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Introduction

The transportation sector is one of the most significant contributors to greenhouse gas (GHG) emissions. It accounted for 26% of EU, 28% of U.S., and 23% worldwide of total GHG emissions in Abbreviations: BG, biomass gasification; CCS, carbon capture and storage; FCEV, fuel cell electric vehicle; FCLM, flow-capturing location model; GH2, gaseous hydrogen; HFSP, hydrogen fueling station planning; HSCN, hydrogen supply chain network; HSCND, hydrogen supply chain network design; LCOH, least cost of hydrogen; LH2, liquid hydrogen; MILP, mixed-integer linear programming; OD, origin-destination; SMR, steam methane reforming; recent years (Environmental Protection Agency, 2018;European Environment Agency, 2017;[START_REF] Sims | Transport. In: Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. Within the sector, road transportation is by far the largest category, contributing approximately three-quarters of all emissions (International Energy Agency, 2015). Aggressive and sustained mitigation strategies are essential if deep GHG reduction ambitions, such as the two-degree scenario, are to be achieved. To this end, the equivalent of 160 million low-emission vehicles will need to be on the roads by 2030, according to International Energy Agency (2017).

It is widely accepted that hydrogen is a critical element in the decarbonization of the transportation sector, which still relies almost exclusively on oil (McKinsey & Company, 2017). Hydrogen can be used in electric vehicles (EVs) equipped with hydrogen fuel cells (FCEV). FCEVs are a necessary complement to battery electric vehicles (BEVs) as FCEVs add convenience for consumers with long ranges and fast fueling times. FCEVs can also provide potentially very low carbon emissions (International Energy Agency, 2015). In terms of cost per mile, FCEVs will need tax credits or other subsidies to be competitive with conventional cars and other types of alternative fuel vehicles during the early stages of commercial implementation (M. [START_REF] Ruth | Methodology for Calculating Cost per Mile for Current and Future Vehicle Powertrain Technologies , with Projections to[END_REF]. However, significant cost reduction can be realized by scaling up manufacturing of FCEVs and hydrogen fueling infrastructures (McKinsey & Company, 2017).

Although the potential environmental benefits of hydrogen in the transportation sector are promising, the shift towards a hydrogen economy is challenging. Currently, the sales of FCEVs look bleak. In the U.S., only about 1,800 Mirai (a mid-size FCEV manufactured by Toyota) have been shipped in 2017. In contrast, 60 times as many Priuses (a hybrid electric vehicle) have been sold, and Tesla has also delivered more than 50,000 electric vehicles [START_REF] Carsalesbase | Automotive Industry analysis, opinions and data[END_REF]. The sluggish pace of sales for FCEVs is in part explained by the fact that only 65 hydrogen fueling stations were available in 2017, compared to more than 20,000 charging stations across the U.S. (Department of Energy, 2018a). This situation is often described as a "chicken-and-egg" problem [START_REF] Achtnicht | The impact of fuel availability on demand for alternative-fuel vehicles[END_REF]. Investments in fueling infrastructures pay off only if the vehicle number grows, but developing, building, and marketing vehicles are viable only with adequate fueling stations (McKinsey & Company, 2017).

One way to solve this dilemma is to coordinate the roll-out of vehicles and infrastructure development. Suppose that automobile manufacturers have chosen specific cities or areas as a target. Fuel providers would need to create a construction plan to realize the coordination. Such a plan involves two essential characteristics: (i) it should focus on planning the initial development of infrastructures while accounting for the full range of local factors, such as geographic distribution of feedstocks for hydrogen production and anticipated hydrogen demand at the fueling stations; (ii) it should be an integrated plan, which means that all types of infrastructures (hydrogen production plants, fueling stations, and CO 2 storage sites) are considered simultaneously. A simple example of a hydrogen supply network is illustrated in Fig. 1.

Hydrogen is produced at a plant using biomass that is transported from a biomass warehouse.

The CO 2 emissions from hydrogen production are captured and transported to a CO 2 storage site.

Hydrogen is delivered to fueling stations and other types of consumers (e.g., a fleet of buses or stationary applications). There are also fueling stations that run autonomously, they produce hydrogen on-site, thus do not rely on delivery. The construction plan is responsible for answering the following questions: What is the hydrogen demand, and where is this demand located? What kind of feedstock and technology should be selected to produce hydrogen? Will hydrogen be produced on-site or be delivered from production plants? How many production plants and fueling stations are needed, and where will they be located? What are the most suitable types of transportation (either for hydrogen or for feedstock)? • Hydrogen supply chain network design (HSCND) models: these models include multiple components such as feedstock, production, storage, and transportation. They focus on long-term planning and usually run on a national scale.

• Hydrogen fueling station planning (HFSP) models: these models determine the optimal location of hydrogen fueling stations. They focus on the initial development of infrastructures and are generally applied at a city or regional level.

Unfortunately, neither the HSCND nor the HFSP models are qualified to develop the construction plan described above. The main reason is that neither considers the entire hydrogen supply network. Most HSCND models involve no decision variables related to fueling station issues. Those that do consider fueling infrastructures determine only the number, type (gaseous or liquefied hydrogen), and size of the stations. On the other hand, the HFSP models do not answer questions like "where will the hydrogen come from?". They are less concerned with the technologies of the stations, and therefore do not include upstream infrastructure issues. Thus, it is reasonable to combine these two types to build a new model that can cover all types of infrastructures within the hydrogen supply network. In addition, the time horizon and geographic scale should be carefully selected to coordinate the characteristics of these two model classes. In light of these concerns, the main contributions of this paper are:

• Propose for the first time a mathematical model that covers the entire hydrogen supply network (from feedstock supply to fueling stations).

• Demonstrate the necessity of considering various components within a single framework.

The remainder of this paper is divided into six main sections. Section 2 analyzes the relevant scientific literature. Section 3 provides the problem description. Section 4 presents the proposed mathematical model. Section 5 describes the setup of instances as well as the input data. Section 6 presents the results and discussions. Finally, Section 7 provides the conclusions and outlines some plans for future development.

Literature review

Substantial work has been done in both the fields of hydrogen supply network design and fueling station planning. The relevant literature is briefly reviewed in this section.

Hydrogen supply chain network design (HSCND)

The HSCND models fall into the category of geographically explicit optimization models. Binary and integer decision variables are employed to address location of facilities, sizing decisions, selection of suitable production technologies, and selection of transportation modes between facilities. Because product flows along the supply chain are modeled by continuous constraints, these models are often mixed-integer formulations [START_REF] Eskandarpour | Sustainable supply chain network design: An optimization-oriented review[END_REF]. According to Agnolucci & Mcdowall (2013), three representative HSCND models have been developed by [START_REF] Almansoori | Design and operation of a future hydrogen supply chain: Snapshot model[END_REF] , [START_REF] Parker | From waste to hydrogen: An optimal design of energy production and distribution network[END_REF][START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF][START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF]. [START_REF] Parker | From waste to hydrogen: An optimal design of energy production and distribution network[END_REF] focused on evaluating the infrastructure requirements of hydrogen production from agricultural residues. A mixed-integer nonlinear programming model based on geographic information systems (GIS) was constructed for finding the most efficient and economical configuration. [START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF] provided a network optimization tool for identifying the lowest cost centralized production and pipeline transmission infrastructure within real geographic regions. The model identifies the number, size, and location of production facilities and the diameter, length, and location of transmission pipeline corridors. [START_REF] Almansoori | Design and operation of a future hydrogen supply chain: Snapshot model[END_REF] established a steady state "snapshot" model that integrates multiple components within a single framework. They selected Great Britain as a case study. Later, [START_REF] Almansoori | Design and operation of a future hydrogen supply chain: Multi-period model[END_REF] extended their study by considering the availability of feedstocks and their logistics, as well as the variation of hydrogen demand over a long-term planning horizon leading to phased infrastructure development. The objective function in the model comprises both operational and investment costs, split in terms of production, storage, transportation, and feedstocks. The work of [START_REF] Almansoori | Design and operation of a future hydrogen supply chain: Snapshot model[END_REF] is the seminal paper in this branch of the literature. It has been a source of inspiration for other studies, which have attempted to improve it through multiple modifications [START_REF] Li | Hydrogen supply chain network design : An optimization-oriented review[END_REF], such as introducing multi-objective optimization [START_REF] De-León Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF][START_REF] Guillén-Gosálbez | A bi-criterion optimization approach for the design and planning of hydrogen supply chains for vehicle use[END_REF]Kim & Moon, 2008), multi-period optimization [START_REF] Moreno-Benito | Towards a sustainable hydrogen economy: Optimisation-based framework for hydrogen infrastructure development[END_REF][START_REF] Murthy Konda | Optimal transition towards a large-scale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF][START_REF] Ogumerem | A multi-objective optimization for the design and operation of a hydrogen network for transportation fuel[END_REF], uncertainty issues (Kim et al., 2008), and integrating it with other supply chains (Agnolucci et al., 2013;[START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF][START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF][START_REF] Won | Design and operation of renewable energy sources based hydrogen supply system: Technology integration and optimization[END_REF][START_REF] Woo | Optimization-based approach for strategic design and operation of a biomass-to-hydrogen supply chain[END_REF]. [START_REF] Melo | Facility location and supply chain management -A review[END_REF] highlighted the importance of explicitly integrating the feedstock issues into SCND. However, less than half the studies cited above involve the feedstock and its logistics into modeling, as shown in Table 1. It is also noted that few papers consider the possible adoption of a CCS (carbon capture and storage) system, which is of great importance to meet specific carbon targets when fossil energy is chosen as the feedstock. Little attention has been paid to the strategic decisions related to the fueling station in HSCND models. Neither the location problem nor the technology selection (i.e., standard or on-site) has been investigated. It is noteworthy that whether an HSCN is based on liquid hydrogen (LH 2 ) or gaseous hydrogen (GH 2 ) is determined subjectively through the definition of scenarios or configurations in most models.

