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Abstract. 
This paper presents a technical simulation based system to support the concept of generating energy from road traffic using piezoelectric materials. The simulation based system design replicates a real life system implementation. It investigates practicality and feasibility using a real-time simulation platform known as MATLAB-Simulink. The system design structure was proposed considering factors involved with the field of material sciences for piezoelectric generator modeling and field of power electronics for additional components in producing a realist outcome. It also ensures ease of vehicle performance, as this system utilizes energy source derived as kinetic energy released from vehicles into electrical power output, that is, obtained by harnessing kinetic energy due to strain of vehicles over asphalt road surface. Due to the real-time simulation platform, the system simulation predicts the effective global carbon footprint. In addition to evaluating technical viability, a technoeconomical business analysis provides a strategic perspective. By using the simulation based power generation results, an estimation of implementation cost and payback time in real life (for United Arab Emirates) was derived, hence validating and predicting real-time economic outcome. This is followed by a comparative study with other sources of renewable energy based on levelized energy cost factor that justifies the performance of the proposed system over other renewable energy sources, in support of providing an economical solution on reducing global carbon footprint.



1. Introduction
The universal law of conservation energy states that energy can neither be created nor be destroyed but converted from one form of energy into another form of energy [1]. This process of conversion is commonly addressed as energy transfer that enables energy to reside at different state or transform into another type of energy via generators or transducer. Thus, this paper explores the notion of harnessing kinetic energy released from vehicle traffic in form of vibration due to speed of travel and strain caused due to gravity to power street lights, traffic signal, radars, and residential houses, in turn reducing greenhouse emission by minimizing energy requirement from the grid. However, the penetration of kinetic energy from surface of the asphalt road depends on the structure and quality of piezoelectric transducers embedded beneath. Moreover, it is believed to be more efficient than wind or solar energy in terms of economic aspects based on levelized energy cost (LEC).
This paper presents relevant study from our previous published work [2] that provides an insight into the principles of finite element analysis, power electronics, and the classic plate theory involved in the system designing. The first stage of designing used classic plate theory as a base structure or its foundation to build up the system formulation in correspondance to its application. This also includes the exploration of basic principle of mechanisms involved in the proposed method on structuring of piezoelectric transducers using finite element analysis (FEA) and power electronic devices to attain increased levels of kinetic energy absorption. The Simulink model projected anticipated design with real life safety systems, keeping in mind the end goal which legitimized the hypotheses to a realistic and sensible scale. In addition to modeling, this article predicts and estimates power generation using real-time MATLAB-Simulink platform. After this, the estimated energy production was used to check for economic viability in terms of business aspects to estimate cost of investment, return-on-investment (ROI), and internal-rate-of-return along with carbon emission analysis for the proposed system. Lastly, brief levelized energy cost computations were carried out to justify the relevance of the proposed system to existing technology. After this, the outcomes acquired were completely inspected to infer to the accompanying conclusions.
2. Previous Work
Piezoelectric energy generation utilizes the strain caused by vehicles over asphalt road surface due to gravity and harnessing kinetic energy or vibrations from moving vehicles. These vibrations from moving vehicles are nothing but imbalance caused by strain of a tire on gravel road (asphalt road). In order to capture and harness such an energy, a piezoelectric transducer by nature is a perfect device as piezoelectric materials react to “compression” to produce electrical output. Since asphalt road comprises finer gravel and a structure almost similar to cement roads, piezoelectric generator has to be highly sensitive and closer to impact in theory. In order to achieve a highly sensitive piezoelectric transducer, the selection and structure of material are vital, such that the material withstands various load conditions along with environmental factors. This leads to investigations amongst the existing material that exhibits maximum displacement such as barium titanate (BiTiO3) and lead zirconate titanate (PZT) as performed in our previous study [2]. From our study, doping of PZT optimized piezoelectric and dielectric parameters in addition to its robust structure. However, PZT-5H was the most appropriate material under various experimental conditions in comparison to PZT-5H, PZT-4, and PZT-5A. For instance, it exhibits highest piezoelectric property from 25° to 170° which is within the Curie temperature and is appropriate for extreme external temperature (suitable for UAE). Moreover, in our study, the optimum design structures of transducers amongst pile type, multilayered, thunder, moonie, bridge, and cymbal type were also performed along with FEA to classify chemical properties of the elements in all possible structures. Modeling and the structuring of the piezoelectric transducer on its own involve the process of finite element analysis to select the appropriate material, namely, the lead zirconate titanate (PZT-5H), which is demonstrated in Figure 1. The figure formulates the optimum structure for the piezoelectric generator design.




	
	
		
			
		
	


Figure 1: FEA of optimum piezoelectric transducer.


From previous work [2], it was clear that the piezoelectric transducer design requires about 8 to 16 PZT piles for 0.04 m2 road area where the PZT piles were of round shape and multilayering the structure of PZT was suggested to decrease the electric potential on pavement generator. In addition to finite structuring of the generator, implementation of this system requires slight alteration of road’s foundation structure such that it behaves like a plate resting on Winkler foundation [3] that provides a spring-like structure to maximize the output power generated by amplifying the impact signal. However, this Winkler foundation aims to only enhance the strain and fluctuation of the vibration/kinetic energy harnessed by the transducer beneath the surface on miniscale range and not deteriorate the entire structure of asphalt road, thus providing a seamless energy harvester system. Moreover, Zhang et al. [3] had performed various analyses by considering shear and stress of the structure at various load conditions including effective load area to estimate the placement of a simple transducer. An effective output yielded an average power of 250 kWhr/km per lane with traffic rate of 20 vehicles/min, when transducers were placed at 5 cms beneath the surface of the road captured vibrations and utilized deformation of road dynamics as its input source. In order to deduce deformation of road dynamic’s response to estimate an overall power generation, an equation based mathematical modeling of pavement denoted by (2) produces the deformation response that deals with the classic plate theory based on Kirchhoff-Love plate theory and navies solution in conjunction with Fourier analysis, Cauchy’s residue theorem and so on. In order to deduce the deformation of the pavement, the governing differential equation of the pavement is denoted by (1) that was obtained according to the Kirchhoff-Love plate theory [4] or commonly known as the classic plate theory [5]. This plate theory was blatantly hiding behind physics books which is relevant to this form of application.where  is modulus of the subgrade,  is density, and  is time. However, the flexural rigidity of the pavement  is determined by [3]where  is Young’s modulus,  is Poisson’s ratio, and  is thickness of the pavement. These equations represent road structure as plates or Winkler foundation due to its elastic nature/bouncy foundation. However, this aspect only affects impact signal within the frequency range determined by the piezoelectric material and does not modify the road structure to a wobbly state. It only boosts the piezoelectric transducers. Then, the fourth-order displacement gradient is addressed by (4) with the Winkler foundation represented by the second and the third term of (4) [3]. Consider
Using (2), displacement of pavement due to load intensity of vehicle considering coefficient of friction was computed by applying boundary conditions and assuming the length of the pavement was considered to be infinite in the direction of motion and simply supported at edges. With the new found displacement and characteristic properties of the piezoelectric material, the output voltage and power of a single piezoelectric generator were determined, by incorporating all the parameters in the direct piezoelectric law, stated by (5) [5–7]. ConsiderThese analogies and discussed methods [3, 4, 8, 9] were used to design the piezoelectric generator on MATLAB-Simulink and the system also comprises various other power electronic systems such as rectifiers, inverters, DC boost converter, LC filter, PWM modulation, and PI controller [10].
3. Methodology
This methodology is ideal for developed countries as the installation process requires revenue and the power generation is high voltage which requires proper transmission installation. First, a basic block design for this type was structured depicted by Figure 2.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Process flow diagram.


