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Abstract

:

In the context of electricity production in remote areas, the use of diesel generators, either alone or in hybridization with renewable energy sources, faces many technical problems. Indeed, the electrical instability that often characterizes the isolated networks, due to the fluctuating character of renewable resources and the high variability in the load profile, leads to the operation of the diesel generator in transient dynamic conditions, at low loads or outside prescribed environmental conditions. Furthermore, the extended operation of the diesel generator at low charge results in the condensation of combustion residues on the engine cylinder walls, which, after a certain time, increases friction, reduces the efficiency and increases fuel consumption. One way to solve this problem and to eliminate these deposits is to operate the engine at a higher speed until the operating temperature is reached. This paper explores the impact of the wind turbine penetration rate for hybrid wind–diesel systems and the effects of cold temperatures, high altitude, and other environmental operation conditions on diesel generators’ performances. We outlines the impacts of low load and environmental conditions such as ambient temperature, humidity, moisture, abrasive dust, cold and corrosive environments on the operation of modern diesel generators. The problem has been approached by examining the existing literature, researching damage cases, analyzing existing data, and assessing industrial experiences.






Keywords:


diesel generator; low load; optimization; combustion engine; stand-alone power-generating; cylinder bore polishing; wet stacking; cylinder glazing; hybrid wind–diesel system












1. Introduction


Hybrid power systems are commonly used in stand-alone renewable energy-generating grids. To ensure high electricity quality and, above all, supply continuity and reliability, energy storage systems and stand-alone power generation systems such as diesel generators (DGs) are used. Applying DGs in hybrid systems along with other electric power sources also causes the diesel engine to operate at a reduced load for long periods [1]. This leads to “wet stacking,” which increases the commonly known cost of engine exploitation and unfavorable environmental phenomena [2]. Furthermore, operating a DG set at a load level less than 30% of maximum output is the key trigger behind the polishing and glazing phenomena of cylinders [3,4,5]. These problems are appear in underloaded generator sets in stand-alone hybrid ship grids as well. When attempting to ensure safety during maneuvers and while navigating “difficult” areas (river, canal, straits, lakes, etc.), the simultaneous operation of stand-alone power generation systems is necessary to ensure continuous power supply, irrespective of the power demand. Under these conditions, DG-driven engines are frequently underloaded (20–30% of maximal power) [6]. In these circumstances, the fuel is not fully burned, which causes exploitative problems in the DG sets’ diesel drive engines.



The overflow of the air supplied for burning occurs when the diesel engine is underloaded (the air-to-fuel ratio will exceed 500:1). Not all the fuel injected will be burned, and this can condense, forming carbon deposits on the engine elements’ surface [7]. Partial oil-burning results in a higher relative CO2 coefficient and emissions of greenhouse gases (GHG). For example, HC, CO, and NOx (g/kWh) emissions are two to three times higher at 25% engine load than at 75% load [8]. Table 1 shows the effects of low load operation and describes the impacts on a diesel generator set’s performance.



The use of a load bank is a common way of reducing these disadvantageous impacts in the industry, especially in the USA [9]. Most frequently, this is an automatically operated resistor that loads the generator unit of the DG, which transforms electrical energy into heat energy. Improving the operating condition of the diesel engine eliminates the effects of the low load operation, but at the cost of increased fuel consumption. On the other hand, a combination of small modern diesel-generating sets whose combined power output is equal to a single large diesel generator can prevent the large engine from operating under a partial load [10].



Generator-configured diesel engines are usually designed for medium to high engine load operations. The low-charge operations will increase operational problems and hence the level of damage [11]. It is also expected that the new exhaust pollution regulations worsen the negative effects of low-charge operations [12].



This article investigates the impacts of low load operations on modern diesel-generating sets in hybrid configurations. It introduces mechanical and natural phenomena that are at the origin of the degradation of diesel-generating sets’ performance in off-grid applications. The structure of the present article is as follows. In Section 2, we explain how a DG can be subjected to a low load when combined with a renewable energy source that provide the electrification of an isolated site. In Section 3, we present low and transient load operations and their impacts on modern diesel-generating sets, while in Section 4, we discuss the environmental operation conditions that are at the origin of the deterioration of a diesel-generating set’s performance. Section 5 provides a conclusion, whilst Section 6 a perspective for future work.




