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Abstract

:

In a simulation study, it was investigated how the costs of supplying H2 for the refuelling of long-haul trucks along highways in Canada can be minimized by optimizing the design of the refuelling infrastructure. Scenarios using local or centralized blue H2 production were evaluated using two different modes of H2 transportation (liquid H2 tanker trucks and pipelines). For each scenario, the average H2 supply costs were determined considering H2 production costs from facilities of different sizes and transportation costs for H2 that was not produced locally. Average H2 supply costs were 2.83 CAD/kg H2 for the scenario with local H2 production at each refuelling site, 3.22–3.27 CAD/kg H2 for scenarios using centralized H2 production and tanker truck transportation, and 2.92–2.96 CAD/kg H2 for centralized H2 production scenarios with pipeline transportation. Optimized scenarios using the cheaper transportation option (tanker truck or pipeline) for each highway segment had average H2 supply costs (2.82–2.88 CAD/kg H2) similar to those of using only local H2 production, with slightly lower costs for the scenario using the largest H2 production volumes. Follow-on research is recommended to include the impact of CO2 transportation (from blue H2 production) on the design of an optimum supply infrastructure.
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1. Introduction


Around 27% of global CO2 emissions come from the transportation sector, which makes it the second largest emitter [1]. Over the last decade, significant momentum has built for the electrification of passenger vehicles mainly using battery electric technology. However, the use of hydrogen (H2) as a transportation fuel has significant potential to support the transition towards a low carbon economy since it does not emit carbon at the end-use point of combustion, has good storage life, and it can be transported by roads, ships, or pipelines in gaseous or liquid forms [2].



To drastically reduce emissions and eliminate the use of diesel in the long-haul trucking sector, it is expected that H2 fuel cell vehicles will be needed as battery electric vehicles cannot provide the same utility as diesel vehicles. Significant studies have been conducted on different aspects of using hydrogen as a clean fuel for long-distance transportation.



	
Kumar et al. developed a framework to analyze the supply chain cost of low-carbon hydrogen exports from Alberta, Canada, to several viable destinations in North America, the Asia–Pacific, and Europe [3]. The supply chain includes all unit operations ranging from hydrogen production with carbon capture and storage, hydrogen pipeline transportation, liquefaction, shipping, and regasification at the destinations. A techno-economic assessment has been conducted to estimate the supply chain cost of different viable pathways considering the energy, material, and capacity. Results show that within North America, transporting hydrogen blended with natural gas using the existing natural gas pipelines could reduce the price by 17%. Further cost savings around 28% were achieved while transporting ammonia to the Asia–Pacific in comparison to shipping liquified hydrogen. An analysis of overseas H2 supply chains has been conducted by Lim et al. considering the economic (unit H2 cost), environmental (carbon footprint), and technological aspects [4]. The supply chains include all the operations ranging from H2 production, ship transportation, to inland distribution. Several supply chains were compared varying the economies of scale, amount of H2, and distance. Results show that the use of liquid organic hydrogen carrier, liquid hydrogen, and ammonia are the most potentially feasible options for H2 carriers considering these criteria.



	
Stolen et al. developed a well-to-tank analysis to calculate the costs, energy consumption, and greenhouse gas (GHG) emissions for supplying hydrogen to fuel cell electric vehicles (FCEVs) [5]. The study followed a holistic approach considering the whole supply chain that includes the storage and transportation of hydrogen. The study discussed different hydrogen infrastructure technologies from ecological and economic points of view. Compression and liquefaction have been mentioned as the state-of-the-art H2 technologies, whereas liquid organic hydrogen carrier (LOHC) has been identified as the most promising H2 technology for the near future from an economic perspective. However, further research is needed regarding the system design of the LOHC-supplied refuelling stations and the heat source for dehydrogenation.



