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Abstract: The current situation in Europe calls for the need of urgent measures to find sustainable
alternatives to its outer dependence on natural gas. Biomethane injection into the existing gas infras-
tructure is a fundamental opportunity to be promoted that, however, causes increasing complexities
in the management of natural gas grids. At the gas distribution level, the lack of a monitoring system
and suitable software for the simulation, management, and verification of gas networks may act
as barriers to a widespread diffusion of a biomethane production and injection chain. A transient
fluid-dynamic model of the gas network is developed to perform estimations of the natural gas grid
capacity in situations of production-consumption mismatch, taking into account the linepack as a gas
buffer stock. The model is applied to the gas distribution network of a small urban-rural area. The
aim is to assess the role of the linepack in determining the gas network receiving capacity and to test
smart management of pressure set-points and injection flow rate to minimize biomethane curtailment.
Results show that biomethane unacceptability can be reduced to 10% instead of 27% (obtained when
following the DSOs state-of-the-art current procedures), thus highlighting the importance of the
implementation of transient simulation software but also underlining the need for smarter control
systems, actuators, and data management platforms for a transition to smart digital gas grids.

Keywords: biomethane; gas network; modelling; linepack management; digital gas network

1. Introduction

The post-COVID-19 economic recovery, the subsequent supply crisis, and the out-
break of the Russian-Ukraine war all contributed to shaking the natural gas market with
unpreceded consequences.

In early March 2022, the European Commission published the REPowerEU plan, to
boost energy-saving measures, accelerate the promotion of clean energy forms, and overall,
diversifying the European energy supply, with particular emphasis on the fast, complete,
and permanent elimination of the dependence on Russian fossil fuels (particularly natural
gas) [1]. This plan sets near-term actions (by 2022) and recasts the medium-term objectives
of energy transition that were set a few months earlier within the Fit-for-55 program [2].
At this moment, renewable gases are seeing a historical growth of interest as the key
element for an internal and non-fossil source of alternative gas with a particular focus on
biomethane and hydrogen (green and blue). The 2030 biomethane production ambition
has been forecast to be from 17 to 35 bcm, with 3.5 bcm to be placed on the market by the
end of 2022.

Biomethane is defined as a fuel gas produced from biomass whose properties are
comparable to the ones of natural gas (methane content > 95%) [3]. At present, it is mostly
produced from the upgrading process of biogas produced by anaerobic digestion, consisting
of the removal of contaminants and CO2. The biogas from anaerobic digestion may contain
between 25 ÷ 45–50% (molar based) of CO2 [4,5] together with smaller amounts (traces) of
contaminants such as hydrogen sulfide and ammonia that have to be cleaned out.
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According to the European Biogas Association’s (EBA) Statistical Report 2021 [6], the
number of installed plants in Europe multiplied by a factor of three between 2009 and 2016,
with Germany, the UK, and Italy as the leading countries [7]. In Italy, a favorable feed-in
tariff [8] has boosted small-scale (<1 MWe) biogas power plants (mostly fed by energy
crops [9]) since 2008, however, causing lagging in the development of the biomethane
sector. As Italy lagged behind the goal of 10% of bio-fuels in the entire transport sector [10],
from 2018 on, Italian policy has strongly committed to the promotion of biomethane
production and injection into the natural gas infrastructure with the so-called “Biomethane
Decree” [11].

Even though the biogas and biomethane sectors have always been strongly related, the
last few years (from 2016 on) have recorded a much stronger build-up of the biomethane
one, while the biogas sector was stagnating. The European biomethane production almost
doubled, growing from 1.7 bcm in 2016 to 3 bcm in 2020 (with a strong increase between
2019 and 2021). Furthermore, in the biomethane sector, Germany leads with a yearly
production of 1 bcm alone (data from EBA-GiE Biomethane Map 2020 [12]).

Biomethane plants may be considered a distributed and renewable source of natural
gas. Its injection within the current infrastructure appears to be the straightforward and
most sustainable practice to contribute to the greening of the gas sector. However, it is, to
some extent, a revolutionary challenge for a sector whose state-of-the-art has been settled
for years.

Technical regulation and standards at the European level have been developed thanks
to the European Commission’s M/475 EN mandate [13] to CEN (European Committee for
Standardization) on the standardization of biomethane injection criteria. It ended with the
promulgation of the EN 16723 standard [14], directly implemented in Italy in the UNI/TR
11537:2016 technical standard [15]. Biomethane has to comply with the typical ranges of
the fuel gases belonging to group H (higher heating value fuel gas). The national standards
may differ from country to country with more stringent and specific limits (as in Italy)
on compounds that are not usually present in natural gas but may appear in traces in the
biomethane (e.g., ammonia, halogens, etc.). In case of non-compliance, any injection should
be immediately stopped. In Germany, instead, the limits are different according to the
type of gas network targeted by the injection [16]. Furthermore, to limit the impacts on the
gas quality, the system operators are required to add LPG to increase the heating value,
creating a gas with identical calorific properties as the one within the pipes, avoiding billing
issues [17]. This is said to be an expensive part of biomethane upgrading and conditioning
and it may be avoided by the adoption of suitable quality tracking systems by the system
operators, as suggested in [18], to comply with accuracy requirements in billing processes.
This is particularly impactful on the business of distribution system operators (DSOs),
which used to operate local and lower-pressure portions of the infrastructure, which never
had to deal with “unconventional” distributed sources of gas.

Not only did biomethane introduce the quality management challenge, but it also
brought about the issues of the mismatch between production and consumption, especially
on the lower pressure level of the infrastructure where a portion of the network serves
local areas characterized by seasonal and limited consumptions. The aspect of limita-
tions in biomethane receiving capacity is rarely taken into account in works assessing the
biomethane injection potential at the regional or country level. In [19], this potential is
evaluated considering only the presence of the natural gas network in the administrative
subdivision being taken into account, without considering its actual receiving availability.
When dealing with the downstream management of biomethane, a focus is on the choice of
whether it is convenient to liquefy or inject it. In [20], a maximum connection cost threshold
is given to justify the choice of grid injection, giving a further reason to investigate the field
of low-pressure biomethane injection (to save both CAPEX and OPEX related to biomethane
compression). As highlighted in [21], in which the authors proposed the revamping of a
biogas power plant to a biomethane production facility, the availability of the natural gas
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infrastructure is not guaranteed at all and it has a strong impact on the economy of the
options and thus on the final choice.

