Firooz Tabkhi 
  
Azzaro-Pantel Catherine 
  
Pibouleau Luc 
  
Serge Domenech 
  
  
  
Modelling of gas pipeline networks: impact of hydrogen injection in natural gas infrastructures

Keywords: Gas pipeline networks, Compressor station, Hydrogen, Mathematical Programming

Confronting more and m ore u rgent t oday's en vironmental chal lenges, suc h as t he co ntrol o f t he discharges o f t he ga s wi th greenhouse ef fect, and facing with t he e ver-increasing shortage i n t he fossil resources, t he radi cal chan ges i n ener gy pol icies seem now i nevitable. Am ong t he various domains, hydrogen is one o f the most energy alternatives full of pr omise. Preliminary studies have shown that the transport of a mixture of natural gas and hydrogen is possible without modification of the network and perturbs little the flui d m echanics constrai nts of th e syste m as long as t he m ass fraction of hydrogen remains sufficiently low. This work in terested ex clusively in th e transmissio n pipeline o f hydrogen gas a nd m ore exact ly i n t he adaptation of th e current transmission networks of th e natural gas to its tran sport. The study is ai med to develop a m athematical model for su ch transmission networks. The quantitative estimation and analysis of the maximal hydrogen c ontents that are a cceptable in t he transported gas passing t hrough the e xisting infrastructures of the natural gas distribution are proposed in this paper. The optimization procedure has been i mplemented by m eans o f a nonlinear p rogramming m ethod i nvolving t he C ONOPT res olution module within the General Algebraic Modelling System (GAMS) environment. Some typical results are then presented and discussed.

Introduction

In a world where en ergy d emand is growing at unprecedented rates, pipelines will con tinue to play an important role in safely an d efficiently transporting oil and gas from often remote areas to their markets. Hydrogen is foreseen as an important and reliable ener gy carrier in the future sustainable energy society. This energy vector, which can be p roduced from different primary sources among which the renewable energies, is exploitable in different stationary or portable applications. Thorough technical and economic studies on the whole energy chain including production, storage, transport, distribution and utilization are the first steps to provide new industrial perspectives. The addition of hydrogen to the natural gas modifies its transport and calorific properties [START_REF] Schouten | Effect of H 2 -injection on the thermodynamic and t ransportation properties of natural gas[END_REF]. Besides, a gas wi th high-content hydrogen can have an im pact on the safety of t he transmissiondistribution-utilization ch ain, th e d urability an d th e reliab ility o f th e g as p ipeline and th e u tilization performances for the end user. The transitio n to wards th e situation in wh ich h ydrogen b ecomes an important en ergy carrier needs decades but worl dwide 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 system for the delivery of hydrogen is a valid argument. Defining the conditions under which hydrogen can be added to natural gas constitutes a first step of this investigation. The chemical and physical properties of hydrogen and natural gas differ significantly, which may have an effect on safety related to gas transport and use as well as on the integrity of the network.

Gaseous hydrogen can be transported using several modes like pipeline, railroad, tanker truck, and tanker ship. The chosen method depends on the distance of transportation, the production method, the use etc. Regarding t ransportation of h ydrogen, al ong wi th con ventional m eans, t ransportation vi a pi pelines ha s been employed to cater for a specific range of m ass consuming users. The cu rrent aggregated length of pipelines fo r hydrogen tr ansport th at ar e known to be either in servi ce, under construction, o r un der planning reaches almost 2000 km. Of course, the idea of i njecting hydrogen into gas pipelines to satisfy the increased demand for energy will req uire chan ges in th e natu ral g as p ipeline in frastructure in th e fo rm o f en hanced reliab ility o f th e existing system, as well as the development of new pipeline infrastructure. Some authors have examined hydrogen transport by pipeline and a few reports discuss the use of existing natural gas pipelines to transport hydrogen or hydrogen-natural gas blends. Among the recent works, the influence of hydrogen on the pressure drop in the pipelines has been calculated by [START_REF] Schouten | Effect of H 2 -injection on the thermodynamic and t ransportation properties of natural gas[END_REF]. In (Parker, 2004), the construction costs of natural gas transmission pipelines have been analyzed and the impact of hydrogen in the global cost has been studied. From an economic viewpoint, the cost of natural gas pipelines is a funct ion of pipe diameter and t he cost of a hy drogen pipeline can be 50%-80% higher than that of a natural gas pipeline of the same size [START_REF] Veziroglu | Emerging Technology Series, Hydrogen Energy Technologies[END_REF]. Regional transportation costs could be as m uch as five times higher than natural gas, primarily because of the lower volumetric energy density of hydrogen [START_REF] Kirk-Othmer | Encyclopaedia of C hemical Technology, Pipeli nes[END_REF]. Besides, hydrogen embrittlement of the steel under the high pressures environment of hydrogen constitutes a major concern: consequently, the transportation of a hydrogen-rich g as requ ires a g reat attention since h ydrogen em brittlement is ch aracterized by a loss of ductility of a steel (Sherif et al., 2005). This paper is devoted to the modelling of gas pipeline networks and to the influence of hydrogen injection in natural gas infrastructures. This paper has not the ambition to give an answer to all questions that may arise, b ut m ay hel p t o a pproach t he potential chal lenges of t he e xploitation o f hy drogen as an e nergy carrier using current pipeline systems. The possibility of low am ounts of hydrogen injection into natural gas pipelines will be analysed from a process engineering viewpoint.

