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Abstract

:

The presented manuscript discusses a specific research study examining several variants of liquefied natural gas (LNG) carriage from chosen seaports to the port of Bratislava using the Danube waterway, assessing them using chosen multi-criteria analysis techniques. Two ports in Turkey and one port in Georgia are deemed export terminals. A total of twelve variants are compared, whereby the comparison is carried out based on multiple evaluation criteria defined by a panel of experts who laid particular stress on their importance. An economic calculation is performed in the first phase to assess LNG carriage in all the variants. This represents the very foundation for the multi-criteria evaluation, which is conducted using Multi-Criteria Decision Analysis (MCDA) and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS). The evaluated variants differ not only in terms of export port location, but also in relation to transport technology. As for the second phase, four distinct technologies in three different scenarios are assessed—specifically, Small-Scale (SS) LNG-C tankers—while two modes of operation (i.e., time-charter, own tanker) and a river-sea LNG tanker with an LNG barge in two versions are considered. The first version considers the use of Marine Gasoil (MGO) fuel, while the second one considers LNG use. The results obtained provide interesting findings, wherein two out of three applied methods prefer the same transport option. Thus, it can be stated that our study presents a unique approach by comparing different scenarios of LNG distribution as a commodity inland along the river Danube, specifically to Central Europe, from a variety of standpoints. The manuscript evaluates carriage using traditional MGO fuels as well as alternative LNG fuels, and also brings a comparison from a technological point of view.
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1. Introduction


In recent years, there has been an increase in demand for sustainable energy sources [1]. This is due to societal demand, the transformation of people’s thinking towards green resources and technologies, and also to the pressures on authorities on a global scale. Europe is no exception to this [2,3,4]. Liquefied natural gas imports to Europe still entail only a fraction of consumption. Although this is a growing trend, it is far from reaching the same volume as that of pipeline gas from Russia, the main natural gas supplier to the EU. The volume of natural gas supplies from Russia to Europe, including Turkey and Ukraine, is approximately 200 billion m3 of gas. The share of natural gas supplies from Russia to the EU is almost 50% [5,6]. Norway is the second-largest supplier of natural gas, with a 34% share, and the third place is represented by the cumulative supply of LNG, with a volume of about 11%. The largest LNG suppliers to the EU are as follows: Qatar, Nigeria, the USA, and Algeria. The United States has recently significantly increased its LNG supply to Europe, currently accounting for about 13% of the total LNG supply [7].



The EU intends to enable and facilitate the import of LNG into Europe in order to increase the security of its gas supply and diversify sources [8]. The price and reliability of energy supply are the most important parameters that influence the creation of individual countries’ supply strategy [9]. Opportunities to diversify resources are an important tool for increasing competitiveness, as is a non-binding nature from dominant suppliers. The price of natural gas plays a significant role in international trade and countries’ competitiveness [10]. Natural gas often makes up a highly important, and sometimes dominant, share of industrial enterprises’ total energy costs [11]. The price of natural gas varies considerably across the EU, in contrast to traditional fossil fuel prices [12]. Natural gas is becoming an integral part of global energy consumption. Its use in transport has continuously been increasing and it currently represents a notable alternative to traditional fuels [13].



The transport sector produces an eminent share of greenhouse gas emissions (GHGE) and is largely responsible for climate change and global warming. Transport accounts for almost a quarter of all emissions in Europe [5]. The introduction of LNG in the transport sector, especially for heavy cargo vehicles and long-distance transport, is one of the ways to ensure sustainability [14]. The use of natural gas in transport is possible in two basic forms—i.e., in the form of compressed natural gas (CNG) or liquefied natural gas (LNG). Both versions have their own specifics and present different possibilities for their use in haulage [15]. Whilst CNG is used mainly in light vehicles (especially passenger cars), LNG is utilized mainly in heavy transfer. LNG’s undoubted advantage is that liquefaction (at −162 °C) reduces its volume by 600 times, which creates many possibilities for its storage in fuel tanks [16]. The price of LNG is comparable to the price of conventional fossil fuels. Several studies that compare the cost of carrying LNG and traditional fossil fuels confirm this statement; e.g. [17].



The LNG supply chain encompasses natural gas carriage from the point of production to the point of liquefaction, where it is stored in liquid form or transported to the point of consumption in various ways. In the hinterland, mainly tank vehicles are used; in coastal areas, there are barges or SS LNG tankers [18,19]. Another option, subsequent transport, also finds application, especially where gas distribution through pipelines is not sufficiently developed.




2. Literature Review


Numerous studies and other literature sources dealing with the distribution of LNG to small terminals or directly to service stations in Europe and worldwide are available [20].



The available infrastructure limits the expansion of natural gas’s use in transport. Through the Alternative Fuels Directive 2014/94/EU, the European Commission seeks to support the development of infrastructure for alternative fuels, including LNG. In recent years, many LNG filling stations have been opened, especially in Western Europe. The expansion of infrastructure has increased the demand for LNG vehicles [21]. LNG distribution is carried out from large LNG terminals, which are continually being built. There are many more such terminals in Western Europe than in Central and South-Eastern Europe, where substantially fewer of them are located. From large LNG terminals, LNG is transported in special cryogenic tank vehicles (such as trucks, tankers, barges) to service stations or smaller terminals, as stated in the publication [22]. In Central and South-Eastern Europe, it is necessary to build smaller LNG terminals, which will become the particular region’s distribution point. This will increase the efficiency of LNG distribution in remote regions. Dvorak et al. conclude that for the long-term viability of the LNG fuel market [23], it is important to invest only in those projects that do not involve additional operating costs, which will have an impact on increasing fuel prices.



In the manuscript [24], the authors propose an optimal fleet and its navigation routes when distributing LNG in order to decrease CO2 emissions and, at the same time, minimize the transportation costs of LNG in central Indonesia. The transportation cost quantification was executed in the Green Ship Routing Problem approach, taking into consideration even emissions. The technique called Bin Packing Problem was implemented in order to minimize the total transportation cost as well as the emissions produced. Similarly, Andersson et al. focused on the maritime inventory routing problem (IRP) in the LNG supply chain, called the LNG-IRP, wherein they establish a novel route flow formulation for this problem emerging from an innovative decomposition scheme based on ship schedule parts [25]. Furthermore, the publication [26] deals with inter-terminal maritime LNG carriage among a number of supply ports and several sparsely allocated import ports with a specified demand, simultaneously involving cargo splitting features, numerous nodes, and multiple navigations among ports on identical route sections. The developed approach uses mixed integer-linear programming to search for an efficient supply chain system, reducing costs in relation to fuel procurement.



Whereas the previous research was related to the particular types of routing problem encountered in the context of LNG carriage, Iris and Lam elaborate a comprehensive literature review study to discuss individual operational strategies, innovative transport technology usage, alternative fuels, and energy management systems to enhance the energy efficiency and environmental performance of shipping, ports, and terminals, in which research gaps and future research directions are formulated as well [27]. On the other hand, the research study [28] presented by Vidmar et al. comprehensively examines the level of environmental risk that an LNG terminal situated in a port area and LNG distribution pose to the populated territory near to the port site.



Slovakia is located in Central Europe. The availability of LNG terminals is currently relatively low. One of the strategic development plans proposed for the port of Bratislava is to build an LNG terminal [29]. A feasibility study on this topic is currently underway. The terminal envisages the construction of a liquefaction station and the construction of floating or ground tanks. Dávid and Madudová state that the Bratislava port location is relatively strategic, as it is situated on the river Danube [30]. The planned terminal will be able to act as a distribution terminal and filling station not only for road vehicles but also for ships sailing on the river Danube [31]. The waterway availability also offers an alternative acquisition of LNG for the terminal in the form of LNG supplies in tankers.



In this study, we are dealing with this alternative. Based on the economic analysis of LNG transport to the port of Bratislava from the Black Sea region, the costs of transporting 1 m3 of LNG in twelve scenarios are quantified and described in detail. Subsequently, the scenarios are assessed using multi-criteria evaluation principles and examined using two multi-criteria decision-making methods—namely, Multi-Criteria Decision Analysis (MCDA) and Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS). A similar approach and methods have been used to assess the sustainability of fuels in maritime transport—for instance, in the paper [32]. Notwithstanding this, the authors develop a distinct unified criteria system to evaluate alternative marine fuels. A fuzzy group multi-criteria decision-making technique is implemented to sort these fuels when joining fuzzy logarithmic least squares fuzzy TOPSIS methods.



