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Abstract

:

Liquefied natural gas (LNG) use as a fuel in road and maritime traffic has increased rapidly, and it is slowly entering railroad traffic as well. The trend was pushed by the state administrations of mainly EU countries and international organizations seeing LNG as a cost-effective and environmentally friendly alternative to diesel. Different infrastructural projects for the widespread use of LNG in transport have been launched around the world. The main goal of this paper was to analyze use of LNG as a fuel for heavy trucks. Different aspects of LNG chain were analyzed along with economical and ecological benefits of LNG application. Filling stations network for LNG were described for the purpose of comparative analysis of diesel and LNG heavy trucks. Conclusion has shown that using LNG as propellant fuel has numerous advantages over the use of conventional fuels. The higher initial investment of the LNG road vehicles could be amortized in their lifetime use, and in the long-term they are more affordable than the classic diesel vehicles. In addition to cost-effectiveness, LNG road vehicles reduce CO2 emissions. Therefore, the environmental goals in transport, not only of the member states but worldwide, could not be met without LNG in heavy truck traffic.
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1. Introduction


The last two decades the global natural gas market has undergone major changes triggered by increased production of unconventional gas in the United States (US) [1]. The unconventional gas has influenced the price of natural gas globally, especially on the US market. The price affects the balance of the supply and demand and the market share of liquefied natural gas (LNG) on the global market is mainly driven by the price, but more and more it becomes the strategic and geopolitical issue [2,3]. Global gas demand is expected to grow 1.6% per annum over the next four years, reaching a level of nearly 4 billion cubic meters by 2022, compared to 3.63 × 1012 m3 in demand in 2016 [4]. Industrial sector demand is becoming the main driver of gas consumption growth, replacing the electricity production sector, where renewable sources and coal compete the natural gas. Predictions show that the US, as the world’s largest consumer and natural gas producer, will account for 40% of the world’s additional gas production by 2022 thanks to the remarkable growth of domestic production. Not lately than 2022, US production would amount to 890 × 109 m3, or more than a one fifth of global gas production. Therefore, the large amounts of produced gas could be turned into LNG and sent worldwide for exports [4]. Large quantities of export LNG in the US could result in lower prices for natural gas in Europe, especially lower prices for LNG shipments coming to Europe [5]. Even without lower prices the number of LNG import terminals is increasing in Europe and with lower prices the expansion of the LNG market could be even bigger and LNG could be very favorable for use as a fuel for heavy trucks consequently [6,7]. So far, many studies have shown the economic and environmental benefits of using LNG as a fuel for heavy trucks. Arteconi et al. in their study from 2009 have analyzed the life-cycle greenhouse gas of LNG as a heavy vehicle fuel in Europe. They have compared the life cycle in terms of greenhouse gasses (GHG) emissions of diesel and LNG used as fuels for heavy-duty vehicles at the European market (then EU 15). They study revealed that numerous studies have reported different results depending on different assumptions. In their study, two possible LNG procurement strategies were considered in the case of LNG being traded at the regasification terminal or in the case of small-scale LNG. They determined that the use of terminal enables a 10% reduction in GHG emissions compared to diesel, while the emission from small-scale LNG are comparable to diesel ones [8].



Ou and Zhang in their study from 2013 have examined the primary fossil energy consumption and GHG emissions for natural gas based alternative vehicle fuels in China. The results of their study have shown that compressed natural gas (CNG) and LNG fueled vehicles have similar well-to-wheels energy use compared to conventional gasoline and diesel vehicles, but difference is emerging along with mileage. They also concluded that CNG and LNG vehicles emit 10–20% less GHG emissions than gasoline and 5–10% less than diesel vehicles. Due to lower content of carbon in natural gas than in petroleum, gas to liquid vehicles emit approximately 30% more GHG emissions than conventional vehicles but the carbon emission intensity of the LNG energy chain is highly sensitive to efficiency of natural gas liquefaction and process used [9]. The environmental impacts and benefits of LNG use in heavy trucks will be furthermore investigated in following sections.



Other studies during literature research reveal economic aspects of LNG use in transport sector. Different research that were related to use of natural gas in transport resulted in fact that LNG use is sensitive to the fuel price differentials. An increase in natural gas price will reduce the economic appeal of using LNG in transport. In the Energata study, the important factors that affect the economics of LNG in transport focusing on LNG vehicles versus diesel have been highlighted along with opinion on the effects of price increase on the future of natural gas vehicles. The study results showed that using LNG for transport would continue to make economic sense even in the case of price increase but resulting on payback time for a LNG vehicle owner. Overall, it was concluded that increasing environmental awareness, more government support like subsidies and stricter environmental regulations would influence on increase of natural gas in transport sector [10].



Madden et al. have conducted exhaustive research for CEDIGAZ, the International Association for Natural Gas, predicting that LNG as a fuel will capture a significant market share in the transport sector by 2035. They have observed the greatest potential in road transport, were annual demand was projected to 96 million tons per year in the base scenario, while demand in the marine transport of LNG was estimated to 77 million tons per annum (mtpa). The rail sector could add another 6 mtpa to global demand according to their predictions. They also stated that the development of LNG as a transport fuel faces a number of challenges including going hand in hand with the development of fueling infrastructure [11]. The fact that filling stations network have not been developed at all in South East Europe will be further more analyzed in following sections.