	
Barbir et al. considered a wide range of hydrogen refuelling station (HRS) capacities and configurations [6]. For example, locating the hydrogen production and refuelling station within an existing wind farm in Croatia or nearby the end users, or site the hydrogen production within the wind farm and install the refuelling station nearby the users, etc. The study assumed that hydrogen is delivered to the refuelling station with a tube trailer and when hydrogen was produced within the wind farm, a mobile refuelling station was used for consumers in different locations. The techno-economic analysis of each hydrogen refuelling station configuration was conducted to estimate the levelized cost of hydrogen production—the capital, operational, and maintenance costs. The study results show that, since the capacity and location of the hydrogen refuelling stations depend on the users, it was difficult to identify the optimum configuration without the hydrogen infrastructure development in Croatia. However, the authors mentioned that the results could play a significant role in the implementation of hydrogen infrastructure in Croatia in the near future.



	
Hurskainen and Ihonen conducted a techno-economic assessment for point-to-point large-scale road transportation of hydrogen [7]. The researchers compared liquid organic hydrogen carriers (LOHC), compressed H2 gas delivery by trucks, and on-site production of hydrogen using water electrolysis. Results show that the LOHC supply chain was the most economic option for long-distance hydrogen transportation by road. However, to achieve economic feasibility, the heat supply method for releasing hydrogen at the end-user site and the investment costs were found as the most critical parameters to consider.



	
Qing et al. assessed four possible low-carbon hydrogen supply chains for a hydrogen refuelling station located in Shanghai [8]. The study analyzed the feasibility of using renewable hydrogen as a transportation fuel for fuel cell vehicles. Two routes considered on-site hydrogen production powered by a stand-alone or grid-connected photovoltaic (PV)–wind generation system separately, whereas the other two routes considered off-site hydrogen supply. The off-site hydrogen is also produced by a stand-alone or grid-connected PV–wind generation system located in the Qinghai Province, since it is a rich renewable energy area. The H2 is then delivered to Shanghai by liquid hydrogen tanker trucks. The study found the off-site production supply chains as feasible options. The study mentioned transporting liquid hydrogen for long distance using trucks is more economical compared to transporting compressed gaseous hydrogen due to its higher energy density. Although this study was focused on H2 supply for passenger vehicles, the results would also apply to H2 supply for long-haul trucks.



	
Kumar et al. conducted a process-based techno-economic assessment of hydrogen transportation pathways [9], Including, for example, pure hydrogen (hydrogen pipeline and truck transport of gaseous and liquified hydrogen), hydrogen–natural gas blends (pipeline), ammonia (pipeline), and liquid organic hydrogen carriers (pipeline and rail). The authors estimated the costs and GHG emissions for high-capacity long distance H2 transportation, such as 1000 km, 3000 km. Kumar et al. identified the hydrogen pipelines and hythane (hydrogen and natural gas blends) as the least expensive H2 transportation pathways for long distances [9]. The ammonia, liquid organic hydrogen carrier, and truck transportation pathways were found to be more than 1.5 times expensive than the pure H2 pipelines.



	
The International Energy Agency (IEA) assessed the opportunities and issues related to different alternative H2 transportation options [10]. Pipeline and shipping options were discussed for long-distance H2 transport such as 1000, 2000, and 3000 km. The report also elaborated on local H2 distribution options such as trucks carrying gaseous H2, liquid H2, ammonia, and LOHC and pipelines with 100 tonnes per day and 500 tonnes per day capacities. H2 conversion and reconversion technologies are also considered in the study. The study identified pipeline H2 transportation to be the cheapest option for less than 1500 km distances compared to ammonia and LOHC, which were more cost effective for overseas H2 transportation over longer distances. For local distribution, pipelines with high capacity were referred to as more cost effective than tanker trucks for H2 transportation over longer distances [10].






