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Natural gas networks, thanks to their extensiveness and capillarity, could play a crucial

role in the green transition of the energy sector. The decarbonization of a gas network can

be achieved by injecting green hydrogen into the grid. This work aims to simulate a low-

pressure natural gas distribution network serving industrial and residential users and

subjected to one localized injection of hydrogen produced by renewable energy sources.

The main quality indexes and fluid dynamics parameters of the gas mixture are analysed

to understand the feasibility of injecting hydrogen into a natural gas network. Firstly, the

network was examined under nominal steady conditions with a constant hydrogen in-

jection. Then, the same grid was simulated considering a 24-h pattern of hydrogen injec-

tion, according to the power daily surplus. The results show that the grid can help to buffer

the surplus of renewable power produced. The conclusions derived by the results underline

that the effect of H2 injection is maximum during the highest excess of electricity and the

importance of an accurate choice of the injection node: a wrong choice leads, at the peak of
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Nomenclature

Subscripts

c critical

dmd demand

el electrolyzer

g gas

in inlet

loss losses

min minimum

max maximum

nom nominal

out outlet

r reduced

tot total

Acronymous

CGS City Gate Station

HHV Higher Heating Value, MJ/Sm3

NG Natural Gas

NGN Natural Gas Network

P2G Power-to-Gas

PV Photovoltaic Plant

SG Specific Gravity, dimensionles

WI Wobbe Index, MJ/Sm3

RES Renewable Energy Sources

NX Node X

Latin Symbols

y molar fraction, dimensionless

M molar mass, kg/kmol

m gas mass, kg
_m Mass flow rate, kg/s

Q Volumetric Flow Rate in Stand

Sm3/h

P Pressure, barg

T Temperature, K

v Gas velocity, m/s

W Power, kW

Greek Symbols

r Density, kg/Sm3

l Friction factor, dimensionless

m Dynamic viscosity, kg m�1s�1

x Viscosity parameter, kg�1 m s

Q Pipe's angle of inclination, �

ε Roughness, m
power production, leads to an amplification of the H2 injection impact and hence to a

reduction of the Wobbe Index value that overcomes the safety lower limit.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
s

ard Conditions,
Introduction

Natural gas has been identified as the fuel for the energy

transition of the 21st century according to several institutions

and scientists; in fact, it has the lowest emission factor if

compared with the other two main fossil fuels used for power

and thermal production (i.e. coal and oil) [1]. According to

many studies, the natural gas distribution network will

remain present and active for the next thirty years but it will

have to evolve over that period [2]. The IEA predicts that NG

will meet about 25% of primary energy demand by 2050 but

the gas grid will have to manage a series of alternative gases

produced from renewable sources, in particular biomethane

and green hydrogen; focusing on the latter one, to support the

transition of the grid, some pipelines will be reconditioned to

be able to transport a higher percentage of hydrogen until

dedicated lines will be created to transport 100% of hydrogen

[2e4].

P2G projects

Power-to-gas (P2G) systems need a surplus of electricity to

feed an electrolyser which generates a chemical energy carrier

in gaseous form (i.e., hydrogen); the produced gas is called

“green” if the electrolyser absorbs the excess of production

from renewable energy sources, such as PV solar energy or

wind energy. Hydrogen can be used to decarbonize lots of

industrial or energy processes or as an energy vector for

mobility [5,6]. Gahleitner summarized the most important

power-to-gas pilot plants in Europe [7], that have either

already been realized or are being planned. Qadrdan et al.

presented an in-depth analysis of the role of the power-to-gas

application in an integrated gas and electricity system at

regional and national level [8].

Moreover, a huge power to gas project that have to be

mentioned is the NATURALHY EU Project with more than 60

partners coordinated to study the effect of injecting hydrogen

into the natural gas network: [9].

An additional strand of the use of hydrogen produced by

P2G systems is to inject it directly, or after its conversion in

Synthetic Natural Gas (SNG) [10], into the existing natural gas

network with several advantages: immediate reduction of the

overall greenhouse gas emissions from the gas grid and

consequential decarbonization, energy systems flexibility

increasing through the gas grid which acts as renewable

electricity buffer when RES produce an excess of energy and

which releases the energy when an excess of demand occurs

[11,12]. The main constrain of the injection in the natural gas

https://doi.org/10.1016/j.ijhydene.2021.05.100
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grid is that the hydrogen feed-in has to be limited to certain

percentages in order to maintain the properties of the

resulting gas mixture (i.e. heating value, Wobbe Index, etc …)

within the national standard values [9,13].

Studies of the risks and on the feasibility of using a

designed natural gas network with a blended hydrogen

mixture or with hydrogen gas only have been already con-

ducted deeply, here are some papers for the reader's addi-

tional investigation [6,14e21].

Simonis et. all presented a study of the sizing of a P2G

system used to absorb excess wind energy production and its

injection in the nearest urban gas distribution network in the

form of green hydrogen and synthetic methane allowing the

transition frommedium to high renewable power penetration

for urban regions [22].