The Pfoser and al. in their latest research from 2018 discussed acceptance of LNG as an alternative fuel and have analyzed determinants and policy issues. Their study implied that transport sector contributed a quarter of the total greenhouse gas emissions in the EU-28 in 2015. Road transport was responsible for almost 73% of the total greenhouse gas emissions from transport [12]. Authors stated that several alternative fuel technologies have emerged recently. The main issue concerning the most of them are considerable restrictions in case of heavy trucks traffic or long distance transport. Electric vehicles offer short ranges and long recharging time limiting their application to urban transport and short distances. The high potential of hydrogen in reducing GHG emissions is on the other hand decreased with production costs of hydrogen that are still very high limiting wider application. The use of biofuels such as bioethanol and biodiesel is problematic due to land availability for their production [12]. Furthermore they also analyzed environmental benefits of introducing LNG as alternative fuel including the clean combustion of LNG causing nearly 99% less particle (PM) and sulfur oxide (SOx) emissions, around 80% less nitrogen oxides (NOx) and around 20% less CO2 compared to diesel fuel. They stated that emissions reduction could be even further enhanced by mixing liquefied methane from renewable resources into the fuel. Since transport sector represents the severe obstacles to compliance with European policy environmental targets, and road transport in particular, it is clear that any greenhouse gasses (GHG) reduction represents the step forward, which was the main reason for conducting proposed research concerning possibility of use of LNG in transport sector in South East European region. Since, measures for increasing share of LNG in transport use, not only road but also marine, river and railroad could bring environmental benefits and consequently increase competitive advantages of LNG it was necessary to investigate specific data of LNG road transport use and possibility of introducing LNG into transport sector of South East Europe [12,13]. In the Central and South Europe and also in the Republic of Croatia as a part of this region, there is currently no infrastructure for LNG use, but according to European regulations, the Government of the Republic of Croatia has adopted the law for alternative fuels and the LNG infrastructure development plan [14,15]. The similar situation is in other countries in region. Besides Spain, France, and West European countries, the LNG infrastructure network for LNG use in EU in transport is least-developed or it is not developed at all. Due to the facts that the increased volumes of LNG are available for export worldwide, that the flexibility of LNG carriers has increased lately, that the share of long-term contracts among LNG suppliers decreased, the world order of the global LNG market changes which make LNG more and more accessible and affordable and therefore suitable for widespread use.




2. LNG as a Fuel


Liquefaction of natural gas reduces its volume by approximately 600 times making it economical for transport. It is colorless and odorless, it is not toxic and does not corrode. LNG is produced from natural gas in the liquefaction plants where the liquefaction process begins with the separation of water, acid gases, and heavy hydrocarbons that would freeze in the process and become solid or damage the plant otherwise. LNG typically contains between 85 to 95% of methane, but may also contain other components, such as ethane, propane, butane, and nitrogen. Purified gas is then cooled into liquid state at −162°C, to reduce the volume and ease the transport. Liquefaction of one kilogram of natural gas or biomethane requires around 0.65–0.9 kWh of energy. LNG is then transported using ships specially designed for LNG transport. Upon reaching its destination most of LNG is turned back to gaseous state in regasification terminal, where LNG is heated and further transported by pipelines for industry consumers, households and energy transformation needs [16,17,18]. A smaller amount of LNG is used as a fuel in maritime and road transport [19]. Although the prices of such vehicles are higher, LNG as a fuel has many advantages over conventional diesel and compressed natural gas (CNG), which will be discussed later in this paper.



LNG’s highest heating value is estimated at 24 MJ/l while the lowest higher heating value of LNG is estimated at 21 MJ/l. LNG energy density is 2.4 times higher than compressed natural gas (CNG) and it is comparable to the energy intensity of propane, but it is only 60% of the diesel energy density and 70% of the gasoline energy density [20,21].



2.1. Field of Application


Both CNG and LNG are lighter than gasoline or diesel, but have a lower energy content, which means that a larger tank would be required for the same traveling distance. One liter of diesel fuel has the same energy value as 1.7 liters of LNG. Most significant difference between CNG and LNG is in density (LNG has a density of 466 kg/m3 at −162 °C and atmospheric pressure while CNG has a density of 215 kg/m3 at pressure of 250 bar and room temperature). It takes 2.4 liters of CNG to produce the same amount of energy as one liter of LNG. This makes the LNG better fuel when it comes to larger vehicles and vehicles that travel long distances. LNG has several advantages in transport, especially for high power engines [11,22]. The liquid state of the LNG allows a flow similar to the flow of diesel fuel thus resulting in faster filling up a tank comparing to CNG. So far, natural gas has been used as a fuel for heavy vehicles only in vehicles for local use, up to 450 kilometers from filling to filling, such as public transport and garbage removal. The reason is that 1 liter of diesel is equivalent to 5 liters of natural gas compressed to 250 bar. For this reason, the compressed gas fuel tank volume should be about five times larger than the diesel tank, which reduces the convenience for larger distances. This highlights the benefits of LNG, with 1.7 liters being enough to replace a liter of diesel. Also high power engines require high fuel injection pressure in the cylinder, and pressurizing LNG is far more efficient than the equivalent process for CNG [20,23].



The application of LNG in transport has its disadvantages and one of them that has to be taken into consideration is that its application has distance limitation. The 950- to 1200-kilometer fuel cycle between fuel filling is distance for the future filling stations networks planning. There are over 4.6 million heavy trucks and buses running for 340 days a year on average, which is an ideal market for LNG [24]. In addition, LNG has already been applied in maritime traffic, and in Norway it is also considered to be used in railway transport. Most likely, the CNG will be developed further in urban transport systems and delivery trucks, where the CNG is considered an attractive option. Nonetheless, there is a type of filling stations that can quickly and economically profitable generate large volumes of CNG from LNG (LNG-CNG filling station), which means that LNG could enter the CNG market as raw material. The LNG-CNG filling station is economically far more cost-effective than the CNG filling station as far as capital investment and maintenance is concerned and can fill the vehicle’s cargo tank much faster because the LNG is a liquid and requires less pressure drops for the same mass flow compared to gas. It should also be noted that the price of LNG is slightly higher than the CNG because it is technologically more demanding to produce [20]. Overall number of natural gas powered vehicles is still relatively small, and it is estimated to be below 5% of all vehicles [25].




