have been continuously increasing [1,3].



An oil or petroleum refinery is an industrial facility where crude oil and other feedstocks are processed into useful petroleum products. The main principle of refining is to separate and improve the hydrocarbon compounds that constitute crude oil to produce saleable products (such as gasoline, diesel fuel, petroleum naphtha, asphalt base, heating oil, kerosene, liquefied petroleum gas, jet fuel and fuel oils). A refinery includes three main process sections: separation (including the crude distillation unit [CDU]); conversion (including the gas recovery unit [GRU], hydrogen treatment unit [HTU], fluid catalytic cracking [FCC], and vacuum distillation unit [VDU]); and finishing (including catalytic reforming unit [CRU], distillate hydroforming unit [DHU], delayed coking unit [DCU], lube oil processing unit [LPU], asphalt processing unit [APU] and visbreaking). Each section is constituted by one or more process units with different configurations and operation parameters (pressure, temperature, catalyst, etc.) to perform their function [4]. In 2012, there was a worldwide total refining capacity of around 4400 million t/y, in 655 refineries (25% Asia, 20% North America and 20% Europe) [5].



In 2017, the 34.6% of global GHG emissions were produced by oil products [6], and refineries account for only 7% of all the industrial emissions in Europe [5], mainly due to combustion processes (90%) [7]. There are more than 100 oil refineries in Europe that directly employ 119,000 people with a turnover of EUR 600 billion and around 1.2% to the total value added in manufacturing [8]. Moreover, refineries are crucial for several value chains linked to energy-intensive industries, not only as fuel but also as feedstock suppliers. Therefore, the role of refineries and their decarbonization is crucial in the energy transition period from several points of view: a new hydrogen economy; carbon capture use and storage (CCUS); the circular economy; the valorisation of novel bio-feedstocks; and deep process electrification [9].



The refining sector is the main consumer of pure hydrogen worldwide [10] and it produces internally more than 1/3 of its consumption [11]. The share of internally installed production of hydrogen has tripled [12] in the past 20 years and the estimation of hydrogen-related emissions has doubled [7]. The main route of production is steam hydrocarbon reforming (more than 90% worldwide) [13,14]. Due to its extensive experience in fossil-based hydrogen, the refining sector presents a very high potential for the production of the so-called “blue hydrogen” [14,15,16]. This synthesis route mixes incorporate CCUS technologies in the production of hydrogen. The pure CO2 generated during the reforming reaction is subsequently (internally or externally) used in the refinery. The “first-blue-then-green” principle proposes the use of this technology as a first step in the development of infrastructures for the massive deployment of “green hydrogen” (based 100% on renewables).



Another important aspect to consider is the production of carbon-neutral liquid fuels from a circular economy perspective. The first generation of bio-refineries based on bio-oil from energy crops [17,18] has been overtaken by the second generation of biorefineries (based on waste valorisation) [18,19,20], the algae-based third generation [18,19,21], or the integrated biorefineries based on bio-chemical feedstocks [22,23]. The direct electrification of refining processes presents a low potential. However, the electrification of heat and mechanical processes can be sensibly improved in order to reduce the carbon intensity of refineries [9,24].



The refineries are an excellent example of heat integration and energy efficiency in industrial processes. The European sector already applies technologies at a large scale and has increased efficiency by 13% between 1990 and 2005 [7,9]. The increase of energy efficiency in refineries is a topic that has been studied in depth due to economic and environmental related implications (see Section 2).



The purpose of this research analysis is to characterize the status of energy efficiency in Italian refineries. In order to achieve this objective an analysis based on mandatory energy audits and public data has been carried out. Firstly, the specific energy consumption (primary, thermal and electrical) in refineries as function of the refining capacity was evaluated using linear regression models. Secondly, the impact of other key parameter in refining (production slate and complexity) in energy consumption was studied. Thirdly, an overview of energy performance improvement actions (EPIAs) collected from energy audits was analysed in order to understand the implemented and potential improvements of the sector with current technologies.



Previous related research has been focused, on the one hand, on the analysis of energy efficiency refineries (mainly in the U.S.) in order to allocate the GHG emissions related to fuel transportation refining; or, on the other hand, on the analysis of technologies to reduce the energy consumption of refining. These analyses require very detailed proprietary information on the sub-processes of the refineries. Only a few studies have been focused on the analysis of energy efficiency of the refineries globally, due to the complexity of the installations.



In this work, a hybrid approach was applied with several original contributions (to the best of the knowledge of the authors). Firstly, an analysis of the overall plant was developed considering the capacity of the refineries (this variable was excluded from previous published research). Hence, the primary, thermal and electrical specific energy consumption (SEC) rates of the refineries were modelled as function of the production. Secondly, most of the analysis of SEC provides the mean value of a region or the benchmark. This work also presented the variability of the SEC (as standard deviation) for the first time, outside of the U.S. refineries. Thirdly, the analysis of EPIAs provided market-based information about the cost-effectiveness of current technologies, in order to evaluate effectively the potential and short-term scenarios for energy efficiency. Fourthly, this work is completely new for the Italian refining sector (the second country in the EU). Lastly, this study extends to refineries the general methodology developed to characterize different productive sectors from energy audits previously validated within the cement industry [25].