In our paper, three locations were selected to be export points. As for the first one, the Marmara Ereglisi terminal has been in operation in Turkey since 1994. Regarding the second node, the Aliaga terminal has been in operation in Turkey since 2006, with an extension to the Neptune terminal in 2016. In the port of Kulevi in Georgia, as the last export point, it is planned to build a terminal for natural gas liquefaction from Azerbaijan or Turkmenistan. The port of Kulevi, which, along with the Supse terminal (a terminal adapted for fuel transhipment), represents an opportunity to export natural gas from the countries outside the EU to Europe [33].



After all, in our research study, a unique methodological guideline to compare LNG carriage scenarios in a particular territory is developed. The individual scenarios being evaluated are compared to the whole range of perspectives when applying specific operations research techniques. The study analyses carriage using traditional MGO fuels and alternative LNG fuels and brings a comparison from a technological point of view.




3. Data and Methods


The data for the economic assessment of the possibility of transporting LNG by water transport to the port of Bratislava are obtained from the operators. The calculation of the economic costs of transporting 1 m3 of LNG to the port of Bratislava is based on the current capacity of the planned LNG terminal in the port of Bratislava. The calculation is made in several variants.



The first phase assesses three scenarios using an SS LNG-C tanker in the section between the seaports and Galati port. From Galati, the voyage continues using a tugboat and LNG barges. As for the first method, the calculation is performed by two alternatives. The first alternative uses a time-charter SS LNG-C tanker, and the second using its own SS LNG-C tanker. For both alternatives, all economic items entering the calculation of the 1 m3 LNG are comprehensively assessed.



The second phase considers the same three scenarios using a river-sea tanker and LNG barges. The river-sea LNG tanker is used on the entire section between the export port and the destination port of Bratislava. Due to the limited conditions on the river section, part of the cargo is transferred to the LNG barges in the port of Galati, thus providing the necessary draft, which is one of the limiting factors affecting smooth navigation on the Danube waterway. This method is economically assessed in the same way in two alternatives. The first alternative uses a river-sea tanker for MGO fuel, and the second uses LNG fuel.



3.1. Multi-Criteria Decision Analysis


Multi-criteria decision analysis is one of the methods used to compare several variants. It is based on a pairwise comparison of the degree of significance of individual criteria and the degree to which the evaluated solution variants meet these criteria. The evaluation of criteria and variants is based on the “Expert estimation”, in which experts in each field (panel of experts) compare the mutual influences of two factors. These are assessed based on the scale equal–weak–medium–strong–very strong (i.e., values of 1–3–5–7–9). The decision matrix also encompasses a mutual comparison of the same variables with the evaluation of the impact “1” (same influence) [34].



The first step is to determine the matrix Sij, for which i, j = 1, 2, …, n. The following principle applies to the given matrix [35]: C—Criterion; i—number of rows of the matrix; j—number of matrix columns.



The second step is to determine the values of the custom vector of the matrix for the individual rows of the decision matrix (see Equation (1)) based on the relation to the calculation of the geometric mean [36]:


   w i  =     ∏   j = 1  n   s  i j    n  =    s  i 1   ∗  s  i 2   ∗ … . ∗  s  i m    n  ,  



(1)




for each i = 1, 2, …, n.



The last step is to determine the normalized custom vector of the matrix (see Equation (2)) [37]:


   v i  =    w i     w 1  +  w 2  + … +  w n    ,  



(2)




for each i = 1, 2, …, n.



The result is to determine individual variants’ order and select the highest-rated variant, which represents the optimal variant.




3.2. The Technique for Order of Preference by Similarity to Ideal Solution


One of the methods used to assess the problem of choosing the most suitable mode of transport is the TOPSIS method. The task of this method is to find such a solution to the decision problem (in our case, the choice of variant) which is closest to the ideal variant (the ideal solution, after taking into account all aspects, actually rarely exists) [38].



The first step is to create a normalized criterion matrix (see Equation (3)) [39]:


   g  i j   =    y  i j         ∑   i = 1  m  y  2  i j       ; i = 1 , 2 , … m ; j = 1 , 2 … n ,  



(3)




where:




	-

	
yij—elements in ith line in jth column;




	-

	
y2ij—all values of the respective column.









The second step is to calculate the normalized weighted criteria matrix (expert basis, same as for MCDA)—Equation (4):


   z  ij   =  w j   g  ij   ,  



(4)




where:




	-

	
wj—normalized matrix elements.









The subsequent step is to create an ideal variant (h1, h2, …) and basal variant (d1, d2, …) (see Equation (5)) [40]:


    h j  = max  z  i j    ;   d j  = min  z  i j   .   



(5)







The calculation of the distance from the ideal variant (IH) is as follows (see Equation (6)):


  I H =     ∑   j = 1  n     (   z  i j   −  h j   )   2  ; i = 1 , 2 ,   … m   .  



(6)







The quantification of the distance from the basal variant (BH) is as follows (see Equation (7)):


  B H =     ∑   j = 1  n     (   z  i j   −  d j   )   2  ; i = 1 , 2 ,   … m   .  



(7)







In the next step, the criteria ideal and basal values are searched for (these are the maximum and minimum criteria in each row).



	-

	
gij—level of importance.







The final step of this procedure is to quantify the relative indicator of the distance from the basal variant (UV)—Equation (8) [41]:


  UV =   BH    (  IH + BH  )    .  



(8)







The variant with the highest UV score is considered to be the most suitable variant.





4. Case Study—Economic Assessment of LNG Carriage to the Port of Bratislava


In this case study, we deal with assessing the possibility of transporting LNG from the Black, Marmara, and Aegean (Mediterranean) sea area to the port of Bratislava using the Danube waterway. The port of Bratislava plans to build an LNG terminal in the Pálenisko basin. The minimum capacity of the terminal will be 4000 m3 of LNG. The vessel’s maximum cargo capacity intended for filling LNG from and to the terminal will be 3500 m3 of LNG. The terminal will embrace facilities for LNG transhipment and the refuelling of LNG fuel in riverboats. The terminal’s overall concept will also comprise a natural gas liquefaction plant with a capacity of at least 5 t per day. The terminal will further include a transhipment facility for filling LNG into road tanks [42].



We have proposed the port of Marmara Ereglisi (Scenario 1) as the LNG export point in the Sea of Marmara, the port of Aliaga (Scenario 2) in the Aegean Sea, and the port of Kulevi in the Black Sea (Scenario 3). The first two export points are already in operation. The third scenario from the port of Kulevi can be planned as a liaison point for importing natural gas to Europe from the countries outside the EU (e.g., Azerbaijan, Turkmenistan). The potential of these countries in terms of LNG production is evaluated in the study [6].



In the following Figure 1, the scheme of individual proposed variants regarding assessing the economic efficiency of LNG transport by various technologies is depicted.



4.1. Economic Assessment Using a SS LNG-C Tanker


Several basic inputs and parameters need to be defined in the LNG transport economic assessment by SS LNG-C tankers. These relate mainly to navigation conditions on the individual river and sea sections and selected vessel parameters that will provide transport.



4.1.1. Proposal of LNG Transport Technology on the River Section between Galati and Bratislava


The proposal of the required transport capacity is based on the destination LNG terminal’s capacity in the port of Bratislava. The expected capacity is at the level of 12,000–14,000 m3 per month. For LNG barges with six LNG cargo tanks, the transport capacity is set at 2049 m3 ± 5%. For the Danube-Europa II barge with three cargo LNG tanks, the capacity is half as much. The optimal setting for the selected route is a push tugboat + two barges of LNG with six cargo tanks, with a total capacity of about 1700–1800 t (with a standard LNG density in the range of 0.42–0.45 t.m−3) [43].



Based on the navigation conditions on the lower and middle Danube, we propose to dimension the power of the pusher tugboat so that for 1 horsepower (hp) of nominal power, there will be 3–4 tons of displacement with a load [44]. For the LNG convoy, the calculated displacement is set at D = 2514 t. For this reason, the power of the pusher tugboat for two barges is 1.3–1.6 thousand hp. By considering the large areas of LNG barges, we propose the power of the tugboat’s main engines from 1.8 to 2.0 thousand hp. (1300–1500 kW). Tugboats of the TR 2000 type of a Slovak company or of the Z type of a Hungarian company were selected as the most appropriate.



The distance from Galati to Bratislava on the Danube is 1717 km. The transport times on this Danube section is the same for all three scenarios. The Danube section is divided into three navigation sections (Galati–Turnu-Severin, Turnu-Severin–Mohacs, Mohacs–Bratislava). For upstream navigation, the voyage time is set at 10.3 days and, for downstream navigation, it is 5.15 days. In the ports of Mohács, Bezdane and Veliko Gradište, 4 days are counted for inspections. A total of 1 day is set aside to ensure loading and unloading. Waiting for a sea SS LNG-C tanker’s arrival in the port of Galati, tugboat refuelling, and other extraordinary delays are, on average, 2–3 days. Table 1 shows the time of the cruise, which lasts about 25 days. Eight LNG barges and four tugboats are needed to deliver the estimated amount of cargo. The estimated voyage time is determined based on data from operators.




