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Abstract

:

The amount of hybrid vehicles and their contribution have increased in the global market. They are a promising aspect for a decrease in emissions. Different tests are used to determine the factors of such emissions. The goal of the present study was to compare the emissions of two hybrid vehicles of the same manufacturer: the plug-in version and the HEV version (gasoline + electric engine). These vehicles were chosen because they comprise the largest market share of hybrid cars in Poland. The exhaust emission tests were conducted in the WLTC tests on a chassis dynamometer and under real traffic conditions. Simultaneous testing on a dyno and under real driving is the most adequate test to assess the environmental aspects of vehicles—especially hybrids. The combustion engines of the tested vehicles were supplied with gasoline containing 5% biocomponents. The emissions, including CO2, CO, NOx, THC and PNs, were measured in accordance with the European Union procedure. According to the latter, the resistance to motion of the chassis dyno was adjusted to the road load, allowing the hybrid vehicles to move in electric mode and allowing the dynamometer to operate in energy recovery mode. The obtained emissions of CO2, CO, NOx and THC in the case of the plug-in hybrid vehicle were lower by 3%, 2%, 25%, and 13%, respectively, compared to the case of HEV. Fuel consumption in the case of the plug-in hybrid vehicle was lower by 3%, and PN was lower by 10% compared to the case of HEV (WLTC). In real driving conditions, the differences were more pronounced in favour of the plug-in vehicle: CO2 emissions in the RDE test were 30% lower, NOx emissions were 50% lower, and PN was 10% lower. An increase in emissions was only observed for CO2 emissions—the plug-in vehicle’s on-road emissions were 6% higher compared to the HEV. The obtained emissions for FC and PN varied with actual velocity values due to competitive driving between a combustion engine and an electric motor, as well as existing acceleration and deceleration events during the test and other factors.
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1. Introduction


The number of vehicles has continued to increase, resulting in heightened emissions, which has turned out to be an important problem that must be resolved in the coming years across the world. According to [1], the EU’s post-2021 CO2-weakening demand for passenger cars is 37.5% by 2030. This can be achieved by enhancing the amount of electric and hybrid vehicles in the continuously rising global population of manufactured vehicles, and various strategies exist that focus on this target. Hybrid electric vehicles (HEVs) play an important role in decreasing PM and NOx emissions [2]. Hybrid electric vehicles (HEVs) are also promoted in China [3].



Determining the environmental aspects of hybrid vehicles is important due to the ever increasing popularity of this type of vehicle. The growth in HEV and EV sales in the United States alone in the last quarter of 2021 was 11% of all light vehicle sales. Sales in HEVs increased by 6.1%, PHEVs by 1.4%, and EV by 3.4% (Figure 1). This is the result of a decrease in sales of internal combustion engine (ICE)-only cars and an increase in HEV model offerings. As of 2021, the number of HEV models in the United States has increased by 126% compared to 49% for non-hybrid vehicles [4].



According to [1], using plug-in hybridization and other design innovations together, the target can be met without the need for full EVs. The use of mild hybrids is the most effective method of CO2 weakening, followed by full hybrids and plug-in hybrids, but only if they are operated on battery. The amount of CO2 produced by electricity generation is greater than for gasoline, but it can be assumed that they are equal.



The authors of [5] evaluated the power engagement and emissions of passenger cars fitted with various powertrain systems during real driving. It was found that the order of power engagement (from lowest to highest) was an electric vehicle (EV), a plug-in hybrid vehicle (PHEV—with about 10% higher power engagement than a fully EV), and a conventionally powered vehicle (about 30% higher power engagement than an EV). In another study [6], a conventional vehicle and a hybrid vehicle were tested. It was shown that CO2 and CO emissions were much less for the HEV; HC and NOx emissions were near each other and at a low level. This indicates the validity of using hybrid vehicles in terms of lower power engagement as well as reduced emissions.



As was explained in [7], HEVs operate utilizing two different power sources, including petrol/diesel/gas engine and electricity. The three main types of HEVs include full hybrids, mild hybrids, and plug-ins.



Galassi et al. [8] explained that electric vehicles (EVs) exhibit a relatively high energy efficiency that is affected by various factors, such as accessory use and ambient temperature. The real energy efficiency variability directly influences the electric driving range of EVs, and thus, emissions decrease. However, limited driving range and long recharging times strongly inhibit the broad diffusion of EVs and HEVs.



Cieślik et al. [9] conducted research with a vehicle equipped with an electrified powertrain to reduce vehicle power engagement on warm days. The study included two drives in the summer and winter with the same vehicle driven by the same driver. Gerber et al. [10] analysed the road transport infrastructure in one region of America in relation to the possible maximal decrease in greenhouse gas (GHG) emissions and pollutants. They also analysed the unit investment cost of the vehicle. The authors found that HEVs, BEVs and hydrogen fuel-cell EVs effectively decreased pollutants and GHG emissions the most, but there were barriers, including not enough financial support for deployment of such vehicles.



Temporelli et al. [11] reported that despite high differences in the estimations of the ratio of CO2eq emissions and cell capacity (kWh), ranging from 50 to 313 g CO2eq/kWh, EVs exhibit lower carbon-intensive emissions during their mileages than similar diesel or petrol vehicles.



According to [12], an increase in car mobility and ownership may cause the share of PHEVs or BEVs to be 97% by 2050, jointly with a high weakening of GHGs emission from electricity production.



However, using a vehicle stock turnover model, and focusing on Japan [13], the authors estimated that by 2050, tank-to-wheel CO2 emissions will weaken by 42.8% in the base scenario, as the result of weakening vehicle numbers and fuel consumption and the use of HEVs. They found that powertrain electrification cannot guarantee the achievement of any of the CO2 emission reduction targets in road freight transport.



Fulton [14] simulated the influences of solar recharging of EVs on profits for the client and on the environment simultaneously, showing how solar-based charging of BEVs and HEVs decreased carbon emissions over grid-based one. They proposed two scenarios, allowing for a quick break-even for both BEV and PHEV variants over ICEV, with a two-fold decrease in CO2 emissions compared to the gasoline option (including production emissions).



The best topology, component selections, and controls are needed for HEVs to simultaneously reach: high fuel efficiency and performance, together with low emissions and costs.



Zhuang et al. [15] compared two frameworks combining three design dimensions together. The first approach was completely nested optimization searching via the entire design space. The second was an improved iterative optimization in which a sequential topological optimization was performed. The latter method allowed for one to obtain an optimal design with better computational efficiency.



In another study [16], the authors investigated the effect of ICE operating conditions on the flow of electrical energy in hybrid-type drives in two modes: normal driving and engine braking override. After tests with different variants, a similar final battery charge value was observed, indicating various manners of energy flow management in the tested driving modes. Although hybrid vehicles can decrease emissions, their ability depends on many components, including the configurations of the mentioned vehicles.



1.1. The Configurations of Hybrid Vehicles


Hybrid vehicles by type of power transmission are divided into:




	
Series hybrid—the ICE drives a generator that powers an electric motor (EM) connected to the drive wheels; the ICE is not mechanically linked to the drive wheels [17,18,19];



	
Parallel hybrid—an EM and an ICE are arranged to power the vehicle either individually or together [20,21,22];



	
Power-split hybrid—in a power-split hybrid drive, there are two power sources: EM and ICE; the power from these two sources can be shared to drive the wheels via a power split device; the ratio can be from 100% for the CE to 100% for the EM, or anything in between; the ICE can act as a generator charging the batteries [23,24,25,26,27].








Hybrid vehicles are also divided according to the degree of electrification of the power unit:




	
Micro-hybrid—cars with an ICE with a start–stop system [28];



	
Mild-hybrid—cars with an ICE equipped with an electric machine allowing one to stop the engine whenever the car is coasting, braking, or stopped, yet also to restart quickly [29];



	
Full-hybrid—a vehicle that can run on only the engine, the batteries, or a combination of both [30,31,32];



	
Plug-in hybrid—full hybrids that are able to run on battery power; they offer greater battery capacity and the ability to recharge from the grid [33,34].








Yang et al. [35] reviewed the electrified powertrains developed in the North American automotive industry. The vehicle categories depended on various powertrain configurations and electrification levels.



Different configurations of hybrid cars were discussed, inter alia, in [36]. The operation of full hybrids (FHEVs) is based on the independent use of a combination of ICE- and EM-powered batteries. The FHEVs’ batteries are recharged by running the ICE instead of by plugging it in. The operation of mild hybrids needs an all-time parallel drive from an EM and ICE. PHEVs require plugging into the mains to fully recharge their batteries. PHEVs can only drive in electric mode.



The mentioned three hybrid types utilize the maximum available electric portion of the drivetrain without weakening performance. Such a drive strategy allows for a decrease in emissions and an enhancement of fuel efficiency due to the lack of emissions from the EM and its higher efficiency compared to a combustion engine. Contrarily, high-performance hybrids utilize their EMs to maximize their performance, rather instead of their efficiency and eco-friendliness. FHEVs use regenerative braking, start–stop operation, the Atkinson Cycle, and continuously variable transmission (CVT) to improve fuel efficiency. They can operate in series mode, parallel mode, or all-electric mode. Mild hybrids use stop–start and regenerative braking. They can operate only in parallel mode. PHEVs use all the technology of FHEVs but usually have a larger capacity battery that is pluggable into the mains. They also have a higher drive range in all-electric mode than the average FHEV.



Oleksowicz and Burnham [37] reported a power split full hybrid with a front-wheel drive system (Figure 2a) and parallel full hybrid with an all-wheel drive system (Figure 2b).




1.2. Tests of Hybrid Vehicles


As reported in [38], applying standardized dyno methods to HEVs is problematic. The earlier HEV test procedures (standard SAEJ1711) were utilized by the Environmental Protection Agency “for the purposes of familiarization only and not to simulate a certification process”. Such procedures were hardly accepted due to the necessity of knowledge of the vehicle’s response to the test cycles or due to long terms. The California Air Resources Board (CARB) developed its own HEV test procedure for certification, following the SAE procedures and/or the EPA’s selection of test procedures.



The HEV’s reversible energy storage system often caused problems related to accounting for continued utilization of off-board electrical energy and to the transient energy utilization in hybrid operation.



