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Non-stoichiometric methanation as strategy to overcome the limitations of 
green hydrogen injection into the natural gas grid 

Luis M. Romeo a,*, Marco Cavana b, Manuel Bailera a, Pierluigi Leone b, Begoña Peña a, 
Pilar Lisbona a 

a Escuela de Ingeniería y Arquitectura, Departamento de Ingeniería Mecánica, Universidad de Zaragoza, Zaragoza, Spain 
b Politecnico di Torino, Dipartimento Energia “Galileo Ferraris”, Torino, Italy   

H I G H L I G H T S  

• 300 kW electrolyser H2 injection into the gas grid is non-compliant with quality requirements. 
• If H2 is converted in a non-stoichiometric methanation, SNG can be fully accepted. 
• It leads to 3.3% natural gas savings without saturating network H2 acceptability. 
• Non-stoichiometric methanation H2/CO2 ratio is 5.6 for complete carbon conversion. 
• This concept increases H2 injection in gas networks and facilitates sector coupling.  
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A B S T R A C T   

The utilization of power to gas technologies to store renewable electricity surpluses in the form of hydrogen 
enables the integration of the gas and electricity sectors allowing the decarbonization of the natural gas network 
through green hydrogen injection. Nevertheless, the injection of significant amounts of hydrogen may lead to 
high local concentrations that may degrade materials (e.g. hydrogen embrittlement of pipelines) and in general 
be not acceptable for the correct and safe operation of appliances. Most countries have specific regulations to 
limit hydrogen concentration in the gas network. The methanation of hydrogen represents a potential option to 
facilitate its injection into the grid. However, stoichiometric methanation will lead to a significant presence of 
carbon dioxide, limited in gas networks, and requires an accurate design of several reactors in series to achieve 
relevant concentrations of methane. These requirements are smoothed when the methanation is undertaken 
under non-stoichiometric conditions (high H/C ratio). This study aims to assess to influence of non- 
stoichiometric methanation under different H/C ratios on the limitations presented by the pure hydrogen in-
jection. The impact of this injection on the operation of the gas network at local level has been investigated and 
the fluid-dynamics and the quality of gas blends have been evaluated. Results show that non-stoichiometric 
methanation could be an alternative to increase the hydrogen injection in the gas network and facilitates the 
gas and electricity sector coupling.   

1. Introduction 

The foreseen massive deployment of renewable energy sources will 
be followed by important challenges related to the management of the 
grid and the electric sector such as the development of highly efficient 
energy storage systems or the proper integration of renewable technol-
ogies in the generation mix, safeguarding security and economic balance 
[1,2]. 

In this future scenario, a promising option to overcome the inter-
mittency of energy production and production-consumption mis-
matching is the implementation of Power to Fuel technologies [3]. These 
technologies store energy surpluses to be used in the future by means of 
producing a synthetic fuel. Hydrogen is the most common one given the 
lower energy penalty of its production process but there exist also other 
low net carbon emissions gas energy fuels, the so-called renewable gases 
[4]. Biogas, biomethane, syngas, hydrogen and synthetic natural gas 
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(SNG) belong to this category. The main barriers to make this process 
feasible are the high investment, the change in infrastructures and the 
relatively low round-trip efficiency [5]. This alternative overcomes one 
of the main disadvantages of present energy storage technologies, their 
low capacity. Gas network infrastructure has been considered in the 
latest years as a possible storage reservoir of renewable energy with a 
remarkable potential and a distributed feature [6]. The hydrogen pro-
duction through Power to Fuel and subsequent blending within the 
already existent gas infrastructure is an example of electricity and gas 
sectors coupling [7] and it is considered an innovative and effective 
decarbonisation option. 

The European Commission published the hydrogen strategy for a 
climate-neutral Europe [8] to define a precise roadmap towards 2030 
and 2050 for a creation of a complete hydrogen ecosystem. Along with 
these policy statements, a report released by several European natural 
gas TSOs proposes a roadmap for a fully developed hydrogen infra-
structure on continental level [9]. While the goal is to build up a 100% 
hydrogen infrastructure by late 2040s – 2050, the hydrogen blending is 
considered an earlier option (already for the 2020s) to deploy hydrogen 
in the pipeline. 

However, a number of technical aspects are still to be addressed 
given the large differences of hydrogen physical and chemical properties 
with respect to natural gas. An extensive review of the opportunities and 
criticalities of hydrogen admixture within the current gas infrastructure 
is given in [10]. Hydrogen has completely different properties than 
natural gas and its presence has an impact on all the levels of the 
involved infrastructure. The main concerns related to direct injection of 
hydrogen into the natural gas network are the following: 

1. Detrimental effects on the infrastructure materials such as embrit-
tlement [11]. It is related in iron and steel pipes and cause the 
propagation of cracks in the pipework [12]. However, the presence 
of hydrogen affects only slightly the mechanical properties [13]. This 
is true for most of the materials employed in pipes, included copper 
pipes at indoor piping systems [14].  

2. Gas leakages. Hydrogen has a propensity to leak from connections 
between fittings and from sealants [15]. Although the leakage rates 
would not be high enough to be a major concern [10], it represents 
an energy loss and may requires revisions on the usual detection 
protocols and risk management assessments.  

3. Safety. Hydrogen has a wider flammability range due to the much 
higher flammability limit than natural gas (75% versus 14%). 
However, the impact on flammability ranges of hydrogen-natural gas 
blends is minor as long as hydrogen shares little: at 30% hydrogen 
the upper flammability limit of the blend is 20%. As for the lower 
flammability limit, it is unvaried as both for hydrogen and natural 
gas it is about 4%. This reduces the impacts on odorization re-
quirements. What is more, it has been proved that hydrogen does not 
interact with THT [16] and TBM [17], the most common odorants in 
the infrastructure. In the end, given the larger flammability range 
and lower ignition energy required to hydrogen, some studies rec-
ommended threshold concentrations up to 15–20% hydrogen blend 
by volume (vol%) [18].  

4. Quality management of the gas flows. Adding hydrogen to natural 
gas pipelines reduces the energy delivery of the grid (on volumetric 
basis). The effects are nonlinear and depend primarily on the flow 
properties of the hydrogen [19]. As hydrogen is also less compress-
ible than natural gas, the effect becomes more pronounced at higher 
pressures.  

5. Final users’ appliances. Hydrogen presence impacts on the final 
users’ appliances, with different degrees of severity according to the 
type of appliances themselves. Maximum values of admissible 
hydrogen concentrations are given for a number of different natural 
gas systems [20].  

6. Gas meters and pressure regulators may also be impacted by 
hydrogen presence. However, according to [21] gas meters do not 

experience significant metrological differences for concentration up 
to 20%. In [22] a slight undercounting is registered but it is still 
within the range of the specification of EN 1359. This phenomenon is 
more evident in diaphragms meters, maybe related to the impact of 
hydrogen on elastomeric materials.  

7. Underground gas storage. Hydrogen presence within the natural gas 
may have potentially detrimental effects such as leakages, 
biochemical reactions and interferences with minerals in the 
geological formations [23]. 