To the best of the authors’ knowledge, these bottlenecks in the biomethane value chain,
caused by its integration with the existing gas infrastructure and the way gas networks are
operated, have rarely been addressed in research even though it matters in the sector.

In Italy, at present (2022), the number of biomethane plants currently in operation is 27
but only four of them are already injecting at the distribution level [12] (pressure level less
than 5 barg). Most gas DSO associations have published common guidelines to evaluate
the acceptability of biomethane injection requests to guarantee the safe operation of the
infrastructure [22], requiring that the biomethane injection point would never become the
only gas-feeding point of the distribution network. Consequently, any innovative network
management strategies, such as bi-directional gas reduction-and-metering stations and
linepack buffering, are excluded.

Circumstances are different in other countries in Europe: it is worth underlining that
definitions of distribution and transmission level are not univocally determined throughout
the European gas system as well as the number of TSOs and DSOs managing the national
systems, thus generating the premises to different approaches from one nation to another.
For historical reasons, the number of Italian DSOs is almost 500, while other countries,
such as Denmark and The Netherlands, have a much smaller number. In Denmark and
Germany, the DSOs usually also run the higher-pressure portion of the network, insisting
on greater areas. This is the reason why in [12], many biomethane plants are connected to
distribution grids in states such as Denmark or France.

In Denmark, the limited capacity of distribution networks has been solved by adopting
bi-directional reduction and metering stations returning the excess biomethane production
to a higher pressure transmission level employing compression stations, thus inverting
the usual gas flow on demand. According to the latest system plan by Energinet (the
Danish TSO) [23], two gas return plants are already in operation and three more were
in the planning phase as of 2022. Interestingly, as detailed in [24], for one of the already
operating plants, an additional connection with a nearby distribution network, which
used to be separated, was also planned, to distribute the biomethane throughout a greater
consumption area. Such solutions are conceptually simple and technically feasible even
though they add capital costs to the injection projects. However, they require a very good
level of coordination between the different parties of the gas network value chain as well
as updates to the regulatory framework. These institutional aspects may act as a barrier to
the early implementation of these measures.

As for The Netherlands, the main transmission system operator (Gasunie) is tak-
ing part in Projectgroep Groen Gas, a working group of the Association of Energy Net-
work Operators (Netbeheer Nederland) aimed at developing pilot projects to improve
the biomethane acceptability within the current infrastructure. Among these, the case
of bi-directional gas receiving stations is also addressed, together with more innovative
projects aimed at generating a buffering storage capacity within the network itself. The
latter appears to be one of the less impacting solutions in terms of capital expenditures, as
it deals with the way the network is operated.

This paper aims to highlight the problem of the limited receiving capacity of a distri-
bution network by showcasing a real case study of a gas distribution infrastructure. What
is more, this work proposes a possible novel solution to limit the biomethane curtailment
thanks to the network management possibilities offered by the simulation tool.

A transient gas network model is presented and applied to the network to simulate
situations of exceeding production (and thus curtailed injection) to assess the criticalities
(e.g., quantify the amount of curtailed biomethane).

The novelty of the proposed work is to test, through simulations, scenarios of short-
term gas storage within the network linepack to avoid or minimize biomethane curtailment
while operating the network within its technical limits. Even though the numerical results
are case specific, they are remarking on and quantifying a limitation of the biomethane
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injection potential at the distribution level that is worth noting and investigating further
in future works. The paper offers a methodology that could be applied to several other
case studies for the sake of generalization. What is more, the authors’ confrontations with
distribution system operators on the difficulties in managing the renewable gas inclusion
within their infrastructure, confirmed by the trends in the biomethane plant grid connection,
have motivated the study presented hereafter.

In the following, a suitable simulation tool is applied to a real distribution infras-
tructure to model strategies to enhance biomethane acceptability by managing the overall
infrastructure buffering storage capacity.

2. Materials and Methods

The research presented in this paper is devoted to the simulation of distribution gas
network assets when operated in a non-conventional way such as the injection of a fixed
biomethane gas flow rate at a medium pressure tier. As this research aims to focus on the
dynamics of the gas network when there is a mismatch between biomethane production
and availability, a suitable fluid-dynamic model should be used.

A transient fluid-dynamic gas network model has been applied to a real distribution
gas network, located in Northern Italy. The case study is the same used in [25], where
the injection of a stream of raw biogas produced by a digester present in the area was
simulated. In that case, a stationary and multi-component network model was used for the
scope. In this case, the biogas is assumed to be upgraded to biomethane and to be injected
into the existing infrastructure, thus a more detailed description of the time-dependent
phenomena needs to be performed. The digester plant produces around 12,000 Sm3/d of
biogas that is fed to an internal combustion engine that produces electrical power. The
nominal size is 1 MWe. As the composition is about 52% CH4 and 48% CO2 (molar-
based), assuming a constant production rate and an ideal upgrading process, the possible
biomethane production rate is equal to 6240 Sm3/d corresponding to 260 Sm3/h.

In the following section, the mathematical procedures for the formalization of the
computational model are described. The model is written as MATLAB code and the
simulations are performed in a MATLAB environment.

2.1. Gas Network Model Description

Fluid network models aim at solving the fluid-dynamic of the networks by deter-
mining the pressures of each junction of the infrastructure and the gas flows within each
pipeline. A network is often represented as a topological object: an oriented graph, i.e., a
mathematical representation of the connections between one junction and the others, thus
defining the pipelines. In the mathematical taxonomy, the junctions are called nodes or
vertices and the connections (with a direction specified) are the branches or edges. In the
case of fluid networks, the edges are the pipelines.