Section 2 of this paper is devoted to a literature review of the energy efficiency characterisation of oil refineries, with a focus on the evolution of the Italian refining market. Section 3 presents the information available from energy audits and other public sources for the analysis of energy efficiency. Section 4 estimates by means of linear regression models the primary, thermal and electrical SECs; the impact of capacity in the reliability of the models; the influence of product slate and complexity in energy consumption; and the analysis of EPIAs. Finally, in Section 5 the main remarks and the limitations of this work are discussed.




2. Literature Review


2.1. Assessment of Energy Consumption in Oil Refineries


An extensive overview of energy efficiency measures, disaggregated by process unit was developed by Worrell et al. [26] in U.S. refineries. In this work a general overview of the distribution of mass and energy flows internally to the refineries was coupled with potential EPIAs. The analysis of the implementation potential of EPIAs in the different process units was subsequently refined by Morrow III et al. in [27]. A similar work for European refineries can be found in a BREF document from the European Commission [5]. These works are very useful to understand the complexity of the refineries, to allocate energy consumptions and energy costs internally, and to classify the potential EPIAs.



The reduction of contaminants from oil products, to comply with stringent environmental quality specifications, results in an increase of energy consumption in the refineries [28]. Szklo and Schaeffer [29] studied the impact of trade-offs between local (in transportation uses) and global (in refining process) emissions of pollutants. Different options for saving energy at refineries in the study included the improvement of heat integration and waste heat recovery, fouling mitigation, advanced process control, the use of variable speed and vacuum pumps, etc.). On the other hand, alternative treatment processes are less energy intensive than hydrotreating processes (e.g., ISAL, olefin alkylation of thiophenic sulphur (OATS), oxidative desulfurization process (ODP), or catalytic distillation (CD) processes), with specific application to Brazilian market. Similar analyses have been developed in Canada (with the particularity of comparing conventional with oil sands refineries) [30], and in Sweden (focused on heat integration measures) [31,32].



The energy intensity of refineries depends on multiple factors. First, each refinery presents a unique configuration, hence the refining capacity, the integration of different units and its complexity defines the general energy consumption (generally energy consumption increases with refinery complexity). Secondly, the properties of crude oil impacts on the energy required for refining (mainly API density and sulphur content). Thirdly, the production slate and product quality (as well as the connection with other petrochemical or power plants) varies among different markets, hence the energy intensity varies with the properties of the final refined products. Lastly, the oil refining sector presents very high standards on safety and environmental issues. The related processes and devices have a non-negligible impact on energy consumption.



There are three main methodologies to evaluate the energy efficiency in refineries: the “Solomon Energy Intensity Index (EII)”, the “Specific Energy Consumption” (SEC) and the “Products Method” [5]. The “Solomon EII” is the most used sectoral indicator to compare the energy intensity of mineral oil refineries [12,33]. This standard energy use index (property of Solomon Associates) is applied to benchmark the energy consumption of more than 500 refineries worldwide (including 99% of EU oil refining companies). The EII includes process unit energy standards that are individual expressions for each of the processes in the refinery and state the average standard energy consumption, and multiple confidential data from the refineries. These data are not available for all refineries and typically are considered confidential [5]. The initial value of global EII at the beginning of the use of this indicator (mid-1980’s) was fixed at 100. More efficient refineries present a lower EII. The last data present a global EII of 92, that reflect an increase on energy efficiency in the refineries. The top 10% EII worldwide values were equal to or below 75 [5]. In 2005, Italian refineries presented an EII of 81 [33].



The “SEC method” calculates the ratio between the energy consumed by the refinery and the tonnes of feedstock processed [34]. It is a simple index which does not take into account the complexity of the refinery and generally represents the mean value of the sector in a region or the SEC of the best available technology (BAT). This method was applied by Worrell et al. to analyze the potential improvements of different sectors (including oil refining) in Europe, obtain the SEC for six types of oil refinery products, and present an overall typical SEC of the refinery of SEC = 0.065 toe/t [35]. This value has been recently updated to the BAT refinery in the Middle East to SEC = 0.0569 toe/t [36].



The “Products Method” takes under consideration the chemicals and energy products in the refinery, calculating an SEC benchmark per tonne of energy products produced. This indicator is subsequently normalized for all the refineries in order to give an energy consumption benchmark for each refinery compared with the overall sector [37].



