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Abstract

:

The energy efficiency of road refrigerated transport is still a less researched area, despite a significant amount of energy being used for cooling perishable goods inside the refrigerated vehicle. The refrigeration units of these vehicles continuously operate while en route from the cargo sender to the recipient, even during the vehicle’s forced stopovers due to the driver’s working time limitations. This article aims to summarize the impact of the parking sheds used in rest and service areas on the energy consumption of the vehicle’s refrigeration unit. The achievable cost savings by decreasing the energy consumption of the semi-trailer’s refrigeration units are also presented. We establish a mathematical model to calculate the heat balance and verify our approach. The calculation results, which were carried out under certain operating conditions of the refrigeration unit of a semi-trailer, provide an opportunity to achieve savings on a scale of 12.03%. Lastly, ideal locations of rest and service areas with sheds along the motorways and expressways in Poland are also proposed.
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1. Introduction


The delivery of many types of goods requires controlled transport and storage conditions. The related technology is constantly developing [1]. The goods, such as food products, beverages, flowers, and medicines, are transported chilled or frozen in most cases. During road transport, these loads can be carried in refrigerated vehicles (trucks) equipped with a refrigeration unit, as well as in refrigerated trailers or semi-trailers connected to tractor units [2,3,4].



The haulage of cargo in refrigerated vehicles is associated with high costs, because, in addition to the direct transport costs (related to fuel consumption, etc.) the costs associated with refrigeration are significant. Research carried out by the Motor Transport Institute showed that, within the cost structure of 1 vehicle-kilometer, over 40% of the costs are related to the fuel [5]. Correspondingly, in the case of long-distance road transport of perishable goods, the share of fuel costs exceeds the total transport costs by up to 50%. Therefore, an improvement of energy efficiency would significantly affect the costs of perishable cargo transport.



Due to limitations of the driver’s working time [6], regular stopping and parking of vehicles is required, whereby the driver can rest at a road transport infrastructure (parking places, rest and service areas (RSA)). During this time, the refrigeration unit of the vehicle works constantly. A longer break leads to greater costs associated with cooling.



Moreover, food road transport is associated with a high level of emissions. Carrying temperature-controlled food by road emits 0.66 kg of carbon dioxide equivalent per metric ton-kilometer [7]. This is considerably higher than the emission factor of transporting foods by sea, which is between 0.01 and 0.02 kg CO2 eq per metric ton-kilometer.



According to Accorsi et al. [8], as much as 15% of total worldwide energy is used by cold chain infrastructures. They stated that since 40% of food deliveries need refrigeration, the growth of global food demand and widening of the global supply chains would significantly increase the energy demand and the associated carbon emissions. The average consumption of refrigerated transport depends on many factors, including weather and cargo storage conditions, as well as the type of transport unit [9,10,11]. Considering the large volume of transported perishable cargo, the reduction of this consumption by just several percent can lead to significant savings.



During deliveries, a greater temperature difference between the ambient temperature and cargo transport temperature necessitates more energy to maintain the set temperature inside the vehicle’s body. One of the solutions to reduce this influence is to park the refrigerated vehicles under roofing (shed) that decreases the impact of external factors on the refrigerated vehicle’s operation. Such roofing (e.g., sheds) can be installed in parking lots, RSAs, and other places where vehicles are parked for the short term or long term.



In the literature, several technical solutions have been proposed to reduce the energy consumption by refrigerated vehicles. However, the impact of parking a refrigerated vehicle under a shed on its heat balance and, consequently, on the volume of consumed energy has not yet been investigated. Moreover, structured knowledge about where these parking sheds should be deployed is missing. These issues were identified as a research gap.



Accordingly, the research questions were formulated as follows:



	
Is it possible to reduce energy consumption by parking a refrigerated vehicle under a shed (e.g., canopy, carport) within parking places in RSAs? What is the scale of savings that can be achieved by applying this solution?



	
Where should the sheds be located along the national road network in Poland?






The aim of this study was to show the impact of sheds (e.g., canopies, carports) used within parking places in RSAs on the energy consumption of refrigerated vehicles.



The article includes a literature review section, where the currently available related literature is analyzed, a methodology section describing basic assumptions, limitations, and the mathematical model used to conduct the research, a results section showing the main outcomes of calculation and the range of savings to be achieved, as well as the proposed locations of RSAs equipped with sheds, and a conclusions and discussion section summing up the research.




2. Literature Review


Parking areas are developed as part of road infrastructure [12,13]. Within highways and expressways, RSAs are built as separate areas equipped with car parking lots and infrastructure to ensure comfort and rest for travelers [14,15]. These places may be installed with different infrastructures and vary in terms of the services provided [16,17].