All these aspects have not been solved and they are the reasons 
behind the lack of consensus or indication on the allowable limit of 
hydrogen presence within the current infrastructure within the current 
technical norms and standards. The norm EN 16726:2019 [24] on 
standardisation of gas quality (group H) mentions the possibility of 
hydrogen injection but recommends a case by case analysis to establish 
its acceptability. Thus, there are no unified international or European 
regulations to define the admissible concentrations in the natural gas 
grid: European regulators usually does not define thresholds on single 
natural gas component (e.g. hydrogen) but rather on relevant gas quality 
parameters such as the higher heating value, the relative density and the 
Wobbe Index. This is the case of the Italian gas network [25]. Other 
regulators limit the amount of hydrogen in the grid between 0.1 and 
10% in volume depending on the country [26]: the most advanced 
technical regulation considers the injection up to 10% of hydrogen 
blended with natural gas in Germany in the case there are no com-
pressed natural gas (CNG) stations in the network. The limit in France is 
6%, Austria 4% and Switzerland has a limit set at 2%. All these limits are 
expressed in terms of volume concentrations. Spain, similarly to Italy, 
does not set any limit to the hydrogen concentration within natural gas 
but it limits the hydrogen presence to a 5 %vol in the case of uncon-
ventional gases injection [27]. In Italy, the acceptable hydrogen content 
within biomethane is limited to 1% vol [28]. In general, the massive 
blending of pure hydrogen is not possible yet: very few countries allows 
the direct injection of pure hydrogen within the infrastructure [29]. 

Gas quality variations within the gas networks have been recently 
studied because of the growth of wider international interconnections 
brought by LNG and renewable gas uptake. The effect of hydrogen in-
jection into the natural gas system will have a strong influence in the 
variation of gas quality along the network. Generally, these studies 
consider a variable gas quality and make use of steady state equations 
for fluid-dynamic simulations of networks topology. The simulations of 
distributed injection of renewable gas on a urban level distribution 
system (low pressure) [30] and on a regional transmission network (high 
pressure) [31] highlight the impacts of hydrogen on the gas quality and 
determine the maximum amount of renewable energy which is storable 
within the network in the form of hydrogen [31]. However, time- 
dependent simulations are needed in order to grasp the complexity of 
intersectoral transfer of renewable energy through power-to-hydrogen 
and hydrogen blending. 

The use of dynamic gas network models which implements also 
quality tacking features as the one presented in [32,33] are important to 
quantify the time evolution of hydrogen concentration at any node of 
the grid, for different injection flowrates and consumption scenarios. 
They allow the detection of peak concentrations in specific areas of the 
grid and also enable to determine the acceptable injection rate of 
hydrogen in order to comply with gas quality requirements [34]. This 
approach highlights the limitations to the integration between power 
and gas sector imposed by the gas system, which, at least for now, lays 
boundaries to the hydrogen presence and hydrogen variability. 

As an alternative to direct injection of pure hydrogen and to extend 
the application of hydrogen as energy vector, its combination with CO2 
to produce other renewable gases has been proposed. A particular so-
lution could be its methanation through Sabatier’s reaction [3]. This 
concept uses the stored hydrogen to produce methane via the metha-
nation of CO2 (CO2 + 4H2 ↔ CH4 + 2H2O). The methanation is an 
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exothermic reaction (1.8 kWh/Nm3CH4). Differently from hydrogen, 
methane does not present any major problem to be injected into the 
natural gas grid. The only disadvantages come from its limited potential 
for significantly reducing CO2 emissions in the long term [11] as CO2 
will be released again in its usage stage [35] unless it will be used 
cyclically [36,37]. 

Several works analysed the Power to Gas for injection into the gas 
grid. Some reviews of projects, technological and economical review 
and lesson learned are found in literature [3,5]. By integrating power-to- 
gas with the natural gas grid, it is possible to exploit the inherent flex-
ibility of the grid, and shift some electricity variability onto the gas grid. 
Some works have reviewed power-to-gas for injection into the gas grid, 
as this application has specific economic, technical and modelling op-
portunities and challenges and they have identified both, interests and 
challenges to overcome and find profitable business cases [11]. The 
potential of Power to Gas has been modelled when combined with gas 
seasonal storage operation accounting for the two networks’ charac-
teristics and constraints [38]. Blending of produced hydrogen from 
renewable energy resources into the gas grid has been promoted as a 
viable means of energy transportation and long-time storage in large- 
scales [39]. The Power to Methane process requires a CO2 source 
which should be taken into account in the technical and economic 
assessment [40]. Together with the dynamic behaviour of the individual 
process steps, the economics and the system efficiency, the availability 
of CO2 sources and final gas quality are some of the critical aspects for 
Power to Gas processes [5]. Regarding gas quality, the methanation 
reaction usually is not complete [5,41]. Increasing system pressure 
positively influences the reaction, because it shifts the equilibrium CO2 
conversion [42,43]. Pressures of 10 bars have been considered in 
theoretical calculations [42] of fixed beds and electrolysed could pro-
duce hydrogen also at higher pressures. It increases the process 
complexity and equipment cost and for this reason an atmospheric 
methanation has been considered. A complete analysis for specific ap-
plications that include H2 production, CO2 source and CH4 utilization is 
needed to determine the optimum operational pressure of the metha-
nation stage. 

Typical composition of the synthetic gas produced through metha-
nation under stoichiometric H/C conditions, with 0.7 recycle ratio to 
methanation reactor and high pressure (20 bar) and temperatures 
(260–550 ◦C) may reach 95.9% of CH4, 3.3% H2 and 0.8% CO2 [44]. 
When the methanation reactor operates at atmospheric pressures, the 
typical equilibrium composition of syngas from the process in this range 
of temperatures is modified with a rapid decay of methane content be-
tween near 96% of CH4 for 260 ◦C and 68% for 550 ◦C and significant 
presence of carbon dioxide [45]. 

The novelty of this study is the application of non-stoichiometric 
methanation at atmospheric pressure, with ratio H/C higher than 4.0, 
to avoid the injection of pure hydrogen into the natural gas grid con-
verting the renewable gas into a variable mixture of hydrogen and 
methane. This partial transformation of hydrogen into methane allows 
for the reduction of hydrogen concentration in the grid (that are eval-
uated in this study), and the consequent removal of the issues affecting 
the gas system listed above, while storing in the gas network nearly the 
same amount of renewable energy coming from the power to hydrogen 
pathway. With respect to previous works on the modelling of injection of 
hydrogen (such as [33]), in this paper the concept has been extended to 
SNG. The efficiency losses in the transformation from hydrogen to 
synthetic methane are prevented by the novel proposed operations of 
the methanation unit. Since the complete conversion of hydrogen into 
methane is not required, the complexity of methanation reactors is 
reduced and the presence of CO2 in the produced syngas is avoided. The 
use of large H/C ratios facilitates the complete conversion of carbon in a 
single-step methanation fixed-bed reactor making easier the design, 
control and operation of the process as well as its economic feasibility. 

The present work has two main objectives. Firstly, to experimentally 
demonstrate the feasibility of the concept and to quantify the optimum 

ratio of H/C to achieve complete carbon conversion and suitable 
hydrogen concentrations. Secondly, it seeks the assessment, through 
simulation of the natural gas grid, of the mass flow rate limitations when 
pure H2 is injected into the grid compared to the injection of a mixture of 
H2/CH4 coming from the non-stoichiometric methanation of the same 
amount of hydrogen. The obtained results prove the benefits of the 
proposed concept for introducing renewable energy into the gas grid 
without restrictions provided that gas quality constraints are globally set 
at the network level and not at injection point. 