2.2. Financial Aspects


Financial aspects of fuel use are the main reason for fuel switch and it is obvious that wider acceptance and consequently application of LNG in transport use should be analyzed firstly from the economical point of view. The LNG truck was about 30–40% more expensive than the diesel truck in 2013 according to energy analysts Enerdata. In the analysis a comparison of the fuel price per kilometer for an LNG truck and a diesel truck was made [10]. The data of the Enerdata analysis showed that the LNG truck is spending 0.138 USD per kilometer less than the diesel truck (Table 1).



Differential fuel costs are reduced to 28% (from the current level of 31%) if half of the price increase (rounded to 0.05 USD/km) is passed on to the end user. If a possible rise in fuel prices is calculated, the difference in fuel costs per kilometer would be reduced to 25%. Although the money-repayment period would be prolonged in the latter case, analysts believe that it is economically viable switching from diesel to LNG trucks [10]. In first example, if a new truck is taken into account (2017 Kenworth T370) that costs 158,943.00 $ assuming that the price of an equivalent LNG truck was 40% higher (222,520.00), the LNG truck would become more cost-effective than a conventional truck after 4 years and 2.5 months. After a decade the total savings would be around 87,000 USD. In the budget analysis, the annual distance travelled is 109,620.50 km [24].



In the second example, it was assumed that the new diesel truck would cost 80,000 euros, so its LNG alternative would cost 108,000 euros and that LNG truck would be 20% more expensive for maintenance. In this scenario, it was taken into account that the truck consumes 30 liters of diesel fuel per 100 kilometers or 25 kg of LNG per 100 kilometers. The price of diesel was 1.15 € per liter while the price of LNG is calculated as follows: at the Spanish hub, the LNG average price for the first quarter of 2017 was about 0.28 €/kg. According to the Competition Agency data, between 30–35% of the retail fuel price is at a wholesale price. If it is assumed that the wholesale price is 33% of the retail price, the price of 0.84 €/kg is obtained. In both cases, the trucks exceeded 110,000 km per year in the period of 15 years. Annual fuel and maintenance costs were calculated and shown in Table 2. Over 15 years, LNG truck would have saved around 138,000 euros and would become more cost effective after 2.16 years.



National Laboratory Argonne tested 18 LNG trucks over a 15-month period, and they concluded that LNG as a fuel allows significant reduction of costs and harmful emissions. Similar fuel consumption on the basis of equivalent energy during the study period was achieved in LNG trucks. On average, the fuel costs for LNG truck was around 48% less than for diesel trucks. With such cost estimates, the payback period is less than three years [26].




2.3. Ecological Aspects


The main switch in primary energy use or fuel use as it was previously mentioned was driven by economical aspects of it use. The main driver for fuel price in the future will not be supply and demand mechanism but more and more ecological aspects of fuel use. EU energy policy and environmental targets in energy sector represent the base for considering wider application of LNG in energy consumption in transitional period. The transport sector, as it was previously mentioned, represents one of the problematic issue since electrification of heavy-duty trucks in road traffic or marine transport is not an alternative in near future. Therefore, use of LNG represents alternative in transitional period towards sustainable energy society. The transport sector in the EU countries in 2009 was responsible for 20% of all emissions. One of the most obvious advantages of LNG as a fuel is visible if environmental considerations are taken into account [8,12,27,28,29,30,31,32,33]. The European Union encourages the development of alternative fuels to reduce carbon footprint [34]. Greenhouse gas emissions studies have been conducted during the lifecycle of diesel and LNG used in heavy road vehicles in Europe. The lifetime of the fuel is divided into three phases. The first phase is production, which also includes collecting and transportation, as well as diesel refining and LPG liquefaction, second phase is distribution, and the last phase is combustion. LNG liquefied at a large terminal produces about 10% less emissions than diesel fuel and LNG liquefied in a small plant produces around 3% less emissions than diesel fuel [8]. Apart from reducing CO2 emissions, SOX, NOX and particle emissions are also significantly reduced [35,36]. According to Kofod and Stephenson well to wheel GHG emissions from LNG trucks are around 19% lower than the ones from diesel truck and by using bio-LNG it’s possible to reduce GHG emissions up to 67% [37,38]. In China, the emissions were calculated based on the Tsinghua Fuel Lifecycle Analysis Model, a specifically designed fuel analysis instrument in China where the conclusion was that LNG powered vehicles have 5 to 10% less emissions than gasoline or diesel powered vehicles [9,27]. According to the research done by Song et al. usage of LNG trucks resulted in slight GHG reductions compared to a diesel trucks, estimated at approximately 8.0% based on the full life cycle [39]. Hao et al. said that one of the most effective strategies toward sustainable transportation is the promotion of natural gas vehicles with LNG as a very promising alternative. Compared to diesel vehicles, LNG vehicles tailpipe emissions can be more successfully controlled [40]. It is also important to notice that LNG powered heavy duty vehicles emit significantly less fine particles, which have a negative effect on human health, than conventional trucks [41]. Even though reductions of said greenhouse gasses are significant, climate benefits may be reduced or even delayed for decades due to loss of methane from gas supply chain. Methane impact on climate change is more than 25 times greater than same mass of CO2 over a 100-year period [42,43]. Thus, switch to LNG trucks may have negative impact on climate for next 200 years, even though usage of natural gas in other sectors may be beneficial at all time frames [44]. When switching from diesel to LNG heavy duty trucks, reduction in methane losses to the atmosphere may be needed to ensure climate benefits at all time frames. Until better data is available on magnitude of methane loss, impact of fuel switch is still uncertain [31]. Misra et al. report five tested technologies and results show that LNG trucks with the three-way catalyst have lower brake-specific NOx emissions. On the other hand, minimization of natural gas leakage into atmosphere during fueling and storing is crucial [45].



