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Abstract

:

The (partial or total) substitution of petro-diesel with biodiesel in internal combustion engines (ICEs) could represent a crucial path towards the decarbonization of the energy sector. However, critical aspects are related to the controversial issue of the possible increase in Nitrogen Oxides (NOx) emissions. In such a framework, the proposed study aims at investigating the effects of biodiesel share and injection timing on the performance and NOx emissions of a diesel micro combined heat and power (CHP) system. An experimental campaign has been conducted considering the following operating conditions: (i) a reference standard injection timing (17.2° BTDC), an early injection timing (20.8° BTDC), and a late injection timing (12.2° BTDC); (ii) low (0.90 kW), partial (2.45 kW), and full (3.90 kW) output power load; and (iii) four fuel blends with different biodiesel (B) shares (B0, B15, B30, and B100). Experimental data were also elaborated on thanks to the response surface modelling (RSM) technique, aiming at (i) quantifying the influences of the above-listed variables and their trends on the responses, and (ii) obtaining a set of predictive numerical models that represent the basis for model-based design and optimization procedures. The results show: (i) an overall improvement of the engine performance due to the biodiesel presence in the fuel blend —in particular, B30 and B100 blends have shown peak values in both electrical (29%) and thermal efficiency (42%); (ii) the effective benefits of late SOI strategies on NOx emissions, quantified in an overall average NOx reduction of 27% for the early-to-late injection, and of 16% for the standard-to-late injection strategy. Moreover, it has emerged that the NOx-reduction capabilities of the late injection strategy decrease with higher biodiesel substitution rates; through the discussion of high-prediction-capable, parametric, data-driven models, an extensive RSM analysis has shown how the biodiesel share promotes an increase of NOx whenever it overcomes a calculated threshold that is proportional to the engine load (from about 66.5% to 85.7% of the biodiesel share).
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1. Introduction


The constantly-growing energy demand and the crucial environmental issues related to the use of fossil fuels are pushing researchers and technicians to explore the use of alternative fuels both for transportation and stationary applications [1], where distributed generation and cogeneration technologies are leading the present and future energy transitions. Traditional and reliable energy-conversion systems, such as internal combustion engines (ICEs), will still play a relevant role as energy-generation units in the future due to their flexibility, availability, and technological maturity [2,3,4]. Hence, close future challenges are the development of a fossil fuel substitution strategy and the concurrent implementation of pollutant-emission-reduction techniques.



The (partial or total) substitution of fossil fuels with biofuels could represent a path towards (i) the promotion of a diversification of the primary energy sources; (ii) the consequent possible increase in energy security, in terms of continuity of supply, as long as biofuels are produced according to sustainable paths; (iii) the slowdown of the dependence on fossil feedstocks; and (iv) the reduction in harmful greenhouse-gas emissions owing to the renewable origin of the primary sources. Among the different biofuels, biodiesel is the most widespread and preferred because of its physiochemical properties, which are similar to petro-diesel fuel [5,6,7]. Due to its benefits such as renewability, easy producibility, availability, high resulting combustion efficiency, and low pollutants emission, the interest behind the use of biodiesel in traditional compression-ignition engines has grown in the last 20 years [8]. The assessment of its potentiality as a petro-diesel substitute, especially in terms of environmental impact, still represents a research focus for the scientific community [9,10,11,12,13,14]. Critical aspects are related to the controversial issue related to the possible increase in Nitrogen Oxides (NOx) emissions [15], which are dangerous to humans, causing breathing problems, chronically reduced lung function, and eye irritation and may, in the long run, cause cancers and premature death [16]. NOx emissions in compression-ignition ICEs depend on several technical and physical parameters such as: in-cylinder pressure, maximum combustion temperature, air-fuel ratio, combustion duration, air humidity, and the possible oxygen content of the fuel [9,17,18]. The well-known NOx mechanisms of formation clearly indicate that NOx emissions increase with a higher combustion temperature, higher oxygen content in the blend, and lower air humidity [8,19,20]. Moreover, other fuel properties such as cetane number, fuel aromatic content, viscosity [21], and bulk modulus [22,23] can affect NOx emissions directly and indirectly. As stated in a recent review paper by Mirhashemi et al. [9], the NOx behavior of oxygenated fuel blends is complex and current knowledge is not conclusive. Misleading and controversial results are usually easy to find in the scientific literature. With the term NOx-penalty [15], researchers and technicians usually refer to the NOx emissions increase related to the use of oxygenated fuels (such as biodiesel), primarily due to a higher flame temperature and to the presence of fuel-bound oxygen, which is characteristic of biodiesel fuels in particular [15,24,25]. Other main issues related to the biodiesel NOx-penalty are: (i) the changes in spray characteristics due to differences in viscosity, surface tension, and fuel boiling point [15,26]; (ii) the absence of soot particles, due to leaner combustion thanks to the fuel-bound oxygen [15,26]; (iii) the influence of fuel and spray properties on the ignition delay, independently of fuel cetane number [15,26]; and (iv) the fuel chemical effects on the formation of the so-called prompt NOx [15,26]. However, a significant number of scientific studies [27,28,29,30,31] show opposite trends, underlining how biodiesel, both used as a pure fuel and blended in petro-diesel blends, can promote a reduction in NOx emissions. Such results are usually connected to the combustion enhancements caused by the use of oxygenated fuels under specific engine speed and torque conditions [30,32]. The controversial trends existing in the current scientific literature have led scientists to conclude that, in order to state the impact of biodiesel on NOx emissions, the engine operating conditions have to be strongly considered, even more than the physical-chemical characteristics of the fuel [9,33].