The issues related to road infrastructure development for electric vehicle services have been widely discussed in the literature. The locations for charging facilities are proposed with consideration of several aspects [18,19]. Csonka and Csiszár analyzed the charging and recharging periods, considering dynamic electricity rates in the smart grid in order to minimize the cost of charging from the user’s perspective [20]. Csonka developed an optimization method for static and dynamic charging infrastructure for electric buses to determine the location and capacity of charging units at minimum cost [21]. Iliopoulou and Kepaptsoglou [22] investigated the combined transit route network design and charging infrastructure location problem and proposed a bilevel formulation to handle both planning stages. At the upper level, candidate route sets are generated and evaluated, while, at the lower level, wireless charging infrastructures are deployed optimally. The issues of autonomous vehicle energy consumption and emissions were also addressed [23,24]. The concepts of infrastructure for autonomous electric vehicles in urban areas were elaborated by Zhang et al. [25]. Perera et al. [26] proposed a novel framework to estimate multiperiod public recharging demands, minimize lifecycle costs, maximize service coverage and infrastructure utilization, and ensure reasonable paybacks compared to conventional planning approaches. An overview of the available studies shows that significant efforts have been undertaken to improve road transport infrastructure; however, these improvements are not related to refrigerated transport operation.



The regulation of driver’s working time forces drivers to take breaks during cargo delivery. This obligation applies to vehicles of different types, including refrigerated ones. The driver may have a short break (e.g., 15 or 30 min) or long break of up to 24 or 45 h [6,27]. During that time, the refrigeration unit of the vehicle works continuously.



Transport and storage conditions significantly influence the efficiency of the delivery of perishable goods. These conditions are related to the cargo carriage route, the time of year and day, weather conditions, etc. [28]. Importantly, perishable goods may face a deterioration problem; therefore, the assurance of their special transport and storage conditions is strictly required [29].



The issue of reducing energy consumption in refrigerated cargo transport has been widely discussed in the literature [30,31,32,33,34]. Evans et al. [35] used benchmarking surveys to collect data on the performance of chilled, frozen, and mixed (chilled and frozen stores operated from a single refrigeration system) food cold stores to identify the major factors influencing energy consumption. They found that, in the case of cold stores, the store shape (which had a major impact on surface area of the stores), usage, and ambient temperature had a significant impact on energy consumption.



Ambient conditions influence the perishable cargo transport. Changes in ambient air temperature during the day are reflected in the changes in temperature inside the refrigerated vehicle, especially the air directly under the roof. The detrimental influence of weather conditions is noticeable not only during truck driving, but also during the stop periods of the refrigerated vehicle in the parking lot [36]. These conditions affect the heat balance of the vehicle and, thus, the energy consumption of refrigeration unit [8,28,36,37].



The conditions of refrigerated vehicle services, which influence the heat/mass exchange, have also been discussed in studies. Li and Xie [38] noted that drastic changes of interior air temperature and humidity induced by intense heat/mass exchange between inside and outside hinder guaranteeing the quality of perishable food when the door of the refrigerated vehicle is opened. Issues with the heat balance of refrigerated vehicles, air flow inside the refrigerated body of trucks, and influencing factors were investigated in several studies. Moureh and Flick [39] conducted numerical and experimental studies of airflow within a semi-trailer enclosure loaded with pallets. The importance of air ducts in decreasing temperature differences throughout the cargo was shown. It was also noted that monitoring of refrigerated vehicle’s parameters via a wireless device can contribute to the reduction in fuel costs [40]. Gaedtke et al. [41] found that the inclusion of vacuum insulation panels can halve the required cooling energy.



Refrigeration was of particular importance to many greenhouse gas or carbon footprinting studies [42]. The influence of ambient temperature, cargo weight, and driving condition on CO2 and NOX emissions from refrigerated vans was assessed by Yang et al. [43]. It was found that the overall CO2 emissions of vans with refrigeration units were 15% higher than those of standard vehicles, with NOX emissions estimated to be elevated by 18%.



Attention was also given to the approaches to minimize energy consumption in refrigerated vehicles [44]. For example, lightweight and low-thermal-conductivity material can be applied as the external wall of refrigerated vehicles [45]. It was also highlighted that the usage of aluminum sheets as the external wall of refrigerated vehicles can reduce the longevity of insulation, which increases heat infiltration into the cooling chamber, thereby aggravating energy demand. Qu et al. [46] composed the hierarchy of a comprehensive energy consumption evaluation system that may be applied for food refrigerated transportation.



Ways to increase the efficiency of refrigerated vehicle power systems have also been widely researched. Christodoulou et al. [47] studied the hybridization of refrigerated commercial vehicles by replacing the traditionally used auxiliary diesel engine with a nonpolluting, nonelectric unit. Simulation results of Romijn et al. [48] showed that the fuel consumption can be reduced up to 0.52% by including smart auxiliaries (e.g., climate control system) in energy management. In turn, Marx et al. [3] conducted a comparative analysis of different system architectures for a hybrid fuel cell and battery power source powering a refrigerated semi-trailer.



The technical characteristics of refrigerated trucks have been explored in order to find ways to increase their energy efficiency. Romijn et al. [49] proposed a novel on/off control concept for the control of a refrigerated semi-trailer, the air supply system, and the climate control system. Simulation results on a low-fidelity vehicle model showed the achievable fuel reduction performance. Artuso et al. [2] developed a dynamic model of the insulated box of a refrigerated vehicle to identify the dynamic load and cooling power demand of the truck. The model can be applied to predict the evolution of the internal temperature during long-distance deliveries.