When setting up a computational model, one of the most effective ways to represent a
graph (i.e., the information about the structure of a network) is by an algebraic mean: the
incidence matrix. This is defined as follows:

A =
[
ai,j
]n×b, ai,j =


+1, edge j is outgoing to node i
−1, edge j is incoming from node i

0, edge j has no connections with node i

For a network topology with n nodes and b edges (pipelines).
This algebraic structure is key for the solution of the fluid-dynamic problem for the

whole network once the system of equations expressed for a single pipeline and node is
linearized.

The fluid dynamics within a single pipe can be described by applying the following
couple of conservation equations (here given in their 1D differential form):
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Conservation of mass
∂ρ

∂t
+

∂(ρv)
∂x

= 0 (1)

Conservation of momentum

∂(ρv)
∂t

+
∂
(
ρv2)
∂x

+
∂p
∂x

+
fdρv|v|

2D
+ ρgsinϑ = 0 (2)

where:
ρ: fluid density

(
kg/m3);

v: fluid velocity (m/s);
p: fluid pressure (Pa);
fd: friction factor (−);
D: pipeline diameter (m);
The 1D simplification is justified by the fact that in pipelines the x-dimension, along the

length, is often greater than the cross-sectional dimensions, thus allowing to consider the
phenomena occurring on the cross-sectional plane as negligible. It is worth noting that the
problem does not take into account temperature (allowing to avoid the third conservation
equation—of energy). It is very common to assume the isothermicity of the problem given
that most of the pipelines are typically buried at least one meter underground, thus making
it possible to consider the surrounding temperature as constant and a thermal equilibrium
between the gas, the pipeline, and the environment.

As additional simplifying assumptions, the kinetic and the gravitational terms (the
second and the last terms in Equation (2)) can be neglected as commonly assumed in
literature [26].

These assumptions are frequently adopted in the literature [26–28], in commercial soft-
ware, and by distribution system operators (DSOs) for their ordinary business operations.

The fourth term in Equation (2) is the shear force term in which fd is the friction factor,
which can be calculated using semi-empirical correlations as a function of the Reynolds
number. In this specific case, the correlation used is the Cheng explicit formula [29].

In order to conclude 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/mol K);
MM: molar mass (g/mol);
T: temperature (K);
The compressibility factor Z is determined through the GERG 2008 equation of

state [30], a multiparameter equation of state explicit in the Helmholtz free energy.
Having to apply the fluid-dynamic description given by the system of conservation

equations to a problem where the knowns are pressures and gas flow rates, the equations
are rewritten in terms of mass flow rates using the following definition:

.
m = ρvA

Thus, the conservation equations refer to more relevant quantities (with respect to the
problem).

Conservation of mass
1
c2

∂p
∂t

+
1
A

∂
.

m
∂x

= 0 (4)
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Conservation of momentum

1
A

∂
.

m
∂t

+
∂p
∂x

+
λc2

2DA2 p
.

m
∣∣ .
m
∣∣+ gsinα

c2 p = 0 (5)

Now regarding the conservation of mass, the transformation of the differential equa-
tion to the algebraic equation, useful to be integrated into the complete network model, is
given by its application on a control volume surrounding the generic i-th node (Figure 1)
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node.

After the integration of Equation (4) to the control volume, the time discretization by
applying the backward Euler method, the generalization to the whole network of the nodal
mass balance results in the following matrix form:

Φpt+1 + A
.

mt+1
+ I

.
mext

t+1 = Φpt (6)

where I is the identity matrix and Φ a diagonal matrix defined as follows:

Φ = [φi,i]
n×n, φi,i =

Vi

c2
i ∆t

(7)

Concerning the momentum Equation (5), its integration over an entire pipeline of
length l and its time discretization by applying the backward Euler method allows writing
an equation for the pressure drops as follows:

∆P t+1 = Pt+1
in − Pt+1

out = RI ·
( .

m t+1 − .
m t
)
+ RF·

.
m t+1

∣∣∣ .
m t+1

∣∣∣ (8)

where the substitution of a variable such as P = p2 allows for a first attempt to linearize the
problem, and the coefficients of the right represent two resistance coefficients representing
the two physical phenomena contributing to the pressure variation along the pipeline:

RI =
2 pt+1 l

A ∆t ; RF = λ c2 l
DA2 = 16 λ c2 l

π2D5 ;

The first (subscript I) is the inertia contribution, which is proportional to the mass flow
variation during the time interval ∆t. The second is the fluid-dynamic friction (subscript F)
within the pipe, quadratically proportional to the fluid velocity (and thus the mass flow).

As Equation (8) is a quadratic function of the mass flow, a linearization procedure is
to be followed in order to build the full algebraic problem for the transient gas network
solution. The linearization strategy has been presented in [31]. The pipeline-linearized
equation for the whole network becomes:

At Pt+1 (k+1) −R
.

mt+1 (k+1)
= −RF

(∣∣∣ .
mt+1 (k)

∣∣∣ ◦ .
mt+1 (k)

)
−RI

.
mt (k) (9)
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where R, RF, and RI are the (b × b) square diagonal matrices whose general elements (j, j)
are the coefficients of Equation (8) (and their combinations according to the linearization
procedure) corresponding to the j-th pipe. Of note is that the operator ◦ stands for the
element-wise product.

In order to refer to the vector of nodal pressures p, the whole equation has to be
divided by (pin + pout) for each pipeline j.

It is worth noting that the right-hand side of Equation (9) is the known term of the

equation, and it is composed of the “old” mass flow
.

mt (k), belonging to the previous

timestep, and of the “tentative new” mass flow
.

mt+1 (k), originated from the iterative
procedure for the solution of the linearized version of the pipeline equation.

The algebraic system formed by Equations (9) and (6) accounts for b + n equations
with b + n + n unknowns, these being:

• b mass flow rates for each pipe;
• n pressures for each node;
• n mass flow rates exchanged with the external environment.