2. The Use of Hybrid Systems Combining Renewable Sources with Diesel Generators


By integrating renewable energy with diesel generators, the use of hybrid systems makes it possible to minimize overall fuel consumption, resulting in an environmental and economic benefit. Wind energy has witnessed the fastest growing trend of all renewable energies, at more than 30% annually over the last 10 years. [13,14]. Low penetration WDS (wind–diesel systems) have already been introduced in Yukon [15], Nunavut [16] and Alaska [17] in the Nordic communities. By low penetration systems, we mean that the overall instantaneous wind power is 20–35% of the diesel rated power and that the total wind energy does not exceed 10–15% of the total consumption [18,19]. Generally, the WDS uses an existing diesel power plant and an additional wind farm containing a single model turbine [20]. To these two principal elements are added logic and the components necessary to the hybrid exploitation of the system, including secondary loads for smoothing, a regulator and automated command. The rise in the amount of wind penetration enables better fuel reduction. However, from this viewpoint, the first challenge emerges from the operational constraints of diesel engines. In order to respond to a sudden reduction in wind power, it is important to maintain the engines on stand-by at more than 30% of their nominal power output, above a certain penetration level. This limits the penetration of wind energy to a degree of too poor, and the wind turbines act merely as a negative charge for the network. Wind diesel systems with high penetration without storage are those wherein the output of wind power exceeds the charge for long periods of time. [21]. This enables the diesel engines to stop completely during those times, resulting in a major reduction in fuel consumption. This design is, in the meantime, subject to complex technical problems [22,23]. As a result of these issues, only projects of this kind are currently operational in Alaska, i.e., without energy storage. The diesel engine must also be kept on stand-by during such times as when the excess of wind energy over the charge is reduced so that it can respond quickly to a reduction in wind speed (reduction of engine startup and heating time). This is an important cause of over-consumption and underperformance operation because the engine could turn for tens or up to 50 h without supplying any useful energy, and operate inefficiently (see Figure 1). In the long term and with similar repetitive conditions, the lifetime of the DG becomes premature.



Figure 2 shows a high penetration WDS [25] operating example for a 480 kW user load. Fuel savings start when the wind speed is higher than 4 m/s. Wind power is adequate to cover customer demand without the input of diesel engines when wind velocity exceeds 9 m/s. However, when a margin of 30% is reached between customer demand and available wind power, diesel engines are stopped. Surplus wind power is lost at wind speeds greater than 9 m/s. The combination of a storage portion with a high WDS penetration enables the excess wind energy that frequently occurs and is otherwise dissipated to be stored, then used later when necessary. Therefore, the request for fuel energy is lowered. The use of energy storage with WDS leads to more savings and less environmental impact by increasing the penetration rate of wind energy (i.e., the percentage of wind energy as the overall energy consumption on an annual basis) by assuming optimum exploitation conditions [26].




3. Low Load Operations


Asco power technologies define the low load operations of diesel engines as engine operations at loads below the maximum continuous rating of 30% [27], while DNV GL below the continuous rating of 40% [12]. Engine loads in the 40–80% range are classified as regular operation. Definitions of the complete load spectrum appear in Table 2.



From an engine builder point of view, brief periods of low load operation are appropriate, because the engine periodically operates at full load. In this case, if properly maintained, diesel generator sets can operate for long periods with no harmful effects under light loads. After the operation at low load levels, each impacted generator set will work under a higher load to increase the temperature and pressure in the cylinder, which cleans the combustion chamber deposits. Moreover, if low load operation is likely to occur frequently, a more robust maintenance program will help to ensure that there is no excessive wear of components and reduce the risk of unplanned downtimes.



For diesel generator sets, for every four hours of the extremely low load operation, Caterpillar recommends loading the generator set at a minimum of 30% load for about 30 min. To ensure that the required exhaust temperatures are met during operation, exhaust temperature measurements should be taken at the exhaust manifold before the turbo or in the exhaust stack just after the turbo.