Given the relevance of the engine operating conditions, the use of different injection timings—expressed as start-of-injection (SOI) for compression ignition (CI) engines—has become an easy-to-implement investigation technique for optimizing and reducing engine NOx emissions. According to the different technologies of the considered engine, injection time can be set and varied in different ways: (i) shifting the coupling flange, in the case of a combined pump-and-drive side unit, [34]; (ii) acting on the pump roller guide [34]; (iii) regulating the setup screw provided in the fuel injection pump assembly [34,35]; and (iv) adjusting the number of shims between the pump plunger and the driving camshaft [34]. Advanced injection timing leads to enhancements in the turbulence of the air-fuel blend, anticipated and rapid combustion, a longer ignition delay time, and higher combustion chamber pressures and temperatures [34,36]. On the other hand, a retarded injection timing results in lower combustion chamber pressures and temperatures, as well as in a shorter delay of ignition time [34]. Several experimental investigations [9,34,36,37] revealed that advancing the injection timing results in the reduction of carbon monoxide (CO), unburned hydrocarbons (HC), and particulate matter (PM) emissions; at the same time, it increases the overall NOx (i.e., NO and NO2) emissions.



The proposed study fits in the framework of biodiesel emissions assessment and optimization. Given the controversial results in terms of the effects of methyl esters on NOx emissions, this study aims at experimentally evaluating the effect of biodiesel on a micro-cogeneration unit, further enriching the current scientific literature with data on performance and emissions characterization. In particular, a pollutant emissions reduction strategy based on the modification of the injection timing has been experimentally implemented and analyzed in terms of concrete advantages and possible disadvantages.




2. Materials and Methods


2.1. Engine Test Bench and Measurement System


The tests have been performed using a micro-CHP experimental test rig developed in the Bioenergy&Biofuels Lab of the Free University of Bolzano. The experimental set-up includes a cogeneration unit consisting of an internal combustion engine (ICE) directly coupled with a thermal-energy recovery system (Figure 1). The ICE is a single-cylinder, water-cooled compression-ignition engine (a “Farymann 15W430” by Baumo Motoren GmbH, Hilden, Germany; Table 1), and it is coupled with a synchronous, brushless, water-cooled AC-generator, where the mechanical energy delivered from the engine is converted into electricity. The whole genset is commercially known as “Paguro 4000” (by VTE, Trieste, Italy), and it is usually employed as a power generator unit on small marine vessels thanks to an integrated noise-adsorbing external shell (removed in the presented installation, due to the need to access to the engine). The thermal energy, recovered by the engine cooling water circuit, is exchanged and quantified in a properly designed external water circuit. Electrical power output is dissipated through an absorption system (0.1–4.0 kW) based on multiple halogen lamps.



The measuring system is designed to allow the online low-frequency monitoring of several physical variables. The thermal and electrical characterization is carried out through the direct measurement of: (i) the cooling water mass flow rate, (ii) the hot- and cold-water temperatures, (iii) the fuel mass flow rate, and (iv) the output power absorbed by the loads. Hence, the thermal efficiency    η t    and the electric efficiency    η e    are measured indirectly as follows:


   η e  =    P e       Q f   ˙     



(1)






   η t  =      Q w   ˙       Q f   ˙     



(2)




where:    P e    is the electrical power output,      Q f   ˙    is the heat rate input of the used fuel, and      Q w   ˙    is the recovered thermal power from the engine cooling water. While    P e    is directly measured,      Q f   ˙    and      Q w   ˙    are instead calculated as it follows:


     Q f   ˙  =    m f   ˙  · L H  V f   



(3)






     Q w   ˙  =    m w   ˙  ·  c  p , w      T  i n , w   −  T  o u t , w      



(4)







The NOx emissions in the exhaust gases are estimated as the algebraic sum of absolute NO and NO2 emissions, which are measured directly through proper instrumentation. A summary of the measurement system characteristics is proposed in Table 2, while a scheme of the whole test-rig is shown in Figure 2.




2.2. Fuels


Four different fuels, based on commercial petro-diesel and palm oil methyl-ester as biodiesel (Table 3), have been tested. The used biodiesel has been produced by the Italian Ecofox [34].