An additional set of n equations needs to be provided. This set of equations is in fact
representative of the n boundaries conditions, which needs to be specified at any nodes of
the network.

A general linear equation can be written to include all the possible cases of nodal
control modes, which acts as boundary condition assignment in terms of mathematical
formalization of the problem. The equation, in its scalar form results as:

kp,i pt+1
i + km,i

.
mi

t+1 = βt+1
i (10)

where the coefficients kp,i and km,i assume either value 0 or 1 according to the control
mode of the i-th node, and βt+1

i is the set point value of pressure or exchanged mass flow
for the time step t + 1.

This equation is valid for the n node, thus providing the set of equations that were
missing. Table 1 sums up the possible nodal control mode and the corresponding boundary
equations that originate.

Table 1. Summary table for nodal possible control modes and corresponding boundary equations.

Control Mode Equation Coefficients

pressure pi(t) = pseti(t) kp,i = 1, km,i = 0, βi = pseti
mass flow

.
mexti (t) =

.
mseti (t) kp,i = 0, km,i = 1, βi =

.
mseti

junction/no flow
.

mexti (t) = 0 kp,i = 0, km,i = 1, βi = 0

The fluid-dynamic model of a complete gas network under non-steady state assump-
tions is given in the form of a linear matrix equation, which is the result of the composition
of the pipeline equation, Equation (9), and the nodal balance equation, Equation (6), to-
gether with the matrix version of Equation (10), which includes all the boundary conditions
of the problem. The complete problem takes the following form: Φ A I

A’t
g −R’ 0

Kp 0 Km


pt+1

.
mt+1

.
mt+1

ext

 =

φ pt

r
β

 (11)

Knowing the state of the network at time step t, it is possible to compute the nodal
pressures, pipeline mass flows, and the nodal mass flows injected/withdrawn at time step
t + 1, according to the set points at the boundaries, thus defining the subsequent state of
the network. Repeating this operation for the whole simulation interval, the evolution in
time of the gas network is simulated. It is worth noting that, even though the complete
problem in Equation (11) has the form of an algebraic system of equations, the computation
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of the gas network state at time step t + 1 is performed by means of an iterative procedure.
The need for an iterative procedure originates from the linearization approach to simplify
the non-linearity of the momentum equation. The coefficients of matrices Φ, A′tg, and R′

all depend on the unknown pressures and the mass flows. It is thus necessary to check
for the approximation errors through the evaluation of the residuals: the solution of the

(k + 1)-th iteration
(

p,
.

m,
.

mext
)t+1 (k+1) is substituted within the continuity equation and

the momentum equation in order to evaluate the residuals of the mass and momentum
equations (Rescont and Resmom).

One of the most common convergence criteria refers to the Euclidean norm of the
residual vectors. Most stringently, one can refer to the maximum value among the elements
of the vectors. The possible set tolerance is (10−3 ÷ 10−8).

2.2. Conditional Boundary Conditions

When gas networks are operated at ordinary operating conditions, the gas pressure at
the inlet gas nodes is fixed and kept constant by means of a properly set pressure regulator.
If the downstream pressure becomes higher than the pressure set point, the gas flow must
be stopped. According to the computational model structure, the boundary conditions
given at each node can alternatively either be to control mass flow (entering or exiting) or
to control pressure. Thus, when gas pressure becomes higher than the set-point value given
at the pressure-controlled node (usually the inlet), an inversion of the gas flow happens at
this node. This is in fact the only possible solution to comply with the pressure constraint
of the boundary condition. For the sake of this work, this is considered to be a non-realistic
situation. The boundary conditions setting phase needs to be conditional according to the
network status. When the pressure field is such that it implies an inversion at the city gate,
a shift from pressure control to mass flow control needs to happen, and specifically the
mass flow rate has to be set to zero.

Thus, the following conditional boundary condition at the city-gate reduction station
is given: 

p(i, t) = pseti(t) i f pseti(t) > p (i + 1, t)
u

.
mext(i, t) = 0 i f pseti(t) ≤ p (i + 1, t)

∀ t (12)

where i is the city-gate reduction station node and i + 1 is the adjacent node.
Referring to the boundary condition equation (Equation (10)), the coefficients will be

modified as follows:
kp,i = 1 , km,i = 0, βi = pseti(t) i f pseti(t) > p (i + 1, t)

u
kp,i = 0, km,i = 1, βi = 0 i f pseti(t) ≤ p (i + 1, t)

(13)

2.3. Case Study Description

The case study refers to a small municipality composed of two urban agglomerations,
three industrial areas, and rural areas surrounding these major consumption centers. It
covers a surface of 29 km2 with a population of approximately 6500 inhabitants and
3262 active gas meters, only 6% of which are classified as industrial users. The annual
gas consumption of the area is equal to 8.25 MSm3. Despite the proportions of the gas
meters, the industrial users generate 59% of the annual gas consumption of the whole
area while the remaining 41% is generated by the residential and tertiary sectors. The gas
network modelled in this work corresponds to the real network asset of the case study. The
authors have already used this infrastructure for previous studies, thus more details on
the technical feature or the gas consumption profiling are presented in [25]. A simplified
and distorted scheme of the network topology is given in Figure 2. Only the medium
pressure tier, corresponding to gas pressure in the range [5–1.5] barg, will be addressed
in this study. The fossil natural gas inlet node is highlighted with a yellow triangle while
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the green triangle indicates the location of the biomethane injection. Bullet-shaped nodes
represent a user or a cluster of users (i.e., a gas exit point).
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Figure 2. Medium pressure topology of the gas distribution network.

Concerning gas consumption and profiles, the only real available data consist of yearly
basis gas consumption. For the sake of this case study, a higher time resolution would be
desirable (at least 1 h). While the procedure of distributing the yearly gas consumption into
a daily profile is regulated by the Italian energy authority through resolution 229/2012 [32],
some assumptions have been made to generate infra-daily profiles.