The above-mentioned studies focused on different aspects of H2 used as a transportation fuel technology such as H2 production technologies, techno-economic assessments of low-cost hydrogen transportation, H2 export by overseas or inland routes, assessments of low carbon hydrogen exports from cheaper production locations like Canada, economic, technological, and environmental impacts of H2 supply chains, and on different storage technologies of H2. However, very few studies have been addressing the significance of the H2 refuelling infrastructure on the overall H2 supply chain from a cost perspective. Current H2 prices are far above the level needed for cost-effective operation of H2-based transportation. Cost reductions in every part of the H2 supply chain will be needed to realize a sustainable cost level.



This study investigated how costs in the supply of H2 for the refuelling of long-haul trucks along major highways in Canada can be minimized by optimizing the design of the supply infrastructure. Given the high cost of green hydrogen, this study focussed on the use of blue hydrogen, produced from natural gas with carbon capture. Scenarios of local and centralized blue H2 production were evaluated to investigate whether cost savings from centralized H2 production on a larger scale would outweigh the additional costs of H2 transportation to refuelling sites without H2 production. The study analyzed two pathways for H2 transportation: tanker trucks carrying liquid H2 and pipelines transporting gaseous H2. The study used state-of-the-art H2 transportation and refuelling infrastructure design parameters both for pipelines and tanker trucks.



First, scenarios that used one of the two transportation methods for all refuelling sites in the total network were analyzed. Then the relationship between H2 volume, transportation cost, and transportation distance were investigated, enabling the evaluation of optimized scenarios, which used the least cost transportation option (either tanker truck or pipeline, based on local conditions) for different refuelling sites along the highways.



The paper is divided in the following sections: Section 2 discusses the methodology; description of the H2 supply pathways, scenarios, modes of transportation, and costs considered. Section 3 presents the results and discussions, followed by conclusions in Section 4.




2. Methodology


A simulation model was developed to estimate the H2 demand for heavy-duty long-haul trucks along major highways in Canada. Over 11,000 km of Canadian major highways were considered (see Figure 1). Data from provincial transportation authorities (like the Ontario Ministry of Transport) were used to estimate the annual average daily truck traffic (AADTT) flow for each of the highway segments, resulting in a large range in AADTT values from 500 trucks per day on more quiet highways to 17,000 trucks per day on the busiest segments. The model assumed that each highway segment should provide the H2 needed for all trucks that drive on that highway segment and for the total length of that segment.



The required H2 production per highway segment was then calculated from the truck traffic kilometers driven on that segment and a fixed H2 consumption of 10 kg/100 km.



2.1. Hydrogen Refuelling Sites, Production Sites, and Pumps


To determine the number of H2 refuelling sites per highway, the highways were segmented based on the truck traffic flow. To minimize H2 transportation costs, production sites were co-located with refuelling sites. The standard distance between refuelling sites was assumed to be 100 km. However, the actual distance between refuelling sites on some highway sections was a bit shorter if the segment length was not exactly a multiple of 100 km. Given space constraints on truck rest stops, a maximum of 20 H2 pumps per refuelling site were allowed, requiring refuelling stations to be placed closer together on the busiest highway sections.



The number of refuelling sites for highway segment i, NR,i, was calculated using Equation (1):


NR,i = Li/Di



(1)




in which Li is the length of highway segment i and Di the distance between H2 refuelling sites on that highway segment. Similarly, the number of H2 production sites for highway segment i, NP,i, was calculated:


NP,i = NR,i/Rj



(2)




with Rj being the number of refuelling sites supplied by a single production site in scenario j.




2.2. Scenarios and Transportation Options


Different scenarios were developed to investigate the impact of the size of the H2 production facility on the amount of hydrogen that would need to be transported, the transportation distance, and on the costs to supply H2 to refuelling sites. Larger production sites were placed further apart, effectively increasing the number of refuelling sites that would be supplied by one production facility. Four scenarios were evaluated with a focus on identifying the potential to optimize the H2 supply to the refuelling infrastructure for long haul trucks:




	
Scenario 1: Each refuelling site had its own production facility; hence, no transportation was required between production and refuelling stations. Production sites were about 100 km from each other.



