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Abstract

:

The diesel engine is utilized in most commercial vehicles to carry items from various firms; nevertheless, diesel engines emit massive amounts of nitrogen oxides (NOx) which are harmful to human health. A typical approach for reducing NOx emissions from diesel engines is the selective catalytic reduction (SCR) system; however, several reasons make reducing NOx emissions a challenge: urea particles frequently become solid in the injector and difficult to disseminate across the system; the injector frequently struggles to spray the smaller particles of urea; the larger urea particles from the injector readily cling to the system; it is also difficult to evaporate urea droplets because of the exhaust and wall temperatures (Tw), resulting in an increase in solid deposits in the system, uncontrolled ammonia water solution injection, and NOx emissions problems. The light-duty diesel engine (LDD), medium-duty diesel engine (MDD), heavy-duty diesel engine (HDD), and marine diesel engine use different treatments to optimize NOx conversion efficiency in the SCR system. This review analyzes several studies in the literature which aim to increase NOx conversion in different diesel engine types. The approach and methods demonstrated in this study provide a suitable starting point for future research into reducing NOx emissions from diesel engines, particularly for engines with comparable specifications.
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1. Introduction


During the last few decades, engine development has been influenced by efforts to reduce emissions and fuel consumption [1,2]. The major objective has been to protect the financial interests of car owners. The second is a legal requirement that is occasionally strengthened by tax incentives for green engines or smart engines with lower emissions. A shift from steady-state to transient cycles, and the management of research components are all trends in emissions laws and certification [3]. They are motivated by a greater knowledge of environmental effects and a desire to remedy the problems as soon as feasible.



Automotive emissions, industry pollutants, and the reactivity of any contaminant influence their impacts on the atmosphere [4]. Preserving air quality is essential, especially in densely populated urban and industrial areas where air pollution has a significant negative impact on both human health and the environment [5,6]. To decrease and reduce air pollution, authorities and environmental organizations are attempting to implement new emission regulations [7]. Even though air pollution has decreased in recent years as a result of tight emission laws, there is still a major air quality problem since the number of vehicles on the road is rising every day. Citizens are becoming increasingly concerned about the situation [8].



The detrimental impacts on health and the environment prompted lawmakers to pass laws regulating emission levels. The majority of vehicle types, including passenger vehicles, buses, trucks, trains, lorries, seagoing ships, etc., should adhere to current regulations. The new rules do not apply to vehicles that are currently on the road. The beginning of the 1990s saw the introduction of European emission regulations and the implementation of science [9,10]. Emissions restrictions are established in phases and get more stringent with time. Light-duty vehicles (LDV) and heavy-duty vehicles (HDV) go through stages such as Euro I and so on [11]. Euro VI is the current emission standard for HDVs. It received approval from the conference on Pollution and Energy in January 2012 and the World Forum in June 2012. After gradually starting to operate in January 2013, for all engine manufacturers, the reduction in permitted nitrogen oxide emissions from the previous Euro V standard to the current Euro VI standard presented a considerable technological hurdle [12].



Global combined test methods were introduced in Euro VI, encompassing standard driving conditions throughout the European Union, Australia, and Korea. Even if the same rules are not utilized, countries including China, Brazil, India, Japan, and the United States have emission regulations to control their emissions, as seen in Figure 1 [13]. In the global Heavy-Duty Transient Cycle, a second-based series of normalized torque and speed data are included (WHTC). There are 13 operating modes for heavy-duty vehicles in the World Heavy-Duty Steady-State Cycle (WHSC) test, which blends different engine torque levels and speeds. SI (gasoline) engines only use transient cycle testing, but CI (diesel) engines use both tests. Real driving emissions (RDE) will be a part of the upcoming Euro 6 emission standard for the years 2017 to 2020. The idea behind RDE is that rather than utilizing a pre-planned drive cycle, the vehicle will be assessed across a wide range of performance maps; in other words, RDE will take place in actual traffic using a random driving route.



Due to their numerous benefits, including their greater thermal efficiency, higher fuel economy, and reduced greenhouse gas emissions, diesel engines are quite popular [14,15,16]. No viable alternatives to diesel-powered vehicles exist for heavy-duty transportation [17]. Both fuel efficiency and NOx emissions have grown in the latest generation of diesel engines [18]. One of the worst environmental pollutants that the transportation sector produces is this hazardous NOx. A powerful aftertreatment system is required to lower NOx emissions while maintaining high fuel efficiency. For heavy-duty diesel cars, engine tuning can help to achieve compliance with the latest EURO 3 emission standards. Several in-engine technologies, including intercooling, turbocharging, injection rate shaping, injection pressure, injection time, development of smart controllers, and exhaust gas recirculation (EGR) have been employed to comply with legal requirements [19,20]. While some of these technologies are still in the development stage, others, such as homogeneous charge compression ignition (HCCI), suggest that future legislation will call for an aftertreatment system to reduce NOx and PM emissions to the necessary levels [21,22]. Among the factors included are restrictions placed on the combustion process, or research costs.



Diesel particulate filters (DPFs) seem to be effective in removing PM [23,24]. DPFs have a short lifespan due to ash accumulation and a rise in back pressure [25]. While SCR converters lower PM, DPFs have minimal impact on NOx levels. Additionally, a particular level of NOx is needed for DPFs to operate properly. Exhaust aftertreatment technology is now required to be incorporated by engine manufacturers in order to meet the growing problem of adopting progressive compact emission standards, such as Euro 6. The most popular approach for reducing the nitrogen oxides (NOx) emissions in the automotive sector is selective catalytic reduction (SCR), which is capable of meeting most emissions criteria [26]. The generated NOx and NH3 become nitrogen (N2) gas and water (H2O) in the SCR system [27]. Urea is used as the precursor of NH3 gas, which is simple to handle and transport despite the fact that NH3 is a poisonous chemical that is harmful to human health [28]. AdBlue or urea–water solution is a combination of 32.5 percent urea and 67.5 percent water [29].



The breakdown of urea–water solution droplets is a thermally triggered phenomenon that starts with water evaporating from the solution, thereby separating the urea components [30]. Then, the molecules of urea decompose into ammonia gas [31]. The decomposition of urea is not always uniform. Intermediate phases can react with undecomposed urea during the decomposition process, producing a variety of undesirable complex polymers [32,33]. These urea deposits accumulate inside injectors, on SCR walls, catalyst surfaces, and mixing fans, thereby lowering catalyst filtration efficiencies and reducing NOx conversion [34,35], despite the fact that urea deposits disintegrate at extremely high exhaust temperatures [36,37,38].



The most challenging features of urea–SCR systems include urea distribution and the minimization of solid deposits [39,40]. Though contemporary urea–SCR systems use a narrow exhaust pipe design, there remains uncontrolled urea injection and difficulties in the mixing process [41,42]. When the liquid evaporates, the deposit formation rises and occurs with reductions in temperatures [43]. Uncontrolled air pressure on the SCR injector produces reduces urea particle injection [23], a problem that inhibits the breakup of urea to become small particles, and instead, produces large drops [44]. The wall surface conditions may also be used as a parameter to help the urea droplets break apart and become finer droplets [45,46,47]. Spray–wall impingement occurs as a result, and spray cooling occurs throughout the injection period [48,49,50,51]. Spray cooling creates a liquid film which is the precursor to the formation of solid deposits [52,53]. This research is aimed at NOx conversion from the varieties of diesel engines. As a consequence, this study provides a useful starting point for future research into NOx emissions reductions from diesel engines, particularly engines with similar specifications.