The Argonne National Laboratory developed the Advanced Powertrain Test Facility, comprising tests carried out with OEM HEVs for the Japanese and the US models. ANL pursued the development of test procedures while studying OEM and prototype HEVs. ANL used some of the basic concepts developed in J1711 drafts, with a few procedures developed at various competitions. Accepted vehicle descriptions needed careful consideration for each automobile’s driving strategy and manipulations of the battery’s state-of-charge between test cycles to reach proper battery-use trends. Each test procedure had to allow for the comparison of mileage and emissions rates effects of HEVs with those of common cars by satisfying the test procedure inputs. ANL authorized the APTF predestined to testing and model validation of complex automobile solutions. They utilized the measured economy and emissions from engines and vehicles. Particularly, they investigated HEV powertrains and automobiles for assessment and model validation in DOE’s systems analysis group. It was found that multiple engine on/off operations during a test cycle can cause measurement troubles. The proposed ANL HEV testing methods are based on rigorous hybrid mode description. The emissions measurement systems providing repeatable measures for SULEV vehicles should allow for on/off engine operation.



According to [39], the known New European Driving Cycle (NEDC), used since the 1980s, was replaced by the better Worldwide Harmonised Light Vehicle Test Procedure (WLTP).



Fly [40] reported that in order to determine the range of a plug-in hybrid car without switching the engine on (so-called “all-electric range”), in the United Kingdom and EU, the Worldwide harmonized Light-duty vehicles Test Procedure (WLTP) is used.



Marignetti et al. [41] developed a tester for half a bus, reproducing the real slope, adhesion conditions, and weather conditions during a driving cycle.



In VTT’s emission laboratory in Finland, Figenbaum and Weber [42] studied two PHEVs on their power engagement, CO2 emission and locally polluting emissions, at +23 and −7 °C and in various drive cycles, such as NEDC, Artemis Urban, and Helsinki-city test, including in drive modes. They found that the CO2 emission of these vehicles was decreased by 30–50%, depending on automobile arrangement, and local pollution emissions were much lower compared to those of internal combustion engine vehicles (ICEVs). They observed however, for these vehicles, substantially more CO2 emission and power engagement than the unachievable type-approval values, for example, driving in cold zones under heavy loads with an empty battery.



Cubito et al. [43] analysed the effect of different driving cycles and operative conditions on CO2 emissions and on power control strategies of a Euro 6 HEV using fragmentary information obtained from the dyno tests. The automobile was studied for various start battery SOCs, ranging from 40% to 65%, and engine coolant temperatures from −7 to 70 °C. They found that changing test conditions from NEDC to WLTC caused a significant decrease in the electric drive and caused about a 30% enhancement of CO2 emissions. However, as the specific energy requirement of WLTC is about 1.5 times that of NEDC, the EMS strategies of the studied vehicles can allow one to obtain even greater real effectiveness levels than those of the NEDC and the effectiveness of HEV technology in decreasing CO2 emissions.



Cheng and Lai [44] proposed a robust evolutionary computation method called a “memetic algorithm (MA)” to allow one to obtain the best control parameters in parallel HEVs. The method was successfully utilized in the NEDC, Federal Test Procedure (FTP), Urban Driving Cycle + Extra-Urban Driving Cycle (UDC + EUDC), and Urban Dynamometer Driving Schedule (UDDS) to find their optimal control parameters.



Several kinds of tests were developed for determining the emissions of hybrid vehicles; however, the current and therefore developed WLTC test is of the greatest importance. The results of the older tests can be compared with those obtained from the WLTC, but this often requires introducing correction factors for the influence of the test conditions.




1.3. Research on Hybrid Vehicles


Many research studies on various hybrid vehicles are reported in the literature.



Francfort and Slezak [45] reported that the Department of Energy’s Field Operations program started testing of advanced-technology vehicles (ATVs) to obtain information on such vehicle performance necessary to optimally place them into fleet missions. The tests were carried out with one or more methods—baseline performance, accelerated reliability, and fleet testing. The program initiated the additional testing on neighbourhood and urban EVs, as well as on HEVs and hydrogen-powered vehicles.



Karner and Francfort [46] reported that the Advanced Vehicle Testing Activity (AVTA) program investigated full-size EVs, urban EVs, neighbourhood EVs, and hydrogen ICE-powered vehicles. The AVTA program carried out baseline performance, battery benchmark and fleet tests of HEVs and PHEVs.



FEV [47] developed a system engineering approach comprising the synergetic combination of testing, simulation and design assessment necessary in the concept phase of HEV development.



Li et al. [48] developed a heavy-duty hybrid power train dynamic tester. The latter utilized the technology of the common engine dyno and high dynamic AC frequency conversion dynamometer. The tester allowed for the mapping of a near-real road environment for a hybrid power train of the vehicle and different coupling structures of the hybrid power train. The tester allowed for the implementation of various vehicle performance tests, including power performance, energy economy, special hybrid function, etc.



Demuynck et al. [49] studied the real driving emissions (RDE) performance of a Euro 6b C-segment PHEV, comprising a direct injection gasoline (GDI) engine. The vehicle was investigated for various driving modes and initial battery SOCs. Some tests were duplicated with a gasoline particulate filter (GPF) placed in the exhaust line of the vehicle. The on-road test route and PEMS equipment were in accordance with the European RDE procedure (valid from September 2017). All data obtained are within the RDE boundary ranges. The RDE tests were also conducted on a dyno. The so-called “severitized” RDE trip differed from the reference RDE trip on the road, with the simultaneously enhanced vehicle accelerations and dyno load driving at 0 °C ambient temperature. All measured on-road NOx and PN emissions were below the Euro 6d not-to-exceed (NTE) limit. Even near to the RDE boundary, NOx emissions were under the RDE limit of 90 mg/km. PN emissions reached 3·1012 1/km during the OEM exhaust tests but decreased under the Euro 6d NTE limit of 9·1011 1/km with the GPF applied. Various sets of driving mode and initial battery SOC have a small effect on pollutant emissions. The urban RDE NOx emissions of this vehicle were the highest in “electric” mode, with the battery SOC below 100%. This was due to a cold start of the ICE in the middle of the RDE trip.



Campino et al. [50] studied the energy performance of PHEVs, based on road tests and under the RDE test, concentrating on the management system of the two energy sources present and varying the level of battery charge at the start of the test. They utilized a VSP parameter-based methodology, enabling the load state approximation according to the vehicle’s operating mode, changing between the three modes according to the conditions at the time in question, and prioritizing the EM when the battery SOC was at maximum. They found that PHEVs allowed for better electricity management due to the diversity of external or internal charging sources. This resulted in higher efficiency and versatility than conventional hybrids and in lower fossil fuel consumption and exhaust emissions.



Nazir et al. [51] proposed an adaptive nonlinear control strategy for the energy control of a polymer electrolyte membrane fuel cell and supercapacitor-based HEV.



Nguyễn et al. [52] proposed a real-time optimization-based torque distribution strategy for a parallel hybrid truck, allowing for minimal engine fuel consumption while ensuring a sustainable battery charge.



Wu et al. [53] developed a full-scale computer model FC/supercapacitor (SC) hybrid for performance studies on a hybrid propulsion system.



According to [54], through the use of hybrid vehicles, fuel consumption can be reduced. In the review, the different hybrid configurations, with a serial architecture and different strategy logic or with vehicle management units, were discussed. The role of simulations providing guidance on the best arrangement and the role of information on the component to be used were both emphasized.



Solouk and Shahbakhti [55] studied fuel economy of a reactively controlled compression ignition (RCCI) engine included in a series hybrid electric vehicle (SHEV) arrangement. They found a 13–14% fuel consumption decrease by using an RCCI engine. Such a fuel consumption was increased to 3% compared with a modern CI engine, while NOx emissions were clearly lower. The RCCI engine allowed for lower fuel consumption in more aggressive driving cycles.



Mocera and Somà [56] compared the performance between an agricultural tractor and its analog with a hybrid architecture. They used a set of tasks of an orchard tractor to determine the input signals of two models: diesel and hybrid electric arrangement.



Reported experimental and numerical (simulation) research studies were conducted for various realizations of hybrid drives in cars, trucks and tractors, particularly in terms of achieved power, fuel economy and emissions.





2. Emission of Hybrid Vehicles


Recently, the emissions of HEVs have become one of the most important areas of investigation. Karabasoglu and Michalek [57] compared the potential of hybrid, extended-range PHEVs, and BEVs to limit the lifecycle of GHG emissions under various scenarios and simulated driving conditions. They found that, depending on driving conditions, HEVs and PHEVs can decrease lifecycle emissions by 60% and costs by up to 20% in comparison to conventional vehicles. In contrast, under highway test conditions, electric vehicles provide insignificant emissions weakening at higher costs. Frequent stops of conventional vehicles increased their lifecycle emissions three-fold and costs by 30%, while aggressive driving decreased the all-electric range of PHEVs by up to 45% in comparison to the milder ones. Average lab-test vehicle efficiency estimates were found to be incomplete due to the following: (1) efforts to promote adoption of HEVs and PHEVs should be dedicated to urban drivers vs. highway drivers; (2) EVs act better on some drive cycles than others; thus, non-representative tests can negatively bias the acceptance of hybrid vehicles.



According to [58], during an entire lifetime (including emissions-generating fuel or electricity), a new PHEV from 2020 can emit about 28 tonnes of CO2, which is somewhat less than a conventional HEV (33 tonnes). A conventional petrol or diesel automobile can emit 39 and 41 tonnes, respectively. A new BEV can emit about 3.8 tonnes from the electricity utilized during an entire lifetime. CO₂ average emissions from PHEVs are 2.5 times higher than from the tests that the manufacturers show (120 g instead of 44 g of CO₂ per kilometre). Tong et al. [59] found that a BEV powered with natural gas-based electricity exhibited around a 40% decrease in LCA emissions in comparison to a conventional ICE. Despite the more common practice of producing vehicles with new hybrid systems, some manufacturers convert their classic models into HEVs. Such a transformation needs the design of a proper controller, usually using vehicle simulations. The controller under design should be adaptable to the used engine type and battery type in the simulation [60].



Several simulation software packages were developed intentionally for HEVs. Such simulation tools allowed for the prediction of vehicle fuel economy, emissions, acceleration, and grade sustainability. The mentioned tools comprised Matlab/Simulink based on tan advanced vehicle simulator [61], a hybrid vehicle evaluation code [62], CarSim [63], SIMPLEV [64], CSM HEV [65], and Elph/V-Elph [66].