A set of daily gas consumption profiles have been proposed and reported in Figure 3.
The profiles are the hourly fraction of the total daily consumption. The hourly profile of each
user can be obtained by multiplying the daily consumption with the profile corresponding
to the user category.
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Figure 3. Daily gas consumption profiles for the residential and tertiary users (a) and industrial users
(b) depending on the gas usage category.

The different colored bars refer to the different categories of gas usage, following the
definitions given in resolution 229/2012 [32]. There are five relevant to the case study and
they are listed with a short explanation in Table 2.
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Table 2. Gas usage categories [32].

Code Description Seasonality

C1 Space heating yes
C2 Cooking and/or DHW no

C3 Space heating + cooking
and/or DHW yes

T1 Technological use no
T2 Technological + space heating yes

It is worth noting that the indication of seasonality is relevant for the infra-annual
profiling starting from the aggregated yearly values. In fact, all seasonal-dependent cat-
egories undergo a major change in the daily gas consumption when shifting from the
space heating season to the warmer season causing the typical difference between the
overall network winter consumption and summer consumption. Besides this, to complete
the overview of the final users’ taxonomy, for each of these gas usage categories, three
additional withdrawal classes are assigned, depending on the weekly frequency of the use
of gas as described in Table 3.

Table 3. Class of withdrawal [32].

Code Withdrawal Days

1 7 days per week
2 6 days per week (excluding Sundays and national holidays)
3 5 days per week (excluding Saturdays, Sundays, and national holidays)

The case study presented here is built around the testing of the scenario of biomethane
injection. The rural area is already equipped with a biogas power plant of 1 MWe, thus an
assumption is made consisting of repurposing the existing plant for biomethane production.
As a result of the repurposing, the biomethane flow rate availability has been estimated to
be around 260 Sm3/h, as previously mentioned. The choice of the injection node has been
done by considering the shortest possible path.

2.4. Methodology

As the overall gas consumption of a distribution network usually has a remarkable
variation from the winter season to the summer, while biogas and biomethane production
is more or less constant in the business-as-usual scenario, issues of mismatches between
production and consumption may arise, especially if the distribution networks serve smaller
communities.

The case of gas accumulation within the linepack of the infrastructure is thus consid-
ered and the measures for the improvement of linepack storage are tested in this work.

At first, the pressure level set point is lowered by 1-bar steps, in order to unlock
linepack capacity, considering as the maximum acceptable linepack value, the one generated
by a network that is set to 5 barg as the operating pressure.

For each case, the hydraulic verification of the network is performed for both the
non-injection and the injection cases. The first verification is needed to guarantee that nodal
pressure does not drop below a minimum value. The second verification checks the gas
accumulation curve and the network saturation time.

In the second phase, a reduction of the injected biomethane is imposed to modify
the gas accumulation curve in order to determine the proper balance among biomethane
injection, gas consumption, and linepack accumulation, which guarantees that the network
operates within its limits.

The injection scenario determined through this analysis is then verified on a sequence
of critical summer days, in which modifications of the pressure set points are also simulated
to set up the case of modulating inlet pressures.



Energies 2022, 15, 8198 11 of 21

3. Results
3.1. Preliminary Production-Consumption Analysis

The acceptability of the biomethane injection flow rate, calculated to be about 260 Sm3/h,
is to be verified with the model, under different gas network working conditions.

In Figure 4, the year-round total gas consumption on an hourly base, as obtained by
applying the procedure in the previous section, is compared to the hourly biomethane
production.
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Figure 4. Overall natural gas consumption profile on an hourly basis for the entire year in comparison
with the biomethane production rate that is available in the area.

As can be seen, biomethane production is not always acceptable within the infras-
tructure. In fact, the biomethane production is completely absorbed by the overall gas
consumption during most of the heating season (which, according to the location of the
area, officially starts on 15 October and ends on 14 April), while it always exceeds the
consumption during the weekends of the non-heating season.

The variation of consumption between the heating and non-heating seasons has a
remarkable impact on the gas pressure distribution throughout the network. The fluid-
dynamic gas network model is used to simulate two extreme gas consumption circum-
stances: maximum winter case consumption and minimum summer day consumption,
both in the scenario of no injection of biomethane. Both gas pressure profiles have been
overlapped in Figure 5.
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Figure 5. Comparison between the nodal pressure sequence of the winter base case (no injection) and
the summer base case (no injection).

In the summer case, the maximum overall pressure drop is in the order of millibars,
while in the winter case this value is slightly more than 1 bar.

Consequently, in the summertime case, the pressure of the network can be considered
equal to 5 barg throughout the network, thus implying that the linepack of the gas network
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is always at its limit. This means that the gas network is not able to accept any additional
inlet gas flow that is not counterbalanced by suitable consumption. That is to say that the
storage capacity of the network is already at its limit. On the other hand, it is possible
to infer that for the summer case, the pressure set point at 5 barg is much higher than
the needs.

3.2. Unlocking of the Linepack Storage by Pressure Modulation

The fact that the pressure is much higher than needed may lead to questioning the
opportunity to keep this set point this high or whether it is possible (and even convenient)
to lower the pressure set point when consumptions are considerably lower, thus decreasing
the overall operating condition of the network. Figure 6a shows the nodal pressure sequence
referring to the maximum consumption hour of the summer day considered before, under
different pressure set points, for the case of no distributed injection. Correspondingly,
in Figure 6b the dashed lines represent the linepack under the non-injection case for the
different test pressures.
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Figure 6. (a) Nodal pressure sequence throughout the network for the different set point pressures;
(b) evolution of the linepack for the different set point pressures for both the non-injection case
(dashed lines) and the injection case (solid lines); the red dashed line corresponding to the linepack at
5 barg is to be considered as the maximum possible linepack.