2. Diesel Engines (1000 cc–6000 cc)


2.1. Diesel Engine 1000 cc


This research reviews the 1000 cc two-cylinder engine from Mahindra (Maxximo), a 4-stroke CRDI diesel engine with an open ECU (NIRA) which has a power rating of 18.4 kW at 3600 rpm. The engine and emission data were recorded once the engine had reached steady-state conditions for varied loadings (0–80%) at a constant speed of 2000 rpm. Experiments were conducted using a honeycomb Rhodium catalyst to decrease engine emissions and the schematic diagram was showing at Figure 2 [54].



When NOx is exposed to the environment in the presence of UV light, it undergoes a sequence of reactions that result in photochemical smog and, in certain circumstances, acid rain [55]. This study shows that SCR technology was employed to remove these dangerous pollutants from the environment before they were discharged into the atmosphere. Because NOx (NO and NO2) generation is a direct result of temperature and oxygen availability, a growing trend in NOX emissions may be seen as load increases [56]. Increased NOx emissions are caused by a small amount of intrinsic oxygen in P30 (1.5–3.3 percent) [3]. As seen in Figure 3, the adoption of EGR and SCR methods significantly reduced NOX emissions [54]. Figure 4 depicts the NOx reduction capability in a much more apparent way [54]. At 60% load, an ammonia flow rate of 0.5 kg/hr resulted in a maximum NOx reduction efficiency of 36.8%. As a result, a flow rate of 0.5 kg/hr of ammonia was readily determined to be optimal for maximal NOx removal [57,58,59]. A slightly lower flow rate produced ammonia shortages in the usual SCR reaction, whereas a slightly higher flow rate induces desorption and pore-clogging effects [60]; both of these factors contribute to lower SCR performances [31]. Reduced residence time and higher temperatures may be responsible for a reduction in NOx conversion efficiency at 80 percent loading. The ideal temperature range for the SCR catalyst was determined to be 240–280 °C, and this may be used for light and medium-load applications. [55,61,62]. In addition, for EGR operation with load, there is no significant change in NOx conversion efficiency.




2.2. Diesel Engine 1800 cc


This study investigated an 1800 cc diesel engine with an SCR system for reducing NOx emissions. Figure 5 depicts the overall layout of the experimental setup, which includes a diesel engine, dynamometer, and SCR aftertreatment system [63]. The 4-cylinder diesel engine has an 18:1 compression ratio and a power output of 29 kW at 3000 rpm [63]. The catalyst was a vanadium catalyst with dimensions of 190 mm × 155 mm and a pressure of 400 cpsi [64,65,66]. The urea solution had a mass concentration of 32.5 percent. In Figure 5, the No.1 NOx sensor measured the NOx concentration upstream of the catalyst, while the No.2 NOx sensor measured the NOx concentration downstream of the catalyst. After the gas had passed through the CuSO4 solution, the NOx concentration downstream of the catalyst was measured using the No.3 NOx sensor. NH3 is a water-soluble chemical that may combine with CuSO4, even though NO is insoluble in water, and the NO2 concentration in NOx is low. CuSO4 solution was placed in front of the No.3 NOx sensor to eliminate the effects of ammonia slip [56]. The diesel particulate filter (DPF) is a technology that is used to decrease the effects of particulate matter (PM) on nozzle blockage and catalyst deactivation [67,68].



To achieve the requisite catalyst temperature and space velocity, the diesel engine’s operating conditions were modified. After the diesel engine’s operating state had been steady for 10 min, the urea solution was injected. The NOx concentration obtained by the No.1 NOx sensor was used to estimate the injection amount of the urea solution [69]. The impacts of NH3/NOx on NOx conversion and the state of ammonia slip and storage were explored by examining the readings of the No.1 and No.2 NOx sensors [70,71].



The diesel engine’s operating conditions were regulated to maintain the temperature and gas velocity. The urea solution was injected at an NH3/NOx ratio of 2. When the NOx gas measured by the No.2 and No.3 sensors had achieved stable prespecified levels, injection is ended [72]. Assuming that the catalyst temperature was 350 °C and the space velocity was 15,000/h, Figure 6 shows the changes in NOx concentrations recorded by the No.2 and No.3 sensors [63]. Because CuSO4 affects exhaust pressure stabilization, the NOx concentration curves recorded by the No.3 sensor were relatively smooth, as illustrated in Figure 7 [63]. After the injection started, the NOx concentration measured by the No.2 sensor progressively stabilized at around 133 × 10−6 and gradually recovered to the starting value when the injection ended. After the start of injection, the NOx concentration recorded by the No.3 sensor progressively stabilized at about 84 × 10−6. Furthermore, ammonia slip was determined to have been initiated when the NOx concentration measured by the No.2 sensor reached the value measured by the No.3 sensor, eliminating the initial disagreement between the sensors. The ammonia leakage took 36 s. Ammonia slip occurred when the catalyst temperature was at 300 °C, 350 °C, and 400 °C, as shown in Figure 7, and was accompanied by a change in space velocity downstream of the catalyst [63,73,74]. As the catalyst temperature or space velocity grows, the ammonia slip begins to increase, as seen in Figure 7. Ammonia slip occurs as the temperature of the catalyst rises, resulting in a decrease in ammonia saturation storage. As the space velocity rises, it becomes more difficult for NH3 to distribute properly inside the catalyst. As a result, the likelihood of NH3 adsorption, desorption, and SCR reactions at the active site of the catalyst is reduced [75]. As a result, even though NH3 has not diffused adequately to the active site and had not completely reacted, it was overwhelmed by the exhaust. The NOx concentration that had not reacted was obtained by integrating the NOx concentration detected by the No.3 sensor from the time injection began until the time that the ammonia slip occurs. Thus, the restored NOx concentration is the difference between the NOx concentration in the exhaust and the unreacted NOx concentration. All reactions are required to conform to the standard SCR reaction methodology. The amount of NH3 that has reacted can be measured using a chemical reaction mechanism. The ammonia saturation storage is the difference between the provided NH3 concentration and the concentration of NH3 that has reacted. Figure 7 depicts the ammonia saturation storage change rule together with space velocities at 300, 350, and 400 °C. The ammonia saturation storage of the catalyst decreases as the temperature rises, as seen in Figure 7 [39,76]. At low temperatures, ammonia saturation storage is more common [77,78,79,80]. It generally diminishes as the space velocity rises. As the temperature rises, it becomes more difficult for ammonia to be adsorbed in the catalyst. Ammonia adsorption is decreased due to the increased space velocity [81].



At a space velocity of 15,000/h, Figure 8 depicts the NOx real-time conversion efficiency and ammonia accumulative storage at various catalyst temperatures [63]. It is assumed that ammonia storage rises proportionally. As shown in Figure 8, as the accumulative ammonia storage grows, the NOx real-time conversion efficiency climbs and gradually stabilizes [82,83]. Because of the early error and the installation site, the NOx conversion efficiency measured by the No.2 sensor is higher at first than that of the No.3 sensor but finally declines. The reaction time is shorter for the No. 2 sensor since it is closer to the catalyst than the No. 3 sensor, resulting in a higher NOx conversion efficiency. The reaction rate is slower at lower temperatures because the catalyst activity is decreased [84,85]. As the amount of stored ammonia grows, the concentration of ammonia on the catalyst’s surface rises, increasing the reaction rate. The effectiveness of NOx real-time conversion is gradually improving. Ammonia saturation storage decreases as the temperature rises. The rise in catalyst activity, on the other hand, becomes more noticeable. As a result, the chemical reaction rate accelerates, and the NOx real-time conversion efficiency improves consistently. If the urea solution is increased after the NOx conversion efficiency reaches its optimum, the ammonia accumulative storage rises but the NOx conversion efficiency remains the same. Ammonia slip occurs when ammonia storage exceeds the saturation value [76]. The NOx conversion efficiency measured by sensor No.2 continues to fall and is now lower than that obtained by sensor No.3. It is acceptable to utilize this catalyst feature to improve ammonia preservation in low-temperature circumstances in order to raise NOx conversion efficiency. However, in terms of security, it is important to keep ammonia within a specific range. Otherwise, when the temperature rises fast, ammonia saturation storage will decrease. It will result in ammonia leakage and secondary contamination.



