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Abstract

:

In Mexico and many parts of the world, land cargo transport units (UTTC) operate at high speeds, causing accidents, increased fuel costs, and high levels of polluting emissions in the atmosphere. The speed in road driving, by the carriers, has been a factor little studied; however, it causes serious damage. This problem is reflected in accidents, road damage, low efficiency in the life of the engine and tires, low fuel efficiency, and high polluting emissions, among others. The official Mexican standard NOM-012-SCT-2-2017 on the weight and maximum dimensions with which motor transport vehicles can circulate, which travel through the general communication routes of the federal jurisdiction, establishes the speed limit at the one to be driven by an operator. Because of the new reality, the uses and customs of truck operators have been affected, mainly in their operating expenses. In this work, a mathematical model is presented with which the optimum driving speed of a UTTC is obtained. The speed is obtained employing the equality between the forces required to move the motor unit and the force that the tractor has available. The required forces considered are the force on the slope, the aerodynamic force, and the friction force, and the force available was considered the engine torque. This mathematical method was tested in seven routes in Mexico, obtaining significant savings of fuel above 10%. However, the best performance route possesses 65% flat terrain and 35% hillocks without mountainous terrain, regular type of highway, and a load of 20,000 kg, where the savings increase up to 16.44%.
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1. Introduction


Inefficient driving by truck drivers is very common in Mexico and in many parts of the world. China, for example, proposes motivational techniques for its cargo truck operators based on financial rewards. They presented that there are effects such as the personality of the operator, the conditions and/or external stimuli, traffic characteristics, or conditions of the vehicle that intervene in saving fuel. In this country, they proposed a control technique based on eco-driving. They obtained, with this implementation, savings of up to 10% [1].



In another investigation, statistical tools were applied to determine five behaviors of operating the motor unit, such as: acceleration levels, ups and downs, and idle times. Position, speed, and fuel consumption were taken into consideration. The records were 199 cargo units. The data were collected onboard the truck. The methodology consisted of applying a fixed-effects model based on panel data to estimate the effects of inefficient driving behaviors on fuel efficiency and the potential for fuel savings by improving these behaviors. They experienced excessive idle times and deceleration that was too rapid, which caused a considerable increase in fuel consumption [2].



The authors of [3] performed their study in a company that transports wood, and in the behavior of the drivers, their average speed, braking, and idling were identified as key factors that affect diesel performance. The study demonstrated that the efficiency of the driver increases when they are trying to cover long distances with low fuel, and it was notable that the incentive scheme promotes to improve the performance of the inefficient drivers.



The contribution of [4] is related to safe, efficient, and clean transport by controlling speed on long and steep slopes. The speed optimization using the Pontryagin iterative maximum principle algorithm is proposed. The authors performed a simulation-based evaluation of the proposal model, finding that the maximum temperature of the brake drums is reduced according to the speed control system, obtaining a safe temperature work and a reduction of fuel consumption of 15.50%.



Authors from [5] mentioned that the climatic effects can affect the performance of the cargo drive unit, as well as the behavior of the driver. In this investigation, the driver was subjected during the trip on rainy days. They used the highway information database, and a comparative analysis was made of the behavior of the operator in heavy and light rain conditions, using coincident trips. Those were defined as trips with the same driver, the exact vehicle, and the same routes traversed. The statistical analysis they provided demostrated significant differences when the driver operated in clear and rainy weather conditions. The study revealed a low probability of raising the speed limit on roads under extreme climatic conditions. The results were that the behavior and conduct of the tractor operator significantly affect driving.



The article [6] describes simulations to investigate how the length of the control horizon influences potential energy savings. The simulation demonstrated up to 7% energy savings without increasing travel time or deviating from the regular driving route. The article shows a simulation of saving energy when the vehicle is optimally controlled. The simulation demonstrated up to 7.00% energy saving without increasing travel time or deviating from the regular driving route. Moreover, a horizon length of 500 m can save significant energy by using the proposal controller. This model performs well in a minimum of 1000 m horizon length to save energy. Works such as that presented in [7] also work with mathematical models for saving fuel used in fuel stations.