4.1.2. Calculation of Costs of the Pushing Convoy on the River Section Galati–Bratislava


The optimal version of a convoy for this river section is on push tugboat TR 2000 and two LNG barges. The daily time-charter rate for renting a TR 2000 tugboat is 1850 EUR (based on the operator’s current price). The price does not subsume fuel costs. Each LNG barge must be operated by 2 professionally qualified crew members—Senior Boatswain and Gas Engineer to ensure the safe operation of the ship power and other equipment. These crew members ensure the performance of the prescribed technical maintenance as well as the continuous control of the physical and chemical properties of LNG. The daily salary cost for LNG barges is EUR 330 (EUR 4950 for a round trip). Other daily expenses of items for a tugboat and two LNG barges include: drinking water, managerial remuneration, ship-shore communications costs, travel costs, bank charges, technical supply, lubricants, representation for captain, insurance, depreciation for repairs. The total daily amount of these expenses is EUR 458.83. Total daily expenses for the convoy are EUR 2639.83. The price per 1 t MGO is EUR 724 (based on local price in this region). The average daily consumption for the upstream voyage is 4.08 t., for the downstream voyage it is 3.06 t., and for downtime it is 0.288 t. A detailed calculation was made based on the information obtained on tank vessels’ operation on the Danube river.



To determine the total cost of the voyage, it is necessary to take into account downstream, upstream, downtime, and all port fees or other costs in ports. The total costs for the voyage are shown in Table 1.



Transport of 1 m3 of LNG with a tugboat TR 2000 with LNG barges on the river section between the port of Bratislava and the Romanian port of Galati costs EUR 36.55.




4.1.3. Economic Calculation of the Sea Section—Time-Charter SS LNG-C


The subsequent carriage of LNG cargo by sea is carried out in two variants—using the lease of a marine SS LNG-C tanker or as transport with an SS LNG-C tanker in exclusive ownership. The distances and estimated time of the voyage to the three export ports of Marmara Ereglisi, Aliaga, and Kulevi are summarized in Table 2.



The Small-Scale LNG tanker’s voyage (SS LNG-C) from Aliaga or Kulevi at a speed of 12.5 knots in stable and typical weather for this region is 1.7–2 days. The return journey in ballast lasts approximately the same. The voyage from the Sea of Marmara to Galati takes 1 day. The loading and unloading process takes 1.5 days. Waiting for permission to cross the Turkish straits and refuelling the vessel takes 1–1.5 days. Securing the IGS (Inert Gas System) takes 0.5 days. According to the times in Table 2, one SS LNG-C with a carrying capacity of 3000–3500 m3 can ensure the utilization of river formations along the Danube for three selected scenarios in the volume of about 12,000–14,000 m3 LNG per month. According to the experience of tanker operators of this type, the cost of qualified management is approximately EUR 9000 per month.



The use of an SS LNG-C tanker is being considered for a sea voyage. The standard type of fuel for this tanker is the fuel oil IFO 60–IFO 180 and diesel MGO (prospectively, it can be changed to LSFO–Low-Sulfur Fuel Oil). The price per 1 t. of IFO 180 is EUR 439 and for MGO is EUR 570 (Based on local price in this region). The average daily fuel consumption of IFO 180 voyage is 8.9 t., MGO downtime is 1.4 t., MGO unloading/IGS is 2.8 t. and MGO loading is 1.4 t. The total daily expenses for the voyage are EUR 15,816.64, for IGS are EUR 1596.49, for loading and downtime are the same EUR 12,711.38, for unloading EUR 14,307.87. It is currently not known to provide SS LNG-C tankers for long-term time-charter. The time-charter rates for SS LNG-C are very similar to the rates for semi-refrigerated and full-refrigerated LPG tankers. A tanker with a space capacity of 5000 m3 is deemed the proper one in terms of capacity [45]. The representative rate is EUR 10,028.95 per day based on market research. This rate also enters into the following economic calculations. Port and channel fees for SS LNG-C tankers are listed in Table 3.



Fuel costs represent from 30% to 35% of the operating costs of a SS LNG-C tanker. These costs change most often while in operation. Into the cost calculation, also enter variable items (drinking water, managerial remuneration, ship-shore communications costs, travel costs, bank charges, technical supply, lubricants, representation for captain, time-charter rate). The total amount of variable items is EUR 11,913.13. The values are obtained as average values provided by tanker operators in the region. The values apply to all three scenarios.



To determine the voyage’s total cost in all three scenarios, it is necessary to consider voyage, IGS, downtime, loading, unloading, and port fees. The total costs for the voyage, as well as the calculation of the price per 1 m3 LNG, are shown in Table 4.



The above comparison of three scenarios within the particular variant, where the time-charter of a SS LNG-C tanker of LNG is envisaged, shows that the most economical scenario is scenario 1. The transport of 1 m3 of LNG on the sea section costs EUR 38.47.




4.1.4. Economic Calculation of the Sea Section—Own SS LNG-C Tanker


Another way to deliver a supply of LNG to the port of Galati is by using its own SS LNG-C tanker. When procuring a new tanker, the cost of the ship’s initial registration is negligible and does not need to be considered. The further calculation is made at current prices; therefore, cash flow discounting will not be used. The calculation also does not take inflation into account.



There are a small number of LNG-C tankers on the market, and thus there is room for speculative rates. Therefore, we calculate the OPEX (Operating Exchange) based on the order to construct a marine LNG-C tanker and calculate the bareboat/time-charter rate. The cost of building one mass-produced tanker (as much as possible with a capacity similar to the parameters required by the terminal in Bratislava) up to 5000 m3 for a customer in a South Korean shipyard would be around EUR 44 million, according to the available data. The following equation can express the construction price of a new tanker not produced in series with a capacity of 3500 m3 (non-series production—increase by 20%):


C3500 ≈ (C5000 · 1.2/DWCC5000) · DWCC3000 = (EUR 44 mil. · 1.2/5000) · 3000 ≈ EUR 36 mil.,



(9)




where:




	-

	
C3000—the price of a new tanker with a capacity of 3000 m3;




	-

	
C5000—the price of a new tanker with a capacity of 5000 m3;




	-

	
DWCC5000—tanker capacity (5000 m3);




	-

	
DWCC3000—tanker capacity (3000 m3).









To this end, we regard the linear depreciation of the new tanker with a typical limited operating time of 30 years. The amount obtained from the ship’s sale at the end of its operation (scrapping) can be determined as the determined displacement of the empty ship multiplied by the ship’s approximate selling price, increased by 20–30% due to a large amount of non-ferrous metals. This cash flow (reversal) can bring approximately:


R0 = D0 · CD0/1mt · 1.3 ≈ 1200 · 236 · 1.3 ≈ EUR 368,160,



(10)




where:




	-

	
D0—empty ship displacement;




	-

	
CD0/1mt—selling price of the ship.









In this case, the depreciation factor is of (EUR 36 mil. − EUR 368,160)/30/12 = EUR 100,000 per month (EUR 3333 per day). In this study, we consider the cost of performing a “Class” repair (with an inspection to confirm the vessel’s class). The approximate model of tanker repair costs is derived from the operation of analogous tankers. The average costs of repair and maintenance (Table 5) are determined based on private companies’ information.



In our study, we propose a volume of 3200 m3 LNG tanks in 10 tanks. The approximate reasonable price of technical maintenance of cryogenic equipment is EUR 716.97/5 years (in terms of 1 m3). This is based on the average values of costs provided by manufacturers in this segment. These costs will be lower for LNG evaporators and heaters installed for 1–2 supply tanks of the vessel’s fuel system. This number is reduced in the projected SS LNG-C tankers. From a design point of view, cryogenic LNG tanks do not have actively corroding and wearing parts. Therefore, approximately 67% of maintenance costs after 5 years of operation are fuel system pumps, compressors and valves. Approximately half of these mechanisms are not required for the cargo system of the proposed tanker. Based on these data, adjusted and specific costs per 1m3 of LNG tank volume (EXP1m3lng/c) will be accepted for further indicative calculation:


EXP1m3lng/c = 716.97 · (1 − 0.67/2) = EUR 476.79.