The effects of NH3/NOx on the NOx real-time conversion efficiency and ammonia slip in the system were evaluated. The influences of catalyst temperature and gas velocity on SCR reaction rate, ammonia slip, ammonia storage, and the changing rule of NOx real-time conversion efficiency with ammonia storage were investigated. The NOx conversion efficiency increased when the NH3/NOx ratio increased, and ammonia slip started at a ratio of 1.4; an increase in temperature improved the SCR reaction rate significantly while an increase in space velocity had no effect, and ammonia slip increased as catalyst temperature or space velocity increased [63]. Then, when the catalyst temperature or space velocity increased, the ammonia storage decreased. Finally, when ammonia accumulative storage increased, the NOx real-time conversion efficiency rose and gradually achieved its maximum value.




2.3. Diesel Engine 2000 cc


This research used a 2.0-liter diesel engine without EGR, which produced high NOx levels that were easily quantifiable. This is an unusual design in which the DPF was positioned upstream of a DOC [69]. The length of the DOC regulated the NO2:NOx ratio, and a reaction between NO2 and soot on a downstream DOC was avoided [67,86]. A flow straightener, expansion box, and converging nozzle were all injected with ammonia gas [30,87]. This ensured that the ammonia was appropriately mixed with the exhaust stream and that the intake of a long ten-degree diffuser cone received a constant velocity profile. As a result, the intake of the SCR catalyst brick had a uniform velocity profile, and the trials were effectively one-dimensional. Because the fittings were modular, different lengths of brick could be placed into the exhaust. A kind of copper zeolite was employed as the SCR catalyst in these tests. Instrumentation sampling ports were installed in the test exhaust, as shown in Figure 9 [82,88,89]. The gas analysis equipment was either a Combustion CLD analyzer with a fast reaction time of 2.0 ms capable of detecting NO and NO2, or a Horiba 6000 FT gas analyzer capable of measuring N2O [28,82]. Because the Horiba analyzer had a slower reaction time, data were recorded at 1 s intervals in experiments where it was used. During the transient testing, data were recorded at 0.01 s intervals using the faster CLD analyzer.



There were two sorts of testing carried out. The engine was allowed to attain steady-state conditions in the first series of tests that employed the quick response analyzers. The steady-state conditions for this set of experiments are summarized in Table 1 [82]. After 20 s of steady-state recording, the engine was ramped up from 1500 rpm for the required time of either 10 s or 20 s. The engine was then kept at full load for the same length of time as the previous condition before being ramped down for the same amount of time. The SCR brick used in these studies was made up of two short bricks, 45 mm and 45 mm long, for a total length of 91 mm. The DOC was 45 mm long (0.5 DOC) or 91 mm long (1.0 DOC). This produced two unique NO2:NOx scenarios; the NO2:NOx ratios changed during the trials, and their traces are shown in Figure 10 for reference [82]. The NO level rises with engine load, while the NO2 level rises in direct proportion to the temperature rise and the DOC’s response to the shift in circumstances [18,67]. This results in the form of the NO2:NOx ratio curves in Figure 10. Since the combustion NOx analyzer is susceptible to ammonia cross-talk, measurements were taken just downstream of the SCR in this series of experiments. Furthermore, ammonia dosage was insufficient, resulting in ammonia levels downstream of the SCR in the tests seldom exceeding a few ppm. Figure 11 depicts the temperatures upstream of the SCR during these experiments [82]. Figure 11 shows that when a rising ramp is promptly followed by a falling ramp, the temperature difference is negligible because the higher load is not held for long enough for a high temperature to develop. It should be noted that the mass flow rate of exhaust fluctuated during the transients due to changes in the engine’s operational conditions. At the start of the experiment, the ammonia level in the exhaust upstream of the SCR was measured under steady-state conditions at the lower engine load and remained nominally fixed throughout [82]. However, as the mass flow rate increased during the transient period of each experiment, the ammonia level decreased due to dilution. Since the instantaneous mass flow rate was given as the input, the change in ammonia level was accounted for throughout the simulation.



Figure 12 shows the consumed ratios during a 20 s transient from 0 and 100 s as the provided NO2:NOx ratio varies [82]. The given ratio for the single DOC instance is about 0.5, whereas the consumed ratio is somewhat greater but remains constant throughout the test. The given ratio was initially at 0.25 for the 0.5 DOC instance, but the consumed ratio was greater than 0.6 and remained almost constant across the test. When the supplied NO2:NOx ratio was close to 0.5, NOx conversion was near 50% throughout, whereas when there was proportionately less NO2, conversion was just over 40% at first, dropped to near 30%, and then rose to near 60% by the end, at which point the supplied NO2:NOx ratio had also continued to rise, although it remained below the 50%.



In the studies with 0.5 and 1 DOC, the SCR was given some NO2 as well as NO. The Olsson kinetics and the modified kinetics both seemed to be equally competent in forecasting downstream species levels when the mixture was 50 percent NO and 50 percent NO2. Their predictions all were precise. This is because the rapid reaction dominates under these conditions, and the adjusted kinetic scheme does not affect this rate. The other three SCR responses only had a small impact. The kinetic method had to be changed when 25 percent of the NOx was NO2. The changed standard reaction kinetics, as well as adsorption modifications, were incorporated [60]. However, in the simulations, the sluggish response rate had to be increased by a factor of 20 to boost the NO2 consumption and to reach a balance between the NO and NO2 consumption shown in the tests. The top limit of what might be considered a fair adjustment is a factor of 20. To guarantee that the model consumes enough NO2, the slow reaction may need to be multiplied by 4 or 5, and the N2O production reaction may need to be increased by a ratio. The latter may be validated by measuring N2O, which is something that will be done in future research. The main issue is that more NO2 is burned than projected, necessitating a change in the kinetic scheme to account for this. This investigation is still ongoing, and further trials identical to those described in this study are being carried out. The next type of study is currently in process, with a separate upward and downward ramp and with DOC values of 0.5 and 1.0, implying that the supply is a mix of NO and NO2. The observations of these tests may assist in explicating the variations in kinetics that are necessary to provide a universal interpretation of the data. To get an extremely close agreement, the ammonia adsorption parameter must be adjusted at this time. Furthermore, the amount by which the slow reaction rate must be increased to get accurate predictions when NO2 is present in levels less than 50% has to be investigated further [63,75,90].




2.4. Diesel Engine 3900 cc


This study investigated an SCR system in a 3900 cc diesel engine with engine operation at 2600 rpm [74]. The experimental setup for the urea–SCR investigation is shown in Figure 13. It is equipped with a dynamometer, a diesel engine, temperature and NOx sensors, and a urea–SCR system [74]. The catalyst was 153.5 mm from the package entrance (V2O5/TiO2, 190.5 mm × 355.6 mm, 300 CPSI) [74].