	
Scenario 2: Each production site supplied two refuelling sites (one of them being the co-located refuelling site), and the distance between production sites was around 200 km. Under this scenario, there were two times as many refuelling sites as production sites, requiring half of the total amount of H2 produced to be transported to a neighbouring refuelling site over 100 km distance (one-way) away.



	
Scenario 3: Each production site supplied H2 to three refuelling sites, and there was generally one production site per 300 km of highway. With three times as many refuelling sites as production sites, two thirds of all refuelling sites needed to have their H2 transported from the neighbouring production site, which was placed at the middle location of the three refuelling sites. The H2 transportation distance was 100 km (one-way).



	
Scenario 4: Each production site supplied five different refuelling sites, because production sites were placed about 500 km apart. Under this scenario, there were five times as many refuelling sites as production sites, requiring four fifths of all the H2 to be transported to neighbouring refuelling sites from the central H2 production station. On average, the H2 was transported over 150 km (one-way), as the distance to the closest refuelling sites was 100 km, and 200 km to the outer refuelling sites.








For each scenario of supplying H2 to a network of refuelling sites under Scenarios 2–4, two transportation variants were evaluated: tanker trucks and pipelines. The unit operations considered in the tanker truck pathway included production, liquefaction, transportation, and regasification, while the pipeline pathway considered production and transportation (see Figure 2). The unit operations are explained in detail in Section 2.3.1 and Section 2.3.2. For clarity, Scenario 1 does not use either of these pathways, because all H2 is produced locally at each refuelling site.




2.3. Hydrogen Production Cost and Transportation Costs


In the economic analysis, the total costs to supply H2 to the refuelling sites were calculated as the sum of the production costs and the transportation costs.


TCH = CP + CT



(3)







Here, TCH, CP, and CT are the total H2 supply cost, the H2 production costs, and the costs for transportation of H2 from production to the refuelling sites, respectively.



For the H2 production costs, a correlation between the costs of production and the production volume was used, based upon the results for blue H2 production by steam methane reforming (SMR) from [11]. The SMR cost curve was extrapolated to determine values for the smaller production volumes (between 5 and 100 tonnes/day) needed in this study (see Figure 3). The hydrogen production cost numbers developed by [11] include the cost to capture the associated CO2, but they exclude the costs to transport CO2 to storage sites.



It should be noted that the overall cost numbers shown in the results of this study are the average costs over the total highway network and for all H2 supplied (a total of 2978 tonnes per day), considering the H2 production costs from facilities of different sizes, and distributing the total H2 transportation costs (for transportation over different distances) over all H2 supplied (i.e., the total of H2 that needed transportation and the H2 that was produced on-site and did not need transportation).



Section 2.3.1 and Section 2.3.2 discuss the details of the H2 transportation costs by liquid H2 tanker truck and by pipeline, respectively.



2.3.1. H2 Transportation by Liquid H2 Tanker Truck


The calculation of the costs to transport H2 by tanker truck included the capital cost for the liquid H2 tanker truck, the driver salary, diesel fuel costs, and maintenance and repair costs (including tires). Table 1 presents the technical, operational, and economic data for H2 transport by tanker truck used in this study. All costs are given in 2020 Canadian dollars (CAD).



The truck capital cost includes the costs for tanker, undercarriage, and cab. The liquid H2 tanker can transport 10 times more hydrogen than a tube trailer for compressed H2 gas [12], hence, it was decided to use the liquid H2 tanker truck.



A diesel price of CAD 1.59 per liter was used in the tanker truck scenarios, based on the average diesel retail price in 17 Canadian cities over the period of May 2020–November 2023 [13].



The total salary costs per roundtrip to deliver H2 to a refuelling site was calculated based on the total time spent on the job, which included driving time and loading and unloading time.



While the costs of liquefying hydrogen were substantial (1.34 CAD/kg), the costs for regasification at the refuelling sites to convert it back to gaseous H2 were found to be negligible [10], and, hence, they were not included in this study.