Recent studies show that using different alternative fuel blends improves the reduction in emissions without sacrificing engine performance [8,9,10]. For example, the work [11] uses an alternative fuel based on Silkworm Oil Methyl Ester (SWOME) that has a better performance and, with pre and post-combustion control, reduces CO2 emissions by up to 85%. In [12], the effects of advanced injection timing combined with dual fuel mode on the overall performance of the diesel engine are studied. For this, multiple experimental tests were carried out with blends of waste oil methyl ester (WOME), demonstrating that the emissions can be reduced while increasing engine performance. In the same line of research, the effect of using the pre-mixed charge of biogas enriched with hydrogen in different types of engines has also been studied. In [13], a change in emissions according to the mixture used and the operating conditions was shown.



A different approach is the use of intelligent methods, and some work is focused on the prediction and modeling of emissions [14,15]. On the other hand, smart methods are used to improve engine performance through speed control [16]. For example, in [17], the details of the importance of eco-driving, emphasizing speed control, acceleration, deceleration, choice of route, and idling are studied. Likewise, it considers that the driver is a vital part, which is generally overlooked. The article reviews the application of devices and training programs in the vehicle, quantitative eco-driving patterns that can be integrated into the hardware of the vehicle to generate higher performance. Another example is where the authors of the research paper [18] used a multiscale-grid-based stacked bidirectional for predicting traffic speeds of urban expressways or the work [19] where the authors present a fuzzy system to save fuel based on the use of generators with lithium-ion batteries.



The research of [20] describes the use of autoregressive statistical models in conjunction with neural networks to predict the speed of a truck. They propose using neural networks to predict the speed of transport of goods, where the driver can make decisions about the route to follow. This method only proposes the prediction of the speed and the possible route to drive. Continuing in Croatia, tools such as convolutional neural networks (CNN) have been implemented, occupying speeds in periods of each week as input data. They propose a model considering an input and output layer with four convolutional layers. After performing the data analysis, they were able to predict the quality of traffic at the busiest intersections in the city of Zagreb [21].



The literature shows relevant advantages in saving energy in trucks. However, the challenge is to propose new techniques to prevent speed violation rates for road vehicles [22]. Actually, the production of new heavy trucks that reach high limits is being carried out. These vehicles with no optimal speed control can cause severe loss of life, materials, or property. Hence, it is important to propose cheap, practical, and non-invasive technologies [23].



In this context, a systematic review of the literature has been presented to discover and evaluate the different approaches to vehicle speed assistance for road vehicles in intelligent transport systems. On the part of the carriers, the speed in road driving has been a little-studied factor; however, severe damage is caused by not keeping it under control.



The official Mexican standard NOM-012-SCT-2-2017 on the weight and maximum dimensions with which transport vehicles can circulate establishes the speed limit an operator must drive. However, this is rarely respected [24]. In Mexico, this problem is reflected in accidents, damage to roads, low efficiency in the life of the engine, tires, low fuel efficiency, and increasing CO2 emissions, among others [25]. In this context, the share of the most common vehicle classes from 2009 to date are those corresponding to the three-axle truck and two-axle semi-trailer (T3S2) and the three-axle truck, two-axle semi-trailer, and trailer three-axle (T3S2R4). On the other hand, accidents on the road are minimized by driving at maximum speed and not traveling the road at high speeds. The participation of this type of truck at the national level is 63% of the total vehicular cargo movement in Mexico [25].



The studies mentioned above show that engine performance and emissions are a multivariate problem. Speed is a critical factor in performance, emissions, and safety. However, the calculation of the optimal speed is a complex multi-factor problem that must be updated to different road and vehicle conditions. For this reason, this work presents a mathematical model in which the optimal driving speed of a land cargo transport unit (UTTC) is obtained for units type T3S2 and T3S2R. The estimation of the optimal driving speed must consider the equality between the force available to the vehicle and the force it requires to travel a road. This work focuses on heavy truck operators, where the driver is an important factor that is often overlooked. Thoughtful and analytical driving represents a relatively low-cost measure to reduce fuel consumption significantly. The determining factor in achieving these objectives is to drive at the optimum speed, where the required power (  P r  ) of the road and the available power (  P a  ) in the truck are equated. The variables to consider are like a tailored suit per truck and route. The novelty of the work is that it does not generate extra costs for the transport company because the unit must only be driven at the maximum calculated speed. This method was tested in seven runs, obtaining significant fuel savings of up to 10.09%.



