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Abstract

:

Considering the proposed strict new constraints of public authorities, decarbonization has become a key trend in recent years. Although several countries have started the process of decarbonization through the introduction of electric vehicles in their public services, for many countries, especially developing countries, transportation is still a hard sector to decarbonize. The presence of obsolete and polluting vehicles discourages citizens from using public transport and thus incentivizes the use of private vehicles, which create traffic congestion and increase emissions. Based on these considerations, this paper aimed to implement a simulation for a public service in Eritrea, evaluating whether it is possible to take a long trip using an electric minibus. A case study is implemented highlighting the barriers of electrifying transportation in this area, producing results on fuel consumption and service reliability. In the case study, four scenarios are presented to estimate the service. The scenarios evaluate the possibility to perform from three to five recharges. Fewer charges mean longer charging time, leading to a 2 h charging phase in Scenario 1, while recharging more than twice along the route will lead to shorter 30 min charges, as in Scenario 3. The case study also highlights the relevance of the slope in electric vehicle performance, as reported for the case of Asmara–Massawa travel (    E   c o n s   =   6.688 kWh). Finally, an environmentally sustainable solution, such as a 92 kWh/day photovoltaic plant, is proposed to power the service.
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1. Introduction


The 2021 United Nations Climate Change Conference and COP26 highlighted, promoted, and reaffirmed the ambitious goals set by the European Community related to the reduction in greenhouse gas (GHG) emissions. Climate change, which has become increasingly evident in recent years, is causing floods, droughts, and storms globally, and global warming has also become an issue of particular concern.



From a policy perspective, there has been a strong effort to establish decarbonization policies to reduce global net emissions to zero by 2050 in many sectors. Despite these efforts, GHG concentrations in the atmosphere and average global temperatures will rise [1,2,3]. It is estimated that the transport and mobility of people and the goods sector account for about 30% of global CO2 emissions, second only to the sector related to electricity generation [4].



Decarbonization policies adopted at the national level and then by individual countries are different: they can, for example, refer to light transport (e.g., electric car sharing and carpooling), heavy transport, and public transport. Regarding the latter, some countries have started the decarbonization process by renewing bus fleets, especially in urban areas. This measure basically consists of two issues: (i) replacement of the most polluting diesel- or gas-powered vehicles; (ii) promotion and improvement of transportation service.



The first issue is the most impactful because it requires a lot of resources, both economic and time, and because it involves several actors (transportation company, administration, etc.). In this way, it is possible to reduce local emissions and traffic congestion (reducing the number of private cars, often characterized by a low occupancy coefficient), improving the air quality index and the quality of life of inhabitants [5,6,7,8,9]. Linked to this challenge, the study of the optimal positioning of infrastructures for recharging electric vehicles represents a non-negligible objective for current mobility [10,11].



These policies, measures, and strategies may work well in European countries that are highly developed and already have significant infrastructure; however, it must be considered that unfortunately, there are several regions of the world where this green transition is more difficult for at least two reasons: (i) a very limited number of electric vehicles (EVs) and (ii) an absence of electric infrastructure that can support and encourage this transition. From a quantitative point of view, in the sub-Saharan African region, it is estimated that about 20% of the population in urban areas do not have access to electricity.



This percentage increases to 70% in rural areas [12,13,14]. As a result, this condition has a strong impact on public transport planning and management where fleets are composed of old and polluting vehicles; in fact, it creates a slowdown in the decarbonization process. In addition, in rural areas, it is also necessary to consider that travel takes place on routes (roads) that are on average long and not always comfortable, thus representing an obstacle for EVs. However, the continued development of EVs means that nowadays this type of technology and market is ready to land in developing countries as well. On the one hand, EVs have become more reliable and higher-performing, and on the other hand, infrastructure is beginning to be more easily accessible [15,16,17]. Moreover, since EVs represent deferrable loads, they can represent an opportunity for the development of microgrids, enabling the possibility of vehicle–infrastructure integration and interaction [18]. With this in mind, the goal of this paper is to assess the technical feasibility of using an electric vehicle (EV) on a challenging route in terms of length and slope. The analysis focuses on the implementation of an all-electric suburban minibus service in a developing country. The selected case study is the road connection between the cities of Asmara (the Eritrean capital) and Massawa (the country’s main port). The end of the war, the need for new infrastructure, and the economic and tourist development through which the country is going can represent a driver towards sustainable mobility for this developing country. The route was chosen both for practical reasons, the connection between the two most important cities, and for technical reasons, the significant height difference and the distance between the cities represent a unique challenge for a service that wants to use EVs. Furthermore, the high availability of solar radiation (6 kWh/m2/day) [19] in the region would favor the development of a service powered by green energy. Therefore, the chosen case study aims to be a test bed for testing an extra-urban service in a developing country, in order to be transferred to other regions, all using clean energy.