Hydrogen fueling station planning (HFSP)

Most papers published in this field concentrate on the location-allocation problem of fueling stations. Optimization-based approaches for locating fueling stations are divided into two main groups depending on the geometric representation of demands, which are models for node-based and flow-based demands [START_REF] Hosseini | Refueling-station location problem under uncertainty[END_REF]. The node-based demand models consider each node as a demand point, and drivers would have to make specific trips to the facilities to obtain services. The main advantage of using these models is the relatively easy access to data, such as population and spatial information [START_REF] Hwang | Infrastructure development for alternative fuel vehicles on a highway road system[END_REF]. [START_REF] Nicholas | Using Geographic Information Systems to Evaluate Siting and Networks of Hydrogen Stations[END_REF] and [START_REF] Nicholas | Detailed Analysis of Urban Station Siting for California Hydrogen Highway Network[END_REF] employed the p-median model, which is one of the node-based demand models, to locate fueling stations that minimize a weighted sum of driving times to the closest station. [START_REF] Lin | The fuel-travel-back approach to hydrogen station siting[END_REF] also applied the p-median model to the fueltravel-back concept and proposed a MILP formulation that minimizes the total fuel-travel-back time. Another example refers to the California Hydrogen Infrastructure Tool (CHIT), which is a geospatial analysis tool to identify the areas with the greatest need for fueling infrastructure based on a gap analysis between a projected market and current infrastructure (California Air Resources Board, 2018).

Many researchers argue that for fueling stations, as well as other service stations such as automatic teller machines, customer demand does not occur entirely at points, because people commonly will not make a trip solely for such a service [START_REF] Jung | Stochastic dynamic itinerary interception refueling location problem with queue delay for electric taxi charging stations[END_REF]. It may be more realistic to model the demands as flows on the network, which are served "on the way". This consideration leads to the development of flow-based models [START_REF] Huang | Optimal Deployment of Alternative Fueling Stations on Transportation Networks Considering Deviation Paths[END_REF]. First developed by [START_REF] Berman | Optimal Location of Discretionary Service Facilities[END_REF] and [START_REF] Hodgson | A Flow-Capturing Location-Allocation Model[END_REF], the Flow-Capturing Location Model (FCLM) is a maximum coverage model that entails facility locations to serve passing flows, which are considered as captured if a facility is located on the flow paths. The basic model locates p facilities to capture as much flow as possible. Many modifications have been made to extend the original FCLM, such as introducing budget constraints [START_REF] Shukla | An optimization framework for cost effective design of refueling station infrastructure for alternative fuel vehicles[END_REF], considering the limited driving range of vehicles [START_REF] Kuby | The flow-refueling location problem for alternative-fuel vehicles[END_REF][START_REF] Kuby | Optimization of hydrogen stations in Florida using the Flow-Refueling Location Model[END_REF][START_REF] Lim | Heuristic algorithms for siting alternative-fuel stations using the Flow-Refueling Location Model[END_REF], relaxing the assumption that all flows are on the shortest path between Origin-Destination pairs [START_REF] Berman | Locating discretionary service facilities II: maximizing market size, minimizing inconvenience[END_REF][START_REF] Kim | The deviation-flow refueling location model for optimizing a network of refueling stations[END_REF], 2013), and introducing fueling capacities (Hosseini & MirHassani, 2017;Hosseini et al., 2017;[START_REF] Upchurch | A model for location of capacitated alternative-fuel stations[END_REF]. Apart from the FCLM, there is another series of flow-based models that aim to satisfy all travel demands by deploying the least number of fueling stations [START_REF] Wang | Locating road-vehicle refueling stations[END_REF], 2013;[START_REF] Wang | Locating passenger vehicle refueling stations[END_REF].

While considerable attention has been paid to the location problem of fueling stations, the influence of fueling technology on location decisions has not been given the attention it needs.

It will be demonstrated in the following sections that the fueling network is deeply impacted by the selection of fueling technology (on-site or standard). It must also be noted that, for many flow-based models, the relationship between the captured flow and the fueling capacity has been neglected. In short, models cited above could tell "where" to locate the station, but neither the information on "what it is" (the fueling technology) nor "how big it is" (the size) is provided.

Literature summary

The existing literature reveals a gap in the development of comprehensive hydrogen supply network models. Some researchers have already noticed this issue. He et al. (2017) and [START_REF] Sun | Hydrogen station siting optimization based on multi-source hydrogen supply and life cycle cost[END_REF] have proposed hydrogen station siting optimization models, which focus on the stage of hydrogen source-hydrogen station. Their models optimize the number and locations of stations, hydrogen source selection for the stations, and method of transportation to minimize the hydrogen life cycle cost. However, the capacity of each station is pre-defined. Furthermore, the feedstock and its logistics, as well as a CCS system, have not been considered in the models. There is no decision variable relating to fueling technologies.

It is the primary purpose of this paper to fill the research gap by integrating the hydrogen supply chain network design and hydrogen fueling station planning. Also, feedstock and CCS issues are involved, and the model can decide the fueling technology and fueling capacity.

Problem description

The model was developed to solve the problem summarized below. Given

• The estimated total amount of hydrogen consumed by FCEVs within a region, and spatial description of the region represented by an undirected graph. Each node denotes a city or a large town and is characterized by -Demographic metrics (see Section 5) -Availability of each type of feedstock -Existence of a potential CO 2 storage site and its processing capacity -Existence of fixed-location demand and its amount

• A set of feedstocks, with each feedstock having the following properties:

-Unit cost associated with its purchase -Correspondent production technology and transportation technology (if needed) -Number of units for producing 1 kg of hydrogen

• A set of production technologies, each is characterized by its:

-Product form (gaseous or liquid hydrogen) -Capital, operating costs, and production capacity -Upstream emission factor, relating to the emissions produced by the feedstock consumed and other energy inputs during their upstream processing (i.e., extraction, production, and transportation) -On-site emission factor, relating to the emissions from the production procedure -Emission capture efficiency, the percent of on-site emissions that can be captured if a CCS system is employed • Feedstock availability, the maximum capacity of technologies (production, fueling, CO 2 processing, and transportation), and the satisfaction of all fixed-location demand and a given percent of FCEV's demand.

In order to

• Minimize the least cost of hydrogen (LCOH), which includes the contribution of capital investment, feedstock purchase, operating cost, and emission cost.

From a system modeling viewpoint, the hydrogen supply network design falls within the general category of strategic supply chain management problems [START_REF] Mula | Mathematical programming models for supply chain production and transport planning[END_REF]. In terms of the structural features of the supply chain, the proposed model is a single-commodity (hydrogen), mono-period, deterministic model with four location layers (feedstock, production, fueling station, and CO 2 storage). In addition to the typical location-allocation decisions, this model also involves decisions related to capacity, production, and transportation modes. 

Mathematical model

Sets

Model assumptions

The study is based on the following assumptions:

• The length of the shortest path between each pair of nodes is regarded as the distance between the two nodes, which is given as input data;

• Two types of fixed-location demand are considered: Type A refers to stationary applications such as combined heat and power system, and Type B refers to fleet vehicles. For the former, one needs only to deliver the required amount of hydrogen, while for the latter, in addition to meeting the fixed-location demand, one should also build a standard fueling station to satisfy the fueling demand at that node;

• The vehicles required to deliver hydrogen and feedstock are rented;

• The potential locations where the CO 2 storage sites could be built are given as model inputs;

• Only the CO 2 emission of the hydrogen production plants could be captured and processed by the CCS system;

• The total amount of CO 2 emission of the HSCN could be zero or negative depending on the type of feedstock selected and whether a CCS system is adopted (e.g., when biomass is selected as feedstock and a CCS system is also applied). Negative emissions generate revenue.

For simplicity, the carbon price remains the same for both positive and negative emissions.

Objective function

The optimization framework seeks to minimize the least cost of hydrogen (LCOH) in e/kg H 2 , which is attained by dividing the total daily cost (T DC) by the amount of hydrogen delivered per day (T HD):

M inimize LCOH (1) LCOH = T DC T HD (2) 
The total daily cost (T DC) consists of the contribution of capital cost (CC), feedstock purchasing cost (EC), operating cost (OC), and emission cost (EM C):

T DC = CC + EC + OC + EM C (3) 
The amount of hydrogen delivered per day (T HD) is given by

T HD = q f pair q * IC q + n,i (dem h,A ni + dem h,B ni ) (4)
The first term on the right-hand-side of Eq. ( 4) refers to the hydrogen demand of FCEVs, where f pair q is the amount of hydrogen fueling demand flow of OD (Origin-Destination) flow pair q, and IC q equals 1 if flow pair q is captured. The second term refers to the fixed-location demand, and dem h,A ni and dem h,B ni represent the fixed demand at node n (in hydrogen form i) of Type A and Type B, respectively.

Daily capital cost (CC)

The capital cost is composed of facility capital cost (F CC) and CO 2 transportation capital cost (T CC):

CC = 1 α * β (F CC + T CC) (5) 
The right-hand-side of Eq. ( 5) is divided by the annual network operating period (α) and the payback period of capital investment (β) to find the cost per day.

• Facility capital cost (F CC)

F CC = p,i,k N P pik * pcc pik + s,i,j N F sij * f cc sij + o,j N F oj * f cc oj + N R * ccc (6) 
where N P pik represents the number of production plants of technology p, hydrogen form i, and size k. pcc pik is the capital cost of one plant of this type. N F sij denotes the number of standard fueling stations of technology s, hydrogen form i, and size k. f cc sij is the capital cost of one station of this type. N F oj gives the number of on-site fueling stations of technology o and size j. f cc oj is the capital cost of one station of this type. N R represents the number of CO 2 storage sites and ccc is the capital cost of one site.