2. Methanation test facility and experimental tests 

2.1. Experimental facility 

The lab-scale methanation facility is shown in Fig. 1. The main 
equipment is the fixed bed, plug flow reactor, analogous to those tested 
in the literature [46,47] or proposed in simulations for small scale ap-
plications [42]. In addition, the facility includes a ceramic heater to pre- 
heat the mixture of reactants up to 250–350 ◦C with a pressure of 3 bar 
just before the CO2 and H2 mass controllers, a condenser coil to remove 
the produced water and a burner to oxidize the resultant fuel mixture 
(H2 and CH4) together with bottled butane [41,48]. Additionally, there 
is a N2 input before the ceramic heater for cleaning and heating 
purposes. 

The reactor has electrical heating and air cooling to control the re-
action temperature. It consists of a concentric pipe with parallel flows, 
being 100 mm the outer diameter of the shell. The reaction takes place in 
the inner duct where the catalyst is located, while the cooling air flows 
through the outer annular space. A commercial Ru-based catalyst 
(Sigma-Aldrich 206199) has been used in the form of pellets of alumina 
impregnated with Ruthenium (0.5 wt% Ru/Al2O3), supported by quartz 
wool. The fixed bed is located inside the tube of 590 mm height, 33.4 
mm inner diameter and 4.45 mm thickness. The reactants (H2 and CO2) 
are supplied from bottles to avoid undesired impurities inside the 
reactor. 

Standard instrumentation of pressure, temperature and mass flow is 
installed at strategic points of the facility. Specifically, the reactor inlet 
and outlet pressures and temperatures are measured for the reactants 
and the cooling air, while nine thermocouples evenly distributed (5 cm 
of separation) register the temperature of the reactor wall (the inner 
pipe). Two mass flow controllers for H2 and CO2 allows adjusting the 
mass fractions to the desired H/C ratio before the gas preheating. Then, 
the composition of the reactive mixture is measured through a gas 
analyzer before the methanation reactor. The gas analyzer comprises 
two units of Siemens: “CALOMAT 6” for the H2 content (measured by 
thermal conductivity), and “ULTRAMAT 23” for CO, CO2 and CH4 
(infrared detector). After methanation stage, the resultant flow is driven 
to a condenser to reduce the water content and the outlet gas compo-
sition is also measured. Finally, the produced fuel is burnt in a butane 
pilot flame. 

An advanced Labview system allows for the supervision of the pro-
cess, the control of the reactants mass flows and the recording of all the 
measurements for further analysis. 

2.2. Tests description 

The lab-scale experimental plant was run to find stationary operation 
points which lead to steady carbon conversions in the reactor and 
approximately constant temperatures at the thermocouples located in 
the fixed bed reactor. Carbon conversion was easily calculated with the 
information provided by the gas analyzer sampling after methanation, 
while the reaction temperatures were on-line registered and graphically 
shown by the Labview system. 

The reactor was heated up to near 200 ◦C through electric resistances 
and the nitrogen flow was preheated in the ceramic furnace. Some fig-
ures of the reactor are shown elsewhere [41]. Then, the activation of the 
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catalyst with hydrogen was carried out during 35–50 min. After that, the 
electric resistances were turned off and stationary states were searched 
under different operation conditions. The reactor was filled with 100 g 
of Ru-based catalyst. Ten steady operation states of methanation were 
established without requirements of external cooling. The main opera-
tion parameters are gathered in Table 1. In all cases the CO fraction is 
lower than 0.15%. In the reactor, there is temperature profile caused by 
the exothermic methanation reaction. The average temperature (Ta) of 
the methanation zone is shown in the Table 1 together with the data of 
these two thermocouples. No large temperature differences are observed 
in the reaction zone. 

For stoichiometric methanation (molar H2/CO2 of 4.0) and ideal 
operation conditions, the maximum CO2 conversion is expected to be 
87.5% [41] with outlet CH4 concentration of 58.3 %vol dry basis. The 
base case with stoichiometric molar ratio was established for 1 kWLHV: 
mole flow of H2 and CO2 set approximately at 30.4 g/h (15.2 mol/h) and 
167.2 g/h (3.8 mol/h), respectively [41]. From that case, the molar ratio 
is increased while keeping constant GHSV until full conversion to 
methane is achieved. 

As it can be observed in Table 1, an experimental conversion of 
81.9% was achieved in test 1, which is quite close to the equilibrium. It is 
necessary to emphasize that the methanation was carried out with a 
single reactor in a single stage and without gas recirculation. Specif-
ically, for a ratio H/C = 4.04 the outlet flow has 50.3% by volume of 
methane but there is a fraction 11.1% of CO2 in the produced synthetic 

gas, what makes it inappropriate to be injected into the network. As the 
H/C ratio increases, so does the conversion of carbon dioxide. In these 
experimental tests, the amount of hydrogen supplied was maintained 
approximately constant, increasing the H/C ratio through the proper 
reduction of the CO2 injected into the mixture. In these experiments, the 
molar fraction of CH4 in the produced synthetic gas decreases as ex-
pected because of the scarcity of CO2. However, the objective of these 
tests is not to reach the maximum conversion rate, but to reduce the CO2 
concentration in synthetic what in fact is observed. Under all of these 
conditions the temperature of the reactor remained relatively constant 
around 350 ◦C. 

For a ratio H/C of 5.0 the carbon conversion increases up to 95.5%. 
The content of CO2 in syngas has already dropped to 2.1%, and CH4 and 
H2 volume fractions are 44.1% and 53%, respectively. Finally, for a ratio 
H/C of 6.4, a total conversion of carbon is achieved and any trace of CO 
and CO2 in the synthetic gas produced is removed. In such case, the 
concentrations of CH4 and H2 are 30.4% and 69.5%, respectively. This 
operating point is the objective pursued in this work. The injection of the 
synthetic gas in the natural gas network will have fewer limitations than 
the injection of the same flow of pure H2. 

From H/C ratio of 5.0 to 6.4 there are intermediate points with im-
purities (mainly CO2 concentration) in the synthesis gas between 0 and 
2%. The case of H/C ratio of 5.65 is interesting as the CO is completely 
eliminated and the CO2 content is less than 0.1% while there is a sig-
nificant concentration of CH4 close to 36%. The results show that with a 

Fig. 1. Methanation test facility.  

Table 1 
Summary of experimental conditions and results.  