With the soaring diffusion of renewable energies and the

development in parallel of P2G technologies, the interest

within the scientificworld tomodel and simulate the injection

of hydrogen into the natural gas network has arisen. The goal

is to investigate and quantify the beneficial effects and the

main technical constraints. In literature, several recent works

studied gas pipelines and gas distribution networks’ behav-

iour with natural gas only [23], but also in the presence of

hydrogen or alternative gas injections [1,17,24e27].

H2 e NG blending literature review

This section presents the main articles dealing with the

analysis and simulation of hydrogen injection into the natural

gas network.

Pellegrino et al. developed an NGN model under steady-

state condition, adopting a non-isothermal approach. Com-

plex pipeline networks have been modelled (with gas

compression stations and other non-pipe elements) and the

results have shown that the proposed tool can simulate the

distributed injection of green fuel gases (e.g., hydrogen and

substitute natural gas, etc.) into the NGN taking into account a

various group of gas mixture compounds (methane, ethane,

hydrogen and so on …) and also to capture the effect of mul-

tiple gas source injection (e.g., shale gas, LNG, biomass-based

supplies) on existing gas networks [1].

Mazza et. all developed a representative urban natural gas

network to evaluate the feasibility of coupling the natural gas

network to the power grid through a power-to-gas systems

producing green hydrogen and injecting it into the gas grid,

assessing its performances in terms of gas quality indexes

[24].

Guandalini et al. developed an unsteady model of a gas

pipeline portion to assess the dynamic effects of hydrogen

injection and blending in the gas network. A comparison was

made between a case of NG-only and a case of hydrogen

mixed with NG for the same network. The analysis showed

effects on the higher heating value, Wobbe index, and density

that are not negligible, but within a quality assurance range;

furthermore, it was shown that the allowed hydrogen frac-

tions are limited and very sensitive to the applied boundary

conditions such as the profile of the users and the size of the

connected gas supply stations [25].

Chaczykowski et all. Investigates twomethods for tracking

alternative gases (i.e., biomethane and hydrogen) and natural
gas mixtures composition, one based on using a moving grid

method, and one solving the advection equation. These

methods were applied to one Polish gas pipeline and one

Norwegian offshore gas transmission system and the results

showed well-measured compositions and transport times,

with an error in total transport times of less than 2.0% [26].

Abeysekera et. all studied a theoretical urban networkwith

low-pressure hydrogen and biomethane (upgraded biogas)

injections in the gas grid: a steady-state model was presented

using two different approaches: the first imposes the gas

volumetric flow rate requested by users, while the second

method tracks the users’ energy request and increases the

flow where is necessary: results show that the injection of

alternative gases, such as hydrogen, in the gas network can

affects the quality index and the fluid-dynamics of the grid, in

particular the gas flow velocity and pressure, but if accurately

managed, the hydrogen blending can help to control the

power grid and reduce the natural gas importations [27,28].

Colbertaldo et. all and Pellegrino et. all analysed the

feasibility of injecting hydrogen into the Italian natural gas

grid: the former highlighted the role of hydrogen and power-

to-gas systems considering the national energy mix by 2050

and the expected percentage of renewables penetration; the

latter conducted a preliminary study to evaluate the effects of

a 10% injection of hydrogen into the overall natural gas mix

transported by the Italian grid and consumed in the country.

The article pointed out that the Italian gas network could

already accommodate about 715,000 Sm3/year green

hydrogen blending, corresponding to an installed capacity of

about 78MWof electrolysers [29,30].

Motivation

Considering the studies presented so far, it is still necessary to

carry out detailed steady-state analyses of a gas grid under

hydrogen injections. Even if based on simplifying hypotheses,

an hourly variation of daily demand already enables to see the

effects on a gas network and the main constraints of the

hydrogen injection, also considering the different load profiles

of the users during the day. For this reason, this article fits into

this line of research and seeks to extend the studies carried

out so far.

In this article, the steady state-analysis of a local natural

gas distribution network is presented: the considered network

is used to store the surplus of renewable energy produced by

renewable plants operating nearby and the effects of blending

are also quantified and discussed. The possibility to inject the

RES-produced hydrogen in the natural gas distribution

network has the twofold advantage of not transporting the

renewable energy produced on-site over long distances and

allows to simplify the P2G system, which is typically accom-

panied also by a compressor-heat-exchanger unit for feeding

the gas into the high-pressure grid [31].

The surplus of renewable energy is injected into the gas

network in the form of hydrogen, which was previously pro-

duced using an electrolyser; a P.E.M. type device is chosen

from among the various technologies on the market. In this

work a simulation campaign has been carried out throughout

a typical average winter day where gas demand is high,

choosing Tuscany, in central Italy, as the geographical

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Table 2 e RES technologies features for the case study.

Technology Wp [MW]

PV Array 5.5

Wind Farm 3
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location of the city's network. The wind and solar power

production are calculated using wind load and irradiation

curves typical of the region [32,33] while the gas and electricity

consumption of the users connected to the gas network has

been assumed, taking care to match the electrical and gas

requirements. The main gas network constraints were ana-

lysed under the aforementioned conditions.
Materials and methods

This chapter is divided into two sections: in the first paragraph

the case study is presented, whereas in the second part the

authors describe the gas networks steady model; the case

study, a simple urban gas grid coupled with a P2G system, has

been conceptualized and designed with a few numbers of

nodes and pipes, with the first purpose of rapidly highlight

and point out the effects of hydrogen injections in terms of

thermo-fluid-dynamics impacts and injection position sensi-

tivity. Moreover, the presence of two different classes of users

(residential and industrial consumers) and two different RES

(PV and wind) has allowed us to understand the gas grid

behaviour under distributed hydrogen injections during a

typical winter day.