• CO 2 transportation capital cost (T CC)

The T CC is obtained by multiplying the unit capital cost of CO 2 pipeline (cpcc) by the pipeline length:

T CC = cpcc * n,m X nm * l nm (7) 
where X nm equals 1 if CO 2 is transported from node n to m, and l nm is the shortest distance between the two nodes.

Daily feedstock purchasing cost (EC)

EC = e ESR e * euc e (8) 
where euc e is the unit cost of the feedstock of type e, and ESR e is the total supply rate of the feedstock of type e, given by

ESR e = n (P ESR ne + OESR ne ) (9) 
where P ESR ne is the supply rate of a feedstock site at node n that supplies feedstock of type e to hydrogen production plants (plants at the same node or built at other nodes). OESR ne is the feedstock supply rate of a feedstock site at node n that supplies feedstock of type e only to the on-site fueling station built at the same node.

Daily operating cost (OC)

The operating cost (OC) includes the facility operating cost (F OC), the operating cost associated with hydrogen, and feedstock transportation (HT OC, F T OC):

OC = F OC + HT OC + F T OC (10) 
• Facility operating cost (F OC)

F OC = e N E e * eoc e + p,i,k P R pik * poc pik + s,i,j F R sij * f oc sij + o,j F R oj * f oc oj + CR * coc (11) 
where N E e represents the number of feedstock supply sites that supply feedstock of type e to hydrogen production plants. eoc e is the operating cost of one site of this type. P R pik gives the total production rate of the production plants of technology p, hydrogen form i, and size k. poc pik is the unit operating cost (per kg H 2 ) of this type of plant. F R sij denotes the total fueling rate of standard fueling stations of technology s, hydrogen form i, and size j. f oc sij is the unit operating cost (per kg H 2 ) of this type of station. F R oj represents the total fueling rate of on-site fueling stations of technology o and size j. f oc oj is the unit operating cost (per kg H 2 ) of this type of station. CR gives the total processing rate of CO 2 . coc is the unit operating cost (per kg CO 2 ).

• Hydrogen transportation operating cost (HT OC)

HT OC = HF C + HLC + HM C + HGC + HRC (12)

the five items on the right-hand-side are the fuel cost, labor cost, maintenance cost, general cost, and vehicle rental cost of hydrogen transportation, respectively. They are defined in Eqs. ( 13) -( 17):

HF C = h,n,m f p h * 2 * l nm * Q hnm f e h * tcap h (13) HLC = h,n,m dw h * Q hnm tcap h * ( 2 * l nm sp h + lut h ) (14) HM C = h,n,m me h * 2 * l nm * Q hnm tcap h (15) HGC = h,n,m ge h * Q hnm tma h * tcap h * ( 2 * l nm sp h + lut h ) (16) HRC = h N V h * tcr h (17) 
In these equations, f p h , dw h , me h , ge h , and tcr h represent the fuel price (per liter fuel), driver wage (per hour), maintenance expense (per km), general expense (per day), and vehicle rental cost (per vehicle) of hydrogen transportation mode h, respectively. f e h , sp h , tcap h , tma h , and lut h denote the fuel economy, speed, capacity, availability (hours per day), and load/unload time of hydrogen transportation mode h, respectively. Q hnm represents the hydrogen transportation flux (in mode h) from node n to m, and l nm is the shortest distance between the two nodes. N V h denotes the number of hydrogen transportation vehicles of mode h and is calculated by the following:

N V h n,m Q hnm tma h * tcap h * ( 2 * l nm sp h + lut h ), ∀h ∈ H (18) 
• Feedstock transportation operating cost (F T OC)

F T OC = F F C + F LC + F M C + F GC + F RC (19) 
The five items on the right-hand-side are the fuel cost, labor cost, maintenance cost, general cost, and vehicle rental cost of feedstock transportation, respectively. Their definitions have the same forms as those of the hydrogen transportation operating cost (Eqs. ( 13) -( 17)).

Daily emission cost (EMC)

EM C = ER * cp ( 20 
)
where cp is the carbon price and ER is the total emission rate, which is given by

ER = (P ER -P ER c ) + SF ER + OF ER + T ER (21) 
P ER is the production emission rate, which is obtained by

P ER = n,p,i,k P R npik * (γ eu pik + γ eo pik ) (22) 
In the equation, P R npik denotes the production rate of a production plant of technology p, hydrogen form i, and size k. γ eu pik and γ eo pik are the production upstream and on-site emission factors of this type of plant, respectively.

P ER c is the total emission rate of production plants where emissions are processed, given by

P ER c = n P ER c n ( 23 
)
where P ER c n is the emission rate of a production plant at node n, where emissions are processed, given by

P ER c n = p,i,k P R c npik * γ eo pik * γ c pik ( 24 
)
where P R c npik represents the production rate of a production plant of technology p, hydrogen form i, and size k, and where emissions are processed (see Eq. ( 65)), and γ c pik is the production emission capture efficiency of this type of plant.

Fueling emission rates are obtained by Eqs. ( 25) and ( 26):

SF ER = s,i,j F R sij * γ e sij ( 25 
)
OF ER = o,j F R oj * γ e oj ( 26 
)
SF ER and OF ER are the total emission rates of the standard and on-site fueling stations, respectively. F R sij represents the total fueling rate of standard fueling stations of technology s, hydrogen form i, and size j. γ e sij is the emission factor of this type of station. F R oj denotes the total fueling rate of on-site fueling stations of technology o and size j. γ e oj is the emission factor of this type of station.

The emission rates related to hydrogen transportation (T ER) depend on fuel usage, given by

T ER = h,n,m γ e h * 2 * l nm * Q hnm f e h * tcap h (27)
where γ e h is the emission factor of hydrogen transportation, which represents the volume of emissions due to the unit fuel usage. Q hnm represents the hydrogen transportation flux (in mode h) from node n to m, and l nm is the shortest distance between the two nodes. f e h and tcap h are the fuel economy and capacity of hydrogen transportation mode h. The emissions results from feedstock transportation are included in the upstream emission of hydrogen production, therefore do not need to be calculated separately.

Constraints

Mass balance constraints

• Hydrogen

The hydrogen mass balance is defined at each node n, and for each hydrogen form i, such that the hydrogen production (P R npik ) and input from other nodes m (Q hmn ) meets the fueling demand (F R nsij ), the fixed-location demand (dem h,A ni , dem h,B ni ) of this node n, and the hydrogen output to other nodes m (Q hnm ), as follows:

p,k P R npik + m h:(i,h)∈IH Q hmn = m h:(i,h)∈IH Q hnm + s,j F R nsij + dem h,A ni + dem h,B ni , ∀n ∈ N, i ∈ I (28) 
• Feedstock

For feedstock consumed by hydrogen production plants, the feedstock mass balance is defined at each node n, for each combination of feedstock types and production technologies (e, p), such that the feedstock supply (P ESR ne ) and input from other nodes m (Q f mn ) meets the consumption of feedstock, which is calculated by multiplying the production rate at that node (P R npik ) by the corresponding conversion rate (δ (e,p) ), and the feedstock output to other nodes m (Q f nm ), as follows:

P ESR ne + m, f :(e,f )∈EF Q f mn = m, f :(e,f )∈EF Q f nm + i,k P R npik * δ (e,p) , ∀n ∈ N, (e, p) ∈ EP (29)
For feedstock consumed by on-site fueling stations, the feedstock mass balance is given:

OESR ne = j F R noj * δ (e,o) , ∀n ∈ N, (e, o) ∈ EF (30) 
In the equation, OESR ne represents the feedstock supply rate. F R noj denotes the fueling rate and

δ (e,o)
is the conversion rate of feedstock (type e) to hydrogen at on-site stations.

• CO 2

The CO 2 mass balance should be likewise satisfied at each node n to quantify the infrastructure needs for a CCS system.

P ER c n + m Q mn = m Q nm + CR n , ∀n ∈ N (31) 
In the equation, P ER c n represents the emission rate of a production plant at node n, where emissions are processed. Q mn is the CO 2 transportation flux from node m to n, whereas Q nm is the flux from node n to m. CR n is the CO 2 processing rate.

Feedstock constraints

The feedstock supply rate (P ESR ne , OESR ne ) cannot exceed certain limits: 

IE ne *
IF no = j IF noj , ∀n ∈ N, o ∈ O (35)
The number of feedstock supply sites that supply feedstock of type e to hydrogen production plants (N E e ) is defined as

N E e = n IE ne (36) 
In Eqs. ( 32) -( 36), IE ne equals 1 if node n is chosen as a feedstock supplier (type e) of production sites. IF noj equals 1 if there is an on-site fueling station of technology o and size j at node n. The bounds of feedstock supply capacity are denoted by ecap.

Production constraints

The production rate (P R npik ) cannot exceed certain limits:

IP npik * pcap min pik P R npik IP npik * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, j ∈ K (37)
The number of production plants (N P pik ) is given by

N P pik = n IP npik (38)
The total production rate of production plants (P R pik ) is defined as

P R pik = n P R npik (39) 
In Eqs. ( 37) -( 39), IP npik equals 1 if there is a production plant at node n, of technology p, hydrogen form i, and size k. The bounds of production capacity are represented by pcap.

Fueling station constraints

The fueling rate (F R nsij , F R noj ) cannot exceed certain limits:

IF nsij * f cap min sij F R nsij IF nsij * f cap max sij , ∀n ∈ N, s ∈ S, i ∈ I, j ∈ J (40) IF noj * f cap min oj F R noj IF noj * f cap max oj , ∀n ∈ N, o ∈ O, j ∈ J (41)
The total fueling rates (F R sij , F R oj ) are defined as

F R sij = n F R nsij (42) F R oj = n F R noj (43)
The number of fueling stations (N F sij , N F oj ) are given by

N F sij = n IF nsij (44) N F oj = n IF noj (45) 
In Eqs. ( 40) -( 45), IF nsij equals 1 if there is a standard fueling station at node n, of technology s, hydrogen form i, and size j. IF noj equals 1 if there is an on-site fueling station at node n, of technology o and size j. The bounds of fueling capacity are denoted by f cap.