Other solutions have also been suggested to reduce energy consumption in the transport of perishable goods [30,50,51,52]:




	
regular checks on the insulation of refrigerated transport means in order to eliminate deteriorated units;



	
temperature profile analysis in the refrigeration chamber;



	
optimal location of loads inside the chamber, considering the width of gaps between pallets;



	
external humidification of the vehicle, in order to reduce its thermal load, etc.








A lot of attention has also been paid to the service and energy efficiency of refrigerated containers [53,54]. It was noted that, depending on the manufacturer of the refrigeration unit of container, its technical conditions, and the temperature level in the chamber, the average power consumption of a standard 40 foot refrigerated container ranges from 6 to 9 kW [55]. This means that the average daily energy consumption of the container will amount to 144–216 kWh. Fitzgerald et al. [9] studied the energy consumption of refrigerated containers and found that it varies around ±60%.



Shinoda and Budiyanto [30] investigated the effect of roof shade installation covering a reefer container storage yard to protect it from solar insolation. They concluded that the stacking effect of containers provides a thermal benefit to the power consumption of refrigerated containers located on the middle tier and bottom tier [32]. This effect was also noted in [28,37,56,57]. However, this approach was not verified in regard to perishable goods transport in refrigerated semi-trailers.



Our systematized literature review revealed that the issue of energy efficiency in road refrigerated transport should be analyzed in more detail to elaborate and introduce new methods for energy consumption reduction. An analysis of the impact of refrigerated vehicle parking under a roof (shed) on its heat balance is missing. Consequently, cost saving opportunities in this context have also not been investigated. Additionally, the potential locations of such parking lots with sheds within the road infrastructure network have not previously been analyzed in detail.



Therefore, our research topic is relevant; specifically, parking refrigerated vehicles under the sheds in order to minimize heat gains through insulation may save a significant amount of energy.




3. Materials and Methods


3.1. Research Methodology and Basic Assumptions


The methodology used to conduct the research is summarized in Figure 1. In order to estimate the technical and economic effects, a tractor unit with a refrigerated semi-trailer was considered in our investigation. A mathematical model was elaborated to determine the heat balance of the semi-trailer and, consequently, the amount of possible energy savings depending on the operational conditions.



The following data were needed to develop the computational model:




	
dimensions and load capacity of refrigerated semi-trailer;



	
selected technical parameters of semi-trailer’s refrigeration unit, especially the mode of its operation, the number of internal fans and evaporator heaters, their nominal power, the type of evaporator defrost system, etc.;



	
operating conditions of refrigerated semi-trailer, including evaporator daily defrost time;



	
the type of transported goods, their thermophysical features, and transport conditions, including temperature and humidity;



	
external weather conditions (temperature and relative air humidity, wind speed and direction), the dynamics of these conditions, etc.








The mathematical model is based on several limitations and assumptions, including the following:




	
only the set dimensions of refrigerated semi-trailers are considered;



	
the semi-trailers are used to transport frozen goods, and the ambient temperature is above freezing point;



	
goods are loaded to the semi-trailer in the frozen state and there is no need to chill them;



	
the ambient temperature around the semi-trailer is constant and evenly spread across all walls, except walls exposed to insolation;



	
the temperature inside the semi-trailer is constant over transport time and is evenly distributed inside the semi-trailer’s body;



	
for the purpose of calculation, the insulation properties of the semi-trailer are the same across all walls; hence, a constant value of the global heat transfer coefficient of the semi-trailer    k  g l     = 0.4 W/m2∙K is assumed;



	
disturbances of the linear temperature distribution in the insulation layer in the corners of the refrigerated semi-trailer are taken into account by referencing the process of heat exchange to the geometric mean of the surface F;



	
the temperature of the four walls of the semi-trailer is assumed to be equal to the ambient temperature;



	
the intensity of solar radiation impacting the vehicle is not considered;



	
the calculations are carried out for the average daily operational conditions of the semi-trailer.








We carried out calculations and conducted comparative analyses for several variants of the refrigerated semi-trailer locations within the parking place. The developed mathematical model was applied to estimate the savings according to several use cases when using sheds for refrigerated vehicles at RSAs or other parking places. The range of cost savings achieved by the decrease in energy consumption of the vehicle’s refrigeration unit during the vehicle stopover under the parking shed was also calculated.



Ideal locations of RSAs equipped with sheds along the road transport network in Poland are proposed, and potential savings that could be achieved within the selected infrastructure network were calculated.




3.2. Mathematical Model


The energy consumption of a refrigerated semi-trailer depends entirely on the heat load of its body. There is a direct relationship between energy consumption and cold demand in each refrigeration facility. This relation results from the second law of thermodynamics, which can be presented as follows (Equation (1)):


    P m  =     Q ˙  0   ε      ( W ) ,   



(1)




where      P m    is the average 24 h power consumed by the refrigeration unit of the trailer (semi-trailer) (W),      Q ˙  0    is the daily cooling capacity of the refrigeration unit of the trailer (semi-trailer) (W), and  ε  is the energy efficiency coefficient of the refrigeration unit.



