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Abstract

:

Compressed natural gas (CNG) and liquefied petroleum gas (LPG) are included in the group of promoted transport fuel alternatives for traditional fossil fuels in Europe. Both CNG and LPG fueled vehicles are believed to have low particle number and mass emissions. Here, we studied the solid particle number (SPN) emissions >4 nm, >10 nm and >23 nm of bi-fuel vehicles applying CNG, LPG and gasoline fuels in laboratory at 23 °C and sub-zero (−7 °C) ambient temperature conditions. The SPN23 emissions in CNG or LPG operation modality at 23 °C were below the regulated SPN23 limit of diesel and gasoline direct injection vehicles   6 ×   10   11     1/km. Nevertheless, the limit was exceeded at sub-zero temperatures, when sub-23 nm particles were included, or when gasoline was used as a fuel. The key message of this study is that gas-fueled vehicles produced particles mainly <23 nm and the current methodology might not be appropriate. However, only in a few cases absolute SPN >10 nm emission levels exceeded   6 ×   10   11     1/km when >23 nm levels were below   6 ×   10   11     1/km. Setting a limit of   1 ×   10   11     1/km for >10 nm particles would also limit most of the >4 nm SPN levels below   6 ×   10   11     1/km.
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1. Introduction


Compressed natural gas (CNG) and liquefied petroleum gas (LPG) are included in the group of promoted transport fuel alternatives for traditional fossil fuels in Europe [1]. In Europe, in 2020, 4% (~12.5 M vehicles) of the passenger cars used LPG and 0.4% (~1.25 M vehicles) CNG as fuel [2]. Both LPG and CNG are fossil fuels. LPG is typically a product or a by-product of petroleum refining or natural gas processing and CNG is obtained increasingly from shale gas reserves [3,4]. The main components of LPG are propane, propylene, butane and ethane, while CNG comprises mostly methane and smaller proportions of heavier hydrocarbons and some sulfur compounds, in regionally and seasonally varying proportions [5,6]. For both fuels, CNG and LPG, high octane number, low carbon number and enhanced mixing characteristics when compared to gasoline suggests relatively low exhaust emissions in combustion engine use. In addition, the technical feasibility of the fuels for the current fleet, their availability and the possibility of diversification of the energy sources of the transport are considered as their advantages [3,4,7,8].



The CNG and LPG fueled vehicles are connected to low particle emissions when particulate matter (PM) mass or solid particle number (SPN) in a >23 nm size range (SPN23) is considered [9,10,11,12,13,14,15]. In fact, as most of the CNG and LPG fueled vehicles in European market apply port fuel injection or multiport fuel injection (PFI) [16], their particle emissions are not regulated in Europe. In the European Union’s regulation, PM mass and SPN23 limits are set only for vehicles applying direct fuel injection (DI) and, thus, in practice, are set for compression ignited diesel vehicles and spark ignited direct injection gasoline (GDI) vehicles [17]. Along with the regulation and the related advances in emission control, SPN for DI vehicles have decreased and gasoline PFI vehicles may nowadays appear as a high SPN23 emitters [18] In addition, notable particle number emissions in <23 nm size range (sub-23 nm) are detected for PFI vehicles [13,18,19,20,21]. The CNG fueled vehicles’ SPN in size range from 10 nm to 23 nm and even below 10 nm is shown exceed the emissions of the gasoline and diesel fueled vehicles [13,22,23,24,25].



The characteristics of the <23 nm particles in vehicle exhaust are still unknown. CNG fueled ship engine exhaust particle population is suggested to include three different solid particle modes: soot mode at 30 nm to 70 nm size range, lubricant originating particle mode at size range from 10 nm to 30 nm and fuel originating particle mode in <10 nm size range [23]. In addition, for a gasoline and diesel vehicles, detected ~10 nm particle population is connected to lubricant additives and a slightly smaller, coexisting particle mode to fuel characteristics [26,27,28]. The <23 nm particle composition in vehicle exhaust is, in general, proposed to include aliphatic or polycyclic aromatic hydrocarbons, metals originating from lubricant oil additives or in-cylinder wear or fragmented soot particles [23,26,27,28,29,30,31,32,33]. The small particle size and the composition of the vehicle exhaust particles are often connected to potential adverse health effects in inhalation exposure [34,35,36,37,38,39,40,41].



In order to evaluate light-duty passenger vehicle SPN emissions comprehensively, there is a clear need of knowledge about <23 nm SPN for PFI vehicles, in particular, PFIs applying alternative fuels at low ambient temperatures. Recently, a new method for measuring solid particle number in a size range from about 10 nm (SPN10) was approved to amend the Global Technical Regulation No. 15 [42,43]. For CNG fueled vehicles, the attention is in <10 nm size range SPN and obviously the character of LPG fueled vehicle SPN emissions in the same size range is of great interest. In fact, literature is missing mostly the effect of sub-zero temperature conditions on sub-23 nm SPN emissions in PFI vehicles in case of CNG and LPG fuels and, also SPN23 data is scarce [44].