(11)







In connection with the maintenance of many types of one tank, there is a cost reduction effect. The effect of cost reduction is defined by a coefficient, which is in the range of 0.6–0.8. Because the planned number of tanks is small, we use a coefficient of 0.8. Based on the above, the price of repairs and 5 years of technical maintenance of the cryogenic equipment of the SS LNG-C tanker will be:


EXP1m3lng/c = 476.79 · 0.8 · 3200 = EUR 1,220,582.



(12)







This corresponds to a depreciation of EUR 113.00 per day for 30 years of operation and the last repair of the cryogenic equipment in the 25th year. We used the amount of depreciation costs and depreciation for repairs as the basis for calculating the bareboat charter rate. The approximate bareboat charter rate (B/c hire) will be:


B/c hire = EUR 3333 + EUR 150.28 + EUR 113.00 = EUR 3596.28 per day.



(13)







Considering the daily wage costs of the crew for EUR 1608.00 (Captain EUR 233.92, Chief Mate EUR 187.13, 2nd Mate EUR 99.41, 3rd Mate EUR 52.63, Chief Engineer EUR 219.30, 2nd Engineer EUR 181.29, 3rd Engineer EUR 87.72, Electrical Engineer EUR 131.58, Gas Engineer EUR 131.58, Motormen—AB EUR 52.63, 2 × AB − motorman EUR 46.78, Boatswain EUR 64.32, Cook—AB EUR 73.10), the ongoing depreciation for the operation of SS LNG-C (including depreciation) can be expected at the level of EUR 5204.28 per day.



According to the above scenarios, the calculation of economic indicators of the sea transport with the transhipment of goods to river pushing convoy sets is performed based on information collection and based on experience with the operation of maritime SS LPG tankers. Other variable cargo items for SS LNG-C tanker include crew wages, depreciation for repairs, drinking water, managerial remuneration, ship-shore communications costs, travel costs, bank charges, technical supply, lubricants, representation for captain, insurance, depreciation). The total value of these items is EUR 6151.85. Values are obtained as average values provided by tanker operators and from previous calculations. The values listed apply to all three scenarios.



In order to determine the total cost of the voyage in all three scenarios in this variant (own SS LNG-C tanker), it is necessary to consider voyage, IGS, downtime, loading, unloading and port fees. The fuel price and the average consumption is the same as in the calculations in the last part of the study, Section 4.1.3.



The total costs for the voyage, as well as the calculation of the price per 1 m3 LNG, are shown in Table 6.



From the above comparison of three scenarios regarding this variant where the acquisition of own SS LNG-C tanker is expected, it follows that scenario no. 1 seems to be the most economical. The transport of 1 m3 of LNG on the sea section costs EUR 25.86.




4.1.5. Evaluation of all Variants Using a SS LNG-C Tanker


Based on the previous results, Figure 2 compares the prices for the transport of 1 m3 of LNG when considering the different ownership relationships to sea tankers. In all the scenarios examined, the Danube river’s transport is carried out by a pusher convoy consisting of a pusher tugboat with pusher LNG barges.



According to the relevant scenarios of sea transport performed by SS LNG-C tankers with the subsequent transhipment of goods to river tugboats with LNG barges in the Romanian port of Galati, the calculated price for transporting 1 m3 LNG is the lowest when procuring their own SS LNG-C tanker on the route Marmara Ereglisi–Galati–Bratislava–Marmara Ereglisi.





4.2. Assessment Using a River-Sea LNG Tanker and LNG Barge


The use of river-sea LNG tankers entails another possibility of transporting LNG to the port of Bratislava. The calculation is based on the same capacity requirements: 12,000–14,000 m3 LNG per month. LNG transport consists of two parts (sea and river). The export ports are the same as in the first variant (ports of Marmara Ereglisi, Aliaga and Kulevi). The river section is also defined between the port of Galati and Bratislava. The economic calculation using the river-sea LNG tanker and LNG barge is realized in two versions. The first version uses MGO as fuel, and the second uses a dual fuel system using LNG as fuel. As for LNG, we consider a price of EUR 324.56 per 1 t.



The estimated time of the voyage is 7.23 days upstream and 4.77 days downstream. Approximately 4.6 days are expected for technological downtime, including inspections in Mohács (HU), Bezdana, and Veliko Gradište (RSB); crew rest; crossing the locks; and the refuelling of the tanker. It is assumed 2 days for the whole convoy to unload the cargo. Waiting for the arrival of the river-sea LNG tanker to Galati and other extraordinary delays are 2 days. In this case, the total voyage, including the sea section, for one convoy consists of a river-sea LNG tanker and an LNG barge is about 26–28 days.



The convoy for navigation on river sections from the Romanian port of Galati to the Slovak port of Bratislava consists of a river-sea LNG tanker and one LNG barge (with 6 cryogenic tanks). The mooring of the convoy will take place at an anchorage intended for vessels with dangerous goods. When the mooring process is completed, and the security measures are met, part of the cargo is transferred from the river-sea LNG tanker to the LNG barge. This achieves the same draft for both vessels T = 1.60 m. During this draft, and while maintaining the Danube water level’s height at a statistically long-term mean level, the convoy should sail without delay in both directions. There may be navigation restrictions during the navigation period when crossing under bridges in Budapest and Novi Sad. This applies to cases of a high-water level. Due to their random occurrence throughout the season, we do not consider the delay time for reforming the convoy configuration. We are not even considering the case of using a river-sea LNG tanker without the LNG barge.



4.2.1. Calculation of Costs of the Convoy on the River Section Galati–Bratislava


The LNG barge will be waiting for the arrival of the river-sea LNG tanker at a dedicated berth in the port of Galati, in connection with which there will occur the costs for downtime. The expected speed of the convoy in the upstream voyage is set at 10 km/h, while the daily fuel consumption will be the highest compared to the consumption on the sea section or in the downstream voyage. The expected speed of the convoy in downstream navigation is 15 km/h. The times of sea voyage operations are shown in Table 7.



The voyage time of a river-sea LNG tanker from Aliaga or Kulevi at a speed of 12.5 knots in stable weather is 1.7–2 days. The return trip without cargo (in ballast) lasts about the same time. The voyage from the Sea of Marmara to Galati takes 0.8 days. Loading a tanker and transhipment of the part of the cargo to an LNG barge in Galati takes 1.5 days. Waiting for a permit and crossing the Turkish Strait and refuelling the vessel takes 1–1.5 days.



The estimated price of the serial new construction of a river-sea LNG tanker with tanks with a capacity of 3200 m3 in Slovenské Lodenice is approximately EUR 25 million (the price of the tugboat is estimated at EUR 6.8 million). The cost of the initial registration of a ship is negligible and does not need to be considered. The indicative price calculation for LNG barges can be determined by comparing the prices of custom river-sea tankers and river tankers.



The specific costs for the construction of a 1 t deadweight (DWt) river-sea tanker are as follows:


EXP1mtDWt = Cblt/DWt = 6,800,000/5200 ≈ EUR 1308.00,



(14)




where:




	-

	
Cblt—price of the river-sea tanker without tanks;




	-

	
DWt—dead weight.









The new construction of the tanker is estimated at EUR 1.5 mil. with a capacity (DWt) of 5000 t. The specific costs for the construction of 1 t tonnage (DWt) of this tanker will be:


EXP oil barge1mtDWt = Cbltbarge/DWtbarge = EUR 1,500,000/5000 ≈ EUR 300.00.



(15)







The approximate value of CAPEX (Capital Expenditure) in the construction of one LNG barge, based on the estimated price for the new construction of a river-sea LNG tanker and the ratios of specific costs for the construction of a river-sea tanker and barges will be:


CAPEX LNG barge ≈ EUR 25,000,000 · 300/1308 ≈ EUR 5,734,000.



(16)







The further calculation is performed at current prices; therefore, cash flow discounting will not be used. The calculation does not take inflation into account.



Our study considers the linear depreciation of a new tanker with a typically limited-service life of 30 years, similar to that for a marine LNG-C tanker.



The price obtained from the sale of ships after the end of their operation (scrap sale) can be calculated as the determined empty ship displacement (D0 for a river-sea LNG tanker = 2530 t; D0 for LNG barge = 1565 t) multiplied by the estimated sale price of the ship, increased by 20–30% due to a large amount of non-ferrous metals. This cash flow (Ro) for the river-sea LNG tanker is expected to be approximately:


R0 = D0 · CD0/1mt · 1.3 ≈ 2530 · 236 · 1.3 ≈ EUR 776,204,



(17)




where:




	-

	
D0—empty ship displacement;




	-

	
CD0/1mt—selling price of the ship/barge.









The cash flow for an LNG barge is expected to be approximately:


R0 = D0 · CD0/1mt · 1.3 ≈ 1565 · EUR 149 · 1.3 ≈ EUR 303,140 per barge.