The rest of the work is organized as follows. In Section 2, the methodology is explained. Later, Section 3 presents the most relevant results in seven route tests, which were carried out with the calculated speeds, obtaining significant average savings for the transport companies of 10.09%. Finally, in Section 4, the conclusions are presented.




2. Methodological Approach


The methodology consists in obtaining the optimum driving speed of a UTTC through the forces that oppose the movement and the force which the UTTC has available. Furthermore, the slope, ground resistance, and aerodynamic resistance were considered in the performance of the model [26,27,28]. The forces are calculated by route and by type of truck. These two calculations are equalized, and the maximum speed is obtained. The general procedure for obtaining the optimal speed is shown in Figure 1.



2.1. Calculation of Available Force


The equation to calculate the motor available force [25] is given by:


  F 1 = M  T r   



(1)




where:




	
M = Equation of engine torque (Nm);



	
T = Differential (axle ratio)/tire diameter (m);



	
r = Engine performance.








The torque, or torsional torque curve, measures the force exerted at the engine output in Nm. We proceed to adjust the torque curve through the equation:


  M =  M 0  +  M 1  R +  M 2   R 2   



(2)







The previous equation represents the equation of polynomial regression fit of the motor torque curve of the UTTC [25], with   M 0  ,   M 1  , and   M 2  , polynomial regression coefficients. These constants were obtained from the non-linear relationship between the independent variable R, which is the revolutions per minute of the engine (RPM), and the dependent variable M. To perform the proposal model, the torque curves of caterpillar and detroid diesel engine were considered according to [29,30]. The relationship was modeled with a second-order polynomial by solving a 3 × 3 system of equations. R, was defined as shown in Equation (3):


  R = 2.57 T V  



(3)




where T can be calculated according to Equation (4):


  T =   ( d i f f e r e n t i a l ) × ( a x l e  r a t i o )   t i r e  d i a m e t e r    



(4)




where differential and axle ratio are dimensionless variables and tire diameter is given in cm.




2.2. Calculation of Required Force


The powertrain of the vehicle (engine, transmission, differential, axles, and wheels) is designed to convert engine torque into useful tractive force from the tires to the pavement. When this force is greater than the sum of the forces that act against the movement of the vehicle, it accelerates in the direction of the road [25]. The tractive force greater than the forces that oppose the vehicle, accelerating it, can be expressed as in Equation (5):


  F 2 = F r o d + F a e r o d + F p e n d + m a  



(5)




where F2 is the tractive force available in tires, Faerod is the aerodynamic drag force, Frod is the rolling resistance force, and Fpend is the resistance force to slope.



The mathematical model considers that the tractive force is equal to the sum of the forces that oppose the movement of the vehicle [26]. The acceleration (a) must have small changes for the correct model application, implying that it can be neglected. Therefore, Equation (5) can be rewritten as follows:


  F 2 = F r o d + F a e r o d + F p e n d  



(6)







The sum of the aerodynamic drag forces are a function of the air density (  C 2  ), the coefficient of aerodynamic resistance (  C d  ), the frontal area of the vehicle (A), and the speed of the unit (V).


     F a e r o d =  C 2   C d  A  V 2      



(7)




where   C 2   is the air density in   kg /  m 3    with a constant value of 0.04449, A is the front area of the vehicle in   m 2  , V is the unit velocity in   m / s  , and   C d   is the aerodynamic coefficient with a constant value of 0.7. Rolling resistance force is the sum of the forces required to overcome frictional resistance in tires. The force required to overcome friction resistance can be expressed as the index of friction to the floor, the weight of the vehicle, the aerodynamic and static coefficients, and the speed [25,31,32].