Table 2 shows the parameter values for an exhaust flow rate of 431 kg/h, exhaust temperature of 328 °C, and an NH3/NOx feed ratio spanning from 0.6 to 1.4 [74]. The generation of NH3 before the catalyst continuously improved as the supply of UWS rose. As a result, the conversion rate and the ammonia slip may be investigated objectively. [91,92]. Figure 14 shows how variables vary as the NH3/NOx ratio varies [74]. The rate of NOx conversion does not increase in lockstep with the increase in NH3 supply, as one might assume. The conversion tends to remain steady as the NH3/NO feed ratio approach 1.0 [93,94] since the catalyst is operating at maximum capacity. Similar findings may be seen in another study. According to the literature, the maximum capacity was attained when the NH3/NO input ratio reached 1.2 [44,95]. The discrepancy might be due to the various catalysts’ ability to store NH3 [96,97]. Furthermore, when the NH3/NOx input ratio rises, the amount of liquid film mass and ammonia slip increases [63]. These occurrences show that an excess of UWS does not react with NOx in the exhaust. It may be converted to NH3, producing ammonia slip instead, or it may turn into a liquid film, increasing the risk of crystallization. The results suggest that the NH3/NOx feed ratio should be about 1.0. As the NH3/NOx input ratio exceeds 1.0, the risk of crystallization and NH3 slip increases dramatically [98,99,100].



The distribution of variables as the exhaust temperature rises from 300 °C to 500 °C, due to the rapid breakdown of UWS at higher temperatures, is shown in Table 3 (condition: NH3/NOx feed ratio 1.0, exhaust flow rate 431 kg/h, NOx volume percent 707 × 10−6). Because of the enhanced reactive rates at higher temperatures and NH3 oxidation, the NH3 volume fraction before the catalyst shows a little decrease due to the quick consumption [22,101]. The mixer is intended to prevent homogeneity from being disturbed in the variables being studied. Figure 15 indicates that until the temperature exceeds 400 °C, the conversion rises rapidly. The conversion then indicates a small reduction at 500 °C compared to 400 °C. The variation in conversion rate is caused by the activity of the catalyst at various temperatures [36,75,95]. As a result, the catalyst activity, which is temperature sensitive, dominates the changes. Comparable results have been obtained in other investigations. The sole findings of this study were the effects of temperature on catalyst activity and NOx conversion. The study, however, overlooked the crucial process of evaporation and motion of the droplets [60]. As the evaporation intensifies due to the rise in exhaust temperature, the liquid film bulk decreases quickly. In this case, the greater exhaust temperature aids crystallization resistance. The volume percentage of NH3 at the catalyst’s output rises at first and then falls sharply. Due to the breakdown of the UWS and the reducing agent’s reduction reaction increase with increasing exhaust temperature, there is a trade-off relationship between NH3 generation and consumption [21,102].



In this work, we built a urea–SCR model based on an experiment, and we investigated the major elements that impact the system’s performance. The NH3 and velocity homogeneity effects are eliminated by using the mixer. (1) The ideal NH3/NO input ratio is close to 1.0; the increasing supply of UWS just adds to the risk of crystallization and ammonia slip. (2) The increased exhaust temperature can help to speed up the catalytic processes by facilitating the evaporation of UWS. crystallization resistance improves as the temperature rises. The higher flow rate reduces agent waste and significantly increases contamination [74].




2.5. Diesel Engine 5100 cc


The 5100 cc YC4112ZLQ diesel engine is the subject of this investigation. Table 4 contains the engine’s specifications; and the schematic engine test was show in the Figure 16. Samples of gaseous emissions and particulate matter were taken before and after the catalyst from raw exhaust streams [103]. An AVL CEBII was used to detect NOx, THC, and CO emissions, while an AVL SPC 472 was used to collect particulates and quantify PM emissions [103,104]. Ethanol was delivered via a fuel pump to the fuel rail where the ethanol pressure was maintained at around 0.3 MPa [104]. The electronic control module (ECM) can adjust the ethanol flow rate automatically depending on engine speed, load, and average SCR temperatures (calculated from the thermocouples before and after SCR) [103,104]. In addition, the ECM may be controlled manually, enabling the pulse width to be altered as required. The atomization and dispersion of the ethanol spray were aided by high-pressure air from the engine air compressor [82,88]. The temperature was then held constant for around 10 min to produce a steady-state before proceeding to the next phase. In addition, a bypass valve was used to keep the space velocity constant [103].



In this work, which used the Ag/Al2O3 catalyst to improve PM emissions, the engine-out PM sampled before and after the catalyst was measured at different catalyst inlet temperatures under the circumstances of SV = 50,000 h ̶ 1 and nE: nNOx = 1.5 [103,105,106]. When exhaust gas passes through the Ag/Al2O3 catalyst, the SOF is reduced over the whole range of intake temperatures; furthermore, the reduction in SOF increases as the inlet temperature rises. This is mostly due to the Ag/Al2O3 catalyst’s propensity to oxidize. Consequently, across the entire temperature range, the DS was almost identical before and after the SCR catalyst. When the input temperature was below 410 °C, the sulfate concentration reduced somewhat; nevertheless, as the intake temperature rises, the sulfate concentration decreased. The sulfate concentration rapidly increased when the input temperature was 470 °C. This was because sulfate is easily absorbed on the surface of the catalyst at low temperatures and desorbed at high temperatures, meaning that the catalytic activation loss caused by sulfur poisoning may be recovered by a high-temperature desulfurization technique [69,107,108]. When the catalyst intake temperature was 336 °C, the PM emission may decrease by more than half, but it can be somewhat increased when the input temperature reaches 470 °C. Because the majority of the sulfate in PM is derived from fuel sulfur, the final effect of the Ag/Al2O3 catalyst on PM emissions is controlled by temperature and fuel sulfur concentration [68,103]. The Ag/Al2O3 catalyst aging test findings, as well as the effect of the PM emission test, show that the sulfur content of the diesel has a substantial impact on catalyst activation, and eventually, tailpipe emissions. As a result, when using the Ag/Al2O3 catalyst as an aftertreatment, low sulfur fuel is required [55,109].



According to this research as shows in the Figure 17, increasing the ethanol dosage will improve the NOx conversion efficiency while significantly increasing CO and THC emissions. Because CO is a byproduct of selective NOx reduction, an additional oxidation catalyst is necessary to reduce the CO [110]. A revolutionary catalyst with SV = 30,000 h ̶ 1 may provide a high NOx conversion (up to 90%) in the range of 350–450 °C, but it is reduced beyond that range. However, following a 30h aging test, the NOx conversion was reduced. The sulfur absorbed on the catalyst surface is one of the primary causes of decreased catalyst activation [111]. Even when the space velocity was less than 50,000 h ̶ 1, the input temperature was 400 °C, and the nE:nNOx ratio was 1.5, the NOx conversion may remain greater than 70%. However, when the space velocity increases, the NOx conversion falls linearly, and at SV = 80,000 h ̶ 1, the NOx conversion is less than 50% [103].