It is important to note the work of Wang et al. at the Argonne National Laboratory which developed the GREET model for life-cycle analysis of vehicle technologies, transportation fuels, and other energy systems. This model was firstly applied to address the allocation of energy uses and emissions for different refinery products in a generic simplified refinery (evaluating at process unit level) [38]. This approach was subsequently applied to analyse the energy efficiency of U.S. refineries in three excellent works. In the first one 43 refineries were analysed (SEC = 0.091 ± 0.033 toe/t), which suggested that the efficiency of refineries seems to be sensitive to product slate (mainly the ratio diesel/gasoline and heavy ratio yield), crude quality (mainly API density and sulphur content), seasonal (the energy efficiency is 1% higher in winter) and regional factors, refinery configuration and complexity [39]. This analysis was subsequently refined by petroleum product (Gasoline, Diesel, Jet, RFO, LPG and Petcoke), confirming the impact of different parameters and allowing to allocate the GHG emissions intensities of different products [40]. The analysis was further extended to include 17 European refineries confirming, on the one hand, the importance of crude density (API gravity) and heavy product (HP) yields, and, on the other hand, that refineries with high complexity are more resource efficient, but more energy and GHG intensive [41]. This analysis was carried with comprehensive information on all the internal streams and mass and energy balances of the refineries without considering the impact of refinery size (only considering refineries capacities higher than 100,000 bbl/day). This method was compared with other energy content, economic value and value added models in order to allocate the GHG emissions (including the SEC) by product in European refineries [42]. This study suggests that the impact of light (hydrogen) and heavy (petcoke and fuel oil) products is crucial in the energy intensity of the refineries and its impact tends to be minimised, with a greater focus on main transportation fuels.



Nelson complexity index (NCI) is a key parameter for refineries. This index was developed in the 1960s and 1970s by W.L. Nelson in a series of articles for the Oil & Gas Journal [43] and it is still used in the annual review of refineries’ complexity [44]. NCI quantifies the sophistication and capital intensity of a refinery and it is a parameter used for facility classification, cost estimation, sales price models, etc. [4]. This parameter has been included by the Argonne’s group as a key parameter of energy efficiency in refineries. However, the NCI of a refinery can be obtained from different configurations, hence its importance in SEC is lower than crude and product properties [40]. Kaiser analysed in detail the primary applications of refinery complexity and as well as its limitations, providing alternative approaches to extend the applicability of the NCI [4,45]. In these works, after an extensive review of worldwide refineries, it was not possible to directly observe a correlation between complexity and throughput of the refineries and a modest correlation with conversion capacity. Hence, NCI quantitative applications must be considered with caution.




2.2. Oil Refining in Italy


Italy is the 8th largest oil importer worldwide (1.24 M barrels/day) and 2nd in EU-27 [1,6]. During 2017, the 11 Italian oil refineries processed 80.3 Mt of crude oil, which represents a refinery utilization rate of 79.6%. The 7.2% of crude oil refined was extracted in Italy (70% in the Basilicata region), therefore the oil sector is dependent on external markets. This external dependence is aligned with EU countries (the energy EU dependency rate is 61%) [46]. Despite its importance, the refining sector in Italy is presently in a contraction period. As presented in Figure 1, from mid-1980s to mid-1990s refining sector suffered a reduction in refining capacity and the decommissioning of several refineries (from 36 to 18 in Italy) due to the structural overcapacity for distillation since the “1973 First Oil Crisis” (and the subsequent “1979 Oil Shock” and “1980s Oil Glut”). The subsequent “2008 Financial Crisis” had a high impact on the refining sector. The EU refining margin fell from above to below the average margin of their competitors (U.S., Russia, Middle East and South Korea/Singapore) mainly due to the increase in energy operating costs [47]. This crisis has reduced the EU refining capacity by 10% and forced the shutdown of 5 Italian refineries from 2008 (from 16 to 11).



The typical product slate of OECD and Italian refineries is showed in Figure 2 [6]. On the one hand, it is important to note that 40% of Italian refinery production is diesel fuel, more than double that of gasoline. On the other hand, the ratio diesel/gasoline is almost 3:1 in OECD countries [6]. Hence, an imbalance of products is observed mainly due to internal consumption that is triple the amount of diesel compared to gasoline. This trend is aligned with EU market that exports gasoline and imports diesel [5]. The imports of Italian refinery products are 1/3 of the overall production.



Extensive information about the refining sector in Italy is regularly published by UNEM (“Unione Energie per la Mobilità”, “ex-Unione Petrolifera”) and by ENI [6,48] and at the European level by CONCAWE [7,28], FuelsEurope [49] and the European Commission Joint Research Centre [5,8]. However, scientific literature about Italian refineries is relatively scarce and it is mainly focused on environmental (gas pollutant emissions [50], volatile organic compounds [51] and impact in soils [52]) and socioeconomic [53,54] assessments of refineries. Only in [55] is an overview presented of the status of implementation of BAT related to energy efficiency in some Italian industrial sites involved in the integrated pollution prevention and control (IPPC-IED) European Directives. This analysis includes 12 refineries and showed the high maturity of the Italian refining sector in terms of heat integration (except Pinch analysis), process optimization, and cogeneration.





3. Materials and Methods


According to the Italian transposition of Art.8 of European Energy Efficiency Directive, large companies and energy intensive enterprises must carry out, starting from 2015 and every four years, energy audits of their production sites [56,57]. The refining activities are highly energy intensive, and they are associated with large companies and sites with high energy consumption rates. Specifically, all companies must submit to ENEA (as national manager of energy audits database) the energy audits of all their production sites with a primary energy consumption higher than 10,000 toe [58].



In this work the energy consumption, referring to 2018 data from 10 Italian refineries, has been analysed (see Table 1). They represent the 84% of the total installed refining capacity in Italy. Two refineries have been excluded in this study due to their unique features: the ENI 2nd Generation biorefinery at Gela (the most innovative refinery in Europe, 0.75 Mt/year) [59] and the high quality bitumen ALMA refinery at Ravenna (0.55 Mt/year) [60].