According to their composition, they have been named as: B0 (0% biodiesel, 100% diesel oil), B15 (15% biodiesel, 85% diesel oil), B30 (30% biodiesel, 70% diesel oil), and B100 (100% biodiesel, 0% diesel oil). The Low Heating Values calculated on a mass base (m-LHVs) for the four fuels are, respectively, 42.60 MJ kg−1 (B0), 41.84 MJ kg−1 (B15), 41.08 MJ kg−1 (B30), and 37.53 MJ kg−1 (B100). Given the well-known lower comparative heating values [3] of biodiesel, as the biodiesel share in the mixture increases, the LHV decreases. The fuel blend properties are shown in Table 4.




2.3. Tests Methodology


Experiments were carried out at a constant engine rotational speed of 3000 rpm, i.e., the nominal speed suggested by the genset manufacturer to operate the system. Three different numerical experimental factors (i.e., independent variables) were considered:




	
The biodiesel percentage in the blends (four cases): 0, 15, 30, and 100% (i.e., the values are corresponding to the tested fuel types: B0, B15, B30, and B100).



	
The power load (the three load conditions in terms of connected electric power): based on the generator output maximum power, the full load (3.90 kW), the partial load (2.45 kW), and the low load (0.90 kW) were set as reference test conditions by connecting different sets of resistors (used as power-dissipation units) to the electrical generator of the genset.



	
Injection timing/SOI (three cases): based on the manufacturer’s technical indications, the standard injection timing has been defined as beginning at 17.2° before the top dead center (BTDC). Two other configurations were set by properly adjusting the number of shims in the injection pump: a late injection (timing), starting at 12.2° BTDC, and an early injection (timing), starting at 20.8° BTDC.








A full-factorial experimental campaign (with 4 × 3 × 3 = 36 operating conditions) was designed. Hence, each of the tested operating conditions was a point in the 3-D domain of operation of the system, and it was characterized by its three coordinates, i.e., a specific fuel type, power load, and injection timing. Each test had a standard duration of 10 min and has been replicated three times. Measurements have been continuously acquired with a frequency of 1 s. Hence, each presented result is the outcome of an averaging process involving 1800 (600 × 3) samples. Thermal efficiency was calculated only at full load, after reaching the adequate stabilization of all controlled parameters (corresponding to a 30-min run, approximately).



Uncertainties in the measured quantities can arise from environmental conditions, from instrument accuracy and calibration, and from the reading operation. Given the set-up characteristics for the used instrumentation (Table 2), using the definition of the calculated quantities and thanks to the error-propagation methodology, the main percentage uncertainties values were calculated and are shown in Table 5.




2.4. Response Surface Modeling


Experimental data were statistically analyzed to individuate the parameters of influence and to quantify their respective contributions to the measured values. Indeed, after a preliminary analysis of variance (ANOVA) of the parameters (factors) influencing the performance and emissions characteristics (responses), a subsequent application of the response surface methodology (RSM) helped the experimenters to mathematically describe the effects of the statistically significant independent variables on the responses, through explicit regression-functions [19,33,39,40,41,42] (Figure 3). Although each of these functions is completely independent from the physics of the represented process, it numerically approximates the real behavior of the system in a limited validity domain (i.e., the hyperspace delimitated by the extreme values of the factors) in the same way Taylor series do for real functions and can be used to reliably predict the value of each response [43]. For all the cases presented in this article, the used software program, Design-Expert 7.0.0 (by Stat-Ease, Minneapolis, MN, USA [44]), suggested a full-quadratic model as starting point to fit the data. If y and xi are, respectively, a generic response and a generic numerical factor, which are non-coded (i = 1 to m, with m the total number of investigated variables; m ≥ 1); a0 is the interception coefficient; and ai, aii, and aij (i ≠ j) are, respectively, the coefficients of the linear, quadratic, 2nd-order interaction terms. The regression model, as proposed by the software, is therefore:


  y    x i  ;   i = 1    to    m   = f    x i    =  a 0  +   ∑  i = 1  m    a i   x i  +   ∑  1 ≤ i ≤ j ≤ m     a  i j    x i   x j   



(5)









3. Results


3.1. Electrical Efficiency


As a preliminary analysis, it was decided to investigate the possible correlation between electrical efficiency and fuel switching, in order to possibly give an energy-based and economic justification for the fuel switching, in addition to other evidence. Figure 4 shows the values of electrical efficiency as a function of the engine load for the four tested binary blends with the standard injection timing settings. As can be easily observed, the electrical efficiency increases for higher loads, reaching a visible plateau for B30 and B100, where the efficiency reaches its maximum value of 29%.