3.1. Effects of Low Load Operations


Low load diesel engine operations cause lower cylinder pressure and thus lower temperature. Low temperature can result in problems with ignition and poor combustion, causing increased soot formation and the accumulation of unburned fuel in the cylinder [28]. Low cylinder pressure, soot, and unburned fuel deteriorate the sealing capacity of the piston ring, allowing hot combustion gases, soot particles, and unburned fuel to escape through the rings of the pistons. This results in the increased use of lubricating oil and the dilution of diesel [29]. The lubricating oil’s fuel dilution decreases the viscosity that could break critical film thicknesses. This may cause pistons, rings, liners, and crankcase bearings to wear prematurely [12,29,30]. Low load mechanisms lead to a process of deterioration, which means that diesel engines running for more extended periods at low loads may become irreversibly damaged. This is demonstrated by a case of engine damage in a generator configuration (see Table 3). The failure case presents a breakage of the engine crankcase initially caused by piston scuffing from the breakdown of the lubrication oil after prolonged low load operations. Figure 3a illustrates piston scuffing, while Figure 3b shows hard carbon deposits on the top land of piston number 4 [31].



According to W. Stachowiak and A. Batchelor [32], when there is a breakdown or lack of lubrication, scuffing does result from mechanical contact. The investigative report indicates that prolonged engine operations at low loads are the cause of piston scuffing. This conclusion is based on trends of engine load history records, and the findings of an oil analysis [31].




3.2. Effects of Transient Load Operations


Transient load operations have a detrimental effect on engine operating conditions, along with low load operations. In general, diesel engines can experience a wide range of operating conditions, which are classified as transient. The operation at transient regimes of a diesel engine operating as a generator that is part of a wind–diesel hybrid system is primarily due to sudden changes in the load or output of renewable energy sources (wind or solar photovoltaic). However, the transient load operations of marine diesel engine generator drives are due to sudden changes in power demand from the propulsion or deck equipment. Figure 4 demonstrates step by step the rise in load in a turbocharged diesel engine that is used as a generator [33]. Important steps of the load change are shown in bold print.



The impact of the increased load on the operation of the diesel generator, illustrated in Figure 2, can be described as follows: initially, the engine torque and load are equal, and the air/fuel ratio is relatively high. When the load increases, the engine suffers a net torque loss because the engine torque cannot respond instantly to the increased load variation. The loss of torque causes the engine speed to decrease, and the governor increases the amount of fuel to adjust the speed. As a result, the air/fuel ratio decreases due to insufficient air mass flow, which is caused by a response delay of the turbocharger. The turbocharger delay is caused by the fact that the increase in exhaust power is not able to increase the instantaneous turbine power due to the inertia of the turbocharger. During this short delay, the engine runs like a naturally aspirated engine, and the air/fuel ratio can be much lower. These low values can lead to intolerable smoke emissions and the formation of soot. A low air/fuel ratio increases the temperature in the combustion chamber, which can lead to the formation of large amounts of NOx. Mechanical stresses due to deceleration act on the crankshaft (where the load torque is greater than the engine torque). The highest deceleration occurs during the first cycles when the torque difference between engine and load is at its maximum.





4. Environmental Operation Conditions Effect on Diesel Generator Performance


Structural and thermal constraints mainly limit engine power. These constraints include maximum cylinder pressure during the combustion phase, turbocharger speed, and exhaust gas temperature. However, these constraints must take into consideration the limitations of certain environmental factors, which have an impact on the performance of the engine and generator parts, and consequently, on the diesel generator. These factors include altitude, ambient temperature, corrosive atmosphere, humidity, and dust [34]. The optimal performances of diesel generators require operation within certain limits for these variables. Indeed, when an engine exceeds the maximum altitude or ambient temperature, a decrease in engine performance is noticed.



4.1. Effect of Ambient Air Temperature and Humidity


Low load operation contributes to reduced efficiency. Furthermore, the maximum power output is limited by the speed of operation. The maximum power will be greater at high speeds (3600 rpm for example), but the percentage of the output load will be greater.