  F r o d =   C 8  m +  C v  m V  p  



(8)




where   C 8   is the static friction coefficient with a constant value of 0.05025,   C v   is the dynamic friction coefficient with a value of 0.00051. Finally, p is the floor roughness index which can be three different values according to the state of the road:




	
p = 1 for good road;



	
p = 1.5 for regular road;



	
p = 2 for bad road.








The components of the gravitational force affect the weight of the vehicle.


  F p e n d = g m sin  ( α )   



(9)




where the m is the unit mass given in kg; g is the acceleration of gravity in   m /  s 2   , and  α  is the inclination angle. Once the required forces are calculated, it is converted to the required power hp.



The model considers the possible types of terrain: flat, hill, mountain, and road; good, regular, and bad. The required power is calculated based on the route of the truck, so it is possible to calculate it for any combination. Figure 2 shows three possible combinations.




2.3. Optimal Speed: Match of the Available and Required Forces


Now, with the intersection of the curve of the available power and the required power, the maximum speed per power is found, that is: at the point where    P a  =  P r   , we have the maximum speed per power for each angle of inclination (flat, hilly, and mountainous terrain). Each point is found by solving simultaneous equations as follows:


         V 2    (  C 1   M 2   T 3  r )  −  (  C 2   C d  A )            + V   ( 2.57  M 1   T 2  r )  −  (  C v  m p )            +   M 0  T r −  C 8  m p − 9.81 m sin α  = 0     



(10)







With:


     C 1     = c o n s t a n t  f r o m  m a t h e m a t i c a l  c a l c u l a t i o n       C 2     = a i r  d e n s i t y  kg /  m 3  = 0.04449  kg /  m 3        C v     = d y n a m i c  f r i c t i o n  c o e f f i c i e n t = 0.00051       C d     = a e r o d y n a m i c  c o e f f i c i e n t = 0.9     











Therefore, the velocity is equal to the optimal speed (  S o  ) calculated by the intersection of the available power and the required power, which is   V =  S o    and can be calculated as a simple quadratic equation.



The intersection is made with the curve of the available power while normally considering the change of the last gear of the transmission box, the curve of the required power that corresponds to the type of terrain, and the type of road of the route of the truck.



Figure 3 presents an example of the intersection of the curve of the available power of the 14 th  speed with three curves of the required power of the combinations for flat terrain with the typical road: Good (G), Regular (R), and Bad (B).



Normally, the maximum driving speed is obtained with the intersection of the curve of the representative power required of the route.



The corresponding expression for calculating fuel efficiency [25] is show in Equation (11):


   P e  =  V   ( 0.454 )   (  P r  )   ( S C )     



(11)




and   P r   is the required power obtained by Equation (12):


   P r  =   C 8  m +  C v  m V  p +   C 2   C d  A  V 2   +  ( m g sin  ( α )  )   



(12)




using an specific consumption of 0.33.





3. Results


The cargo trucks most used in Mexico are the T3S2 single and T3S2R4 full. These two models transported more than 68% of total cargo in 2019. In the same year, the two types of units accounted for 84% of the total value of the cargo. For this reason, units of these classes were considered in the fieldwork. Fieldwork was carried out on seven routes nationwide, with different transport companies of onboard vehicles type T3S2 (single) and T3S2R4 (full). The average maximum speed obtained was provided to each UTTC operator. This speed was obtained graphically as explained in the methodology. It was verified in person that the transport unit has been operated according to the maximum speed calculated by the model. The standard 14-speed gearboxes have different axle ratios as shown in Table 1.



Then, it is necessary that for each axis relationship there will be a specific  T . If we vary  V  from 5 to 100   km / h   for the first speed, with  T  = 107.1, the curve for the first speed is generated, obtaining the available force.



In the same range with  T  = 90.3, the curve for the second speed is generated, obtaining the corresponding available force. This process continues until the 14 th  gear. Subsequently, force is converted to power in  hp . See Figure 4 with the last three speed curves, corresponding to gears 12, 13, and 14, for a particular engine.



The procedure consisting of the unit would operate according to the speed calculated by the model. At the end of the tour, the performance normally observed by the operator was compared with the performance obtained in fieldwork. Using the theoretical model, the average fuel efficiency   km / L   was estimated for different scenarios and routes. The field work consisted of seven tours nationwide.