The capital costs of the tanker trailer and cab were calculated using a net present value (NPV) approach. A 10% minimum acceptable rate of return (MARR) was used in the NPV calculation of the truck transportation infrastructure for a 20-year lifespan. The capital recovery factor (CRF) given by Equation (4) was used to obtain the annual capital cost.


CRF = {I*(1 + i)n/((1 + i)n − 1)}



(4)







Here, i is the MARR (10%) and n is the project lifespan of 20 years.




2.3.2. H2 Transportation by Pipeline


For the calculation of the costs to transport H2 by pipeline, capital, operational, and maintenance costs were considered for the two main components, namely, the pipeline and the H2 compressor.



The pure hydrogen transportation cost equations from [9,18] were used to estimate the pipeline capital cost and compressor capital cost, which included the equipment purchase and installation cost.



The pipeline capital cost was assessed using the following equation from [9,18].


Cpipe = ({1171*(D/25.4)2 + 15,251*(D/25.4) + 329,705}*L + 767,845)*AF



(5)







Cpipe is the H2 pipeline capital cost (CAD), D is the pipeline diameter (mm), and L is the pipeline length (km). A cost factor (Alberta factor 1.15) has been considered in this equation to reflect a 15% cost increase from the average North American value [9,19].



The internal pipeline diameter for the pipelines of the network used in this study was based on the maximum daily amount of H2 to be supplied to a refuelling site, which was 77 tonnes. In [9], a 16-inch (406.4 mm) pipeline was utilized for transporting 607 tonnes of H2 per day. Using a simplified scaling method, which assumes that pipeline throughput is linear with the area of the pipe opening, a 6-inch (152.4 mm) diameter was found to be sufficient for transporting up to 85 tonnes per day. It was decided to use this diameter for all pipelines in the network, because of the limited cost savings from using pipelines with smaller diameters (a pipeline with half the diameter (3-inch/76.2 mm) has a 75% lower capacity than a 6-inch pipeline, but costs only 16% less) in comparison to the opportunity to use the pipeline network for additional clients in the future.



The compressor capital cost was estimated using the factorial method. Applying this method, the purchase equipment cost of an equipment was first estimated, then the cost was multiplied by the factors (installation costs, offsite costs, design and engineering, and contingencies) to obtain the capital installation cost [9]. The purchase equipment cost (CPEC) and the installed capital costs (CICC) were determined using Equations (6) and (7) from [9,11].


CPEC = 30,746*P0.6089



(6)






CICC = (CPEC* ∑ CIF + OSBL + D&E + Contingency)*AF



(7)







Here, P is power consumption by the compressor motor (kW). The factors used in the CICC equation, namely, material and labour installation factor (CIF), off-site battery limit cost (OSBL), the design and engineering cost (D&E), and the contingency charge (Contingency) have values of 1.385, 0.3, 0.3, and 0.1 respectively.



The operating costs and maintenance costs were also considered to calculate the overall cost for a hydrogen pipeline transportation infrastructure. The operating and maintenance costs for the pipeline were assumed to be 1.5% and 3% of the pipeline capital cost, respectively [9]. The compressor operating cost was not considered in this study and would have been negligeable in comparison to the much higher costs to operate the pipeline.



The pipeline and compressor have an assumed lifetime of 25 and 10 years, respectively. A 10% minimum acceptable rate of return (MARR) was considered to calculate the net present value (NPV) of the pipeline infrastructure for a 25-year lifespan. The capital recovery factor (CRF) given by Equation (4) was used to obtain the annual capital cost. All costs for the pipeline scenario were adjusted to 2020 CAD.



The annualized capital, operating, and maintenance costs for all pipelines were added together into the total annual costs for H2 transportation. These costs were distributed over all H2 produced/supplied, to calculate the contribution of transportation to the average supply costs per kg of H2 for the pipeline scenarios.