(18)







In this case, the depreciation factor for the river-sea LNG tanker is (EUR 25,000,000–EUR 776,204)/30/12 = EUR 67,288 per month and EUR 2242 per day.



The amortization factor for an LNG barge is (EUR 5734,000–EUR 303,140)/30/12 = EUR 15,085 per month and EUR 502.83 per day.



The costs of carrying out the repair for the issue of classification (with an inspection to confirm the vessel’s class) and the dock’s repair is based on experience with the operation of analogue tankers with similar tonnage. The approximate cost of repairs is the same as for the SS LNG-C tanker, and thus at EUR 150.28 per day.



The costs of repair and maintenance of the cryogenic tanks for the river-sea LNG tanker can be set at the same amount of EUR 113.00 per day as calculated and reported for the SS LNG-C tanker. Each LNG barge’s cost, equipped with 6 cargo tanks, is determined in proportion to the cost for a river-sea LNG tanker equipped with 10 cargo tanks. Its amount will be EUR 70.84 per day per barge. The monthly expenses for the river-sea LNG tanker crew are EUR 28,200 (EUR 940.00 per day). The basic daily wages for individual positions are as follows: Captain EUR 200, Chief Mate EUR 160, 2nd Mate EUR 85, Chief Engineer EUR 183.33, Gas Engineer EUR 110, Electrician-Motormen—AB EUR 85, Boatswain EUR 55, Cook—AB EUR 60.



For river-sea LNG tankers using MGO fuel, considering crew wages, we can expect an ongoing depreciation for the operation of the river-sea LNG tanker (including depreciation) approximately at the level of EUR 4000 per day.




4.2.2. Total Cost Calculation—A River-Sea LNG Tanker, and LNG Barge


The daily variable costs for the operation of a river-sea LNG tanker include: crew wages, depreciation for repairs, drinking water, managerial remuneration, ship-shore communications costs, travel costs, bank charges, technical supply, lubricant, representation for captain, insurance, and depreciation. The total daily amount of these expenses for the river-sea LNG tanker is EUR 4000 and for the LNG barge EUR 943.03. These items are equal in both the sea and river sections. Values are obtained as average values provided by tanker operators and from previous calculations. The values listed apply to all three scenarios.



The standard type of fuel for this tanker is the fuel MGO. The price per 1 t. of MGO is EUR 570.18, and LNG is EUR 324.56. The average daily fuel consumption in the offshore section of a sea voyage is 9 t., unloading/IGS is 0.72 t, loading and downtime is 0.36 t.



The total daily expenses in the offshore section using MGO fuel for the voyage are EUR 9141.88, for unloading/IGS they are EUR 4420.83, for loading/downtime they are EUR 4215.56. Overall daily expenses in the offshore section using MGO fuel are EUR 17,778.27.



The average daily fuel consumption on the river for the downstream voyage is 7.8 t., for upstream is 12 t., for unloading/IGS is 0.72 t., and for loading/downtime 0.36 t. The total daily expenses on the river section using MGO fuel for the downstream voyage they are EUR 9400.70, for the upstream voyage they are EUR 11,795.44, for unloading/IGS they are EUR 5363.86, for loading/downtime they are EUR 5158.59, and for LNG barge downtime they are EUR 943.03. The overall daily expenses on the river section using MGO fuel are EUR 26,559.99.



The total daily expenses in the offshore section using LNG fuel for the voyage are EUR 6931.35, for unloading/IGS they are EUR 4243.985, and for loading/downtime they are EUR 4127.14. The overall daily expenses in the offshore section using LNG fuel are EUR 15,302.48.



The total daily expenses on the river section using LNG fuel for the downstream voyage are EUR 7484.91, for the upstream voyage are EUR 8848.07, for unloading/IGS are EUR 5187.01, for loading/downtime they are EUR 5070.17, and for LNG barge downtime they are EUR 943.03. Overall daily expenses on the river section using LNG fuel are EUR 21,519.99.



Table 8 presents the total costs of a voyage and the price of transporting 1 m3 of LNG using the river-sea LNG tanker and LNG barge for MGO fuel and LNG fuel as well. A calculation has been applied for all three scenarios.



The above comparison of six plans (three for MGO fuel + three for LNG fuel) of LNG transport to the port of Bratislava shows that the transport scenario from Marmara Ereglisi appears to be the most economical for both fuel technologies.





4.3. Overall Economic Comparison of Assessed Variants


Figure 3 shows the economic comparison of the results. The first phase results show that its own SS LNG-C tanker acquisition is more advantageous than operation on a time-charter basis. When assessing the technology using a river-sea LNG tanker, it follows that the version using LNG fuel is more economically advantageous. For both methods, the transport price was the lowest for LNG transport from the port of Marmara Ereglisi.



According to the previous assessment of all variants, the counted price for transporting 1 m3 of LNG is the lowest using the LNG tanker and LNG barge powered by LNG fuel on the route Marmara Ereglisi–Galati–Bratislava–Marmara Ereglisi. In the port of Galati, part of the cargo is transferred from the river-sea LNG tanker to the LNG barge. This achieves the same draft for both vessels T = 1.60 m.





5. Assessment of Variants Using the Operations Research Techniques


Certainly, even other factors except for the price of transport are important as well. Nowadays, in addition to the price of transport, transport time, transport safety, availability of infrastructure, and ecological aspects are imperative as well. Since this study should provide a comprehensive picture of LNG carriage’s possibilities to the port of Bratislava on the river of Danube, the study conducts a multi-criteria analysis. It is an assessment of transport variants based on selected criteria. A multi-criteria assessment is performed by two methods (MCDA and TOPSIS) to increase the quality of the results.



5.1. Multi-Criteria Decision Analysis


When choosing an adequate variant of LNG transport within waterborne transport, it is necessary to consider several aspects. At present, more and more emphasis is being placed on the quality of transport, transport (delivery) time, environmental aspects and, last but not least, safety [46]. Based on the results of the brainstorming panel of experts in our field of research, we determined the following criteria and their weights:




	
C1—Transport price—transport prices of individual variants (alternatives and scenarios) are based on a previous economic assessment.



	
C2—Transport time—the transport time is based on the data of the operators who actually provide the transport on similar routes.



	
C3—Transport safety—determined based on a comparison of individual variants’ safety from a technological point of view (type of vessel, type of transhipment, number of transhipments).



	
C4—Availability of resources—determined based on the source’s geographical location and LNG supply.



	
C5—Environmental aspects—assesses the environmental security of transport in terms of the technologies and fuels used.








In our study, we assess a total of 12 variants based on the already implemented technical and economic assessment. They are based on the previous part of the study, where we compared two basic modes of transport (SS LNG-C and a river-sea LNG tanker and LNG barge). The weights of individual criteria are given in the following Table 9.



The next step of the MCDA is to compare the different variants based on each criterion (see Appendix A, Table A1, Table A2, Table A3, Table A4 and Table A5). These results, along with the mutual comparison of criteria (specifying the weights of individual criteria), from the inputs to the final assessment, the results of which are presented in the following Table 10.



The results of the MCDA showed that, after considering several criteria (apart from the price), variant no. 10—i.e., LNG delivery from the port of Marmara Ereglisi using a river-sea LNG tanker powered by LNG—is preferred.




5.2. The Technique for Order of Preference by Similarity to Ideal Solution


Using the TOPSIS method, we assess LNG carriage variants to the port of Bratislava based on the analogous criteria. The weights remain unchanged (same as for MCDA).



The initial point is to normalize the criterion (Table 11) matrix, which considers the weights already determined based on experts’ results.



The ideal variant is calculated in the following Table 12.



The calculation of the basal variant is carried out in Table 13.



The relative indicator of the distance from the basal variant is specified in Table 14.



By assessing the variants of LNG transport to the port of Bratislava by water transport, we concluded that variant no. 10 from the port of Marmara Ereglisi is regarded as the most suitable option.





6. Results and Discussion


Based on a comprehensive and multi-criteria comparison of the possibility of LNG transport from the ports of Marmara Ereglisi, Aliaga, and Kulevi to the port of Bratislava using the Danube River, we can draw the following conclusions:




	
In terms of the total costs of a transported commodity (LNG), variant no. 4 appears to be the best option, where it is planned to procure its own SS LNG-C tanker.



	
When applying the TOPSIS method, we concluded that variant no. 10, where the use of a river-sea LNG tanker and LNG barge (operated on LNG fuel) is envisaged, renders the compromise variant.



	
As far as the MCDA is concerned, by assessing the variants based on the set of five various criteria, the weights of which were specified by a panel of experts, we confirmed the identical conclusion as by the TOPSIS method.



