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) El hidrogeno como vector energético. Motivacion.

1) Fundamental Metrology

2) Thermophysical Properties and Phase
Behaviour of multicomponent fluid mixtures
over wide ranges of temperatures, pressures
and chemical compositions

Exergy analysis of systems and processes
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5 El hidrogeno como vector energético. Motivacion. R

La influencia humana en el clima es clara

Cambio en la temperatura global media anual de la tierra observada
y simulada utilizando factores naturales + humanos y naturales solo
°C  desde 1850 a 2020

2.0
1.5 Observada
' Simulada ?
1.0 humana +
natural
0.5 4 N
Simulada 3
0.0 ] solo natural \
-0.5
1850 1900 1950 2000 2020

Last IPCC Report. AR6 2021. The Physical Science Basis (August 2021)



¢Que podemos hacer?

~ Aumentar el uso de energias renovables
. rd 3 3 4
Vectores energéticos como el hidrogeno
orro energético
nto en la eficiencia
.. »

by .
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Emisiones de efecto invernadero por sectores

Electricidad y calor Energia
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Residencial R Ilnlc(l)/ustrla
12% 6
= Transporte
Transporte _ 0.3%
14%
Industria ' Residencial
21% 4 12%
, ‘ Agricultura
Otras energias ) y otros
9.6% usos de la
tierra
0.9%

Emisiones indirectas

Emisiones directas




El hidrogeno como vector energético. Motivacion.

HOJA DE RUTA
DEL HIDROGENO:
UNA APUESTA

POR EL HIDROGENO
RENOVABLE

.

MARCO ESTRATEGICO DE ENERGIA Y CLIMA
.Y




El hidrégeno como vector energético. Motivacion.

COMBUSTIBLES
CON

CARBONO

Infrapstrucituras de transporte y almacenamiento
de productos petrolferos

Marco estratégico de energia y clima. Ministerio para la transicién ecoldgicay el r
demografico. 2020.
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Cadena de valorizacion del hidrégeno

Almacenamiento Transporte
Compresién Tuberia
Licuefaccion G Camiodn
Quimico Barco

Tren

Uso
Calor

Electricidad
Transporte
Materia prima industrial

Produccion
Electrolisis
Derivado de
combustibles fosiles
(Te;moquimica)
.

Economia sostenible

PROPIEDADES Ejemplos
Equilibrio de fases H, + CO,...
Propiedades termodinamicas de una fase: H, + CH,...
densidad, velocidad del sonido ...

Propiedades de transporte: viscosidad, H,, H, + tuberia ...
coeficientes de difusion ...
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Comparacion del LH, y el LNG (LCH,)

12
LH, (Hy) LNG(LCH,)
Boiling point K 20.3(-253°C) 112(-162°C) 10 ® Diesel
Saturated liquid density kg/m?® 70.8 442.5
Saturated gas density  kg/m3 1.34 1.82 = * Gasoline
= 8
==
Critical temperature K 190 %‘ e Methane
Critical Pressure MPa 4.60 é 6
L S
- % H H H
Latent heat kJIL (kJIkg) 31.4 (444) 226(510) E 4 ° Ammonia Liquid Hz
o
= H, (700 bar)
Surface tension mN/m 1.98 12.9 2
Thermal cond. mWi/(m K) 119 184 H, (350 bar) — 4
Prandtl Number 1.34 2.21 0
0 10 20 30 40
Lower heating value MJ/L(MJ/kg) 8.5 (120) 221 (50) Gravimetric density (kWh/kg)

Reference : REFPROP NIST Standard Reference Database 23, version 9.0




6 El hidrogeno como vector energético: produccion, ejemplos
-
RENOVABLE NO RENOVABLE + CCS

- Electrolizador PEM
. CH,+% O,== CO+2H,

Anodo + Oxidacién parcial
CH, + H,0 = CO + 3 H,

Reformado con vapo[,g‘( H
CH,+CO, ¥=2CO+2H, 2

- .
Catodo -

H+
e con seco »
H,O ﬂ—l; +3CO
i6n de carbon
-~ -

-
Membrana de intercambio de
protones.

p.e. Membrana polisulfonada
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Formas alotrdpicas del hidrégeno

Orthohydrogen Parahydrogen

Orthohydrogen Enthalpie of conversion n-H, > e-H, [k]/kg]
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Coldbox — precooling and liquefaction