3. Heavy-Duty Diesel Engine (6000 cc–12000 cc)


3.1. Heavy-Duty Diesel Engine 6500 cc


The 6500 cc YUCHAI YC6J180-42 diesel engine fitted with the commercial V2O5-WO3/TiO2 catalyst is the subject of this investigation. Table 5 contains the engine’s specifications [112]. Figure 18 shows a schematic representation of the diesel engine and its aftertreatment system [112]. As shown in Figure 19, one ESC includes 13 operation modes, including one idle mode and 12 additional modes (varying from 25% to 100% each load) at speeds (Speed A: 1325 rpm; Speed B: 1750 rpm; Speed C: 2175 rpm). The durations are 4 min (for the initial low idle) and 130 s (for the second low idle) (other operation modes). Figure 20 shows the exhaust flow rate and temperature profiles, which demonstrate the exhaust temperature range from 273 K to 740 K; each temperature rise influenced the catalytic activity and ammonia storage capacity of the catalytic converter’s surface as well as the required ammonia coverage ratio that must be used for NOx emissions and ammonia slip [112]. Figure 21 depicts the patterns of upstream NOx emissions at the SCR catalyst input over the ESC test. According to the findings of a few studies, exhaust temperature has a major impact on NOx conversion efficiency, It is also critical in predicting the maximum NOx conversion efficiency relative to engine operating conditions [112]. Although it drops slightly at very high temperatures (such as operation mode 2, temperature: >450 °C), the NOx conversion efficiency increases as the reaction temperature rises. Furthermore, the effectiveness of NOx conversion may be influenced by the exhaust flow rate. The optimal solution is matched with various engine operating modes with the highest NOx conversion efficiency to get the lower limit of the ammonia coverage ratio and the requisite value to validate simulated NMPC performance. Furthermore, there is a large difference between the upper and lower limits of the ammonia coverage ratio, and the ammonia storage capacity is quite large while the temperature is relatively low, for the following reasons. The lowest limit of the ammonia coverage ratio corresponds to the maximum NOx conversion efficiency, resulting in an ammonia slip of roughly 10 ppm, while the upper limit is also just 10 ppm (ammonia slip), resulting in a considerable amount of adsorbed NH3 due to the huge discrepancy [21,113,114]. In contrast, the minor variation at high temperatures indicates an inadequate ammonia storage space, and the ammonia contribution amount must be strictly controlled, in this case, to optimize the NOx conversion efficiency and avoid any substantial ammonia slip [45,67].



The observed NH3 concentrations were significantly lower, especially at low exhaust temperatures, and the underlying reasons were largely due to a mismatched model plant and inadequate urea breakdown [115]; The NOx conversion efficiency may be ideal in various engine operating modes, according to the findings of that test, and the NMPC controller guarantees that the majority of the cycle complies with NOx emission requirements; furthermore, the downstream ammonia concentration was less than the limit, and the total mean ammonia slip was 9.7 ppm, which is near to the provided limit [28,112,113,116].




3.2. Heavy-Duty Diesel Engine 6600 cc


Data was collected from dynamometer testing using a 6600 cc YUCHAI YC6L-42 diesel engine fitted with a commercial V2O5-WO3/TiO2 catalyst [92,112]. The primary parameters of the experimental engine and the dynamometer are listed in Table 6 [92]. The testing used an eddy current dynamometer and associated equipment to measure engine speed and torque, with fuel supplied directly from the CAN bus every cycle. NOx emissions and ammonia slip were measured using an AVL 4000 and LDS6 equipment, respectively [75,92], with engine operation from 900 rpm to 2600 rpm (with a step size of 100 rpm) and engine loads ranging from 10% to 100%. Table 7 shows a portion of these [92].



Three prediction models were created using the modeling and optimization approaches mentioned in Section 2. One was a model for projecting engine upstream NOx emissions. The other two models were an SCR model for projecting downstream NOx emissions and one for ammonia slip at different phases during operation [117]. Figure 22 depicts the difference between actual outputs and model forecasts for upstream NOx emissions [92]. Figure 23 also depicts the degree of fit between the actual outputs and the model forecast [92]. Figure 22 confirms that the curves for actual and predicted values are almost identical. Figure 23 also demonstrates that all of the points are consistently distributed along the line where the projected values nearly matched the actual values. Figure 24 and Figure 25 provide similar figures for downstream NOx emissions and ammonia slip, both of which demonstrate high forecast accuracy [92].



In addition to the downstream NOx emissions test dataset, which was deemed adequate for forecasting outputs, calculating the MAPE for the ammonia slip was fruitless since the true value of the ammonia slip may be zero at specific working points and the MAPE could not be defined theoretically [45,91,92]. In this specific case, no urea is injected, and there is no ammonia slip. The RMES were 44.01 × 10−6, 21.87 × 10−6, and 2.22 × 10−6 for three models of upstream NOx emissions, downstream NOx emissions, and ammonia slip, respectively, with squared correlation values of 0.99, 0.99, and 0.98. This suggested that the accuracies of the three models were adequate for estimating upstream and downstream NOx emissions, as well as ammonia slip [63,82,112]. Table 8 also displays the degree of fit for the three models, as well as the RMES and MAPE for the test datasets [92]. The following are the primary causes behind this: First, it was challenging to include all of the operation conditions of the diesel engine while selecting training sets for the model, which had a negative impact on forecast accuracy. Second, in the parameter selection and data processing, there were some subjective variables. Finally, with such a vast amount of experimental data, there may be some outliers. Furthermore, there was no assurance that the experimental data would be acquired in a perfectly stable condition, which may lead to mistakes in prediction [92].




3.3. Heavy-Duty Diesel Engine 7100 cc


This study investigated a 7100 cc diesel engine with SCR for reducing NOx emissions [18,67,114]. The SCR system used a urea injection control unit (DCU and ammonia oxidation catalyst (AOC)) to prevent ammonia leakage [118]. The corresponding specification and comprehensive information regarding the test bench are included in Table 9 and Figure 26 [114]. To evaluate torque and speed, soot emissions, NOx and O2 concentrations, and NH3, tests were conducted using a dynamometer, an opacimeter, and a gas analyzer (Exhaust gas and NH3 gas) [40,53,82]. The specifics of these instruments are listed in Table 10 [114].



To correctly represent the actual concentration of ammonia leakage during the initial calibration process, the AOC is not included in the SCR catalyst [76,120]. The WHTC test cycle is 1800 s long and is separated into three sections: cold start, hot dipping, and hot start. A complete cold start WHTC test is required first, followed by 10 min of hot dip time (closed and without data acquisition engine), and lastly a hot start WHTC test. The cold start and hot start weightings are utilized to establish the engine’s ultimate emission values, and the cold start and hot start weight factors are 14 % and 86 % [52,121]. Table 11 describes the NOx emission limit after weighting as 2.8 g/m3 (kWh). Because the degradation coefficient is set to 1.1 in real-world operation, the final NOx emission values must not exceed 2.52 g/(kW h) [114].



The exhaust temperatures measured by the conventional diesel engine equipped with the SCR system over three European Transient Cycle (ETC) test cycles [41] and the cold and hot start WHTC were compared in Figure 27 [114]. 92.8 % of the ETC test cycle is spent with an exhaust temperature of at least 200 degrees Celsius. The exhaust temperature is more than 200 °C from the start of the ETC cycle, which fulfills the urea injection criterion; the average exhaust temperature for the ETC test cycle can exceed 298 °C. The exhaust temperature of 59.3 percent of the cold start WHTC working conditions is less than 200 °C [55,103,114]. In the ETC test cycle, the exhaust temperature of the hot start and cold start in the WHTC test cycle is essentially below 280 °C. The ETC cycle’s catalyst conversion efficiency is greater than that of the WHTC cycle’s hot start and cold start. Figure 28 shows the effect of exhaust temperature on NOx and ammonia slip conversion efficiency. When the exhaust temperature exceeds 200 °C, urea droplets and the catalyst have a certain activity that improves substantially as the temperature rises. When the temperature surpasses 280 °C, NOx conversion efficiency reaches its peak. As a result, the exhaust temperature rises to around 280 °C; therefore, the active regulation of exhaust temperature is primarily focused on temperatures less than 280 °C [114].