From this analysis, it is possible to draw the conclusion, on the one hand, that even
at very low-pressure set points, the network can guarantee proper operating conditions.
On the other hand, lowering the pressure set point allows for the unlocking of a linepack
storage capacity. The difference between the amount of linepack when the network is
operated at 5 barg (red dashed line) and the linepack at lower pressure indicates the hourly
amount of gas that is virtually storable within the geometrical volume of the network
while keeping the pressure level below the maximum acceptable pressure. Figure 6b shows
that, under these working conditions, the linepack decrease is linear with the decrease of
the operating pressure of the network. The rate of linepack decrease for each bar is 33%,
corresponding to an additional storage capacity of about 245 Sm3 each hour. This allows
the network to be more flexible in accepting imbalances between inflows and outflows and
thanks to the accumulation of gas within the pipelines.

The gas accumulation function is depicted in Figure 6b by the solid lines. They are
obtained from the time integral of the inlet-outlet mass flow balance of the whole network
as follows:

LP(t) = LP0 +
∫ tend

t=0
∆

.
M(t) dt (14)
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where:

LP0 =
# pipes

∑
j=1

A
c2

∫ x=l

x=0
p dx

∣∣∣∣
j

∣∣∣∣∣
t=0

=
# pipes

∑
j=1

pj

c2
j

Vgeom j

∣∣∣∣∣
t=0

is the initial value of the total network linepack, obtained as a summation of all the single
j-th pipeline linepacks. It depends on the choice of the pressure set point of the network.

∆
.

M(t) =
# nodes

∑
i=1
− .

mexti (t)

∣∣∣∣∣
∀t

is the gas accumulation term, resulting from the balance between the inlet and outlet gas
flows. According to the convention of signs considered in the model structure, a minus
sign is needed to consider the inlet flows as positive, in order to have an accumulation.
Linepack and accumulation terms may be expressed in standard cubic meters rather than
kilograms by considering the density at standard reference conditions (here: T = 15 ◦C and
p = 1 atm).

From Figure 6b, it is possible to measure the increase in the storage capacity of the
network as a consequence of the lowering of the pressure set point. The intersection
between the solid lines and the dashed red line, which corresponds to the maximum
acceptable linepack, indicates the time when the network is saturated by the constant
injection of the whole production of the biomethane. Results are summarized in Table 4,
where the network saturation times are given for the addressed cases. The lower the
starting pressure set point, the higher the accumulation capacity of the network, and the
longer the time before the network is saturated.

Table 4. Network accumulation capacity of biomethane generated with the decreasing of the pressure
set point for each pressure level analyzed and related saturation time of the network under the case
of complete injection of biomethane.

Pressure Set Point 4 barg 3 barg 2 barg

Saturation time 1 h 7′ 2 h 12′ 3 h 18′

Accumulation
capacity 247 Sm3/h 493.3 Sm3/h 738.6 Sm3/h

It is possible to conclude that, concerning this case study, each bar of decrease allows
the network to gain slightly more than 1 h of line storability, thus providing flexibility to
the system as well as improving renewable gas acceptability.

Of course, this result is specific to the case study addressed: it depends on the total ge-
ometric volume of the network and the balance between gas consumption and biomethane
injection flow rate. From this first investigation into the exploitation of linepack gas storage,
it has been observed that operating the network at lower pressure is useful to unlock the
linepack storage potential. However, this newly created flexibility may not be enough to
counterbalance the mismatch between production and consumption. It can only provide
some lagging time before the injection cut-off happens. To avoid this circumstance, a
reduction of the biomethane inlet flow rate is to be imposed.

3.3. Biomethane Injection Partialization

The effects of the reduction of the biomethane injection on the gas accumulation
function are depicted in Figure 7, for each of the pressure reduction scenarios discussed
before. Each graph refers to one inlet pressure set point (pset = 4 ÷ 2 barg from the top
to the bottom), which defines the linepack for the non-injection case and gives the initial
linepack condition LP0 for the calculation of the accumulation trajectories under different
injection reduction scenarios. These scenarios consist of a progressive reduction of 10%
of the inflows of biomethane, thus producing ten possible linepack evolutions, under the
assumption that the city-gate entry point is not exchanging any mass flow. The analysis
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depicted in the figure, presents the complete set of possibilities of biomethane acceptability
improvement by the combination of the pressure decrement and injection limitations, to
avoid the complete cutting-off solution.
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From the figure, it is clear that in the case of a network at 4 barg (upper plot), the
reduction of the biomethane injection to 40% of the biomethane production is still not
sufficient to avoid overpressures. It is necessary to drop the injection down to 31.8%.
Turning the network to 3 barg (middle plot) allows the injection of 37.1% of the biomethane
production. Lastly, dropping the network set point to 2 barg (lower plot) grants the
acceptability to 42.5% of the produced biomethane (the 40% line lies completely within the
acceptability range of linepack volumes). Thus, in the context of limiting the biomethane
injection, lowering the pressure set point allows for a higher fraction of the production
allowable in injection, with an almost linear increase between 4 and 2 barg gaining about
+5.3% per barg in the fraction of injectable biomethane.

As a side comment, it can be noted that at percentages of biomethane injection up
to 30%, the linepack evolution drops down the linepack level corresponding to the non-
injection scenario at the desired pressure set point. This is possible under the assumption
of the deactivation of the city-gate reduction station. In this situation, biomethane is the
only gas source of the network and, at too low an injection percentage, it starts to become
insufficient, thus emptying the linepack of the network. In reality, this would not be the case
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since the city gate would provide fossil natural gas as fast as the pressure of the network
drops lower than its set point.