Taymaz and Benli [67] developed a programme for road simulations for HEVs. Such a programme allowed for calculations of acceleration, fuel consumption and exhaust emission. They numerically studied a conventional automobile modified to a mixed hybrid version. They found that the mixed hybrid automobiles had close performance values with low fuel consumption.



The emissions of hybrid vehicles strongly depend on applied control strategies.



The fuzzy logic control is predestined for the control of HEVs as a suitable method for such non-linear systems with time-dependent components [68,69]. Kheir et al. [70] developed a generalized fuzzy logic controller (FLC) to optimize fuel economy and reduce the emissions of HEVs with parallel configurations.



Orecchini et al. [71] studied two conventional ICEs, two hybrid electric vehicles, and one pure electric powertrain through determination of their power engagement and CO2 emissions, which were based on fuel consumption determined during driving on the roads in Rome. The authors found a significant decrease in power engagement and CO2 emissions of hybrid electric powertrains compared to conventional ones. Differences were also found between the power engagement values characteristic for real driving and those derived from the NEDC and WLTC homologation cycles. For the WLTC procedure, these differences were smaller than for NEDC, and in both cases, they differed significantly for powertrains such as SI ICEs, HEVs and BEVs, depending on the degree of vehicle electrification.



Capata and Tatti [72] numerically simulated a hybrid series vehicle with a micro gas turbine instead of a heat engine in both urban and suburban cycles, to determine their effect on performance, the battery SOC, the operating points of the microturbine, the input and output energies for individual components, and fuel economy. The simulated vehicle was compared with the Toyota Yaris Hybrid in relation to performance, fuel consumption and emissions. The latter was also compared with the values set by the EURO 6 standard.



To optimize parallel HEVs, Shivappriya et al. [73] proposed a fuel consumption and exhaust emissions control strategy based on a combined Modified Artificial Bee Colony algorithm (MABC) with the SQP approach. Qiao et al. [74] proposed a control algorithm for the energy management system (EMS) of HEVs. A composite objective function was set up using the equivalent consumption minimization strategy, and suitable simulation models were designed. In order to minimize vehicle CO2 emissions, Bozza et al. [75] used a calibration method for two-stage supercharging of an ultra-low emission SI pre-chambered engine equipped with variable valve timing (VVT) and an E-compressor connected in series with a turbocharger to provide the appropriate level of supercharging necessary for ultra-low emission operation.



Frey et al. [76] proposed a method for quantifying the real driving, efficiency, and exhaust emissions of PHEVs. They found that, compared to conventional light duty ICE vehicles, the PHEVs operating in charge-depleting (CD) mode had higher performance and lower emissions for a wide range of power-generation fuel mixes. However, PHEV efficiency and emissions highly varied, worsening especially on cold starts.



Konečný et al. [77] confirmed the positive effects of the substitution of diesel buses with hybrid-driven and electric-driven ones, in the urban public transport fleet, on its emissions production in the city of Žilina. They proposed a method for the determination of direct and indirect emissions. The regression functions-based indirect emissions factors (WtT, well-to-tank) together with the direct TtW (tank-to-wheels) emission factors allowed for the evaluation of environmental effects, such as energy source, fuel, powertrain and type of operation, for the various vehicle types. The emissions were determined using simulation software based on the Handbook of Emission Factors for Road Transport.



Xiong et al. [78] compared lifecycle efficiency and GHG emissions of BEVs and PHEVs powered with LFP and NMC batteries. They analysed the sensitivity of electricity generation mix, lifetime mileage, utility factor, and battery recycling. BEVs were less emission intensive than PHEVs, and the energy use and GHG emissions of a BEV were about 3% (NMC) to 9.6% (LFP) and 16% (NMC) to 26.3% (LFP) lower, respectively, compared to those of a PHEV.



Finesso et al. [79] developed an optimal design toolbox for HEVs and applied it to a compact vehicle and a small and a medium SUV for two separate power-split hybrid systems with diesel engines. According to [80], the emission laboratory at VTT in Finland on commission from TØI allowed for studies on the classical and hybrid vehicles’ full emissions and power engagement in a climatic chamber. A dyno allowed for simulations of the road conditions. The vehicles were driven in various drive cycles during which the emissions were measured. The climatic chamber, cooled to a temperature of −7 °C, was used in EMROAD.



Feinauer et al. [81] postulated to increase the scope of NOx and PN measurements, as they found that cold start of the plug-in vehicle engine significantly increased the emissions of these components, especially in urban conditions. The uncertainty of these measurements also increased (scatter within 50%), which consequently led to inconclusive results. Kazemzadeh et al. [82] showed that electric and plug-in vehicles, in the overall balance, reduced the emission of airborne particulate matter (PM2.5); however, increasing energy intensity and fossil fuel consumption worsened it.



Jung [83] states that in road tests, PHEVs show reduced fuel consumption ranging from 22% to 49% in addition to weather conditions and driving mode (charging and discharging), which is noticeable when driving the vehicle in urban conditions. Other conclusions were identified by Wróblewski et al. [84], where the authors found a dependence of energy intensity on driving technique. The study confirmed longitudinal acceleration and torque produced during the electric drive. This allowed for an estimation of the impact of driving on power engagement.



The reported studies on the emissions of hybrid vehicles were conducted experimentally and numerically. The latter were often focused on the control algorithms for such vehicles. The experimental ones related to the measurements of CO2, CO, NOx, HC and PN emissions. but the published results were obtained by various methods or tests. Experimental tests of various cars should now be continued using the latest WLTC test. However, in order to limit the influence of various factors making it difficult to compare results from different emission measurements, the latter should be compared with the previous ones within the vehicles of one manufacturer. The goal of the present study was to investigate the effect of the type of hybrid drives, namely plug-in and HEV, used in vehicles of one manufacturer on the emissions of these vehicles.




3. Materials and Methods


3.1. Research Methodology


Comparative emission tests for HEV and plug-in hybrid vehicles were carried out for two selected vehicles (the most popular in Poland). Characteristics of the vehicles are presented in Section 3.2. Exhaust emissions measurements and further comparisons were made in the WLTC homologation test on a chassis dynamometer (Section 3.3) and in real traffic conditions (Section 3.4). The exhaust emission measurement apparatus used for the chassis dynamometer and road testing is described in the relevant sections.




3.2. Vehicles Tested


Two hybrid vehicles were tested, the first of the HEV type and the second of the plug-in type. Both vehicles were equipped with gasoline engines. The vehicles were offered for sale in two power unit variants: HEV and PHEV. In Poland, they are one of the most popular models: in 2021, about 30,000 models of the brand’s hybrid vehicle were sold, of which about 10% were PHEV. Some characteristics of the vehicles are given in Table 1 and [85].




3.3. Laboratory Test


The WLTC driving cycle was chosen for the measurement of hybrid vehicle emissions. The scheduled velocity for plug-in hybrid vehicles is presented in Figure 3a, and for HEV is presented in Figure 3b. They are practically the same.



The exhaust emission tests were performed in the WLTC tests, which were carried out on a chassis dynamometer. The emissions of individual harmful compounds (including CO2, CO, NOx, THC and PN) were measured in accordance with the European Union procedure. The same fuel was used for the tests, i.e., gasoline containing 5% of biocomponents. The resistance to motion of the chassis dynamometer was adjusted to the road load, in accordance with the regulations that require such a procedure, especially in the case of hybrid vehicles that can move in electric mode, and the dynamometer in the energy recovery mode.



Research on the impact of the type of hybrid vehicle in type-approval tests on the emission of exhaust gases was carried out on a chassis dynamometer in accordance with the methods valid in Europe. Both the typical (for measurements using the “measurement bags” method) and the extended (for modal analysis) apparatuses for measuring the emission of harmful compounds in exhaust gas were used in the tests. The dynamometer was driven by an AC asynchronous motor located between the rollers. In front of the chassis dynamometer, a fan was set up to cool the vehicle. This fan simulates the air flow from 0 to 125 km/h, proportional to the speed of the car running on the chassis dynamometer. The laboratory was equipped with a HORIBA exhaust gas sampling and analysis test kit. HORIBA consists of a CVS–CFV exhaust gas sampling system with a dilution tunnel and a set of MEXA exhaust gas analysers for the simultaneous measurement of exhaust gas compounds (CO, CO2, NO, NO2, THC). The sampling bags for the diluted exhaust gas samples and the dilution air samples were insulated to prevent sample condensation. The exhaust gas sampling and dilution system consisted of two independent lines: one for spark ignition engine cars with an exhaust–air mixing tee, and one for compression ignition engine cars with a dilution tunnel. The HORIBA 2000-SPCS meter allows the particulate matter in the diluted exhaust to be counted at a frequency of up to 10 Hz. The unit allows a wide range of exhaust dilution rate selection to provide compliant (CPC ≤ 10,000 1/cm3) results for cars with different aftertreatment systems.




3.4. Real Driving Emission


The RDE test includes driving in urban, rural and motorway conditions. The duration of the test is within the permissible range, i.e., from 90 to 120 min. The average speed (including stops) shall be between 15 and 40 km/h. The test route has been designated in accordance with RDE requirements and is divided into 3 sections: urban, rural and motorway (Table 2). The driving distances, shares of individual portions of the test and test conditions have been chosen such that they meet the requirements described in the Commission Regulations 2016/427 [86], 2016/646 [87] and 2017/1154 [88]. The total distance of the research route was approximately 100 km, the average velocity was about 44 km/h and the average test duration was about 108 min. A portable Semtech DS (Sensors, Ann Arbor, MI, USA) analyser was used for the research of exhaust emissions from the tested vehicles (Table 3). This system fulfils all European Union requirements regarding the measurement of gaseous emissions from LDV under real driving conditions.



For the measurement of particle diameters, a TSI Incorporated (Shoreview, MN, USA) analyser, EEPS 3090 (Engine Exhaust Particle Sizer™ Spectrometer), was used, which measured the discrete range of particle diameters (from 5.6 to 560 nm) based on their different electrical mobilities.





4. Results and Discussion


4.1. Results in WLTC


4.1.1. Test Conditions


The measured temperature of the dry air during tests is presented in Figure 4a for plug-in and in Figure 4b for HEV. The temperature in the case of the plug-in was lower by 1 K compared to that in the case of HEV, especially for the lower values of actual velocity, which resulted from conditions in the place where the dyno was located. The relation between the temperature of the air and actual velocity are shown in Figure 5a for the plug-in and in Figure 5b for HEV. In the case of HEV, the temperature increased 1.5 times more quickly with the increase in the actual velocity than in the case of the plug-in. The dispersion of temperature values decreased with the increase in actual velocity in both cases.