The results presented in Figure 4 clearly show how an increasing share of biodiesel produces performance enhancements, especially at full load. Similar trends [45,46] can be found in recent scientific literature and are usually linked to high volatility and higher oxygen content, which create improved fuel blend preparation, causing better and complete combustion of the fuel. Further discussions are carried out, taking advantage of a polynomial model that has been developed on the basis of this results. The ANOVA on a first possible full-quadratic model revealed many non-significant terms on the basis of the p-values associated with each numerical coefficient of that regression model (Table 6): p-values greater than 0.10 indicate non-significant model terms, meaning that such a regression model can be rightfully simplified by removing a few terms. Therefore, a backward elimination process led automatically by the used software program and based on the p-values, recalculated after each single elimination, allows one to keep the statistically significant terms only (Table 7) and arrive at a very compact but representative (R2 = 0.941; Adj-R2 = 0.919) “reduced” quadratic model (L: engine load in kW; B: biodiesel volumetric percentage in the fuel):


   η e   %  = + 1.69 + 11.98 · L + 0.03 · B − 1.51 ·  L 2   



(6)







The proposed polynomial model is represented graphically in Figure 5.



Because it is visible, the increase in biodiesel share promotes an increase in the electrical efficiency of the engine, precisely at the rate of 0.03% of electrical efficiency per percentage point of biodiesel in the fuel (i.e., the modification in charge of the biodiesel content can arrive at a maximum of 2.70%). This can be explained by considering that biodiesel is an oxygen-rich fuel, which enhances the combustion process, leading to more complete combustion [8]. According to Thaiyasuit et al. [47], such biodiesel benefits, which are strictly linked to the particular engine operating condition (load, speed, and torque), may be quantified in a nearly 8% increase of combustion efficiency. As also evidenced in other studies, the combustion-related benefits manage to overcome the drawbacks related to the lower LHV and to the physical properties (density, viscosity) changes in the blend that may affect the correct operation of engine auxiliary systems originally set-up/designed for diesel fuel, resulting in an overall higher electrical efficiency [30,41]. Furthermore, the same engine at full load and fueled with B30 and B100 also showed the best performance in terms of cogeneration. As shown in Table 8, the thermal efficiency of the cogeneration unit at full load increases by about 10 % as the biodiesel share rises, up to a maximum value of 42% with B30 and B100. Input fuel power, recovered thermal power, exhaust gas temperature, and cooling water mass flow rate, are also reported in Table 8.



To sum up, the electrical and thermal characterization of the micro-cogeneration system has demonstrated an overall improvement of the engine performance due to the biodiesel presence in the fuel blend. In particular, at full load, the peak value in electrical efficiency (29%) was observed with B30 and B100. Similar results have been obtained in terms of thermal efficiency, where B30 and B100 showed the best performance (42% of thermal efficiency). As a result of the experimental campaign, it can be affirmed that such beneficial behaviors have shown a sort saturation threshold for biodiesel share above 30%. All this evidence was also confirmed numerically by discussing the trend of the regression function set-up thanks to the RSM, which shows how the electrical efficiency is affected more by the variation of the electrical load (about +15%) than the biodiesel share (about +2.7%). In particular, the effect of an increase of the electrical load is always an increase of the electrical efficiency, although it is progressively less incisive (from 9.27% per kW at 0.90 kW to 0.23% per kW at 3.90 kW). Biodiesel also promotes an increase in electrical efficiency but with a significantly smaller quantitative effect (0.027% of electrical efficiency per percentage point of biodiesel).




3.2. NOx Emissions


The results for each chosen fuel have been compared by adopting different injection timings at low load (Figure 6a), part load (Figure 6b), and full load (Figure 6c).



As it emerges clearly from the data visualized in Figure 6, the more the injection timing is retarded (i.e., the angle of SOI is reduced), the more the NOx emissions are reduced. This trend is verified for all the load conditions: a roughly 27% NOx emissions decrease is generally observed when the late injection time is compared to the early one. Values close to 16% of NOx emissions reduction are instead reached when late injection is compared to standard injection. By retarding the fuel injection, a shorter amount of time is available for the development of the flame and, as a consequence, lower in-cylinder temperatures are reached [48]. The thermal NOx-formation mechanism is hindered. These results confirm the need to adopt a suitable injection timing strategy when dealing with compression-ignition engines fueled with diesel-biodiesel blends. Indeed, according to Mirhashemi et al. [9], among the various possible set of engine operating parameters (such as lower injection pressure, split injection, and exhaust gas recirculation), the retarted injection timing is one of the most used strategies to mitigate NOx emissions. The experimental evidence of the positive effect of retarded SOI timing on NOx emissions is stated by How et al. [49], Machacon [50], Rajesh et al. [51], Hulwan and Joshi [52], and Fang et al. [53].