As mentioned above, the low exhaust emissions of CNG and LPG fueled vehicles are often used to promote the fuels in transportation use. In practical terms, however, the light-duty CNG and LPG fueled vehicles sold in European market apply mostly gasoline as a second or reserve fuel and the emissions of the vehicles in gasoline operation modality may have a notable impact on the emission levels of the vehicles [10,11,12,13,14,15,16,45]. Thus, when it comes to estimation of bi-fuel vehicle particle emissions, also gasoline operation should be considered as gasoline SPN emissions are usually higher than the emissions in gaseous fuel operation.



Here, exhaust emissions of three different light-duty vehicles were studied in laboratory conditions. Two of the vehicles used either gasoline or compressed natural gas as a fuel and one of the vehicles either gasoline or liquefied petroleum gas. The vehicles were tested in 23 °C and in sub-zero temperature test cell conditions. The solid particle measurements were conducted here with a method approved to Global Technical Regulation No. 15 to cover particle sizes >10 nm and additionally, counters were used to measure in the <10 nm size range. In general, the aim of the study is to provide source characteristics of the current vehicles applying CNG, LPG and gasoline in various temperature conditions for use in environmental air quality studies and in policy development. Special emphasis is given to the fraction of particles not detected with the new SPN10 measurement method, i.e., SPN emissions in <10 nm size range.




2. Materials and Methods


2.1. Vehicles


Tested vehicles (Table 1) included two light-duty bi-fuel vehicles (VCNG1, VLPG) and a light-duty mono-fuel gas vehicles (VCNG2). The bi-fuel vehicles were equipped with port fuel injection (PFI) systems for CNG or LPG and Gasoline (E10). The mono-fuel gas vehicle applied PFI for primary (CNG) fuel but the reserve fuel (E5) injection type was not disclosed in the official papers. Market fuels were used in the tests with 10% (E10) or 5% (E5) ethanol content. In the text LPG and CNG are often referred as gaseous fuels as CNG and LPG refer to the status of the fuel in the tank, but they both enter the cylinder in gaseous state [46]. All of the vehicles had three way catalysts (TWC) as a tailpipe emissions control systems, none of them had gasoline particulate filter. For the sake of completeness, the results with gasoline fuel for VCNG2 will also be presented, but it should be emphasized that this vehicle is allowed to operate in this modality only when the CNG tank is empty.




2.2. Equipment and Method


The vehicle testing was conducted in two different Vehicle Emission LAboratories (VELA1, VELA2, JRC, Ispra, Italy) by driving tests cycles on a chassis dynamometer (VELA1: RPL 1220/AVL Zöllner GmbH, Bensheim, Germany; VELA2: ECDM-48L 4 × 4, MAHA, Haldenwang, Germany). The measurements of vehicles were conducted by sampling from the full dilution tunnel with Constant Volume Sampling (CVS) (VELA1: CVS i60 LD, AVL, Gratz, Austria; VELA2: CVS 7400, Horiba Ltd., Kyoto, Japan).



The emission measurements were conducted with Worldwide Light duty vehicle Test Procedure (WLTP) and respective Cycle (WLTC) [17] in stabilized temperature conditions (23 °C ± 3 °C) or sub-zero conditions (−5 °C ± 2 °C). These tests are called hereafter as “cold start WLTC” or “sub-zero WLTC”, respectively. In addition, WLTCs were conducted with high lubricant oil temperature >70 °C in the start of the cycle but in 23 °C temperature test cell, called as “hot start WLTC”. In cold start WLTC and in sub-zero WLTC, the vehicles were soaked in test cell and the oil temperature at the start of the cycle was in the range of the test cell temperature (±3 °C). The dynamometer parameters (road load values F2) were not adjusted (10%) at the sub-zero condition tests and consequently the road load was under-estimated in sub-zero conditions [17]. Thus, sub-zero tests did not follow the recently approved WLTP type 6 test [47] and should be considered only in comparison to ambient temperature tests. In total VCNG1 data comprised of 19 test cycles, VCNG2 data 12 and VLPG 20 test cycles.



Solid particle number (SPN) emissions were measured with a commercial particle measurement system (AVL APC xApp 10, AVL, Graz, Austria). In the SPN-system, a volatile particle remover (VPR) is equipped with a catalyzed evaporation tube and it fulfils the upcoming regulation including particle size range >10 nm. The catalytic stripper is obligatory for sub-23 nm measurements to reduce the possibility of volatile artifacts [43,48]. In addition, in the upcoming regulation, >23 nm SPN measurement is allowed to be conducted with a catalytic stripper. The SPN system was modified so that three different particle number counters (PNC) sampled from optimized, internal sampling position. The size ranges for the three PNCs were >23 nm (PNC23; AVL CPC, AVL, Graz, Austria), >10 nm (PNC10; AVL CPC, AVL, Graz, Austria) and >4 nm (PNC4; CPC 3752, TSI Inc, Shoreview, MN, USA). The SPN emissions calculated from the data of PNC23, PNC10 and PNC4 are named hereafter as SPN23, SPN10 and SPN4, respectively. The PNC10 used here fulfilled the future regulation where detection efficiency of 65% at 10 nm and >90% at 15 nm is required.