Test   Input Mass   Output Mole Fraction (dry basis)  

Molar H2/CO2 GHSV (l/h/gr) H2 (g/h) CO2 (g/h) Tr (◦C) Ta (◦C) CO2 Conv. (%) CH4 (%vol) CO2 (%vol) H2 

(%vol) 

1  4.04  4.21  30.1  164.1 345 370 358  81.89  50.9  11.3  37.9 
2  4.21  4.33  31.1  161.1 342 360 351  84.45  48.9  9.0  41.4 
3  4.39  4.36  31.7  159.0 338 360 349  89.14  49.8  6.1  44.1 
4  4.46  4.26  31.1  153.3 346 356 351  89.98  49.2  5.5  45.3 
5  4.76  4.23  31.2  144.3 343 366 354  93.05  49.3  3.7  47.0 
6  5.00  4.47  33.3  146.4 350 369 359  95.45  44.5  2.1  53.4 
7  5.28  4.48  33.6  140.0 353 365 359  97.52  41.9  1.1  57.0 
8  5.65  4.35  33.0  128.6 346 351 348  99.92  36.1  0.0  63.9 
9  5.73  4.51  35.6  121.3 345 370 358  100.00  30.3  0.0  69.7 
10  6.38  4.47  34.5  119.0 342 360 351  100.00  30.4  0.0  69.5  

L.M. Romeo et al.                                                                                                                                                                                                                               



Applied Energy 309 (2022) 118462

5

technically simple and economically feasible methanation stage, CO2 
can be used to reduce the limitations to the injection of renewable en-
ergy via H2 in the natural gas network. 

A thermodynamic simulation of the process has been carried out to 
find from which H/C ratio a conversion of 100% can be obtained. Fig. 2 
shows that, for the reactor and the conditions considered in the exper-
imental tests, this relationship is about 5.5. Assuming a H2 production 
from 1 kWLHV (1.33 to 1.53 kWe power depending on electrolyzer effi-
ciency) which corresponds to about 34 g/h of H2, the CO2 required ac-
cording the experimental tests and simulation results would be 136 g/h. 
The use of a 300 kWe electrolyzer (65% LHV efficiency [49]) would 
result in a hydrogen production of 71 Nm3/h which would allow a CO2 
utilization of about 21.9–24.7 kg/h (depending on the H/C ratio) to 
produce between 8 and 9 kg/h of CH4 (11.7–12.5 Nm3/h) respectively. 
This amount of synthetic natural gas would be injected into the network 
along with the excess of produced H2. These figures were used to 
simulate the injection of the mixture in the gas grid. 

3. Gas network model 

The transient and multi-component simulation of the renewable gas 
injection within a gas network infrastructure has been carried out using 
the in-house gas network model developed by Cavana et al. and 
described and validated in [33]. The approach for the transient fluid- 
dynamic modelling of a fluid network is widely described in the litera-
ture (e.g.[50]) and may be summarized in the following general steps:  

1) application of the conservation equations of mass, momentum and 
energy to a single pipeline or pipeline section;  

2) linearization of the partial differential set of equations;  
3) extension to the whole network infrastructure by means of matrix 

representation of network topology. 

As it is commonly accepted within the gas sector, the simulation is 
carried out by assuming an isothermal gas flow condition [51], thus the 
application of the energy conservation equation can be avoided, 
reducing the size of the problem. 

In order to be able to assess blending scenarios, the natural gas has 
been modeled as a mixture of 21 chemical species (including light hy-
drocarbons, hydrogen, carbon dioxide etc.) which can vary in space and 
in time. The physical properties of the mixture has been determined by 
using the GERG 2008 equation of state [52]. In [53], the mathematical 
formalization of the fluid-dynamic model is fully explained. It is also 
reported here in Appendix, together with the description of the quality 
tracking section. 

The possible variations in the natural gas composition throughout 
the network due to distributed injection of unconventional gases may be 
simulated thanks to a dedicated quality tracking section of the gas 
network model based on the so-called “batch method” approach as 
described in [54]. This method have been extended to be applied on to a 
whole network structure in [33]. 

The gas network model takes as inputs the thermal request at each 
external node, which represents a final user or a cluster of users. The 
injection nodes may be regulated in pressure or in gas flow. In this case, 
the pressure is set at the node corresponding to the “fossil” natural gas 
inlet, which correspond to the city-gate pressure reduction station where 
the natural gas, coming from the transmission level of the network is 
reduced in pressure and it is delivered to the distribution infrastructure. 
The node in which the injection of unconventional gas will take place is 
instead regulated in gas flow. 

Dealing with a multi-component and quality tracking simulation, the 
gas rate request at each consumption node is updated according to the 
calorific value of the gas, which depends on the gas quality. The fluid 
dynamic problem is then solved iteratively in order to take into account 
the updated gas quality composition at each node until convergence is 
reached. 

4. Gas grid simulation 

In order to assess the positive effect that methanation may play on 
the grid injection of renewable gases, a gas grid simulation framework 
has been set up. The availability of a 300 kW electrolyzer with a con-
version efficiency of 65% LHV has been assumed. This electrolyzer size 
produces an amount of hydrogen that equals about the 4% of the energy 
request of the whole area for the considered day. It allows to obtain a 
hydrogen flow rates which, in case of direct network injection in the 
framework of the chosen case study, causes an already significant 
impact on the gas quality within the network, as it will be discussed later 
on in the paper. 

The following injection cases have been addressed:  

1. 100% H2 injection case: 
The resulting 6.4 kg/h of hydrogen is directly injected and blended 
into the natural gas system.  

2. 63.9/36.1 H2/CH4 injection case (SNG from experiment 8 - H/C 
ratio: 5.65): 
The resulting 6.4 kg/h is instead feed into the methanation system 
which is run with a H/C ratio of 5.65. The resulting SNG, whose 
composition is 63.9 %mol H2 and 36.1 %mol CH4, is directly injected 
and blended into the natural gas system.  

3. 69.5/30.4 H2/CH4 injection case (SNG from experiment 10 - H/C 
ratio: 6.38): 
The resulting 6.4 kg/h is instead feed into the methanation system 
which is run with a H/C ratio of 6.38. The resulting SNG, whose 
composition is 69.5 %mol H2 and 30.4 %mol CH4, is directly injected 
and blended into the natural gas system. 

In the following, a short description of the gas network addressed for 
these simulations is given. 

4.1. Gas grid description 

The gas network addressed in this work is based on a real network 
asset serving a small municipality located in Northern Italy. It covers a 
surface of about 29 km2 with a population of approximately 6500 in-
habitants. The total number of active gas meters in the area is equal to 
3262, of which 94% are classified as residential or tertiary users’ gas 
meters while the remaining 6% are classified as industrial users’ ones. 
The annual gas consumption of the area is equal to 6.4 tons. The network 
is served by a single city-gate booth and the whole infrastructure works 
on three pressure levels. According to the information shared by the 
network operator, the pressure set-point is 4.98 barg. For the sake of this 
work, the simulations have been limited to the higher pressure level 
(medium pressure level). A schematic of the network topology is given 
in Fig. 3. In terms of topology, the network is weakly meshed due to the 
presence of two loops. This is a common design feature of medium 
pressure distribution gas network. This level of the gas infrastructure has 
a total length of about 34 km and it is made of pipelines with nominal 
diameter ranging from 25 mm to 280 mm. 

According to [55], the Italian regulatory framework sets the upper 
limit for medium pressure network to 5 barg while for the Spanish case 
this value is 4 barg. A set-point pressure of 4 barg has been chosen so that 
it could be representative for both the countries. This set point is set at 
the outlet of the city-gate reduction station, corresponding to node 1 of 
Fig. 3. 