If fixed-location hydrogen demand of Type B exists at node n (means id h,B n equals 1), a standard fueling station should also be built at this node:

SIF n id h,B n , ∀n ∈ N (46)
SIF n equals 1 if there is a standard fueling station at node n.

Transportation constraints

The transportation flux of hydrogen, feedstock, and CO 2 (Q hnm , Q f nm , Q nm ) cannot exceed certain limits:

X hnm * tcap min h Q hnm X hnm * tcap max h , ∀h ∈ H, n, m ∈ N (47) X f nm * tcap min f Q f nm X f nm * tcap max f , ∀f ∈ F, n, m ∈ N (48) X nm * tcap min Q nm X nm * tcap max , ∀n, m ∈ N (49)
In Eqs. ( 47) -( 49), X hnm , X f nm , and X nm are binary variables that take the value of 1 if transportation links are established from node n to m. The bounds of transportation capacity are represented by tcap.

Transportation between different nodes can only occur in one direction:

X hnm + X hmn 1, ∀h ∈ H, n, m ∈ N (50) X f nm + X f mn 1, ∀f ∈ F, n, m ∈ N (51) X nm + X mn 1, ∀n, m ∈ N (52) 
A node can only export hydrogen when there is a production plant at this node:

IP n X hnm , ∀h ∈ H, n, m ∈ N (53)
where IP n equals 1 if there is a production plant (of any technology, any hydrogen form, and any size) at this node. The following equation ensures that only one plant could be installed at each node.

IP n = p,i,k IP npik , ∀n ∈ N (54)
where IP npik equals 1 if there is a production plant at node n, of technology p, hydrogen form i, and size k.

Hydrogen is imported into the nodes that have standard fueling stations or fixed-location demand of Type A, or both:

SIF n + id h,A n X hmn , ∀h ∈ H, n, m ∈ N ( 55 
)
where SIF n equals 1 if there is a standard fueling station (of any technology, any hydrogen form, and any size) at this node. id h,A n indicates whether node n has fixed-location demand of Type A.

A node cannot export feedstock when there is no feedstock supplier of hydrogen production plants (of any type of feedstocks) at this node (implies IE n equals to 0):

IE n X f nm , ∀f ∈ F, n, m ∈ N (56)
where IE n is defined as

IE n = e IE ne , ∀n ∈ N (57)
where IE ne equals 1 if node n is chosen as a feedstock supplier that supplies feedstock of type e to production plants.

The end of the feedstock transportation link can only be the production plants:

IP n X f mn , ∀f ∈ F, n, m ∈ N ( 58 
)
where IP n equals 1 if there is a production plant at node n.

A node can only export CO 2 when the emission of the production plant at this node is processed (means IM n equals 1):

IM n X nm , ∀n, m ∈ N (59)
The CO 2 transportation link ends only at the nodes where CO 2 storage sites are located (means

IR n equals 1): IR n X mn , ∀n, m ∈ N (60)

Emission constraints

The production emission of a node cannot be processed if there is no plant at this node:

IM n IP n , ∀n ∈ N (61)
where IP n denotes whether node n has a production plant, and IM n takes the value of 1 if the emission of the plant at that node is processed.

The CO 2 processing rate (CR n ) cannot exceed certain limits:

IR n * ccap min n CR n IR n * ccap max n , ∀n ∈ N (62)
where IR n equals 1 if there is a CO 2 storage site at node n. The bounds of CO 2 processing capacity are represented by ccap.

The total processing rate of CO 2 (CR) is given by

CR = n CR n (63)
where CR n is the CO 2 processing rate of a CO 2 storage site at node n.

The number of CO 2 storage sites (N R) is defined as

N R = n IR n (64)
The production rate of a production plant where emissions are processed (P R c npik ) can be obtained by the following equation:

P R c npik = IM n * P R npik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K ( 65 
)
where P R npik represents the production rate of a production plant at node n, and IM n denotes whether the emission of this plant is processed.

The Eq. ( 65) is nonlinear and can be linearized by the following constraints:

P R c npik IM n * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (66) P R c npik P R npik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (67) P R c npik P R npik -(1 -IM n ) * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (68)
where pcap max pik is the upper limit of production capacity.

Demand constraints

The percentage of hydrogen fueling demand flow that can be captured (DEM h,cap ) should be equal to the number given as input (dem h,exp ):

DEM h,cap = dem h,exp (69) 
Because hydrogen fueling demand flow of OD (Origin-Destination) flow pairs are discrete values, the following constraints to replace the Eq. ( 69) are introduced:

dem h,exp DEM h,cap dem h,exp + (70)
where is a small positive number, which is set to 0.01 in this study, and DEM h,cap is defined by

DEM h,cap = q f pair q * IC q q f pair q * 100 (71)
where f pair q is the amount of hydrogen fueling demand flow of OD flow pair q, and IC q equals 1 if flow pair q is captured.

A hydrogen fueling demand flow is captured if there is at least one fueling station (of any technology and any size) on one of the nodes that lie on the shortest path of this flow pair:

n∈Nq IF n IC q , ∀q ∈ Q, ( 72 
)
where IF n equals 1 if there is a fueling station (standard or on-site) at this node. The following equations ensure that only one fueling station could be installed at each node.

IF n = SIF n + OIF n , ∀n ∈ N (73) SIF n = s,i,j IF nsij , ∀n ∈ N (74) OIF n = o,j IF noj , ∀n ∈ N (75)
where SIF n equals 1 if there is a standard fueling station at node n, and OIF n equals 1 if there is an on-site fueling station at this node. IF nsij equals 1 if there is a standard fueling station at node n, of technology s, hydrogen form i, and size j. IF noj equals 1 if there is an on-site fueling station at node n, of technology o and size j.

The fueling rate at node n (F R nsij , F R noj ) should be able to cover the amount of hydrogen fueling demand flow captured by the fueling station established at that node:

s,i,j F R nsij SIF n * f node n , ∀n ∈ N (76) o,j F R noj OIF n * f node n , ∀n ∈ N (77)
where f node n is the hydrogen fueling demand flow of node n.

Case study: Franche-Comté, France

The developed model is applied to Franche-Comté, a region of eastern France (since 2016, it is part of the new region Bourgogne-Franche-Comté.). Its total area is 16,202 km 2 . In 2016, its population was 1,180,397 persons.

Network description

The 31 most populous cities are selected as network nodes. Demographic data of each city are collected based on the commune 1 in which the city is located. The most populous city is

1
The commune is a level of administrative division in France.

Besançon, the capital of the region. There are several large cities in the northeast, including Belfort, Three types of feedstock are considered in this study: natural gas, electricity, and biomass.

Natural gas can be supplied only in cities that are covered by the natural gas network. According to GRTgaz (2017, 2019) 2 , 23 cities have access to the natural gas network, as shown in Fig. 2 -(b).

The maximum supply capacity of natural gas is fixed at 30,000 Nm 3 /d. Electricity is available in all cities (see Fig. 2 -(c)). The maximum supply capacity is fixed at 300,000 kWh/d. It is assumed that two cities (Luxeuil-les-Bains in the north and Valdahon in the center) could supply biomass, and the maximum supply capacity is fixed at 70,000 kg/d. The feedstock prices are shown in Table B.8.

It is assumed that a potential CO 2 storage site is located at Morteau and its maximum processing capacity is 200,000 kg CO 2 /d (see Fig. 2 -(d)). Other CCS system inputs can be found in Table B.8. It is also assumed that the fixed-location demand of Type A exists at Saint-Claude, the amount of hydrogen demand is 500 kg/d. Fixed-location demand of Type B exists at Pontarlier, the amount of demand is 500 kg/d (see Fig. 2 -(e)).

Hydrogen fueling demand

The proposed model satisfies two major types of hydrogen demand: fixed-location demand It is assumed that hydrogen fueling demand flow is more likely to appear between two closer cities with higher FCEV owner-ships. The potential FCEV ownership is related not only to the population but also to several demographic metrics. [START_REF] Melendez | Regional Consumer Hydrogen Demand and Optimal Hydrogen Refueling Station Siting[END_REF] proposed nine metrics that influence FCEV adoption by consumers. Given the availability of statistics, the following four are chosen for this study:

• Vehicle3 : Households with multiple vehicles are more likely to adopt hydrogen vehicles.

• Income4 : Higher incomes lead to earlier adoption of FCEV.

• Education5 : Higher education leads to earlier adoption.

• Commute6 : Commuting with private vehicles interests consumers in newer and more efficient vehicles.

Table B.1 provides the population size and four demographic metrics for each city. Data are collected from L'Institut national de la statistique et des études économiques (2015a,b, 2018a,b)7 .

Considering all five factors, a "scoring system" similar to the one used by [START_REF] Melendez | Geographically Based Hydrogen Consumer Demand and Infrastructure Analysis[END_REF] is employed. In the "scoring system", data in each column are first normalized in the range of 1-100 to compute the score of each city on each item:

Score x = 1 + 99 * V alue x -V alue min V alue max -V alue min (78)
Then the final score of each city is obtained by a linear combination of the five obtained scores, as shown in Eq. ( 79). The weights are chosen according to the importance of each metric. be seen that after considering the influence of the four additional demographic metrics, some cities with smaller populations have gained greater weight. For example, Villers-le-lac has the highest score of "Income", Gray has the highest score of "Vehicle", and Bavans has higher scores in both "Vehicle" and "Commute". It can also be found that, although Besançon is still the city with the largest weight, the urban agglomerations in the northeast have gathered several cities with relatively high weights.