Case study

The reference gas grid, as already presented by Adolfo D. and

Carcasci C. in their previous work [34], is a medium pressure

distribution network, composed of two CMS (“Control and

Measuring Stations”) which deliver the natural gas from the

regional medium pressure pipelines into the medium pres-

sure network and supply it to industrial and residential nodes;

these nodes represent aggregate gas demand clusters of users

and the values of the required maximum daily flow rate are

presented in Table 1.

The natural gas is provided at a relative pressure of 0.50

barg and a temperature of 15 �C. The reference gas distribution

network layout is presented in Fig. 1.

As specified by the Italian regulations for 6th species gas

pipelines [35], the following constraints are applied: operating

pressure of the fluid between 0.04 barg and 5 barg and a

maximum gas velocity of the fluid of 15 m/s. The P2G system

considered consists of the following technologies: PV Array,

Wind Farm, and P.E.M. electrolyser, as you can see in the
Table 1 e Junctions and pipes of the considered gas distributio

Node Qmax [Sm3/h] Pipe Dpipe [m] Lpipe [m]

4 230.00 1e2 0.16 200

5 180.00 2e3 0.16 500

10 210.00 2e4 0.11 350

11 50.00 2e5 0.11 350

12 75.00 6e3 0.16 500

13 35.00 3e7 0.16 500

14 45.00 3e8 0.16 500

15 90.00 6e5 0.11 522

16 65.55 7e4 0.11 522

17 55.00 6e10 0.11 522

7e9 0.11 522
schematic diagram in Fig. 2. The PV andWind farm peak sizes

are enlisted in Table 2.

In Fig. 3 we can see the daily common dimensionless load

demand profiles (gas and electricity) for two different typol-

ogies of users: industrial and residential. The demand profiles

used in this work are obtained from Refs. [26,35e38].

� Gas demand profiles: a typical residential user demand

profile consists of three different peak zones; those are in

correspondencewith the threemainmeals (gas for cooking

and heating in the evening). A common industrial user is

characterized by a constant demand for gas from 8:00. To

18:00 during a working day.

� Electricity demand profiles: a typical profile of a domestic

user is characterized by a dynamic evolution over the day.

While the baseline is always maintained by the equipment

to produce cold (refrigerators and freezers) the demands

for electricity increase during the day (decreasing only

during lunchtime), reaching the peak around dinner time

(19:00e21:00). Then it starts to decrease until the night

hours are reached. For an industrial user, the pattern is like

the gas one, with a difference regarding the demand peak

(expected at 07:00) and with a higher variability due to the

presence of electrical equipment.

As a residential user in the considered climate zone, a

typical house of 3 kWp and 90 m2 with an annual consump-

tion of 2700 kWh for electricity and annual consumption of

about 114.1 kWh/m2year of Natural Gas has been assumed

[36]. Due to the enormous variability of the ratio between

thermal and electrical consumption for an industrial user, a

reference value has been chosen to maintain the approach as

general as possible. Based on the assumption of considering

only micro and small factories present in the area, average

annual consumption of about 26,000 Sm3 for natural gas and

100 MWh for electricity has been assumed [39] in order to

match gas and electricity demand and derive a representative

daily gas demand curve correspondingly. Considering a
n network.

Species Pipe Dpipe [m] Lpipe [m] Species

6th 8e9 0.11 350 6th

6th 8e10 0.11 350 6th

6th 9e11 0.08 100 6th

6th 11e12 0.08 100 6th

6th 12e13 0.08 100 6th

6th 7e14 0.08 100 6th

6th 14e5 0.08 100 6th

6th 8e16 0.08 100 6th

6th 16e17 0.08 100 6th

6th 18e6 0.16 200 6th

6th 19-Ninj 0.16 283 6th

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 1 e Natural gas grid layout.
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typical winter day in climate zone “D” in the Italian region of

Tuscany, the RES plants have been simulated [32,33] and the

daily power production profile has been evaluated, as shown

in Fig. 4.

The P.E.M. electrolyser considered has an estimated mean

efficiency of 65% for the whole day and the production of green

hydrogen has been estimated according to equation (1), where:

hel is the efficiency of the electrolyzer, Wel is the power input

and LHVH2 is the lower heating value for pure hydrogen [6].

_QH2
¼ helWel

LHVH2

(1)

The electrolyser is used to produce green hydrogen when

the electrical power produced by RES is bigger than the elec-

trical power demand of the users. As can be seen from Fig. 5,

hydrogen production is concentrated in the central hours of

the day (10:00 to 13:00), corresponding to the peak of power

production from PV panels, and in the evening hours, when

the wind power produce reaches its peak and energy demand

is reduced as industrial users switch off (20:00 to 24:00).