The paper is organized as follows. Section 2 is a literature review of the transport electrification trend and its consequences. In Section 3, the case study is presented, starting with route and vehicle definition. In Section 4, simulations are performed, and results are provided. The results are presented and discussed in Section 5, also evaluating the possibility of powering the service through renewable energy sources (RESs). Finally, the conclusions emphasize the possibility and desirability of implementing this service in a sustainable way.




2. Literature Review


The transition from ICE (internal combustion engine) vehicles to EVs has become the main trend in current mobility. EVs represent the most usable method to lower CO2 emissions related to the transport sector [20,21,22]. EVs represent the best solution in terms of efficiency, and through careful driving, they can also allow the recovery of energy from braking [23,24]. Although the emissions related to the activity of the vehicle would be significantly reduced, since EVs would have no emissions, considering the entire LCA (life cycle assessment) not even electric vehicles would be completely green, despite having a significantly lower impact [25]. The simplest method to further reduce the environmental impact of EVs is to make charging as sustainable as possible. This can be achieved using renewable energy systems (RESs) in the electricity grid. It should be emphasized that the inclusion of photovoltaic (PV) panels can increase the variability of production, although there are transferable methods to ensure uniformity of production [26,27]. To assist RESs, it is possible to combine the PV plant with a storage system, which can give reliability to the grid, supplying power when required by the connected loads. The presence of EVs on the one hand can represent a challenge, since it increases the electrical load of the network and at the same time its variability [28]. On the other hand, the presence of EVs could represent an opportunity if the network were suitably managed through algorithms that optimize the management of vehicle batteries, applying vehicle-to-grid (V2G) [29,30,31]. V2G generally represents the interaction and bidirectionality of the network with the EVs. V2G can represent a profitable opportunity not only for users but also for the grid manager, who would have a more resilient electricity grid thanks to a less variable and more uniform load. These load curve damping practices are called load leveling and represent a topical issue for the electricity grid, which with the addition of EVs will have to become more flexible. In developing countries, the transition to EVs also represents an opportunity for the development of a wider and more resilient network, capable of covering more rural regions.



Despite all the advantages of EVs, it must be recognized that there are several limitations. Range anxiety is still the prevailing disincentive to buying an electric vehicle, but not the only one [32]. Charging infrastructure has not yet reached a high enough amount for user perception. In addition to this, many users believe that the recharging times are excessive. To overcome these problems, funds have been allocated for the development of the recharging infrastructure network. The recharges are always shorter thanks to the high power that the new charging stations (CSs) are able to transmit. Furthermore, vehicle batteries always have greater capacities and are increasing in performance [33,34,35]. Although for batteries it is difficult to say that there is a net zero emission disposal, it should be emphasized that when EV batteries are replaced because they have reached a state of health (SoH) that is not acceptable for traction, they can be used for stationary applications, such as frequency regulation or to assist PV plants in production management [36,37]. Furthermore, V2G has not yet been completely cleared by customs, since the continuous mini-cycles of charge and discharge affect the SoH of the battery and the practice is currently not regulated and therefore not remunerated [38,39].