However, if it is lower, this will reduce the effectiveness. The maximum power will be lower at low operating speeds (1800 RPM), improving the load ‘s performance, but the output power will be reduced. The performance of the system could be improved by allowing the speed to differ with respect to the specified load or by increasing the load to match the maximum output at the specified speed. However, extremely high or low temperatures reduce diesel generator efficiency. For example, when the intake air temperature is above 40 °C (104 °F), the power generated by a diesel generator will begin to decrease. On the other hand, due to the relatively high density of cold air, air entering the engine cylinders at low temperatures will lead to an increase in power output [35]. However, it is also possible to observe two other anomalies related to the low air temperature operation of the diesel generator: the cold start and the formation of gels and emulsions in the blow-by circuit, as explained later.



In [36], Rakopolous has studied the relationship between ambient air temperature, humidity ratio, efficiency and the specific fuel consumption (SFC) of high speed DGs in Greece. Figure 4 shows the variation in the brake mean effective pressure (BMEP) along with the fuel to air equivalence ratio (Φ) for different ambient temperatures and humidity ratio (w) values.



According to Figure 5, it is evident that for a certain equivalence ratio, the low ambient temperature issue often generates a high BMEP inside the cylinders. Similarly, the lower humidity issue still increases the BMEP to a certain equivalence ratio for the two temperatures involved.



As per Rakopolous’ analysis, the variation in combustion efficiency along with the humidity ratio (w) and ambient temperature is shown in Figure 6. The combustion efficiency is often greater at the lowest temperature and lowest humidity ratio scenario for a certain fuel to air equivalence ratio (Φ).



On the other hand, DGs are known to run at varying ambient air temperatures. This variance in temperature would directly affect the diesel engine’s efficiency. For example, when the engine consumes hot air, there are less air molecules to burn along with the fuel [37,38]. This causes unburnt fuel to exit the combustion chamber, resulting in less power being produced. For every 3 °C rise in air intake temperature, engine power will be reduced by 1% [38].



Furthermore, experimental work conducted by Abdullah, N.R. et al. [39] shows that fuel consumption is improved with a decrease in air intake temperature regardless of engine speed. The lowest value of brake specific fuel consumption occurred at an air intake temperature of 20 °C, compared to 30 °C, which was 4% lower at the same engine speed of 1500 rpm.




4.2. Cold Start Effect


The starting of a diesel generator is considered cold until the engine and fluids have reached a normal operating temperature. At temperatures below 60 °C, a change in the injection timing and amount of fuel injected optimizes combustion stability and reduces emissions during the warm-up phase of the engine [35,40]. Temperatures below 0 °C need more drastic changes, especially regarding the type of oil used (less viscous oil is more suitable for cold conditions). At low ambient temperatures, the starting quality will deteriorate significantly to the point where the engine startup is no longer possible. Figure 7 shows the most important engine parameters affecting the efficiency of cold start and the relationships between those parameters.



Furthermore, low temperatures reduce battery capacity and increase both engine friction and oil viscosity. This leads to a high torque demand from the motor at low speeds. Thus, the power produced by a diesel engine operating in extreme temperatures or at sites at non-optimal altitudes will not be sufficient to increase the engine speed to a level above the one corresponding to the low speed operation. This results in an increased starting time [35]. It is essential to mention that during startup and idling, the heat losses are significant, resulting in a reduced end of compression temperature and pressure peak. The other consequences of this type of operation are increases in fuel injection delays (physical delay) and combustion delays (chemical delay). The combination of these consequences will lead to a degradation in the self-ignition speed and a complete diesel engine malfunction [35,40]. Figure 8 summarizes the three main main effects of cold start on the engine:




	
Lubricant that is too viscous leads to more significant friction loss;



	
Too cold engine cylinder walls lead to a deterioration in combustion quality and increased piston/cylinder friction (mechanical performance degradation);



	
The catalytic converter is too cold to control the emissions.