Gas network steady-state model

The gas distribution network is modelled through linear ele-

ments (pipes, valves and reducing stations), and point ele-

ments (junction nodes, which include interchange nodes and
Fig. 2 e Power-to-gas syste
end various types of final users). The gas is injected into the

distribution networks by specific elements called “City Gate

Stations”, which are the typical supply nodes of a gas distri-

bution grid; due to their characteristics, pressure, tempera-

ture, and composition of the gas leaving the stations are

usually known and set. Conversely, the mass flow rate is un-

known because it depends on the gas requested by the

downstream network layout. Interchange nodes are uncon-

ventional sources that, in injection mode, supply gas arriving

from other networks or alternative gas (hydrogen, biogas/

biomethane, and synthetic natural gas) produced by renew-

able plants. The flow rate or the thermal power associated

with the gas injected by interchange nodes into the grid is

usually known and imposed as a boundary condition, while

the injection pressure is a function of the conditions of the

pipes connected to the considered node.

Boundary conditions and model approaches
Network users are connected to intermediate or final demand

nodes and the gas extracted from these nodes depends on the

consumption of users' devices. Consequently, the overall gas

flow rate, required by the users, must be guaranteed simul-

taneously by the reduction cabins and by any interchange

nodes or alternative gas injection points. Considering a con-

stant composition of the gas flow, the higher heating value is

also constant. Under these hypotheses, the flow rate (Q$dmd)
m schematic diagram.

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 3 e Dimensionless load profile for gas (a) and power (b) according to the considered users' classes. Total daily demand

for gas (c) and power (d).
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is proportional to the energy consumption and it can be set as

a boundary condition. However, when gas composition and

therefore higher heating value depend on the position of the

demand node, the energy approach is more appropriate to

describe the problem. The energy in unit of time requested by

users (Wdmd) is set as a boundary condition, and the gas flow

rate is calculated depending on the properties (HHVg) of the

local gas. Moreover, this approach becomes fundamental

when starting to consider different types of gases injected into

the gas network, as in the case of localized hydrogen injection.

_mdmd ¼
rg

_Qdmd

3600
(2)

_mdmd ¼
rgWdmd

HHVg
(3)

Equation of state and viscosity equation
To describe the natural gas ormethane behaviour in a variable

range of pressures is necessary to consider a compressibility

factor Zg in the equation of state (4). The compressibility factor

depends on the composition, temperature, and pressure of the

gas mixture. The model used in the simulations implements
the Papay [40] equation to evaluate the compressibility factor

of gas mixture (6). The equation contains two dimensionless

variables Tr and pr which are respectively, the reduced tem-

perature and the reduced pressures. These two variables are

defined as the ratio between the value and the critical value of

the properties.

pg ¼ZgrgRgTg (4)

Rg ¼ RuPK
k¼1ykMk

(5)

Zg ¼1� 3:52pre
�2:2660Tr þ 0:274p2

r e
�1:878Tr (6)

Tr ¼Tg

Tc
(7)

pr ¼ pg

pc
(8)
Tc ¼
XK
k¼1

ykMk

Mg
Tc;k (9)

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 4 e RES production dimensionless profiles for PV and Wind (a) and total RES production profile (b).
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pc ¼
XK
k¼1

ykMk

Mg
pc;k (10)

To determine the gas flow regime and therefore the pres-

sure losses occurring in the motion it is necessary to define

how to evaluate the dynamic viscosity (mg) of a mixture. In a

gas network, the dynamic viscosity depends on the compo-

sition of the gas mixture and the pressure and temperature

conditions of the gas. Lucas method [41,42] has been imple-

mented in the model used in this work to calculate the vis-

cosity parameter ðxgÞ and therefore the dynamic viscosity (mg)

of a gas mixture (12). F0
P and F0

Q are two correction factors used

to take into account polarity and quantum effects.

xg ¼0:176

 
Tc

M3
gP

4
c

!1
6

(11)

mg ¼
�
0:807T0:618

r � 0:357�0:449Tr þ 0:340�4:058Tr þ 0:018
�
F0
PF

0
Q

xg
(12)
Fig. 5 e Hydrogen production for the considered reference

day.
Nodes model
The node type elements can represent either gas injection

points or gas passage and junction elements between two

different pipes or end-users; The general nodes model pro-

vides n mass flow input, m mass flow output, and one mass

flow demand. Mass flow rate, through inlet or outlet cross-

section of the infinitesimal control volume, is proportional

(13) to the gas density (r), pipe cross-section area (А), and ve-

locity (y).

In the model used for this work, the continuity stationary

balance is applied to the overall gas flow rate (14) and to

ensure the conservation of the mass flow of each of the K

chemical species in the gas mixture (15).

_mi ¼ rAv (13)

Xn
i¼1

_mi;in �
Xm
j¼1

_mj;out ¼ _mdmd (14)

Xn
i¼1

ykMk

Mg

_mi;in �
Xm
j¼1

ykMk

Mg

_mj;out ¼ ykMk

Mg

_mdmd for k ¼ 1;K (15)

Pipes model
The pipes of the gas network are classified according to the

Italian standardization body (UNI), on the working pressure of

the gas as high-pressure (species 1a, 2a, 3a), medium-pressure

(species 4a, 5a, 6a), and low-pressure (species 7a) pipes. High-

pressure pipelines are used for long-range gas transport, while

medium/low pressure pipelines are responsible for gas dis-

tribution in rural and urban areas. This article analyses a gas

network made up of medium pressure pipes.