The main switch in primary energy use or fuel use as it was previously mentioned was driven by economical aspects of it use. The main driver for fuel price in the future will not be supply and demand mechanism but more and more ecological aspects of fuel use. EU energy policy and environmental targets in energy sector represent the base for considering wider application of LNG in energy consumption in transitional period. The transport sector, as it was previously mentioned, represents one of the problematic issue since electrification of heavy-duty trucks in road traffic or marine transport is not an alternative in near future. Therefore, use of LNG represents alternative in transitional period towards sustainable energy society. The transport sector in the EU countries in 2009 was responsible for 20% of all emissions. One of the most obvious advantages of LNG as a fuel is visible if environmental considerations are taken into account [8,12,27,28,29,30,31,32,33]. The European Union encourages the development of alternative fuels to reduce carbon footprint [34]. Greenhouse gas emissions studies have been conducted during the lifecycle of diesel and LNG used in heavy road vehicles in Europe. The lifetime of the fuel is divided into three phases. The first phase is production, which also includes collecting and transportation, as well as diesel refining and LPG liquefaction, second phase is distribution, and the last phase is combustion. LNG liquefied at a large terminal produces about 10% less emissions than diesel fuel and LNG liquefied in a small plant produces around 3% less emissions than diesel fuel [8]. Apart from reducing CO2 emissions, SOX, NOX and particle emissions are also significantly reduced [35,36]. According to Kofod and Stephenson well to wheel GHG emissions from LNG trucks are around 19% lower than the ones from diesel truck and by using bio-LNG it’s possible to reduce GHG emissions up to 67% [37,38]. In China, the emissions were calculated based on the Tsinghua Fuel Lifecycle Analysis Model, a specifically designed fuel analysis instrument in China where the conclusion was that LNG powered vehicles have 5 to 10% less emissions than gasoline or diesel powered vehicles [9,27]. According to the research done by Song et al. usage of LNG trucks resulted in slight GHG reductions compared to a diesel trucks, estimated at approximately 8.0% based on the full life cycle [39]. Hao et al. said that one of the most effective strategies toward sustainable transportation is the promotion of natural gas vehicles with LNG as a very promising alternative. Compared to diesel vehicles, LNG vehicles tailpipe emissions can be more successfully controlled [40]. It is also important to notice that LNG powered heavy duty vehicles emit significantly less fine particles, which have a negative effect on human health, than conventional trucks [41]. Even though reductions of said greenhouse gasses are significant, climate benefits may be reduced or even delayed for decades due to loss of methane from gas supply chain. Methane impact on climate change is more than 25 times greater than same mass of CO2 over a 100-year period [42,43]. Thus, switch to LNG trucks may have negative impact on climate for next 200 years, even though usage of natural gas in other sectors may be beneficial at all time frames [44]. When switching from diesel to LNG heavy duty trucks, reduction in methane losses to the atmosphere may be needed to ensure climate benefits at all time frames. Until better data is available on magnitude of methane loss, impact of fuel switch is still uncertain [31]. Misra et al. report five tested technologies and results show that LNG trucks with the three-way catalyst have lower brake-specific NOx emissions. On the other hand, minimization of natural gas leakage into atmosphere during fueling and storing is crucial [45].




2.4. Safety Aspects


During history, LNG was misperceived as unsafe fuel since its liquefaction process in the first half of the 20th century was characterized by fatal accidents. But development of LNG industry after the 1950s and all scientific record show that LNG has been used for years without a major incident, so it can be considered as a relatively safe fuel [18,23]. As mentioned before, LNG has no color, is non-toxic or carcinogenic, and may explode only indoors at a concentration of 5% to 15% [46]. However, some special security measures are needed. LNG is cryogenic and dangerous if it comes into contact with skin or eyes, which is why it is imperative to use visor, gloves and other forms of protection when working with LNG. Compared to other fuels, LNG is very safe when all the regulations are followed including best business practices [47].




2.5. Comparison to Other Alternatives


At this moment, there is no alternative powertrain or fuel that is economically attractive for long haul application, except for LNG trucks. Diesel fuel economy in traversed distance per equivalent of liter of diesel of LNG trucks with compression ignition is similar to diesel trucks, while LNG trucks with spark ignition have somewhat lower fuel economy (22% to 28% lower than diesel trucks). Hybridization of both LNG and diesel trucks improve fuel economy, but not significantly for long haul (3%–6%).



When it comes to CO2 emissions, LNG trucks can compete with diesel hybrid trucks and LNG trucks with compression ignition fare better than even fuel cell and battery electric trucks.



When it comes to breakeven price, as mentioned before, LNG trucks fare better than conventional diesel trucks and hybrids are not attractive option, except for diesel vehicles with a day cycles [48]. CNG and CNG hybrid trucks are also economically attractive options, but only for medium duty and urban applications [49].





3. LNG Application in Road Traffic


LNG vehicles are increasingly being considered and used, in road, maritime, railway traffic. In the use of such vehicles, the most significant is China, which in 2017 had more than 230,000 LNG trucks and around 3000 filling stations (CNG and LNG). There was 540 percent increase of sales of LNG heavy trucks in first seven months of the 2017 which accounts around 39,000 new trucks. Also, China plans to increase a number of filling stations to around 12,000 stations by 2020. Locations and types of this filling stations are carefully chosen using premade studies [50]. That way LNG trucks would spend 40% of the total Chinese consumption of LNG [51,52,53,54]. Vehicle use of natural gas is considered to be a high priority by policy enacted in a year 2007 by National Development and Reform Commission of China [55]. US currently has 144 LNG filling stations across the country (76 public) and plans to build 38 new ones [56]. In Europe there are around 1500 LNG trucks along with around 100 LNG filling stations. Filling infrastructure is most developed in Northwest Europe (UK, Netherlands and Norway) [57]. In 2016, 81% of LNG-CNG filling stations in Europe were built in the Netherlands, the United Kingdom, and Spain. In the rest of the Europe, the building of LNG and LNG-CNG stations begun in 2014 [58,59,60,61,62]. Current number of filling stations can be seen on Figure 1 (yellow are filling stations that are planned or in construction) [63].