The solid particle number emissions, when sampling from CVS, were calculated:


    SPN  x  = P C R F      N ¯   x   V  t o t   / D  



(1)




where      N ¯   x    (1/m3) is the average of recorded particle number concentration with PNC4, PNC10 or PNC23, PCRF (Particle Concentration Reduction Factor) of 30 nm, 50 nm and 100 nm, D (km) is distance and    V  t o t     (m3) total volume flow in the CVS during the same period. The variability for the SPN results is given in this study as a standard deviation of the emissions determined in the measurement repeats.



In addition to SPN, the excess of particles in particle size range from 10 nm to 23 nm (sub23-10) over PNC23 and from 4 nm to 10 nm (sub10-4) over PNC10 is reported. These particle fractions are calculated with the following equations:


  sub 23 − 10 =   SPN 10 / SPN 23   − 1  



(2)






  sub 10 − 4 =   SPN 4 / SPN 10   − 1  



(3)







For all the results presented here, the losses in the SPN-system are corrected following the current regulation, where PCRF is a product of average loss correction of 30 nm, 50 nm and 100 nm particle diameter losses in the Volatile Particle Remover (VPR). The upcoming SPN10 method adapts the same average PCRF calculation method. For the used SPN-system, the average PCRF underestimate the losses 38% at 15 nm and 64% at 10 nm particle diameters [43]. In general, the results are presented in this paper without additional loss-correction, other than average PCRF, for sub-23 nm emissions and when the corrected SPN is considered, it is mentioned in the text. SPN4 and SPN10 are corrected following literature with equations:


  SPN 4 c = SPN 23 +  k  10     SPN 4 − SPN 23    



(4)






  SPN 10 c = SPN 23 +  k  15     SPN 10 − SPN 23    



(5)




where subscript “c” refers to corrected emission [12]. The correction coefficients were k10 = 2.8 and k15 = 1.6. Correction coefficients were determined at 10 nm (k10) and 15 nm (k15) particle diameters as they represent the losses at the geometric mean diameters in the size ranges from 4 nm to 23 nm and from 10 nm to 23 nm, respectively. The maximum uncertainty due to different equipment and laboratories is 32% (SPN23) to 40% (SPN10), with typical uncertainties of 14% (SPN23) and 16% (SPN10) [49]. Since we used the same SPN systems at both laboratories, we expect our uncertainty around 15%.




2.3. SPN Limits


The SPN is regulated only in particle size range above 23 nm and only for the vehicles applying direct fuel injection [17]. Here, the SPN emissions, independent of the PNC size range, vehicle type or fuel are compared to the current SPN-limit of   6 ×   10   11     1/km to put the results into context.





3. Results


3.1. Gaseous Fuel Operation


Figure 1 summarizes the SPN emissions from the three vehicles using CNG or LPG. The exact values are given in Supplementary Material, Table S1. In 23 °C temperature tests, all vehicles’ SPN23-emissions were below the DI vehicle SPN-limit of   6 ×   10   11     1/km in gaseous fuel operation mode (Figure 1a, left columns). In fact, for VCNG2 and VLPG, all SPN emissions (SPN4, SPN10 and SPN23) were below the limit in the 23 °C testing conditions when additional loss correction was not applied. Even when the loss corrected emissions are considered, VLPG SPN4 and SPN10 remained under the limit, while loss corrected VCNG2 SPN4 was closing levels of     10   12     1/km. VCNG1 SPN4 and SPN10, on the other hand, exceeded     10   12     1/km in 23 °C both with and without loss correction.



The SPN emissions were higher in sub-zero conditions than at 23 °C tests (Figure 1a, right columns). In sub-zero conditions, all SPN size ranges exceeded   6 ×   10   11     1/km for VLPG and     10   12     1/km for VCNG1 even when no loss correction was applied. VCNG2 uncorrected SPNs remained below   6 ×   10   11     1/km also in sub-zero conditions, but loss corrected SPN4 was closing the level of     10   12     1/km, similar to the 23 °C tests. VLPG SPN emissions were in sub-zero tests 400% to 580% higher than in 23 °C cold start tests (Figure 1a, see percentages above sub-zero bars). VCNG1 sub-zero condition SPN4 and SPN10 emissions exceeded 23 °C cold start emissions around 100%, while for SPN23, the excess was as high as over 900%. VCNG2 SPN4 sub-zero SPN4 exceeded 23 °C cold start levels around 30% and SPN10 and SPN23 around 100%.



The VLPG sub23-10 in gaseous operation was around 100% in hot start tests and decreased to around 30% in sub-zero test and the sub10-4 was at 10% or lower for all tests when uncorrected data is considered (Figure 1b, see data labels). Even when loss corrected data are considered, sub10-4 remained between 45% and 70% and sub23-10 between 45% and 160%. Thus, the VLPG sub-10 nm SPN emissions were negligible when loss correction was not applied and the sub23-10 rather low.