The flow chart shown in Figure 2 represents the working process of the entire proposed system. From literature review, the system comprises a piezoelectric transducer that is to be embedded within the surface of the road at 5 cms below the surface as per our previous studies [2]. These piezoelectric transducers capture the strain due to the mass of the vehicles, the kinetic energy due to moving traffic, and the vibrations caused due to the contact between the tire and the asphalt road surface as its input source of energy. The “piezoelectric generator” block then converts this input mechanical input (strain) energy source into electrical power output (AC power generation). Then this power is rectified into DC power source via the “rectifier” block. These blocks together form the piezoelectric transducer stage as observed from Figure 2. However, as mentioned earlier in literature review, design structure of piezoelectric generator and formulation of road foundation are the main process of generating electricity. Then the rectified output from the piezoelectric generator as seen from Figure 2 is doubled via “DC boost converter” system for the purpose of transmission. Next, the power produced is passed through the “inverter” block as indicated in Figure 2 that produces AC power output before supplying it to grid for further transmission.
3.1. Design Implementation of Simulink Model
This mechanism of system was carefully implemented using MATLAB-Simulink environment as observed in Figure 3; first a MATLAB scrip was written (provided in the Appendix) to replicate power generation of piezoelectric transducer as described in literature review and function of script is to take in(i)dimensions of road;(ii)load intensity due to(a)average speed of vehicle,(b)rate of traffic,(c)friction of coefficient;(iii)time duration (elapsed time of power generation).The MATLAB script is essentially alternative modeling of the piezoelectric generator, utilizing the concepts and theories provided in Section 2 and (1), (2), and (5). However, the power generation of the system, known as load factor, depends on factors listed above as dimension of road determines number of piezoelectric transducers that would be embedded beneath surface of asphalt road. After that, the speed at which vehicle travels will have an impact on percentage of area in contact with surface of road that causes displacement within its surface. But displacement is directly related to displacement of piezoelectric transducer embedded. Therefore, MATLAB script was written (provided in Appendix) that incorporated piezoelectric material (PZT-5H) properties listed in Table 1. As the main aim of the MATLAB script is to vary the specifications for each city/country, this journal provides computed data and results that satisfy the speed regulations limited to cities in UAE including the vehicle weight, speed, and road temperature. (Specifically Dubai as speed limits are constrained to 80, 100, and 120 kmph.) Following this, the script was called within the Simulink model as “DATA” source. Following this, Simulink model (Figure 3) was implemented based on output readings derived from MATLAB script.
Table 1: Piezoelectric material properties.
	

	Parameter	Value
	

	Poisson’s ratio ()	 0.15
	Young’s modulus  (Mpa)	 27560
	Density ()	 2323
	Winkler modulus () (Mpa/m)	 136
	Distributed load of vehicle 	 0.267
	Distance between the moving loads 	 1.22
	Length of the transducer 	 0.1
	Width 	 0.1
	Thickness 	 0.01
	Elastic compliance constant,  (pm2/N)	 16.5
	Elastic compliance constant,  (pm2/N)	 −5.74
	Piezoelectric constant, 	 −274
	Permittivity, 	 30.06
	Resistive load 	 800
	







	
	
		
			
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
		
		
			
			
		
		
			
		
			
		
			
			
		
		
			
		
			
		
			
			
		
		
			
		
			
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
		
			
	


Figure 3: Design implementation of Simulink model.