4.3. Freezing and Emulsion Formation in the Blow-By Circuit


Figure 9 shows a simplified diagram of a cylinder in a diesel engine. In the upper part, the combustion chamber is separated from the low-pressure crankcase by the pistons. During an engine cycle, due to the defect of the sealing rings, the pressure in the combustion chamber causes a gas leakage towards the engine’s bottom. This is called “crankcase gas” or “blow-by gas.” As required by regulations, blow-by gas should not be released into the atmosphere because of pollution risks [41,42]. Thus, the gas is recycled to the intake circuit through pipes and a settling system called the blow-by circuit.



In cold countries, such as Canada, low ambient temperatures (below 0 °C) can last for several months, resulting in the appearance of frost and blow-by emulsion [43]. The operation conditions accentuate the phenomena in the regions concerned; among other things, the location of the diesel engine in the open air in cold weather conditions, and operation for a short period and at low load, both mean that the engine does not have enough time to warm up.



Freezing and blow-by emulsion can cause significant problems in the operation of the diesel engine. By accumulating at various points in the blow-by system, the gel or emulsion can cause a blockage in the blow-by system, causing the crankcase to build up pressure and oil to be ejected. In the long term, this can damage the engine or start a fire if the oil spills over a hot part of the engine.




4.4. Influence of Altitude on Diesel Engine Performance


Atmospheric pressure and the drop in air density with altitude both affect engine performance [44]. For example, the lower air density in the cylinder causes a smaller droplet size, which leads to a reduction in coalescence [45,46]. This lower coalescence reduces the impingement of jet-to-wall. Lower density decreases the spray angle resulting in increased spray penetration [47]. Therefore, the combustion initiation is advanced at a higher altitude, causing increased maximum in-cylinder pressure and mechanical loads on the cylinder walls [48]. Another consequence of the lower density is the increase in the lift-off, which increases the penetration of fresh air into the jet and decreases initial soot formation [49,50]. However, the lower soot oxidation rate induced by the lower density in the combustion chamber increases the soot production at the end of the combustion cycle globally.



In [51], the pressure in the cylinder decreased as the altitude increased from 0 to 3000 m, and the number of speed-up cycles increased during the acceleration time. As the altitude increased to 4500 m, a misfire occurred. The author confirms that the misfire at the high of 4500 m altitude was caused by the ignition delay, which was mainly controlled by a chemical reaction at the cold start.



Furthermore, in [52], the brake thermal efficiency of four altitudes, including 0 m, 1600 m, 3300 m and 4500 m, consistently decreased with the rising of altitude. This showed that the delayed start of combustion, the reduced ratio of factual expansion, the decreased specific heat ratio of the mixture of airfuel, the aggravated inefficiency of the turbocharger, the deformed fuel spray and the increased heat transfer led to the degradation of the thermal efficiency of the brake when the engine was running at high altitudes. However, Perez and Boehman [53], found that power output depended primarly on engine load, and was not improved by the use of oxygen-enriched air. Fuel injection timing is the most important factor in decreasing brake-specific fuel consumption (BSFC) by 55% at the middle injection timing, while a more modest effect was observed for oxygen enrichment, with a reduction of about 40% for an oxygen volume fraction of 22%. The use of oxygen-enriched air prevented the deterioration in BSFC when increasing simulated altitude, which did not occur with standard air. A similar effect was observed on fuel conversion efficiency when using oxygen-enriched air. On the other hand, He et al. [54] showed that the effect of high altitudes on the emission of NOx varies according to the types of engines and working conditions. The emissions of particle numbers at 1000 m are 1.6 to 4.2 times the levels at low altitudes. The pattern of the distribution of the particle size at 1000 m is close to that of the mono-modal lognormal distribution with a geometric mean diameter of about 0.1 μm at sea level. The peak number of particle concentrations, however, is greater, and the exhausted particles are smaller at high altitudes.