The  ε  coefficient is usually given by the refrigeration unit’s manufacturer and depends on the evaporating and condensing temperatures of the refrigerant, which in turn depend on the required temperature inside the refrigerated semi-trailer and the ambient temperature. The     Q ˙  0    value can be determined from the heat balance equation of a refrigerated semi-trailer (Equation (2)).


    Q ˙  0  ≥   ∑   j = 1  4    Q ˙  j  ,  



(2)




where     ∑   j = 1  4    Q ˙  j    is the sum of individual components of the heat balance, i.e., the sum of all heat gains (or losses) from various sources (W), and j is the component of the heat balance (  j = 1 ,   … ,   4  ).



The method of analyzing the influence of ambient factors on a refrigerated semi-trailer carrying a frozen load can be presented in the following form (Equation (3)) [37]:


    Q ˙  0  =   Q ˙  1  +   Q ˙  2  +   Q ˙  3  +   Q ˙  4    ( W ) ,  



(3)




where     Q ˙  1    represents the heat gains (or losses) through insulation (W),     Q ˙  2    is the heat stream due to intended ventilation (W),     Q ˙  3    is the heat stream from fans installed inside the semi-trailer (W), and     Q ˙  4    is the heat stream occurring due to evaporator defrosting (W).



According to Equation (4), the determination of the     Q ˙  1    component of the heat balance is based on the sum of heat gains (or losses) through insulation. This stream is calculated as the sum of heat streams flowing into the interior of the refrigerated semi-trailer through all its walls [28].


    Q ˙  1  =   ∑   i = 1  6    Q ˙   1 i   =   ∑   i = 1  6  (  k i  ⋅  F i  ⋅ Δ  T i  )    ( W )  ,  



(4)




where   Δ  T i  =  T  z i   −  T  w i     is the temperature difference between the ambient temperature    T z    and the temperature inside the semi-trailer      T w    in relation to the individual walls of the semi-trailer (K) (  i = 1 ,   … ,   6  ),    F i    is the heat exchange area of the semi-trailer wall (m2) (  i = 1 ,   … ,   6  ),    k i    is the semi-trailer wall heat transfer coefficient (W/(m2∙K)) (  i = 1 ,   … ,   6  ), and  i  is the wall number of the refrigerated semi-trailer (  i = 1 ,   … ,   6  ).



The abbreviations    t  o t     (°C) for ambient temperature and    t t    (°C) for cargo transport temperature are used in the text to allow calculations in degrees Celsius.



Considering the set assumptions and limitations, the area  F  can be defined as the geometric mean (Equation (5)) [28].


  F =    F z  ⋅  F w      (  m 2  ) ,  



(5)




where    F z    is the external surface of the semi-trailer (m2), and    F w    is the internal surface of the semi-trailer (m2).



According to standards [58,59], the influence of insolation, when calculating the heat balance of a chamber, should be taken into account assuming that the ultraviolet radiation causes the surface to be heated above the ambient temperature (for bright vertical surfaces by 12 K; for bright horizontal surfaces by 16 K). For these surfaces, Equation (4) may be presented as follows (Equations (6) and (7)) [28]:




	
for a vertical sunlit surface,










    Q ˙   1 Σ   =  k  g l   ⋅    F z  ⋅  F w  ⋅    (   T z  + 12 −  T w   )    ( W ) ;  



(6)







	
for a horizontal sunlit surface,







     Q ˙   1 Σ   =  k  g l   ⋅    F z  ⋅  F w  ⋅    (   T z  + 16 −  T w   )    ( W ) .   



(7)





It should be taken into account that insolation does not last 24 h a day. Moreover, the intensity of radiation varies depending on the sunlight angle. When calculating the heat balance of a refrigerated semi-trailer, this fact is usually not considered. However, it should be noted that external temperature measurements carried out for refrigerated containers transported on ships [60] showed that, during the most intense hours of insolation, these temperatures could reach the level of 75–80 °C (348.15–353.15 K). The same situation is observed during the operation of refrigerated vehicles, including semi-trailers. Therefore, the values recommended by the standards [58,59]   Δ  T n  = 12   K   and   16   K   can be treated as daily averages for the heaviest operating conditions of the semi-trailers.



The heat balance component     Q ˙  2    characterizes the heat stream due to intended ventilation. This stream also depends on the temperatures    T z      and    T w    and can be determined using Equation (8) [28,37].


    Q ˙  2  =  n p  ⋅ V ⋅  (     ρ z  ⋅  h z  −  ρ w  ⋅  h w  ) ⋅  1  3.6   ⋅  1  24     ( W ) ,  



(8)




where    n p    is the number of air exchanges inside the semi-trailer (1/day),  V  is the volume of the semi-trailer (m3),    ρ z    is the density of ambient air (kg/m3),    h z    is the enthalpy of ambient air (kJ/kg),    ρ w    is the air density inside the semi-trailer (kg/m3), and    h w    is the enthalpy of air inside the semi-trailer (kJ/kg).