Within this paper, an analysis of the impact of LNG trucks on ecological and financial aspects for the European Union has been conducted. According to Kofod and Stephenson, well to wheel GHG emissions from LNG trucks are on average 19% less than the diesel ones. They claim that LNG trucks for 1 MJ of energy used produce 211.7 grams of CO2 equivalent (CO2eq), while a diesel trucks produce 262 grams of CO2 equivalent for 1 MJ of energy used [37]. These numbers were used in the calculation of annual GHG emission for one truck. The annual GHG emissions were obtained by multiplying annual mileage, average fuel consumption, and the heating value of one liter of diesel or one kilogram of LNG and said CO2 emission equivalent for 1 MJ of energy used. The Table 3 shows the selected parameters for the calculation of annual GHG emissions.



Annual GHG emissions per truck and emission reduction per truck depending on annual mileage expressed in tonnes of CO2eq are shown in the Table 4.



Due to the lack of data on the average annual mileage at EU level, several values ranging from 70,000 to 130,000 km are assumed for annual mileage. The value of 70,000 km was chosen by the author’s experience on the national market, while the value of 130,000 km was selected due to average annual mileage for Dutch distribution services [64]. Average fuel consumption and heating values were chosen based on author’s experience.



Over the past two years, around 300,000 new trucks are registered annually in the EU, considering that number, it was possible to calculate annual emission reduction presuming that some of the new diesel trucks would be replaced by LNG trucks [65]. An analysis was made based on several different LNG truck shares in the total number of new trucks in the EU with the assumption that all other trucks are diesel trucks. Proposed shares of LNG trucks were 5%, 10%, 15%, 20%, 25%, 30%, and 50%. GHG emissions reduction depending on the annual mileage of the vehicle and LNG truck share expressed in 1000 tonnes of CO2eq is shown in Table 5.



Emission reduction was obtained by multiplying the emission reduction per truck, total number of new trucks in the EU and LNG truck share.



As noted above, apart from the ecological, the financial impact of LNG trucks in the EU was also analyzed in this paper. Within this analysis, annual fuel costs per truck for five different diesel prices and five different LNG prices were calculated depending on the annual mileage. The annual fuel costs per truck cost was obtained by multiplying the annual mileage, fuel price and fuel consumption shown in Table 3. These annual costs depending on annual mileage and fuel prices are shown in Table 6.



After calculating fuel costs per truck for several different fuel prices, five different price scenarios were created. In these scenarios, it is assumed that all 300,000 trucks in EU are LNG trucks. From the Figure 2 it can be seen that scenario “Diesel = 1.70 €/l; LNG = 1.16 €/kg” has the greatest savings because of the biggest diesel–LNG price ratio. Using this scenario with the assumption that all the trucks in the EU are LNG trucks with the annual mileage of 100,000 km, annual fuel cost savings on the EU level would be over 6.5 billion Euros. On the other side, using scenario “Diesel = 1.10 €/l; LNG = 1.51 €/kg” with the same assumptions as for the previous scenario, annual fuel cost savings would be negative, i.e. losses would be around 1.43 billion Euros on the EU level.



Since it is not practical to assume that all trucks in the EU will be LNG trucks, therefore by using the above stated calculations it is possible to calculate fuel savings for any LNG truck share and price scenarios. For example: A diesel truck that exceeds 124,000 km per year has an annual fuel cost of 55,800 € if the price of diesel is 1.5 €/l. The LNG truck for same mileage as the diesel one has annual fuel costs around 41,300 € if the price of LNG is 1.33 €/kg. It is clear that LNG truck annual fuel cost savings are around 14,500 €. For quantifying this savings for a larger area or region, calculated savings per truck needs to be multiplied with the number of LNG trucks in that area or region.



3.1. Filling Stations


Type of LNG stations can be divided in 3 groups: those that can fill LNG as liquid, as gas (LNG-CNG) or as both (LNG and LNG-CNG) [54,66,67]. Each of these filling stations can be made in a permanent, mobile, or semi-mobile configuration. Each configuration has its own advantages and disadvantages [68,69]. Permanent stations are usually the most technologically advanced and can support the provision of more vehicles but they require larger initial investment. The ideal type of station depends on the current and anticipated demand for LNG and the available technology. Countries that have larger fleets of LNG trucks and have some form of LNG charging infrastructure in already established routes, have simpler selection of location for a permanent station [68].



Typical LNG station consists of cryogenic tank for LNG, in the size of 60–70 m3, cryogenic submerged centrifugal pumps, dispenser with the proper certificates, connected to the system for charging, cooling system that keeps the LNG cold, gas discharge detection equipment, the control system that supports remote access, evaporator, odorizing unit, and dispenser for CNG [68]. LNG stations are structurally similar to conventional diesel and gasoline stations, since they both deliver liquid fuel [70] (Figure 3).




3.2. LNG Heavy Trucks


Most popular LNG heavy trucks on the European market that are currently available are Iveco Stralis Natural Power, Volvo FM Metan Diesel, Hardstaff Merceds Benz Actros and Scania G 340 LNG. Most of these trucks have several parallel LNG fuel tanks set up similarly to the classic diesel side rail. Containers are set to operate in parallel and the operator does not have to fill them separately [72,73,74]. The system has one connection for fuel delivery and one connection for ventilation to the filling station. Other parts of the system include interlaced pipe and pipe systems, heat exchanger, and several fuel control devices such as automatic fuel shut-off valve, pressure regulator, tank fuel level indicator, and lights that will light up in the cabin in a case of low temperature or low pressure in the tank. Some systems use pumps, and some, such as the Agility Fuel Solutions system, use the pressure of the tank itself to successfully supply the engine with the required fuel [75].