It was assumed pipelines can be buried and they can follow the same trajectory as truck routes for H2 transportation. Hence, the distance between the H2 refuelling stations and the H2 production stations were kept the same as for truck transportation cases.






3. Results and Discussion


3.1. Hydrogen Production and Refuelling Sites


Different scenarios were evaluated for local and centralized H2 production (as explained in Section 2.2), varying the size of the production facility and the associated distance between production sites, and the number of refuelling sites that were supplied by one production site (see Table 2). For Scenario 1, where the H2 required for each refuelling site is produced locally, there is no need for any H2 transportation. For the other scenarios, the total H2 transportation distances were determined based upon the number of H2 refuelling sites that did not have on-site production and their distances to the nearest H2 production site.



The results in Table 2 show a clear reduction in the number of production sites for scenarios in which one production site would supply an increasing number of refuelling sites. However, this reduction is not linear, because the number of required H2 production sites was evaluated per highway segment. If a highway segment was smaller than the standard distance between two production sites under a certain scenario, it would still have its own production facility. Similarly, if the length of the highway segment was 1.5 times the standard distance between production sites, the segment would have two production sites.




3.2. H2 Supply Costs and Potential Cost Savings


The total cost per kg of hydrogen supplied to the refuelling sites for each of the scenarios are presented in Table 3 and Table 4. The cost numbers shown here are average costs over the total highway network for all H2 supplied, 2978 tonnes H2 per day, considering the full range of H2 costs from production facilities of different sizes, and distributing the H2 transportation costs over all H2 supplied.



H2 production costs varied significantly across the evaluated scenarios. The average H2 production cost ranged from 2.31 CAD/kg to 2.83 CAD/kg, with the lowest cost for Scenario 4, which had, on average, the highest production volume per production facility.



For the truck transport scenarios (see Table 3), the costs of the H2 liquefaction had a major impact on the overall H2 transportation costs (i.e., the average of the costs for H2 that needed transportation and for H2 that did not need transportation). For the scenarios using centralized H2 production, more refuelling sites need transportation when moving from Scenario 2 to Scenario 4, hence, the results in Table 3 show an increase in the average transportation costs. Due to the high costs for liquefaction, the scenario needing no transportation due to local H2 production at every refuelling site (Scenario 1) was overall more cost-effective in supplying H2 than the scenarios using centralized H2 production.



For the pipeline scenarios, H2 was transported in gaseous form, avoiding the need for costly liquefaction. Similar to the scenarios using tanker trucks, the transportation cost increased when moving from Scenario 2 to Scenario 4 to more centralized H2 production (see Table 4), with each scenario needing more H2 to be transported. The overall costs to supply H2 by pipeline were fairly similar for all scenarios with centralized H2 production.



The results in Table 3 and Table 4 show that while pipeline transport results in lower H2 supply costs than truck transport, all scenarios involving H2 transportation are still more expensive than the scenario that has on-site H2 production at all refuelling sites and does not need any H2 transportation (Scenario 1).



The evaluated scenarios for H2 supply using tanker truck or pipeline transportation, however, may not be optimized scenarios, because they used the same transportation method for the total network of refuelling sites. In the next section, first the relationship between the transportation costs and transportation distance is investigated for tanker truck transportation and for pipelines, after which results for a mixed scenario using both truck transport and pipelines are presented.



3.2.3. Comparison of H2 Transportation Costs between Tanker Truck and Pipelines


Figure 4 compares the per kg H2 transportation cost for different transportation methods and for a range in daily H2 demand (volume), focusing on transportation between locations that are 100 km and 200 km apart. For the tanker truck scenarios, the roundtrip driving distance per delivery was twice the distance between locations, i.e., 200 km and 400 km, respectively, for the examples illustrated in Figure 4.