3.4. Heavy-Duty Diesel Engine 12,000 cc


This study investigated a 12,000 cc diesel engine with SCR for reducing NOx emissions. The engine used in these testing was a six-cylinder four-stroke heavy-duty diesel engine with natural aspiration and water cooling was showing in Table 12. The Hyundai D6CC diesel engine emits a high concentration of NOx at 1000 rpm, with an exhaust mass flow rate of 513 kg/h and a NOx value of 1,330 ppm with the NO2/NOx feed ratio (0–1) and the NH3/NOx feed ratio alpha = 1 [10,122]. Before the experiment, the gas analyzer calculated the exhaust gas concentration. The uncertainty of a gas analyzer’s exhaust gas coefficients was 5% or 1.0 m [75]. Figure 29 and Figure 30 depict the current study’s experimental setup and schematic diagram.



The UWS, with a flowrate of 1319 mL/h at an ambient temperature of 298 K (Tg), was injected into the system with an engine-out exhaust temperature of 686 K. A mixing process between NOx emissions and ammonia gas took place from the point of urea injection to the catalyst surface [123,124,125]. After the SCR process, a gas analyzer reported the concentration of NOx emissions using an exhaust gas sample pipe. This process proved the comparative effectiveness of the urea injector models L and I. The sampling for that experiment was repeated ten times in a row. The main goal of this research was to see if the model I urea injector was more successful in the urea breakdown process than the model L injector (which was used in the D6CC engine originally) [39,122]. Figure 31 and Figure 32 show the two urea injector models used in this work, and Figure 32 also shows the solid deposit inside the injector. As illustrated in Figure 31B, the deposit formed as a result of an injector component impeding exhaust flow. The urea dispersion throughout the system was slowed by these solid deposits. Model L injectors produced less urea than the model I injectors because of this.



The 19 sensors on the catalyst surface (Figure 33) and the ammonia concentration measurement from the gas analyzer is shown in Figure 34 [39]. The catalyst type used in this study was a vanadium catalyst. The model I urea injector (blue bars) generated more ammonia than the model L (red bars) urea injector; greater ammonia in an SCR system indicates higher NOx conversion. Figure 35 depicts the NOx conversion rates for the two injectors used in the experiment [39]. The model I injector converted more NOx than model L, corroborating the simulation results from the previous section that model I produced more ammonia and delivered greater system saturation. This suggests that the model I urea injector has a favorable urea injection form, which results in better urea particle conversion to ammonia and fewer solid deposits. As a result, the model I urea injector is suggested for improving NOx conversion in heavy-duty diesel engines, particularly the Hyundai D6CC [39,122].



The concentration of ammonia gas in the system is the primary indication of improved NOx conversion. The chemical process that converts NOx to N2 and H2O requires an equivalent quantity of ammonia gas, and the system should be able to create enough ammonia gas to meet that requirement. The urea injector model I shows a rising amount of ammonia gas by modeling and testing with 19 gas sensors on the catalyst surface [39,122]. The NOx conversion results in this research confirmed that the ammonia delivery from injector model I reduced NOx emissions more effectively than the model L injector. These results indicated that the urea injector model I should be utilized in heavy-duty diesel engines, namely the Hyundai D6CC. As a result of this revelation, further research into lowering NOx emissions from heavy-duty diesel engines will be crucial.





4. Marine Engine


This study investigated a marine engine fitted with SCR for reducing NOx emissions. Figure 36 shows the experimental SCR system setup. Sample A is the low-temperature catalyst. HORIBA MEXA-1600DEGR and HORIBA MEXA-6000FT exhaust gas analyzers were used to detect exhaust gas components during testing [18,28,126]. The experimental SCR system’s SV value was around 5000 h ̶ 1. A four-stroke medium-speed marine diesel engine powered this experimental installation [41,127,128]. This 6-cylinder test engine had a 190 mm bore and 260 mm stroke and a rated power output of 750 kW at 1000 rpm. In this study, TiO2 and V2O5 catalysts were used, the type with resistance to deterioration by SOx and which have excellence performance at low gas temperatures. Table 13 shows the engine specifications [28].



The engine and experimental SCR system functioning data were monitored and recorded, including engine speed, load, and temperatures. As shown in Figure 36, the SCR controller and PC regulate the amount of reducing agent administered [28]. By measuring the NOx concentration and exhaust gas flow rate, the controller determines the quantity of reducing agent to inject. The concentration of used NOx is measured without the use of a gas analyzer. In most cases, the carbon balance approach is used to calculate the exhaust gas flow rate [114,129,130]. To determine the flow rate of exhaust gas using the carbon balance technique, various parameters must be measured precisely, including fuel consumption, fuel properties, and CO2 and CO concentrations in the exhaust gas. However, it is not acceptable to measure multiple data points correctly for a ship. As a consequence, we used an exhaust gas flow rate calculated by combining engine speed, charge air pressure, and charge air temperature. In terms of managing the quantity of reducing chemicals supplied, our technique was uncomplicated and exact [131,132].



NOx reduction values for the experimental SCR system using urea–water solution and ammonia gas are shown in Figure 37 and Figure 38 [28,133]. The proportion of the ship’s typical load is used to separate the measurement data. These figures show how each reducing agent, ammonia gas or urea solution, transforms NOx appropriately at each load. Table 14 shows the exhaust gas temperature at each load. Figure 39 and Figure 40 illustrate the NOx conversion rate as a function of the equivalence ratio with ammonia gas and urea solution. The equivalence ratio is the proportion of the measured value to desired urea flow rate for a 100% reduction in NOx. Figure 39 and Figure 40 show that the rate of NOx conversion is exactly related to the equivalence ratio for each reducing agent (ammonia gas or urea solution) [36,134,135]. These findings show that the type of reducing agent used is not affected by the high exhaust gas temperatures and that the SCR system performs well. Experiments to adjust the temperature of the catalyst in the micro-reactor will be performed in the next stage of work to compare the NOx removal efficiency of diesel engines fitted with the micro-reactor, from which the Ka values will be calculated [28,97,136].




5. Conclusions


The NOx conversion results from various diesel engines were investigated in this study. The various models and approaches employed in this SCR system study can serve as a base for future researchers to improve SCR performance and decrease NOx emissions from diesel engines. The major conclusions drawn from this study are as follows:




	a)

	
The light diesel engine with a 1000 cc engine capacity was tested with different loadings (0–80%) at a constant speed of 2000 rpm. The maximum NOx reduction achieved by the SCR system was 36.8% at 60% engine load. The improvement of the desorption process of ammonia gas by the optimization of SCR catalyst temperatures in the range of 240 °C to 280 °C increases NOx conversion up to 0.5 kg/h (650 ppm).




	b)

	
The other investigated light-duty diesel engine was an 1800 cc engine tested at a constant speed of 3000 rpm. The catalyst temperature, space velocity effects on SCR reaction rate, and ammonia slip were all investigated in this study. The NOx conversion efficiency in this study increased when the catalyst temperature and ammonia distribution increased.




	c)

	
Similar phenomena were also demonstrated in the investigation of a 2000 cc light-duty diesel engine tested at a constant speed at 1500 rpm. Low exhaust gas temperatures of 200 and 300 °C were recorded in this investigation, representative of passenger car diesel exhausts. The temperature influenced the ammonia desorption process in this investigation. At low temperatures, the ammonia desorption rate was low.




	d)

	
The optimal value for NH3/NO in the tested 3900 cc light-duty diesel engine was found to be around 1.0. Based on this study, increasing the amount of UWS would increase the risk of crystallization and ammonia slip in the SCR system. The results of this study showed that higher exhaust temperatures enhance crystallization resistance, while greater flow rates decrease the period of interaction between the NOx reduction agent and the catalyst, affecting the levels of NH3.