Large number of LNG systems in trucks don’t use pumps. When the engine is running, the natural gas under pressure goes out of the tank to the engine. Cold pressurized fuel passes through a heat exchanger [76] that uses heat from the engine coolant to evaporate the liquid and turn it into gas. When it comes out of the heat exchanger, the fuel is hot, under pressure of the tank, ready to burn in the engine [77]. An additional big advantage of LNG is that the cold energy of the fuel can be used for air conditioning [78]. It is important to note that most of LNG engine designs are not from “clean sheet”, but are converted versions of existing conventional fuel engine design. For that reason, there were many issues with commercial LNG engines compared to diesel engines, like poor torque at low speed and bad performance during acceleration [79]. One issue that causes this is low volumetric efficiency due to gasification process as well as bad boosting pressure at low speed and turbo-lag during acceleration. Certain changes were suggested to improve overall performance of LNG engines, especially during accelerating, or driving uphill. These problems can be mended by introducing intake air supply device coupled to a LNG engine intake system which could significantly improve engine torque and transient response. Performance could be further improved by adjusting the fuel-injection quantity, as well as optimizing spark timing [80]. Also, the LNG engine performance depends on the proportion of methane in the LNG mixture [81].





4. LNG Application in Croatia


Central and East Europe (East from Austria) only have few LNG filling stations. To describe the situation in the region Croatia was used since it has a great geostrategic position with the location on the East–West road map with the connection sea ports connection. In the Republic of Croatia, LNG fuel infrastructure does not exist at the moment and there are not any registered vehicles powered by LNG. In last few years Croatian government founded company that is currently working on building the LNG regasification terminal on island Krk, Croatia. The purpose of that terminal will be to increase diversification and security of natural gas supply [82]. On the other side, in 2016 there were 208 registered cars, 84 trucks, 10 mopeds, 6 motorcycles, 108 buses, and 11 CNG powered tractors, along with the infrastructure of two filling stations, in Zagreb and Rijeka [14]. Also, in 2016, a total of 57,911 vehicles were used in the Republic of Croatia that are using liquefied petroleum gas as a fuel, out of which 56,914 cars, 875 trucks, 8 mopeds and motorcycles, 16 buses, and 98 tractors and non-road mobile machinery [15]. From this, it is evident that there is a willingness of consumers to use alternative fuels. In 2017 there were 28,672 heavy trucks registered in Croatia and the number of new heavy trucks doubled in last five years [83]. Currently there are around 2000 new heavy trucks every year. Considering this, it is evident that there is a great potential for using LNG as a fuel for heavy trucks in road traffic. One Croatian company is currently working on the construction of the first LNG filling station in Croatia. Depending on the interest of transport companies Zagreb was chosen as a first location. The European Union encourages the construction of the said station with a 50% co-financing from the Connecting Europe Facility (CEF) program. The same company plans to build additional 11 filling stations throughout Croatia by 2025. The problem in Croatia, unlike in Germany, France and some other EU member states, is a shortage of incentives for purchasing LNG vehicles that would encourage transport companies to buy these vehicles.



In order to align with the EU Directive 2014/94/EU Croatian Parliament has passed the Law on Establishment of Alternative Fuels Infrastructure (09/12/2018). The third article of the law defines the terms to which the law applies, and LNG and CNG are defined as alternative fuels, along with hydrogen, liquefied petroleum gas, biomethane, and others [14]. The fourth article states that the National Policy Framework is to be established within six months of its entry into force. The National Policy Framework was adopted at a government session on the 6 April 2017. One part of the National Policy Framework related to the establishment of the LNG fuel infrastructure for heavy trucks requires following: “With the aim of facilitating the traffic of heavy trucks on main roads in the Republic of Croatia the infrastructure for the supply of LNG for heavy trucks must be available at the outskirts of the cities of Zagreb and Rijeka by 31 December 2025 and by 31 December 2030 in cities Split, Ploče, Slavonski Brod, Zadar, and Osijek (Figure 4), unless it is shown by 2020 for Zagreb and Rijeka and by 2025 for the other listed cities, that there is complete lack of demand. In the case of sufficient demand, it is possible to foresee the setting up of mobile units for the supply of heavy trucks by LNG on motorways at the edge of the cities near the motorway” [15]. The main problem of the road transport not only in Croatia but in all other Eastern Countries is that it has been redirected to marine transport via Kopar and Trieste port (Slovenia and Italy) replacing the great share of heavy road transport. The stricter environmental protection legislation for marine transport dating from 2020 will certainly increase the price of marine transport. On the other hand, some other infrastructure projects like Pelješki most in Croatia (that is on EU PCI—Project of Common Interest) list will result in finishing highway infrastructure in Croatia. Furthermore, Montenegro, and Albania highway projects will result in an Ionian–Adriatic road direction that will compete not only with marine transport but also other road routes like Italian route and therefore will have direct result in a new road direction development requiring filling stations infrastructure. Higher density of road transport will consequently lead to development of alternative fuels infrastructure development.



The use of LNG as a fuel for heavy trucks would result in a reduction of emissions, thus supporting the aims of several strategic documents of the European Union member states but also nonmember states such as: Europe 2020, White paper 2011—Roadmap to a Single European Transport Area, Clean Energy for All Europeans and National Energy Strategies of the Countries [84,85,86,87].



As for the EU, an analysis of the impact of LNG trucks on ecological and financial aspects for the Republic of Croatia has been developed in this chapter. The analysis methodology is the same as in the previous chapter and all parameters except annual mileage from Table 3 were also used in this analysis. For annual mileage, data was taken from the Center for Vehicles of Croatia database stating the average annual mileage for trucks in the Republic of Croatia is around 52,000 km [83]. Due to the accurate data on the annual mileage, a smaller range of annual mileage was taken as opposed to the EU example. Annual GHG emissions per truck and emission reduction per truck depending on annual mileage expressed in tonnes of CO2eq for the Republic of Croatia are shown in the Table 7.