In order to ensure anonymity of the information provided by the companies only aggregated and public data are presented in this study. The capacity of different refineries is published by UNEM) [6]. Energy audits include detailed information about energy flows and consumptions inside the refinery, including exchanges of energy between units. However, the energy efficiency indicators refer to the refined crude oil, and the distribution of final products is not included. These data have been obtained from publicly available data [61,62,63,64,65,66,67,68,69,70].



The NCI of a refinery is calculated as the sum of the complexity factors of all the process units, weighted by the unit capacities relative to atmospheric distillation unit (ADU),


   NCI      Refinery   = ∑    Capacity      Unit      Capacity      ADU     · CF   Unit    



(1)







The complexity factors of the units are defined by the cost of the unit relative to the cost of ADU normalized on a capacity basis


   CF      Unit   =    Cost      Unit   ·  Capacity      Unit      Cost      ADU   ·  Capacity      ADU      



(2)







The CF are standard values that depends on the processes. For example, CF of ADU is 1, CF of vacuum distillation is 2, and CF of fluid catalytic cracking is 6. Multiple CF values are listed and updated periodically. However, CF values present a non-negligible uncertainty level that drives the companies to adapt them to their specific needs [4,45,48].



Despite the extensive use of this information, the updated NCI value of most Italian refineries has not been published. Only two refineries update periodically the values of their NCI and for the rest of the refineries the last available values date back to 2007 [71]. Hence, a methodology to estimate the NCI of the analysed refineries has been developed.



Energy audits contain information about the energy flows on different units, but the capacity of each unit is not reported. Therefore, it is not possible to directly calculate the NCI. However, by cross-referencing the information from product ratios with the typical distribution of different refining processes and their relative unit capacity (see Figure 3) on conventional refineries [26,30] it has been possible to obtain a first approximation of NCIs. Subsequently, by taking the updated values as reference, some CF values have been adjusted and the NCIs have been recalculated for 7 refineries (Table 1). The averaged NCI value is equal to 9.2 with a sensible increase from past values (7.0 in 2005 and 9.0 in 2009) [5,71]. This increase is perfectly aligned with European refineries (9.2 in 2018, 8.3 in 2000) [6]. This value should be reviewed and confirmed to include the refineries excluded from the analysis and the bio-refinery units.



Refineries present a high degree of energy integration among units and a high complexity of energy units (mainly several MWe combined heat and power plants). In fact more than 90% of the energy of refineries is produced internally by the reuse of internal by-products [7,46,72]. The most important internal energy source is the refinery fuel gas (RFG), a mixed of different light hydrocarbons, mainly methane and ethane, with different proportions of propane, butane and hydrogen. Energy audits provide information about the uses of 10 different energy carrier flows in the units of analysed refineries with a focus on: electricity (purchased and internally generated), natural gas, auto-produced fuels, and steam (mainly internally generated in cogeneration units). The RFG accounts for nearly 65% of the total EU refinery fuel and its relative weight depends on refinery complexity [28]. The mean consumption of RFG in the analysed refineries accounts for about 49%.



It is important to highlight that the present work is focused on the analysis of energy consumption as a function of the production of oil derived fuels (GPL, gasoline, diesel/jet fuel, and fuel oil and other vacuum products). Power generation is a very important business associated to oil refineries [73], but its analysis is excluded from this work. Specifically, three integrated gasification combined cycles (IGCC) plants using refinery residues as feedstock are installed at SARAS (570 MWe), API (280 MWe) and ISAB (550 MWe) refineries [55].




4. Results and Discussion


4.1. Energy Consumption Analysis


Best practices for the study of energy consumption in specific industrial sectors recommend that analyses are based on physical units of production (instead of economic data), as the information must be sufficiently disaggregated to allow for the analysis of processes and sites, and the models used in the evaluation should be general enough to be applied in different sectors [74]. Therefore, the use of the information from energy audits is ideal to define the sectoral specific energy consumption (SEC) [34]. The use of linear regression models is widely used for benchmarking analysis and energy efficiency measures [75,76,77,78,79] and a methodology for the characterization of productive sectors from energy audits has been developed and tested in a previous work (for a different industrial sector) [25]. Hence, the first step of the present work is to analyse the primary energy consumption (in tonnes of equivalent oil, normalized according to official conversion factors [80]) and the final electrical (in GWh) and thermal (in TJ) yearly consumptions as a function of the annual refined crude oil (in tonnes). The results of the regression are presented in Appendix A.