From Figure 4, it is observed that the pipeline transportation costs change with hydrogen demand whereas the truck transportation costs per kg of H2 remain constant. This is caused by the different characteristics of the two transportation methods. Since the tanker truck capacity is fixed (4000 kg of hydrogen per tanker truck), the per kg H2 transportation costs are also constant with demand, because if more H2 will need to be transported, this will be achieved by a larger number of tanker trucks, each having the same H2 transportation costs per kg of H2 transported. For pipelines, the overall transportation costs are dominated by capital costs, which are fixed once a network with a certain capacity has been constructed. Using this pipeline network for different H2 demands will then lead to differences in H2 transportation costs. If the H2 throughput of the pipeline (the H2 demand) was increased, the transportation cost would decrease and vice versa.



Figure 4 shows that truck transportation is more cost-effective for lower H2 demands (i.e., for refuelling sites along quiet highways) and that pipeline transportation is favored for higher H2 demands (refuelling sites along busy highways). For a distance of 100 km between production and refuelling sites, pipelines have lower costs for H2 demands starting around 17 tonnes per day, while for a 200 km transportation distance, pipelines will result in lower costs for demands over 30 tonnes per day.




3.2.4. Optimized Scenarios Using a Mix of H2 Transportation Methods


The results from Figure 4 were used to create optimized scenarios for Scenarios 2 to 5 by selecting the lowest costs transportation method (tanker truck or pipeline) for each highway segment. Thus, the optimized scenario represents a combination of transportation modes to supply H2 to the total network of refuelling sites across highways in Canada.



Table 5 presents details on the optimized scenarios and compares the average cost to supply H2 from centralized production to the costs for when using local H2 production (Scenario 1). It was observed that for each scenario, almost half of the refuelling sites used tanker truck transportation, while the other sites utilized pipelines. The optimized scenarios had average H2 supply costs that were further reduced in comparison to the scenarios that used either tanker truck or pipeline transport and were similar to those of Scenario 1.



Although the average H2 supply costs for the optimized scenarios utilizing centralized H2 production were comparable to those for the scenario using decentralized H2 production, there is one additional aspect that is outside the scope of the current study, but that will need to be taken into account for a full view on the optimum H2 supply infrastructure for refuelling sites for long-haul trucks along highways in Canada: The study used cost information for H2 production from natural gas, which included the costs of CO2 removal, but not the costs to transport CO2 to the storage site. These costs may be substantial, because for a large fraction of the production sites along the Canadian highway network it is expected that CO2 may need to be transported over long distances. This may have a significant impact on the overall H2 supply costs and may influence whether centralized or decentralized H2 production would be most cost-effective. It is, therefore, recommended that the transportation of CO2 from the H2 production sites to the storage location(s) will be included in follow-on research on an optimized H2 supply infrastructure.






4. Conclusions


In this study, it was analyzed how the costs of supplying H2 to refuelling sites for long-haul trucks along major highways in Canada can be minimized by optimizing the design of the refuelling infrastructure. Scenarios using local or centralized blue H2 production were evaluated using two different modes of H2 transportation (liquid H2 tanker trucks and pipelines).



For each scenario, the average H2 supply costs were determined considering H2 production costs from facilities of different sizes and transportation costs for H2 that was not produced locally. Average H2 supply costs were 2.83 CAD/kg H2 for the scenario with local H2 production at each refuelling site. Scenarios with centralized H2 production had average H2 supply costs of 3.22–3.27 CAD/kg H2 when using tanker trucks for H2 transportation and of 2.92–2.96 CAD/kg H2 when utilizing pipeline transportation. The high costs for H2 liquefaction were a major factor in the higher supply costs for the tanker truck transportation scenarios.



The different characteristics of the two H2 transportation methods allowed for the creation of optimized scenarios, which utilized each transportation mode when it would be the cheaper option (tanker trucks for refuelling sites with lower H2 demand along quiet highways, and pipelines for sites along busy highways that had higher H2 demand). The average H2 supply costs for the optimized scenarios of centralized H2 production (2.82–2.88 CAD/kg H2) were similar to the average supply costs when using local H2 production at each refuelling site (2.83 CAD/kg H2), with slightly lower costs for the scenario using the largest H2 production volumes.