Another interesting effect is the saturation that can be observed in correspondence with high biodiesel content in the blend used to fuel the engine. In fact, the beneficial influence of biodiesel, in addition to NOx emissions, seems to decrease for higher biodiesel shares. As already noticed for the electrical efficiency, biodiesel contents higher than 30% seem to induce no additional benefits in the NOx reduction. For this reason, blending diesel oil with very high biodiesel shares could be unnecessary. From the experimental tests, no detrimental effect was evidenced due to the so-called “NOx penalty”. The quicker reaction of the injection system and, thus, the higher expected combustion temperature is offset by the higher engine efficiency and, therefore, the lower heat input. The assessment of the NOx emissions characteristics has been also carried out using the semi-empirical parametric modelling offered by the Response Surface Modelling [40,54]. A first ANOVA on all the terms (9 in total) of a possible full-quadratic model with three variables highlighted many terms as statistically non-significant (Table 9). A first backward elimination process managed to define a reduced set of terms (7 in total; Table 10) through which it was possible to have a highly-representative (R2 = 0.992; Adj-R2 = 0.990) quadratic model (L: engine load in kW; IT: injection time in degrees BTDC; B: biodiesel volumetric percenta.ge in the fuel):


     N  O x    p p m   =   − 129.13 + 207.24 · L + 6.29 · I T − 1.29 · B + 4.33 · L · I T − 0.14       · L · B − 28.86 ·  L 2  + 0.01 ·  B 2       



(7)







The proposed polynomial model is represented graphically in Figure 7.



The partial derivative of this model, made with respect to the biodiesel share, is:


    ∂ N  O x    ∂ B   = − 1.29 − 0.14 ⋅ L + 0.02 · B  



(8)







This partial derivative is positive if the following inequality, whose second member is related to the electric load applied to the engine, is satisfied:


  B > + 60.76 + 6.41 · L ⇒       L = 0.90 : B > + 66.52       L = 3.90 : B > + 85.74        



(9)







Hence, the biodiesel share promotes an increase of NOx whenever it overcomes a set threshold (spanning from about 66.5% to 85.7%), which is proportional to the engine load; in any other cases, the observed effect is the opposite. The partial derivative of this model, calculated with respect to the injection timing (IT), is:


    ∂ N  O x    ∂ I T   = + 6.29 + 4.33 · L ⇒       L = 0.90 :   ∂ N  O x    ∂ I T   = 10.19       L = 3.90 :   ∂ N  O x    ∂ I T   = 23.17        



(10)







As the applied electric load is always a positive quantity, the reported partial derivative of the model is positive as well, meaning that a reduction in the parameter related to the injection timing (i.e., of the SOI) has the effect of reducing the NOx emissions from about 10 ppm to 23 ppm per degree of advance of the SOI. This is a very interesting result, considering that the experimental emissions span from 134 ppm to 234 ppm (at 0.90 kW) and from 472 ppm to 728 ppm (at 3.90 kW). Indeed, in relative terms, a decrease of 10 ppm corresponds to 4.3→7.5% and 23 ppm to 3.2→4.9%. This result clearly shows the NOx emissions reduction capability of the early-to-late injection strategy.



Proceeding further in the mathematical modelling of the system response, it is also possible to make a remark about a possible pre-processing of the data before the application of the RSM and, thus, the definition of a regression equation. The NOx data span from 134 ppm to 728 ppm, therefore, has a maximum-to-minimum ratio of 5.4. Such a value is lower than the threshold of 10, which is usually considered as a key numerical quantity representing the value above which a mathematical pre-transformation (e.g., square root, logarithm, and power) of the data becomes necessary [8]. However, thanks to the software’s internal diagnostic tools (in particular, the “Box-Cox” diagram), the possibility of having a better predictive capacity of the final regression model by using a “natural logarithm” transformation of the data has been investigated. The resulting regression model would therefore predict the natural logarithm of the NOx concentration while still allowing for NOx emissions to be estimated using the inverse operation (i.e., the natural exponential function). Therefore, starting again from a full-quadratic model (Table 11) and operating a backward elimination, a second model with only 6 statistically significant terms (Table 12) and characterized by a higher predictive capacity than the previous one (R2 = 0.997; Adj_R2 = 0.996) has been obtained:


     l n   N  O x    p p m     =   + 3.55 + 1.12 · L + 0.05 · I T − 4.04 ·   10   − 3   ⋅ B − 3.78 ·   10   − 3         · L · I T − 0.14 ·  L 2  + 2.64 ·   10   − 5   ·  B 2       



(11)







The proposed polynomial model of the natural logarithm of NOx is represented graphically in Figure 8. Any consideration that can be drawn on the NOx emission trend, although not directly visible from these graphs (as for the previous regression model), is based on the increasing/decreasing trend of this logarithmic regression-function and necessarily leads to the same conclusions previously discussed.



To conclude, it can be affirmed that the beneficial effect of a late injection strategy on NOx emissions appears to be homogeneously distributed among all output power conditions. Moreover, an interesting finding observable from the experimental data is that the NOx-reduction capabilities of this late injection strategy decrease with higher biodiesel substitution rates, suggesting a further investigation on a biodiesel share saturation threshold. To better explore the details, an extensive RSM analysis was performed, leading to the formulation of two different regression models. The first one was a second-grade polynomial of the NOx concentration; it allowed for the immediate visualization of the complex effects of all the experimental factors on the emissions and for the quantification of the effects of each factor on the response (through the related partial derivatives). The second model, instead, possessed a slightly more complex formulation (it was a second-grade polynomial of the natural logarithm of the NOx concentration), which ensured a relatively higher predictive capability (1st model: R2 = 0.992; Adj-R2 = 0.990; second model: R2 = 0.997; Adj_R2 = 0.996). This analysis evidenced: (i) the presence of a numerical threshold, proportional to the engine load, beyond which biodiesel has the effect to raise the NOx (from about 66.5% to 85.7% of biodiesel in the blend); (ii) the NOx reduction capabilities of the early-to-late injection strategy (reducing the SOI has the effect of reducing the NOx emissions from about 10 ppm to 23 ppm per degree of advance of the SOI, and this effect linearly increases with the engine load). The overall potential NOx emission reduction ranged from 3.2% (higher loads) to 7.5% (lower loads).