In the model presented pipes are linear elements crossed

by a one-dimensional flow from an inlet to an outlet port.

They are elements of the networkwhere pressure losses of the

gas occur. Distribution pipes are usually buried and therefore

in this work is considered acceptable to impose isothermal

condition and neglect heat exchange between the gas flow

and pipe. The model also imposes a steady-state condition: a

change of the outlet flow rate is immediately perceived at the

inlet of the pipe. The model is based on the continuity equa-

tion and the momentum equations.

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Under the hypothesis above mentioned the continuity

equation is translated in mass flow conservation for the gas

mixture (16) and each of the k chemical species (17)

composing the gas mixture, from inlet to outlet of a pipe.

_min ¼ _mout (16)

ykMk

Mg

_min ¼ykMk

Mg

_mout (17)

The momentum equation relates the sum of the forces

acting on the infinitesimal control volume to its rate of change

of momentum. In gas networks where supply and demand

nodes can have a different elevation of hundreds ofmeters, the

pipe inclinations are not negligible because of the gravity effect.

In this work, the Fergusson equation (18) has been chosen to

model the momentum equations. The equation is valid under

the assumption of a straight tube, one-dimensional steady

flow, neglecting the gradient of velocity and imposing a con-

stant density across each section of the tube [43].

c1p
2
g;in � p2

g;out � c2Lj _mj _m¼0 (18)

c1 ¼ expð� c3Þ (19)

c2 ¼ 8L
p2D5

lZgTgRg
ð1� c1Þ

c3
(20)

c3 ¼ 2g
ZgTgRg

Lsenq (21)

Zg ¼
1
L

ð x¼L

x¼0

ZgðxÞdx (22)

The coefficients that appear in the Fergusson equation are

related to friction losses and the effects of gravity. When no

elevation gain exists (q ¼ 0�), the coefficient c3 is equal to zero,

and the ratio (1 �c1)/c3 becomes 1. The coefficient c1 assumes

values bigger than 1 if the tube is ascending, smaller than 1 if

the tube is descending and equal to 1 if the tube is flat. As the

pressure changes along the length of the pipe, also the

compressibility factor (Zg) along the pipe is not constant.

Therefore, the compressibility factor used in the Fergusson

equation (Zg) is calculated, as the integral mean value of (x)

along the length L of the pipe (22).

For what concerns the friction forces the effects of internal

friction between particles are neglected compared to the ef-

fect of pipe-gas friction. The friction factor (l) that appears in

equation (20) is evaluated through equation (23) if the flow is

laminar, while it is derived from the empirical Darcy-

Weisbach equation (24) if the flow is turbulent. The friction
Table 3 e Standard natural gas composition vs Green Hydroge

Gas CH4 C2H6 C3H8 C4H10

Standard NG 97.201 1.862 0.393 e

Green Hydrogen e e e e
factor (l) is a function of roughness (ε) and diameter (D) of the

pipe and regime of the fluid flow (Re) [44].

l¼ 64
Re

ðLaminar FlowÞ (23)

l¼ � 2log

 
2:51

Re
ffiffiffi
l

p þ 1
3:715

ε

D

!
ðTurbulent FlowÞ (24)

Re¼ D _m
Amg

(25)

The present model does not include the energy equa-

tion because, as previously anticipated, the flow is

considered at a constant temperature (Tg ¼ cost), and the

heat transfer between the flow and the pipe is neglected

(see Table 2).

Gas quality model
Natural gas (NG) is a mixture of hydrocarbon gases extracted

from underground reserves. The principal component of the

mixture is methane (CH4) and its mole fraction lies in a range

between 80 and 99% of the mixture. The remaining hydro-

carbon gases are ethane (C2H6), propane (C3H8), butane

(C4H10), pentane (C5H12), and hexane (C6H14). However, the

mixture contains contaminant gas, such as carbon dioxide

(CO2), nitrogen (N2), and helium (He). The standard natural gas

composition used in the gas grid simulations of this work is

reported in Table 3.

Hydrogen (H2) can be injected into the gas network and

mixed with natural gas. These injections influence the prop-

erties and quality of the gas delivered to users.

The most common indices used to monitor the gas quality

are the Higher Heating Value (HHV), the specific gravity (SG),

and theWobbe Index (WI). TheWI is a quantity derived by the

HHV and the SG and therefore contains the information that

belongs to both. The WI is used to analyse the interchange-

ability of two gasmixtures in terms of the heat rate supplied to

the user.

HHVg ¼
Xn
k¼1

ykHHVk (26)

SG¼ rg;0

rair; 0
(27)

WI¼HHVffiffiffiffiffiffiffi
SG

p (28)

The gas safety management regulations [35,45] define the

parameters range allowed to guarantee optimal combustion

process of the devices connected to the grid (Table 4).
n composition.

yk [%]

C5H12 C6H14 CO2 N2 He H2

e e e 0.544 e e

e e e e e 100.0
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Table 4 e Gas lower and higher limits for the three main
performance indexes.