After computing the demand level for the 31 considered cities, the potential flow of FCEVs on the roads of the network should be determined. First, the gravity model [START_REF] Haynes | Hydrogen refueling station siting of expressway based on the optimization of hydrogen life cycle cost[END_REF] is used to quantitatively measure the possibility that an OD pair flow becomes a hydrogen fueling demand flow. As shown in Eq. ( 80), the possibility (P q ) of an OD pair (q) that links two cities n and m can be expressed as a ratio of the multiplied final scores (weights of cities obtained 

P q = Score f inal,cityn * Score f inal,citym l nm (80) 
The obtained results can be regarded as "weights" of origin-destination (OD) pairs, with which 551 the value of hydrogen fueling demand flow of each pair is determined. Based on the report of L'Association Française pour l'Hydrogène et les Piles à Combustible (2018) 8 , it is estimated that the potential hydrogen demand of FCEV in Franche-Comté in 2030 will be 4,378 kg/d 9 . This total demand is distributed to OD pairs according to their "weights" obtained by Eq. ( 80). In this way, the hydrogen fueling demand is linked to the OD flow pairs, and the resulting demand flow network is presented in Fig. 3 -(c). The larger the radius of the circle, the higher the fueling demand in the city. The wider the edge, the greater the fueling demand flow carried by that edge. Comparing this flow network with the one based only on population (Fig. 3 -(d)), the common element is the region's east-west traffic artery-A36 (Montbéliard-Besançon-Dole), which carries the largest hydrogen fueling demand in both networks. However, one observes the following differences:

• The hydrogen fueling demand flow between the eastern urban agglomerations has increased significantly. This can be explained as follows: According to the gravity model, greater weight and closer distance result in larger interaction. The urban agglomerations formed by several cities with large weights have reasonably more interactions with each other.

• In the east, the flow through Lure, Héricourt, Valentigney, Maîche, Pontarlier has increased significantly. This can be explained by the fact that small cities like Villers-le-lac, Maîche, and Bavans have higher weights. B.8.

8 The French Association for Hydrogen and Fuel Cells 9 The report provides only the total hydrogen demand of FCEV in France in 2030 (89,000 kg/d). The value for Franche-Comté is obtained by multiplying the total demand with the proportion of province (Franche-Comté) population to France population (1.80% (L'Institut national de la statistique et des études économiques, 2015b))

10 A French electric utility company

Fueling stations

The fueling capacity ranges from 50 kg/d to 1,200 kg/d, divided into four sizes -small, medium, large, and extra-large 11 . Standard fueling stations are divided into two subtypes according to the hydrogen form they receive, and the cost and emission data are shown in Table B.5. The on-site fueling stations consist of on-site-SMR and on-site-electrolysis. The cost and emission data are presented in Table B.6 [START_REF] Melaina | Hydrogen Station Cost Estimates: Comparing Hydrogen Station Cost Calculator Results with other Recent Estimates[END_REF].

Hydrogen and feedstock transportation

Gaseous hydrogen is conveyed via tube trailers whereas liquefied hydrogen is transported in tanker trucks. For feedstock, this study considers only the transportation of biomass via trucks.

The cost and emission data are presented in Table B.7.

Instances generation

One of the primary purposes of this study is to demonstrate the necessity of considering various components within a single framework. The influence of any component on the HSCN can be identified only by comparing and analyzing the model results with and without this component.

Based on this principle, seven groups of instances have been designed, each of which corresponds to a component composition, as shown in Table 2. • Group A: Only on-site stations are used to satisfy fueling needs. This can be seen as a simple upgrade of the classical FCLM (Flow-Capturing Location Model). The main mission is to locate on-site stations under the constraints of feedstock availabilities. In addition, the model needs to select a proper size for each on-site station.

• Group B: Only standard stations are employed to satisfy fueling needs. The model needs to locate standard stations as well as production plants, as the former can only receive hydrogen 11 The fueling capacity of "extra-large" stations is twice that of "large" ones produced by the latter. In this group of instances, feedstock transportation is forbidden.

Therefore, a plant can use only the feedstock supplied by the city where it is located. Plants and standard stations are linked by hydrogen transportation. Group B integrates the HSCND model and the HFSP model, and covers the whole hydrogen supply chain, from feedstock to fueling stations.

• Group C: Based on Group B, with the addition of on-site stations. The introduction of on-site stations allows the model to choose between two completely different fueling technologies. It is reasonable to assume that "mix" may provide more interesting configurations. By comparing the results of instances of Group A, Group B, and Group C, one could learn how fueling technologies impact HSCN.

• Group D: Based on Group B, but allowing feedstock transportation. The introduction of feedstock transportation provides the model with the capability to examine the trade-off between the transportation of feedstock and hydrogen. By comparing the results of instances of Group B and Group D, one examines the necessity of integrating feedstock transportation into the model.

• Group E: Based on Group B, and involving a CCS system. Although the adoption of a CCS system could greatly reduce the CO 2 emission of HSCN, it yields huge expenses. The introduction of a CCS system makes the model capable of studying the trade-off between considerable emission costs and establishment of a CCS system. In addition, the model examines the trade-off among the transportation of hydrogen, feedstock, and CO 2 when locating production plants. By comparing the results of instances of Group B and Group E, one reviews the necessity of integrating a CCS system into the model.

• Group F: Based on Group B, adding fixed-location demand. The purpose of this group is to verify that the model can meet other hydrogen demand requirements while satisfying the fueling demands. By comparing the results of instances of Group B and Group F, one can observe how fixed-location demand changes the configuration of HSCN.

• Group G: All model components are involved. The model will be able to compare all possible configurations together and to consider various trade-offs to find the optimal result. Within each group of instances, one or several sets are defined. The sets of a given group differ by the feedstock type or the hydrogen form, as shown in Table 3.

The model proposed in this study is mono-objective. The environmental impact of the HSCN is represented by the contribution of emission cost in the LCOH. Therefore, the value of the carbon price has a significant influence on the model results. Two levels of carbon price are set to observe the changes in configuration, especially the model's behavior toward a CCS system. Based on the (Carbon Tracker, 2018;[START_REF] Chestney | European Union carbon prices climb to 10-year high[END_REF]World Bank & Ecofys, 2018), the low level of carbon price (LC) is set to 0.05 e/kg CO 2 , and the high level (HC) is set to 0.27 e/kg CO 2 .

The potential hydrogen fueling demand is represented by "flow". It may not necessarily be "captured" totally. Decision-makers can decide freely the percent of flow that needs to be captured.

For a specific percent of flow, the model provides the optimal HSCN configuration that satisfies these demands and the resulting LCOH. Fig. 4 presents the value of LCOH and number of fueling stations for each percent of flow captured of Set A1 with LC (low carbon price), from 1% to 100%.

It can be seen that the LCOH curve appears U-shaped. A small fueling demand flow requires at least one station to be satisfied. Therefore, the contribution of capital cost to LCOH will be extremely high. Thus, for less than 10%, the smaller the percentage of flow captured, the higher the LCOH. At the other end, greater than 90%, the model needs to build more stations to approach 100%. This is because the places that are more efficient in flow capturing have already been chosen.

The "extra" expenditure in capital cost causes the curve to rise sharply. For decision-makers, less than 10% and higher than 90% are areas of less interest. Therefore, three levels of fueling demand are set, 10% for low demand (LD), 50% for medium demand (MD), and 90% for high demand (HD). Then one can generate 66 instances. The name of each instance is formatted as "Set-N-C-D", where "N" is the name of 11 sets defined in Table 3, "C" is the carbon price level (LC or HC), and "D" represents the fueling demand level (LD, MD, or HD). Each instance is solved to obtain its value of LCOH and network configuration. 

Results and discussion

The model is solved by CPLEX 12.7 for the defined instances on a computer equipped with a 3.2 GHz i5-6500 and 16 GB of RAM. The corresponding computational statistics are summarized in Table 4. 

Role of feedstock availabilities

It is known that on-site-electrolysis stations have a higher capital cost than on-site-SMR, as shown in Table B.6. Therefore, in most situations, instances of Set A1 obtain a higher LCOH than instances of Set A2 (see Fig. 6 -(a)). As the emission factor of on-site-SMR is higher than that of on-site-electrolysis, the impact of emission costs will be more important as the carbon price is high. The gap between the two sets shrinks when carbon price increases, and this gap may even reverse for instances A i -HC-HD. Set A2 results in more stations and higher LCOH than Set A1.

Role of hydrogen forms

Fig . 6 -(b) shows that HSCN based on liquid hydrogen is more expensive at all three demand levels. The high cost is due to the need for liquefaction devices, which incur a high capital cost.

Moreover, liquefaction requires a large amount of power consumption, increasing operating costs.

Notice the gap between gaseous and liquid is shrinking when hydrogen demand rises. This can be explained by the advantage of liquid hydrogen in transportation. The number of vehicles required to transport the same amount of liquid hydrogen is smaller than for gaseous hydrogen because the capacity of a tanker truck (for liquid hydrogen) is nearly 23 times as large as a tube trailer (for gaseous hydrogen). Although the advantage in transportation cannot offset the high cost of liquefaction at low demand (i.e., when only a small number of vehicles are required), HSCN based on liquid hydrogen may be attractive when the demand of hydrogen increases.

In Fig. 8, one observes that, at medium and high demand, results for Set B2 involve fewer plants, and are more dependent on hydrogen transportation. This can reduce the disadvantages of high costs of liquefaction and take advantage of transportation. Therefore, it can be concluded that HSCN based on liquid hydrogen prefers centralized production.

Role of fueling technologies

First, observe Set A2 (on-site station only) and Set B1 (standard station only) in Fig. 6 -(c).