The first route was from Nuevo Laredo–Tamahulipas to Querétaro–Querétaro. The run was carried out considering the speed calculated with the model, obtaining a saving of 7.14%, with the performance of 2.87   km / L  , compared to the 2.6   km / L   of the truck operator. However, the calculation considered a good road type and a hilly terrain type. Most of the terrain has no slopes, so fuel efficiency tends to be high. In Figure 5, the optimum driving speed of 85   km / h   is shown. It was obtained from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 12 th  gear. In the calculation, the time of hilly terrain and type of good road were assumed.



The second route was from Coyuca–Puebla to Lagunas–Oaxaca. The run was carried out considering the speed calculated with the model of up to 75   km / h  , obtaining a saving of 9.67%, with the performance of 1.55   km / L  , compared to the 1.4   km / L   of the truck operator. The type of road considered in this route was good. The type of terrain is roughly shaped as: flat: 20%, hilly: 50%, and mountain: 30%. However, the calculation considered a good road type and a hilly terrain type. Figure 6 displays the optimum driving speed of 75   km / h  , which was obtained from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 13 th  gear.



The third route was from Tula–Hidalgo to Coyuca–Puebla. The run was carried out considering the speed calculated with the model of up to 120   km / h  , obtaining a saving of 9.46%, with the performance of 2.43   km / L  , compared to the 2.20   km / L   of the truck operator. The type of road considered was good. The type of terrain is roughly shaped as: flat: 45%, hilly terrain: 55%. However, the calculation considered a good road type and hilly terrain type. Most of the terrain has no slopes, so fuel efficiency tends to be high. In Figure 7, the optimum driving speed of 120   km / h   is presented by obtaining from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 14 th  gear. In the calculation, the time of hilly terrain and type of good road were assumed.



The fourth route was from Jaltipan–Veracruz to Texcoco–Estado de Mexico. The run was carried out considering the speed calculated with the model of up to 65   km / h  , obtaining a saving of 7.2%, with the performance of 1.51   km / L  , compared to the 1.4   km / L   of the truck operator.



The type of road considered was good. The type of terrain is roughly shaped as: flat: 60%, hilly: 35%, and mountain: 5%. However, the calculation considered a good road type and a hilly terrain type. Most of the terrain has no slopes, so fuel efficiency tends to be high. In Figure 8, the performance of the model and the field work experiment is presented, where the optimum driving speed of 65   km / h   is obtained from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 12 th  gear. In the calculation, the time of hilly terrain and type of good road were assumed.



The fifth route was from Texcoco–Estado de Mexico to Tula–Hidalgo. The run was carried out considering the speed calculated with the model of up to 7.2   km / h  , obtaining a saving of 7.2%, with the performance of 1.51   km / L  , compared to the 1.4   km / L   of the truck operator. The type of road considered was good. The type of terrain is roughly shaped as: flat: 65%, hilly: 35%. However, the calculation considered a good road type and a hilly terrain type. Most of the terrain has no slopes, so fuel efficiency tends to be high. Figure 9 presents the optimum driving speed of 90   km / h   obtained from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 12 th  gear. In the calculation, the time of hilly terrain and type of good road was assumed.



The sixth route was from San Juan del Río–Queretaro to Coatzacoalcos–Veracruz. The run was carried out considering the speed calculated with the model of up to 85   km / h  , obtaining a saving of 7.94%, with the performance of 3.19   km / L  , compared to the 2.78   km / L   of the truck operator. The type of road considered was good. The type of terrain is roughly shaped as: flat: 60%, hilly: 35%, and mountain: 5%. However, the calculation considered a good road type and a hilly terrain type. Most of the terrain has no slopes, so fuel efficiency tends to be high. In Figure 10, the optimum driving speed of 85   km / h   is shown, obtained from the equality of the powers required and available. It was considered that on average, the driver drove steadily in 12th gear. In the calculation, the time of hilly terrain and type of good road were assumed.