The absolute humidity during the tests is shown in Figure 6a for the plug-in and in Figure 6b for HEV. For the low velocity phase of the WLTC test, the absolute humidity in the case of the plug-in was lower by up to 0.5 g/kg compared to that in the case of HEV. It also resulted from the conditions in the place where the dyno was located. The relation between absolute humidity and actual velocity are shown in Figure 7a for the plug-in and in Figure 7b for HEV. In the case of HEV, the absolute humidity decreased twice as quickly as the increase in the actual velocity than in the case of the plug-in. The dispersion of values of the absolute humidity decreased with the increase in actual velocity in both cases.



The relative humidity during the tests is shown in Figure 8a for the plug-in and in Figure 8b for HEV. The relative humidity in the case of the plug-in was lower by 1–3% compared to that in the case of HEV. Such differences were higher for the lower velocities during the WLTC tests. It also resulted from conditions in the place where the dyno was located.




4.1.2. Measurement of the Concentration of Polluting Compounds


The CO2 content during the tests is shown in Figure 9a for the plug-in and in Figure 9b for HEV. In the case of HEV, the CO2 content oscillated around the level of 14% for most of the test. The higher changes occurred for smaller values of actual velocity, and occasional jumps to 5% were also visible. In the case of the plug-in, in the first half of the test, the CO2 content was equal to zero due to driving with EM. In in the second half, such a content oscillated around the level of 14%, with possible occasional jumps to 5%. The relation between CO2 concentration and actual velocity is shown in Figure 10a for the plug-in and in Figure 10b for HEV. In the case of the plug-in, the CO2 content varied between the levels of 0% and 14% for the values of actual velocity up to about 80 km/h, which was possible due to driving with EM or ICE. Such content stabilized on the level of 14% above 80 km/h, which was related to driving only with a combustion engine. In the case of HEV, most values of CO2 content were close to 14%; however, such content varied between the levels of 0% and 14% for values of actual speed below 30 km/h, varied between the levels of 6% and 14% for values of actual speed in the range of 30–120 km/h, and stabilized on the level of 14% above 120 km/h. This reflected driving with a competitive choice between the ICE and EM, with the latter being less involved as the actual velocity increased.



The CO concentration during the tests is shown in Figure 11a for the plug-in and in Figure 11b for HEV. The relation between CO content and actual velocity is shown in Figure 12a for the plug-in and in Figure 12b for HEV. In the case of the plug-in, such a concentration was equal to zero in the first half of the test due to driving with EM. In the second half of the test, the CO concentration varied between the levels of 0 and up to 3000 ppm, especially for actual velocity values in the range of 30–90 km/h. This was due to driving with a competitive choice between a combustion engine and electric motor. The sharp jumps observed up to 27,000 ppm related to the acceleration events that occurred during the test. In the case of HEV, the CO concentration clearly varied between the levels of 0 and about 3000 ppm for values of actual velocity below 60 km/h, which was related to driving with a competitive choice between a combustion engine and electric motor. In addition, in this case, the sharp jumps of CO concentration up to 21,000 ppm occurred due to acceleration events. Such jumps occurred even more often compared to the case of driving a plug-in with a combustion engine. Except for sudden jumps, in the case of the plug-in, the CO concentration slowly increased with the increase in the actual velocity up to 110 km/h and then stabilized, reaching several hundreds of ppm. This was due to an increasing, although somewhat disturbed, number of events of driving with a combustion engine. In addition, in the case of HEV, the CO concentration slowly decreased with the increase in absolute velocity values as observed from 60 km/h, which reflected the increased use of a combustion engine during driving.



The NOx concentration during tests is shown in Figure 13a for the plug-in and in Figure 13b for HEV. The relation between NOx concentration and actual velocity is shown in Figure 14a for the plug-in and in Figure 14b for HEV. In the case of the plug-in in the first half of the test, such a concentration oscillated with positive values around the level of 0 ppm due to driving with an electric motor. In the second half of the test, such a concentration varied between the levels of 0 and up to 10 ppm, especially for actual velocity values in the range of 30–90 km/h. This was due to driving with a competitive choice between a combustion engine and electric motor. The sharp jumps observed up to 120 ppm related to the acceleration events that occurred during the test. In the case of HEV, such a concentration clearly varied for values of actual velocity in the ranges of 10–60 and 80–120 km/h. The latter was due to driving with a competitive choice between a combustion engine and electric motor, but the former was affected by more factors, as there were three or four possible distinctive levels of NOx concentration for the same absolute velocity values. Except for the sudden jumps, in both cases, the NOx concentration slowly decreased with the increase in actual velocity, which reflected the increased use of a combustion engine during driving. The observed sharp jumps in such a concentration were higher by 20% in the case of the plug-in and by 70% in the case of HEV compared to the NOx concentration, reaching up to 100 ppm during the tests reported in [2]. Such tests were conducted using two different driving routes selected for a city and highway real-world driving conditions using HEV with a gasoline engine of 1.8 L displacement and a max power of 90 kW.



The THC concentration during the tests is shown in Figure 15a for the plug-in and in Figure 15b for HEV. The relation between THC concentration and actual velocity is shown in Figure 16a for the plug-in and in Figure 16b for HEV. In the case of the plug-in in the first half of the test, such a concentration was equal to zero due to driving with an electric motor. In the second half of the test, such a concentration varied between the levels of 0 and at least 200 ppm for actual velocity values below 70 km/h. This was due to driving with a competitive choice between a combustion engine and electric motor. The sharp jumps observed up to 2700 ppm related to the acceleration events that occurred during the test. In the case of HEV, such a concentration clearly varied for values of actual velocity below 60 km/h. This was not only due to driving with a competitive choice between a combustion engine and electric motor, but also to other factors, as there were three or four possible distinctive levels of THC concentration for the same absolute velocity values.



Similar to the case of CO concentration, except for the sudden jumps, in the case of the plug-in, the THC concentration slowly increased with the increase in the actual velocity up to 110 km/h and then stabilized, reaching several hundred ppm. This was due to an increasing, although somewhat disturbed, number of events of driving with a combustion engine. In addition, in the case of HEV, the THC concentration slowly decreased with the increase in absolute velocity values as observed from 60 km/h, which reflected the increased use of a combustion engine during driving.



The CO2 mass during the tests is shown in Figure 17a for the plug-in and in Figure 17b for HEV. In the case of the plug-in in the first half of the test, the CO2 mass was equal to zero due to driving with an electric motor. In in the second half, such a mass varied between the levels of 0 and 0.05 g for values of absolute velocity below 20 km/h. Above the latter value, such a mass varied between the lower level of 0.05 g and the upper one, in which the values increased in a disturbed and slowly oscillating-like manner with the increase in absolute velocity. Similar to the case of the plug-in in the second half of the test, the CO2 mass also varied in the case of HEV for values of absolute velocity up to 115 km/h. Above the latter, the mentioned lower level was of 0.1 g, and the mentioned upper level decreased in a disturbed, oscillating-like manner with the increase in absolute velocity. In both cases, it was not only due to driving with a competitive choice between a combustion engine and electric motor, but also to other factors, as there were three or four possible clearly distinctive levels of CO2 mass for the same absolute velocity values.



The CO mass during the tests is shown in Figure 18a for the plug-in and in Figure 18b for HEV. In the case of the plug-in in the first half of the test, the CO mass was equal to zero due to driving with an electric motor. In in the second half, such a mass varied between the levels of 0 and 0.2 mg for values of absolute velocity below 20 km/h. Above the latter value, such a mass varied between the lower level of 0 and the upper one, in which the values varied in a disturbed, oscillating-like manner with the increase in absolute velocity up to 90 km/h. Above the latter, the upper limit reached values of up 0.6 mg. The occasional jumps of such a mass up to 7.5 mg in the case of the plug-in were due to driving with a combustion engine, and they ended up at 9 mg in the case of HEV, which occurred due to acceleration events. In both cases, this was due to driving with a competitive choice between a combustion engine and electric motor. However, in certain ranges of absolute velocity values, it was also due to other factors, as there were three or four possible distinctive levels of CO mass for the same absolute velocity values.



The NOx mass during the tests is shown in Figure 19a for the plug-in and in Figure 19b for HEV. In the case of the plug-in in the first half of the test, such a mass oscillated with positive values around the level of 0 mg, also due to driving with an electric motor. In the second half of the test, such a concentration varied between the levels of 0 and up to 0.05 mg for actual velocity values below 20 km/h and between the levels of 0 and up to 0.03 mg for actual velocity values above 60 km/h. This was due to driving with a competitive choice between a combustion engine and electric motor. For absolute velocity values in the range 20–60 km/h, the mentioned upper limit varied in a complex manner, and it was affected by different factors, as there were three or four possible distinctive levels of NOx mass for the same absolute velocity values.



In the case of HEV, such an NOx mass varied between the levels of 0 and up to 0.03 mg; however, for values of actual velocity in the ranges of 10–60 km/h, the upper NOx mass limit reached much higher values and varied in a complex manner. The sharp jumps observed up to 0.12 and 0.17 mg in the plug-in case and in the HEV case, respectively, were related to the deceleration events that occurred during the test.



The THC mass during the tests is shown in Figure 20a for the plug-in and in Figure 20b for HEV. In the case of the plug-in in the first half of the test, such a mass oscillated with positive small values around the level of 0 mg, also due to driving with an electric motor. In the second half of the test, such a concentration varied between the levels of 0 and up to 0.03 mg for actual velocity values below 20 km/h. The upper mass level varied in an oscillation-like manner between the values of 0.03 and 0.05 mg for actual velocity values above 90 km/h. For actual velocities in the range of 20–90 km/h, the upper limit reached much higher values and varied in a complex manner. This was due to driving with a competitive choice between a combustion engine and electric motor. In the case of HEV, such a mass varied between the levels of 0 and up to 0.03 mg; however, for values of actual velocity in the range of 10–60 km/h, the upper THC mass limit reached much higher values and varied in a complex manner. The latter was also affected by many factors, as there were three or four possible distinctive levels of THC mass for the same absolute velocity values. The sharp jumps of THC mass observed up to 0.65 and 0.7 mg in the case of the plug-in was due to driving with a combustion engine, and in HEV case, respectively, was related to the acceleration events that occurred during the test.