It is worth saying that this acceptability scenario is tailored for a one-day-long low-
consumption network status. Results are different if the consumption-production mismatch
lasts longer. This is the common situation for a summer weekend when industrial gas usage
is lower and heating systems are turned off. Predictions of the duration of the possible
mismatch are important in order to set up the most profitable strategy. In fact, in the context
of biomethane injection reduction, what was concluded by the analysis of Figure 7 may lead
to over-accumulation during the next day. Specifically, considering the case of a 2 barg set
point and the maximum possible injection rate of 42.5%, it can be noted that the evolution
of the linepack is increasing and already at its maximum. A repetition of a consumption
pattern similar to the one of the day before, with no modification on the injection side,
would soon lead to overcoming the linepack limit, as shown in Figure 8. It is then necessary
to further decrease the acceptable biomethane injection.
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Figure 8. Linepack evolution in case of persistency of the mismatch condition for a whole day (case
of a summer weekend). The linepack trend under the reduction case tailored over 24 h only (light
green line) is compared to the linepack trend adapted for the 48-h packing (dark green light). The red
line represents the maximum acceptable linepack; the light blue line represents the linepack of the
2-barg case without injections.

Considering the whole duration of the critical operating condition of the network (i.e.,
the two days of a summer weekend), it results that, in the case of the pressure set point
already lowered to the minimum, the biomethane injection has to be limited to 35.5% of the
total production. In this way, the storage potential of the linepack, unlocked by the modulat-
ing pressure measure, is fully exploited without any violation of the operating conditions.

4. Discussion

Gas distribution networks are usually managed passively in order that the inward
gas flow rate at the primary reduction station is the result of the balancing of the overall
gas demand of the area; whenever the production exceeds the overall consumption, the
biomethane cannot be accepted in injection and it is cut-off from the grid. This circumstance,
otherwise, would imply the accumulation of gas within the pipeline and it cannot be
handled by most DSOs at present (it is also excluded by the guidelines [22]).

Under this business-as-usual approach, only a fraction of the yearly produced biomethane
can be accepted in the network. This value can be retrieved from the following duration
curves (Figure 9), which display the allowable biomethane under two different assumptions.
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Figure 9. Natural gas consumption duration curves for the whole area and biomethane produc-
tion rate for the estimation of the injection curtailment criteria. Loose criteria: acceptability un-
til biomethane injection equals the consumption (red dot). Strict criteria: acceptability until the
biomethane injection is equal to the fossil-natural gas inflow (green dot).

The red dot and dashed line define the maximum number of hours of biomethane
acceptability under the least stringent constraint according to which the biomethane is
always accepted provided that consumptions are higher or equal to the production. How-
ever, most DSOs may want to keep a safety margin that consists of always keeping the
traditional city-gate reduction station in operation, avoiding the whole network that would
be fed exclusively by the biomethane injection [22]. This has a twofold purpose: on the
one hand, it is a preventive measure in case of unexpected lower consumption rates; on
the other, it prevents possible gas shortages in case the biomethane injection is stopped
because of gas quality deviations or unplanned stops of production.

A good rule of thumb is to consider that the traditional reduction station should
provide at least half of the total gas consumption. This may result in a reduction of the
accepted injection rate or, as in the case of Figure 9, the reduction of the timespan of
acceptability of the whole production (green dot and black dashed lines).

By implementing linepack management by only reducing the set-point pressure, the
additional amount of injectable biomethane is negligible; as shown by results, managed
in this way the network could only act as a few-hours buffer. Considering the case of
both pressure management and injection flow rate reduction, more satisfactory results are
obtained. As the most frequent situation is a production-consumption mismatch lasting for
two days, this scenario is the one to be considered for comparison. By both lowering the
pressure set-point at the minimum possible level (i.e., 2 barg) and allowing only 35.5% of
biomethane production, roughly 128.000 Sm3 of biomethane can be injected additionally,
which corresponds to about an additional 483.8 equivalent hours of full injection, thus
increasing the biomethane injection allowance by +5.7% with respect to the curtailment
case with “loose” criteria. This allows for obtaining 89.9% of the yearly injection factor. The
obtained results are summarized in the following table (Table 5).

Table 5. Results of the preliminary production-consumption analysis in the business-as-usual injec-
tion scenario under two different curtailment assumptions.

Curtailment Criteria Yearly Injection
(MSm3) # Hours % % of Biomethane

Curtailment

strict 1.66 6389 72.9 27.1
loose 1.91 7369 84.1 15.9

with pressure and injection management 2.05 7852.8 * 89.6 10.4

* Equivalent hours, i.e., number of hours if the biomethane injection would always be constant.
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To complete the discussion around the increase of biomethane injection, it is necessary
to underline that there is still a non-negligible fraction of biomethane that is not injectable,
even in the most promising case. For full recovery of the biomethane in the scenario with
pressure and injection management, the needed storage capacity is 7740 Sm3 to overcome
two days of production-consumption mismatch.

The measure taken thus far to maximize biomethane injection should, lastly, be verified
in the transition towards a higher consumption day, in which the linepack storage is not
needed anymore because consumptions are greater than biomethane production. With
higher consumptions on the one hand and a low-pressure set point on the other, pressure
drops may increase and nodal pressure should be verified. Furthermore, the impact of
restoring the biomethane injection to 100% of the production should also be evaluated.

In Figure 10, different scenarios for the transition to the third day (a weekday) are
considered from the point of view of the variation of the linepack and the nodal pressure at
the farthest node (node 73), which is the one that registers the lowest pressure level.
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Figure 10. Linepack (above) and pressure (below) evolution over a three-day simulation in which
different strategies for the transition to normal operating conditions are compared. For the first 48 h,
the network is operated at a pressure set point at the city gate of 2 barg and the injection is reduced to
35.5%. Then: case (1) “nothing changes”: the pressure set point at the city gate is maintained at 2 barg

and the injection is kept reduced. Case (2) restoring the injection: the pressure set point at the city
gate is maintained at 2 barg and the injection is turned to 100%. Case (3) the pressure set point at the
city gate is changed to 3 barg and the injection is turned to 100%. Case (4) “modulating pressure”: the
pressure set point at the city gate is changed to 3 barg and after 12 h is linearly decreased to 2 barg

again while the injection is turned to 100% since the beginning of the third day.