It can be seen that system is briefly subcategorized into four sections which are similar to those of block diagram observed in Figure 3, vis-a-vis the following:(i)Piezoelectric transducer stage.(ii)DC booster stage.(iii)Inverter stage.(iv)Output/load stage.These stages after piezoelectric power generator stage are to rectify the generator power by extracting and canceling the ripple current and noise. The inverter stage is responsible for acting as a power oscillator, as they oscillate direct current supply into alternating current supply. However, in order to exert this effect, the transistors are controlled by a pulse width modulated signal to switch on and off a particular set of transistors to recreate the positive and the negative cycle. The frequency is usually chosen to be between 2 and 20 kHz to minimize switching losses up to an extent. The switching is implemented as a multistage (to achieve high gain) MOSFET amplifier. MOSFETs are a type of transistor with a low on-resistance and a high current-handling capacity. The PWM generator is controlled using PI (Proportional-Integral) controller with appropriate ,  values to help maintain the average power produced after various stages, such that the input to the controller block is the output voltage generated by the entire system before transmission or supplying to a load. The value of  and  was found by the means of trial and error such that the modulation index of the PWM signal is to be maintained at unity. It works to transform the input signal at the required frequency by altering its switching frequency and sustaining the control over the voltage level. After this, the three-phase power is connected to “LC filter” block that acts as a passive filter which helps in maintaining the system reliability that improvises the output by minimizing the total harmonic distortion caused by lower frequency signal and signal interference caused during switching and modulation of the IGBTs or the MOSFET from the earlier stage. This block also helps in maintaining the signal-to-noise ratio and reducing the white noise created within the system during the transmission of energy across the various stages of the proposed system.
Moreover, the losses experienced in this system are mainly due to external power electronic devices within the proposed system that constitute losses from rectifier, PWM modulation, PI controller, invertor, LC filter, and DC-DC boost converter systems. These losses experienced are mainly due to electrical components involved in circuit analogy of each power electronic system and switching losses that occur when pulse width is modulated. In addition to these losses, the following aspects were also considered that affect system performance:(i)Load factor of piezoelectric generator as it may not capture all kinetic and vibration energy as it has unidirectional orientation.(ii)Rectifier losses.(iii)DC booster losses due to switching of the MOSFETS.(iv)Inverter losses.(v)Switching losses due to PWM modulation for(a)inverter,(b)controller of DC boost converter.
4. Power Analysis
In order to estimate total power generated the main cause of power loss analysis is vital which is due to the supplementary components of the system such as the DC boost converter, rectifier, and the inverter. However, the energy produced has certain limitations as it does not capture all the kinetic energy from the vehicles and transform them into useful electrical energy. This is due to the variation in the frequency and speed of travel of the vehicle that is commonly defined as the input characteristic parameters. Therefore, the following formula gives an estimation of utilized kinetic energy from the vehicles at various speed of travel, that is, the impact of the load on the surface of the speed hump which is commonly known as the load intensity given by
These input characteristic parameters from Table 1 were incorporated in the MATLAB script that incorporates (1), (2), and (5) to estimate the power generation from one piezoelectric transducer device. By running the script it was found and concluded that one piezoelectric transducer device was able to produce 0.137 W from a four-wheeled vehicle with a traveling speed of 100 kmph, that is, 30 m/s. Similarly, the power generation was 0.085 and 0.204 W when the speed of travel was 80 kmph and 120 kmph, respectively. The traveling speed represents the common speed limit structure in Dubai, UAE. These speed restrictions were considered in the MATLAB script as separate case studies. However, the script kept the transducer dimension constant in all case studies that is represented in Table 2.
Table 2: Transducer dimensions.
	

	Parameter	Dimension (cm)
	

	Length	 14
	Width	 14
	Depth	 2
	



Next, the number of piezoelectric devices required to be embedded within a one-kilometer stretch was estimated to be  devices as per the dimensions of the transducers specified in Table 1. This number is less than the formulated value so as to minimize the cost of implementation to an extent and to compensate the misplacement of the device. Then, using the results of power generation from the transducer stage, Table 3 was computed to estimate the power generation of a one-kilometer stretch single lane road embedded with these piezoelectric transducer devices with the following assumptions:(i)Traffic rate of 500 vehicles per hour.(ii)Speed of travel 100 kmph.
Table 3: Power estimation from one-kilometer stretch road.
	

	Number of piezoelectric transducers	3280
	Traffic rate per hour	500
	Speed of travel (kmph)	100
	Load traffic rate	444.44
	Traffic rate per minute	8.333
	Power/piezo/vehicles/km	0.137
	Total power/piezo/km/hr	57.083
	Total power (Wmin)	3120.556
	Total power (kWhr)	187.233
	



From Table 3, it can be clearly seen that even though the traffic rate is 500 vehicles, the power generation is only affected by 444 vehicles as the speed of travel limits the amount of power generated. For instance, when a car travels over this piezoelectric embedded road at a speed of 100 kmph, it would take about 0.216 seconds to travel completely along its length about 6 meters of distance between the front edge and the rear edge of the vehicle. This time was calculated using a simple distance and speed relationship formula.
Similarly the load traffic rate applicable was 388.9 and 500 vehicles when the speed of travel was 80 kmph and 120 kmph, respectively. Then, when the traffic rate is 100 vehicles per hour traveling at speed of 100 kmph, Table 4 was computed to represent the power generation.
Table 4: Total power generation per piezoelectric transducer.
	

	Number of piezoelectric transducers	3280
	Traffic rate per hour	100
	Speed of travel (kmph)	100
	Load traffic rate	100
	Traffic rate per minute	1.667
	Power/piezo/vehicles/km	0.137
	Total power/piezo/km/hr	13.7
	Total power (Wmin)	748.936
	Total power (kWhr)	44.936
	



From Table 4, it can be clearly observed that the traffic rate and the load traffic impact are the same as the speed of travel of 100 kmph which is capable of generating power from 444 vehicles. However, for this condition of 100 vehicles per hour, the road can only see those many vehicles and the power generation in this scenario is limited due to the amount of traffic rate rather than the speed of travel in comparison to the previous case. However, these limitations due to the speed of travel and the traffic rate are what limits the power generations and are notably denoted as the type of capturing losses that determines the load factor of this type of power generation system.
Similarly the above analysis was used to estimate the power generation when the speed of travel was 120 kmph and 80 kmph, respectively, in the next few sections. On the other hand, the power generation when the traffic rate was 100 vehicles per hour was found to be of the same value as indicated from Table 4 for both speeds of travel. After the power generation from the piezoelectric transducer stage as per Figure 3, it was seen that the ac power from the piezoelectric transducer flows into the next component known as the rectifier where the AC output power was rectified into a DC output with a value of 0.137 Watts from the MATLAB script. However this rectifier block suffered few power losses as per the simulation model and all the parameters involved in the power loss from this block are evaluated in Table 5.
Table 5: Rectifier losses.
	

	Rectifier losses
	

	Snubber resistance	 100
	Snubber capacitance	 0.0000001
	Diode resistance	 0.001
	Total diode resistance	 0.006
	Diode 	 0.8
	Number of diodes	 6
	Total voltage drop	 4.8
	Total rectifier loss (W)	 0.0049
	



From Table 5, it can be evidently observed that the losses from the rectifier component block are mainly due to the diodes that are used to rectify the AC into DC output. Then the losses are due to the snubber circuitry within the rectifier block. This snubber circuitry is shock absorber circuit used to prevent an electrocution due to the transmission of high voltage power.
After the rectification of the power from AC to DC in the piezoelectric transducer stage, the power flows into the DC boost converter stage where the voltage is amplified as observed from Figure 3. Similar to the rectifier circuit analogy, the DC booster also experiences some power loss due to the components used to constitute the circuit design. These losses are listed in Table 6 and were considered before designing the Simulink model observed from Figure 3.
Table 6: Power losses in a DC boost converter.
	