Fuel consumption (FC) during the tests is shown in Figure 21a for the plug-in and in Figure 21b for HEV. In the case of the plug-in in the first half of the test, fuel consumption was equal to zero due to driving with an electric motor. In in the second half, fuel consumption varied between the levels of 0 and 0.0002 dm3 for values of absolute velocity below 20 km/h. Above the latter value, fuel consumption varied between the lower level of 0.0002 dm3 and the upper one, in which the values increased in a complex, slowly oscillating-like manner with the increase in absolute velocity. Similar to the case of the plug-in in the second half of the test, fuel consumption also varied in the case of HEV for values of absolute velocity up to 120 km/h. Above the latter, the mentioned lower level was of 0.0002 dm3, and the fuel consumption upper level decreased in a complex, oscillating-like manner with the increase in absolute velocity. In both cases, it was not only due to driving with a competitive choice between a combustion engine and electric motor, but also to other factors, as there were three or four possible distinctive levels of fuel consumption for the same absolute velocity values.



The particle number (PN) rates during the tests are shown in Figure 22a for the plug-in and in Figure 22b for HEV. In the case of the plug-in in the first half of the test, the PN rate was equal to zero. In the second half of the test, the PN rate varied between the lower and upper limits, due to driving with an electric motor, with relatively close values increasing with the increase in actual velocity. For the actual velocity values in the range of 20–60 km/h, the upper PN rate limit reached much higher values and varied in a complex manner with an increase in the actual velocity. In the case of HEV, the variations of PN rate were similar to those of the plug-in case in the second half of the test. The lower PN rate limit increased almost twice as quick with the increase in actual velocity compared to the plug-in case in the second half of the test. In both cases, the PN rate variations were due to driving with a competitive choice between a combustion engine and electric motor, but for the actual velocity values in the range of 20–60 km/h, and due to other factors, there were three or four possible distinctive levels of PN rate for the same actual velocity values. The PN variations were similar to the variations of PN rate in both cases of the plug-in and HEV. The PN in the plug-in case in the second half of the test could reach an even 20% higher peak value compared to the case of HEV. The average PN was equal to 3.79·1010 for the case of the plug-in and 4.02·1010 for the case of HEV.




4.1.3. Comparison of Results in the Phases of the WLTC Test


The correlations discussed above describe the concentration and mass of pollutants as a function of time but do not describe the correlations that can be related to individual phases of the WLTC test. This section presents a description of the emission rate and on-road emissions related to the phases of the WLTC test for plug-in hybrid vehicles and HEVs.



The analysis of CO2 emission rate for the plug-in vehicle shows (Figure 23a) that it increases almost proportionally depending on the phase of the test (ignoring phase 1). For the HEV, the proportion is also preserved, but the whole dependence is shifted for the plug-in vehicle to the right side of the graph—there is practically no CO2 emission rate in the first phase. Comparing the increase in CO2 emission rate in each phase for the vehicles, the following values were obtained (phase n/phase n—1; for n = 2, 3, 4): for plug-in: ∞, 7.3, 2.1; for HEV: 2.55, 1.2, 2.1. These values indicate that the increase in CO2 emission rate is significantly greater for the plug-in vehicle in the first phases of the test, while the increase in emission rate in phase four to the previous phase is the same in both cases, although the absolute values are different. The value of CO2 emission rate throughout the test is similar: for the plug-in vehicle, it is about 3.5% higher than for the HEV vehicle.



For a plug-in vehicle, the CO emission rate increases in the successive phases of the WLTC test (except for phase 1, where it is 0). For the HEV type, the described relation is reverse—the highest emission rate appears in the first phase, where the engine is started (Figure 23b). In the following phases 2–3, the CO emission rate decreases to the value of 0.54 mg/s, and in the subsequent fourth phase, it increases, almost two-fold, to the value of 1.06 mg/s, which is caused by the highest driving speed and the highest acceleration in this phase. Comparing the change of CO emission rate in the different phases for the vehicles, the following values were obtained (phase n/phase n—1): for plug-in: ∞, 2.8, 1.1; for HEV: 0.8, 0.5, 2.0. These values indicate that the increase in CO emission rate in subsequent phases occurs only for the plug-in vehicle, while for the HEV vehicle, the situation is reversed. The value of CO emission rate throughout the test is similar: for the plug-in vehicle, it is about 12% higher than for the HEV vehicle.



The NOx emission rate for the plug-in vehicle is highest in phase two of the WLTC test. Minimum (but greater than zero) values are recorded in the second phase, and in the subsequent phases, they increase with increasing engine load (Figure 23c). For the HEV type vehicle, the described relation is reverse—the highest emission rate occurs in the first phase, where the engine is started. In the following phases 2–3, the NOx emission rate decreases to the value of 0.001 mg/s, and in the fourth phase, it increases by about 10 times to the value of 0.009 mg/s, which is caused by the highest driving speed. Comparing the change of NOx emission rate in each phase for the vehicles, the following values were obtained (phase n/phase n—1): for plug-in: ∞, 0.2, 1.5; for HEV: 0.1, 0.2, 9.0. These values indicate that the nature of the changes is similar, with only a shift between the test phases (for the different vehicles tested). The value of NOx emission rate throughout the test is similar: for the plug-in vehicle, it is less than 6% higher compared to the HEV vehicle.



The characteristics of changes in the THC emission rate is similar to the characteristics of changes in the NOx emission rate for the described vehicles (Figure 23d). For the plug-in vehicle, the highest values are observed in the second phase of the WLTC test (0.24 mg/s), and for the HEV vehicle, they are observed in the first phase (0.30 mg/s). These values then decrease in the subsequent phases of the test, reaching the lowest THC emission rate values in the subsequent phases (in phase 4 for the plug-in vehicle; in phase 3 for the HEV vehicle). In this case, there is again a similarity with the shift by one phase of the WLTC test. Comparing the change in THC emission rate across the phases for the vehicles, the following values were obtained (phase n/phase n—1): for plug-in: ∞, 0.4, 0.7; for HEV: 0.1, 0.2, 2.9. The value of THC emission rate throughout the test is similar; for the plug-in vehicle, it is about 14% higher compared to the HEV vehicle.



The rate of the number of particles for both tested vehicles is different (Figure 23e). For the plug-in vehicle, the highest value of the parameter in question is attained in the third phase (1.1·1010 1/s), while the second and fourth phases are characterised by values between 4·109 and 7·109 1/s. For the HEV, the first two phases are characterized by a particle number rate range of 9–10·109 1/s, while the next two phases (phase 3 and 4) are characterized by much lower values (in the range of 1.6–3.2·109 1/s). In the case of particle number intensity, there is no similarity in the shift in the test phase numbers of the discussed values with respect to the vehicles. Engine start-up results in the highest particle number intensity; thus, the moment of start-up is crucial for the parameter in question. Comparing the change in PN rate per phase for vehicles, the following values were obtained (phase n/phase n—1): for plug-in: ∞, 2.6, 0.6; for HEV: 1.1, 0.02, 2.0. The value of PN rate throughout the WLTC test is similar for both tested vehicles and is about 10% higher for the plug-in vehicle compared to the HEV vehicle.



Analysing the fuel consumption rate for the plug-in vehicle, it can be seen (Figure 23f) that it increases almost proportionally in successive phases of the WLTC test (except for phase 1, for which it is 0, since the combustion engine is not running). For the HEV, the proportion is also maintained in phases 1–4, but the correlation also applies to phase 1. For both the plug-in vehicle and the HEV, the highest fuel consumption rate occurs in phase four, at 2.1 and 1.5 cm3/s, respectively. Comparing the increase in fuel consumption rate in each phase of the WLTC test for the vehicles, the following values were obtained (phase n/phase n—1): for plug-in: ∞, 7.3, 2.1; for HEV: 2.6, 1.2, 2.1. These values indicate that the increase in fuel consumption rate is significantly higher for the plug-in vehicle in the first phases of the test, while the increase in emission rate in phase four to the previous phase is the same in both cases, although the absolute values are different. The value of the fuel consumption rate throughout the test is similar for both test vehicles at 0.77–0.8 cm3/s.



However, the obtained results refer to the operation time of the combustion unit, that is, to the period during which the energy contained in the fuel was effectively used. The similar results obtained in the previous cases show that the determined values of exhaust emission rate cannot be transposed directly to the results of the road emission of these components. In such calculations, the total distance must be taken into account, including the distance travelled using the electric motor. On-road CO2 emissions increased in each phase of the WLTC test (Figure 24a), reaching a maximum in phase 4 (plug-in: 185.7 g/km; HEV: 135.8 g/km). The average relative CO2 mass was equal to 115 g/km for the case of the plug-in and 119.7 g/km for the case of HEV. The latter was higher by 3% compared to the former. During the tests of two Toyota Prius HEVs [3], where the first one had a gasoline engine of 1.5 L displacement and an electric motor maximum power of 50 kW, and the second one had a gasoline engine of 1.8 L displacement and an electric motor maximum power of 60 kW, the average exhaust emission of CO2 was of 136 ± 21 g/km. These values were higher up to 35% and 30% compared to the present case of the plug-in and of HEV, respectively. During the other WLTC tests, in the HEV Toyota equipped with a gasoline engine of 1.8 L displacement, the exhaust emission of CO2 varied in the range of 100–101 g/km [85]. Such values were lower by 16% and 19.7% than those of the present analysed case of the plug-in and HEV, respectively.



The changes in CO road emissions for the tested vehicles were as follows (Figure 24b): for the plug-in vehicle, the highest value was recorded in phase 3 (101.3 mg/km), while the lowest value was recorded in phase 2 (57.4 mg/km). For the HEV, the highest value was recorded in phase 1 (228.6 mg/km), while the lowest value was recorded in phases 3 and 4 (34–41 mg/km). The average relative CO mass was equal to 73.2 mg/km for the case of the plug-in and 74.5 mg/km for the case of HEV. The latter was higher by 1.6% compared to the former. During the tests of two Toyota Prius HEVs [3], where the first one had a gasoline engine of 1.5 L displacement and an electric motor maximum power of 50 kW, and the second one had a gasoline engine of 1.8 L displacement and an electric motor maximum power of 60 kW, the average exhaust emission of CO was of 0.25 ± 0.08 g/km. These values were up to 3.4-fold greater compared to the present analysed cases of the plug-in and HEV.