Finally, the seventh route was from Lagunas–Oaxaca to Jaltipan–Veracruz. The run was carried out considering the speed calculated with the model of up to 90   km / h  , obtaining a saving of 12.86%, with the performance of 3.38   km / L  , compared to the 2.9   km / L   of the truck operator. The type of road considered was good. The type of terrain is roughly shaped as: flat: 25%, hilly: 60%, and mountain: 15%. However, the calculation considered a good road type and a hilly terrain type. Figure 11 shows the performance of the model by obtaining the optimum driving speed of 90   km / h   according to the equality of the powers required and available. It was considered that on average, the driver drove steadily in 12 th  gear. In the calculation, the time of hilly terrain and type of good road were assumed.



Satisfactory results were obtained in the seven routes, observing an average of 10.09% savings.



Discussion


In Mexico, there are fourteen major highway corridors for the movement of cargo. The field work that was carried out is part of the branches of said corridors. The road characteristics of these regions are mostly good road and hilly terrain, which were considered in the calculations of the required force. Table 2 summarizes the characteristics of the type of terrain and type of road of the seven routes. The type of road and the percentages of type of terrain were calculated using the data provided by the Mexican Institute of Transportation.



Table 3 shows the results of the field work. As can be seen in the seven routes, there are significant savings that if multiplied by the number of times the operator repeats the route, the company could save significant amounts of money.



Finally, the difference obtained in terms of the type of driving of the seven routes according to the model and the driver is displayed in Figure 12. The average saving of 10.09% of the seven routes was obtained considering the characteristics of the highway according to the most significant highway corridors in Mexico. The application of the presented methodology shows significant savings in transport companies, the decrease in oil consumption, and the increase in the life of the tires and the engine. Driving the unit at the optimum speed does not force the unit and, in addition, significantly reduces accidents on the roads, also reducing polluting CO2 emissions by lowering diesel consumption. The automation of the presented method is left for future work so that in real time, the operator can see, during his journey, the speed on a display at which he must drive according to the type of terrain and type of road during the journey.



Although multiple works are related to improving performance or reducing emissions, this work presents two key characteristics that distinguish it from the actual investigations. The first characteristic is that the proposed system is not invasive. Any installation is required since the proposed method is embedded and portable, without changes in the vehicle or required fuel. On the other hand, and unlike typical eco-driving systems, this work considers the state of the road and the state of the vehicle for the calculation of the optimal speed and not only the revolutions of the engine. These characteristics are contrasted in Table 4.





4. Conclusions


This article presented a novel mathematical model to calculate the speed maximum operating capacity of a land transport unit of load. Seven routes of transport companies and the intersections of the available power curve, with the curve of the power required for each particular route, were considered to perform the study. For each intersection, the maximum speed of driving was also determined as a result of the equality between the power available and required power. The savings in percentage of each route when driving at the maximum calculated speed were presented. From the results obtained, the drivers who observed better fuel efficiency and significant savings percentages were the routes: Lagunas, Oaxaca–Jaltipan, and Veracruz, with 25% flat terrain, 60% hillock, and 15% mountain, along with regular road type. The weight was 20,000 kg and the saving was 12.86%, at a speed of 90   km / h  . The other route with the best performance was that of Texcoco, State of Mexico–Tula, Hidalgo, with 65% flat terrain and 35% hillocks, without mountainous terrain, and a regular type of highway. The weight was 20,000 kg and the saving was 16.44%. As can be seen in the seven routes, there are significant savings that if multiplied by the number of times the operator repeats the route, the company could save significant amounts of money. It was verified in person that the transport unit has been operated according to the maximum speed calculated by the model. On average, savings of fuel were above 10%. It was demonstrated that in operating the cargo land transport unit according to the particularity of each truck and the characteristics of each path, benefits are obtained for the economic transport companies. The proposed methodology ensures the maximum speed of driving and its corresponding fuel efficiency   km / L   as a tailored suit for each type of truck and route. The implementation of the methodology considered the type of good road and type of hill terrain, for the seven routes, since these routes are branches of the fourteen most important highway corridors in Mexico, which on average maintain good road and hill type terrain. The proposed model works, yielding significant savings for the seven transport companies. The proposed methodology ensures the maximum speed of driving and its corresponding fuel efficiency   km / L   as a tailored suit for each type of truck and route. For future work, it is proposed to continue with the automation of the model by the design of a prototype and the implementation of the training of a computer, through a neural network, to predict the optimal driving speed and optimize the fuel consumption of the UTTC. The network will be fed with the variables of a mathematical algorithm that was created to calculate the maximum speed at which a transport unit must be operated and the optimization of fuel consumption.
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Abbreviations