In cases 1 and 2, the pressure set point at the city gate is not changed, thus as fast as
the pressure level of the network drops below 2 barg, the conventional gas entry point
is restored and starts to feed the network again, supporting the biomethane flux. It is
worth noting that this occurrence is not instantaneous: it takes over 2 h for the pressure
level to decrease due to the increased overall gas consumption, which has overcome the
biomethane injection. These dynamics reflect on the linepack value, which decreases until
the 2-barg linepack line. Similar behavior is observed in case 2, but with a slower emptying
process, which takes more than 3.5 h. The difference is due to the different settings for the
biomethane injection: in case 1, the injection is kept reduced while in case 2, the injection of
the complete production is restored.

In both cases, the nodal pressures will be lower than 2 barg during the third day. Al-
though the higher consumption rates, higher gas flows, and thus higher pressure drops, the
nodal pressures are still compliant with the minimum values at any time of the simulation,
thus no critical conditions are reached. In Figure 10 the nodal pressure variation of the
farthest node is given.
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To avoid any issues related to possible excessive pressure drops or, in general, to keep
the network at a higher pressure level when the need for linepack storage is over, the
pressure set point may be changed to a different value than the one for the previous days.
This is what is simulated in case 3. Referring to Figure 10, it is possible to see how the
linepack (and thus the pressure level of the grid) sets its value to the one corresponding to
the pressure set point of 3 barg.

At last, a proper pressure modulating case is addressed in case 4. In this case, the
pressure set point is changed during the third day. The city-gate pressure is first set at
3 barg and then, at around noon, it is subsequently reduced from 3 to 2 barg, with a linear
modulation over 2.5 h. In Figure 10, the linepack response directly follows the pressure
settings changes, which is also reflected in the nodal pressure of node 73.

The change in the pressure set point of the network causes a reduction of the fossil
gas inflow at the city gate, as can noted in Figure 11. In this way, an imbalance between
inlet gas flows and gas consumption is generated and the network undergoes an emptying
phase in which the pressure level and, consequently, the linepack, are reduced. This phase
ends after almost 2.5 h, when the inward gas flow at the city gate is restored to the same
value as the previous case, to keep the balance of the network (and thus its pressure level).
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Figure 11. Restoration of inlet natural gas flow at the city-gate reduction station after the 48 h of
“linepacking” during the weekend. The gas withdrawal profile depends on the control strategies on
the pressure set point and the remodulation of the biomethane injection.

This 4th case is meant to show how the pressure modulation technique is to be
considered to prepare the network to improve its flexibility in receiving excess renewable
gas production, through linepack management.

5. Conclusions

The case study aimed to assess the impact of biomethane injection within the lower
pressure level of the gas network, with the constraint of limited receiving capacity. Critical
operating conditions have been considered and countermeasures to solve these criticalities
to minimize the biomethane curtailment have been proposed and tested.

At first, the gas network was tested under a complete injection scenario during the
day of maximum consumption (winter case). This can be considered a “business-as-usual”
scenario because the hourly consumption is much higher than the injection rate and thus
the biomethane may be accepted without particular concerns. However, this case has been
addressed to test the fluid-dynamic response of the network to the implementation of a
further, peripheral injection of gas.

The added value of dynamic management of the gas network employing suitable
transient models is clear when the issue of gas production-consumption mismatch is to be
addressed and strategies to avoid or minimize the biomethane injection curtailments are to
be tested.
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The aim was to exploit the compressibility of the gas to store the excess production
within the volume of the network itself (linepack storage). To do so, this storage potential
should be unlocked by changing the inlet pressure set point to a lower pressure level: in this
way, in case of a positive imbalance (i.e., injection higher than consumption), the gas can
be stored within the lines without exceeding the maximum operating conditions. On the
other hand, the pressure level set point should be high enough to avoid too-low-pressure
levels at the farthest nodes. The analysis carried out in this paper, though referred to as
a single case study, shows some general trends. When gas consumption is lower (and
consequently the production-consumption mismatch is more likely), the pressure drops
along the network are also lower, thus there is no need to keep the pressure set point at
high values. Modulation of the pressure set point based on the gas consumption pattern
may, as a consequence, give a network that is already in the condition to use its linepack
to buffer short-time mismatch. From the result of this specific sample case, for each bar
of lowered pressure set point, 245 Sm3 of linepack storage are unlocked each hour, with
a +33% linear trend with the pressure. However, the geometric volume of a distribution
network is anyways limited, thus this strategy still presents limits. The addressed case
shows how fast the unlocked linepack may be saturated if the inlet-outlet imbalance is not
changed (3 h 18′ in the best situation).

When curtailment cannot be avoided, this transient analysis allows the calculation
of the fraction of biomethane to curtail, which depends on the gas consumption pattern
and the duration of the mismatch condition occurrence. The combination of the modu-
lating pressure strategy and the reduction of the biomethane injection during the critical
days (summer weekends in this case study) allows for recovering 35.5% of the total cur-
tailed biomethane in the case of a loose constraint (see Table 5). This is equal to roughly
128,000 Sm3 of recovered biomethane which corresponds to about an additional 483.8 equiv-
alent hours of full injection, thus increasing the biomethane injection allowance of +5.7%,
obtaining 89.9% of the yearly injection factor.

It is worth highlighting that this analysis has been carried out with the hypothesis
of constant biomethane production rate while, in reality, events of overproduction or
deficiency of biomethane may be possible, depending on several conditions and controls
performed on the digestion chamber. This aspect calls for even more advanced simulations
of coordination between production and network availability, taking into account the
several control variables and the technical features of the anaerobic digestion (from the
organic feedstock to the gasometer feature of the digestion plant), that could be investigated
in future works.

In any case, to make this biomethane receiving improvement realistic and feasible, a
generalized update of the metering systems and the control devices that monitor any gas
network is needed by increasing the digitalization of gas infrastructure assets, to achieve
the status of a “smart grid”. This process is already ongoing at the European level thanks
to [33] even though, sometimes, this process lacks coordination and scope.
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