Governing equations

A mathematical modelling of the gas transportation problem in networks is presented here. The model is general enough to take i nto account various gases. As abovementioned, the case of mixtures of natural gas an d hy drogen, t he so -called hy thane i s part icularly exam ined here . The p ressure dr op i n a ga s pipeline, i.e., the essential parameter to determine the required compression power for the transmission is derived f rom t he differential m omentum bal ance. Friction between fluid boundary l ayer an d i nterior surface of the tube induces energy losses and, consequently, reduces the gas pressure. The material balance and the equations of momentum conservation on the basic elements of the network as well as the other governing e quations c onstitute the modelling c ore. The necessary equations in t he system of the gas transmission network in order to determine the dynamic conditions such as pressure and flow rat e are devel oped. F irst of al l, t he momentum balance f or a si ngle pi peline i s gi ven. The formulation related to a co mpressor is p resented. Th en, t he associate d incide nce m atrix is deduce d to facilitate the transmission network design.

Gas pipeline hydraulics

The governing equation to calculate the pressure at each point of a straight pipe can be derived as follows:
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This relationship is obtained from the one di mensional momentum balance around a c ylindrical control volume in steady state. Th e Darcy fr iction f actor, f, i s a di mensionless val ue t hat i s a fu nction o f t he Reynolds num ber, Re, and relativ e ro ughness o f th e pipeline, ε/D (Darcy friction fact or is num erically equal to four times of the Fanning friction factor that is preferred by some engineers).

Let us mention that the SI system of units is used. In turbulent flow, the wall roughness is often a limiting factor as compared with the Reynolds number Re to find out the value of the friction factor. In of fshore gas pi pelines, fo r example, where Re h as an ord er o f mag nitude o f 1 3000, the wall roughness will strongly influence the pipeline pressure drop. In such pipelines, it is a c ommon practice to apply coating on pi pe walls t o reduce wall ro ughness and p ressure drop ( Sletfjerding a nd Gudmundsson, 2 003).

Another example concerns flow around merchant ships where the viscous drag dominates the resistance, and the wall roughness has a significant influence on drag [START_REF] Grigson | Drag losses of new ships caused by hull finish[END_REF]. Since the flow is considered fully devel oped he re, t he friction fact or i s est imated t hrough t he eq uation de duced by v on Karman [START_REF] Romeo | Im proved expl icit equat ions f or est imation of t he fri ction factor in rough and smooth pipes[END_REF]:

2 - ) 71 . 3 / log 2 - ( = D ε f (2 )
The relation between gas density and p ressure is represented by Equation ( 3) and mass flow rate (pipe throughput) can be used as a function of average gas velocity using Equation ( 4):
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Considering E quations ( 3) a nd ( 4), t he m omentum bal ance i n t erms o f p ressure an d throughput ca n be written with the following equation:
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By integrating the differential Equation ( 5) between the points i and j, the following equation is obtained and will be used in the numerical formulations. By assu ming that temperature and compressibility factor are constant between the points i and j, the following expression can be deduced:
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This pressure/flow rel ationship e xhibits a hi gh degree of nonlinearity. It e valuates th e pressure dr op corresponding to a gi ven flow magnitude and direction. This equation is used t o estimate the pipeline's pressure profile and ca n incorporate the pressure head that occurs due to the location of the pipeline via the elevation changes. Although the compressibility factor can be calculated using an equation of state, it is estimated here from an empirical equation proposed for simulation goals in the literature [START_REF] Mohring | Automated model reduction of c omplex gas pi peline net works, 3 6 th An nual Meet ing of Pip eline Si mulation In terest Group[END_REF]. This factor is a fu nction of the critical properties of t he gas mixture, average pressure of the pipe segment and the temperature that have been considered constant:
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Average pressure is calculated from two end pressures (Equation 8):
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Maximum admissible operational pressure

The pressure at all points of the equipment should be less than maximum admissible operational pressure (MAOP) which i s a desi gn param eter i n the pi peline en gineering. T his up per l imit is cal culated us ing Equation ( 9) which linked it with the so-called specified minimum yield strength (SMYS):
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SMYS is a mechanical property of e quipment const ruction m aterial. The fact ors f F , f E, f T re present respectively the design, seam joint factor and temperature deration factor, respectively. The design factor is usually 0.72 for cross-country gas pipelines, but can be as low as 0.4, depending on class location and type of construction. The class lo cations, in turn, depend on the population density in the v icinity of the the n atural g as is calcu lated fo r different en ergetic cap acities o f th e pip eline. On e of th e con sidered optimization cri terion i s bas ed o n t he m inimization of f uel con sumption i n t he c ompressor st ations.

Another st andpoint i s t he est imation o f t he m aximal capaci ty of t he pi peline i n v arious cases. The procedure o f o ptimization i s implemented by means of a no nlinear p rogramming method by usi ng t he module of resolution CONOPT withi n the environment GAMS. Let us recall that GAMS was designed upon th e prin ciples of relational d atabase t heory an d m athematical p rogramming m ethods. Relatio nal database t heory provides a structure d fra mework f or devel oping general dat a organization a nd transformation capabilities (Brooke et al., 2004). GAMS creates nonlinear models that will be solved with the CONOPT module, which is a NLP algorithm. GAMS/CONOPT is well-suited for models with very nonlinear co nstraints, w hich is t he case i n our w ork. C ONOPT uses S equential Li near Pr ogramming (SLP) and Sequential Quadratic Programming (SQP) algorithms [START_REF] Drud | GAMS: The Solver Manuals, CONPT[END_REF]. The approach is illustrated here by typical results obtained on several examples of applications.

Studied pipeline network

The considered pipeline network consists of three long pipelines of 100 kilometers. There is a compressor station bet ween these two pipelines. T hese stations operate to com pensate fo r pres sure dr op in the transportation system. Each compressor station includes three parallel centrifugal compressors. This case study is shown in Figure 1. In each station, there are six pipelines of about one hundred meters linked to the entrances and outlets of the compressors. The specification of the pipelines of this system is proposed in Table 1. 

Fuel minimization and power maximization for a reference case (% H 2 = 0)

The first o ptimization p roblem is th e m inimization o f th e to tal rate o f fu el co nsumption in two compressor st ations si multaneously. The pressure i s c onsidered t o be equal t o 60 bars at the entrance point of the network and the lower bound of the delivery pressure is assumed to bet set at 60 bars too. The composition of natural gas is considered as follows: respectively 70, 25 and 5 m olar percent of methane, ethane and propane. The computed mass percentage of the input gas that will be consumed in the stations is equal to 0.496. The transm itted power of the pi peline (that is the product of the pipeline delivery throughput and the lower heating value of t he natural gas) is equal to 3313 M W at this optimum point. Another example is the maximization of the transm itted power in the sam e pressure conditions as above. The result of this problem is given by the pipeline capacity at these end point pressures, which is equal to 4323 MW. At this m aximum pi peline t hroughput, 0.98 percent s of t he suppl y gas are burnt i n t he furnaces of the pressure stations. The results of these two problem s corresponded to the tip points of the curve in Figure 2. The curve in this figure represents the results of t he fuel consumption minimization problem at several fixed transm itted power of the pipeline system along with the results of the maximization problem of the transm itted power thr ough the pipeline system . In the latter problem, the fuel consumption has been kept const ant i n t he form of a const raint. The opt imal Paret o front of t he problem is presented in Figure 2 [START_REF] Dedieu | Design and retrofit of multiobjective batch plants via a multicriteria genetic algorithm[END_REF].