Concerning temperature, as the problem has been developed over 
isothermal assumption, the gas inside the pipe has been assumed to be in 
thermal equilibrium with the external environment, so T = 288.15 K was 
assigned. Gas temperature variation may be registered at pressure 
reduction stations. However, these are usually equipped with pre- 
heating system to regulate the outlet temperature to the ambient one 
recovering the temperature decrease due to Joule-Thomson effect. In 
any case, the network model does not consider within the modelling 
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domain the pressure regulators in this context. 
Concerning the natural gas composition, it has been assumed that the 

fossil gas feeding the network is the Algerian one, whose main specifi-
cations are given in Table 2. The Algerian gas is the main gas serving 
Spain with about the 75% of share [56] and it is also present in Italy, as 
Algerian gas contributes to the 18.8% of the Italian gas imports [57]. 

In order to carry out fluid-dynamic simulations of the gas network, 
the gas consumption rates of all the connected users have to be known 
with a suitable time resolution. Due to the lack of smart and telemetered 
gas counters, the only available data on gas consumption is the yearly 
consumption of each user. Starting from the available data, the profiling 
procedure has been performed as detailed in [59], based on the Italian 
standard profiling methodology which takes into account two different 
type of users (residential and industrial), three types of weekly usage 

and accounts for the seasonality of the heating season. In this way, 
consumption pattern with an hourly resolution have been obtained. To 
furtherly refine the time resolution to 5 min time step (the resolution 
adopted in this work) linear interpolation has been used. 

The following network simulations have been run on a one-day-long 
time interval, choosing a representative day of gas network usage, cor-
responding to an average consumption working day (mid-season gas 
consumption conditions). The daily gas consumption of the whole area 
is equal to 10,677 kg of natural gas 

To assess the impact of the distributed injection of renewable gases, 
an injection node located in the middle of the network has been chosen, 
node 51, as highlighted in Fig. 3. For all the three injection cases 
described in the next paragraphs, the injection of the unconventional gas 
(hydrogen or SNG) starts at the beginning of the simulation time 

Fig. 2. Comparison between ASPEN simulation and experimental results.  

Fig. 3. Medium pressure topology of the gas distribution network.  
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interval, thus it is possible to track the quality perturbation as the un-
conventional gas substitutes the fossil one. 

4.2. Base case H2 injection into the gas grid. Limitations. 

This first injection scenario aims to assess the impact of pure 
hydrogen injection within the natural gas infrastructure. Table 3 sum-
marizes all the data that are relevant to this injection case. 

Fig. 4 gives a network-wide overview of the impact of the distributed 
injection of hydrogen in a gas distribution infrastructure in a specific 
timestep of the simulation. 

The choice of the node, as well as the topology of the network have a 
role in determining the area of the network that might be affected by the 
injection. In this specific case, all the nodes downstream the injection 
point will receive a certain amount of hydrogen. Fig. 5 reports the 
variation over time of the three gas components that are relevant to this 
work: methane, hydrogen and carbon dioxide. 

Two sampling nodes have been chosen so to highlight the transport 
of the quality perturbation through the network. As it is possible to see, 
at the injection node (node 51) the blending of hydrogen takes place at 
the moment the injection starts while Node 78 receives the quality 
perturbation with a constant lag for the whole day. The resulting 
hydrogen molar fraction at the beginning of the blending is about 24%. 
The concentrations of methane and carbon dioxide are in turn modified, 
passing from 86.5% to around 65.6% and from 1.9% to around 1.4% 
respectively. The dashed line at 2.5% on the CO2 concentration graph 
indicates the explicit limit on the carbon dioxide presence that is 
expressed both in the Spanish and in the Italian technical regulation on 
gas quality [27,28]. 

Even though the hydrogen injection has been assumed as constant, 
its share within the natural gas changes over the day. This is due to the 
gas consumption pattern of the gas users downstream the injection node: 
as the gas needs increase, the amount of fossil natural gas passing 
through the injection point increases thus the hydrogen fraction de-
creases. Under these circumstances, the hydrogen share varies between 
17.5% and 26.0%. To stabilize the hydrogen fraction to a fixed amount, 
the injection rate should be modulated according to the downstream 
consumption rates. 

Contrary to the case of CO2, there are no specific limits to hydrogen 
concentration within the natural gas both in the Spanish and in the 
Italian technical regulation and network codes on gas quality. In the gas 
network codes of Spain [27] and Italy [28], the natural gas entering the 
gas system is required to be within specific ranges of three main quality 
parameters: relative density, higher heating value and Wobbe Index1. In 
Table 4 these values are given for the Spanish and the Italian case, as 
specified in [27,28]. 

Given that the hydrogen presence within the natural gas has an 
impact on the value of the three quality parameters, a hydrogen- 
blending limit may be defined as the smallest share of hydrogen that 
causes one of the three gas quality parameters to be out of the accept-
ability range. Fig. 6 displays the change of relative density, higher 
heating value and Wobbe index of the Algerian natural gas-hydrogen 
blends, as the share of hydrogen increases. The shaded areas show the 
acceptability range of each parameter for both the Italian and the 
Spanish case as detailed in Table 4. 

It is possible to note that the Spanish network regulation allows 
much broader ranges for natural gas Wobbe index than the Italian one, 
thus enabling the network to host up to 33% of hydrogen (against the 
21% of the Italian case). However, the relative density is the most 
limiting parameter, reducing the acceptable hydrogen share to 14.2% 
both for the Spanish and for the Italian framework. 

It is worth to highlight that network regulations quality requirements 
usually applies to the gas that is to be injected into the network, thus just 
before the injection point (although some EU countries allow injection 
of pure hydrogen [29]). In this way, the quality compliance of the gas 
flowing within the infrastructure is always granted. Thus, the direct 
injection of pure hydrogen and/or any other unconventional gas which 
does not meet the gas quality requirement is forbidden, even though the 
blending potential of the network (i.e. the balances of gas flows) would 
be so to generate a mixture which is still compliant with the regulations. 
In this work, the gas quality requirement restrictions are moved from 
upstream to downstream the injection point, thus allowing unconven-
tional gases injection as long as the gas quality is preserved on a 
network-wide level. 

Under these premises, the hydrogen level that is reached during the 
case of pure hydrogen injection within a portion of gas network is well 
above the limit of 14.2%, thus making the direct injection strategy not 
acceptable. 

4.3. Proposed CH4 + H2 injection into the gas grid 

The methanation pathway is here tested as a method to lower the 
impact of pure hydrogen injection within the gas network. Starting from 
the same amount of green hydrogen flow rate, two cases of methanation 
are considered for the gas network simulation. The relevant data are 
summarized in Table 5. 

With respect to the previous case, the methanation of a portion of 
hydrogen to methane leads to a lower volume of gas to be injected. The 
reduction is equal to 53% for test #8 (injection case A) and to 47% for 
test #10 (injection case B). However, the resulting syngas is made of a 
remarkable share of hydrogen, which exceed 60% in both cases. For 
what concerns CO2, the syngas of test #8 may contain traces of CO2 (in 
the order of 0.01%) given that the CO2 conversion is not 100%. 

The variation over time of the molar shares of methane, hydrogen 
and carbon dioxide are given in Fig. 7. The figure groups together the 
concentration profiles of the three relevant gas components for all the 

Table 2 
Typical natural gas composition and gas quality parameter for the Algerian gas 
[58].  