4. Conclusions


An experimental assessment of the effects of the injection timing (in terms of the different start of injection (SOI)) on the performance and NOx emissions of a micro-cogeneration unit fueled with palm oil methyl esters blends was carried out. In particular, tests were designed to investigate how NOx emissions and electrical efficiency are affected by the injection timing strategy under the different operating/fuelling conditions of the engine. Experiments were conducted considering the following operating conditions: (i) a reference standard injection timing (17.2° BTDC), an early injection timing (20.8° BTDC), and a late injection timing (12.2° BTDC); (ii) low (0.90 kW), partial (2.45 kW), and full (3.90 kW) output power load; and (iii) four fuel blends with different biodiesel shares (B0, B15, B30, and B100). Experimental data were also elaborated thanks to the response surface modelling (RSM) technique, aimed at (i) quantifying the influences of the above-listed variables and their trends on the responses, and (ii) obtaining a set of predictive numerical models that represent the basis for model-based design and optimization procedures. The main results can be summarized as it follows:




	
The electrical and thermal characterization of the micro-cogeneration system has demonstrated an overall improvement of the engine performance due to the biodiesel presence in the fuel blend. In particular, at full load, the peak value in electrical efficiency (29%) was observed with B30 and B100. Similar results have been obtained in terms of thermal efficiency, where B30 and B100 performed the best (42% of thermal efficiency). The combustion enhancements related to the use of an oxygenated fuel, such as biodiesel, mainly addressed this behavior and are confirmed by the recent scientific literature. A saturation threshold for the biodiesel share above 30% was identified. All this evidence were also confirmed by the RSM analysis, whose results show that the electrical efficiency is affected more by the variation of the electrical load (about +15%) than the biodiesel share (about +2.7%).



	
The effect of the injection timing on NOx emissions was experimentally quantified in an overall emissions reduction of 27% on average when an early-to-late injection strategy was applied, and of 16% for a standard-to-late injection strategy. The beneficial effect of a late injection strategy on NOx emissions appears to have been homogeneously distributed among all output power conditions. Such findings can be explained according to the Thermal-NOx formation mechanism: by delaying the fuel injection, the in-cylinder combustion temperatures are reduced, and so the NOx emissions are lowered.



	
As a result of the experimental campaign, it has emerged how the NOx-reduction capabilities of the late injection strategy decrease with higher biodiesel substitution rates, suggesting the further investigation of the biodiesel share saturation threshold. An extensive RSM analysis led to the formulation of two different regression models, both characterized by high predictive capabilities (R2 > 0.990). The main outcomes show (i) how the biodiesel share promotes an increase of NOx whenever it overcomes a set threshold that is proportional to the engine load (from about 66.5% to 85.7% of biodiesel share) and (ii) how reducing the values of the SOI leads to lower NOx emissions from about 10 ppm to 23 ppm per degree of the advance of the SOI, and this effect linearly increases with the engine load. The overall potential of the early-to-late injection strategy in terms of NOx emission reduction ranges from 3.2% (higher loads) to 7.5% (lower loads).








The main quantitative findings of the article, as well as the experimental methodology, present a practical basis for further optimization procedures. Through the latter, different goals could be simultaneously achieved, such as (i) increasing the overall cogeneration efficiency, (ii) mitigating NOx engine emissions, and (iii) reducing the use of fossil fuels by means of an optimal biodiesel blending strategy. Further steps could be represented by the experimental investigation of the effect of injection timing on other harmful emissions (such as CO and PM) according to the here-presented methodology and according to the development and the application of an experimental data-driven optimization strategy.
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Figure 1. The test bench with its main components (A): the genset; (B): the heat-recovery system; (C): the fuel tank; (D): the water-circuit mass flow meter; (E): the fuel mass flow meter; and (F): the exhausts line. 
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Figure 2. A scheme of the test bench: (1) the genset: Paguro 4000; (2) the water-circuit mass flow meter: Sitrans MAG6000/1100; (3) the water-circuit thermocouples; (4) the exhaust-gas analyzers: MRU Vario Plus; (5) the fuel mass flow meter: Sitrans MASS2100/6000; (6) the electrical power loads; (7) the power meter: HT PQA820; (8) and the data acquisition unit: NI cDaq 9189. 
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Figure 3. The interactions among the principal independent and dependent variables (a subset of which has been selected as factors and responses) characterizing the studied cogeneration system (adapted from [33]). 
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Figure 4. The electrical efficiency at low, part, and full load for the different tested fuels B0, B15, B30, and B100. 
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Figure 5. The contour plot (left) and the 3D surface (right) of the electrical efficiency as a function of the load and of the biodiesel percentage in the fuel. 
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Figure 6. The NOx emissions for each tested fuel and injection timing at low load (a), part load (b), and full load (c). 
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Figure 7. The contour plots (left) and 3D surfaces (right) of the NOx as a function of the load and of the injection time at different values of biodiesel in the fuel (from top to bottom: 0%, 15%, 30%, and 100%). 
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Figure 8. The contour plots (left) and the 3D surfaces (right) of the natural logarithm of NOx as a function of the load and of the injection time at different values of biodiesel in the fuel (from top to bottom: 0%, 15%, 30%, and 100%). 
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Table 1. The main Farymann 15W430 technical specifications.
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	Technical Characteristic
	Unit
	Value