	DC boost converter losses
	

	MOSFET-switching loss (W)	 1.18
	M-resistance	 0.1
	M-internal diode impedance	 0.01
	M-internal diode 	 0.2
	M-total diode losses	 0.00021
	M-snubber resistance	 100000
	M-snubber capacitance	 INF
	M-snubber losses	 0.1
	D-resistance	 0.001
	D-forward voltage drop	 0.8
	Diode losses	 0.0008
	S-snubber resistance	 500
	Resistor	 0.5
	Snubber losses + external resistance loss	 0.0005005
	Inductor	 0.0002
	Capacitor	 0.00005
	Total converter loss (W)	 1.1815106
	



From Table 6, it can be evidently noticed that the power losses experienced from the DC boost block are mainly due to the switching losses caused from the control of the MOSFET triggered using the pulse width modulation block and various other power losses due to the internal resistance of various components involved in the circuitry of the design block. Moreover, the losses of this block also include a snubber circuit similar to that of the circuit observed in the rectifier block. After the DC boosting stage the DC output was converted into AC input as per the simulation model shown in Figure 3 and it had a voltage value of 188 V of . Then the overall power generation estimation added up to a value given in Table 7.
Table 7: Overall power generation from inverter stage.
	

	Parameter 	 Value
	

	Voltage (V)	 188
	Current (mA)	 0.99
	Power (W)	 0.186
	



However, this stage of power generation also experienced power losses due to the diodes and its switching of frequency to a level which was considered in the Simulink model. It is noteworthy to note that inverter circuitry was not only used to convert DC into AC but also to step it up to a frequency that is feasible and standardized to the grid frequency range for further transmission. Moreover, the losses that were considered in the process of designing the inverter circuit analogy is listed and evaluated in Table 8.
Table 8: Power losses in the inverter.
	

	Inverter losses
	

	Snubber resistance	 5000
	Snubber capacitance	 Inf
	IGBT switching losses	 1.18
	IGBT forward drop	 0
	IGBT resistance	 0.001
	Number of IGBTs	 6
	Total IGBT losses	 1.18
	Total inverter loss (W)	 1.185
	



From Table 8, it is notably evident that the power loss from this inverter circuit analogy is mainly due to the IGBT’s switching and power loss caused due to them. In addition to the IGBTs, the power losses experienced in the inverter block are also due to the snubber circuitry that is present to absorb any shock within the system in case of a circuit failure.
Furthermore, the overall power loss of the proposed system also constitutes minute level of noises caused due to the transmission of power over various components and LC filter was used. Therefore, these types of noises also constitute certain amount of losses that define the signal-to-noise ratio and determine the power quality of the overall power generation. In addition to the filtering effect, the proposed system also minimizes the loss in power quality and reduces white filter noise.
4.1. Total Power Generation Summary
Table 9 perceives the required information that estimates the total power generated for various traffic rates traveling at speed of 60, 80, 100, and 120 kmph (average speed limits of Dubai with heavy traffic).
Table 9: Total power generation summary.
	

	Duration 	 Traffic rate/hr 	 Speed of travel (kmph) 	 Energy generated (kWhr)
	

	Peak time	500	 60	 73.55
	 80	 136.8
	 100	 254.2
	 120	 469.04
	300	 60	 60.81
	 80	 105.78
	 100	 183.024
	 120	 281.424
	

	Off-peak time	100	 60	 20.81
	 80	 35.26
	 100	 61.01
	 120	 93.81
	50	 60	 10.4
	 80	 17.63
	 100	 30.51
	 120	 46.91
	

	Peak time	400	 60	 76.782
	 80	 136.83
	 100	 244.03
	 120	 375.23
	200	 60	 40.76
	 80	 70.52
	 100	 122.02
	 120	 187.62
	

	Off-peak time	25	 100	 15.252
	 80	 8.825
	 120	 23.452
	100	 60	 20.81
	 80	 35.26
	 100	 61.01
	 120	 93.81
	



It is noteworthy to note that the overall power generation results obtained are for a single lane road and the minimum speed limit is 60 kmph. Also, Dubai was considered as an example for power generation estimation and these parameters are liable to change with the change of vehicle mass, speed, and temperature, that is, set with respect to the MATLAB script.
4.2. Estimation of Greenhouse Gas Emission
Carbon emission is keen factor that causes global warming. This factor was considered in producing green energy as the actual system may not emit any but the vehicle source does. However, this source is mainly constrained to vehicles powered on diesel, petrol, or any source of fuel; and in near future due to advancement in the field of smart technology and smart vehicles, carbon emission from this proposed system will be nullified as smart vehicles use electricity to travel. Table 8 estimates amount of carbon emission for the proposed systems with the following assumptions:(i)Traffic rate ranges from 25 to 500 vehicles per hour.(ii)Vehicles present are only BMWs and Land Cruisers (these are the two main vehicles that contribute most of the CO2 emission in UAE).
Table 11 (provided in Appendix) was estimated to determine the CO2 emission and the carbon emission from a road having speed bumps emanating 0.1 kg/km more than the specified carbon dioxide emission rate. Using the information from Table 11, the overall carbon emission per year from this type of the proposed system is evaluated in Table 10.
Table 10: Overall carbon emission per annum.
	

	Month 	 1 	 2 	 3 	 4 	 5 	 6 	 7 	 8 	 9 	 10 	 11 	 12
	

	Peak traffic rate	 500	 300	 400	 300	 300	 200	 200	 200	 300	 500	 500	 500
	Off-peak traffic rate	 100	 100	 100	 50	 50	 50	 25	 50	 50	 100	 200	 200
	Number of days	 31	 28	 31	 30	 31	 30	 31	 31	 30	 31	 30	 31
	Carbon emission/day	 1214.4	 910.8	 683.1	 683.1	 683.1	 531.3	 923.45	 531.3	 683.1	 1214.4	 1669.8	 1669.8
	Carbon emission/month	 37646.4	 25502.4	 21176.1	 20493	 21176.1	 15939	 28626.95	 16470.3	 20493	 37646.4	 50094	 51763.8
	

	Annual carbon emission (tonnes)	 347.03
	



Table 11: Overall carbon emission.
	