On-road NOx emissions were similar for both test vehicles (Figure 24c): the highest value occurred in the phase of the WLTC test when the engine was started. For the plug-in vehicle, it was the second phase (4.05 mg/km), and for the HEV vehicle, it was the first phase (10.4 mg/km). The lowest on-road NOx emission values were achieved in phases 3 and 4 of the WLTC test (approximately 0.06 and 0.6 mg/km) for the plug-in and HEV vehicles. The average relative NOx emissions were equal to 1.22 mg/km for the plug-in and 1.64 mg/km for the HEV. The latter was lower by 4% compared to the former. During the tests of two Toyota Prius HEVs [3], the first one had a gasoline engine of 1.5 L displacement and electric motor maximum power of 50 kW, and the second one had a gasoline engine of 1.8 L displacement and electric motor maximum power of 60 kW, and the average exhaust emission of NOx was 0.009 ± 0.005 g/km. These values were up to 8.3-fold higher than those of the present analysed cases of the plug-in and HEV.



The characteristics of the changes in THC on-road emission values (Figure 24d) are similar to the previously discussed NOx on-road emission values: the highest values were recorded during the vehicle engine start-up phases, and the lowest values were recorded during the final phases of the WLTC test, that is, during the phases of the highest thermal efficiency of the catalytic reactor. The average THC relative mass was equal to 7.34 mg/km for the case of the plug-in and 8.45 mg/km for the case of HEV. The latter was lower by 15% compared to the former. During the tests of two Toyota Prius HEVs [3], where the first one had a gasoline engine of 1.5 L displacement and electric motor maximum power of 50 kW, and the second one had a gasoline engine of 1.8 L displacement and electric motor maximum power of 60 kW, the average exhaust emission of THC was 0.015 ± 0.002 g/km. Such variations could be caused by differences in the technical specifications of the vehicles, their mileage, and the way they were used.



The on-road PN emissions for the tested vehicles were different in nature (Figure 24e). For the plug-in vehicle, the highest on-road PN emissions were recorded in phase three of the WLTC test (6.8·1011 1/km), while for the HEV vehicle, they were recorded in phase one (1.7·1012 1/km). For the HEV vehicle, the correlation was preserved, which shows that only the first two phases are significant in PN emissions, while in the remaining phases, PN emissions are marginal. The mean values of on-road PN emissions throughout the test were similar: for the plug-in vehicle, it was 3.8·1011 1/km, and for the HEV vehicle it was 4.2·1011 1/km. The mild hybrid vehicle, with a turbo DI gasoline engine with a displacement of 1497 cm³, showed a maximum power of 135 kW at 5800 rpm and a maximum torque of 280 Nm at 1200–4000 rpm, which reached PN in the range of 4.29·1010–1.15·1013 1/km during various RDE tests [89]. The lower limit was higher by only 7% compared to those of the present analysed cases of the plug-in and HEV. The gasoline–electric hybrid vehicle with engine displacement of 1339 cm3 and a max power of 85 (70 + 15) kW reached 2.9·1012 1/km during the UDC cold test, 1.6·1012 1/km during the UDC hot test, 1.2·1011 1/km during the EUDC test and 5.2·1012 1/km during the ARTEMIS Urban test [90]. Such values were much higher than those of the present analysed cases of the plug-in and HEV.



The average FC was equal to 5.08 dm3/100 km for the case of the plug-in and 5.22 dm3/100 km for the case of HEV (Figure 24f). The latter was higher by 3% compared to the former. During the tests of two Toyota Prius HEVs [3], where the first one had a gasoline engine of 1.5 L displacement and electric motor maximum power of 50 kW, and the second one had a gasoline engine of 1.8 L displacement and electric motor maximum power of 60 kW, the average fuel consumption was of 5.8 ± 0.9 dm3/100 km. These values were 30% higher than those of the present analysed cases of the plug-in and HEV. During the other WLTC tests, with an HEV Toyota equipped with a gasoline engine of 1.8 L displacement, fuel consumption varied in the range of 3.1–3.6 dm3/100 km [89,91]. These values were 1.6 times lower than those of the present analysed cases of the plug-in and HEV.



By considering the contribution of the phases with the highest emission significance in the WLTC test of the tested plug-in vehicles, it was observed that (Figure 25):




	
Relative to on-road CO2 emissions: phase 4 (57%) and phase 3 (38%) have the largest share;



	
Relative to on-road CO emissions: phase 3 (47%) and phase 4 (37%) have the largest share;



	
Relative to on-road NOx emissions: phase 2 (68%) and phase 4 (17%) account for the largest share;



	
Relative to on-road emissions of THC: the largest shares are phase 2 (62%) and phase 3 (26%);



	
Relative to on-road PN emissions: the largest shares are phase 3 (56%) and phase 4 (24%);



	
Relative to mileage fuel consumption: phase 4 (57%) and phase 3 (38%) account for the largest share.








Phase one of the WLTC test, during which the internal combustion engine was not running, is not included in the above summary. However, the total on-road emissions of a component over the entire WLTC test are determined by the mass of the component (at the time of the test, no matter when it was emitted) and the entire distance of the test (even when the vehicle used only electric propulsion).



The analysis of phase shares in total exhaust emissions for the HEV also takes into account the first phase (for which the largest share of the majority of examined exhaust components was observed (Figure 26)). This was due to the fact that the vehicle start-up period is the most crucial in total emissions and to the fact that the lack of significant efficiency of the catalytic reactor causes some components to no be oxidized. The following results were obtained for the HEV-type vehicle:




	
Relative to on-road CO2 emissions: phase 4 of the test has the largest share (40%), and phase 1 has the smallest share (11%); phases 2 and 3 have shares of 22% and 27%, respectively;



	
Relative to on-road CO emissions: the highest share is attributable to phase 1 of the test (41%), and the lowest to phase 3 (14%); phases 2 and 4 account for 25% and 20%, respectively. The main influence on such values in phase 1 is due to engine start-up and catalytic reactor inefficiency. Conversely, the increase in the share in phase 4 is due to the increase in engine load and vehicle speed, i.e., excess of exhaust gases, and possibly too small a volume of the catalytic reactor;



	
Relative to on-road NOx emissions: phase 1 of the test has the largest share (85%) and phase 3 the smallest share (1%); phases 2 and 4 have a share of 7% each; the main influence on such values in phase 1 is engine start-up and lack of efficiency of NOx reduction in the catalytic reactor;



	
Relative to on-road THC emissions: phase 1 of the test has the largest share (91%) and phase 3 the smallest share (1%); phases 2 and 4 have a share of 6% and 2%. The main impact on such values in phase 1 is due to engine start-up and the significant inefficiency of hydrocarbon oxidation in the catalytic reactor; however, the efficiency of hydrocarbon oxidation in phase 4 of the WLTC test was found to be higher than that of carbon monoxide oxidation;



	
Relative to the number of NSAs: phases 1 and 2 of the test account for the largest shares (54% and 44%, respectively); 98% of all particulates are emitted in these two phases;



	
Relative to the mileage fuel consumption: the largest contribution is from phase 4 of the test (40%) and the smallest from phase 1 (11%); phases 2 and 3 contribute 22% and 27%, respectively; this was mainly influenced by the energy demand of the engine (increased driving speed).










4.2. Real Driving Emission Tests


4.2.1. Verification of Test Feasibility Conditions


In order to make a comprehensive comparison of the emissions of the hybrid vehicles, it was necessary to relate the results of the WLTC type-approval test to the emissions results obtained from the tests in real driving conditions. For this reason, RDE tests were also carried out for the same vehicles, the speed courses of which are shown in Figure 27. In addition, the shares of such conditions such as acceleration, constant speed running, braking and stopping are also included. The comparison of these parameters indicates that the runs were similar, which was the basis for further comparison.



The route was divided by maximum speed into three parts: urban, rural and motorway. The division and the percentages (relative to the road) are in accordance with the recommendations of the relevant standards for RDE testing. They represent shares of approximately 33% ± 10% each, which is graphically presented in Figure 28. The urban part is the speed range of 0–50 km/h, the rural part is characterized by speeds in the range of 50 to 90 km/h, and the motorway part is the speed range of over 90 km/h. The final stage of the RDE test is characterized by a short section of rural and urban driving.



The validity of the RDE test is also determined by the dynamic parameters. They determine the dynamics of the vehicle movement in the test, such that the product of the vehicle speed and its acceleration is within the appropriate ranges. There are two indicators used for this purpose:




	
95th percentile of the product of velocity and acceleration (greater than 0.1 m/s2), determined at each test phase (Figure 29);



	
Relative positive acceleration, also determined at each test phase (Figure 30).








The first indicator must be less than the specified maximum for each speed of the average test phase. Figure 29a,b shows that the test carried out for both the plug-in vehicle and the HEV are within the given limits and are comparable for both vehicles. For the urban part, the values are about 10 m2/s3; for the rural part, the value is about 17 m2/s3; for the motorway part, a slight variation of the values of these indices was recorded for the plug-in vehicle (17 m2/s3) and for the HEV (19 m2/s3). In addition, beyond the requirements, the values of this indicator determined for the WLTC test were compared. It turns out that the 95th percentile of the product of speed and acceleration is only 50% of the value of this indicator in the road test.



The next parameter compared was the relative positive acceleration. In addition, in this case, the determined RPA values for each phase of the RDE test meet the requirements—they are above the line defining their minimum value. For the plug-in vehicle (Figure 30a), the index values in the urban part (RPAU) are 0.18 m/s2; for the rural part, RPAR = 0.08 m/s2; for the motorway part, RPAM = 0.04 m/s2. Similar values to the previous ones were obtained for the HEV: RPAU = 0.16 m/s2, RPAR = 0.10 m/s2, RPAM = 0.04 m/s2 (Figure 30b). The values of RPA in each part of the WLTC test were determined comparatively. The comparison shows that the values of this indicator obtained in the WLTC test are higher than in the RDE test (assuming for comparison individual parts of the WLTC and RDE test: Phase 1—urban, Phase 2, Phase 3—rural, Phase 4—motorway).




4.2.2. Comparison of Plug-in and HEV Vehicles under Road Test Conditions


Considering the correctness of the test methodology, only after the feasibility of the tests had been checked and their dynamic correctness verified, it was possible to proceed to an ecological comparison of the vehicles. This comparison was made on the basis of emission maps in the vehicle velocity–acceleration coordinates. The choice was dictated by the possibility of evaluating the rate of emission of the considered component of exhaust gases, among others, depending on the dynamic parameters of the vehicle and on the part of the RDE test.