It is shown that at low demand, Set B1 has higher LCOH. Indeed, any standard station requires to be supplied by a production plant, which increases the cost. At medium demand, the advantage of centralized production makes Set B1 reach lower LCOH than Set A2, and this advantage is even more obvious at high demand. The involvement of different fueling technologies provides the model not choose a "mix" solution in the high carbon price scenario can be explained by the fact that the emission factor of on-site-SMR is approximately seven times greater than the gaseous standard station emission factor. Therefore on-site stations are less attractive when carbon price rises.

Role of feedstock transportation

For this part, high carbon price does not bring changes in configuration (Fig. 6 -(d Feedstock type and value of carbon price are two key factors that influence the choice of a CCS system. The optimal solution provided by the model does not include a CCS system in both low and high carbon price scenarios when natural gas is selected as feedstock (Set B1 vs. Set E1). It can be explained by the fact that the reduction in emission cost is not comparable to the expenses of a CCS system. The characteristic of biomass is that its upstream emission factor is negative. If a BG plant adopts a CCS system, 90% of its on-site emission will be captured so that the plant's CO 2 emissions are negative for every 1 kg of hydrogen produced using biomass. Hydrogen production plant emissions account for most of the total emissions of HSCN. Therefore, the entire system's emissions would likely be negative, and the system gains revenue because of negative emissions. kg H 2 /d). After the maximum emission constraint is applied, both instances adopt a CCS system.

In addition, the production capacity has been re-deployed, and the hydrogen transportation has been re-organized. In the low carbon price scenario, the model chooses to capture the emission of the plant at Pontarlier. To capture sufficient emissions to reduce the total emissions below er max , Besançon's plant has been closed, and its production capacity is transferred to the plant at Pontarlier. The reduction in the number of plants has made the system more dependent on hydrogen transportation, and the number of hydrogen transportation vehicles has increased from three to five. In the high carbon price scenario, the model chooses to capture even more emissions through centralized production. A large plant is located at Pont-de-Roide-Vermondans, where 49% of total emissions of the entire supply network are captured and processed. This value is only 28% in the low carbon price scenario. Although this results in long CO 2 pipeline distance (52 km compared to 29 km in the low carbon price scenario), the cost savings from further reduction of emissions outweighs the increased capital cost. Based on this observation, it can be concluded that the maximum emission constraint forces instances where ER (before the new constraint is applied) is larger than er max to adopt a CCS system. In the low carbon price scenario, the model only captures a small portion of emissions to satisfy the new constraint. In the high carbon price scenario, the model chooses to capture more emissions to reduce the carbon cost.

Set-E1-LC-HD 

Conclusion

The hydrogen supply chain network in the transportation sector is a complex system. It includes various components from feedstock supply sites to hydrogen fueling stations. Because of the inherent characteristics of a supply chain, each part of HSCN is interconnected rather than isolated. The selection of feedstock, production and fueling technology, locations of hydrogen facilities, and other major decisions make up a vast "pool" of pathways, each of which has a different value of LCOH and network configuration. For decision-makers, it is challenging to make intelligent designs without support from optimization models.

In this paper, a mathematical optimization model was developed, which integrates the hydrogen supply chain network design and hydrogen fueling station planning. Through the case study, it has been shown that first the model can provide an optimal supply configuration for a given set of available infrastructures. Second, thanks to the many comparisons made, the interest of the integrated model is highlighted, compared with others that consider only a subset of the components from feedstock supply sites to hydrogen fueling stations. Moreover, the approach conducted to validate the model consisted of executing it for each supply chain scenario considered. Therefore, it has also highlighted the potentially beneficial optimization-simulation coupling, which would consist of integrating this optimization model into a decision support system designed to simulate the various possible deployment scenarios.

At this stage, the computational results of the model are promising. However, there are major tasks that still need further investigation to improve it. The following tasks are summarized below:

• Consider the evolution of the HSCN over time, rather than a snapshot of the network at one point in time. In real-world conditions, the formation of the hydrogen energy market and the construction of the hydrogen energy supply network usually span decades. The hydrogen fueling demand increases gradually. Correspondingly, the construction plan of the HSCN should be designed in stages.

• Consider the interactions between the hydrogen supply (hydrogen facilities) and demand (FCEV potential buyers). In the present study, the hydrogen fueling demand flow is predefined, and it will not be affected by the hydrogen supply system. The influence of the hydrogen supply on demand has been ignored. The model will be improved by converting the hydrogen demand from model input to a decision variable to endogenously forecast hydrogen demand while optimizing the hydrogen supply network. Note: The costs of liquid production (capital and operating) are obtained by adding the cost of liquefier to gaseous production; Because lack of information, the upstream emission factor of "Medium" and "Large" (gaseous production) are obtained by multiplying the value of "Small" with 0.8 and 0.64, respectively. Note: The costs of an on-site station (capital and operating) are obtained by adding the cost of on-site production to a gaseous standard station.

Due to lack of information, the emission factor of "Medium" and "Small" are obtained by multiplying the value of "Large" with 1.2 and 1.44, respectively.

Figure 1 :

 1 Figure 1: A simple example of hydrogen supply network

  et al. (2013) De-León Almaraz et al. (2015) Guillén-Gosálbez et al. (2010) Hwangbo et al. (2017) Johnson & Ogden (2012) Kim & Moon (2008) Kim et al. (2008) Murthy Konda et al. (2011) Moreno-Benito et al. (2017) Ogumerem et al. (2018) Parker et al. (2010) Samsatli & Samsatli (2015) Van Den Heever & Grossmann (2003) Won et al. (2017) Woo et al. (2016) This study Feed.: Feedstock and its transportation; Prod.: Hydrogen production; Transp.: Hydrogen transportation; CCS: Carbon capture and storage; Nb.: Number; Lo.: Location; Tech.: Technology.

•

  A set of fueling technologies (standard and on-site), each is characterized by -The form of hydrogen it receives (standard fueling) -Correspondent type of feedstock (on-site fueling) -Feedstock demand (on-site fueling) -Minimum and maximum fueling capacity -Capital, operating costs, and emission factor • A set of transportation technologies, each is defined by: -The cargo (hydrogen, feedstock, or CO 2 ), and the transportation capacity -Capital, operating costs, and emission factor (for hydrogen transportation) Determine • The feedstock supply and CCS system -Which nodes are selected as feedstock supply sites -What type of feedstock does each selected node supply and in what quantity -Which nodes are selected to build the CO 2 storage sites -The processing rate of each storage site • The installation and operation of hydrogen facilities -The number, location, size, and technology of production plants and fueling stations -Whether the network runs on gaseous or liquid hydrogen -Whether a CCS system is employed at each production plant -The production rate and fueling rate • The operation of the transportation technology -The rate of transportation of each type of cargo (hydrogen, feedstock, and CO 2 ) via each transportation mode between all locations Subject to

  Fig. 2 -(a).

(

  node-based) and fueling demand ofFCEVs (flow-based). This section explains how the fueling demand of FCEVs is represented by the flow-based demand. The classical Flow-Capturing Location Model (FCLM) defines only the locations of the service facilities. Decision-makers receive no references on the required service capacity to satisfy part or all of the "flow captured". It is evident that the relationship between the "flow captured" and the service capacity should be built before the capacity-related decision variables are introduced into the model. In the context of fueling station deployment, such a relationship is often established between the fueling demand and the road traffic flow. The underlying assumption is that all units of traffic flow within the region (between different origins and destinations) contribute equally to the fueling demand. Considering most of the vehicles on the road still rely on gasoline or diesel, this assumption is reasonable when deploying traditional fueling stations. However, this same assumption becomes questionable when the problem has been changed to hydrogen fueling station planning. It is mainly due to uneven distribution of FCEVs within the region's traffic flow. Therefore, the concept of hydrogen fueling 2 GRTgaz is a French natural gas transmission system operator.

Figure 2 :

 2 Figure 2: Franche-Comté network: (a) Basic network; (b) Natural gas distribution; (c) Electricity distribution; (d) Biomass distribution and location of a potential CO 2 storage site; (e) Location of fixed-location demands

  Score f inal = Score P opulation * 0.6 + Score V ehicle * 0.1 + Score Income * 0.1 +Score Education * 0.1 + Score Commute * 0.1 (79) The final score represents the relative potential FCEV ownership of each city. If one considers the final score as the weight of each city, then a network with weight values of cities could be obtained, as presented in Fig. 3 -(a). The radius of circles at nodes is visually proportional to these weights. The plot of Fig. 3 -(b) is the weighted network based only on population. It can

Figure 3 :

 3 Figure 3: Hydrogen fueling demand flow: (a) Weighted network; (b) Weighted network based only on population; (c) Hydrogen fueling demand flow network; (d) Hydrogen fueling demand flow network based only on population
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  Corresponding to three types of feedstock, three types of production technologies are set up: steam methane reforming (SMR), electrolysis, and biomass gasification (BG). The production plant has three sizes (small, medium, and large), with production capacity ranging from 1,000 kg/d to 5,000 kg/d. Each type of plant has sets of data for the production of gaseous hydrogen and liquid hydrogen. Data are collected mainly from the Hydrogen Analysis (H2A) project conducted by the U.S. Department of Energy (Department ofEnergy, 2010, 2018b,c,d). Tables B.2, B.3, and B.4 present the capital cost, operating cost, production capacity, emission factor, and emission capture efficiency for each type of production technology. Attention has been directed to use the local emission factor of electricity that is obtained from the Électricité de France (2018) 10 . The conversion rates of production technologies can be found in Table

Figure 4 :

 4 Figure 4: The value of LCOH and number of fueling stations for each percent of flow captured of Set A1 with LC (low carbon price), from 1% to 100%

Figure 5 :

 5 Figure 5: Configuration and captured hydrogen fueling demand flow of Set-A1-LC-MD

Figure 6 :