Chemical species  Algerian Gas [% mol/mol] 

Methane   86.486 
Ethane   8.788 
Propane   1.179 
Iso Butane   0.085 
Normal Butane   0.107 
Iso Pentane   0.021 
Normal Pentane   0.015 
Hexane + 0.017 
Nitrogen   1.323 
Carbon Dioxide   1.894 
Helium   0.085 
Oxygen   –  

Gas quality parameter units  
Higher Heating Value [MJ/Sm3]  39.841 
Wobbe Index [MJ/Sm3]  49.992 
Relative Density [–]  0.6351  

Table 3 
Relevant data for the pure hydrogen injection case.  

Test Electrolyzer Grid Injection  

P_ren input 
(kW) 

ηLHV H2 output (kg/ 
h) 

INPUT TO THE GRID H2 

(kg/h) 

0 300 65%  6.4  6.4  

1 The Wobbe Index is defined as the ratio between the fuel gas heating value 
(higher or lower) and the square root of its relative density (WI = HHV/

̅̅̅̅̅̅̅
RD

√
), 

where the relative density of a gas is the ratio of the density of the gas to the 
density of the air both calculated at standard pressure and temperature con-
ditions.In this work: normal conditions [Tn = 273.15 K, pn = 101, 325 Pa]; 
Standard conditions [TSTD = 288.15 K, pSTD = 101,325 Pa]; 
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three injection scenarios tested. The graphs are arranged by column with 
the left one referring to the case 0–100% hydrogen injection, so to have a 
direct comparison of the benefits related to the methanation step. For 
what concerns injection scenario A (test #8), the hydrogen molar frac-
tion ranges between 5.7% − 8.9%, always below the limit of 14.2%. 

Both methane and carbon dioxide shares reduce accordingly, with 
methane varying between 80% and 82%. In the case of test #10, the 
higher hydrogen content of the syngas gives a final natural gas-hydrogen 
admixture in the grid that displays the hydrogen share oscillating be-
tween 6.9% and 10.8%. 

4.4. Comparison of results 

For each of the three scenarios of distributed injection of renewable 
gases, a reduction of the consumption of natural gas from fossil origin is 
obtained. This is given in graphical form in Fig. 8, where the fossil 
natural gas savings are given both in mass absolute terms (left axis) and 
in relative terms with respect to the daily consumption in the case where 
no injections are performed (right axis). Referred to the simulation 
presented here, the daily consumption of natural gas for the case of no 
injection of renewable gases is 10,645 kg/day, corresponding to 151.4 
MWh per day. Even though differences among renewable gases injection 
cases are small, the highest savings of fossil natural gas occur when pure 
hydrogen is injected, being equal to 3.8%. Between the two cases of 

Fig. 4. Overall gas network visualization of the fluid-dynamic results of the simulation of hydrogen injection at node 51 at a specific time step (mid-day). The orange 
triangle (node 1) indicates the natural gas entry point; the blue triangle (node 51) indicates the hydrogen injection point. The violet “bubble” represents the gas 
consumption at each node (the size is proportional to the consumption flow rate). The colour indicates the level of pressure reached at each consumption node (ref: 
vertical indicator bar to the right). The colour of the branch indicates the share of hydrogen injected (ref: horizontal indicator bar). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Variation over the whole simulation period of the concentration of hydrogen, carbon dioxide and methane subsequent to the constant hydrogen injection. 
Two sampling nodes are represented: injection node (node 51) and one peripheral node (node 78 – lighter colour). 

Table 4 
Spanish and Italian limits on the main gas quality parameters as expressed in the 
network codes and regulations in [27,28] respectively. The properties are re-
ported at the standard temperature and pressure conditions defined by ISO 
13443 (i.e. TSTD = 288.15 K,pSTD = 101,325 Pa).  

Property Units Country Minimum Maximum 

Relative density [–] Spain  0.555  0.7 
Italy  0.555  0.7 

Higher heating value [MJ/Sm3] Spain  35.05  45.30 
Italy  34.95  45.28 

Wobbe Index [MJ/Sm3] Spain  45.78  56.39 
Italy  47.31  52.31  
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injection of SNG, case B is the one which allow a higher saving (equal to 
3.4%) while case A is the lowest one (3.2%). It is interesting to note that 
case A is also the case in which the amount of residual hydrogen in the 
SNG is the lowest. Thus, the injection of pure hydrogen allows a slightly 
higher saving in terms of fossil natural gas utilization. The reason is to be 
found in the higher heating value (on mass basis) of hydrogen with 
respect to natural gas or methane. 

However, according to the results from the discussion about the gas 
quality parameters, a possible limit of the hydrogen share within the 
natural gas may be 14.2%. The results from the simulation of case 0, in 
which pure hydrogen is injected, shows that the molar fraction of 
hydrogen downstream the injection point oscillates between 17.6% and 
26%, well above the threshold. Fig. 9 displays the difference between 
the injected hydrogen flow rate in case 0 and the maximum allowable 
hydrogen injection stream in order to comply with the blending limit of 
14.2%. The red shaded area represents thus the curtailed hydrogen. The 
total amount of hydrogen curtailed within the simulation window is 
60.4 kg, corresponding to 2.4 MWh (HHV based). This corresponds to a 
curtailment of 39.4% of the total produced hydrogen. 

Fig. 10 shows, in energy terms, the contribution of each gas to the 
total gas consumption of the whole area (referred to the representative 
day used for the simulation), for the different scenarios compared: the 
base case without any injection, the case with pure hydrogen injection, 
and the two cases of SNG injection (A and B). In the presence of a limit 
on the hydrogen molar fraction within the gas network, the hydrogen 
contribution in energy terms must be shrunk from 3.8% to 2.2%. 

In this context, then, the methanation pathways offer a viable solu-
tion to avoid renewable hydrogen curtailments. Starting from the same 
hydrogen flow rate produced by a 300 kW electrolyser, the non- 
stoichiometric methanation allows a complete use of the renewable 
hydrogen in order to form a hydrogen-rich SNG to be acceptably injected 
within the grid, thus recovering the 39.4% of renewable energy that 
would be curtailed in the form of excess of hydrogen. 

Beyond the significant advantage of the proposed concept to increase 
the injection of green hydrogen into the gas network, an energy cost 
must be paid to implement it. The energy penalties related to the partial 
methanation strategy comes from two main sources: the heat released in 
the methanation reaction and the energy cost of producing the CO2 fed 

to the reactor. Around a 20% of the chemical energy of the reacted 
hydrogen in the methanation reactor is invested and released in the 
exothermal reaction. Thus, the chemical energy content of the produced 
methane is only an 80% of the content of the reacted hydrogen. 
Furthermore, the carbon dioxide source must be taken into consider-
ation since the carbon capture process always presents an energy pen-
alty which must be allocated to the input CO2 flow to the methanation 
reactor. This energy investment varies depending on the carbon dioxide 
source (e.g. from fossil fuels) and the capture process. Using current 
technologies and costs, the energy consumption to capture carbon 
ranges from 220 to 385 kWh/ton CO2 [60]. Although this energy con-
sumption is close to zero if oxyfuel combustion technology is selected 
and oxygen from electrolyser is used [3661]. 