	
All the methods applied have confirmed the port of Marmara Ereglisi in Turkey as the proper export terminal.








The following Figure 4 depicts the graphical evaluation of the order of individual variants by three different methods.



Several similar studies addressing the use of natural gas in transport have been carried out in recent years. A political-economic study of natural gas use in heavy freight transport has also been carried out for Brazil [47,48]. The economic analysis finds out that if LNG trucks are up to 17% more expensive, the cost per kilometre is still the same as that for standard diesel-powered trucks. State regulations and underdeveloped infrastructure are the biggest problems in implementing LNG in heavy freight transport. The problem with insufficiently developed infrastructure (LNG filling stations) can also be seen in our geographical area—not only Slovakia, but also the surrounding countries.



Another study addressing the possibility of transporting LNG by SS LNG tankers was carried out in Indonesia [18]. It aimed to optimize LNG distribution using SS LNG carriers and perform an economic analysis in this region. The optimization consisted of maximization of the volume of cargo with a given capacity of the LNG vessel. From the results, it is clear that the cost of transporting LNG depends on the amount of demand for LNG and the transport distance. The results of our study, especially the comparison based on price as well as the MCDA method, confirm that the use of SS LNG tankers is economically profitable, with comparable deliveries, which in our case are based on the storage capacity of the planned LNG terminal in the port of Bratislava.



A study of a similar nature was also addressed by Lopez Alvarez et al. [20]. Their study addresses the design of the distribution network of the supply chain for LNG as a fuel. This case study clarifies the process of opening satellite terminals and justifies the investment in this segment.



In the study entitled “Economic assessment of liquefied natural gas (LNG) as a marine fuel for CO2 carriers compared to marine gas oil (MGO)” [49], economic scenarios of CO2 transport in the North Sea are compared. The use of different types of fuels (HFO, MGO, LNG) is investigated. Following the outcomes, it is clear that CO2 carriers powered by LNG fuel are more cost-effective than CO2 carriers using MGO based on the current price of fuel in a given period. The assessment also confirms this by the TOPSIS method in our study, where the scenario of a river-sea LNG tanker and LNG barge is preferred the most.



In the publication [50], multi-criteria comparisons of LNG and MGO fuels used in shipping are discussed. This analysis focuses on three main criteria: environment, economy, and safety. The results show that LNG-based technologies offer better sustainability performance than MGO. The low-pressure dual-fuel system provides a more sustainable alternative, with a 35% reduction in the overall sustainability impact compared to MGO due to the corresponding environmental benefits.



Our study extended the criteria set to encompass delivery time [51] and resource availability, which allowed us to obtain an even more comprehensive and profound assessment.




7. Conclusions


Natural gas looks to be the fuel of the future. The use of natural gas as a fuel has recently gained importance. In our research study, we focused on multiple options of transporting LNG from three seaports to the port of Bratislava. The ports of Marmara Ereglisi and Aliaga in Turkey and the port of Kulevi in Georgia were regarded as the export terminals.



Our study presents a unique approach by comparing LNG carriage as a commodity inland along the river of Danube, specifically to Central Europe, from several points of view. Besides the comparison in terms of price, the scenarios are also compared from other perspectives when using particular operation research techniques. The study evaluates carriage using traditional MGO fuels and alternative LNG fuels. Furthermore, it also brings a comparison from a technological point of view (the use of a SS LNG-C tanker and a river-sea LNG tanker and LNG barge).



Specifically, a total of twelve scenarios were compared in the study. The first part of the study quantified the transport costs of 1 m3 of LNG in various ways, where the following outcomes were achieved:




	-

	
Variant no. 4 was designated as the most suitable scenario—i.e., LNG carriage from the port of Marmara Ereglisi in Turkey to the port of Bratislava using a SS LNG-C tanker on the sea section and a TR 2000 tugboat with two LNG barges on the river section.




	-

	
With a very small difference, variant no. 10 was defined as the second most appropriate option. It entails the scenario of LNG carriage from the same port but by a different transport technology. This scenario implements the technology of a river-sea LNG tanker powered by LNG fuel. In this particular variant, part of the cargo is transhipped into an LNG barge located in the port of Galati.




	-

	
The carriage price of 1 m3 of LNG for other variants varies from 5 to 29% more than for the two aforementioned transport scenarios (i.e., variant no. 4 and variant no. 10).









The second part of the study focuses on a multi-criteria evaluation of the predesignated variants. MCDA specified variant no. 10 as the adequate one. Variant no. 4 was determined as the second most suitable scenario, followed by variant no. 11. Thus, the change in the very order of variants is apparent compared to the assessment based only on the price of transport. This analysis corroborates that price currently plays an important role in choosing the appropriate transport mode, but its dominance is slightly declining. In line with this, other factors and standpoints have been gaining importance, such as the aspects of environmental impacts or transport time.



Using the TOPIS method, we concluded that variant no. 10 is regarded as the most ideal transport option (likewise for MCDA). Variant no. 7 was quantified to be the second most suitable scenario, followed by variant no. 12.



Two out of three methods of evaluating variants bring equal results, wherein a variant when using a river-sea LNG tanker and LNG barge is considered the ideal variant of LNG carriage to the port of Bratislava on the Danube. Currently, the LNG terminal in Marmara Ereglisi (Turkey) appears to be the most appropriate export point, which is also confirmed by our findings. Regarding comparing the carriage price, variant no. 4 seems to be the most suitable option. Notwithstanding this, after considering even other outcomes, we can state that the most suitable means of LNG carriage to the port of Bratislava is to deploy a river-sea LNG tanker, whilst part of the cargo will be transhipped to an LNG barge in the port of Galati. This will ensure the desired draft for safe navigation on the Danube waterway to the Port of Bratislava.



As for further research in this particular field, activities should be aimed at evaluating the possibilities and design of relevant LNG infrastructure on the Danube river section. The specific variants recommended in this research study require having an adequate transport infrastructure for LNG bunkering (filling). Hence, it is imperative to create a logical network of filling stations in order to ensure the possibility of bunkering LNG throughout the river Danube. This will also contribute to a global effort focused on the river fleet replacement on the Danube (compliance with the EU transport strategy). However, it should also be emphasized that our study’s individual findings are intended to create the opportunity in order to diversify sources for ships/vehicles in the Danube region and not to ensure a majority volume of gas supply.
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Appendix A. Comparison of Variants Based on Criteria
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Table A1. C1—Price.






Table A1. C1—Price.





	C1
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	∏ S(ij)
	w (i)
	v (i)





	V1
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	3.8 × 10−2
	0.762
	0.045



	V2
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	3.5 × 10−6
	0.351
	0.021



	V3
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	3.5 × 10−6
	0.351
	0.021



	V4
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	4,920,898.6
	3.611
	0.212



	V5
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	625.0
	1.710
	0.101



	V6
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	625.0
	1.710
	0.101



	V7
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	4.0 × 10−2
	0.765
	0.045



	V8
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	3.6 × 10−6
	0.352
	0.021



	V9
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	3.6 × 10−6
	0.352
	0.021



	V10
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	5,081,609.2
	3.621
	0.213



	V11
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	637.7
	1.713
	0.101



	V12
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	637.7
	1.713
	0.101
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Table A2. C2—Transport Time.






Table A2. C2—Transport Time.





	C2
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	∏ S(ij)
	w (i)
	v (i)





	V1
	1.0
	3.0
	3.0
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	0.2
	0.3
	0.3
	3.8 × 10−2
	0.762
	0.045



	V2
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.1
	0.2
	0.2
	3.5 × 10−6
	0.351
	0.021



	V3
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.1
	0.2
	0.2
	3.5 × 10−6
	0.351
	0.021



	V4
	1.0
	3.0
	3.0
	1.0
	3.0
	3.0
	0.2
	0.3
	0.3
	0.2
	0.3
	0.3
	3.9 × 10−2
	0.763
	0.045



	V5
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.1
	0.2
	0.2
	3.6 × 10−6
	0.352
	0.021



	V6
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	0.1
	0.2
	0.2
	0.1
	0.2
	0.2
	3.6 × 10−6
	0.352
	0.021



	V7
	5.0
	7.0
	7.0
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	1.0
	3.0
	3.0
	4,980,485.2
	3.615
	0.213



	V8
	3.0
	5.0
	5.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	631.3
	1.711
	0.101



	V9
	3.0
	5.0
	5.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	631.3
	1.711
	0.101



	V10
	5.0
	7.0
	7.0
	5.0
	7.0
	7.0
	1.0
	3.0
	3.0
	1.0
	3.0
	3.0
	5,081,609.2
	3.621
	0.213



	V11
	3.0
	5.0
	5.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	637.7
	1.713
	0.101



	V12
	3.0
	5.0
	5.0
	3.0
	5.0
	5.0
	0.3
	1.0
	1.0
	0.3
	1.0
	1.0
	637.7
	1.713
	0.101
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Table A3. C3—Transport Safety.