The linear regression between energy consumption and production presents a very high correlation (R2 > 0.9), with a coefficient of correlation higher than critical Pearson correlation coefficient (Rcrit = 0.7079, for a sample size n = 10 and α = 0.01). Moreover, the low p-values (<0.0001) confirm that the analysis is statistically significant. However, as presented, the intercept of the regression presents a low reliability (the p-value associated with a two-tailed test “Prob > |t|” > 0.01) and a negative value. Hence, the correlation is not valid in all the crude oil refining range. As it is explained in the following, the range of validity of the correlation can be divided in three intervals of production:




	-

	
From 1.5 Mt to 3 Mt—No reliable




	-

	
From 3 Mt to 6 Mt—Medium reliability




	-

	
From 6 Mt to 15 Mt—High reliability









The SEC is defined as the ratio of energy used for refining a tonne of crude oil. Thus, SEC is calculated dividing both sides of the production function (from linear regression) and is represented by a hyperbolic function:


  SEC     toe , GWh , MJ / t   = a     toe , GWh , MJ / t   +   b     toe , GWh , MJ     x    t     



(3)




where  a  and  b  respectively represent the slope and the intercept of the linear regression line. The values of primary, electrical and thermal SEC are presented in Table 2.



The analysis of the SEC model uncertainty was developed to a significance level (α = 0.05). Upper and lower limit curves of statistical significance (SECmodel ± 2σ) have been defined through the propagation of the statistical error (based on the covariance matrix). The results for electrical and thermal SEC are presented in Figure 4 and Figure 5.



It is possible to observe that there is not an economy of scale in the production, from an energy point of view. In other words, the energy consumption increases with production. This is due to the fact that there is no direct correlation between refining capacity and complexity and subsequent product slate (that define the main consumptions) of the refinery. An additional parameter that impacts on the energy consumption is the crude quality (i.e., API gravity or sulphur content) and its effect cannot be evaluated from energy audits information [41].



This analysis also shows that the SEC model presents two different areas. If production is higher than 6 Mt, energy consumption increases linearly with production and the mean and limits of the model are consistent with SEC mean values. For lower productions, the model uncertainty increases, and its accuracy decreases significantly (particularly under 3 Mt). Hence, for low productions the model is not reliable.



In the analysed energy audits, the allocation of energy flows inside the refinery is divided among the different standardized sub-processes and units [81]. The final production distribution directly depends on the presence and capacity of specific units as functions of NCI. Hence, the production slate directly impacts the energy consumption and on the subsequent allocation of GHG emissions by product [40].



Therefore, an additional analysis based on linear regression was carried out to evaluate the correlation between primary, electrical and thermal energy consumptions and the final production in four different classes:




	
LPG: includes liquefied petroleum gas and other gaseous products (propane, propylene, etc.)



	
GASOLINE: mainly includes gasoline and virgin naptha



	
DIESEL: includes distillates mainly diesel and jet fuel. Other products are kerosene and heating oil



	
FUEL OIL & OTHERS: includes other vacuum distillation products: heavy fuel oil, petcoke, lubricating oils, waxes, asphalt, etc.








The linear correlations betweeen energy consumption and refined product classes (and their confidence intervals) are presented in Figure 6, Figure 7 and Figure 8. The confidence intervals, which are displayed as the shaded area between linear regression and confidence curves, provide a range of values for the predicted mean for a given value of the predictor for α = 0.05. The bands represent the uncertainty in the estimation of the true line, thus, uncertainity of the correlation increases with the confidence interval area. Table 3 summarizes the statistical regression parameters of Figure 6, Figure 7 and Figure 8.



It is important to note that the three energy consumption analyses present a very high correlation with diesel production. The coefficients of determination for diesel production are: R2(primary) = 0.940, R2(thermal) = 0.935, and R2(electrical) = 0.890. The energy consumption presents a high correlation with the production of gasolines (R2 > 0.75) with a very high correlation with electrical consumption R2(electrical) = 0.914. On the contrary, energy consumption presents a low correlation with LPG production and a null correlation with Fuel oil and others. Hence it is possible to hypothize that energy consumption of Italian refineries is primarly dependent on the middle distillates production and secondly from gasolines.



The main reason is linked with the relative weight of both products in the overall production. Diesel accounts for 50% of the global products, meanwhile gasoline accounts for 25%. However, it is important to note that gasoline production routes involve more processes than other products [40]. Hence the higher product-specific energy consumption ratio increases the correlation between energy consumption and gasoline products. Specifically, electricity-intensive units are mainly correlated to gasoline production (alkylation, hydrocracking and fluid catalytic cracking) [30] and this is reflected in a slightly higher correlation (R2electrical[Gasoline] = 0.914 vs. R2electrical[Diesel] = 0.890).



The importance of the diesel and gasoline ratios is in line with the literature data [38]. However this analysis is limited due to the lack of information contained in the energy audits, specifically the product slate and the mass flows in the sub-processes. Therefore it is not possible to analyse in detail the allocation of energy performance by specific product (Gasoline, Diesel, Jet, RFO, LPG and Petcoke) and to compare them with other sources [35,40,41].



Given the identified correlation between products distribution, despite the missing correspondence between NCI and capacity [4], it would be plausible to hypothesize a correlation between refineries complexity and their energy consumption and product slate as presented in [39,40,41]. However, not-statistically significant and very low correlations between NCI and energy consumption and production are observed (Figure 9). This result is in agreement with literature data where only a low correlation between NCI and capacity has been observed [4,45]. The lack of correlation between NCI and energy consumption is also linked to the low correlation with product slate. Usually, NCI increases with gasoline ratio, and decreases with diesel ratio. This trend is weakly observed only in diesel, showing a practically null correlation with the gasoline ratio.