The following abbreviations are used in the manuscript:





	   F 1   
	Available force



	M
	Engine torque



	T
	Gear transmission ratio



	r
	Engine performance



	   M 0   
	Polynomial regression coefficient



	   M 1   
	Polynomial regression coefficient



	   M 2   
	Polynomial regression coefficient



	R
	Revolutions per minute of the engine



	   F 2   
	Tractive force available in tires



	   F a e r o d   
	Aerodynamic drag force



	   F r o d   
	Rolling resistance force



	    F p  e n d   
	Resistance force to slope



	a
	Acceleration



	m
	Mass of the truck



	   C 2   
	Air density



	   C d   
	Aerodynamic coefficient



	A
	Front area of the truck



	V
	Speed



	   C 8   
	Rolling static coefficient



	   C v   
	Rolling dynamic coefficient



	p
	Rolling friction coefficient



	g
	Gravity acceleration



	  α  
	Inclination angle



	   P r   
	Required power



	   P a   
	Available power



	   C 1   
	Constant of mathematical calculation



	   S o   
	Speed per power



	R
	Revolutions per minute



	   P e   
	Fuel efficiency



	   S C   
	Specific fuel consumption
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Figure 1. General procedure for obtaining the optimal speed. 
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Figure 2. Required power curves given in hp. The land is Flat (F) highway: Good (G), Regular (R), and Bad (B). 
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Figure 3. Intersections of the velocity curve of the available power at 14 th  speed, with the speed curves of the required power terrain: Flat (F) Road: Good (G), Regular (R) and Bad (B). 
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Figure 4. Speed curves corresponding to the available force of a motor and a SPICER gearbox for the three last speeds. 
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Figure 5. Route 1: Nuevo Laredo–Tamahulipas to Querétaro–Querétaro. Intersection of the curve of the available power of the 12 th  speed, and the curve of the required power of the hilly terrain and good road with   m = 35,000   kg. 
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Figure 6. Route 2: Coyuca–Puebla to Lagunas–Oaxaca. Intersection of the curve of the available power of the 13 th  speed, and the curve of the required power of the hilly terrain and good road with   m = 85,000   kg. 
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Figure 7. Route 3: Tula–Hidalgo to Coyuca–Puebla, Mexico. Intersection of the curve of the available power of the 14 th  speed and the curve of the required power of the hilly terrain and good road with   m = 25,000   kg. 
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Figure 8. Route 4: Jaltipan–Veracruz to Texcoco–Estado de Mexico. Intersection of the curve of the available power of the 12 th  speed, and the curve of the required power of the hilly terrain and good road with   m = 95,000   kg. 
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Figure 9. Route 5: Texcoco–Estado de Mexico to Tula–Hidalgo. Intersection of the curve of the available power of the 12 th  speed, and the curve of the required power of the hilly terrain and good road with   m = 20,000   kg. 
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Figure 10. Route 6: San Juan del Río–Queretaro to Coatzacoalcos–Veracruz. Intersection of the curve of the available power of the 12 th  speed, and the curve of the required power of the hilly terrain and good road   m = 30,000   kg. 
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Figure 11. Route 7: Lagunas–Oaxaca to Jaltipan–Veracruz. Intersection of the curve of the available power of the 12 th  speed, and the curve of the required power of the hilly terrain and good road with   m = 20,000   kg. 
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Figure 12. Fuel efficiency comparison: mathematical model vs. field work. 
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Table 1. Axle ratio for standard 14-speed gearboxes.
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	Speeds
	    1 st    
	    2 nd    
	    3 rd    
	    4 th    
	    5 th    
	    6 th    
	    7 th    
	    8 th    
	    9 th    
	    10 th    
	    11 th    
	    12 th    
	    13 th    
	    14 th    