For VCNG1, the sub10-4 was 60% in hot start and decreased down to 20% in sub-zero test, while sub23-10 was in the hot start >1100%, cold start >500% and in sub-zero condition 33%. When loss corrected SPN4 and SPN10 are considered, maximum sub10-4 increase to around 180% and sub23-10 to 1800% for VCNG1 gaseous fuel operation mode.



VCNG2 sub10-4 was between 110% and 270% for the all the tests and sub23-10 between 240% and 470%. The loss correction increased sub10-4 to a range from 280% to 580% and sub23-10 to a range from 380% to 750%. Thus, with or without loss correction, VCNG2 SPN emissions were clearly more concentrated in <10 nm size range than the SPN of the other vehicles.



Summarizing, when the emissions with the current SPN23 method and the upcoming method (SPN10) are compared for the CNG vehicles, there is a difference of a factor of 3, exceeding 10 in hot start WLTC. The levels below 10 nm are 20% to 270% when no loss correction is applied, with the higher percentages corresponding to the lower absolute SPN23 levels. For VLPG, SPN10 were less than double than SPN23 and SPN4 negligible.




3.2. Liquid Fuel Operation


Figure 2 summarizes the SPN emissions from the three vehicles using gasoline as fuel. The exact values are given in Supplementary Material, Table S2.



VLPG vehicle in gasoline operation emitted around     10   12     1/km, with no big differences between cold and hot start tests, while in sub-zero test the emissions were around two times higher (Figure 2a). VCNG1 had emissions around     10   13     1/km. Regarding the mono fuel gas vehicle, VCNG2, SPN10 and SPN23 emissions in 23 °C tests remained around or below   5 ×   10   11     1/km in gasoline operation, but all of the size fractions exceeded   6 ×   10   11     1/km in sub-zero tests.



VLPG levels in gasoline operation mode were about 150% to 200% higher in sub-zero than in 23 °C conditions while for VCNG1 the differences were around 60% to 70%. VCNG2 gasoline operation SPN levels changed between room temperature and sub-zero cold start tests 55% for SPN4, 200% for SPN10 but as much as over 1100% for SPN23.



Regarding the distribution of particles in different size ranges, similar to gaseous operation, the VLPG sub23-10 in liquid fuel operation was around 80% in hot start tests and decreased to around 40% in sub-zero test while the sub10-4 was at 10% or lower for all tests when uncorrected data are considered (Figure 2b). Even when loss corrected data were considered for VLPG, sub10-4 remained also in gasoline operation in 50% to 60% range and sub23-10 in 60% and 140% range. Thus, VLPG sub23-10 were rather low and sub10-4 practically absent, similarly to the gaseous fuel.



For VCNG1, both sub10-4 and sub23-10 were below 20% in all gasoline operation tests, thus showing a clear decrease when compared to those determined for gaseous operation mode. VCNG2 sub10-4 and sub23-10 characteristics in gasoline operation were similar or slightly lower than those in gaseous operation room temperature tests. In liquid operation, VCNG2 sub10-4 was between 110% and 150% and sub23-10 between 360% and 520%. Only in sub-zero tests, gasoline operation sub10-4 and sub23-10 for VCNG2 decreased notably in comparison to gaseous mode reaching 26% for sub10-4 and ~55% for sub23-10.




3.3. Comparison of Emissions in Gaseous and Liquid Fuel Operations


Figure 3 compares the SPN emissions in liquid and gaseous operation.



In general, SPN emissions in the gasoline operation were higher than the emissions in gaseous fuel operation, except VCNG2 SPN4 in hot start WLTC. For VCNG2, fuel change induced the highest change on sub-zero test where gasoline operation SPN23 was 1800% higher than the gaseous mode emission. The excess of liquid fuel operation SPN10 was around 600% and SPN4 around 300% in the same test. At 23 °C, VCNG2 SPN excess in gasoline operation over the CNG operation was smaller.



For VCNG1, SPN23 emissions in gasoline operation were over 8000% higher in hot start cycle, over 4000% in room temperature cold start and around 600% higher in sub-zero test than in corresponding tests in gaseous operation mode. The SPN10 emissions were 500% to 700% higher in the tests with gasoline than with CNG, while for SPN4, the excess was around 450% to 580%.



For VLPG, all SPN increased around 900% to 1000% in hot start cycles, around 250% in room temperature cold start cycles and around 40% to 60% in sub-zero tests.




3.4. Fuel Switch Over


The vehicles applying both gaseous and liquid fuel use liquid fuel often in engine start up. The mono fuel vehicles, such as VCNG2, applying primarily gaseous fuel and gasoline only as a secondary fuel are allowed in the regulation to apply the secondary fuel only in start-up of the engine [50] while for bi-fuel vehicles there are no restrictions. Here, fuel switch over time was estimated by the deviation of the real time traces of SPN23 for the two different fuels. The results were confirmed with the CO2 signals. The presumption was that both CO2 and SPN23 are higher for gasoline operation than for CNG or LPG operation.