3. Case Study Implementation


The first step for the implementation of a road electrification case study is the selection of the path. The path identified for the evaluation is in sub-Saharan Africa, in a low-income country (Eritrea) and connects its two main cities [40]. The electrification of this road can bring benefits in terms of emissions reduction and increment in life quality for people who live in the surroundings of this road. The road was built from 1935 to 1938 to create a connection between the main port on the Red Sea, Massawa, and the capital, Asmara. The cities were previously connected also using a rail infrastructure with a narrower gauge in order to reach the altitude of the capital, but during the 1970s, this was lost due to the war with Ethiopia, making the road the only way to connect Massawa and Asmara [41]. In the beginning of the 2000s, the rail infrastructure was restored, but the importance of the road connection between the cities was not dampened. Over the years, especially after having signed a peace with Ethiopia and the opening, albeit regulated, of the borders, Eritrea has increased the traffic of visitors linked to tourism [42]. Massawa has a long history that attracts history buffs; in fact, it was constructed in the nearby port of Adulis, one of the most important ports in the region until the eighth century [43]. In addition to history, however, Massawa also host the archipelago of the Dahlak Islands, which attracts tourists and diving enthusiasts, thanks to its coral reef [44]. This new wave of tourism can require the decarbonization of this path; in fact, the operating Eritrean airport for passengers is located in Asmara, and to reach Massawa, the road is still the main connection, even if is still used by pollutant and outdated vehicles, which moreover require the fixed cost linked to oil, which in the region is not cheap [45]. However, the touristic attraction is not located only in Massawa and the capital, Asmara, famous for the recent history in the last century, but also along the entire road connection between the two cities. Therefore, due to the presence of inhabited centers and attractions, the renewal of the suburban transport service between Asmara and Massawa has become an issue. The road connection between Massawa and Asmara and its points of interest are illustrated in Figure 1.



Focusing on the road infrastructure, in order to achieve decarbonization, it is first necessary to identify the characteristics of the route. The road is 113 km long, and to cross it, at least 2 h are required. However, the distance is not the only obstacle to electrification: Massawa is located at sea level (0 masl), while Asmara is sited on a plateau whose altitude is 2323 masl. Moreover, since the route is narrow and sinuous, the use of 12 m or longer buses is unpleasant for drivers and passengers. Therefore, the usage of a shorter electric minibus, based on the Fiat Ducato Maxi Cabinato, 5.7 m long, with a reduced onboard capacity of 22 seats, is preferred, and its characteristics are reported in Table 1 [46].



As reported in many studies, high slopes can significantly affect the reliability of range estimation of an EV [47]. It is clear that in the uphill phase, the vehicle will consume significantly more than in the downhill phase, which will have reduced fuel consumption thanks to the use of regenerative braking. Based on this consideration, the case study will take into account the two phases of the service, in order to be as reliable as possible, considering both the worst case and the best case in terms of consumption.



Considering the nominal maximum range of the minibus, the length of the line, and the slope, it is impossible for the vehicle to cover the road from Massawa to Asmara without at least one charging stop. Therefore, one to three charging stops are considered along the route in addition to the two at the terminals. The two alternating current (AC) slow-charge CSs, whose charging power is 22 kW, are located at two points based on the proximity of inhabited centers and facilities for tourists, who can enjoy the areas while the EV charges the onboard battery. The slope profile with the different stops and the CSs from Massawa to Asmara are shown in Figure 2a and in Figure 2b the downhill route is shown.



As shown in Figure 2, the locations selected for the CSs along the route are Gahtielay, Ghinda, and Nefasit, respectively 40 km, 61 km and 83 km from Massawa. Although the insertion of a single column may be sufficient to meet the charging requirements of the minibus, the necessity to charge the vehicle at 22 kW AC would impose long charging time, which would make the transport service uncomfortable. Therefore, three distributed charges are considered on the line. These allow the passengers to rest in service areas or enjoy the surroundings, such as in the case of Nefasit, located near Debre Bizen, the most prominent beacon and symbol of Christianity in Eritrea [48]. Based on this consideration of the route, the service implemented is presented in Figure 3.




4. Methodology Adopted for the Simulation


This section discusses the modeling of the EV by considering the forces that interact with it during transit. The forces that influence vehicle motion along the longitudinal axis include the powertrain (including, in selected models, traction control), the brakes, the aerodynamic drag, and tire-rolling resistance, as well as the influence of gravity when the car is moving on a road with a nonzero inclination (or gradient).