	Engine type
	-
	Compression-ignition



	Fuel injection system
	-
	Mechanical, governor-controlled



	Nr. of cylinders
	-
	1



	Valves per cylinder
	-
	2



	Displacement
	cm3
	290



	Bore, stroke
	mm, mm
	75, 55



	Connecting rod
	mm
	102.96



	Compression ratio
	-
	20:1



	Nominal injection pressure
	bar
	200



	Nominal electric power (at 3000 rpm)
	kW
	3.90



	Maximum rotational speed
	rpm
	3600



	Specific fuel consumption (at 3000 rpm)
	g·(kW·h)−1
	305
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Table 2. The main features of the acquisition equipment.
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	Measured

Quantity
	Manufacturer, Model
	Measuring

Principle/

Apparatus
	Relative

Accuracy
	Measuring Range





	Water mass flow
	Siemens,

MAG1100
	Electromagnetic flow sensor
	±0.4%
	0…10 m s−1



	Fuel mass flow
	Siemens,

Sitrans MASS2100
	Coriolis flow meter
	±0.1%
	0…30 kg h−1



	NOx concentration
	MRU,

Vario Plus
	Electrochemical cells
	±5 ppm
	0…1000 ppm (NO); 0…200 ppm (NO2)



	Cooling water temperature
	TC Direct,

TCK
	K-type thermocouple
	±1 °C
	−270…1260 °C



	Electrical output power
	HT,

PQA820
	In-line voltage and current detection
	±(1% rdg + 6 dgt)
	0…9.99 kW
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Table 3. The main properties of the biodiesel [38].
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	Property
	Value
	Reference Standard





	Ester content (% m m−1)
	98.5
	EN 14103



	Density @15 °C (kg m−3)
	883.1
	EN ISO 3675



	Viscosity @40 °C (mm2 s−1)
	4.1–4.7
	EN ISO 3104



	Flash point (°C)
	>160
	EN ISO 3679



	Cetane number (-)
	>51
	EN ISO 5165



	Water content (mg kg−1)
	210
	EN ISO 12937



	Sulphur content (mg kg−1)
	<10
	EN ISO 20846



	Iodine number (g(I2) (100 g)−1)
	105
	EN 14111



	Cloud point (°C)
	−6
	EN 23015
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Table 4. The main properties of the fuel blends.
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	Blend Label
	Biodiesel Share (%)
	Measured Density @15 °C (kg/m3)
	LHV (MJ/kg)





	B0
	0
	832.5
	42.60



	B15
	15
	840.9
	41.84



	B30
	30
	847.7
	41.08



	B100
	100
	883.1
	37.53
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Table 5. The percentage uncertainties of the calculated quantities.
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	Calculated Quantity
	Units
	Percentage Uncertainty





	      Q f   ˙    
	m3/s
	0.54%



	      Q w   ˙    
	m3/s
	0.43%



	    η e    
	-
	0.68%



	    η t    
	-
	0.69%



	     NO  x    
	ppm
	2.55%
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Table 6. ANOVA for a response-surface quadratic model based on electrical efficiency data.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	463.08
	5
	92.62
	28.01
	0.0004



	A-Load (kW)
	379.43
	1
	379.43
	114.74
	<0.0001



	B-Biodiesel Share (%)
	17.59
	1
	17.59
	5.32
	0.0606



	AB
	2.29
	1
	2.29
	0.69
	0.4374



	A2
	30.59
	1
	30.59
	9.25
	0.0228



	B2
	6.47
	1
	6.47
	1.96
	0.2115



	Residual
	19.84
	6
	3.31
	
	



	Cor Total
	482.92
	11
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Table 7. ANOVA for a response-surface reduced quadratic model based on electrical efficiency data.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	454.32
	3
	151.44
	42.37
	<0.0001



	A-Load (kW)
	406.12
	1
	406.12
	113.62
	<0.0001



	B-Biodiesel Share (%)
	13.15
	1
	13.15
	3.68
	0.0913



	A2
	30.59
	1
	30.59
	8.56
	0.0191



	Residual
	28.60
	8
	3.57
	
	