Considering that   h =  c p  ⋅ T   [60], Equation (8) can be written as follows [28]:


    Q ˙  2  =  n p  ⋅ V ⋅  (     ρ z  ⋅  c  p z   ⋅  T z  −  ρ w  ⋅  c  p w   ⋅  T w  ) ⋅  1  3.6   ⋅  1  24     ( W ) ,  



(9)




where    c  p z     is the specific heat capacity of ambient air (kJ/kg⋅K), and    c  p w     is the specific heat capacity of air inside the semi-trailer (kJ/kg⋅K).



The heat balance also includes the     Q ˙  3    component that presents that heat stream coming from the fans working in the refrigerated semi-trailer. This stream is practically independent of    T z    and    T w   ; therefore, in the calculations, it can be treated as a constant value. Two cases may be considered:




	
there is no need to defrost the evaporator, the fans in the chamber work 24 h a day:










    Q ˙  3  =  N w  ⋅  P w    ( W ) ,  



(10)








	
there is a need to defrost the evaporator, where, during the defrosting process, the fans are turned off:










    Q ˙  3  =  N w  ⋅  P w  ⋅   24 −  τ  o d     24     ( W ) ,  



(11)




where    N w    is the number of fans in the semi-trailer (pcs),    P w    is the nominal power consumed by one fan (W), and    τ  o d     is the time for defrosting the evaporator every day (h) (as a rule, the calculation takes the total defrost time of 1 h per day, i.e.,    τ  o d     = 1).



The heat stream     Q ˙  4    generated by evaporator defrosting in a simplified manner can be determined according to Equation (12), assuming a defrosting efficiency    η  o d     = 0.2–0.3 [61] and taking into account the operating conditions of the semi-trailer.


    Q ˙  4  =  N g  ⋅  P g  ⋅    τ  o d     24   ⋅  (  1 −  η  o d    )    ( W ) ,  



(12)




where    N g    is the number of heaters in the semi-trailer (pcs),    P g    is the power consumed by one heater (W), and    η  o d     is the defrosting efficiency.



Figure 2 presents a block diagram of the algorithm to determine potential savings in energy consumption of a refrigerated vehicle, considering the elimination of solar impact by equipping the parking place with shed.



In order to determine the average 24 h cooling capacity     Q ˙  0   , calculations were performed taking into account the selected operating conditions of the refrigerated semi-trailer. By comparing the calculations results for different settings, it was possible to determine the differences in heat loads and, thus, the amount of potential savings.



The energy consumption of the refrigeration unit of the semi-trailer during its supply consists of the consumption by individual elements, including machines (e.g., compressor, pump, fans, etc.). To estimate the value of energy savings for the refrigeration unit of a semi-trailer as a result of roofing of the parking place, the percentage reduction in heat load     Q ˙  0    should be divided by the energy efficiency coefficient of the unit  ε . For modern models of units, it is recommended to adopt the value of  ε  = 1.2–2 when transporting frozen cargoes.





4. Results


4.1. Calculation Results


In order to estimate the roofing influence on the reduction in energy consumption by the refrigeration unit of a semi-trailer, a comparative analysis of the heat balances of the semi-trailer in different locations within an RSA parking place was carried out. The following locations of the semi-trailer were analyzed (Figure 3), including parking:




	(a)

	
without roofing;




	(b)

	
under a shed, when the sun reaches one side wall of the semi-trailer;




	(c)

	
under a shed, eliminating the influence of insolation.









The input data used to conduct calculations are shown in Table 1 and Table 2.



The calculations were carried out in accordance with the algorithm presented in Section 3 (Figure 3). The results are summarized in Table 3. Results show that location of the refrigerated semi-trailer within the parking place in an RSA has a significant impact on the energy consumption of its unit. The location of the refrigerated semi-trailer in RSA under a shed (Figure 4c), compared to its location in a parking place without roofing (Figure 4a), allows reducing the average daily power consumed by the semi-trailer’s refrigeration unit by 12.03%. However, the achieved     Q ˙  1    reduction is about 16.65%. It can be stated that parking refrigerated vehicles in the shade under a roof, as well as equipping parking places with sheds (or canopies, etc.), is beneficial.



The dependence of the total heat gains on the ambient temperature for the given operational conditions of the refrigerated semi-trailer for analyzed variants is shown in Figure 4a. In the case when the ambient temperature is constant (   t  o t   = 16    °C), the total heat gains vary depending on the frozen cargo transportation temperature    t t   . The dependence of the total heat gains on the cargo transportation temperature for the given operating conditions of the refrigerated semi-trailer is shown in Figure 4b.



Using the developed approach, it was possible to calculate the total heat gains for the given operational conditions of the refrigerated semi-trailer considering the average month ambient temperature during the year in Szczecin city (Poland) [62] (Figure 5). Our proposed approach also can be used to assess total heat gains during summer and winter periods. The calculation results conducted for the average daily temperature fluctuation observed in July 2021 and January 2022 [63] in Szczecin city are shown in Figure 6 and Figure 7.