	Axle ratio
	12.35
	10.41
	7.09
	5.98
	4.19
	3.59
	2.77
	2.33
	1.97
	1.66
	1.4
	1.18
	1
	0.84



	T
	107.1
	90.3
	61.5
	51.9
	36.3
	31.1
	24
	20.2
	17.1
	14.4
	12.1
	10.2
	8.7
	7.3
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Table 2. Characteristics of the routes used.
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	Route
	Origin to Destination
	Terrain





	1
	Nuevo Laredo–Tamahulipas to Querétaro–Querétaro
	Flat land: 60%; hilly terrain: 30%; mountain: 10%



	2
	Coyuca–Puebla to Lagunas–Oaxaca
	Flat land: 20%; hilly terrain: 50%; mountain: 30%



	3
	Tula–Hidalgo to Coyuca–Puebla
	Flat land: 45%; hilly terrain: 55%; mountain: 0%



	4
	Jaltipan–Veracruz to Texcoco–Estado de Mexico
	Flat land: 60%; hilly terrain: 35%; mountain: 5%



	5
	Texcoco–Estado de Mexico to Tula–Hidalgo
	Flat land: 65%; hilly terrain: 35%; mountain: 0%



	6
	San Juan del Río–Querétaro to Coatzacoalcos–Veracruz
	Flat land: 60%; hilly terrain: 35%; mountain: 5%



	7
	Lagunas–Oaxaca to Jaltipán–Veracruz
	Flat land: 25%; hilly terrain: 60%; mountain: 15%
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Table 3. Results of fieldwork.
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Route

	
Origin–Destination

	
Model (km/L)

	
Field Work (km/L)

	
Distance (km)

	
Save (%)

	
Unit

	
Load

	
Calculated Maximum




	

	

	

	

	

	

	

	

	
Speed (km/h)






	
1

	
Nuevo Laredo–Tamahulipas to Querétaro–Querétaro

	
2.87

	
2.6

	
914

	
7.14

	
T3S2

	
Empty

	
85




	
2

	
Coyuca–Puebla to Lagunas–Oaxaca

	
1.55

	
1.4

	
713

	
9.67

	
T3S2R4

	
Full

	
75




	
3

	
Tula–Hidalgo to Coyuca–Puebla

	
2.43

	
2.2

	
254

	
9.46

	
T3S2R4

	
Empty

	
120




	
4

	
Jaltipan–Veracruz, to Texcoco, Estado de Mexico

	
1.51

	
1.4

	
560

	
7.2

	
T3S2R4

	
Full

	
65




	
5

	
Texcoco Estado de Mexico to Tula–Hidalgo

	
3.83

	
3.2

	
94

	
16.44

	
T3S2R4

	
Empty

	
90




	
6

	
San Juan del Río, Querétaro to Coatazacoalcos Veracruz

	
3.19

	
2.78

	
398

	
7.94

	
T3S2

	
Full

	
85




	
7

	
Lagunas, Oaxaca–Jaltipan, Veracruz

	
3.38

	
2.9

	
158

	
12.86

	
T3S2R4

	
Empty

	
90




	
Average savings percentage: 10.09%
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Table 4. Comparison of similar works in yield optimization or emissions reduction.
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Work

	
Characteristics Considered




	
Not Invasive

	
Vehicle Variables

	
Road Variables

	
Load

	
Alternative Fuel






	
Our Work

	
x

	
x

	
x

	
x

	
-




	
[8]

	
x

	
x

	
-

	
-

	
x




	
[9]

	
x

	
x

	
-

	
-

	
x




	
[10]

	
x

	
x

	
-

	
-

	
x




	
[11]

	
x

	
x

	
-

	
-

	
x




	
[12]

	
x

	
x

	
-

	
-

	
x




	
[13]

	
x

	
x

	
-

	
-

	
x




	
[14]

	
x

	
x

	
-

	
-

	
-




	
[16]

	
-

	
x

	
-

	
-

	
-
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