Parameter Lower Limit
Value

Higher Limit
Value

Wobbe Index [MJ/Sm3] 47.2 52.2

Higher Heating Value [MJ/Sm3] 34.95 45.28

Specific Gravity [�] 0.55 0.7
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Results

In this section the results of the case study simulations are

presented:

� An investigation under nominal condition (single hour gas

demand according to Table 1) compares the gas grid

behaviour using only natural gas with the case of a per-

centage of hydrogen injected in the total flow: two

boundary-conditions approaches (total gas flow demand or

total energy demand) are discussed.

� The same grid is simulated over 24 h in “energy” mode

imposing the gas profile requested by the users as a

boundary condition; the profile of hydrogen generated

from the RES surplus is used as input for the analysis. Two

control logics for the injection are proposed: limiting the

molar percentage of hydrogen injected to the 10%, referred

to the total gas demand of the grid or injecting a constant

amount of hydrogen equal to the daily average production.

The first control logic is used to carry out a sensitivity

analysis on the node where hydrogen is injected.

The results highlight the effect of hydrogen injection on

quality indexes and fluid-dynamic parameters of the gas flow.

A special focus is given to the Wobbe index whose values, in

the energy mode analysis, are associated with a chromatic

scale and presented on the map of the grid (see Table 4).

Nominal conditions analysis

Hydrogen injections analysis approaches
Table 5 shows the results of the simulation of the natural

gas network in nominal reference conditions without

hydrogen injection; the values of these parameters are

used to weight the results obtained in the simulation of
Table 5 e Reference case results.

Index Units Value

WImin MJ/Sm3 50.74186

HHVmin MJ/Sm3 38.27491

SG e 0.568978

H2 % 0

Qtot Sm3/h 1035

Wtot MW 11

Pmin bar 0.483636

Vmax m/s 5.9312

r kg/Sm3 0.98

Gas ID e SNG
the grid with hydrogen injection to give an effective

comparison.

As previously described in section Boundary conditions

and model approaches, the system of equations describing

the grid can be solved by imposing, as a boundary condition,

the gas flow rate or the energy required by the users.

The comparison in Fig. 6 has been carried out by injecting

at node 3, which is the junction closest to the CGS nodes, a

quantity of hydrogen equal to 600 kJ/s, which corresponds to

a hydrogen volumetric flow of about 178.7 Sm3/h. The flow

method (pink) keeps the gas flow constant (equal to Qtot in

Table 3) which implies lower total energy of the network due

to the injection of a gas with a lower volumetric calorific

value. The energy method, respect to the flowmethod, keeps

the required energy constant (equal to Wtot in Table 3) by

increasing the flow of natural gas required by the users. In

both cases, it is possible to appreciate a reduction of quality

parameters such as SG, HHV, and consequentlyWI due to the

characteristics of hydrogen. The energy approach, which is

conceptually the right one, results more critical for the

pipelines as the maximum velocities in the pipes and

therefore the pressure losses increase. The Wobbe Index

values obtained in energy mode are associated with a chro-

matic scale, helping to understand which junctions are

affected by the hydrogen injection. In Fig. 7 is possible to

appreciate the reduction of the WI downstream the injection

node. The WI reaches values close to the WImin suggested by

the Italian regulatory authority. Node 10 has a lower WI

index because it is an extraction point whose gas is the result

of a mixture from two different streams from junction 6 and

junction 8.

Pattern analysis

Single node injection
Fig. 8 shows the results of the network analysis hour by hour

when the green hydrogen is injected in correspondence of

node 3 according to the coupling between the RES hourly

production and the users' hourly total demand; Fig. 8a shows

the daily pattern of hydrogen volume injection according to
Fig. 6 e Reference case results comparison: only NG vs H2

(Flow & Energy Method).
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Fig. 7 e Wobbe Index and pressure values' variation map under nominal conditions.

Fig. 8 e (a) Hydrogen injection patterns; (b) Pattern analysis: Node 3 injection, network minimum Wobbe Index during the

day without control logics (black) vs with control logics (red, blue). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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the considered logic, while Fig. 8b presents the minimum WI

values during the day. The three lines represent theminimum

WI reached in the grid during the day considering two

different injection scenarios: injecting all the hydrogen pro-

duced by the surplus of power coming from RES (black line),

injecting hydrogenwith a control logicwhich limits during the

night (from 21:00 to 01:00) the maximum molar percentage of

hydrogen injected in the flow to 10% (blue line) and injecting a

constant flow of hydrogen equal to themean value of the total

amount of hydrogen produced by the RES in the considered

day (red line). Focusing on the black line, two valleys in the

profile of the network's WI minimum value are shown: the

first is about 48.9 MJ/Sm3 at 11:00 in correspondence of the PV

production peak and the second is about 43.5 MJ/Sm3 at 23:00,

when the wind production reaches the maximum and the

users' demand is lower because of the industries shut down.

The value reached by the WI at 23:00 is largely smaller than

the WImin admitted. Control logic is necessary to ensure that

the power from RES converted in green hydrogen and injected

into the grid does not lead the WI to overcome the lower

threshold. The control logics hide a scenario where a per-

centage of the power produced from RES must be stored in a
battery, or hydrogen must be stored in a tank increasing the

costs of the system.