The algorithm developed and integrated into the AnyLogic software aims to calculate the power consumption, travel time, and charging time of the vehicle studied in the present work [49]. Thus, the modeling of the vehicle and its integration within the simulator is taken into account.



4.1. Electric Vehicle Modeling Description


The minibus will have to make the journey from A (Massawa) to B (Asmara). The active force (traction or breaking)     F   r     is determined by the following equation:


    F   r   = R +   m   e   a  



(1)




where     m   e     is the equivalent mass, a is the acceleration of the vehicle, and R is the resulting resistance forces. However, considering that for the simulations, given also the peculiarity of the road, a constant speed of 50 km/h were maintained, in this case, the equivalent     m   e     turns out to be zero.



During movement, the vehicle has to undergo various types of resistance, particularly due to slope (    R   s l o p e    ), rolling (    R   r o l l i n g    ), and finally aerodynamics (    R   a e r    ), the force acting opposite to the relative motion of any object moving with respect to a surrounding fluid. Curvature resistance and inertial force are neglected in this model and will not be discussed. Figure 4 shows forces acting on a vehicle in motion.



These types of resistance can be modeled as follows:




	
    R   s l o p e   = m · g ·   sin  ⁡    α      , where   m   is the total mass (full load) of the vehicle,   g   equals 9.81     m  /    s   2      , α is the angle of the slope, and   s i n   (α) is expressed per thousand (‰).



	
    R   r o l l   =   f   v   · m · g  , where     f   v     is the rolling resistance coefficient (0.02),   m   is the mass (full load) of the vehicle, and   g   is the acceleration gravitational constant of 9.81     m  /    s   2      .



	
    R   a e r   =   1   2     · ρ   a i r   · A ·   C   v   ·   v   2    , where     ρ   a i r     is 1.25     k g  /    m   3      , A is the frontal area of the vehicle,     C   v     is the drag coefficient of the vehicle, and   v   is the speed at which the vehicle is moving, although in this case, it will have a constant value.








At this point, one can proceed to calculate the two powers involved:




	
Mechanical power—    P   m e c h   =     R   r o l l i n g   +   R   e r o d y n a m i c   +   R   g r a d e     · v  



	
Electric ower—    P   e l e   =     P   m e c h       η   T − W     +   P   a u x    , where     η   T − W     is the tank-to-wheel efficiency and is assumed to be 80%, while     P   a u x     represents the power of auxiliaries (e.g., lights, air conditioner, etc.).








These formulae are used to implement the power consumption that affects the EV while moving along the road.




4.2. Model Description


In order to support the development of new road infrastructure or to predict traffic flows in the various components of the transport system, transport models based on a macroscopic approach are used in which aggregate data are set. Despite being incredibly efficient computationally, the behavior of individual vehicles, i.e., their decision-making processes, such as where, when, and how long to charge the batteries, are not taken into account by macroscopic models because they are too coarse. For this reason, they are less suited to analyzing the effects of various deployment scenarios for charging infrastructure. Since the objective of this study was to implement a public service and highlight the barriers to transport electrification in a certain area, agent-based models, where each agent is simulated independently, can be used to better understand the impact of a certain charging infrastructure (microscopic approach). By following this approach, the model is developed according to the multi-method simulation of AnyLogic software [50]. AnyLogic is simulation software for industrial and business applications. It includes a graphical modeling language, state chart, and flowchart and allows the user to extend simulation models with Java code. Moreover, this software combines the three paradigms of the simulation modeling (discrete event, agent-based, and system dynamic) in order to build highly complex simulation models. The model developed for this research comprises three agents: the road section, charging station and electric, vehicle. “Agent” is the main building block of the AnyLogic model, and it is a unit of model design that can include behavior, memory (history), timing, contacts, etc. The road section Agent is realized using the tool GISmap (map based on a geographic coordinate system that is downloaded in real time from special online map services, such as OpenStreetMap) while charging station and electric vehicle agents are realized using a population of agents, through the paradigm Agent based.