 6 Figure 6: Obtained LCOH: (a) Set A1 vs. Set A2; (b) Set B1 vs. Set B2; (c) Set A2 vs. Set B1 vs. Set C; (d) Set B3 vs. Set D; (e) Set B3 vs. Set E2; (f) Set B1 vs. Set F

Fig. 7

 7 Fig.7illustrates the differences between the supply chain structures obtained with the model for Set A1 and A2. Only the results for the high carbon price scenario are presented here. For the two sets of instances, one obtains the same number and locations of on-site stations at low and medium demands. It must be noted that Set A2 can only install on-site-SMR stations at cities that are covered by a natural gas network, which means that the model cannot locate stations considering only the efficiency of fueling demand flow capturing. Consequently, at high demand,

Figure 7 :Figure 8 :

 78 Figure 7: Configurations of Set A1 and A2 with high carbon price

Figure 9 :Figure 10 :

 910 Figure 9: Configurations of Set A2, B1 and C with low carbon price

Fig. 6 -Figure 11 :

 611 Fig. 6 -(e) provides obtained values of LCOH for Set B3 and E2. The model employs aCCS system only at medium and high demand in the high carbon price scenario. Analyzing the composition of LCOH shows that, although the adoption of a CCS system greatly increases the capital and operating costs, the negative emission reduces the overall cost, which makes the LCOH smaller. The obtained configurations are illustrated in Fig.11. Notice that at high demand, only emission of the BG plant at Valdahon is captured, whereas emission of another BG plant at Luxeuil-les-Bains is not captured. This could be explained as Luxeuil-les-Bains is too far from Morteau, where the CO 2 storage site is located. If the model resulted in capturing emissions of the BG plant at Luxeuil-les-Bains, a 127 km CO 2 pipeline should be installed, adding a huge capital cost of 10.16 million euros. It can be concluded that a CCS system is attractive only at a high level of hydrogen demand and in high carbon price scenarios. Only when using biomass as feedstock, can benefits resulting from the reduction of emissions outweigh the huge expenses of adopting a CCS system.Apart from carbon price, another leading strategy to promote CO 2 emission reductions is the maximum CO 2 emission constraint. The French government has set the carbon budget (CO 2 emission constraint) for the transport sector in 2029-2033 as 94 million metric tons per year (CO 2 equivalent) (Ministère de la Transition écologique et solidaire, 2018). Generally, the emission contributions of light duty vehicles (LDVs) account for 60% in the transport sector, which is 56.4 million metric tons per year in France. Multiplying this value with the proportion of province (Franche-Comté) population to France population (1.8%), one obtains the maximum emission of LDVs in Franche-Comté as 1 million metric tons per year. Assuming that the share of FCEVs in LDVs in Franche-Comté in 2030 is 2%, the maximum allowable emission limit for the HSCN designed in this study is 54,970 kg CO 2 /d. A new parameter er max is used to represent this upper bound and a new constraint is introduced:ER er max (81)where ER is the total emission rate (kg CO 2 /d) of the entire network.The new constraint is imposed to Set E1 and E2 to observe the changes in network configuration under the simultaneous influences of carbon price and maximum emission constraint. It is found that configuration changes only occur in Set-E1-LC-HD and Set-E1-HC-HD. These two instances have the same ER (before the new constraint is applied) of 73,096 kg CO 2 /d, which is larger than the maximum allowable emission limit. Fig.12illustrates these configuration changes. Notice that before the new constraint is introduced, Set-E1-LC-HD and Set-E1-HC-HD have the same configurations. They both have ten standard fueling stations and three production plants, located

Figure 12 :

 12 Figure 12: Configuration changes of Set-E1-LC(HC)-HD after the introduction of maximum emission constraint

Figure 13 :Figure 14 :

 1314 Figure 13: Configuration for Set B1 and F with low carbon price

  costs of liquid production (capital and operating) are obtained by adding the cost of liquefier to gaseous production.

  photosynthesis while they are growing.

  of Energy, 2018c,d; Melaina & Penev, 2013); (3), (4) -(L'Association Française pour l'Hydrogène et les Piles à Combustible, 2018); (5) -(Department of Energy, 2018c,d; Électricité de France, 2018).

Table 1 :

 1 Strategic decisions in HSCND models

	Articles	Feed. Prod. Transp. CCS	Fueling station
			Nb. Lo. Size Tech.
	Agnolucci et al.		

  IF no equals 1 if there is an on-site fueling station of technology o at node n, and is defined by

	ecap min ne	P ESR ne IE ne * ecap max ne , ∀n ∈ N, e ∈ E	(32)
	IF no * ecap min ne	OESR ne IF no * ecap max ne , ∀n ∈ N, (e, o) ∈ EO	(33)
	P ESR ne + OESR ne ecap max ne , ∀n ∈ N, e ∈ E	(34)

Table 2 :

 2 Groups of instances

			Model components
	On-site Standard	Feedstock	CCS	Fixed-location
	station	station	transportation system	demand
	Group A			
	Group B			
	Group C			
	Group D			
	Group E			
	Group F			
	Group G			

Table 3 :

 3 Sets of instances within each group

	Feedstock	Hydrogen form
	Electricity Natural gas Biomass	Gaseous Liquid
	Set A1	N/A	N/A
	Set A2	N/A	N/A
	Set B1		
	Set B2		
	Set B3		
	Set C		
	Set D		
	Set E1		
	Set E2		
	Set F		
	Set G		
	estimation of carbon price in Europe from various institutions		

Table 4 :

 4 Size of the instances

	Instance group	A	B	C	D	E	F	G
	Number of	932 10,761 11,226 15,598 15,969 11,722 24,526
	constraints							
	Number of	682	2,728	2,914	3,720	3,751	2,728	5,735
	binary variables							
	Number of	-	2	2	3	2	2	3
	integer variables							
	Number of	155	2,170	2,325	3,131	3,255	2,170	5,673
	continuous variables							
	Maximum CPU time (s)	1	7,567	16	407	144	11	539

  a production plant where emissions are processed, kg H 2 /d P R npik production rate of a production plant, kg H 2 /d (production technology p, hydrogen form i, size k) P R pik total production rate of production plants, kg H 2 /d (production technology p, hydrogen form i, size k) Q f nm feedstock transportation flux from node n to m, unit feedstock/d (transportation mode f ) Q hnm hydrogen transportation flux from node n to m, kg H 2 /d (transportation mode h) Q nm CO 2 transportation flux from node n to m, kg CO 2 /d : Population, Income -(L'Institut national de la statistique et des études économiques, 2018a); Vehicle, Commute -(L'Institut national de la statistique et des études économiques, 2015a); Education -(L'Institut national de la statistique et des études économiques, 2018b).