Table A3. C3—Transport Safety.





	C3
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	∏ S(ij)
	w (i)
	v (i)





	V1
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V2
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V3
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V4
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V5
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V6
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.2
	0.2
	0.2
	0.3
	0.3
	0.3
	2.9 × 10−4
	0.507
	0.030



	V7
	5.0
	5.0
	5.0
	5.0
	5.0
	5.0
	1.0
	1.0
	1.0
	3.0
	3.0
	3.0
	421,875.0
	2.943
	0.173



	V8
	5.0
	5.0
	5.0
	5.0
	5.0
	5.0
	1.0
	1.0
	1.0
	3.0
	3.0
	3.0
	421,875.0
	2.943
	0.173



	V9
	5.0
	5.0
	5.0
	5.0
	5.0
	5.0
	1.0
	1.0
	1.0
	3.0
	3.0
	3.0
	421,875.0
	2.943
	0.173



	V10
	3.0
	3.0
	3.0
	3.0
	3.0
	3.0
	0.3
	0.3
	0.3
	1.0
	1.0
	1.0
	28.7
	1.323
	0.078



	V11
	3.0
	3.0
	3.0
	3.0
	3.0
	3.0
	0.3
	0.3
	0.3
	1.0
	1.0
	1.0
	28.7
	1.323
	0.078



	V12
	3.0
	3.0
	3.0
	3.0
	3.0
	3.0
	0.3
	0.3
	0.3
	1.0
	1.0
	1.0
	28.7
	1.323
	0.078
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Table A4. C4—Availability of Resources.
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	C4
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	∏ S(ij)
	w (i)
	v (i)





	V1
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	50,625.0
	2.466
	0.145



	V2
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.1
	0.997
	0.059



	V3
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	1.9 × 10−5
	0.404
	0.024



	V4
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	51,136.4
	2.468
	0.145



	V5
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	1.0
	0.999
	0.059



	V6
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	1.9 × 10-5
	0.405
	0.024



	V7
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	51,652.9
	2.470
	0.145



	V8
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	1.0
	1.001
	0.059



	V9
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	2.0 × 10−5
	0.405
	0.024



	V10
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	1.0
	3.0
	5.0
	52,174.6
	2.472
	0.145



	V11
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	0.3
	1.0
	3.0
	1.0
	1.003
	0.059



	V12
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	0.2
	0.3
	1.0
	2.0 × 10−5
	0.405
	0.024
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Table A5. C5—Environmental Aspects.






Table A5. C5—Environmental Aspects.





	C5
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	∏ S(ij)
	w (i)
	v (i)





	V1
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.9 × 10−4
	0.507
	0.030



	V2
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.9 × 10−4
	0.507
	0.030



	V3
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.2 × 10−4
	0.495
	0.029



	V4
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.9 × 10−4
	0.507
	0.030



	V5
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.9 × 10−4
	0.507
	0.030



	V6
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	0.2
	0.2
	0.2
	2.9 × 10−4
	0.507
	0.030



	V7
	3.0
	3.0
	3.3
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	30.6
	1.330
	0.078



	V8
	3.0
	3.0
	3.3
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	30.6
	1.330
	0.078



	V9
	3.0
	3.0
	3.3
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	0.3
	0.3
	0.3
	30.6
	1.330
	0.078



	V10
	5.0
	5.0
	5.0
	5.0
	5.0
	5.0
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	434,788.7
	2.950
	0.173



	V11
	5.0
	5.0
	5.0
	5.0
	5.0
	5.0
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	434,788.7
	2.950
	0.173



	V12
	5,0
	5.0
	5.0
	5.0
	5.0
	5.0
	3.0
	3.0
	3.0
	1.0
	1.0
	1.0
	434,788.7
	2.950
	0.173
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Figure 1. Proposed variants in terms of assessing the economic efficiency of LNG transport by various technologies. 
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Figure 2. Evaluation of the variants using an SS LNG-C tanker. 
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Figure 3. Evaluation of the economic results of all variants. 
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Figure 4. Evaluation of the order of variants by three operation research techniques. 
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Table 1. The total cost of the voyage on the river section and the price of the transport of 1 m3 LNG.






Table 1. The total cost of the voyage on the river section and the price of the transport of 1 m3 LNG.





	
Mode

	
Voyage Time [days]

	
Total Daily Expenses [EUR]

	
Total Voyage Costs [EUR]






	
Upstream voyage

	
10.30

	
5593.75

	
57,615.63




	
Downstream voyage

	
5.15

	
4855.27

	
25,004.64




	
Downtime

	
9.60

	
2848.34

	
27,344.08




	
Port fees in Bratislava

	

	

	
3500.00




	
Port fees in Galati

	

	

	
3500.00




	
Total

	
25.05

	
13,297.36

	
116,964.35




	
Cargo quantity [m3]

	
3200.00




	
Cost per 1 m3 LNG [EUR]

	
36.55
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Table 2. Distance of ports of export and time of voyage to Galati.






Table 2. Distance of ports of export and time of voyage to Galati.





	Route
	Distance [miles]
	Distance [km]
	Loading Time [days]
	Voyage Time with Cargo [days]
	Transh. Time “Ship to Ship” (STS) [days]
	IGS (Inert Gas System) [days]
	Voyage Time without Cargo [days]
	Downtimes [days]
	Bad Weathers, Waiting for Transh. [days]
	Total Voyage Time [days]





	Marmara Ereglisi–Galati
	286
	460
	0.5
	1
	1
	0.5
	1
	1
	2.5
	7.5



	Aliaga–Galati
	474
	763
	0.5
	1.7
	1
	0.5
	1.7
	1.5
	1.5
	8.4



	Kulevi–Galati
	589
	948
	0.5
	2.1
	1
	0.5
	2.1
	0.5
	1.5
	8.2
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Table 3. Port and channel fees for SS LNG-C tankers.






Table 3. Port and channel fees for SS LNG-C tankers.





	Port
	Marmara Ereglisi with Bosporus
	Aliaga with Bosporus and Dardanelles
	Kulevi
	Galati with Sulin





	Fees [EUR]
	10,342
	12,969
	7616
	15,169
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Table 4. Total voyage costs—all scenarios, time-charter SS LNG-C tanker.






Table 4. Total voyage costs—all scenarios, time-charter SS LNG-C tanker.





	
Mode/Operation

	
Total Daily Expenses [EUR]

	
Voyage Time [days]




	
Scenario No. 1 (Marmara Ereglisi)

	
Scenario No. 2 (Aliaga)

	
Scenario No. 3 (Kulevi)






	
Voyage

	
15,816.64

	
2.00

	
3.40

	
4.20




	
IGS

	
1596.49

	
0.50

	
0.50

	
0.50




	
Downtime

	
12,711.38

	
3.50

	
3.00

	
2.00




	
Unloading

	
14,307.87

	
1.00

	
1.00

	
1.00




	
Loading

	
12,711.38

	
0.50

	
0.50

	
0.50




	
Port fees [EUR]

	
25,511.40

	
28,138.60

	
22,785.31




	
Total costs of the scenario voyage [EUR]

	
123,096.32

	
141,511.12

	
136,099.76




	
Cargo quantity transported [m3]

	
3200




	
Voyage cost of 1 m3 LNG [EUR]

	
38.47

	
44.22

	
42.53
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Table 5. Indicative costs for SS LNG-C repairs.






Table 5. Indicative costs for SS LNG-C repairs.





	
Age of Ship

	
Repair to Class [EUR]

	
Repair in Dock [EUR]






	
0–10 years

	
2 × 105,000

	
2 × 70,000




	
11–20 years

	
2 × 220,000

	
2 × 88,000




	
21–30 years

	
1 × 307,000

	
2 × 175,000




	
Total

	
1,623,000




	
Per month

	
4508.33




	
Per day

	
150.28
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Table 6. Total voyage costs—all scenarios, own SS LNG-C tanker.






Table 6. Total voyage costs—all scenarios, own SS LNG-C tanker.