4.2. Simulation of Parking Sheds Locations—Case Study of Poland


In order to show the scale of potential savings that may come from using the parking sheds in a wider context, the case study of Poland was analyzed. In Poland, RSAs are located along the road infrastructure of highways and expressways [64]. According to the data of the General Directorate for National Roads and Motorways [65], in December 2021, there were 356 parking areas within the road transport network in Poland. These include private facilities (77 elements) and RSAs of classes I, II, and III (279 elements) (Table 4). A total of 10,179 parking places for trucks are available within the mentioned facilities.



RSAs are equipped with different infrastructure elements, including [65] parking lots for passenger cars, trucks, and buses, toilets, petrol stations, restaurants, accommodation, stations for charging electric vehicles, security, fencing, monitoring, lighting, places for vehicles with dangerous goods, car washes, vehicles repair shops, and liquid waste discharge points. This does not include sheds that may be used by refrigerated vehicles. The infrastructure of class III RSAs in Poland is summarized in Table 5.



Determining ideal shed locations along the road transport network in Poland should begin with class III RSAs because the most developed services are available there. Then, the sheds may be installed within class II and I RSAs, as well as other parking places.



The number of parking lots under the roofing may depend on the number of the available parking places for trucks or the cargo transport intensity along the route.



It is also proposed to install sheds in class III RSAs. The simulation of RSA locations equipped with sheds is shown in Figure 8. RSA Żarska Wieś Północ, and Żarska Wieś Połud., as well as Kępnica and Zastawie, are located on opposite sides of the roads.



We assessed the transport companies’ energy savings resulting from parking the refrigerated vehicles under the sheds available at class III RSAs in Poland. We assumed the following:




	
the refrigeration unit of the vehicle consumes on average 1.5–3 L of fuel per hour (depending on refrigerated vehicle’s state and ambient conditions);



	
one liter of fuel costs 1.3 EUR;



	
frozen cargo is transported in the refrigerated vehicle;



	
refrigerated vehicles are parked under sheds during the summer period (e.g., June–August);



	
it is possible to achieve an 8% reduction in power consumed during sunlit hours (average value);



	
insolation influences the refrigerated vehicle at parking places for 6 h per day (worst scenario compared to the analysis in Section 4.1).








Considering our assumptions, the transport companies’ savings for one vehicle can reach 0.16–0.36 EUR per hour or 0.96–2.16 EUR per 6 h of daily stoppage.



These savings can be considered as insignificant for one stoppage; however, taking into account the scale effect, the benefits become more visible, including the reduction in emissions.



We made the following assumptions:




	
a total number of 1060 parking spaces are available for trucks at selected class III RSAs;



	
the number of lots with sheds in particular RSAs constitute 10% of the parking spaces for trucks (i.e., a total number of 106 parking spaces with sheds);



	
50% of these lots are used daily for 6 h (53 parking lots).








Considering these assumptions, the daily savings can reach 50.88–114.48 EUR, with monthly (31 days) savings of 1577.28–3548.88 EUR.



The effect of roofing at parking places on refrigerated vehicles would be more significant during the summer period, especially in southern countries (e.g., Portugal, Spain, Italy, Greece, and Turkey), where the ambient temperature is higher than in Poland and the sun shines for a long time.





5. Conclusions and Discussion


The article presented a novel approach for addressing the energy efficiency in road refrigerated transport. The solution to equip RSAs with sheds was investigated. We elaborated a methodology to calculate the potential savings in road refrigerated transport and then revealed the impact of parking sheds (e.g., canopies and carports) within rest and service areas on the energy consumption of the semi-trailer’s refrigeration unit. We found that the location of a truck under a shed, during the driver’s break, can influence the heat balance of the vehicle carrying perishable cargoes and, consequently, the energy consumed.



We fill the research gap with our results and show the scale of potential savings that may be achieved due to parking under a shed. The study contributes to deepening the knowledge related to energy efficiency issues in road refrigerated transport.



Therefore, it is recommended to install sheds in parking places for refrigerated vehicles. These sheds may be installed as fixed equipment. However, mobile (e.g., automatically controlled) or manually operated solutions may also be applied. These specific parking spaces can be additionally equipped with plugs to connect the refrigeration units to electric energy [36], which can also limit emissions while vehicles’ refrigeration units are operated. Consequently, these improved infrastructure elements may constitute the basic equipment for refrigerated vehicles within rest and service areas.



We carried out calculations with special regard for the conditions of frozen cargo transport when applying the developed mathematical model. The analysis of semi-trailer locations demonstrated that the roofing of a parking space can reduce energy consumption by up to 12.03%, thus achieving significant savings considering the scale of perishable cargo transport. Considering the fact that research results regarding the influence of parking sheds on the heat balance of refrigerated semi-trailers are lacking, our results may be compared to those related to refrigerated container storage at storage yards. According to Shinoda and Budiyanto [30], the location of refrigerated containers in a bay under a roof may lead to energy savings of up to 12.76% (for selected storage conditions). This result is comparable to the result achieved in our study.