	Duration	traffic rate/hour	Hours	Occurrence rate per year	Type of vehicle	Count	CO2 emission rate (g/km)	CO2 emission (kg/hour)	CO2 emission (kg/day)
	

	Peak time	500	6	2	BMW	250	292	126.5	1214.4
	Land Cruiser	214
	Off-peak time	100	18	BMW	50	292	25.3
	Land Cruiser	214
	

	Peak time	500	6	2	BMW	250	292	126.5	1669.8
	Land Cruiser	214
	Off-peak time	200	18	BMW	100	292	50.6
	Land Cruiser	214
	

	Peak time	200	16	2	BMW	100	292	50.6	923.45
	Land Cruiser	214
	Off-peak time	25	18	BMW	12.5	292	6.325
	Land Cruiser	214
	

	Peak time	300	6	5	BMW	60	292	30.36	273.24
	Land Cruiser	214
	Off-peak time	50	18	BMW	10	292	5.06
	Land Cruiser	214
	

	Peak time	200	6	1	BMW	200	292	101.2	1062.6
	Land Cruiser	214
	Off-peak time	50	18	BMW	50	292	25.3
	Land Cruiser	214
	

	Peak time	400	6	1	BMW	400	292	202.4	2125.2
	Land Cruiser	214
	Off-peak time	100	18	BMW	100	292	50.6
	Land Cruiser	214
	

	Peak time	300	6	1	BMW	300	292	151.8	1821.6
	Land Cruiser	214
	Off-peak time	100	18	BMW	100	292	50.6
	Land Cruiser	214
	



The estimation of annual carbon emission for the proposed system was found to be 353 tonnes.
5. Economic Analysis
Using data obtained from Table 9, annual power generation was estimated along with implementation expenditures to formulate a cash flow represented in Table 13 (Appendix) when speed of travel is 100 kmph. Using the data Figure 4 represents the return-on-investment.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
	


Figure 4: Graphical representation of ROI for Table 13.


From Table 13, it is evident that the entire proposed system has an internal-rate-of-return of 96% with a return-on-investment by the end of July as indicated in Figure 4 for a loan of AED 550,000 taken at an interest rate of 7%. The high rate of internal-rate-of-return is due to the elongated loan payback period of three years. This estimation is purely based on profit from energy production rated at 0.23 AED/kW/hr of energy production. Similarly, business analysis was carried out for vehicles traveling at 60 kmph, 80 kmph, and 120 kmph that produced an internal-rate-of-return of 81%, 90%, and 100% with a return-on-investment by end of November, August, and June, respectively, for the same load and interest rate, and the cash flow was formulated and represented in Tables 12, 14, and 15 (Appendix).
Table 12: Cash flow when speed of travel is 60 kmph.
	

	 	1	2	3	4	6	7	8	9	10	11	12	14	26
	

	Cash receipts	 	 	 	 	 	 	 	 	 	 	 	 	 
	Available cash	0.0	29,594.1	31,242.6	32,623.5	43,017.7	55,402.5	79,515.9	127,142.8	223,102.9	415,448.6	802,951.8	3,119,680.8	12,660,114,761.2
	Loan	550,000.0	 	 	 	 	 	 	 	 	 	 	 	 
	Production income	0.0	6,536.9	4,620.6	6,122.9	3,849.5	3,193.2	2,593.4	3,299.7	3,725.3	6,536.9	3,732.2	6,536.9	6,536.9
	Total cash receipts	550,000.0	36,131.0	35,863.2	38,746.4	46,867.2	58,595.8	82,109.3	130,442.5	226,828.2	421,985.5	806,683.9	3,126,217.7	12,660,121,298.1
	Total cash available	550,000.0	65,725.0	67,105.9	71,369.8	89,884.9	113,998.3	161,625.2	257,585.3	449,931.0	837,434.2	1,609,635.7	6,245,898.4	25,320,236,059.4
	

	Cash paid out	 	 	 	 	 	 	 	 	 	 	 	 	 
	Infrastructural and manufactural expenses	−150,712.7	 	 	 	 	 	 	 	 	 	 	 	 
	Raw material expenditure	−352,710.8	 	 	 	 	 	 	 	 	 	 	 	 
	Total expenditure	−503,423.5	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0
	Loan repayment	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4
	Total cash paid out	−520,405.9	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4
	

	Net cash flow with loan	29,594.1	1,648.6	1,380.8	4,264.0	12,384.8	24,113.4	47,626.9	95,960.1	192,345.8	387,503.1	772,201.5	3,091,735.3	12,660,086,815.7
	Net cash flow	−520,405.9	1,648.6	1,380.8	4,264.0	12,384.8	24,113.4	47,626.9	95,960.1	192,345.8	387,503.1	772,201.5	3,091,735.3	12,660,086,815.7
	Cumulative cash flow	−520,405.9	−518,757.4	−517,376.5	−513,112.6	−494,597.5	−470,484.1	−422,857.2	−326,897.1	−134,551.4	252,951.8	1,025,153.3	5,661,416.0	25,319,651,577.0
	Cash position	29,594.1	31,242.6	32,623.5	36,887.4	55,402.5	79,515.9	127,142.8	223,102.9	415,448.6	802,951.8	1,575,153.3	6,211,416.0	25,320,201,577.0
	

	IRR	81%	 	 	 	 	 	 	 	 	 	 	 	 
	ROI	−1.946	−0.997	−0.997	−0.992	−0.977	−0.956	−0.913	−0.825	−0.650	−0.295	0.404	4.621	23017.339
	Bankrupt?	False	False	False	False	False	False	False	False	False	False	False	False	False
	



Table 13: Cash flow when speed of travel is 100 kmph.
	