=
I |
I I
: Precooling system Cryogenic refrigeration |
| (optional) and liquefaction :
| T= 80K |
| |
H, Gas Feed | | H,Liquid Product
_ % F— — T . =
[ 295 31K | | T=20-23K
=1-25bar o4 | / \ | 1 P=1-9bar
compression : / \ :
P=21-80 bar
Ortho- to Para- H, conversion Adiabatic expansion ”
JT valve or turbine . v

ey I|HE UNIVERSITY OF

A
FLUID SCIENCE N WESTERN, =«
@ RESOURCES AUSTRALIA =




1978: 1-axle semi-trailer

Air Products LH, tanker,

for highway transportation 0.4-6.7 tonnes LH>

NASA LH, transportation KHI LH, transport

by barge to the Kennedy

Space Centre

88.5 tonnes LH, from Victoria
to Japan in 16 days

Hydrogen Natural gas

Flammability Limits (in air) 4-74% 5.3-15%

Explosion limits (in air) 18.3-59.0% 5.7-14%

Minimum ignition energy (mJ) 0.02 0.29
Adiabatic flame temperature in air (K) 2045 1875




Membrana de intercambio
de protones.

p.e. Membrana polisulfonada

Entrada
de aire
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de gases
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Ciclo combinado

<

< © John Wiley / Reverté

G a S n at u ra I + H 2 ? 02 (a i re) 'F“:nr;:n::-;r;;?;: TermodinémicaTécnica 2* Ed.

Combustor

Turbina de gas

1
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de calor
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vapor
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¢Qué hacemos?

Comienzo: 01 Junio 2020

. . /i P Metrology fot
Duracién: 36 meses - Hydrogen Ad&_yced
’ - . R | = S#irage Solutions

>

Coordinador: BAM (DE)

Participantes: BAM (DE), NPL (UK), CMI (CZ), PTB (DE), CA (FR),
UVa (ES), MTH (FR), FHA (ES), RA (ES), MPG (DE), ERIG (BE), UDC
(ES), DEI (DE), DVGW (DE).

-
* LN

Objetivo: Proporcionar soluciones de estandarizacion para
tecnologias avanzadas de almacenamiento de hidréogeno mediante
medidas trazables y técnicas validadas, que permitan el
cumplimiento del objetivo energético de la UE para las energias
renovables en el 2030 y los requisitos de la Directiva Europea de
Energias Renovables 2018/2001.
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- Storage Providers
and Manufacturers
- Electrolyser and Fuel Cell Manufacturers
- CEN/TC 234, ISO/TC 197, CEN/CLC/JTC 6
and CEN/CLC SFEM WG Energy Storage End users
- Hydrogen industry, energy sector, gas suppliers for distribution

and transport; EMN on Energy Gases, Energy research communities
6 ImpaCt - and others

2 Properties 3 Hydrogen-to-
Power

- Hydrogen

- Hydrogen enriched
Natural Gas

- Equations of

State

- Sustainability of
Fuel Cells

- RM for Hydrogen
Back Conversion

- Air Quality Effects

Cryo Storage
3k 3k

7 Management and Coordination




VELOCIDAD DEL SONIDO RESONADOR
- ESFERICO
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Resonador esférico
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Analizador
acasﬁco

________ , .
-
Presion <20 MPa
[ \
Temperatura 250-500 K
Incertidumbre (k=2)

Velocidad del sonido 0.02%
Presion 0.015%

Temperatura 4 mK




Evaluacion de la velocidad del sonido a partir de la frecuencia de
resongncia

u: Velocidad del sonido
f,.. frecuencia de resonancia del
modo /,n

¢,,- eigenvalor para el modo I,nﬂ

. radio

5500 5501 5502 5503 5504 5505 5506 5507
f/Hz
——u(f) —+—= v
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Speed of sound for three binary (CH, + H,) )
mixtures from p= (0_5 up to 20) MPaatT = (273.16 Chegkcfor
to 375) K

Daniel Lozano-Martin *, M. Carmen Martin ¢, César R. Chamorro ,
Dirk Tuma °, José Juan Segovia “"
# BioEcoUVa, Research Institute on Bioeconomy, TERMOCAL Research Group, University of Valladolid, Escuela de

Ingenierias Industriales, Paseo Del Cauce 59, 47011, Valladolid, Spain
> BAM Bundesanstalt fiir Materialforschung und -Priifung, Berlin, 12200, Germany

HIGHLIGHTS

e Experimental speeds of sound for (methane + hydrogen) mixtures are reported.

e An accurate spherical resonator was used for the measurements.

e Experimental data were fitted to a virial-type equation.

e Heat capacities and virial coefficients were obtained from the speed of sound data.
e The results were compared with reference EoS such as GERG 2008 and AGAS.
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J. Chem. Thermodynamics 158 (2021) 106434

Contents lists available at ScienceDirect

THERMODYVNAMICS

J. Chem. Thermodynamics

ELSEVIER journal homepage: www.elsevier.com/locate/jct

Speed of sound data, derived perfect-gas heat capacities, and acoustic R)
virial coefficients of a calibration standard natural gas mixture and a sy

low-calorific Hy-enriched mixture

Daniel Lozano-Martin?, David Vega-Maza ?, Alejandro Moreau ?, M. Carmen Martin %, Dirk Tuma ®,
José J. Segovia **