4.5. Corrosive Environments


The corrosion of metals in a marine environment can cause huge economic loss. The presence of salt will corrode electrical parts such as rectifiers and windings. This can lead to isolation resistance degradation and contact resistance increase [55]. Insulation resistance is one of the critical readings of marine electrical equipment systems, and serves as the best guide to indicate the health of the electrical machinery. With time, the insulation begins to age, and this causes deterioration in the performance of the insulation. Harsh operating environments, where the electrical insulation is exposed to extreme operating temperatures, moisture, and chemical contamination, as experienced on a ship, will accelerate the deterioration process [56]. It is extremely critical to always know this electrical condition of the insulation in a ship’s electrical alternator at all times, so as to avoid any accident such as electrical shock, fire, or short circuit. Salt also corrodes metallic components such as the bearings and the shaft, which reduce mechanical strength and capability [57]. Light corrosion along the outside of the fitted bearing does not have an adverse effect. Rust presence in the interior of the bearing is, however, critical in many respects. On rolling surfaces, localized pitting corrosion produces stress peaks during overrolling, which can lead to premature fatigue. As in the case of false brinelling, rust particles have an abrasive effect and lead to wear.




4.6. Moisture


Condensation resulting from moisture is a problem for all diesel generators unless they are completely enclosed or kept warm enough during shutdown periods. When any warm dry generator is shut down, it draws in fresh cool air, wich always contains some moisture, even in hot, dry weather [58]. If the generator is operated continuously, or frequently, the insulation remains sufficiently dried out to prevent insulation failure. However, if the generator stands idle for long periods, especially in an unheated area during humid weather, the trapped moisture may accumulate until the insulation becomes a partial conductor of electricity. If normal voltage is then applied, the insulating material may fail and the generator must then be rewound before it can be operated again.



On the other hand, the moisture has also a significant impact on the electrical arcing and wear of the generator brushes. To keep the wear and electrical arcing down, the brass or bronze brushes inside the generator are lubricated. This lubrication wears away when they get wet. The brushes are then weakened and worn out by the electric arc. Furthermore, too much moisture in unseen places can cause rust. This material would then produce non-conductive films that cause arcing, rapid brush and commutator, or slip ring wear when applied to the commutator or slip ring [59]. Low humidity can result in rapid brush wear due to the mechanical friction caused by an inability to produce a film, as seen in northern and desert climates, and in freezer and high-altitude applications.



Rising temperatures and the circulation of generator cooling air with sufficient, and even operating, load can prevent this condensation. Heaters may help to raise the temperature to 5 °C above ambient temperature to prevent condensation in areas of high humidity [60,61].




4.7. Abrasive Dust


Dust and other particles constitute another hazard, as they cause the mechanical abrasion of the varnish, which will gradually lead to a deterioration in its performance. Since air circulation is used for cooling inside the alternator, the presence of particles in the environment is particularly harmful [62].



Abrasive dust absorbed through the cooling fan can damage a diesel generator. These specks of dust include iron dust, carbon dust, sand, graphite powder, coke dust, wood fiber, and quarry dust. When these foreign particles get into the generator, they act like sandpaper rubbing against the insulation. These abrasives can cause a short circuit in the electrical generator. An accumulation of these materials will act as insulation or as a moisture trap. Furthermore, they will cause significantly higher winding operating temperatures if these materials reach the generator cooling circuits, which increases the rate of thermal ageing in order to decrease the insulation life. These materials join the generator endwindings and cool air ducts in engines with open-type enclosures to clog them up. This type of contamination is accelerated if it occurs in combination with that from oil, grease, or moisture. Furthermore, the reduction in winding cooling that results from contamination will increase the generator’s I2 R losses to reduce its efficiency [63]. Filters that fit over the air intake or vent opening unit can prevent these problems. When using filters, they must be regularly changed so that they do not impede the airflow. The use of an air filter may, in turn, reduce output power due to the temperature increase resulting from a lower cooling airflow.





5. Conclusions


This article investigates the impacts of low load operation on diesel generators. We studied the conditions resulting in performance deterioration for diesel generators. Operational and environmental conditions affect these performances. The main conclusions are as follows.