The validity of these results is limited by the assumptions and simplifications introduced for the simulations. In real conditions, fluctuation of the ambient temperature during the day is observed, in addition to variation of the time spent by refrigerated vehicles in a parking place (from 15 min up to 45 h).



Our results may be of interest to transport and forwarding companies with perishable products. The results may facilitate their decision-making process in selecting the appropriate parking place for the refrigerated vehicle within RSAs or other locations. The developed mathematical model can be included in a decision-making software related to calculations of potential energy consumption savings.



Moreover, the research outcomes may have industrial implications and be useful for the institutions responsible for road infrastructure design, as they clearly show the need to implement the recommended special equipment (roofing, sheds). Research results may also be useful for national or regional infrastructure development policies.



The directions of our future research cover further investigations of refrigerated transport energy efficiency issues focusing on technical and organizational solutions to achieve savings and to reduce the negative impact of transport on the environment. We will also focus on computational model development, considering different conditions of refrigerated vehicle operation. One of these conditions is the solar radiation intensity impacting the vehicle under various shading conditions. We would also like to compare our results to experimental ones collected in real time. Additionally, a complex methodology to determine the location of sheds within an RSA considering several operational and economic criteria will be developed. We will also consider developing the management system of refrigerated vehicles (including the connection of vehicle refrigeration units to electricity) within RSAs. The construction of sheds at parking places will be analyzed in detail to determine the optimal shape and technical specifications (considering opportunities for installing photovoltaic panels on the top of the shed).
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Figure 1. Research methodology. 






Figure 1. Research methodology.



[image: Energies 15 01883 g001]







[image: Energies 15 01883 g002 550] 





Figure 2. A simplified algorithm to determine the total heat loads to evaluate the savings associated with the energy consumption. 
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Figure 3. Location of the refrigerated semi-trailer, where (a) semi-trailer is parked without roofing, influenced by insolation, (b) semi-trailer is parked under a shed, with the sun reaching one side wall of the semi-trailer, and (c) semi-trailer is parked under a shed that eliminates the influence of insolation. 
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Figure 4. The dependence of the total heat gains on the ambient temperature (a) and cargo transportation temperature (b) for the given operational conditions of the refrigerated semi-trailer. 
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Figure 5. The average ambient temperature fluctuation during the year in Szczecin city (a) and dependence of daily total heat gains of the refrigerated semi-trailer on the ambient temperature in particular months (b). 
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Figure 6. The average ambient temperature fluctuation in July 2021 in Szczecin city (a) and dependence of daily total heat gains of the refrigerated semi-trailer on the ambient temperature in particular days in July (b). 
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Figure 7. The average ambient temperature fluctuation in January 2022 in Szczecin city (a) and dependence of daily total heat gains of the refrigerated semi-trailer on the ambient temperature in particular days in January (b). 
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Figure 8. Proposal of ideal locations of RSAs equipped with sheds along the motorways and expressways in Poland. 
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Table 1. Heat exchange surface of the exemplary refrigerated semi-trailer.
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	Walls of Refrigerated Semi-Trailer
	External Surface,

   F z    (m2)
	Internal Surface,

   F w    (m2)
	Calculated (Geometric Mean),

  F  





	Side walls
	38.22 × 2
	34.62 × 2
	72.75



	Floor, roof
	35.36 × 2
	32.76 × 2
	68.07



	Door, rear
	7.31 × 2
	6.40 × 2
	13.68



	Total
	161.78
	147.56
	154.50
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Table 2. Input data for calculations of semi-trailer heat balance.
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	Parameter
	Value





	Cargo
	Frozen meat



	Mass,    m l    (tons)
	20



	Cargo transportation temperature,    t t    (°C)
	−18



	Ambient temperature,    t  o t     (°C)
	16



	Semi-trailer’s heat transfer coefficient,    k  g l     (W/m2∙K)
	0.4



	Semi-trailer’s volume,  V  (m3)
	85.16



	Density of the ambient air,    ρ z    (kg/m3),
	1.22



	Enthalpy of ambient air,    h z    (kJ/kg)
	24.6



	Air density inside the semi-trailer,    ρ w    (kg/m3)
	1.38



	Enthalpy of the air inside the semi-trailer,    h w    (kJ/kg)
	−16.80



	Number of air changes inside the semi-trailer,    n p    (1/day)
	2



	Number of fans in the semi-trailer,    N w    (pcs)
	3



	Nominal power consumed by one fan,    P w    (W)
	250



	Number of heaters in semi-trailer,    N g    (pcs)
	2



	Power consumed by one heater,    P g    (W)
	2000



	Total evaporator defrosting time during the day,    τ  o d     (h)
	1



	Aggregate energy efficiency index,  ε 
	1.5
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Table 3. The results of heat load calculations and the average daily power consumed by the refrigeration unit of a semi-trailer in different parking locations.
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	Location of the Refrigerated Semi-Trailer
	Heat Gain Through Insulation,