Figure 4 shows an example of SPN23 time series for VLPG (Figure 4a, upper panel), VCNG1 (Figure 4b, upper panel) and VCNG2 (Figure 4c, upper panel) measured with gasoline (liquid) fuel (LF) and gaseous fuel (GF) over sub-zero test cycles (from 10 s due to the time delay to reach the dilution tunnel). The respective examples for the 23 °C tests are given in the lower panels. For VLPG and VCNG1, it is clear that the traces of SPN23 overlap until the switch over time. For VLPG, clear departure of the traces between the different fuels was detected at around 65 s for the 23 °C cold start test and 365 s for the sub-zero tests. For VCNG1, 23 °C cold start WLTP-cycles, the estimated switch over time was around 35–40 s, but for the sub-zero condition test, is already as high as 275–280 s. For VCNG2 in the gaseous modality, SPN23 is somewhat lower than gasoline over the whole cycle. For VCNG2, a clear switch over was not detected, but the CNG operation traces for CO2 and SPN23 were below gasoline operation over the whole cycles.



The contribution of the start-up emissions with liquid fuel in gaseous mode operation was estimated using the previously mentioned times. The start-up emissions of VCNG1 were about 70% and 90% of whole cycle SPN23 for cold start and sub-zero tests, respectively. In gasoline operation, for the same start-up period (35 s and 276 s for sub-zero) the respective percentages were 2% and 15%. For SPN4 and SPN10 (no figure shown), the proportions were lower, yet in sub-zero test in gaseous fuel modality, close to 70% of SPN4 and SPN10 was emitted during start-up period, while in selected liquid fuel modality, around 15% of total SPN4 and SPN10 was emitted during the same period. For VLPG, around 60% of SPN (all size fractions) was emitted during the first 65 s in 23 °C cold start test and around 95% during the start-up period of 366 s in the sub-zero test in gaseous fuel mode. For VLPG, gasoline operation modality, in the 23 °C temperature cold start, 19% to 24% of SPN was emitted during the first 65 s and in sub-zero around 60% to 70% during the first 366 s.



For VCNG1, the sub23-10 was 22% during the start-up period (35 s) of the cold start test (both operation modes). In liquid operation, this percentage remained the same at the rest of the cycle, but at gaseous operation sub23-10 increased to 1200% after the switch over. Simultaneously, average SPN23 levels were more than 10 times higher in gasoline operation than in gaseous fuel operation after the switch over. At the sub-zero test, sub23-10 percentage during the start-up period (280 s) was 13% and increased to 37% in gaseous operation. The fuel switch over did not have notable effect on sub23-10 for VLPG.





4. Discussion


Two bi-fuel, one CNG-gasoline (VCNG1) and one LPG-gasoline (VLPG) vehicle and one mono-fuel gas vehicle, CNG-gasoline, (VCGN2) were studied at 23 °C and in sub-zero (−7 °C) temperatures. It must be mentioned again that the SPN23 limit of   6 ×   10   11     1/km for direct injection engines does not apply to the tested vehicles in regulatory measurements but it is considered here to provide context for the results.



The vehicles appeared as low SPN emitters only when SPN23 in 23 °C testing conditions in gaseous fuel operation modality was considered. In agreement with our results, in the literature, 23 °C test SPN23 emissions of CNG and LPG fuelled PFI vehicles over various test cycles are repeatedly shown to be below the direct injection vehicle SPN-limit of   6 ×   10   11     1/km [10,11,12,13,45,51].



Studies with recent emission standard (Euro 6) CNG fuelled vehicles, reported SPN10 mostly below the limit and only occasionally at the limit, while SPN2.5 was above   6 ×   10   11     1/km [12,13,15], similar to results presented here. To our knowledge, there are no previous studies presenting <23 nm SPN results for LPG. Here, LPG fuelled vehicle <23 nm SPN remained in most of the tests below   6 ×   10   11     1/km, except for the sub-zero tests, where the emissions were around   1 ×   10   12     1/km.



4.1. Operation with Gasoline Fuel


The gasoline operation mode induced increase in SPN emissions when compared to gaseous fuel operation modality in most of the tests. The SPN increase between gasoline and gaseous fuel was most distinct for CNG bi-fuel vehicle for which around 8000% increase was detected in hot start WLTC. For the other cold start tests and the mono-fuel CNG and LPG vehicles, the increase was lower, yet often notable and varying in the range from 0% to 2000%. For bi-fuel vehicles, the difference was the highest in hot start tests and lowest in sub-zero tests, while for the mono fuel gas vehicle, the trend was opposite, i.e., the difference between gasoline and gaseous fuel SPN was increasing with decreasing test temperature. In the literature, mono fuel gas vehicle (CNG) SPN23 levels of are shown to increase 400% to 3500% in 23 °C tests when changing to gasoline from CNG and the SPN23 levels remained below   6 ×   10   11     1/km similar to our results [13]. For SPN10, gasoline operation emission levels differed −40% to 3300% CNG operation levels in 23 °C tests while SPN10 were around   6 ×   10   11     1/km [13,15]. For SPN2.5, the change between the fuel types is shown to be lower, around 0% to 400% higher with gasoline than with CNG in 23 °C tests when SPN2.5 was around ~    10   11   −   10   12     1/km [13]. The literature is lacking information about the differences of SPN between the different fuels for PFI bi-fuel vehicles applying CNG-gasoline or LPG-gasoline fuel combinations. Nevertheless, gasoline PFI vehicles are shown to have notable SPN emissions, both above and below 23 nm [18], thus supporting our results and highlighting the need of SPN control for the vehicle type.