The comparison between the red and the blue line shows

that both control strategies ensure the Wobbe Index to stay in

the safety band, but its evolution during the day is different.

Injecting a constant amount of hydrogen implies that the

minimum of the Wobbe Index is reached during the night

where the gas demand is lower for a longer period (from 23:00

to 05:00). TheWI profile during the day is characterized by just

one valley during the night. The lunch valley disappears

because with this control strategy, once the constant amount

of hydrogen injected is calculated, the monotonicity intervals

of the WI profile are a function of the gas demand profile and

during lunch, it is constant as shown in Fig. 3.

Injection nodes sensitivity analysis
The reference gas network was previously studied by Adolfo

and Carcasci [28], which carried on a sensitivity analysis of the

gas network behaviour while changing the injection point:

three clusters of different behaviour were found.

The sensitivity analysis carried out by Adolfo and Carcasci

highlights that the more upstream you inject hydrogen in the

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 9 e Injection position sensitivity analysis (a) and Relative pressure pattern analysis (b).

Fig. 10 e Wobbe Index variation maps: comparison of the

effects of three different injection's nodes.
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grid and the less the minimum Wobbe Index of the grid will

decrease. Anyway, the choice of the injection node depends

also on geographical restriction (e.g. where the RES are and

where the elctrolyser is).

The results of this work are obtained using N3, N7, and N9

as injection points for the green hydrogen and considering a

control logic that limits the hydrogen percentage to the 10% in

volume during the night. N3 is a central node and all the user

nodes (except node 5) are reached by the flow exiting N3. N7 is

a node that underlies industrial (N4) and residential user (N14,

N15). N9 is a node that underlies residential users only (N11,

N12, N13). Focusing on the minimum value reached by the

Wobbe Index in the grid (Fig. 9a), the injection at node 9 is still

the most penalizing solution while the injection at node 3 is

the best solution for coupling the reference gas grid to the

renewable production. Focusing on the PV peak hour, i.e.,

11:00, the minimumWI is reduced by 3.54%, 6.46% and 12.77%

of the nominal value, while at the 23:00, in correspondence of

the wind production peak, we found 4.85%, 8.46%, 14.43%

reduction of the minimum WI. Fig. 9 b highlights three as-

pects: i) each hydrogen's injection position implies a reduc-

tion, in comparison to 100%NG grid, of theminimumpressure

in the grid, ii) the differences regarding theminimumpressure

in the grid are remarkable only around the peak of hydrogen

injection (11:00 to 12:00 and 21:00 to 22:00), iii) injecting in

correspondence of node 9 returns always the lowest values of

minimum pressure during the day. Anyway, even if the in-

jection of hydrogen leads to a reduction of the pressure of the

flow, the values obtained are largely into the safety range

imposed by ARERA for NG flowing in the 6th species pipes.

Therefore, another conclusion that can be obtained by the

results in Fig. 9 is that WI represents the most restrictive

condition to be achieved.

In Fig. 10 a comparison of the WI values obtained by the

simulation injecting hydrogen in nodes 3, 7 and 9 at 11:00 is

presented. Each junction has been coloured according to the

same WI chromatic scale, which was also used in Fig. 8. Both

the injection in node 3 and node 7 ensure to respect the WI's
safety limits but node 3 ensures a larger margin thanks to the

larger number of users reached by hydrogen. Injecting

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 11 e N9 injection case at 11:00 and 23:00. Junctions WI (a), SG (b), HHV (c), H2 molar fraction (d).Junctions relative

pressures (eef) values compared to the nominal case with NG only.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 5 5 6 2e2 5 5 7 7 25573
hydrogen in node 9 brings all the downstream nodes to

overcome the lower limit of WI admitted not ensuring the

safety of the users 11, 12, and 13.

Junctions analysis in case of single node hydrogen injection
In this paragraph, the behaviour of the grid is presented for

the case of injection in node 9. The injection follows the

control logic that limits the hydrogen's molar percentage to

10% of the users' total demand of the grid.
The results are presented for two reference daily hours:

11:00 and 23:00 corresponding to the PV and wind peak of

power production, respectively.

The nodes from 11 to 13 represent the residential users

located downstream of the injection node 9 at the end of the

considered gas network. The mentioned nodes are affected

by the presence of hydrogen in the final delivered gas

mixture. Fig. 11d shows that the molar fraction of the

injected hydrogen is about 50% at 11:00, while at 23:00 the

https://doi.org/10.1016/j.ijhydene.2021.05.100
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Fig. 12 e Pipes pressure losses at 11.00 (a) and at 23:00 (b) compared to the nominal case with NG only. Max gas velocity at