	 	1	2	3	4	5	6	7	8	9	10	11	12	26	36	37
	

	Cash receipts	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Available cash	0.0	29,594.1	44,117.3	67,896.2	119,579.5	216,042.5	409,347.2	793,052.0	1,558,798.8	3,092,249.9	6,161,383.2	12,307,695.6	202,111,601,242.8	206,962,261,675,992.0	413,924,523,394,598.0
	Loan	550,000.0	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Production income	0.0	19,411.6	14,144.1	18,269.5	11,365.8	11,744.7	8,840.1	7,177.3	9,134.7	11,365.8	19,411.6	77,096.8	19,411.6	77,096.8	79,666.7
	Total cash receipts	550,000.0	49,005.6	58,261.4	86,165.7	130,945.3	227,787.1	418,187.2	800,229.2	1,567,933.5	3,103,615.7	6,180,794.8	12,384,792.4	202,111,620,654.3	206,962,261,753,088.0	413,924,523,474,264.0
	Total cash available	550,000.0	78,599.7	102,378.6	154,061.9	250,524.9	443,829.6	827,534.4	1,593,281.2	3,126,732.3	6,195,865.6	12,342,178.0	24,692,488.1	404,223,221,897.1	413,924,523,429,080.0	827,849,046,868,862.0
	

	Cash paid out	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Infrastructural and manufactural expenses	−150,712.7	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Raw material expenditure	−352,710.8	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Total expenditure	−503,423.5	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0
	Loan repayment	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	0.0
	Total cash paid out	−520,405.9	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−17,500.0
	

	Net cash flow with loan	29,594.1	14,523.2	23,779.0	51,683.3	96,462.9	193,304.7	383,704.8	765,746.8	1,533,451.1	3,069,133.3	6,146,312.4	12,350,310.0	202,111,586,171.9	206,962,261,718,606.0	413,924,523,456,764.0
	Net cash flow	−520,405.9	14,523.2	23,779.0	51,683.3	96,462.9	193,304.7	383,704.8	765,746.8	1,533,451.1	3,069,133.3	6,146,312.4	12,350,310.0	202,111,586,171.9	206,962,261,718,606.0	413,924,523,456,764.0
	Cumulative cash flow	−520,405.9	−505,882.7	−482,103.8	−430,420.5	−333,957.5	−140,652.8	243,052.0	1,008,798.8	2,542,249.9	5,611,383.2	11,757,695.6	24,108,005.7	404,222,637,414.7	413,924,522,844,598.0	827,849,046,301,362.0
	Cash position	29,594.1	44,117.3	67,896.2	119,579.5	216,042.5	409,347.2	793,052.0	1,558,798.8	3,092,249.9	6,161,383.2	12,307,695.6	24,658,005.7	404,223,187,414.7	413,924,523,394,598.0	827,849,046,851,362.0
	

	IRR	96%	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	ROI	−1.946	−0.973	−0.956	−0.906	−0.824	−0.648	−0.302	0.392	1.788	4.580	10.175	21.455	367474.611	376295020.3	752590041.6
	Bankrupt?	False	False	False	False	False	False	False	False	False	False	False	False	False	False	False
	



Table 14: Cash flow when speed of travel is 80 kmph.
	

	 	1	2	3	4	5	6	7	8	9	10	11	12	26	36	37
	

	Cash receipts	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Available cash	0.0	29,594.1	35,821.7	45,364.0	66,654.5	105,395.5	183,096.5	336,819.7	643,306.5	1,257,410.1	2,486,906.8	4,950,447.2	80,661,775,741.9	82,597,633,005,820.9	165,195,265,983,507.0
	Loan	550,000.0	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Production income	0.0	11,116.0	8,203.0	10,408.9	6,568.9	6,787.9	5,109.2	4,149.4	5,279.5	6,568.9	11,116.0	6,347.8	11,116.0	6,347.8	6,559.4
	Total cash receipts	550,000.0	40,710.1	44,024.7	55,772.9	73,223.4	112,183.4	188,205.7	340,969.2	648,586.0	1,263,979.1	2,498,022.8	4,956,795.0	80,661,786,857.9	82,597,633,012,168.7	165,195,265,990,067.0
	Total cash available	550,000.0	70,304.1	79,846.4	101,136.9	139,877.9	217,578.9	371,302.1	677,788.9	1,291,892.5	2,521,389.2	4,984,929.6	9,907,242.2	161,323,562,599.8	165,195,266,017,990.0	330,390,531,973,574.0
	

	Cash paid out	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Infrastructural and manufactural expenses	−150,712.7	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Raw material expenditure	−352,710.8	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Total expenditure	−503,423.5	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0
	Loan repayment	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	0.0
	Total cash paid out	−520,405.9	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−17,500.0
	

	Net cash flow with loan	29,594.1	6,227.7	9,542.3	21,290.5	38,741.0	77,701.0	153,723.3	306,486.8	614,103.6	1,229,496.7	2,463,540.4	4,922,312.6	80,661,752,375.5	82,597,632,977,686.3	165,195,265,972,567.0
	Net cash flow	−520,405.9	6,227.7	9,542.3	21,290.5	38,741.0	77,701.0	153,723.3	306,486.8	614,103.6	1,229,496.7	2,463,540.4	4,922,312.6	80,661,752,375.5	82,597,632,977,686.3	165,195,265,972,567.0
	Cumulative cash flow	−520,405.9	−514,178.3	−504,636.0	−483,345.5	−444,604.5	−366,903.5	−213,180.3	93,306.5	707,410.1	1,936,906.8	4,400,447.2	9,322,759.8	161,322,978,117.4	165,195,265,433,507.0	330,390,531,406,074.0
	Cash position	29,594.1	35,821.7	45,364.0	66,654.5	105,395.5	183,096.5	336,819.7	643,306.5	1,257,410.1	2,486,906.8	4,950,447.2	9,872,759.8	161,323,528,117.4	165,195,265,983,507.0	330,390,531,956,074.0
	

	IRR	90%	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	ROI	−1.946	−0.988	−0.982	−0.961	−0.929	−0.858	−0.720	−0.442	0.116	1.235	3.479	7.949	146656.731	150177513.5	300355028
	Bankrupt?	False	False	False	False	False	False	False	False	False	False	False	False	False	False	False
	



Table 15: Cash flow when speed of travel is 120 kmph.
	