It is important to note that this correlation can be also partially due to the uncertainty of the calculation of NCI. The values have been calculated from the information contained in the energy audits, but the capacity of each unit has been estimated from literature.




4.2. Energy Perfomance Improvement Actions (EPIAs) Analysis


For the ten examined refineries, energy audits also include information on energy efficiency measures implemented in the last four years, namely in the period between the last energy audit available (referred to as the December 2019 deadline) and the previous mandatory energy audit. The measures are described in terms of investments and energy savings and thus a cost effectiveness indicator can be computed, expressing the cost of saving one tonne of oil equivalent in different intervention areas.



Information on identified energy efficiency measures is also available, and on the potential savings associated with them: indeed, these measures are not yet planned, and their possible planning could be deferred in time. For these measures, a simple payback period is also available, computed without considering the access to existing incentive mechanisms for energy efficiency [82].



The energy needed for the refining process represents more than 60% of total refining costs [28] and this confirms that energy efficiency is a relevant issue also in the refining sector. Moreover, refineries are energy intensive industries and according to the Legislative Decree 73/2020 they are obliged to implement at least one of the energy efficiency measures identified in the energy audit. The analysis of implemented and planned measures shows the importance of interventions related to the production process, which are in each case very specific to the refining site examined and difficult to categorise. In fact, refineries are in general very complex sites, with different process units highly integrated with each other (Figure 3) and this implies very diversified industrial profiles.



According to the information provided in the energy audits, the refineries examined in the last four years have introduced 27 measures to improve energy efficiency. Among these measures, more than 80% have quantitative information on savings, which are equal to 44 ktoe/year of final energy and to additional 5 ktoe/year of primary energy. In the final energy savings, the main intervention category is production lines, with 30 ktoe of annual saving (66% of the total), referrings to intervention such as integration of heat recovery systems (in furnaces), flare gas recovery units, or the electrification of mechanical systems (mainly in air coolers and FCC units). This result is aligned with best available techniques as suggested by national regulations [55]. Pressure systems represent 9 ktoe (21%), followed by thermal power plant and other heat recovery systems with 5.5 ktoe (13%). The cost effectiveness indicator has the best value for production lines, around 1100 Euro/toe, followed by Pressure systems with a slightly higher value (1300 Euro/toe)



Energy audits also report 39 measures identified by the refineries analysed. Also in this case, quantitative information on savings is available for more than 80% of the measures (see Table 4). Potential savings of final energy are equal to 54 ktoe/year and potential savings of primary energy are almost negligible, since the unique measure identified in the production category from renewable sources (photovoltaic) is associated with a savings of 14 toe/year. As for implemented measures, the production lines category is associated with the majority of savings (80%, 43 ktoe/year), with interventions mainly focused on heat recovery systems and revamping of units (mainly VDU and HDS) and burners, followed by electric motors/inverters (12%, 6.3 ktoe/year), and thermal power plant and other heat recovery systems (5%, 2.5 ktoe/year). The production lines category has a good value for cost effectiveness indicator, which is around 900 Euro/toe; measures in the electric motor/inverter category have a similar value to the indicator, whereas measures in pressure systems have again a value around 1300 Euro/toe. In terms of simple payback time, the lowest value was observed in the thermal power plant and heat recovery category (lower than 2 years), followed by pressure systems and production lines (around 3 years).



The sum of implemented and identified EPIAs in the energy audits accounts for global energy savings close to 1.5% of final energy consumption of the analysed refineries. It is important to note that EPIAs usually are implemented during maintenance turnarounds of the refineries. These planned breaks in production are periodically carried out to have preventive maintenance, renovations, or upgrades. The turnarounds of the refineries take place every three or five years and for some weeks the production is stopped. Therefore, the costs are very high, and they require extensive and careful efforts in planning and coordination of the works. Hence, the analysis of EPIAs in energy audits should be integrated in the turnaround planning.





5. Conclusions


In this work the analysis of the energy performance of Italian oil refineries based on mandatory energy audits and public information was presented. For the first time primary, electrical and thermal consumptions as functions of refinery capacity have been evaluated. The analysis has been based on empirical data that present a value added for industry and academia despite their uncertainties.



A strong correlation between energy consumption and the quantity of crude oil refined has been observed. However, an analysis of SEC with production revealed that other factors have a stronger impact on the energy consumption of refineries than refining capacity. The variability and uncertainty of SEC is lower in refineries with high capacity (6–15 Mt) than in small ones (3–6 Mt). Hence the size of the plant should be considered in the calculation of the SEC.



Other key variables have been analysed. On the one hand, energy consumption is mainly driven by diesel products and, in a second order, by gasoline products with a high impact on electrical consumption. On the other hand, no correlation between the Nelson complexity index and energy consumption has been observed.



The analysis of implemented and identified EPIAs has been carried out. Despite the high degree of integration and efficiency of the refineries, most of the energy efficiency interventions are focused on the improvement and revamping of current units, with particular attention to heat integration and recovery.