The model is solved iteratively, and for each iteration (1 s), variations in the travel plan of the agents are introduced. For the model to give accurate results, several elements are needed:




	
Input data in order to create the electric vehicle agent, with corresponding characteristics (e.g., vehicle type, weight, charging connections, type, and battery capacity onboard).



	
Transport network in which the agents move, with an adequate level of discretization, specifying the road slope and the charging infrastructure available (specifying the number of charging connections, type, power capabilities, geographical location).



	
Calibration data (e.g., battery charging process as a function of the capacity and state of charge (SoC) to validate the modeling approach and results.








In order to limit the size of the model and keep it solvable, several assumptions are made. The electric vehicle travels at a constant speed, as driving lanes and acceleration/deceleration profiles are excluded. Charging is always performed at the highest possible power (depending on the limitations of the battery and the charger), and charging losses are not considered.





5. Results and Discussion


This section reports the results obtained via the simulation model and is composed of a first part referring to the outward trip of Massawa–Asmara and a second part that deals with the return journey of Asmara–Massawa. Being an uphill stretch with a difference of 2323 m between the departure and arrival points, the outward journey proves to be the most problematic and most interesting part in the analysis of the results. For this reason, different scenarios of the outward journey are simulated with the AnyLogic software with the aim of optimizing the distribution of the charging infrastructure and charging times. For each scenario, the results of energy-consumed profile, SoC profile, the charging times, and total travel time are reported. It is assumed that the driver will plan ahead, and thus the EV starts the simulation with an SoC of charged battery equal to 80%. Before the simulation starts, a plan for the travel is set up for the electric vehicle, specifying the route that should be followed to accomplish the travel. This plan also includes the charging stops, which will be carried out at CSs encountered during the route. The factor that varies between the scenarios is the distribution of the charging infrastructure: the number of CSs along the path and the SoC target. Deducing the energy consumption profile in the various scenarios is the same because of the motion of the electric vehicle. Finally, the calculated EV power consumption is affected by both internal factors, such as air-conditioning or heating, which are represented by the     P   a u x     term used to calculate electric power, and external factors, such as road slope. The results may not be reproduced exactly under actual driving conditions in the field. However, it is important to note that the use of simulation is a valuable tool for understanding and evaluating the behavior of a system prior to large-scale testing in the field. Simulation provides an opportunity to examine a wide range of scenarios and driving conditions that may be difficult to reproduce in reality. It also allows the effects of various factors that might affect the system to be studied without incurring the high costs and risks associated with field testing. Thus, although the results of a simulation study may not be directly replicable in real driving conditions, accurate validation of simulation models through field testing is critical to ensure their validity and provide a sound basis for analysis and evaluation of the system in question.



5.1. Massawa–Asmara: Scenario 1


Scenario 1 is used as a reference case for comparison, since it is declared the “worst case scenario.” This scenario has three CSs along the route, located in Massawa (    C S   1    ), Ghinda   (   C S   2   )   and Asmara     ( C S   3   )  . The results of the SoC and energy consumption profiles obtained from the simulation of scenario 1 are shown in Figure 5.



The following scenario is defined the “worst case scenario,” due to the fact that it is the borderline case. The EV reaches     C S   2       G h i n d a     and     C S   3     (Asmara) with a reduced SoC, even lower than 10%. This situation is not acceptable for an electric transport service since it inevitably increases passenger anxiety. For this reason, an improvement in the charging infrastructure is necessary to make the route more accessible to an electric vehicle. The travel time, 6 h 13 m, is strongly influenced by the long charging time carried out at     C S   2    , which is necessary to reach the destination. The battery percentage (SoC) to be reached via charging is set at 80%, as numerous studies state that staying within the 20–80% range allows for faster charging and increased longevity [26]. Table 2 shows the travel time and charging times for     C S   2     and     C S   3    .




5.2. Massawa–Asmara: Scenario 2


Scenario 2 may be used as a reference case for comparison since it is declared “worst.” Scenario 2 is characterized by an improvement in the distribution of the charging infrastructure. Two more charging stations are added: one in the town of Gathelay (    C S   2    ) and the other in Nefasit (    C S   4    ). In this way, the electric vehicle receives four charges of reduced duration compared to scenario 1. It can be seen from Figure 6 that during the whole journey, the SoC of the electric vehicle stays within the 40–80% range and never reaches values equal to or less than 10%. In this way, a safe travel itinerary is obtained for an electric vehicle user, reducing to zero the possibility of discharging the battery during the journey.