	 	1	2	3	4	5	6	7	8	9	10	11	12	26	36	37
	

	Cash receipts	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Available cash	0.0	29,594.1	57,517.9	102,302.2	198,213.9	379,421.8	742,420.2	1,463,951.0	2,904,455.8	5,788,475.3	11,559,944.6	23,118,219.0	378,566,157,650.5	387,651,738,247,979.0	775,303,476,481,578.0
	Loan	550,000.0	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Production income	0.0	32,812.2	21,748.7	28,092.0	17,476.4	18,059.0	13,592.9	11,036.2	14,046.0	17,476.4	32,812.2	20,102.6	32,812.2	20,102.6	20,772.6
	Total cash receipts	550,000.0	62,406.3	79,266.6	130,394.2	215,690.3	397,480.8	756,013.2	1,474,987.2	2,918,501.9	5,805,951.7	11,592,756.8	23,138,321.5	378,566,190,462.7	387,651,738,268,081.0	775,303,476,502,350.0
	Total cash available	550,000.0	92,000.3	136,784.6	232,696.3	413,904.2	776,902.6	1,498,433.4	2,938,938.2	5,822,957.7	11,594,427.0	23,152,701.4	46,256,540.5	757,132,348,113.2	775,303,476,516,060.0	1,550,606,952,983,930.0
	

	Cash paid out	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Infrastructural and manufactural expenses	−150,712.7	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Raw material expenditure	−352,710.8	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Total expenditure	−503,423.5	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0	−17,500.0
	Loan repayment	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	−16,982.4	0.0
	Total cash paid out	−520,405.9	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−34,482.4	−17,500.0
	

	Net cash flow with loan	29,594.1	27,923.9	44,784.2	95,911.7	181,207.9	362,998.4	721,530.8	1,440,504.8	2,884,019.5	5,771,469.3	11,558,274.4	23,103,839.1	378,566,155,980.3	387,651,738,233,599.0	775,303,476,484,850.0
	Net cash flow	−520,405.9	27,923.9	44,784.2	95,911.7	181,207.9	362,998.4	721,530.8	1,440,504.8	2,884,019.5	5,771,469.3	11,558,274.4	23,103,839.1	378,566,155,980.3	387,651,738,233,599.0	775,303,476,484,850.0
	Cumulative cash flow	−520,405.9	−492,482.1	−447,697.8	−351,786.1	−170,578.2	192,420.2	913,951.0	2,354,455.8	5,238,475.3	11,009,944.6	22,568,219.0	45,672,058.1	757,131,763,630.8	775,303,475,931,578.0	1,550,606,952,416,430.0
	Cash position	29,594.1	57,517.9	102,302.2	198,213.9	379,421.8	742,420.2	1,463,951.0	2,904,455.8	5,788,475.3	11,559,944.6	23,118,219.0	46,222,058.1	757,132,313,630.8	775,303,476,481,578.0	1,550,606,952,966,430.0
	

	IRR	100%	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	ROI	−1.946	−0.949	−0.918	−0.825	−0.670	−0.340	0.311	1.619	4.243	9.493	20.015	41.006	688301.101	704821341.2	1409642684
	Bankrupt?	False	False	False	False	False	False	False	False	False	False	False	False	False	False	False
	



Similarly, from Table 14, it is evident that the entire proposed system has an internal-rate-of-return of 90% with a return-on-investment at the end of August as indicated in Figure 5 for a loan of AED 550,000 taken at an interest rate of 7% when the speed of travel was 80 kmph. Following a similar estimation as observed in Table 15 when speed of travel is 120 kmph, it is evident that the entire proposed system has an internal-rate-of-return of 100% with a return-on-investment at the end of June for a loan of AED 550,000 taken at an interest rate of 7%.




	
	
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Graphical representation of ROI for Table 14.


In addition to the cash flow estimation, the power generation estimation of available renewable energy sources and its cost of implementation are normalized using levelized energy cost system. The cost system was estimated for the country United Arab Emirates. This was done to develop a bar graph to compare cost and power generation to the proposed system models in this research project.
The levelized costs observed from Figure 6 were obtained from NREL Energy Analysis softaware. It is evident that the LEC of nuclear energy is the least, but it produces hazardous side effects and requires proper disposal system. Next, the LEC of the proposed system is the least with two months of maintenance investment which is the most economical with no side effects. However, power generation from the proposed system has minimal LEC in comparison to solar one which is the main source of renewable energy (0.455 AED/kW/hr). Hence it can be concluded that the proposed system designs are cost effective and efficient in comparison to other sources of renewable energy applicable to UAE as traffic is abundantly available. It must be also noted that traffic rate was limited to just one system. This refers to a single lane system. Thus, restricting the annual traffic rate to that particular lane which affects the overal LEC.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 6: Levelized Energy Cost Graph.