11.00 (c) and at 23:00 (d) compared to the nominal case with NG only.
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maximum molar fraction for the mentioned users reaches

the value of about 60% of the gas mixture. Fig. 11a, b, and

11c show the WI, SG, and HHV node by node: the lower

limits of the considered performance indexes are breached

both at 11:00 and 23:00. In Fig. 11e and f it is possible to see

the pressure returned by the simulations (NG only and

hydrogen blended in NG) in each junction. The results ob-

tained show the grid having the same behaviour at different

times of the day. The main conclusion derived from Fig. 11

is that the behaviour of the junctions is different accord-

ing to their position in the grid. The nodes characterized by

the same pressures in the comparison (node 1 and node 18)

are the NG sources. The nodes characterized by higher

pressure in the hydrogen injection case are the nodes

located upstream of the hydrogen injection node. This

behaviour is justified considering that the inlet pressure of

NG from the sources is the same but the flow and therefore

the losses in the pipes are lower as part of the flow is sup-

plied by the hydrogen injection downstream. The nodes

characterized by lower pressure in the hydrogen injection

case are located downstream of the hydrogen injection node

(node 9). The last consideration deserves a deepening: while

a node located upstream of the hydrogen injection point will
always have a higher pressure, a node located downstream

may have a lower or a higher pressure compared to the NG

case. The hydrogen injection node (node 9) will always have

a higher pressure if compared to the NG case but the flow

and therefore the pressure losses in the pipes downstream

that node is higher (higher flow is needed if hydrogen is

used to supply a certain energy demand). Focusing on the

grid proposed in this work, the increment of pressure in

node 9 is lower than the losses obtained in the pipe that

links node 9 to node 11 and therefore node 11 is charac-

terized by lower pressure in the hydrogen injection case.

The same conclusion can be derived for the nodes 12 and 13

located downstream.

Pipes analysis in case of single node hydrogen injection
In this section are presented the pressure losses and velocity

of the gas across each pipe. Following the model imple-

mented, injecting hydrogen reduces the HHV of the mixture

and forces the volumetric flow to increase to keep fixed the

energy supplied to the users. As the volumetric flow increases

the velocity increases too. As the friction term of (18) is pro-

portional to the velocity, in the pipes where the hydrogen

flows the velocity is higher and the pressure losses are higher
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if compared to the case of 100% natural gas flowing in the

same pipes. The previous considerations are shown in Fig. 12

for what concerns pipes 13 to 16. Instead, as the injection of

hydrogen is at node 9, less natural gasmust be supplied by the

CGS. A lower mass flow in the pipes upstream node 9 is re-

flected in a lower velocity of the flow in the pipes and, as the

density is constant, also in lower pressure losses. The pipes in

which the velocity and the pressure losses appear to be con-

stant, comparing the two simulations, are the ones in which

the natural gas flowing will not be mixed with hydrogen

downstream.
Conclusions

The presented work aims to recreate a small, simplified, and

representative urban gas network to investigate the effects of

injecting green hydrogen produced from local renewable

sources. The case study is composed of two elements: a nat-

ural gas distribution network to which clusters of residential

and industrial users are connected and a power-to-gas sys-

tem, composed of one photovoltaic field and one wind farm

coupled with a P.E.M. electrolyser to produce green hydrogen.

A steady-state model was developed to analyse a gas network

in the presence of distributed hydrogen injection. Initially, the

gas grid is analysed under nominal conditions of gas flow

demand, and two approaches are compared for the injection

of the same amount of hydrogen gas; the energy method,

which imposes the energy to be delivered to the users,

increasing the gas flow, was chosen as the more suitable for

the successive simulations. Afterwards, a typical winter day

was simulated: the production from renewable energy sour-

ces and the users’ demands were simulated for a region of

central Italy and the hourly power surplus was transferred to

an electrolyser to produce green hydrogen to be injected into

the network.

The results show that the injection of hydrogen into a local

gas grid mainly affects the Wobbe index which highly de-

creases when hydrogen gas is injected into the network. The

most critical situation during a typical winter day in Tuscany

is shown to be at 11:00 and 23:00 in correspondence with the

peaks of power surplus generated by RES. A comparative

analysis shows the response of the grid changing three

different injection nodes. The standard quality parameters are

respected by injecting the hydrogen produced by the surplus

of power in node 3 only if a control algorithm is applied. The

effects of two control algorithms were investigated. The first

one limits the maximum amount of the molar fraction of

hydrogen to 10% of the total gas demand and creates two local

minimums in theWobbe Index daily variation, while injecting

a constant amount of hydrogen shows a single but longer

minimum during night-time. The first control algorithm pre-

sented ensures to respect the safety range of Wobbe index

admitted if the injection of hydrogen was in node 3. A change

of the hydrogen injection point to node 7 and node 9 leads to

overcoming the minimum Wobbe Index and not ensuring

safety standards to the users. To overcome this problem, a

dedicated control logic must be realized for different nodes.

The last part of the paper focuses on a comparison between

the 100% NG simulation and the simulation considering a
hydrogen injection in the most critical node (node 9). The gas

quality parameters (HHV, SG, WI) are constant upstream

while decrease downstream of the hydrogen injection node

(exceeding the range of values admitted). It is also shown that

pressure in the junctions upstream the hydrogen injection

node increases because velocity and pressure losses in the

upstream pipes decrease. Instead, the pressure in the junc-

tions downstream the hydrogen injection node decreases

because velocity and pressure losses in the downstream pipes

increase.

The gas network chosen as a case study appears suitable to

absorb the surplus of electricity generated by RES, but the

choice of the hydrogen injection node, as well as the control

strategy, results critical for the maximum amount of inject-

able hydrogen.
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