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This article presents the framework of a mathematical formulation for modelling and evaluating natural gas (NG) pipeline networks under hydrogen injection. The model development is based on gas transport through pipelines and compressors which compensate for the pressure drops by implying mainly the mass and energy balances on the basic elements of the network. The model was initially implemented for natural gas transport and the principle of extension for hydrogen-natural gas mixtures is presented. A published pipeline network is revisited here for the case of hydrogen-natural gas mixtures. Typical quantitative results are presented, showing that the addition of hydrogen to natural gas decreases significantly the transmitted power: the maximum fraction of hydrogen that can be added to natural gas is around 6% mass for this example.

Introduction

Confronting more and more today's urgent environmental challenges, such as the control of the release of the gases with greenhouse effect, and facing with the everincreasing shortage in the fossil resources, the radical changes in energy policies seem now inevitable. Among the various domains, hydrogen is one of the energy alternatives full of promise. Preliminary studies have shown that the transport of a mixture of natural gas and hydrogen is possible through the existing natural gas networks without pipeline modification as long as the mass fraction of hydrogen remains sufficiently low [START_REF] Castello | Techno-economic assessment of hydrogen transmission and distribution systems in Europe in the medium and long term[END_REF]; this problem is the aim of the present work. The transition towards the situation in which hydrogen becomes an important energy carrier [START_REF] Seymour | Key challenges to the introduction of hydrogeneuropean stakeholder views[END_REF], will need decades but worldwide great efforts are made in the field of hydrogen production, delivery, storage and utilization. In this view, an analysis of the potential of using the actual natural gas pipeline systems for the delivery of hydrogen is a valid argument.

Model extension to natural gas-hydrogen mixtures

A mathematical modelling of the gas transportation problem in networks was previously presented [START_REF] Tabkhi | Improving the performance of natural gas pipeline networks: Fuel consumption minimization problems[END_REF]. The model is general enough to take into account various gases. As abovementioned, the case of mixtures of natural gas and hydrogen is particularly examined in this paper. The pressure drop in a gas pipeline, i.e., the essential parameter to determine the required compression power for the gas transmission, has been derived from the differential momentum balance. Friction between fluid boundary layer and interior surface of the tube induces energy losses and, consequently, reduces the gas pressure. The material balance and equations of momentum conservation on the basic elements of the network as well as the other governing equations constitute the modelling core of the gas pipeline hydraulics. Pressures and flow rates at each point of the gas transmission network can be deduced from this set of modelling equations. Compressor stations located along the network compensate for the pressure drops due to friction in pipelines, valves and other joints, as well as those due to elevation changes. In pipeline networks, compressor stations consume a small fraction of transported gas. The relation between suction and discharge pressures of a centrifugal compressor and the power transported to gas was represented using the definition of the isentropic height of the compressed fluid [START_REF] Tabkhi | Improving the performance of natural gas pipeline networks: Fuel consumption minimization problems[END_REF]. In this paper, it is assumed that the compressor performances represented by classical characteristic curves are compatible with the case of NG-H 2 . So, the normalized parameters (h i / 2 ), (Q ac / ), and (✁ is ) are used to describe the characteristic curves of compressors. The constraint that expresses the surge limit of the compressors is taken from [START_REF] Abbaspour | Nonisothermal Compressor Station Optimization[END_REF].

Case study

The example used as a test bench in this study is a didactic one inspired from [START_REF] Abbaspour | Nonisothermal Compressor Station Optimization[END_REF], but is enough representative of the elements that may take place in gas transport. The example, initially treated for the case of natural gas, is revisited here for the case of natural gas-hydrogen mixtures. The pipeline network is presented in Fig. 1. The composition of the natural gas is considered constant during the optimization procedure. This network consists of three long pipelines of 100 kilometers. Two compressor stations operate to compensate the pressure drop in the pipelines. Each compressor station includes three parallel centrifugal compressors. In each station, there are six short pipe segments of about a hundred meters linked to the entrances and outlets of the compressors. In Fig. 1, centrifugal compressors in the stations are assumed to be driven by turbines : supply energy is provided from a line of the gas derived from the pipeline passed through the station in order to be compressed. Although, the length and the diameter of these pipes is lower than those of the three major pipelines, their role in the pressure change through the network may not be negligible and may even sometime become bottleneck of the system. Therefore, these pipelines are also considered in the model. Technical features of the pipeline system corresponding to Fig. 1 are proposed in Table 1. It is assumed that NG is composed of 70% methane, 25% ethane and 5% propane.

Table 1. Technical features of the pipeline system. 
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Multiobjective optimization

It is important to choose only the variables for which the values can be directly controlled while operating the actual network. At the same time, the set of optimization variables must be large enough to scope for optimization. With these considerations in mind, (n-1) compressor rotational speeds have been selected to be the independent optimization variables. The selection of (n-1) compressor rotational speeds is due to a degree-of-freedom analysis, which (1) provides a rapid means for determining if the information available is sufficient and, (2) provides a structured method for determining the set of constraints that has to be solved, and in which order to solve them. Concerning the criteria, there are several possible objective functions that can be used as fuel consumption minimization, amount of added hydrogen, transmitted power and delivery pressure maximization.