6. Conclusion
This paper emphasized generating green and sustainable energy and this was implicated on generation of green energy from speed humps by integrating the concept of compressed air. First, traffic rate was 500 vehicles per hour with vehicle traveling at a speed of 100, 80, and 120 kmph yielding about 255, 137, and 469 kWh, respectively. Then it was found that entire system can be implemented using a year loan of AED 550,000 at an interest rate of 7%. The return-on-investment factor was at end of July, August, and June with 96%, 90%, and 100% internal-rate-of-return factor for one system, respectively. After that, it was found that system yields about 347 tonnes of carbon which is purely due to petrol and diesel vehicles and this value may significantly be nullified once all means of transport are smart vehicles. Finally, all renewable energy sources were compared with proposed system methodology and it was concluded that the proposed system has better LEC in comparison to other renewable energies present in United Arab Emirates.
Appendix
Piezoelectric Output Equations   Kirchhoff-Love plate theory is  Fourier series is  Piezoelectric equations are
MATLAB Script. See Algorithm 1.
		syms m x t y
	rho=2323;
	h=0.3048;
	E=2756010∧6;
	mu=0.15;
	B=8;
	K=136;
	N=20;
	Massofvehicle=3200;
	coeffofrollingfriction=0.015;
	Contacttires=2;
	areaofcontact=0.0025;
	v=(1005)/18; %assumng 100kmph
	b0=.508/2;
	a0=0.254/2;
	d0=1.22/2;
	q0= MassofvehiclecoeffofrollingfrictionContacttires/(areaofcontactv)%-7.7810∧3;
	 %distributed load of vehicle
	y1=3.2;
	y2=4.8;
	%piezo
	d31=-27410∧(-12); %V/m
	hc=0.055;
	lp=0.14;
	bp=0.14;
	hp=0.01;
	e33=30.0610∧(-9); % F/m
	S11=16.510∧(-12); %m∧2/N
	S12=-5.7410∧(-12); %m∧2/N
	xp=8;%tenative
	yp=0.5;%centre of piezo
	R =80010∧3;
	xp1=xp-0.5lp;
	xp2=xp+0.5lp;
	yp1=yp-0.5bp;
	yp2=yp+0.5bp;
	%pavement structuring
	D=Eh/(12(1-mu∧2));
	am=msym(pi)/B;
	a1=sym(pi)/9.8814; %supposed to be B
	vc=sqrt((2(a1∧2)D+2sqrt((a1∧4)D∧2+KD))/(rhoh));
	Lm=sqrt(am∧4+K/D);
	Bm=((v∧2)rhoh/(2D))-am∧2;
	Tm=sqrt(0.5(Lm-Bm));
	Pm=sqrt(0.5(Lm+Bm));
	v0=sqrt((4Dam∧2)/(rhoh));
	o=(2v∧2-v0∧2)/(2sqrt((vc∧2-v∧2)(v∧2+vc∧2-v0∧2))); %gamma m
	deg=180/pi;
	cm1=((osin(a0Pm)cosh(a0Tm)+cos(a0Pm)sinh(a0Tm)));
	sm1=(-ocos(a0Pm)sinh(a0Tm)+sin(a0Pm)cosh(a0Tm));
	cm2=((exp(-a0Tm))(osin(a0Pm)-cos(a0Pm)));
	sm2=((-exp(-a0Tm))(ocos(a0Pm)+sin(a0Pm)));
	CM2=((exp(-d0Tm))(cm1cos(d0Pm)+sm1sin(d0Pm)));
	SM2=((exp(-d0Tm))(sm1cos(d0Pm)-cm1sin(d0Pm)));
	CM1=((exp(d0Tm))(cm1cos(d0Pm)-sm1sin(d0Pm))+CM2);
	SM1=((exp(d0Tm))(cm1sin(d0Pm)+sm1sin(d0Pm))+SM2);
	CM3=(cm2cos(d0Pm)cosh(d0Tm)+sm2sin(d0Pm)sinh(d0Tm));
	CM4=(-cm2cos(d0Pm)sinh(d0Tm)-sm2sin(d0Pm)cosh(d0Tm));
	SM3=(cm2sin(d0Pm)cosh(d0Tm)-sm2cos(d0Pm)sinh(d0Tm));
	SM4=(sm2cos(d0Pm)cosh(d0Tm)-cm2sin(d0Pm)sinh(d0Tm));
	O=abs(x-vt); 
	gm1=((cosh(OTm))(CM3cos(OPm)+SM3sin(OPm)));
	gm2=((sinh(OTm))(CM4cos(OPm)+SM4sin⁡(OPm)));
	gm=(gm1+gm2);
	wm=((4q0sin(amb0)(sin(amy1)+sin(amy2)))/(mpi(K+Dam∧4)));
	%case 1 when O-d0>a0
	     wm1=(wm(exp(-OTm))(CM1cos(OPm)+SM1sin(OPm)));
	%case 2 when |O-d0|<a0
	wm2=(wm(1+(exp(-OTm))(CM2cos(OPm)+SM2sin(OPm))+gm));
	%case 3 when (O-d0<-a0)
	wm3=(wm(2CM2cos(OPm)cosh(OTm)-2SM2sin(OPm)sinh(OTm)));
	C0=(e33-(1/(S11+S12))2d31∧2)lpbp/hp;
	 syms m
	 WM1=(symsum(wm1sin(amy), m, 1, N));
	 WM2=(symsum(wm2sin(amy), m, 1, N));
	 WM3=(symsum(wm3sin(amy), m, 1, N));
	 WM=WM1+WM2+WM3;
	 WM=vpa(WM,3);
	 gx=gradient(WM,x);
	 gx=vpa(gx,3)
	gy1=gradient(gy);
	gy1=vpa(gy1,3);%deba2w(x,y,t)wrt y
	 fun=vpa((gx1+gy1),3);
	 term=vpa(int(fun,x),3); %first integral
	 initial=subs(term,x,xp1); %limits
	 final=subs(term,x,xp2);
	 term=vpa((final-initial),3);
	 TERM=vpa(int(term,y),3);
	 initial1=subs(TERM,y,yp1); %limits
	 final1=subs(TERM,y,yp2);
	 TERM=vpa((final1-initial1),3);
	 Q=-((d31hc)/(S11+S12))TERM; %fill up the two integrals
	 ex=-hcgx1;
	 ex=vpa(ex,3);
	 ey=-hcgy1;
	 ey=vpa(ey,3);
	e31=d31/(S11+S12);
	V= e31lpbp(ex+ey)/C0;
	% for y=8 t=8/30
	V=subs(V,y,8);
	V=subs(V,t,8/30);
	V=subs(V,x,1);
	V=vpa(V,2)
	AA=int((Qexp(t/RC0)),t);
	Vt=(Q/C0)-((1/RC0∧2)(exp(-t/(RC0)))(AA));
	Vt1=vpa(Vt,2)
	Vt1=subs(Vt1,t,8/30)


	Algorithm 1: MATLAB script.

Estimation of Carbon Emission. See Tables 11–15.
Nomenclature
	:	Bending rigidity (Nm2)
	:	Energy (J)
	:	Plank’s constant
	:	Poisson ratio
	:	Load (N)
	:	Displacement in 3D (m)
	:	Displacement for “” terms (m)
	:	Load for “” terms (N)
	:	Permittivity
	:	Elastic compliance constant
	:	Elastic compliance constant
	:	Piezoelectric constant
	:	Length of piezoelectric transducer (m)
	:	Width of piezoelectric transducer (m)
	:	Height of piezoelectric transducer (m)
	:	Output capacitance (F).
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