In the past few years, about 2000 new trucks are registered annually in the Republic of Croatia and concerning this data, it was possible to calculate annual GHG emission reduction for the same LNG trucks shares like in the EU example. GHG emissions reduction depending on the annual mileage of the vehicle and LNG truck share expressed in 1000 tonnes of CO2eq is shown in Table 8.



For financial aspects, the same methodology, prices and parameters were used as in the EU example except for annual mileage, which was taken from the Center for Vehicles of Croatia. The annual fuel costs per truck depending on annual mileage and fuel prices are shown in Table 9.



After calculating average truck fuel costs for several different fuel prices, five different price scenarios were created (Figure 5). These scenarios are a bit different from the EU ones, with the same assumption that all trucks in Croatia were LNG trucks. As previously, some scenarios predict a substantial saving on fuel costs, while some predict losses. In the author’s opinion, the most realistic price scenario for Croatia is “Diesel = 1.30 €/l; LNG = 1.16 €/kg”. This scenario predicts annual fuel costs savings for LNG truck around 5250 €. For quantifying costs savings, the same methodology as before can be used.




5. Conclusions


The use of LNG in heavy trucks traffic certainly represents the contribution of the gas industry in CO2 emissions reduction in the transportation sector. The environmental advantages over conventional fuels for heavy trucks, despite higher initial investment price for the vehicles, give an advantage to LNG over diesel fuels, especially in terms of legislation banning diesel in EU countries. As the reduction of exhaust emissions and decarbonization of the energy sector are among the strategic goals of the European Union, LNG and other alternative fuels have been promoted through different projects and legal incentives. As was analyzed in the paper, the transport sector represents the severe obstacles to compliance with European policy environmental targets, especially in road transport, therefore calculated greenhouse gases’ reduction represents contribution to EU emission reduction goals. The results of conducted research show that increased share of LNG use in road transport could bring environmental and financial benefits and consequently increase competitive advantages of LNG. However, the expansion of LNG as a fuel in the European Union has not been widely spread and not introduced at all in of Southeast Europe, especially due to lack of infrastructure. The undeveloped fuel filling infrastructure and the lack of LNG use as a fuel in road traffic in this region represent Circulus Vitiosus. The LNG vehicles have not been purchased due to lack of infrastructure, and there is no infrastructure because there are not enough vehicles to provide this infrastructure. The undefined provisions of the legal regulations certainly do not help and therefore the harmonization of the regulations along with wider LNG promoting actions with incentives implemented will be needed in the future. Numerous projects implemented across the European Union can be a good example of measures that can be undertaken to allow the use of LNG as a fuel. Southeastern Europe, truck fleet operators, vessels, barges, and a wider public could have increased environmental and economical benefits from encouraging LNG as an alternative fuel, especially considering the possibility of building LNG terminal in Croatia that will possibly supply all filling stations in the Southeastern European region. Development of an LNG filling station network could connect the whole Europe in LNG road chain terms and therefore would result in increasing role of natural gas as a transitional fuel in transportation sector. This must be also accompanied by broader LNG acceptance, which is an important requirement for developing adequate and effective strategy measures for the introduction of LNG into a specific market in this case Southeast Europe. Measures should include stimulation of LNG demand, increasing the availability of LNG by introducing new terminals and filling stations and by diversification of LNG supply routes and finally improving ecological effects of LNG use as alternative fuel, as was also suggested in the research study conducted by Pfoser et al in 2018. Methodology developed in the paper including results of this research could help in developing national and regional energy scenarios and stating energy strategy goals concerning alternative fuels at specific market.
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Figure 1. Current and planned LNG filling stations in Europe (EU) [63]. 
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Figure 2. Saving on fuel costs for five different price scenarios on EU level. 
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Figure 3. Schematics of typical LNG/CNG (compressed natural gas) filling station [71]. 
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Figure 4. Infrastructure for the supply of LNG for heavy trucks from the National Policy Framework [6]. 
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Figure 5. Saving on fuel costs for five different price scenarios on Republic of Croatia level. 
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Table 1. Comparison of fuel costs per km for diesel and liquefied natural gas (LNG) truck.
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	Fuel Type
	Fuel Consumption Per km
	Fuel Price
	Fuel Cost Per km





	LNG
	0.46 m3/km
	0.666 USD/m3
	0.306 USD/km



	Diesel
	0.39 l/km
	1.125 USD/l
	0.444 USD/km
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Table 2. Annual fuel and maintenance costs comparison for diesel and LNG truck.






Table 2. Annual fuel and maintenance costs comparison for diesel and LNG truck.





	Fuel Type
	Fuel Cost
	Maintenance Cost
	Total





	LNG
	23 100 €
	11 484 €
	34 584 €



	Diesel
	37 950 €
	9570 €
	47 520 €
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Table 3. Parameters for calculation of annual greenhouse gasses (GHG) emissions.






Table 3. Parameters for calculation of annual greenhouse gasses (GHG) emissions.





	Annual mileage (km)
	70,000–130,000



	Average diesel fuel consumption (l/100 km)
	30



	Average LNG consumption (kg/100 km)
	25



	Diesel lower heating value (MJ/l)
	36



	LNG lover heating value (MJ/kg)
	48.6



	Diesel GHG emissions (gCO2eq/MJ)
	262



	LNG GHG emissions (gCO2eq/MJ)
	211.7
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Table 4. Annual liquefied natural gas (LNG) truck GHG emission reduction.






Table 4. Annual liquefied natural gas (LNG) truck GHG emission reduction.