This work provides important insights and updates and represents a first step for benchmarking refinery energy consumption. The analysis carried out shows that to achieve a better level of detail it will be necessary to collect additional information that is not currently contained in energy audits, such as the specific properties of crude oil, a higher detail of final products distribution, comprehensive information of mass balances by production unit integration, and a current complexity index of each refinery. Therefore, the methodology to develop more effective energy audits should be improved including information about these parameters.



The number of samples limited the statistical significance of a multiple variable linear regression analysis. However, with more details related to crude oil, product slate and sub-process mass balances, the current work could be sensibly improved. Moreover, the robustness of the models should be improved if monthly data were available.



Finally, the methodology developed should be replicated with the energy audits received every four years. The impact of the implementation of energy efficiency measures in the sector could be analysed and a detailed trend of the evolution of the refining sector with time could be studied. More detailed information gathering in the energy audits (including information about mass balances, crude and product properties and complexity) should be very useful to policymakers and improve the sectoral benchmark.
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Appendix A. Bivariate Statistical Analysis


This appendix presents the main results of regression analysis for the calculation of primary, electrical, and thermal SECs, according to JMP 15 software, including details of the linear fit, summary of fit, analysis of variance and parameter estimates.



Appendix A1. Bivariate Fit of Primary Energy Consumption [toe] By Crude Oil Refined [t]



Linear Fit



Primary Energy Consumption [toe] = −312,425.5 + 0.1596493 × Crude Oil Refined [t]
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Table A1. Summary of Fit.






Table A1. Summary of Fit.





	RSquare
	0.949723



	RSquare Adj
	0.943438



	Root Mean Square Error
	162,631.9



	Mean of Response
	750,193.5



	Observations
	10
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Table A2. Analysis of Variance.






Table A2. Analysis of Variance.












	Source
	DF
	Sum of Squares
	Mean Square
	F Ratio





	Model
	1
	3.9969 × 10+12
	3.997 × 10+12
	151.1171



	Error
	8
	2.1159 × 10+11
	2.645 × 10+10
	Prob > F



	C. Total
	9
	4.2085 × 10+12
	
	<0.0001
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Table A3. Parameter Estimates.






Table A3. Parameter Estimates.





	Term
	Estimate
	Std Error
	t Ratio
	Prob > |t|





	Intercept
	−312,425.5
	100,583.3
	−3.11
	0.0145



	Slope
	0.1596493
	0.012987
	12.29
	<0.0001








Appendix A2. Bivariate Fit of Electrical Consumption [GWh] By Crude Oil Refined [t]



Linear Fit



Electrical Consumption [GWh] = −152.9579 + 9.8465 × 10+5 × Crude Oil Refined [t]
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Table A4. Summary of Fit.






Table A4. Summary of Fit.





	RSquare
	0.93824



	RSquare Adj
	0.93052



	Root Mean Square Error
	111.8482



	Mean of Response
	502.4196



	Observations
	10










[image: Table] 





Table A5. Analysis of Variance.






Table A5. Analysis of Variance.












	Source
	DF
	Sum of Squares
	Mean Square
	F Ratio





	Model
	1
	1,520,383.5
	1,520,384
	121.5333



	Error
	8
	100,080.1
	12,510
	Prob > F



	C. Total
	9
	1,620,463.6
	
	<0.0001
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Table A6. Parameter Estimates.






Table A6. Parameter Estimates.





	Term
	Estimate
	Std Error
	t Ratio
	Prob > |t|





	Intercept
	−152.9579
	69.17496
	−2.21
	0.0580



	Slope
	9.8465 × 10−5
	8.932 × 10−6
	11.02
	<0.0001








Appendix A3. Bivariate Fit of Thermal Consumption [TJ] By Crude Oil Refined [t]



Linear Fit



Thermal Consumption [TJ] = −11,782.73 + 0.0058019 × Crude Oil Refined [t]
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Table A7. Summary of Fit.






Table A7. Summary of Fit.





	RSquare
	0.93245



	RSquare Adj
	0.924007



	Root Mean Square Error
	6913.854



	Mean of Response
	26,834.58



	Observations
	10
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Table A8. Analysis of Variance.






Table A8. Analysis of Variance.












	Source
	DF
	Sum of Squares
	Mean Square
	F Ratio





	Model
	1
	5,278,785,165
	5.2788 × 10+9
	110.4316



	Error
	8
	382,411,063
	47,801,383
	Prob > F



	C. Total
	9
	5,661,196,227
	
	<0.0001










[image: Table] 





Table A9. Parameter Estimates.






Table A9. Parameter Estimates.





	Term
	Estimate
	Std Error
	t Ratio
	Prob > |t|





	Intercept
	−11,782.73
	4276.025
	−2.76
	0.0248



	Slope
	0.0058019
	0.000552
	10.51
	<0.0001
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Figure 1. Italian refining capacity [Mt] and number of refineries from 1970 to 2018. 
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Figure 2. Distribution of products made from crude oil in OECD and Italy. 
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Figure 3. General scheme of a complex oil refinery [5]. 
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Figure 4. Electrical SEC model (blue: mean, red: upper limit, green: lower limit). 
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Figure 5. Thermal SEC model (blue: mean, green: upper limit, red: lower limit). 
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Figure 6. Primary energy consumption as function of final product class: (a) LPG; (b) gasoline; (c) diesel; (d) fuel oil & others. 