Analysing the rate of CO2 emissions (Figure 31), it is noticeable that the distribution of these values is similar, especially in the rural and motorway parts of the test. Significant differences are observed in the urban part of the test, where the plug-in vehicle’s engine works much less (Figure 30a). For the HEV (Figure 31b), a high rate of CO2 emissions (2–3 g/s) is observed for vehicle speeds in the range of 30–50 km/h and maximum acceleration.



The authors also reported the possibility of estimating a range of vehicle velocity and acceleration such that the CO2 rate of the RDE test is consistent with the WLTC test result. This can be used to approximate the correlation between these indices in different tests. For the exhaust emission under consideration, the range of agreement (mean value of about 1.8 g/s) is found during the rural phase (speed in the 60–90 km/h range) and acceleration in the 0–1 m/s2 range. These ranges are similar for both types of tested vehicles—marked in blue in Figure 31.



A similar analysis was carried out for the CO emission rate. From the data presented, similar conclusions to the previous ones can be drawn for this component. In this example, there is no increased CO emission rate (Figure 32a) for the plug-in vehicle in the urban part for high acceleration values in comparison to the HEV (Figure 32b). This is mainly due to the possibility of support of the combustion engine by the electric motor. Conversely, a much higher rate of CO emissions occurs in the motorway section (at high vehicle acceleration). The estimated ranges of occurrence of a similar rate of CO emission in the RDE test in relation to the WLTC test also overlap. They occur in the rural portion for similar acceleration ranges.



The NOx emission rate characteristics are also different for the plug-in vehicle and the HEV. For the plug-in vehicle, there is a reduced NOx emission rate mainly in the urban and rural part (Figure 33a). However, in the motorway part, it is higher (0.3–0.4 mg/s) than for the HEV vehicle (0.2–0.3 mg/s).



The analysis on particle number rate shows similarity. For the plug-in vehicle (Figure 34a) and HEV (Figure 34b), a similar particle number rate is observed in the highway part, while in the rural part, it is about two-fold smaller for the plug-in. When considering the urban part, the particle number rate is about 5–10 smaller for the plug-in vehicle compared to the HEV. The practical aspect is that the plug-in vehicles can compete to a large extent for low mileage with zero-emission vehicles in city centres (assuming driving starts). However, their utility on rural and motorway routes is similar to HEVs. The estimated values of the ranges of speed and acceleration in which the particle number rate of the WLTC and RDE tests for both vehicles are similar occur for the speed of 50–70 km/h and acceleration from 0.5 to 1.0 m/s2 (plug-in), while for HEV, it is in the acceleration range of 0–0.5 m/s2.



By using the MAW (Mowing Average Window) algorithm and knowing the instantaneous on-road emissions of CO2, CO, NOx, and PN, the on-road emissions of each exhaust emission compound can be determined. The final result can be obtained for each test phase (urban, rural, motorway) and for the entire RDE test. Using this procedure, the on-road emissions of the various compounds were determined for the plug-in vehicle and the HEV.



Comparing the on-road emissions of carbon dioxide (Figure 35a), the plug-in vehicle emits almost 70% less carbon dioxide in the urban phase and 40% less in the rural phase. This is the result of combining the energy from the combustion engine and the electric motor. In the motorway phase, the differences are negligible, as both vehicles use an internal combustion engine. The total on-road CO2 emissions in the RDE test are a weighted average of the three phases; thus, the final emissions are about 30% less for the plug-in vehicle compared to the HEV.



The situation is slightly different for carbon monoxide emissions. Due to the first cold start of the plug-in vehicle engine in the rural phase, the emissions in this part are much higher (by 20%) than for the HEV (Figure 35b). This situation also affects the next phase—the motorway phase. The HEV running in the early urban phase has time to reach a sufficient temperature of the aftertreatment systems; thus, the oxidation of CO to CO2 occurs with greater efficiency. This is also reflected in the total on-road emissions, which are 6% higher for the plug-in vehicle compared to the HEV. However, the on-road carbon monoxide emission values (60–65 mg/km) are well below the Euro 6d-Temp emission limit of 1000 mg/km.



The comparison of on-road emissions of nitrogen oxides shows significant advantages for the plug-in vehicle (Figure 35c). These emissions in the urban phase are minimal for the plug-in vehicle (0.38 mg/km) and are only a few percent of the emission value for the HEV (6.30 mg/km). The situation is similar for the rural phase—starting the plug-in vehicle’s internal combustion engine in this phase does not result in too high of on-road emissions (1.55 mg/km), as the result is offset by electric mode operation. For the HEV, the on-road emission of nitrogen oxides is 9.23 mg/km, which is about six times higher than the plug-in vehicle. The highway phase is characterized by similar emission values, resulting in a final value for the plug-in vehicle of about 50% lower than for the HEV. Such values are within the permissible limit of the RDE test (1.43 × 60 mg/km = 86 mg/km).



Comparing the particle number for plug-in and HEV vehicles (Figure 35d), there is a high similarity between the values in the different phases of the study. The values are not close in the urban phase (a difference of about 50% in favour of the plug-in vehicle), while the other phases show differences of about 10%. This situation has consequences in the emissions of the entire RDE test, where the plug-in vehicle recorded only a 10% lower value than the HEV vehicle. This is mainly due to the lack of a particulate filter in these vehicles, which does not prevent them from meeting the permissible limits in the RDE test (increasing the limit by a value of 1.5, which translates into a permissible level of 1.5 × 6∙1011 1/km = 9∙1011 1/km).




4.2.3. Comparison of Emission Results in the WLTC and RDE Test


The comparison of road emission factors was made under the assumption of determining the relative distance of the test under consideration. To standardise different lengths of the distance in the test, a comparative index was defined, which can be described as the total road emission from the beginning of the test (bi,j) in relation to the final road emission (bj). The index will make the qualitative changes visible, which will be the basis for making a statement about the environmental performance of the drive during the research test. Unfortunately, the disadvantage of such a solution is its “memory”, as it understates the value of the road emission for the plug-in vehicle. This is the result of the initial period of operation of such a vehicle, which is electric mode.



For the plug-in vehicle, the start of the internal combustion engine can be observed, regardless of the test. In the WLTC test, this is the moment for which the relative distance value is 0.27 (Figure 36a). The nature of the changes in the relative emissions of CO, NOx, and PN is abrupt in the first stage but does not exceed a value of 2. This means that the road emission of a component is not two times the final value obtained in the entire WLTC test. After the sharp increase, a decrease in relative emissions is observed, but such a trend does not occur for the road emission of carbon dioxide. In this case, the nature of the changes is incremental, which is due to the proportional consumption of fuel as a function of vehicle velocity. For the same vehicle in the RDE test (Figure 36c), the relative emission rate changes in a similar manner, but does not exceed a value equal to one. This is a result of the later (relative to the road) start of the internal combustion engine (di/d = 0.4). However, the nature of the changes in relative CO emissions is similar to the previous one—the increase is sharp, suggesting high carbon monoxide emissions directly after engine start-up in both cases. The relative emissions of the other components change in a similar but less rapid manner.



The relative on-road emissions for the HEV have a completely different characteristic, which is due to the almost immediate start of the internal combustion engine after the start of the test. During the initial period of the WLTC test (Figure 36b), a significant increase in the rates of all exhaust components is apparent, which is due to the fact that the increase in mass of the harmful compounds is much greater than the increase in distance. The effect is also exacerbated by cold starting and engine load. Increasing the load on the engine also has a positive effect—it shortens the warm-up period of the engine and at the same time accelerates the moment in which the exhaust aftertreatment systems reach their highest efficiency. The first period of the WLTC test (up to a value of di/d < 0.3) is characterized by a value of bi/b > 2, which is where the HEV emits the most—the plug-in vehicle moves with the use of an electric motor. Similar characteristics of change were also present for the HEV during the RDE test (Figure 36d). Initially, significantly high relative CO emissions were observed, which is typical for all test cases. The relative on-road NOx emissions had a different pattern—they gradually increased, which was due to the low concentration of this compound from the beginning of the engine start (the influence of cold start). In the next period, NOx emissions increased because of higher engine load, which was not effectively compensated by the catalytic reactor. The highest relative emission of compounds occurred during the first 10% of the RDE test distance (about 10 km).



In order to comprehensively develop and comment on the changes in emissions for the plug-in and HEV vehicles, the above study needs to be supplemented with a comment on electrical performance. The plug-in vehicle uses a battery with an energy capacity of 8.8 kWh, while the HEV uses a battery with an energy capacity of 3.3 kWh. Such significant differences in battery energy capacity must reflect the ecological characteristics of the vehicles.



Plug-in vehicle tests were performed with the battery at maximum charge (SOC = 80–85%), and during the test, the battery was discharged to a value of 15% (RDE) or 16% (WLTC). For the WLTC test (Figure 37a), battery discharge occurred at a relative distance value of di/d = 0.3 (about 7 km), and in the RDE test (Figure 36b), at a value of di/d = 0.4 (about 40 km). The differences in absolute distance values are due to the possibility of energy recovery—in the RDE test, such states (braking) were much higher than in the WLTC test. When the battery was discharged, it was followed by micro-discharges due to the operation of the internal combustion engine or the energy recovery capability.



The HEV was equipped with a system that did not allow for initial SOC formation. The initial SOC values regardless of the test were in the 40–50% range. During the WLTC test, the values varied from 30% to a value of 70% and were highly dependent on the energy management strategy of the vehicle (Figure 37a). For the RDE test, changes in SOC in the urban and rural part and a flat course (minimum SOC values) in the motorway part are characteristic. However, reducing the vehicle speed in the final phase of the RDE test allowed the battery to recharge quickly to SOC values > 60%.






5. Conclusions


The results obtained for the emissions related to the load of the road and the operability of the dynamometer are enriching for research and development departments of the industry. All the parameters analysed, including the real values of speed, emissions, the competitive options between the combustion engine and the electric motor, the acceleration and deceleration events existing during the test, and the other factors, are references for this type of advancement in the world of vehicle development with minimum power engagement.