    Q ˙  1    (W)
	Total Heat Gains,

     Q ˙  0    ( W )   
	Average Daily Power Consumed,

   P m    (W)
	Relative Change in

   P m    (%)





	Without roofing, influenced by insolation (Figure 4a)
	2554.1
	3534
	2356
	-



	Under a shed, with the sunlight on one side wall of the semi-trailer (Figure 4b)
	2303.5
	3283.3
	2188.9
	−7.09



	Under a shed that eliminates the influence of insolation (Figure 4c)
	2128.8
	3108.7
	2072.5
	−12.03
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Table 4. RSA classes in Poland (own elaboration based on [17,65]).
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	RSA Class
	Function
	Equipment
	Number of RSAs along Road Network





	I
	Recreation
	Equipped with parking spaces (parking), maneuvering lanes, rest and sanitary facilities, and lighting; RSA can be equipped with catering facilities
	154



	II
	Leisure and services
	Equipped with the facilities available at RSA I, in addition to petrol stations, vehicle service stations, catering and commercial facilities, and tourist information facilities
	100



	III
	Recreational function and service
	Equipped with the facilities available at RSA II, in addition to accommodation facilities, as well as post offices, banks, tourist offices, and insurance offices, depending on the need.
	25
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Table 5. Infrastructure of class III RSAs in Poland (own elaboration based on [65]).
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	No.
	Identification of RSA
	Road Number
	Parking for Passenger Cars
	Parking for Trucks
	Parking for Buses
	Toilets
	Petrol Station
	Restaurant/Bistro
	Accommodation
	Electric Vehicles Charging
	Security
	Fencing
	Monitoring
	Lighting
	Places for Vehicles with Dangerous Goods
	Car Wash
	Car Repair Shop
	Liquid Waste Discharge Locations





	1
	MOP III Wieszowa Północ
	A1c
	169
	81
	2
	+ *
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	2
	MOP III Mszana Północ
	A1a
	161
	21
	6
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	3
	MOP III Wirek
	A4
	99
	48
	0
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	−
	+



	4
	MOP III Kępnica
	A4
	50
	50
	0
	+
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	+



	5
	MOP III Zastawie
	A4
	50
	30
	0
	+
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	+



	6
	MOP III Morawica
	A4
	50
	24
	0
	+
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	+



	7
	MOP Janów Lubelski Wschód
	S19
	154
	35
	8
	+
	−
	−
	−
	−
	−
	+
	+
	+
	+
	−
	−
	+



	8
	MOP III Krzyżanów Wschód
	A1
	80
	31
	10
	+
	+
	+
	−
	+
	−
	+
	+
	+
	+
	−
	+
	+



	9
	MOP III Wiśniowa Góra Zachód
	A1
	116
	20
	4
	+
	+
	+
	−
	−
	−
	+
	+
	+
	+
	−
	−
	+



	10
	MOP III Chrząstów
	A2
	158
	55
	0
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	11
	MOP III Nowostawy
	A2
	226
	60
	25
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	12
	MOP III Młyński Staw
	A4
	190
	62
	5
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	+
	+



	13
	MOP III Wysoka
	A4
	158
	33
	0
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	−
	+
	+



	14
	MOP III Police
	A2
	33
	37
	4
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	15
	MOP III Wilkowice
	S5f
	39
	28
	4
	+
	+
	+
	+
	−
	+
	+
	−
	+
	+
	+
	+
	+



	16
	MOP III Palikówka
	A4
	57
	31
	0
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	−
	+



	17
	MOP III Wysoka Wschód
	S3
	87
	25
	3
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	−
	+



	18
	MOP III Żabia Wola
	S8
	90
	54
	5
	+
	+
	+
	+
	−
	−
	+
	−
	+
	+
	−
	−
	+



	19
	MOP III Żarska Wieś Północ
	A4
	80
	58
	3
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	+
	+
	+



	20
	MOP III Żarska Wieś Połud.
	A4
	80
	73
	5
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	21
	MOP III Kraśnik Dolny
	A4
	55
	52
	3
	+
	+
	+
	+
	−
	−
	+
	+
	+
	+
	−
	+
	+



	22
	MOP III Oleśnica Mała
	A4
	82
	47
	3
	+
	+
	+
	+
	−
	+
	+
	+
	+
	+
	−
	+
	+



	23
	MOP III Morzęcino Wschód
	S5
	159
	51
	8
	+
	+
	+
	−
	−
	+
	+
	+
	+
	+
	−
	−
	+



	24
	MOP III Wisznia Mała Zachód
	S5
	95
	44
	7
	+
	−
	+
	−
	−
	+
	+
	+
	+
	+
	−
	−
	+



	25
	MOP III Trzebiel
	DK18
	40
	10
	0
	+
	+
	+
	+
	−
	+
	+
	−
	+
	−
	−
	−
	−







* ‘+’ means that the infrastructure is available; ‘−’ means that the infrastructure is unavailable.
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