Figure 6. Primary energy consumption as function of final product class: (a) LPG; (b) gasoline; (c) diesel; (d) fuel oil & others.



[image: Energies 15 00532 g006]







[image: Energies 15 00532 g007 550] 





Figure 7. Thermal energy consumption as function of final product class: (a) LPG; (b) gasoline; (c) diesel; (d) fuel oil & others. 
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Figure 8. Electrical energy consumption as function of final product class: (a) LPG; (b) gasoline; (c) diesel; (d) fuel oil & others. 
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Figure 9. Primary, thermal and electrical energy consumption (left) and crude oil refined, gasoline and diesel ratios (right) as function of NCI. 
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Table 1. Main data of analysed refineries.
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# Refinery

	
Capacity [Mt]

	
NCI

	
Ratio




	
LPG

	
Gasoline

	
Diesel

Jet

	
Fuel Oil

Others

	
Ref.






	
1

	
3.9

	
9.7 2

	
3.7%

	
17.9%

	
45.6%

	
32.8%

	
[61]




	
2

	
4.2

	
6.8 3

	
1.0%

	
28.3%

	
67.2%

	
3.5%

	
[62]




	
3

	
8.5

	
7.2 3

	
2.0%

	
29.0%

	
49.0%

	
20.0%

	
[63]




	
4

	
4.3

	
12.6 2

	
1.1%

	
19.0%

	
27.5%

	
52.5%

	
[64]




	
5

	
5.5

	
10.3 3

	
2.0%

	
16.0%

	
36.0%

	
46.0%

	
[65]




	
6

	
19.4

	
10.6 1

	
0.7%

	
19.5%

	
54.5%

	
25.3%

	
[66]




	
7

	
8.8

	
11.6 2

	
0.8%

	
16.3%

	
41.5%

	
41.3%

	
[67]




	
8

	
1.75

	
5.1 4

	
-

	
-

	
50.0%

	
50.0%

	
[68]




	
9

	
15

	
11.7 1

	
2.2%

	
32.6%

	
59.8%

	
5.4%

	
[69]




	
10

	
8.75

	
6.3 2

	
1.6%

	
31.6%

	
55.9%

	
10.9%

	
[70]








1 Updated public data, verified in this work. 2 2007 public data, verified in this work. 3 2007 public data, not verified in this work. 4 Calculated in this work.
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Table 2. Primary, electrical and thermal SEC values.
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	SEC Model
	Unit
	Value (Mean ± SD)
	Production Range [Mt]





	Primary
	0.1596–3.124 × 10+5/t
	toe/t
	0.0963 ± 0.0341
	3–15



	Electrical
	98.46–1.530 × 10+8/t
	kWh/t
	68.20 ± 19.34
	3–15



	Thermal
	5082–1.178 × 10+8/t
	MJ/t
	3421.71 ± 1316.84
	3–15
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Table 3. Linear regression coefficients for energy consumption by product class.
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Energy

	
Product Class

	
Energy Consumption

Equation

	
Unit

	
R2

	
p-Value






	
Primary

	
LPG

	
203,020 + 5.501 × t

	
toe

	
0.399

	
0.0682




	
GASOLINE

	
−634.1 + 0.4875 × t

	
0.784

	
<0.001




	
DIESEL

	
−190,574 + 0.2888 × t

	
0.940

	
<0.001




	
FUEL OIL & OTR

	
550,766 + 0.1203 × t

	
0.041

	
0.5771




	
Electrical

	
LPG

	
55.78 + 4.401 × 10−3 × t

	
GWh

	
0.676

	
0.0065




	
GASOLINE

	
−0.739 + 3.27 × 10−4 × t

	
0.914

	
<0.001




	
DIESEL

	
−65.55 + 1.74 × 10−4 × t

	
0.890

	
<0.001




	
FUEL OIL & OTR

	
466.6 + 2.16 × 10−5 × t

	
0.003

	
0.9731




	
Thermal

	
LPG

	
7379 + 0.1956 × t

	
MJ

	
0.372

	
0.372




	
GASOLINE

	
−273.4 + 0.0176 × t

	
0.760

	
0.001




	
DIESEL

	
−7581 + 0.01057 × t

	
0.935

	
<0.001




	
FUEL OIL & OTR

	
19,168 + 0.00463 × t

	
0.045

	
0.5585
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Table 4. Analysis of payback time (PBT) (y), savings (toe) and investment (EUR) of identified EPIAs.
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	PBT Class
	Number of EPIAs

with Information
	Saving of Final

Energy (toe)
	Investment (EUR)





	PBT ≤ 1 year
	8
	11,563.8
	5,240,000



	1 < PBT ≤ 2 years
	3
	1306.0
	645,000



	2 < PBT ≤ 3 years
	2
	1271.8
	786,000



	3 < PBT ≤ 5 years
	8
	7810.6
	8,917,200



	5 < PBT ≤ 10 years
	5
	7612.5
	10,434,000



	PBT > 10 years
	1
	1883.4
	8,000,000
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