Tests conducted on exhaust emissions from plug-in and HEV vehicles confirmed the long observed assumption of similar exhaust emissions from such vehicles. However, careful analysis reveals detailed correlations that—reported only as final results in the WLTC test—differ slightly. The results of the analysis indicate that the on-road CO2 emissions for the plug-in vehicle are about 3% lower compared to the HEV (Figure 38). The remaining results of pollutant emissions obtained for the tested vehicles show that lower emissions of pollutants prevailed for the plug-in vehicle (CO2—3%, CO—2%, NOx—25%, THC—13%, PN—10%, FC—3%), despite the fact that it was a vehicle with a higher curb weight. This is mainly due to the operation of the electric motor in the first stage of the test; the inclusion of the internal combustion engine to drive the vehicle in the second stage of the WLTC test results in faster thermal stabilization of the engine and the catalytic reactor, which significantly reduces emissions of all other exhaust components. However, the weight of the plug-in vehicle was about 170 kg, which translated into a higher electrical capacity of the battery pack by about 7.5 kWh.



Significantly greater differences are observed in actual traffic conditions, where the plug-in vehicle emits about 30% less carbon dioxide. In addition, for this type of vehicle, there are lower nitrogen oxide emissions (by 50%) compared to the HEV, as well as particulate matter numbers (about 10% lower). There were higher carbon monoxide emissions in the RDE test by about 6% for the plug-in vehicle compared to the HEV. The test results obtained clearly indicate that the potential for reducing emissions and fuel consumption is much higher for plug-in vehicles when used for short routes with a significant proportion of electric engine use.



The exhaust emissions and energy intensity results presented in this paper relate to the two specific vehicles tested. However, points should be noted regarding:




	
Performing WLTC tests with the assumption that the tests on a chassis dynamometer take place under repeatable conditions—the test results are transferable to other (similar) hybrid vehicles;



	
In RDE, the conditions do not allow for free variation of the test conditions—the feasibility conditions must be fulfilled and the criteria defined by their acceptable ranges. The state of charge in plug-in vehicles is arbitrary. The initial state of charge will determine the test results, and the knowledge of the initial state of charge is often decisive for the economic operation of such vehicles—this issue has also been raised in other studies [92,93,94].
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	a
	Acceleration Vehicle



	b
	Road Exhaust Emission



	BEV
	Battery Electric Vehicle



	CF
	Conformity Factor



	E
	Exhaust Emission Rate



	EM
	Electric Motor



	EV
	Electric Vehicle



	FC
	Fuel Consumption



	GNG
	Generalized Reduced Gradient



	h
	Driving Test Altitude



	HEV
	Hybrid Electric Vehicle



	ICE
	Internal Combustion Engines



	M
	Motorway



	NEDC
	New European Driving Cycle



	PEMS
	Portable Emission Measurement System



	PHEV
	Plug-in Hybrid Electric Vehicle



	PN
	Particle number



	R
	Rural



	RDE
	Real Driving Emissions



	RPA
	Relative Positive Acceleration



	S
	Distance



	t
	Time



	u
	Share



	U
	Urban



	v
	Vehicle Velocity



	WLTC
	Worldwide-harmonized Light duty Vehicles Test Cycle



	WLTP
	Worldwide-harmonized Light duty Vehicles Test Procedure
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Figure 1. Electric and hybrid light-duty vehicles sales in the US (2014–2021) [4]. 
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Figure 2. Hybrid power split drivetrain: (a) FWD: 1, Power Split Device; 2, Diff; 3, MG1; 4, MG2; 5, battery; 6, ICE. (b) AWD: 1, Clutch; 2, Battery; 3, MG; 4, 5, 6, Diff; 7, ICE. 
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Figure 3. The scheduled velocity of the vehicles during WLTC driving cycle for: (a) plug-in; (b) HEV. 
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Figure 4. Temperature of dry air versus time for: (a) plug-in; (b) HEV. 
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Figure 5. Temperature of dry air versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 6. The absolute humidity versus time for: (a) plug-in; (b) HEV. 
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Figure 7. The absolute humidity versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 8. The relative humidity versus time for: (a) plug-in; (b) HEV. 
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Figure 9. The CO2 concentration versus time for: (a) plug-in; (b) HEV. 
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Figure 10. The CO2 concentration versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 11. The CO concentration versus time for: (a) plug-in; (b) HEV. 
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Figure 12. The CO concentration versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 13. The NOx concentration versus time for: (a) plug-in; (b) HEV. 
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Figure 14. The NOx concentration versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 15. Concentration versus time of the THC: (a) plug-in; (b) HEV. 
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Figure 16. The THC concentration versus actual velocity for: (a) plug-in; (b) HEV. 
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Figure 17. The CO2 mass versus time for: (a) plug-in; (b) HEV. 
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Figure 18. The CO mass versus time for: (a) plug-in; (b) HEV. 
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Figure 19. The NOx mass versus time for: (a) plug-in; (b) HEV. 
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Figure 20. The THC concentration versus time for: (a) plug-in; (b) HEV. 
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Figure 21. The fuel consumption (FC) versus time for: (a) plug-in; (b) HEV. 






Figure 21. The fuel consumption (FC) versus time for: (a) plug-in; (b) HEV.



[image: Energies 15 02423 g021]







[image: Energies 15 02423 g022 550] 





Figure 22. The PN versus time for: (a) plug-in; (b) HEV. 
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Figure 23. Emission rate of the plug-in and HEV vehicles of individual emissions compounds and fuel consumption: (a) carbon dioxide, (b) carbon monoxide, (c) nitrogen oxides, (d) hydrocarbons, (e) particle number, and (f) fuel consumption. 
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Figure 24. On-road emissions of the plug-in and HEVs of individual exhaust compounds and fuel consumption: (a) carbon dioxide, (b) carbon monoxide, (c) nitrogen oxides, (d) hydrocarbons, (e) particle number, and (f) fuel consumption. 
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Figure 25. Contributions of each test phase to total on-road emissions and mileage fuel consumption in the WLTC test during plug-in vehicle testing: (a) carbon dioxide, (b) carbon monoxide, (c) nitrogen oxides, (d) hydrocarbons, (e) particle number, and (f) fuel consumption. 
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Figure 26. The contribution of each test phase to the total on-road emissions and mileage fuel consumption of the WLTC test during HEV testing: (a) carbon dioxide, (b) carbon monoxide, (c) nitrogen oxides, (d) hydrocarbons, (e) particle number, and (f) fuel consumption. 
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Figure 27. The scheduled velocity of vehicle during the real driving emissions test for: (a) plug-in; (b) HEV. 
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Figure 28. Test route to comply with the real driving emissions test requirements for both hybrid vehicles (legend: █—0–50 km/h, █—51–90 km/h, █—91–130 km/h). 
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Figure 29. Comparison of the 95th percentile multiplication of velocity and acceleration from the RDE and WLTC tests for: (a) plug-in; (b) HEV. 
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Figure 30. Comparison of the RPA rate in the RDE and WLTC tests for: (a) plug-in; (b) HEV. 
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Figure 31. Carbon dioxide emission rate (ECO2) in the RDE test for: (a) plug-in; (b) HEV. 
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Figure 32. Carbon monoxide (ECO) emission rate in the RDE test for: (a) plug-in; (b) HEV. 
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Figure 33. Emission rate of nitrogen oxides (ENOx) in the RDE test for: (a) plug-in; (b) HEV. 
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Figure 34. Particle number rate (EPN) in the RDE test for: (a) plug-in; (b) HEV. 
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Figure 35. On-road emissions of plug-in and HEVs in the RDE test: (a) carbon dioxide, (b) carbon monoxide, (c) nitrogen oxides, and (d) particle number. 
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Figure 36. Relative on-road emissions of exhaust compounds of plug-in and HEVs in the RDE test: (a) plug-in—WLTC; (b) HEV—WLTC; (c) plug-in—RDE test; (d) HEV—RDE test. 
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Figure 37. Comparison of SOC for plug-in and HEV vehicles in the test: (a) WLTC; (b) RDE. 
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Figure 38. Comparison of on-road emissions of plug-in and HEV vehicles in WLTC and RDE tests. 
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Table 1. The chosen characteristics of hybrid vehicles tested.






Table 1. The chosen characteristics of hybrid vehicles tested.





	Component
	Units
	Plug-in
	HEV





	ICE volume
	dm3
	1.8
	1.8



	ICE power
	kW
	72/5200 rpm
	72/5200 rpm



	ICE torque
	Nm
	142/3600 rpm
	142/3600 rpm



	EM power
	kW
	53
	53



	EM torque
	Nm
	163
	163



	Battery
	kWh
	8.8
	1.3



	Vehicle weight
	kg
	1536
	1370



	Weight/Power of vehicle
	kg/kW
	21.33
	19.06



	Mileage
	km
	35,000
	27,000



	Model Year
	–
	2020
	2020
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Table 2. Specific requirements of the RDE test [86,87,88].
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	Parameter
	Requirement





	temperature (ta)
	normal range: 0 °C ≤ ta ≤ 30 °

Cupper extended range: 30 °C < ta ≤ 35 °C



	driving style
	relative positive acceleration (RPA): move than RPAmin; the product of velocity and acceleration (v ∙ a+): less than v ∙ a+max (for all road conditions)



	old start
	duration of the cold start period is defined from engine start to first of 5 min; total stop time during cold start < 90 s



	any vehicle stop
	0–180 s



	test requirements
	90–120 min



	urban test phase requirements
	share: 29–44%; distance: >16 km; vehicle speed: 0–60 km/h; average speed: 15–40 km/h; vehicle stop: 6–30%



	rural test phase requirements
	share: 23–43%; distance: >16 km; vehicle speed: 60–90 km/h



	motorway test phase requirements
	share 23–43%; distance: >16 km; vehicle velocity: 90–145 km/h; vehicle velocity over 100 km/h for at least 5 min; vehicle speed over 145 km/h no more than 3% of the test phase time
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Table 3. Uncertainty of indications of measurement modules of the Semtech DS analyser.






Table 3. Uncertainty of indications of measurement modules of the Semtech DS analyser.





	
Uncertainty

	
NDIR Analyser Indications

	
NDUV Analyser Indications




	
Component

	
Carbon Monoxide

	
Carbon Dioxide

	
Nitrogen Oxide

	
Nitrogen Dioxide






	
measuring range

	
0–8%

	
0–20%

	
0–2500 ppm

	
0–500 ppm




	
extended uncertainty of measurement

	
±3% reading (or 50 ppm CO)

	
±3% of reading (or 0.1% CO2)

	
±3% reading (or 15 ppm)

	
±3% reading (or 10 ppm)




	
whichever is greater
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