To be observed that the practice of pure hydrogen blending in-
troduces a fraction of gas that has no carbon content at all, reducing the 
carbon emission at the final users. The conversion of the same amount of 
hydrogen (assumed to be produced form renewable source) into SNG not 
only results in a slightly less fossil gas saving (if no hydrogen injection 
limits are set), but also it bounds back carbon atoms with hydrogen 
which will be released as CO2 at the final user. Even though these 
molecules are meant to be recycled from a capturing source, the net 
emissions of the final users of the gas network has to account for these 
carbon emissions. 

5. Conclusions 

In this study, we proposed performing non-stoichiometric metha-
nation (H2/CO2 ratio > 4) before injecting hydrogen to the gas grid, to 
prevent local hydrogen concentration from exceeding the limits of Eu-
ropean regulations. This work included experimental characterization of 
non-stoichiometric methanation to select the optimal H2/CO2 ratio, and 
the simulation of the natural gas grid to compare the local blending 
when injecting pure H2 or H2/CH4 mixtures from partial methanation. 

The experimental tests were carried out in a fixed bed reactor con-
taining 100 g catalyst (0.5 wt% Ru/Al2O3) at 350 ◦C and 4.35 l/h/gr gas 
hourly space velocity. The H2/CO2 molar ratio was varied between 4 and 
6.4 (i.e., 1.00 to 1.15 kW of H2), obtaining CO2 conversions from 81.9% 
to 100%. Experimental conversion was also validated through 

Fig. 6. Change of relative density, higher heating value and Wobbe index of the Algerian natural gas-hydrogen blends, as the share of hydrogen increases.  

Table 5 
Relevant data for the SNG injection cases.  

Test Electrolyzer Methanation Grid Injection    

Input Mass  Output Gas/ Input to the 
Grid 

Mole Fraction (dry basis)  

P_Ren input 
(kW) 

H2 output (kg/ 
h) 

molar H2/ 
CO2 

H2 (kg/ 
h) 

CO2 (kg/ 
h) 

CO2 Conv. 
(%) 

CH4 þ CO2 þ H2 (kg/h) CH4 

(%vol) 
CO2 

(%vol) 
H2 

(%vol) 

8 / A 300  6.4  5.65  6.4  24.7  99.92  10.9  36.1  0.0  63.9 
10 / B 300  6.4  6.38  6.4  21.9  100.00  10.4  30.4  0.0  69.5  

L.M. Romeo et al.                                                                                                                                                                                                                               



Applied Energy 309 (2022) 118462

10

simulation in Aspen Plus, obtaining less than 2.2% relative error. The 
unreacted CO2 becomes negligible in the final mixture when the H2/CO2 
reactants ratio is above 5.5, what is advisable due to the strict limitations 
on CO2 blending (<2.5%) of European regulation. At this operating 
point (5.5 H2/CO2 ratio), 4 kg of CO2 per kg of H2 are required (i.e., 84 
kg/h CO2 per MW of electrolyzer, assuming 70% electrolysis efficiency). 
The higher the H2/CO2 ratio, the lower the CO2 mass flow requirement. 
It should be noted that complete conversion is achieved in a single 
reactor, therefore the complexity of the process is reduced (design, 
control and operation), facilitating the economic viability of the 
concept. 

To assess the beneficial effect of injecting H2/CH4 mixtures, a gas 
grid simulation was developed, based on a real network asset serving a 
population of 6500 inhabitants in Northern Italy (34 km in length). The 
model takes into account residential and industrial consumers, different 
weekly uses, and the effect of the seasons, with hourly resolution. The 
injection of pure H2 was compared to the injection of synthetic gas from 
non-stoichiometric methanation at H2/CO2 ratio 5.65 and 6.38. For all 
the three cases, the same flow rate of hydrogen has been considered (6.4 
kg/h) as produced by a 300 kW electrolyzer. The electrolyser was sized 
in order to provide a daily amount of hydrogen that, in energy terms, is 
equal to 4% of the natural gas consumption and which caused the 

formation of a gas blend that is non-compliant with the current gas 
quality requirements. 

Even though most European countries (among which Spain and 
Italy) forbids the direct injection of pure hydrogen or any other gases 
which are not compliant with the gas quality requirements prior to the 
injection, in this work the verification of gas quality parameters has been 
moved downstream the injection. In this way, the direct injection of 
unconventional gases is allowed as long as the gas quality requirements 
are preserved on a network-wide level, highlighting the blending po-
tential of the network. When it is not the case, as it is when pure 
hydrogen is injected, curtailment of renewable gas injection should be 
considered 

Even though the direct injection of hydrogen would lead to the 
maximum fossil natural gas substitution, leading to natural gas savings 
of 3.8%, the resulting hydrogen blend formed in the network may be not 
acceptable in terms of gas quality parameters. Considering a limiting 
value of the acceptable hydrogen concentration of 14.2% (so that the 
resulting hydrogen-natural gas blend would be compliant with the 
actual gas quality requirements), the curtailment from the gas network 
injection of the 39.4% of the produced hydrogen would be required, 
reducing the natural gas savings to 2.2%. If instead the same hydrogen 
amount would be used in a non-stoichiometric methanation step, the 

Fig. 7. Variation over the whole simulation period of the concentration of hydrogen, carbon dioxide and methane subsequent to the constant hydrogen injection 
(Case 0) or syngas produced from the equivalent amount of hydrogen (case A and B). The results of each simulation cases are arranged by column, to allow the 
comparison among the cases. Two sampling nodes are represented: injection node (node 51) and one peripheral node (node 78 – lighter colour). The dashed lines 
represent the acceptability limits of hydrogen and carbon dioxide concentrations. 
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resulting SNG (which is a mixture of methane, hydrogen and carbon 
dioxide) can be fully accepted within the network, leading to natural gas 
savings of 3.2% (case A) and 3.4% (case B), without saturating the 
hydrogen acceptability of the gas network. However, this additional 
methanation step requires an extra energy cost related to the heat losses 
in the exothermal methanation reaction and to the energy penalty 
associated to the CO2 flowrate required in the methanation step. These 
energy penalties in the methanation reaction itself achieve around 20% 
of hydrogen energy content but it can be used as thermal. With regard to 
the carbon dioxide consumption, the energy cost achieves could be 
reduced to zero using oxygen with oxyfuel combustion technology. The 

obtained results prove the benefits of the proposed concept for injecting 
hydrogen into the gas grid avoiding potential curtailments by injecting 
renewable gas in the form of synthetic gas obtained through non- 
stoichiometric methanation. However, on a regulatory base, the injec-
tion of unconventional gases (containing from high fraction to 100% 
hydrogen) is still banned by most of national regulatory authorities [29]. 
A discussion on local and international gas quality requirements and on 
the strategies for its control and management should be carried out in 
light of grid accessibility and of the safe and efficient network 
management. 
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Appendix. Gas network model equations assuming an isothermal gas flow it is possible to neglect the energy conservation equation so 
to reduce to two the equations of the set of PDEs: 

Conservation of Mass 

∂ρ
∂t

+
∂(ρv)

∂x
= 0 (1) 

Conservation of Momentum 

∂(ρv)
∂t

+
∂(ρv2)

∂x
+

∂p
∂x

+
λρv|v|

2D
+ ρgsinα = 0 (2) 

Where:  

• ρ: fluid density [kg/m3];  
• v: fluid velocity [m/s];  
• p: fluid pressure [Pa];  
• λ: friction factor [ − ]

• D: pipeline diameter [m]; 

The friction factor λ being calculated through an explicit approximation of Coolebrook-White equation by Cheng [58]. In order to close the 
mathematical formulation of the problem, the equation of state for real gas has been considered: 

Real Gas Law: 

p
ρ = Z

R0

MM
T (3) 

Where:  

• Z: compressibility factor [ − ];  
• R0: Universal Gas Constant [J/molK];  
• MM: molar mass [g/mol];  
• T: temperature [K]; 

The compressibility factor Z, a function of pressure and temperature, is determined through the GERG 2008 equation of state [48], a multipa-
rameter equation of state explicit in the Helmholtz free energy. Under the assumption of multi-component gas stream, the compressibility factor Z and 
the molar mass will be function of the composition vector [y]. 