	
Mode/Operation

	
Total Daily Expenses [EUR]

	
Voyage Time [days]




	
Scenario No. 1 (Marmara Ereglisi)

	
Scenario No. 2 (Aliaga)

	
Scenario No. 3 (Kulevi)






	
Voyage

	
10,055.36

	
2.00

	
3.40

	
4.20




	
IGS

	
1596.49

	
0.50

	
0.50

	
0.50




	
Downtime

	
6950.10

	
3.50

	
3.00

	
2.00




	
Unloading

	
8546.59

	
1.00

	
1.00

	
1.00




	
Loading

	
6950.10

	
0.50

	
0.50

	
0.50




	
Port fees [EUR]

	
25,511.40

	
28,138.60

	
22,785.31




	
Total costs of the scenario voyage [EUR]

	
82,767.36

	
95,997.01

	
91,737.91




	
Cargo quantity transported [m3]

	
3200




	
Voyage cost of 1 m3 LNG [EUR]

	
25.86

	
30.00

	
28.67
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Table 7. Distance from seaports and voyage time from Galati.






Table 7. Distance from seaports and voyage time from Galati.





	Route
	Distance [mile]
	Distance [km]
	Loading Time [days]
	Voyage with Cargo [days]
	Transh. Time “Ship to Ship” (STS) [days]
	Voyage without Cargo [days]
	Waiting for the Voyage [days]
	Bad Weather, Downtime, Transh. to LNG Barge [days]
	Total Time of the Voyage [days]





	Marmara Ereglisi–Galati
	286
	460
	0.5
	0.8
	1
	0.8
	1
	1.5
	5.6



	Aliaga–Galati
	474
	763
	0.5
	1.7
	1
	1.7
	1.5
	1.5
	7.9



	Kulevi–Galati
	589
	948
	0.5
	1.96
	1
	1.96
	1
	1.5
	7.92
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Table 8. Total voyage costs—all scenarios, LNG tanker, and LNG barge.






Table 8. Total voyage costs—all scenarios, LNG tanker, and LNG barge.





	
Mode/Operation

	
Total Daily Expenses [EUR]

	
Voyage Time [days]




	
MGO Fuel

	
LNG Fuel

	
Scenario No. 1 (Marmara Ereglisi)

	
Scenario No. 2 (Aliaga)

	
Scenario No. 3 (Kulevi)






	
Sea voyage

	
9141.88

	
6931.35

	
2.00

	
3.40

	
3.92




	
IGS

	
410.53

	
233.68

	
0.50

	
0.50

	
0.50




	
Downtime

	
4215.56

	
4127.14

	
2.50

	
3.00

	
2.50




	
Unloading

	
4420.83

	
4243.98

	
1.00

	
1.00

	
1.00




	
Loading

	
4215.56

	
4127.14

	
0.50

	
0.50

	
0.50




	
River voyage ↓

	
9400.70

	
7484.91

	
4.47

	
4.47

	
4.47




	
River voyage ↑

	
11,795.44

	
8848.07

	
6.73

	
6.73

	
6.73




	
Downtime

	
5158.59

	
5070.17

	
6.60

	
6.60

	
6.60




	
Unloading/Transhipment

	
5363.86

	
5187.01

	
2.00

	
2.00

	
2.00




	
LNG barge downtime

	
943.03

	
943.03

	
7.90

	
7.90

	
7.90




	
Port fees sea section [EUR]

	
18,136.84

	
21,362.28

	
14,846.49




	
Port fees river section [EUR]

	
9900.00

	
9900.00

	
9900.00




	
Total costs of the scenario voyage [EUR]

	
MGO fuel

	
237,222.17

	
255,354.02

	
251,484.23




	
LNG fuel

	
202,933.92

	
217,926.82

	
212,951.76




	
Cargo quantity transported [m3]

	
3200




	
Voyage cost of 1 m3 LNG [EUR]

	
MGO fuel

	
74.13

	
79.80

	
78.59




	
LNG fuel

	
63.42

	
68.10

	
66.55
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Table 9. Determination of the weights of individual criteria based on expert assessment.
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	C1
	C2
	C3
	C4
	C5
	∏ S(ij)
	w (i)
	Weight





	C1
	1.00
	3.00
	5.00
	7.00
	3.00
	315.00
	3.16
	0.45



	C2
	0.33
	1.00
	3.00
	5.00
	1.00
	5.00
	1.38
	0.20



	C3
	0.20
	0.33
	1.00
	3.00
	0.33
	0.07
	0.58
	0.08



	C4
	0.14
	3.00
	0.33
	1.00
	0.20
	0.03
	0.49
	0.07



	C5
	0.33
	1.00
	3.00
	5.00
	1.00
	5.00
	1.38
	0.20
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Table 10. MCDA results.






Table 10. MCDA results.





	
Criteria

	
Weight

	
Variants




	
V1

	
V2

	
V3

	
V4

	
V5

	
V6

	
V7

	
V8

	
V9

	
V10

	
V11

	
V12






	
C1

	
0.452

	
0.045

	
0.021

	
0.021

	
0.212

	
0.101

	
0.101

	
0.045

	
0.021

	
0.021

	
0.213

	
0.101

	
0.101




	
C2

	
0.197

	
0.045

	
0.021

	
0.021

	
0.045

	
0.021

	
0.021

	
0.213

	
0.101

	
0.101

	
0.213

	
0.101

	
0.101




	
C3

	
0.083

	
0.030

	
0.030

	
0.030

	
0.030

	
0.030

	
0.030

	
0.173

	
0.173

	
0.173

	
0.078

	
0.078

	
0.078




	
C4

	
0.070

	
0.145

	
0.059

	
0.024

	
0.145

	
0.059

	
0.024

	
0.145

	
0.059

	
0.024

	
0.145

	
0.059

	
0.024




	
C5

	
0.197

	
0.030

	
0.030

	
0.029

	
0.030

	
0.030

	
0.030

	
0.078

	
0.078

	
0.078

	
0.173

	
0.173

	
0.173




	
Weighted sum

	
0.048

	
0.026

	
0.023

	
0.123

	
0.062

	
0.060

	
0.102

	
0.063

	
0.061

	
0.189

	
0.110

	
0.108




	
Preference

	
10

	
11

	
12

	
2

	
7

	
9

	
5

	
6

	
8

	
1

	
3

	
4
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Table 11. Normalized criterion matrix considering the weights of individual criteria.






Table 11. Normalized criterion matrix considering the weights of individual criteria.





















	
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12
	Weight





	C1
	5
	3
	3
	9
	7
	7
	5
	3
	3
	9
	7
	7
	0.45



	C2
	5
	3
	3
	5
	3
	3
	9
	7
	7
	9
	7
	7
	0.20



	C3
	5
	3
	7
	5
	3
	7
	5
	3
	7
	5
	3
	7
	0.08



	C4
	7
	5
	3
	7
	5
	3
	7
	5
	3
	7
	5
	3
	0.07



	C5
	5
	5
	5
	5
	5
	5
	7
	7
	7
	9
	9
	9
	0.20
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Table 12. Ideal variant calculation.






Table 12. Ideal variant calculation.





	IH
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12





	C1
	0.01
	0.02
	0.02
	0
	0
	0
	0.01
	0.02
	0.02
	0
	0
	0



	C2
	0.01
	0.02
	0.02
	0.01
	0.02
	0.02
	0
	0
	0
	0
	0
	0



	C3
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0



	C4
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01



	C5
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0
	0
	0
	0
	0
	0



	Total
	0.15
	0.23
	0.22
	0.13
	0.19
	0.19
	0.11
	0.18
	0.17
	0.05
	0.13
	0.12
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Table 13. Basal variant calculation.






Table 13. Basal variant calculation.





	BH
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12





	C1
	0
	0
	0
	0.02
	0.01
	0.01
	0
	0
	0
	0.02
	0.01
	0.01



	C2
	0
	0
	0
	0
	0
	0
	0.02
	0.01
	0.01
	0.02
	0.01
	0.01



	C3
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01



	C4
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0
	0
	0.01
	0
	0



	C5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0.01
	0.01
	0.01



	Total
	0.13
	0.05
	0.1
	0.18
	0.1
	0.13
	0.18
	0.11
	0.14
	0.23
	0.15
	0.17
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Table 14. Relative indicator of the distance from the basal variant—determination of the optimal variant.






Table 14. Relative indicator of the distance from the basal variant—determination of the optimal variant.





	Value
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12





	IH
	0.15
	0.23
	0.22
	0.13
	0.19
	0.19
	0.11
	0.18
	0.17
	0.05
	0.13
	0.12



	BH
	0.13
	0.05
	0.1
	0.18
	0.1
	0.13
	0.18
	0.11
	0.14
	0.23
	0.15
	0.17



	IH+BH
	0.28
	0.28
	0.32
	0.3
	0.29
	0.32
	0.29
	0.29
	0.31
	0.28
	0.28
	0.29



	UV
	0.45
	0.18
	0.31
	0.58
	0.34
	0.41
	0.63
	0.37
	0.44
	0.82
	0.55
	0.6



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