	Annual Mileage (km)
	70,000
	80,000
	90,000
	100,000
	110,000
	120,000
	130,000





	Diesel missions (tonne of CO2eq)
	198.07
	226.37
	254.66
	282.96
	311.26
	339.55
	367.85



	LNG emissions (tonne of CO2eq)
	180.05
	205.77
	231.49
	257.22
	282.94
	308.66
	334.38



	Emission reduction per truck (tonne of CO2eq)
	18.02
	20.60
	23.17
	25.74
	28.32
	30.89
	33.47
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Table 5. GHG emission reduction for different LNG truck shares on EU level.






Table 5. GHG emission reduction for different LNG truck shares on EU level.





	
New Trucks Emission Reduction (1000 tonnes of CO2eq)






	
Annual mileage (km)

	
70,000

	
80,000

	
90,000

	
100,000

	
110,000

	
120,000

	
130,000




	
Share of LNG trucks in new trucks

	
5%

	
270.32

	
308.93

	
347.55

	
386.17

	
424.78

	
463.40

	
502.02




	
10%

	
540.63

	
617.87

	
695.10

	
772.33

	
849.57

	
926.80

	
1004.04




	
15%

	
810.95

	
926.80

	
1042.65

	
1158.50

	
1274.35

	
1390.20

	
1506.05




	
20%

	
1081.27

	
1235.74

	
1390.20

	
1544.67

	
1699.14

	
1853.60

	
2008.07




	
25%

	
1351.59

	
1544.67

	
1737.75

	
1930.84

	
2123.92

	
2317.01

	
2510.09




	
30%

	
1621.90

	
1853.60

	
2085.30

	
2317.01

	
2548.71

	
2780.41

	
3012.11




	
50%

	
2703.17

	
3089.34

	
3475.51

	
3861.67

	
4247.84

	
4634.01

	
5020.18
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Table 6. Annual fuel costs for diesel and LNG truck.






Table 6. Annual fuel costs for diesel and LNG truck.





	
Annual Fuel Costs Per Truck (€)






	
Annual mileage (km)

	
70,000

	
80,000

	
90,000

	
100,000

	
110,000

	
120,000

	
130,000




	
Diesel price (€/l)

	
0.90

	
18,900

	
21,600

	
24,300

	
27,000

	
29,700

	
32,400

	
35,100




	
1.10

	
22,050

	
25,200

	
28,350

	
31,500

	
34,650

	
37,800

	
40,950




	
1.30

	
27,300

	
31,200

	
35,100

	
39,000

	
42,900

	
46,800

	
50,700




	
1.50

	
30,450

	
34,800

	
39,150

	
43,500

	
47,850

	
52,200

	
56,550




	
1.70

	
33,600

	
38,400

	
43,200

	
48,000

	
52,800

	
57,600

	
62,400




	
LNG price (€/kg)

	
0.80

	
14,000

	
16,000

	
18,000

	
20,000

	
22,000

	
24,000

	
26,000




	
0.98

	
16,333

	
18,667

	
21,000

	
23,333

	
25,667

	
28,000

	
30,333




	
1.16

	
20,222

	
23,111

	
26,000

	
28,889

	
31,778

	
34,667

	
37,556




	
1.33

	
22,556

	
25,778

	
29,000

	
32,222

	
35,444

	
38,667

	
41,889




	
1.51

	
24,889

	
28,444

	
32,000

	
35,556

	
39,111

	
42,667

	
46,222
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Table 7. Annual LNG truck GHG emission reduction.






Table 7. Annual LNG truck GHG emission reduction.





	Annual Mileage (km)
	50,000
	52,000
	54,000
	56,000



	Diesel emissions (tonne of CO2eq)
	141.48
	147.14
	152.80
	158.46



	LNG emissions (tonne of CO2eq)
	128.61
	133.75
	138.90
	144.04



	Emission reduction (tonne of CO2eq)
	12.87
	13.39
	13.90
	14.42
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Table 8. GHG emission reduction for different LNG truck shares on Republic of Croatia level.






Table 8. GHG emission reduction for different LNG truck shares on Republic of Croatia level.





	
New Trucks Emission Reduction (1000 tonnes of CO2eq)




	
Annual Mileage (km)

	
50,000

	
52,000

	
54,000

	
56,000






	
Share of LNG trucks in new trucks

	
5%

	
1.29

	
1.34

	
1.39

	
1.44




	
10%

	
2.57

	
2.68

	
2.78

	
2.88




	
15%

	
3.86

	
4.02

	
4.17

	
4.33




	
20%

	
5.15

	
5.35

	
5.56

	
5.77




	
25%

	
6.44

	
6.69

	
6.95

	
7.21




	
30%

	
7.72

	
8.03

	
8.34

	
8.65




	
50%

	
12.87

	
13.39

	
13.90

	
14.42
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Table 9. Annual fuel costs for diesel and LNG truck.






Table 9. Annual fuel costs for diesel and LNG truck.





	
Annual Fuel Costs Per Truck (€)




	
Annual Mileage (km)

	
50,000

	
52,000

	
54,000

	
56,000






	
Diesel price (€/l)

	
0.90

	
13,500

	
14,040

	
14,580

	
15,120




	
1.10

	
15,750

	
16,380

	
17,010

	
17,640




	
1.30

	
19,500

	
20,280

	
21,060

	
21,840




	
1.50

	
21,750

	
22,620

	
23,490

	
24,360




	
1.70

	
24,000

	
24,960

	
25,920

	
26,880




	
LNG price (€/kg)

	
0.80

	
10,000

	
10,400

	
10,800

	
11,200




	
0.98

	
11,667

	
12,133

	
12,600

	
13,067




	
1.16

	
14,444

	
15,022

	
15,600

	
16,178




	
1.33

	
16,111

	
16,756

	
17,400

	
18,044




	
1.51

	
17,778

	
18,489

	
19,200

	
19,911
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