3.1. Pipeline equation 

When dealing with network simulations, it is convenient to substitute the velocity v with the mass flow rate ṁ by means of the following relation: 

ṁ = ρvA (4) 

As additional simplifying assumptions, the kinetic and the gravitational terms (the second and the last terms in Eq. (2)) have been neglected as 
commonly assumed in literature [47], thus leading to a simplified version of the equation of conservation of momentum: 

∂p
∂x

= −
1
A

∂ṁ
∂t

−
λc2

2DA2p
ṁ|ṁ| −

gsinα
c2 p (5) 

Eq. (5) allows the calculation of the pressure drops along each pipe of the network, which in turn drives the gas flow rate. A linearization procedure 
is needed in order to generate and algebraic system of equations representing the whole network. 

First, a substitution of variable is performed assuming P = p2, thus referring to quadratic pressure, obtaining: 

∂P
∂x

+
2gsinα

c2 P = −
2p
A

∂ṁ
∂t

−
λc2

DA2ṁ|ṁ| (6) 

The spatial derivative of Eq. (6) is integrated over the pipeline length, while the time derivative is treated by means of an implicit finite different 
scheme, the backward Euler method. It is one of the most common and basic numerical method for the solution of ordinary differential equations with 
first-order convergence and fully implicit feature, so to guarantee stability for large time steps, as reported in [59] and in [60]. 

The integrated form of the pipeline equation is given 

ΔPt+1 = RIÂ⋅
(
ṁt+1 − ṁt)+RFÂ⋅ṁt+1⃒⃒ṁt+1⃒⃒ (7) 

With apex t and t + 1 indicating two subsequent time steps and with ΔP representing the quadratic pressure drop as defined here 

ΔPt+1 = Pt+1
in − Pt+1

out ;
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and the coefficients of the right-hand side grouped in two resistance coefficients 

RI =
2pt+1 le

AΔt ;RF = λc2 le
DA2 = 16λc2 le

π2D5 ; 

representing the two physical phenomena contributing to the pressure variation along the pipeline: the inertia contribution (subscript I) and the 
fluid-dynamic friction (subscript F). Eq. (7) is a parabolic function of the mass flow which can be linearized assuming the linearization point as 
(

ΔPt+1
j , ṁt+1

j

)

, where j is the generic pipe, as follows 

ΔPt+1(k+1)
j − ΔPt+1(k)

j =
dΔPt+1(k)

j

dṁt+1(k)
j

⃒
⃒
⃒
⃒
⃒
⃒

(k)(

ṁt+1(k+1)
j − ṁt+1(k)

j

)

from which, solving the derivative of the pressure drop Eq. (7), it is possible to obtain the final expression: 

ΔPt+1(k+1)
j −

(

2RFÂ⋅
⃒
⃒
⃒
⃒ṁj

t+1(k)
⃒
⃒
⃒
⃒+RI

)

ṁj
t+1(k+1)

= − RFÂ⋅
⃒
⃒
⃒
⃒ṁj

t+1(k)
⃒
⃒
⃒
⃒ṁj

t+1(k) − RIṁj
t(k) (8) 

This method was presented in [61] for the steady state case and generalized for the application to the transient equation in [46]. 

3.2. Gas network model 

The complete algebraic model of the gas infrastructure is obtained by applying the mass conservation equation (Eq. (1)) to each node of the 
network (i.e. joints between two pipeline sections). Having defined a control volume around each node, the integral form of the continuity equation 
may be obtained as follows: 

Vi

c2

dpi

dt
= −

∑

j
ai,jṁj − ṁexti (9)  

with: 

Vi =
π
8
∑

j
D2

j Δxj;

that is the geometrical volume of the i-th node. 
Introducing the concept of incidence matrix defined as follows: 

A =
[
ai,j

]n×b
, ai,j =

⎧
⎨

⎩

+1, node i is the inlet of pipe j
− 1, node i is the outlet of pipe j
0, node i and pipe j have no connections

(10)  

where n is the number of nodes (connection between pipes) and b is the number of pipe as a way to express any network topology in matrix form, it is 
possible to express Eqs. (8) and (9) in matrix form as follows: 

AtPt+1(k+1) − Rṁn+1(k+1) = − RF

(⃒
⃒
⃒ṁn+1(k)

⃒
⃒
⃒◦ṁn+1(k)

)
− RIṁn(k) (11)  

Φpn+1 +Aṁn+1 + Iṁext
n+1 = Φpn (12) 

This set of equations are to be solved simultaneously for each time step of the simulation period, provided that suitable boundary conditions at the 
gas pipeline inlet and outlet are assigned. Usually, the pressure at the inlet node of the network is fixed and kept constant for the whole simulation time 
while the gas out-take is assigned at the outlet nodes (final users or clusters of users). Because of the linearization of the pipeline equation, for each 
timestep the fluid-dynamic problem will be solved iteratively until the residue of the pipeline equation will be smaller than a given tolerance (usually 
10− 4). 

3.3. Quality tracking 

The tracking of the gas with different composition throughout the network requires two different methodologies: one dedicated to the motion of 
the gas along the pipes and the other to solve the mixing problem at network nodes. 

The quality tracking along the pipes is solved using the so-called “batch method” as described in [50]: the transport equation of the composition 
vector [y] 

∂y(c)
∂t

+ v
∂y(c)
∂x

= 0 (13)  

is treated in a Lagrangian approach in which the system of coordinates is integral with a control volume of the fluid. Each control volume should have 
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invariant mass and composition, while the density changes according to the expansion or the compression of the volume itself. The tracking method in 
the Lagrangian approach consists in the determination of the new position of each batch at every time step: 

bt+1
h = bt

h + vt
jΔt (13)  

Where bt+1
h is the coordinate of the batch, vj is the gas velocity in the jth pipe element, which has been computed from the solution of the hydraulic 

problem. 
The determination of the composition vector [y] for each node of the network is given by the solution of the mixing problem at the junctions where 

more than two pipes connects. The continuity equation (Eq. (9)) is applied to the nodal control volume for each gas component (c) of the gas mixture, 
for each single chemical species. The set of resulting equation is detailed in [33]. 

The gas rate request at each consumption node is updated according to the calorific value of the gas, which depends on the gas quality. The fluid 
dynamic problem is then solved again in order to take into account the updated gas quality composition at each node. 
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