	Cor Total
	482.92
	11
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Table 8. The thermal performance of the cogeneration unit at full load.
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	Blend
	Tex (°C)
	     m ˙  w     (kg·s−1)
	ΔTw (°C)
	Pt (kW)
	Pfuel (kW)
	     η t     ( % )   





	B0
	197.76
	0.17
	8.10
	5.60
	17.90
	31.00



	B15
	201.01
	0.16
	8.00
	5.50
	15.20
	36.00



	B30
	192.44
	0.17
	8.00
	5.60
	13.40
	42.00



	B100
	203.93
	0.17
	8.00
	5.60
	13.60
	42.00
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Table 9. ANOVA for a response-surface quadratic model based on NOx data.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	1.200333 × 106
	9
	1.333 × 105
	422.09
	<0.0001



	A-Load (kW)
	8.473333 × 105
	1
	8.473333 × 105
	2682.97
	<0.0001



	B-Inj. Time (deg BTDC)
	1.031333 × 105
	1
	1.031333 × 105
	326.45
	<0.0001



	C-Biodiesel Share (%)
	14,290.03
	1
	14,290.03
	45.25
	<0.0001



	AB
	12,583.78
	1
	12,583.78
	39.85
	<0.0001



	AC
	1466.92
	1
	1466.92
	4.65
	0.0406



	BC
	1136.02
	1
	1136.02
	3.60
	0.0690



	A2
	33,637.49
	1
	33,637.49
	106.52
	<0.0001



	B2
	308.80
	1
	308.80
	0.98
	0.3318



	C2
	2955.39
	1
	2955.39
	9.36
	0.0051



	Residual
	8210.73
	26
	315.80
	
	



	Cor Total
	1.208 × 106
	35
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Table 10. ANOVA for a response-surface reduced quadratic model based on NOx data.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	1.198333 × 106
	7
	1.712333 × 105
	496.38
	<0.0001



	A-Load (kW)
	8.473333 × 105
	1
	8.473333 × 105
	2457.00
	<0.0001



	B-Inj. Time (deg BTDC)
	1.245333 × 105
	1
	1.245333 × 105
	361.18
	<0.0001



	C-Biodiesel Share (%)
	14,862.31
	1
	14,862.31
	43.10
	<0.0001



	AB
	12,583.78
	1
	12,583.78
	36.49
	<0.0001



	AC
	1466.92
	1
	1466.92
	4.25
	0.0485



	A2
	33,637.49
	1
	33,637.49
	97.54
	<0.0001



	C2
	2955.39
	1
	2955.39
	8.57
	0.0067



	Residual
	9655.55
	28
	344.84
	
	



	Cor Total
	1.208 × 106
	35
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Table 11. ANOVA for a response-surface quadratic model based on the natural logarithm of the NOx data.






Table 11. ANOVA for a response-surface quadratic model based on the natural logarithm of the NOx data.













	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	10.19
	9
	1.13
	1057.48
	<0.0001



	A-Load (kW)
	7.47
	1
	7.47
	6974.60
	<0.0001



	B-Inj. Time (deg BTDC)
	0.71
	1
	0.71
	663.53
	<0.0001



	C-Biodiesel Share (%)
	0.092
	1
	0.092
	86.19
	<0.0001



	AB
	9.581333 × 10−3
	1
	9.581333 × 10−3
	8.95
	0.0060



	AC
	8.461333 × 10−4
	1
	8.461333 × 10−4
	0.79
	0.3821



	BC
	1.800333 × 10−3
	1
	1.800333 × 10−3
	1.68
	0.2061



	A2a
	0.78
	1
	0.78
	725.32
	<0.0001



	B2
	8.323333 × 10−4
	1
	8.323333 × 10−4
	0.78
	0.3860



	C2
	0.018
	1
	0.018
	17.07
	0.0003



	Residual
	0.028
	26
	1.071333 × 10−3
	
	



	Cor Total
	10.22
	35
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Table 12. ANOVA for a response-surface reduced quadratic model based on the natural logarithm of NOx data.






Table 12. ANOVA for a response-surface reduced quadratic model based on the natural logarithm of NOx data.













	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value

Prob > F





	Model
	10.19
	6
	1.70
	1572.15
	<0.0001



	A-Load (kW)
	8.36
	1
	8.36
	7746.07
	<0.0001



	B-Inj. Time (deg BTDC)
	0.84
	1
	0.84
	778.61
	<0.0001



	C-Biodiesel Share (%)
	0.094
	1
	0.094
	87.11
	<0.0001



	AB
	9.581333 × 10−3
	1
	9.581333 × 10−3
	8.87
	0.0058



	A2
	0.78
	1
	0.78
	719.13
	<0.0001



	C2
	0.018
	1
	0.018
	16.93
	0.0003



	Residual
	0.031
	29
	1.080333 × 10−3
	
	



	Cor Total
	10.22
	35
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