	1102	ccc coc cp cpcc dem h,exp dem h,A ni dem h,B ni dw h dw f ecap max ne ecap min ne eoc e euc e f cap max sij f cap min sij f cap max oj f cap min oj f cc sij f cc oj f e h f e f f node n f oc sij f oc oj f p h f p f f pair q ge h ge f id h,A n id h,B n l nm lut h lut f pik pcap min pik pcc pik poc pik sp h sp f tcap h tcap f tcap max h tcap max f tcap min h tcap min f tcap max tcap min tcr tma f Continuous variables capital cost of a CO 2 storage site, e operating cost of CO 2 processing, e/kg CO 2 carbon price, e/kg CO 2 capital cost of CO 2 pipeline, e/km percentage of hydrogen demand flow that expected to be captured, % fixed-location hydrogen demand (Type A) of each node, kg H 2 /d fixed-location hydrogen demand (Type B) of each node, kg H 2 /d driver wage of hydrogen transportation mode h, e/h driver wage of feedstock transportation mode f , e/h upper limit of feedstock supply capacity at each node, unit feedstock/d lower limit of feedstock supply capacity at each node, unit feedstock/d operating cost of a feedstock site, e/d feedstock unit cost, e/unit feedstock upper limit of standard fueling capacity, kg H 2 /d lower limit of standard fueling capacity, kg H 2 /d upper limit of on-site fueling capacity, kg H 2 /d lower limit of on-site fueling capacity, kg H 2 /d capital cost of a standard fueling station, e capital cost of an on-site fueling station, e fuel economy of hydrogen transportation mode h, km/L fuel fuel economy of feedstock transportation mode f , km/L fuel hydrogen fueling demand flow of each node, kg H 2 /d operating cost of a standard fueling station, e/kg H 2 operating cost of an on-site fueling station, e/kg H 2 fuel price of hydrogen transportation mode h, e/L fuel fuel price of feedstock transportation mode f , e/L fuel hydrogen fueling demand flow of each OD (Origin-Destination) pair, kg H 2 /d general expense of hydrogen transportation mode h, e/d general expense of feedstock transportation mode f , e/d equals 1 if there exists fixed-location hydrogen demand (Type A) at this node (0 otherwise) equals 1 if there exists fixed-location hydrogen demand (Type B) at this node (0 otherwise) the shortest distance between two different nodes, km load/unload time of hydrogen transportation mode h, h load/unload time of feedstock transportation mode f , h upper limit of production capacity, kg H 2 /d lower limit of production capacity, kg H 2 /d capital cost of a production plant, e operating cost of a production plant, e/kg H 2 speed of hydrogen transportation mode h, km/h speed of feedstock transportation mode f , km/h capacity of hydrogen transportation mode h, kg H 2 capacity of feedstock transportation mode f , unit feedstock upper limit of hydrogen transportation capacity between two nodes, kg H 2 /d upper limit of feedstock transportation capacity between two nodes, unit feedstock/d lower limit of hydrogen transportation capacity between two nodes, kg H 2 /d lower limit of feedstock transportation capacity between two nodes, unit feedstock/d upper limit of CO 2 transportation capacity, kg CO 2 /d lower limit of CO 2 transportation capacity, kg CO 2 /d availability of feedstock transportation mode f , h/d CC total daily capital cost, e/d CR total processing rate of CO 2 , kg CO 2 /d CR n CO 2 processing rate of a CO 2 storage site, kg CO 2 /d (fueling technology o, size j) F R nsij fueling rate of a standard fueling station, kg H 2 /d (fueling technology s, hydrogen form i, size j) F R oj total fueling rate of on-site fueling stations, kg H 2 /d (fueling technology o, size j) F R sij total fueling rate of standard fueling stations, kg H 2 /d (fueling technology s, hydrogen form i, size j) F RC daily feedstock transportation vehicle rental cost, e/d F T OC daily feedstock transportation operating cost, e/d HF C daily hydrogen transportation fuel cost, e/d HGC daily hydrogen transportation general cost, e/d HLC daily hydrogen transportation labor cost, e/d HM C daily hydrogen transportation maintenance cost, e/d HRC daily hydrogen transportation vehicle rental cost, e/d HT OC daily hydrogen transportation operating cost, e/d LCOH least cost of hydrogen, e/kg H 2 OC total daily operating cost, e/d OESR ne feedstock supply rate for the on-site fueling station at node n, unit feedstock/d (feedstock type e) OF ER total emission rate of on-site fueling stations, kg CO 2 /d P ER total production emission rate, kg CO 2 /d P ER c total emission rate of production plants where emissions are processed, kg CO 2 /d P ER c n emission rate of a production plant where emissions are processed, kg CO 2 /d P ESR ne feedstock supply rate for production plants at node n or built at other nodes, Table B.1: Population and demographic metrics values of 31 cities City Population Vehicle Income Education Commute (person) (%) (e/year) (%) (%) Baume-les-Dames 5,255 55.45 19,395 12.90 73.87 Bavans 3,701 68.25 20,224 15.70 81.31 Beaucourt 5,047 63.96 19,884 14.70 82.29 Belfort 63,683 37.22 17,604 15.03 63.88 Besançon 116,690 33.11 18,583 15.80 61.65 Champagnole 7,908 45.91 19,059 14.10 72.08 Delle 5,773 54.42 19,483 15.20 76.37 Dole 23,312 46.34 18,813 15.40 71.09 Fougerolles 5,504 36.90 15,679 15.80 67.62 Gray 3,721 71.08 19,023 15.00 83.78 Hauts de Bienne 5,457 48.44 19,561 12.80 72.18 Héricourt 9,967 60.50 18,630 14.00 79.25 Hérimoncourt 3,635 60.87 19,600 15.50 84.24 Lons-le-Saunier 17,311 34.21 18,185 17.90 63.87 Lure 8,324 46.88 17,174 14.80 68.98 Luxeuil-les-Bains 6,917 46.83 17,003 14.80 73.67 Maîche 4,233 59.06 23,853 15.00 85.30 Montbéliard 40,733 46.28 16,734 13.37 73.98 Morteau 6,827 51.62 27,219 18.50 77.14 Ornans 4,329 57.94 20,775 15.50 71.81 Poligny 4,146 51.53 18,975 17.00 68.40 Pontarlier 17,413 45.44 21,995 16.70 71.36 Pont-de-Roide-Vermondans 4,230 62.47 19,497 14.70 75.54 me pcap max unit feedstock/d, (feedstock type e) Saint-Claude 10,096 45.11 18,032 12.40 68.70 DEM h,cap percentage of hydrogen demand flow that could be captured, % EC daily feedstock purchasing cost, e/d EM C daily emission cost, e/d ER total emission rate, kg CO 2 /d ESR e total feedstock supply rate of feedstock sites, unit feedstock/d (feedstock type e) F CC daily facility capital cost, e/d F F C daily feedstock transportation fuel cost, e/d F GC daily feedstock transportation general cost, e/d F LC daily feedstock transportation labor cost, e/d F M C daily feedstock transportation maintenance cost, e/d F OC F R noj fueling rate of an on-site fueling station, kg H 2 /d T DC total daily cost, e/d daily facility operating cost, e/d P R c npik Saint-Loup-sur-Semouse 3,263 52.00 15,493 12.00 68.40 Saint-Vit 4,803 60.38 20,718 16.40 83.40 Tavaux 3,957 63.91 21,373 15.80 82.25 Valdahon 5,344 44.76 20,614 20.20 63.22 Valentigney 34,877 57.10 17,875 13.86 79.72 Vesoul 15,212 34.31 17,159 14.50 66.37 Villers-le-Lac 4,750 65.32 30,370 16.60 88.26 Note: Combinations of adjacent cities -production rate of SF ER Belfort = Belfort+Bavilliers+Offemont+Valdoie; total emission rate of standard fueling stations, kg CO 2 /d T CC Montbéliard = Montbéliard+Bethoncourt+Grand Charmont+Sochaux; daily CO 2 transportation capital cost, e/d Valentigney = Valentigney+Audincourt+Seloncourt+Mandeure;
		T ER	total emission rate of hydrogen transportation, kg CO 2 /d

h maintenance expense of hydrogen transportation mode h, e/km me f maintenance expense of feedstock transportation mode f , e/km h vehicle rental cost of hydrogen transportation mode h (for each vehicle), e/d tcr f vehicle rental cost of feedstock transportation mode f (for each vehicle), e/d tma h availability of hydrogen transportation mode h, h/d SourceThe values of combined cities are obtained by weighted average method (on population).

  Table B.2: Production technology -steam methane reforming (SMR)

	Source		(1)	(2)			(3)	
	Liquid	Small Medium Large	10.62 16.70 21.78	2.65 2.15 1.93	2.00 3.50 5.00	1.00 2.50 4.00	3.07 3.00 2.97	8.66 8.66 8.66
	Gaseous	Small Medium Large	1.05 1.70 2.28	0.34 0.31 0.30	2.00 3.50 5.00	1.00 2.50 4.00	2.40 2.40 2.40	8.66 8.66 8.66
	Hydrogen form:	Facility size:	million e	e/kg H 2	1,000 kg/d	1,000 kg/d	kg CO 2 /kg H 2	kg CO 2 /kg H 2
			Capital cost	Operating cost	Maximum capacity	Minimum capacity	Upstream emission factor	On-site emission factor

Table B

 B 

		Source		(1)	(2)			
	.3: Production technology -Electrolysis	Hydrogen form: Gaseous Liquid	Facility size: Small Medium Large Small Medium Large	million e 1.74 2.62 3.92 11.32 17.62 23.43	e/kg H 2 0.17 0.14 0.11 2.48 1.74 1.98	1,000 kg/d 2.00 3.50 5.00 2.00 5.00 3.50	1,000 kg/d 1.00 2.50 4.00 1.00 4.00 2.50	kg CO 2 /kg H 2 1.96 1.57 1.26 2.63 2.17
				Capital cost	Operating cost	Maximum capacity	Minimum capacity	Upstream emission factor

  Table B.4: Production technology -biomass gasification (BG)

	Source		(1)	(2)			(3)	
	Liquid	Small Medium Large	13.67 22.03 29.15	6.32 4.33 3.52	2.00 3.50 5.00	1.00 2.50 4.00	-21.59 -21.66 -21.69	24.00 24.00 24.00
	Gaseous	Small Medium Large	4.09 7.03 9.64	4.01 2.48 1.90	2.00 3.50 5.00	1.00 2.50 4.00	-22.26 -22.26 -22.26	24.00 24.00 24.00
	Hydrogen form:	Facility size:	million e	e/kg H 2	1,000 kg/d	1,000 kg/d	kg CO 2 /kg H 2	kg CO 2 /kg H 2
			Capital cost	Operating cost	Maximum capacity	Minimum capacity	Upstream emission factor	On-site emission factor

Table B

 B Department of Energy, 2010); (3), (4) -(L'Association Française pour l'Hydrogène et les Piles à Combustible, 2018).

		Source		(1)	(2)	(3)	(4)	(5)
	.5: Standard fueling technology	Gaseous Liquid	Small Medium Large Extra-large Small Medium Large Extra-large	1.08 1.87 2.10 4.21 1.16 1.52 1.57 3.14	3.28 2.20 1.28 1.28 5.39 2.66 1.45 1.45	0.15 0.30 0.60 1.20 0.15 0.30 0.60 1.20	0.05 0.15 0.30 0.60 0.05 0.15 0.30 0.60	2.34 2.07 1.59 1.59 0.42 0.41 0.41 0.41
		Hydrogen form:	Facility size:	Capital cost million e	Operating cost e/kg H 2	Maximum capacity 1,000 kg/d	Minimum capacity 1,000 kg/d	2 Emissions factor kg CO 2 /kg H	Source: (1), (2), (5) -(

Table B

 B 

		Source		(1)	(2)	(3)	(4)	
		On-site-electrolysis	Small Medium Large Extra-large	1.32 2.27 2.75 5.50	4.15 2.97 1.79 1.79	0.15 0.30 0.60 1.20	0.05 0.15 0.30 0.60	5.34 4.45 3.71 3.71
	.6: On-site fueling technologies	On-site-SMR	Small Medium Large Extra-large	1.26 2.18 2.59 5.19	4.57 3.31 2.21 2.21	0.15 0.30 0.60 1.20	0.05 0.15 0.30 0.60	19.49 16.25 13.54 13.54
		On-site fueling techn.:	Facility size:	Capital cost million e	Operating cost e/kg H 2	Maximum capacity 1,000 kg/d	Minimum capacity 1,000 kg/d	Emissions factor kg CO 2 /kg H 2

The ratio of households with two or more vehicles.

Yearly household income.

Share of persons whose highest degree is a bachelor's degree in the out-of-school population aged 15 or over.

Share of persons who use private vehicles for commuting.
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 2), ( 4), ( 5), ( 6), ( 7), ( 8