As shown in Table 3, the SoC target set in the simulation is equal to 80%, thus obtaining recharging times of 1 h each. The improvement in this case is effective and leads to a reduction in range anxiety. For this reason, scenario 2 is more appropriate for this case study than scenario 1.




5.3. Massawa–Asmara: Scenario 3


It is deduced from the results obtained in scenario 2 that the ideal distribution of charging infrastructures for the case study is identified. Subsequently, in scenario 3, proceed to optimize the charging times along the route, reducing the SoC target from 80% to 60% (except for     C S   5    , so that the SoC of the electric vehicle for the trip Asmara–Massawa is set to 80%). As Figure 7 shows, the SoC fluctuates in the 20–60% range for the entire trip, except for the first 25 km, since the electric vehicle has an initial SoC of 80%.



By reducing the SoC target from 80% to 60%, it is noted that the recharging at     C S   2     is of decreased duration compared to Scenario 2, with a recharging time of approximately 30 min, while for     C S   3     and     C S   4    , it remains unchanged. The charging times of scenario 3 are shown in Table 4.




5.4. Asmara–Massawa


If the climbing phase requires the evaluation of multiple scenarios to optimize the charging stops, the descent phase is much easier for the electric vehicle. In fact, from the performed simulation, due to the negative slope and the use of recovery braking, no stop is required for any charging phase, as shown in Figure 8.



The result may seem unusual, but it has to be considered that in the model developed, the vehicle is running at a constant speed of 50 km/h; therefore, whenever a negative slope occurs, the electric vehicle needs to slow down in order to keep the speed constant, activating regenerative braking. In this way, the kinetic mechanical energy is transformed into electrical energy to be stored in the traction battery of the vehicle. Since the electric vehicle does not need to recharge to reach the city of Massawa, the travel time is radically reduced, equal to 2 h 13 m, with a difference in the SoC between the departure and arrival points equal to 11%, which converts correspond to a total energy consumption of 6.688 kWh.



In the four different scenarios, consumption is analyzed through vehicle travel, while also evaluating the service through recharging times. It should be noted that the times linked to recharging are currently not satisfactory and reflect the difficulties encountered in mobility trends. However, it should be specified that the currently existing service is also less efficient, and the buses are outdated. In addition, the CSs used have a power of 22 kW, which are not used for fast charging normally, and thus for the future it is desirable to install CSs capable of delivering more power [51]. Considering the low power demand required by the service, it is possible to implement microgrids in the proximity of the CS locations, powered by PV panels sustained by storage banks to avoid instabilities, to supply the CSs. The selection of a PV power plant is strictly linked to the high solar radiation availability of the region, about 6 kWh/m2/day [19]. In order to satisfy the power requirements of the vehicle, the peak power of the plant will be 22 kW, the maximum power transferrable from the CS to the EV. To perform this brief simulation, the software Homer Pro and Global Solar Atlas were used [52,53]. In that region, to have that peak power, considering a high load variability, such as the one proposed, using a generic monocrystalline flat plate PV, with an efficiency of 13%, the required PV plant size is 350 m2. Therefore, based on this consideration, the daily production will be 92 kWh. Based on the difference in the bus service, the size of the plant can be reduced, using also batteries to store the energy produced that is not used immediately. Moreover, in sub-Saharan region, where electricity access represents an issue, the production of excess electricity can represent an opportunity for locals to improve their life quality [54,55,56]. Figure 9 shows some possible locations next to the bus stops where is possible to place the PV panels to support the CSs.