Optimization problems in the presence of hydrogen

In this section, the gas running through the pipeline network is assumed to be a mixture of hydrogen and natural gas. The composition is the same as the reference problem presented above. Different operational conditions such as del ivery pressure or hy drogen fraction in hythane can be c onsidered as the objective function. The same structure of the network and specifications as those mentioned in Figure 1 and Table 1 are used.

Initially, the am ount of hydrogen that can be adde d to natural gas is m aximized. Here, the supply pressures of the network as well as the lower bound of the delivery pressure are considered to be equal to 50 bars. The results of this optimization probl em are present ed i n Fi gure 3. The m aximum am ount of added h ydrogen is p resented in m ass an d v olume p ercent versus transmitted power. Each computation point is o btained b y co nsidering th e p ower tran smitted b y th e p ipeline as a co nstant v ia a co nstraint introduced in the optimization procedure. The object ive funct ion i s t he m ass fract ion of hy drogen i n hythane. It i s necessary t o say t hat bey ond t he t ip poi nt of the curves presented in Figure 2 and 3, the optimization procedure falls into an infeasible solution. According to Figure 3, for this studied network, the maximum achievable fraction of hydrogen that can be added to natural gas is around 6 mass percents. Only some quantitative results are shown in Figures 4 and5 and corre spond to a supply pressure of 60 bars. In Figure 4, each point corresponds to a hydrogen m ass fraction in hythane considered as constant via a const raint and t he optimization procedure has been performed by taking the supply pressure as t he objective function. The transm itted power correspondi ng to each delivery pre ssure of the pipeline network is shown in Figure 5 as well. Accordi ng t o Fi gures 4 and 5, for pure hy drogen t ransport, optimum delivery pressure will be 59.7 bars and the transmitted power at this pressure is only 387 MW . This am ount is extrem ely lower th an the transm itted power of the pipeline for natural gas without hydrogen which is 3900 MW at this supply pressure. 

Conclusions

A m athematical m odelling f ramework f or gas pipeline networks w as proposed in th is stud y. A m ajor interest of t his wo rk i s t o t ake i nto acc ount t he am ount o f hy drogen t hat can be ad ded t o t he pi peline 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.

Several operat ional variables were selected as deci sion v ariables of gas pipeline o ptimization problem. Optimization pr ocedures i ncluding f uel co nsumption m inimization, ad ded hydrogen, t ransmitted powe r and delivery pressure m aximization were perf ormed for di fferent ga s mixtures o f nat ural ga s and hydrogen using CONOPT/GAMS. It has been shown that the maximum achievable fraction of hydrogen that can be add ed to natural gas is arou nd 6 mass percent. Addition of hydrogen to natural gas decreases the transm itted p ower sign ificantly. Acco rding t o th is st udy, an ada ptation of t he c urrent networks of transmission of natural gas to the transport of hydrogen seems to be possible until this limit. 
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Figure 1 .

 1 Figure 1. Schema of the considered pipeline network in the case study

Figure 2 .

 2 Figure 2. Pareto optimal front corresponding to fuel minimization and transmitted power maximization

Figure 4 .

 4 Figure 4. Optimized supply pressure versus added hydrogen to natural gas for a supply pressure of 60 bars

Table 1 .

 1 Specification of the pipelines of the system

	Pipeline tag	G1 G2		G3	G4 G5	
	Diameter (m)	0.787 0.889		0.330	0.381 0.330	
	Length (m)	1E+5	1E+5	200	300	100
	Pipeline tag	G6	G7	G8	G9	G10
	Diameter (m)	0.330 0.330		0.330	0.381 0.330	
	Length (m)	200 100		200	100 100	
	Pipeline tag	G11 G12		G13	G14 G15	
	Diameter (m)	0.432 0.330		0.330	0.330 0.838	
	Length (m)	100	100	400	100	1E+5
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