While the results of this study seem to indicate that there is little difference in the results between scenarios using local or centralized H2 production, the transport of CO2 from the production site of the blue H2 to a storage location were out of scope for this study. Follow-on research is recommended to investigate how the CO2 transportation costs will impact the H2 supply costs and may influence the design of an optimum supply infrastructure for a network of refuelling sites for long-haul trucks.



It is recommended that in future research, the results obtained from blue hydrogen pathways will be updated to include the costs for CO2 transportation and storage, and to compare them to those of green hydrogen pathways to identify the optimum solution.
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Figure 1. Overview of major highways in Canada. 
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Figure 2. Unit operations for two pathways of H2 supplying H2 to refuelling sites using different transportation methods: tanker trucks (top) and pipelines (bottom). 
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Figure 3. Levelized costs of (blue) H2 production (LCOH), based on [11]. 
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Figure 4. Comparison of transportation costs per kg of H2 between liquid H2 tanker trucks and pipelines. 
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Table 1. Data and assumptions for H2 transportation by liquid tanker truck.
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	Values
	Units
	Reference





	Capacity of liquid H2 tanker truck
	4000
	kg
	[12]



	Lifetime of liquid H2 tanker trailer
	20
	years
	[12]



	Lifetime of truck cab
	5
	years
	[12]



	Capital costs of liquid H2 tanker trailer
	$852,000
	CAD
	[12]



	Capital costs of truck cab
	$108,000
	CAD
	[12]



	Diesel price per litre
	1.59
	CAD
	[13]



	Diesel consumption per km
	0.39
	litre
	[13]



	Diesel costs per km
	0.83
	CAD
	Calculated



	Truck driver salary per hour
	26.42
	CAD
	[14]



	Average speed truck
	50
	km/h
	[12]



	Total time needed for loading and unloading
	3
	H
	[12]



	H2 liquefaction costs
	1.34
	CAD/kg
	[10]



	Conversion rate USD/CAD
	1.3415
	
	[15]



	Adjusted inflation factor (2008 to 2020)
	1.2
	
	[16]



	Driving days per year
	300
	days
	Assumed



	Shifts (round trips) per day
	3
	
	[12]



	Operational cost (repair, maintenance, tires)
	0.159
	CAD/km
	[17]










 





Table 2. Number of production and refuelling sites for the scenarios evaluated.
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	Approximate Distance between Refuelling Sites (km)
	Number of Refuelling Sites
	Number of Pumps
	Number of Refuelling Sites per Production Site
	Approximate Distance between Production Sites (km)
	Number of Production Sites





	Scenario 1
	100
	125
	843
	1
	100
	125



	Scenario 2
	100
	125
	843
	2
	200
	67



	Scenario 3
	100
	125
	843
	3
	300
	51



	Scenario 4
	100
	125
	843
	5
	500
	38










 





Table 3. Total H2 cost per kg supplied and H2 costs savings for different scenarios using liquid H2 tanker trucks for transportation.
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	Scenario
	Number of Production Sites
	Average

H2 Production Volume

(Tonnes/Day)
	Average

H2 Production Costs

(CAD/kg)
	Average H2 Transport. Costs

(CAD/kg)
	Average Cost of H2

Supplied to Refuelling Sites

(CAD/kg)
	H2

Costs

Savings

(%)





	Scenario 1
	125
	23.8
	2.83
	0.00
	2.83
	



	Scenario 2
	67
	44.5
	2.55
	0.66
	3.22
	−13.6%



	Scenario 3
	51
	58.4
	2.45
	0.81
	3.26
	−15.1%



	Scenario 4
	38
	78.4
	2.31
	0.96
	3.27
	−15.5%










 





Table 4. Total H2 cost per kg supplied and H2 costs savings for different scenarios using pipelines for transportation.
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	Scenario
	Number of Production Sites
	Averag