4.2. Sub-Zero Temperature


All tested vehicles’ SPN emissions in all size fractions were higher in sub-zero cold start than in 23 °C cold start tests. For bi-fuel vehicles in gaseous fuel operation, the sub-zero condition SPN23 exceeded 23 °C cold start levels for the vehicles by 500% to 900% and reached the levels around or above     10   12     1/km. At the same time, the sub10-4 and sub23-10 fractions decreased below 20% and 30%, respectively. In addition, mono fuel gas vehicle SPN in CNG operation increased in sub-zero condition when compared to 23 °C levels. The CNG combustion characteristics and the particle formation tendency is shown to be dependent on the engine (coolant) temperature although no indication of soot formation is detected [52]. Despite being different to bi-fuel vehicles, mono fuel gas vehicle emissions remained below   6 ×   10   11     1/km in sub-zero gaseous fuel operation and the sub23-10 and sub10-4 fractions at the level of 23 °C tests. In sub-zero tests, loss corrected SPN4 for the mono fuel gas vehicle (CNG operation) reached the levels above   6 ×   10   11     1/km. The literature is lacking regarding the effect of sub-zero temperature conditions on sub-23 nm SPN emissions in PFI vehicles in the case of CNG and LPG fuels and also SPN23 data are scarce [44].



The difference between 23 °C and sub-zero cold start tests was lower for bi-fuel vehicles in gasoline operation than in gaseous fuel operation, but for the mono fuel vehicle, the difference was higher, reaching over 1000% for SPN23. The literature is lacking regarding sub-zero test SPN < 23 for vehicles applying both gaseous and liquid fuel, but typical gasoline vehicle SPN23 emissions, both PFI and GDI, are shown to increase with decreasing temperature conditions in the literature [18,53,54,55,56,57,58]. This increase is often associated with fuel enrichment at the start-up of the engine and the enhanced soot formation [59,60].



The increase of bi-fuel vehicles’ SPN in gaseous fuel operation sub-zero conditions may be explained by the detected long warm-up period, ~300 s, in the beginning of the test where gasoline is used as a fuel. For the bi-fuels vehicles, over 90% of the SPN23 of the whole sub-zero cycle was emitted during the warm-up period with gasoline fuel. Higher particle emissions with gasoline fuel compared to CNG or LPG operation has also been shown in the literature [3,13,46,51,61,62,63,64,65]. This feature explains also why the difference between gasoline and gaseous fuel operation decreases with decreasing temperature: gasoline fuel related SPN dominate the overall emission in both operation modalities. The extended warm up with gasoline, diminishes the low exhaust emissions of CNG and LPG operation of bi-fuel vehicles.



The bi-fuel CNG vehicle appeared as a high emitter in 10–23 nm size range (SPN10-SPN23) and in >23 nm size range, in sub-zero conditions and in gasoline operation. Yet, as the vehicle emissions were stable and as the PFI technology SPN is not regulated, the results are presented here to show an example of a current light duty fleet high emitter. The cause for the high emissions of VCNG1 is not known. Yet, SPN of CNG fuelled ship engine in range from 10 nm to 30 nm to lubricant originated particles and the SPN above 60 nm to soot formed in fuel rich conditions [23,60]. Thus, the high emissions may be related to both lubricant as well as on sooting combustion.




4.3. Sub-23 nm Particle Emissions


The measurements revealed a high fraction of particles below 23 nm and even 10 nm rendering important to assess the current SPN23 methodology. Figure 5a shows the sub23-10 for uncorrected SPN10 as a function SPN23. Thus, the graph compares the current regulation SPN23 and the future SPN10 methodologies. In general, there is a decreasing trend for the sub23-10 along with increasing SPN23 reaching around 10% at     10   13     1/km, but the gradient depends on the vehicle and fuel.



The curved boundary of the shaded area shows the limit where SPN10 exceeds   6 ×   10   11     1/km, while vertical boundary is at SPN23 =   6 ×   10   11     1/km. Within this grey area a result would fulfil the limit with the SPN23 method, but not with the SPN10 method.