Results and discussion

The results of optimization problems of the network under different operating conditions are proposed. The maximal amount of hydrogen in the natural gas is calculated for different energetic capacities of the pipeline. The procedure of optimization is implemented by means of a two-stage strategy. At the upper level, a Multi-Objective Genetic Algorithm (MOGA) [START_REF] Gomez | Multiobjective genetic algorithm strategies for electricity production from generation IV nuclear technology[END_REF] uses as variables the rotational speeds, which are inserted into the set of constraints, solved by a Newton-Raphson procedure of the MATLAB toolbox to compute the objective functions that serve in the selection step of the MOGA.

Fuel consumption-Pipeline capacity optimization as reference (without hydrogen)

A preliminary optimization problem is devoted to the simultaneous consideration of gas mass flow delivery maximization and fuel consumption minimization.

A first computation was performed in [START_REF] Tabkhi | Improving the performance of natural gas pipeline networks: Fuel consumption minimization problems[END_REF]: the mono-objective NLP problem related to the minimization of the NG consumption at the compression stations was solved for a NG mass flow delivery of 150 kg/s and leads to a consumption of 0.75 kg/s was found. This point is located on the Pareto front presented in Fig. 2. In fact, this problem formulation is not stricto sensu involved in the decision making process, as far as the practical problem formulates as follows. For a NG delivery company, the total mass flow delivery is imposed on a given period, and the question is to operate the compressor stations so as to minimize the fuel consumption in the stations. When performing the biobjective optimization, the Pareto front (Fig. 2) provides an easy way for: 1-identifying the minimum and maximum network capacities in terms of mass flow delivery and fuel consumption (here 133kg/s and 157 kg/s); 2-for a given mass flow delivery between these extreme values, the minimal fuel consumption and thus the minimal carbon dioxide emission can be deduced. Along the Pareto front, the carbon dioxide emissions vary from 1.1% to 1.8% of the NG mass flow delivery. 
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Optimization problems in the presence of hydrogen

The gas running through the pipeline network is assumed here to be a mixture of hydrogen and natural gas. The composition of the natural gas is the same as in the above mentioned reference problem. Initially, the gas passing through the pipeline is considered as pure hydrogen without natural gas. Here, the pressure is set at 60 bar with a margin of ±2% at the entrance point of the network, node 0, as well as at the delivery point, node 17. After performing the optimization of the gas mass flow delivery (network transmitted power), the maximum pipeline transmittable power that can be reached is 1272 MW that is equal to 16% of its value in the case of pure natural gas (7778 MW). In this case, the hydrogen consumption at station fuel is 0.176% of the input hydrogen (10.534 kg/s). The observed reduction in the transmitted energy by the pipeline can be mainly attributed to the low molecular weight of hydrogen, i.e., about 10% of the value of natural gas. The amount of hydrogen that can be added to natural gas is maximized at these endpressure conditions. The results of this optimization problem are presented in Fig. 3. The maximum amount of added hydrogen is presented in mass and mole fractions versus transmitted power. Each computation point is obtained by considering the power transmitted by the pipeline as a constant via a constraint introduced in the optimization procedure. The objective function is the mole fraction of hydrogen in NG-H 2 mixtures. For example, if the transmitted power is fixed at 5000 MW, i.e., 65% of the maximum pipeline capacity (7778 MW), the maximum fraction of hydrogen in the transported gas is 6.6% in mass basis. According to Fig. 3, the maximum transmitted power decreases linearly as hydrogen mole fraction in the gas increases. 

Conclusions and perspectives

A mathematical modelling framework for gas pipeline networks was proposed in this study. A major interest of this work is to take into account the amount of hydrogen that can be added to the pipeline network traditionally devoted to the transportation of natural gas without any modification in the system. Defining the conditions under which hydrogen can be added to natural gas constitutes a key point of this investigation as well as how much hydrogen can be injected into the existing pipeline network while minimizing fuel consumption. It has been shown that the maximum achievable fraction of hydrogen that can be added to natural gas is around 6% mass for the studied example. Addition of hydrogen to natural gas decreases the transmitted power significantly. According to this study, an adaptation of the current networks of transmission of natural gas to the transport of hydrogen seems yet possible A perspective of this work is now to take into account safety considerations in the design and operation phase. In that context, the use of multiobjective optimization techniques still constitutes a natural way and stochastic algorithms such as Genetic Algorithms appear as serious candidates.

  Figure 1: Example: Two compressor stations in series with three identical compressors in parallel
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 2 Figure 2: Pareto front of the Natural gas transmission network
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 3 Figure 3: Pareto front of the Natural gas system