	e)

	
Another investigation of a light-duty diesel engine with a capacity of 5100 cc revealed a high NOx conversion (up to 90%) in an exhaust gas temperature range of 350–450 °C. However, after 30 h, the sulfur accumulated on the catalyst surface became the primary reason for reduced catalyst activation. In this investigation, the Ag/Al2O3 catalyst can decrease sulfate only marginally when the exhaust gas temperature is below 410 °C and the PM emissions can be reduced when the temperature is 336 °C, but when the temperature increases to 470 °C, the catalyst will suffer.




	f)

	
The investigated 6500 cc heavy-duty diesel engine showed that the downstream NH3 concentration was less than the limit; in particular, the overall mean ammonia slip of 9.7 ppm may be reasonably low, but maximum deNOx performances were achieved as the temperature increased.




	g)

	
Upstream and downstream NOx emissions as well as ammonia slip were predicted using another heavy-duty diesel engine with a 6600 cc capacity. The many parts of the modeling and optimization methods have been thoroughly covered. The non-dominated sorting genetic algorithm was used to address the multi-objective optimization issue of optimizing NOx conversion efficiency while reducing ammonia slip under particular operating conditions based on the decision variable of urea injection volume.




	h)

	
Another investigation of a heavy-duty diesel engine with a size of 7100 cc revealed that exhaust temperature may enhance the cold start and hot start performance. To control the urea injection temperature, the Harmonized Transit Cycle (WHTC) is used which can reduce the NOx emission-weighted value to 41.5%. The DOC successfully increased the NO2/NOx ratio and NOx conversion in the temperature range of 200–400 °C, resulting in an 8.7% reduction in the NOx emission-weighted value of the engine under WHTC.




	i)

	
The other investigation of a heavy-duty diesel engine of 12,000 cc engine capacity tested at 1000 rpm showed that improving the ammonia gas formation can increase NOx conversion. However, the distribution of urea from the injector is the most challenging aspect. This study compared the injector model L and the injector model I in order to improve ammonia delivery. Model L had a good distribution of urea based on the position of the injector hole in the center of the system. However, that hole was easily hampered by solid urea deposits which affected the UWS distribution to the system. The model I injector was recommended to improve the model L injector problem. In this study, the model I urea injector generated 5% more ammonia and produced a better NOx conversion than the model L injector. This figure indicated that the model I injector outperformed the model L urea injector in the urea breakdown process, lowering the potential of solid urea deposition on the walls and decreasing the solid deposition inside the injector. Based on this study, the model I injector can be the alternative injector to increase the heavy-duty diesel engine SCR system performance; however, the position of the injector must be further developed to increase the distribution of urea throughout the system.




	j)

	
The marine diesel engine in this study revealed at standard marine diesel operating speeds, engine exhaust gas NOx emissions are decreased by 80 to 90% with the SCR system. However, the desired equivalence ratio derived from measured values is required to ensure optimum urea flowrates for a 100% reduction in NOx. These findings show that the type of reducing agent has no effect on the temperature of the exhaust gas, and the results of this study contribute to the development of commonly produced maritime SCR systems.




	k)

	
Based on the different results from different variations of diesel engines, it can be concluded that urea injection, droplet breakup, ammonia distribution, exhaust temperature, and the catalyst are the most important factors in the improvement of NOx conversion efficiencies. These conclusions could also be employed to determine the quality of NOx conversion efficiency in light-duty diesel engines, heavy-duty diesel engines, and marine diesel engines that implement an SCR system.
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Figure 1. Emission regulation standards from all countries [13]. 
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Figure 2. The schematic diagram for the 1000 cc diesel engine on test [54]. 
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Figure 3. NOx variation with load [54]. 
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Figure 4. The variation in deNOx efficiency as a function of load [54]. 
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Figure 5. Schematic diagram of the SCR aftertreatment system for an 1800 cc diesel engine [63]. 
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Figure 6. The mechanism of adjusting the NOx concentration downstream of the SCR catalyst, adapted from Tang et al. [63]. 
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Figure 7. Ammonia slip time and saturation storage, as well as the change in space velocity at various catalyst temperatures [63]. 
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Figure 8. The shifting phase of NOx actual conversion efficiency, in addition to ammonia storage at various catalyst temperatures [63]. 
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Figure 9. The exhaust system on a 2000 cc diesel engine test rig [82]. 






Figure 9. The exhaust system on a 2000 cc diesel engine test rig [82].



[image: Catalysts 13 00067 g009]







[image: Catalysts 13 00067 g010 550] 





Figure 10. NO2:NOx ratios from the 2000 cc diesel engine tests, adapted from Benjamin et al. [82]. 
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Figure 11. Temperatures measured at the SCR inlet tests, adapted from Benjamin et al. [82]. 
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Figure 12. Graphs demonstrating that the consumed NO2:NOx ratio was unaffected by the supplied NO2:NOx ratio during the transient. (a) 1,0 DOC test 0n the 20 s and (b) 0,5 DOC test on 20 s. The graph spikes are insignificant instrumentation errors from the CLD analyzer, adapted from Benjamin et al. [82]. 
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Figure 13. Experimental bench system of a urea–SCR system for a 3900 cc diesel engine [74]. 
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Figure 14. Performance at various NH3/NOx feed ratios [74]. 
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Figure 15. Performance at various exhaust temperatures [74]. 
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Figure 16. Schematic of engine testing [103]. 
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Figure 17. NOx conversion between space velocity (inlet temperature 400 °C) [103]. 
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Figure 18. Schematic diagram for diesel engine testing [45,67]. 
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Figure 19. Engine speed and torque profiles when using the ESC test (Speed A: 1325 rpm, Speed B: 1750 rpm, Speed C: 2175 rpm, and Idle: 650 rpm), adapted from Wei et al. [45,67]. 
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Figure 20. Exhaust flow rate and SCR temperature profile for the ESC test, adapted from Wei et al. [45,67]. 
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Figure 21. Engine-out NOx concentration over the ESC test, adapted from Wei et al. [45,67]. 
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Figure 22. Comparison of experimental and projected NOx emissions from actual production against predicted output upstream sources [92]. 
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Figure 23. Quality of fit for the comparison of experimental and projected NOx emissions [92]. 
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Figure 24. Comparison of experimental and projected NOx emissions from downstream source values [92]. 
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Figure 25. Comparison of observed and projected ammonia slip values [92]. 
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Figure 26. Schematic of the experimental setup for the 7100 cc diesel engine [114]. 
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Figure 27. Comparison of exhaust temperatures for the ETC and WHTC, adapted from Bai et al. [114]. 
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Figure 28. The effect of exhaust temperature on NOx conversion efficiency and ammonia slip (NH3 Slip) [114]. 
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Figure 29. Experimental engine and test measurement setup adapted from Khristamto et al. [39,122]. 
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Figure 30. Schematic diagram of the engine test adapted from Khristamto et al. [39,122]. 
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Figure 31. The system’s urea injection models: (A) Urea injector model-I (suggested injector) and (B) urea injector model L (original model from D6CC diesel engine) adapted from Khristamto et al. [122]. 
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Figure 32. The solid deposit inside the urea injector adapted from Khristamto et al. [39]. 
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Figure 33. Sampled ammonia values in the catalyst inlet adapted from Khristamto et al. [122]. 
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Figure 34. Ammonia distribution inside the catalyst adapted from Khristamto et al. [39]. 
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Figure 35. The comparison of NOx conversion between injector model I and model-L (MEXA-7100 gas analyzer), adapted from Khristamto et al. [39]. 
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Figure 36. SCR System principle for the marine engine [28]. 
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Figure 37. NOx conversion rate values against ammonia gas flowrates [28]. 
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Figure 38. NOx conversion rate values against urea–water solution flowrates [28]. 
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Figure 39. NOx conversion rate values against ammonia gas equivalence ratio [28]. 
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Figure 40. NOx conversion rate values against urea water solution equivalence ratio [28]. 
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Table 1. Summary transient test conditions for 10 s and 20 s adapted from Benjamin et al. [82].
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	0.5 DOC (20 s)
	1.0 DOC (20 s)
	0.5 DOC (10 s)
	1.0 DOC (20 s)