Low load operations of diesel engines occur when the loads are below 30% of the maximum power. Low load diesel engine operations cause lower cylinder pressures and thus lower temperatures. Lower temperatures can lead to problems with ignition and incomplete combustion, resulting in increased soot formation and the accumulation of unburned fuel inside the cylinder. The effectiveness of sealing the piston ring depends on the gas pressure in the combustion chamber for proper functioning. Low cylinder pressure and piston ring glazing deteriorate the sealing effectiveness and aggravate the initially low cylinder pressure. Deteriorated piston rings allow hot combustion gases and particles to blow past the piston rings and ignite the lubricating oil film, from which liner glazing will result. Hard carbon particles arising from incomplete combustion polish and smooth the liner.



The engine damage presented in this article involves the breakage of the engine crankcase originally caused by piston scuffing. The scuffing results from mechanical contact when a failure or lack of lubrication occurs. Excessive low load operations cause the contamination of the lubrication oil, which eventually leads to a breakdown of the oil film.



Environmental conditions also affect diesel generator performances. Cold start, ambient temperature, altitude, corrosive environment, dust and humidity can negatively affect these performances.



The impacts of low charge operations are of concern if precautions are not taken, according to the engine manufacturers. Diesel engines operating at low loads must be brought up to high loads (at least 40–50% of full power) regularly to avoid operational problems. Increased engine loads raise the pressure and temperature, scrap the liner lacquering, and burn the soot deposits and unburned coal. These guidelines are included in the engine user manuals, without exception.




6. Suggestions for Further Work


The following elements would be worthy of further investigation:



Develop a test bench to verify the possibility of automatically detecting an underperformance in generator activity (light load: <30%) to reduce the extended time under low load. This work would include the measurement of CO, CO2, NOX, SOX and PM parameters along with cooling temperature, and intake shouold be registered and examined when applied loads vary;



The development of an advanced underperformance detection algorithm based on artificial neural networks.
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Figure 1. Variation of diesel fuel consumption per kWh for a 400 kW DG according to the applied load [24]. 
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Figure 2. Example of power contribution and fuel consumption of a high penetration wind–diesel generator. 
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Figure 3. Piston scuffing and hard carbon deposits. In (a) piston scuffing while in (b) hard carbon deposits on the top land of piston [31]. 
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Figure 4. Impact of the abrupt load change on engine performance. 
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Figure 5. BMEP variation vs. air equivalence ratio (Φ) projected with ambient temperatures and humidity ratio (w). 
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Figure 6. Variation of efficiency vs. fuel to air ratio equivalence (Φ) plotted with different temperatures and humidity ratios (w). 
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Figure 7. Influence of different parameters on cold startup. 
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Figure 8. Diagram of causes of cold start inefficiency. 
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Figure 9. Blow-by gas flow diagram inside the engine. 
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Table 1. Overview of the various effects that occur after low load diesel generator operation.
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	Definition
	Signs of Appearance
	Causes/Consequences
	Illustration





	Wet stacking
	Presence of a black ooze around the exhaust manifold, piping, and turbocharger, if fitted
	Cold weather running, low load or other causes that prevent the engine from reaching proper operating temperature
	 [image: Eng 01 00009 i001]



	Polishing cylinder
	The physical phenomenon which results in the formation of a mirror-like area on the cylinder’s inner surface
	Increased lubricating oil consumption and loss of power
	 [image: Eng 01 00009 i002]



	Glazing cylinder
	The chemical phenomenon, creating a coating on pistons and liners with a certain coloration
	Increased lubricating oil consumption, loss of power and engine smoke
	 [image: Eng 01 00009 i003]
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Table 2. Load levels in the percentage of continuous maximum rating.
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	Applied Load
	Description





	0–25%
	Extreme low load



	25–40%
	Low load



	40–80%
	Regular generator operation load



	80–90%
	High load



	90–100%
	Extreme high load
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Table 3. Illustration of the engine specifications.






Table 3. Illustration of the engine specifications.





	Engine Type
	Four Strokes, Tier I





	Cylinder configuration
	V-engine, 16 cylinders



	Aspiration
	Turbocharged



	Engine Output
	1690 kW/1800 rpm



	Operating hours
	15,000 h
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