Currently, the users interested in this service would only appear to be tourists, who would agree to stop in the areas for more than half an hour, where they can appreciate the local attractions. However, if the service along the line were to increase and the infrastructure increased its power, it would be possible to reduce waiting times, providing a reliable service for habitual users, who currently do not have a reliable service. Finally, considering the European and global framework on the decarbonization trend, the case study presented aims to provide a repeatable and scalable example for the decarbonization of the transport sector, feeding it with sustainable energy. The major global players and stakeholders are encouraging decarbonization through stringent incentives and policies [57,58,59]. This model applicable to several case studies is supported by several already validated case studies [60,61]. The model allows one to have a quantitatively reliable idea of consumption and service times by providing a comparison, both for other models and for theoretical simulations.





6. Conclusions


The constraints proposed by public authorities have strongly encouraged decarbonization in recent years, and the transport sector is still one of the most polluting. Several countries have started to work on decarbonization through the replacement of obsolete vehicles in the local public transport fleet. However, for developing countries, this change is still a problem. The purpose of this paper was to analyze the possibility of decarbonizing traffic on one of the main roads in a developing country by starting with the use of an electric minibus, analyzing its consumption and the service provided. This led to the study of different scenarios trying to best optimize the service by analyzing the outward and return routes trying to understand if this sustainable mobility can be powered by a photovoltaic system. This work, therefore, highlights the possibility of increasing the penetration rate of electric vehicles in developing countries, whose adoption is still limited, through the use of a simulation model developed with AnyLogic software. Based on the obtained results, optimization of the charging infrastructure is performed to minimize the total travel time of an electric vehicle in a long-distance trip.
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Figure 1. Massawa–Asmara Road connection, with points of interest. 
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Figure 2. (a) Massawa–Asmara Road slope profile, with stops; (b) Asmara–Massawa road slope profile, with stops. 
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Figure 3. Massawa–Asmara Road with stops and CSs. 
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Figure 4. Forces acting on a vehicle in motion. 
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Figure 5. Profile energy consumption (black line) and SoC (blue line), Massawa–Asmara, Scenario 1. 
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Figure 6. Profile energy consumption (black line) and SoC (blue line), Massawa–Asmara, Scenario 2. 
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Figure 7. Profile energy consumption (black line) and SoC (blue line), Massawa–Asmara, Scenario 3. 
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Figure 8. Profile energy consumption (black line) and SoC (blue line), Asmara–Massawa. 






Figure 8. Profile energy consumption (black line) and SoC (blue line), Asmara–Massawa.



[image: Infrastructures 08 00121 g008]







[image: Infrastructures 08 00121 g009 550] 





Figure 9. (a–e) PV plant position for CS supply. 
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Table 1. Electric minibus characteristics.
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Characteristics

	
Value




	
Length [m]

	
5.7




	
Width [m]

	
2.05




	
Hight [m]

	
2.50




	
Full load mass [tons]

	
5




	
Seats

	
22




	
Li-ion battery [Ah] × [V]

	
160 × 3.3




	
Battery voltage range [V]

	
180 ÷ 380




	
Nominal power [kW]

	
30




	
Peak power [kW]

	
60




	
Auxiliaries [kW]

	
4




	
AC power charging [kW]

	
22




	
DC power charging [kW]

	
150




	
Maximum current [A]

	
400




	
Maximum speed [km/h]

	
80




	
Nominal range [km]

	
120
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Table 2. Electric minibus characteristics.
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	Charging Station
	Charging Time
	SoC Target after Charging Phase [%]





	    C S   2    , Ghinda
	02:02:25
	80



	    C S   3    , Asmara
	01:57:01
	80
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Table 3. Charging times and SoC target, scenario 2.
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	Charging Station
	Charging Time
	SoC Target after Charging Phase [%]





	    C S   2    : Gathelay
	01:02:54
	80



	    C S   3    : Ghinda
	01:00:23
	80



	    C S   4    : Nefasit
	00:59:25
	80



	    C S   5    : Asmara
	00:57:46
	80
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Table 4. Charging times and SoC target, scenario 3.






Table 4. Charging times and SoC target, scenario 3.





	Charging Station
	Charging Time
	SoC Target after Charging Phase [%]





	    C S   2    : Gathelay
	00:29:44
	60



	    C S   3    : Ghinda
	01:00:23
	60



	    C S   4    : Nefasit
	00:59:25
	80



	    C S   5    : Asmara
	01:29:51
	80
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