	MF kg/h
	109
	110
	109
	110.5



	T deg C
	214.8
	213
	214
	213



	% O2
	11.1
	11.3
	11.1
	11.4



	NH3 ppm
	282
	282
	282
	283



	NO ppm
	430
	266
	427
	267



	NO2 ppm
	164
	275
	155
	275



	Initial NO2: NOx %
	27.6
	50.8
	26.6
	50.7
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Table 2. Value of parameters at different NH3/NOx feed ratios, adapted from Wang et al. [74].
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	Ammonia and NOx Feed

Ratio
	Velocity

Homogenization (%)
	Ammonia

Homogenization (%)
	Ammonia

Fraction (10−6)





	0.6
	93.81
	98.33
	444



	0.8
	93.80
	97.98
	635



	1.0
	93.82
	97.99
	713



	1.2
	93.80
	97.61
	765



	1.4
	93.81
	98.03
	824
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Table 3. Values of parameters at different exhaust temperatures, adapted from Wang et al. [74].
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	Exhaust Gas

Temperature

(°C)
	Velocity

Homogenization

(%)
	Ammonia

Homogenization

(%)
	Ammonia

Fraction

(×10−6)





	300
	93.77
	97.69
	583



	350
	93.81
	98.33
	772



	400
	93.83
	98.49
	797



	450
	93.85
	98.77
	757



	500
	93.86
	98.80
	754










[image: Table] 





Table 4. Engine specification, adapted from Dong et al. [103].
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	Engine Model
	YC4112ZLQ





	Type of engine
	Inline, 4-stroke



	Type
	Turbocharged Intercooled



	Number of cylinders
	4



	Fuel pump
	BH4P120R1402



	Displacement (L)
	5.12 L



	Engine operation condition (rpm)
	660 Nm/1300–1500 rpm



	Compression ratio
	17.5
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Table 5. Specification of engine and aftertreatment system, adapted from Wei et al. [45,67].
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	Engine Model
	YUCHAI YC6J180-42





	Type of engine
	Inline, 4-stroke



	Type
	Turbocharged and intercooled



	Number of cylinders
	6



	Idle speed
	650–50 rpm



	Displacement (L)
	6.5 L



	Engine operation condition (rpm)
	650 Nm/1200–1700 rpm
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Table 6. Technical specifications of the experimental engine, adapted from Liu et al. [92,112].
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	Engine Model
	YUCHAI YC6-42





	Type of engine
	Inline, 4-stroke



	Type
	Turbocharged and intercooled



	Number of cylinders
	6



	Idle speed
	650–50 rpm



	Displacement (L)
	6.6 L



	Engine operation condition (rpm)
	960 Nm/1200–1700 rpm
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Table 7. Engine test parameters, adapted from Liu et al. [92].
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	Mode
	Speed

(rpm)
	Fuel Supply

(mg/cyc)
	Load

(%)
	NOx

(ppm)
	Catalyst

Temp.(°C)
	Torque

(N.m)





	1
	1000
	171
	30
	862
	215
	215



	2
	1000
	309
	60
	1401
	326
	391



	3
	1000
	503
	90
	849
	492
	585



	4
	1500
	168
	30
	684
	250
	204



	5
	1500
	300
	60
	1131
	344
	408



	6
	1500
	436
	90
	1306
	415
	612



	7
	2000
	178
	30
	498
	249
	201



	8
	2000
	299
	60
	767
	318
	395



	9
	2000
	429
	90
	1026
	394
	596



	10
	2500
	165
	30
	290
	227
	153



	11
	2500
	265
	60
	489
	296
	312



	12
	2500
	364
	90
	674
	378
	471
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Table 8. The statistical models, adapted from Liu et al. [92].
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Model

	
Upstream NOx Emissions

	
Downstream NOx Emissions

	
Ammonia Slip




	
Training

	
Test

	
All

	
Training

	
Test

	
All

	
Training

	
Test

	
All






	
MAPE

(%)

	
1.71

	
4.77

	
3.24

	
2.17

	
6.89

	
4.53

	
-

	
-

	
-




	
R2

	
0.99

	
0.98

	
0.99

	
0.99

	
0.98

	
0.99

	
0.99

	
0.97

	
0.98




	
RMSE

(ppm)

	
24.62

	
57.16

	
44.1

	
19.56

	
25.87

	
21.87

	
1.34

	
2.84

	
2.22




	
Fits

	
Y1 = 0.9849 × X1 + 8.0395

	
Y2 = 0.9644 × X2 + 6.8769

	
Y3 = 0.9786 × X3 + 0.9270
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Table 9. The engine specifications, adapted from Bai et al. [114].
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	Type of Engine
	Inline, 4-stroke





	Type
	Turbocharged and intercooled (VGT)



	Number of cylinders
	6



	Emission standard
	Euro V



	EGR type
	Electronic EGR



	Displacement (L)
	7.14 L



	Torque (N.m)
	1100



	Compression ratio
	18



	Bore × stroke (mm)
	108 × 130



	Idle speed (rpm)
	650



	Rate speed (rpm)
	2100



	Rate power (kW)
	200
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Table 10. Experimental setup, adapted from Bai et al. [44,92,114,119].
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	Equipment Test
	Measurement Value





	Dynamometer
	Speed (± 1 rpm)

Torque (± 0.1% FS)



	Opacimeter
	5 µg



	Exhaust gas analyzer
	1 ppm vol

0.01%vol



	Ammonia analyzer
	± 0.1%
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Table 11. WHTC value, adapted from Bai et al. [114].
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	Emission
	NOx

g/(kW h)
	PM

g/(kW h)
	CO

g/(kW h)
	NMHC

g/(kW h)





	IV
	3.7
	0.03
	4.0
	0.55



	V
	2.8
	0.03
	4.0
	0.55
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Table 12. Testing Parameters adapted from Khristamto et al. [39,122].
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Parameters

	
Engine Operation = 1000 rpm




	
Conditions

	
Unit






	
Engine operating t

	
1000/200

	
rpm/Nm




	
Exhaust mass

	
513

	
kg/h




	
NOx

	
1285

	
ppm




	
Injector inlet/SCR inlet

temperature

	
371

	
°C




	
AdBlue

	
1319

	
mL/h, NSR = 1.0




	
CO2,

	
9.3

	
%




	
O2

	
8

	
%




	
NOx

	
1083

	
g/h




	
H2O

	
9.3

	
%
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Table 13. The engine specifications, adapted from Yoichi et al. [28].
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	Engine
	Laboratory Engine





	Engine type
	4-stroke



	Bore × stroke (mm)
	190 × 260



	Fuel
	Heavy oil (A)



	Engine speed (rpm)
	1000



	Number of cylinders
	6



	Rate power (kW)
	750
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Table 14. Exhaust gas temperatures, adapted from Yoichi et al. [28].
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Load (%)

	
25

	
50

	
75

	
100






	
Temperature (°C)

	
350

	
400

	
390

	
400
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