VCNG1 gaseous (CNG) operation 23 °C tests and VLPG gasoline operation cold start 23 °C test SPN10 exceed the DI SPN-limit, while SPN23 is below the limit. From 18 tests, three tests fell in this area, indicating that the current methodology would miss ~16% of a relatively high emitting vehicle. VCNG2 SPN10, although having rather high sub23-10 fraction up to 520%, falls clearly below the DI SPN limit in all cases, thus also suggesting low emission levels with the upcoming SPN10 method. Similar SPN10-SPN23 relation can be seen for a couple of measurements taken from the literature [13]; however, there, the sub23-10 data is loss corrected. Nevertheless, as in our uncorrected data, the high sub23-10 fraction at the SPN23 levels around     10   10     1/km is connected mostly to moderate SPN10 (<  6 ×   10   11     1/km) emissions.



Figure 5b shows sub10-4 fractions for loss corrected SPN4c as a function of SPN10. Sub10-4 represents the size fraction not covered with the future 10 nm SPN-method. The grey vertical lines show the SPN10 levels and dash-dotted curved lines the SPN4c levels specified by the data labels (2, 6, 10 and 30 which refer to emission level multiples of     10   11     1/km). Note that data acquired from the literature (ref) [13] refer to loss corrected sub10-2.5 instead of sub10-4. Sub10-4 decreases with increasing SPN10 for vehicles applying CNG as gaseous fuel, while VLPG Sub10-4 is rather stable in the detected SPN10 range.



Considering the SPN10 limits that would restrain the SPN4c levels below   6 ×   10   11     1/km, SPN10 limit at   1 ×   10   11     1/km would remove 94% of the observed SPN4c above   6 ×   10   11     1/km and SPN10 limit at   2 − 3 ×   10   11     1/km 75%. For the SPN2.5 data from the literature [13], the proportions were similar. In the literature [13], the SPN10 limits at 1, 2 and 3   ×   10   11     1/km, would limit out 81%, 69% and 63% of SPN2.5 above   6 ×   10   11     1/km, respectively.



The excess of SPN10 over SPN23 (sub23-10) showed a decreasing trend along increasing SPN23 emissions. Similar results are shown for gasoline and diesel light-duty vehicles before [18]. When the upcoming SPN10 method is considered, the detected high sub23-10 fractions did not lead directly to high SPN10 emissions. For example, VCNG2 sub23-10 fractions reached levels of 400%, yet the absolute level of SPN10 remained below   6 ×   10   11     1/km. In other words, the current SPN23 method could identify most of tests with SPN10 emissions higher than   6 ×   10   11     1/km. Nevertheless, for bi-fuel vehicles the SPN10 emissions were in some tests above     10   12     1/km, while SPN23 was below the DI SPN limit and, thus, the high SPN emission may be detected with the recently introduced SPN-method, not with the method applied in the current European regulation. Thus, regulating SPN10 instead of SPN23 with the same limit increases the stringency particularly for gas-fueled vehicles with high sub-23 nm fraction. The loss corrected SPN4 levels, however, could easily reach     10   12     1/km, while SPN10 was around   6 ×   10   11     1/km. We believe that these particles are true and not an artefact, because we used systems with a catalytic stripper [48]. If the current DI SPN limit of   6 ×   10   11     1/km is considered also for the tested PFI vehicles’ <23 nm SPN, according to the data presented here, the SPN10 should be limited to   1 ×   10   11     1/km to restrict the SPN4 emissions below the current DI SPN limit. Nevertheless, the <10 nm SPN emission characteristics should be studied further to ensure the findings. At this stage, the literature is lacking regarding the SPN4 measurement reproducibility, exact losses of the particle sizes <10 nm and the stability of the vehicle when it comes to SPN4 emissions. Thus, the limit of   1 ×   10   11     1/km may not be considered as a recommendation of a regulatory limit, but it is only deduced from the measurement data presented here. It indicates though that a 10 nm limit might also control efficiently high sub-10 nm emissions.



Figure 5, with the corrected values, is given in the Appendix A (Figure A1). Even though the results in this figure are more accurate, the need for many counters to correct the results makes it impossible for regulatory purposes. Using one counter in the future regulations means that the results will be uncorrected.





5. Conclusions


The solid particle number (SPN) emissions of bi-fuel vehicles varied significantly between different vehicle models. Although none of them exceeded the (non-applicable) current European SPN limit for particles >23 nm, the inclusion of particles >10 nm exceeded the limit for one of the three vehicles. At low ambient temperature tests (−7 °C), two of the three vehicles exceeded the limit and all of them when particles below 23 nm were considered. The emissions of the LPG vehicle remained low. In general, the CNG operation had high concentration of particles <23 nm (two to 10 times more). The gasoline operation of the three vehicles resulted in exceeding the SPN limit in one case and in all cases when sub-23 nm particles were considered. Furthermore, all tests at −7 °C exceeded the SPN limit, even when considering only particles >23 nm. The sub-23 nm fraction was vehicle dependent (for all temperatures), ranging from 20% for the high emitting CNG vehicle, 70% for the second CNG vehicle and 300% for the LPG vehicle (in gasoline operation). The gasoline operation increased the emissions up to 100 times compared to the gaseous fuel. It was shown that decreasing the lower limit of 23 nm of the current regulation increases the stringency significantly for gaseous fuel vehicles. Lowering the >10 nm limit to   1 ×   10   11     1/km significantly reduces the sub-10 nm emissions as well.
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Appendix A


Particle fractions below 23 nm corrected for particle losses.
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Figure A1. Particle fractions below 23 nm. Data measured with gaseous fuels is presented with filled markers and data for liquid (gasoline) with open markers; (a) sub23-10 fraction for corrected SPN10 as a function of SPN23. Shaded area marks data for which SPN10 is above limit   6 ×   10   11     1/km, while SPN23 is below the limit; (b) sub10-4 fraction for corrected SPN4 and SPN10 as a function of corrected SPN10. Grey vertical lines show SPN10c levels and curved, dash-dotted lines SPN4c levels. Labels 1, 2, 6, 10 and 30 refer to emission level multiples of     10   11     1/km. Data labelled ref is acquired from literature [13] and represents in left axes corrected sub23-10 and in right axes corrected sub10-2.5 levels instead of sub10-4. 
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Figure 1. Solid particle number (SPN) emissions of the three vehicles VLPG (top), VCNG1 (middle) and VCNG2 (bottom) for 23 °C hot start (HS), 23 °C cold start (CS) and sub-zero (Sub) cold start WLTC for gaseous fuel operation: (a) SPN4, SPN10 and SPN23 emissions. Black edge bars represent the particle loss corrected values (see Section 2.2). Red dashed lines show the DI vehicle SPN-limit (6 × 1011 1/km) (not applicable for the vehicles of this study). Black data labels (%) on left columns show the excess of SPN in sub-zero compared to cold start. White data labels show the number of repeats; (b) excess of SPN4 over SPN10 (sub10-4) and SPN10 over SPN23 (sub23-10). Black edge bars represent the excess after particle loss correction. Black data labels (%) show sub10-4 and sub23-10 for uncorrected SPN. 
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Figure 2. Solid particle number (SPN) emissions of the three vehicles VLPG (top), VCNG1 (middle) and VCNG2 (bottom) for 23 °C hot start (HS), 23 °C cold start (CS) and sub-zero (Sub) cold start WLTC for liquid (gasoline) fuel operation: (a) SPN4, SPN10 and SPN23 emissions. Black edge bars represent the particle loss corrected values (see Section 2.2). Red dashed lines show the DI vehicle SPN-limit (6 × 1011 1/km) (not applicable for the vehicles of this study). Black data labels (%) on left columns show the excess of SPN in sub-zero compared to cold start. White data labels show the number of repeats; (b) excess of SPN4 over SPN10 (sub10-4) and SPN10 over SPN23 (sub23-10). Black edge bars represent the excess after particle loss correction. Black data labels (%) show sub10-4 and sub23-10 for uncorrected SPN. 
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Figure 3. SPN measured in liquid fuel operation as a function of SPN measured in gaseous operation. Data labels in or next marker refer to 23 °C hot start (H, circle) or cold start (C, diamond) or to sub-zero (S, star) tests. Blue markers are for LPG, red for VCNG1 and yellow for VCNG2. 
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Figure 4. Sub-zero (Sub, top) and 23 °C cold start (CS, bottom) SPN23 time series with liquid (LF) and gaseous (GF) fuel in sub-zero tests for (a) VLPG; (b) VCNG1; and (c) VCNG2. 
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Figure 5. Particle fractions below 23 nm. Data measured with gaseous fuels is presented with filled markers and data for liquid (gasoline) with open markers; (a) sub23-10 fraction for uncorrected SPN10 as a function of SPN23. Shaded area marks data for which SPN10 is above limit   6 ×   10   11     1/km, while SPN23 is below the limit; (b) sub10-4 fraction for corrected SPN4c as a function of SPN10. Grey vertical lines show SPN10 levels and curved, dash-dotted lines SPN4c levels. Labels 1, 2, 6, 10 and 30 refer to emission level multiples of     10   11     1/km. Data labelled ref is acquired from literature [13] and represents in left axes corrected sub23-10 and in right axes corrected sub10-2.5 levels instead of sub10-4. 
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Table 1. Characteristics of the tested vehicles.






Table 1. Characteristics of the tested vehicles.





	Abbreviation
	VCNG1
	VCNG2
	VLPG





	Vehicle class
	M1
	M1
	M1



	Model Year
	2018
	2019
	2018



	Odometer reading
	4253
	1223
	3003



	Emissions standard
	6d-temp
	6d-temp-evap
	6d-temp-evap



	Rated power (kW)
	63
	96
	51



	Emission control
	TWC
	TWC
	TWC



	Engine capacity (cm3)
	875
	1498
	1242



	Vehicle type
	Bi-fuel
	Mono-fuel (gas)
	Bi-fuel



	Fuels
	CNG/E10
	CNG/(E5)
	LPG/E10



	Fuel injection
	PFI/PFI
	PFI *
	PFI/PFI



	Declared CO2 (g/km)
	110/149
	96/-
	135/147







* For VCNG2, the reserve fuel injection type is not disclosed in official documentation. PFI = port fuel injection; TWC = three-way catalyst.
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