“TERMOCAL Research Group, Research Institute on Bioeconomy (BioEcoUVa), University of Valladolid, Escuela de Ingenierias Industriales, Paseo del Cauce 59, 47011 Valladolid, Spain
® BAM Bundesanstalt fiir Materialforschung und -priifung, D-12200 Berlin, Germany

ARTICLE INFO ABSTRACT

Article history: This work aims to address the technical aspects related to the thermodynamic characterization of natural

Received 26 November 2020 gas mixtures blended with hydrogen for the introduction of alternative energy sources within the Power- - . v

Received in revised form 27 January 2021 to-Gas framework. For that purpose, new experimental speed of sound data are presented in the pressure

Accepted 14 February 2021 range between (0.1 up to 13) MPa and at temperatures of (260, 273.16, 300, 325, and 350) K for two mix- \
<

Available online 23 February 2021 tures qualified as primary calibration standards: a 11 component synthetic natural gas mixture (11 M),
and another low-calorific H;-enriched natural gas mixture with a nominal molar percentage x;, = 3%.
Measurements have been gathered using a spherical acoustic resonator with an experimental expanded .
(k = 2) uncertainty better than 200 parts in 10° (0.02%) in the speed of sound. The heat capacity ratio as
perfect-gas yP%, the molar heat capacity as perfect-gas C,5%, and the second f, and third 7, acoustic virial

Keywords:
Speed of sound
Acoustic resonance

Hydrogen

Natural gas coefficients are derived from the speed of sound values. All the results are compared with the reference
Heat capacities as perfect-gas mixture models for natural gas-like mixtures, the AGA8-DC92 EoS and the GERG-2008 EoS, with special
Acoustic virial coefficients attention to the impact of hydrogen on those properties. Data are found to be mostly consistent within

the model uncertainty in the 11 M synthetic mixture as expected, but for the hydrogen-enriched mixture
in the limit of the model uncertainty at the highest measuring pressures.
© 2021 Elsevier Ltd.
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Densimetro de flotador
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Densimetro de flotador
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Accurate Experimental (p, p, and T) Data for the Introduction of
Hydrogen into the Natural Gas Grid (ll): Thermodynamic
Characterization of the Methane—Hydrogen Binary System from 240

to 350 K and Pressures up to 20 MPa

Roberto l—Iernémdez—G(’Jmez,T Dirk Tumal,i Eduardo Pérez,Jr and César R. Chamorro™'

TGrupo de Termodinamica y Calibracion (TERMOCAL), Dpto. Ingenieria Energética y Fluidomecanica, Fscuela de Ingenierias
Industriales, Universidad de Valladolid, Paseo del Cauce, 59, E-47011 Valladolid, Spain

“BAM Bundesanstalt fiir Materialforschung und -priifung, D-12200 Berlin, Germany

ABSTRACT: Most of the experimental density data of the methane—
hydrogen binary system available at the time of the development of the
equation of state for natural gases and related mixtures, GERG-2008, at
temperatures above 270 K were limited to hydrogen contents higher
than 0.20 (amount-of-substance fraction). On the contrary, for mixtures
with hydrogen contents lower than 0.20, experimental data were limited
to temperatures below 270 K. This work intends to close the gap and
provides accurate experimental (p, p, and T) data for three binary
mixtures of methane and hydrogen, (0.95 CH, + 0.05 H,), (0.90 CH, +
0.10 H,), and (0.50 CH, + 0.50 H,), at temperatures of 240, 250, 260,
275, 300, 325, and 350 K, thus extending the range of available
experimental data to higher temperatures for mixtures with hydrogen
contents lower than 0.20 and, accordingly, to lower temperatures for
mixtures with hydrogen contents higher than 0.20. The density

A WA pat Fay
B of W 8 K s
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A X oM W A
OO COD0 XAXAX A X A W A A

CO OO0 XA AX

15 | O OO KAKAX A X M B A o
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< W AEDRAKAX S B K A
210 O EEGERAR AR B A
< a0 ADONKA KA K A T={2401t0350) K
DDA K A
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TR EHHN
5 [ OO % {0.90CH, +0.10H )
MR, ¥
[es = ) © (0.50 CH, +0.50 HJ)
[
0
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pfig:m

measurements were performed by using a single-sinker densimeter with magnetic suspension coupling at pressures up to 20
MPa. Experimental data were compared to the corresponding densities calculated from the GERG-2008 and the AGA8-DC92
equations of state, respectively. The experimental data are within the uncertainty of both equations of state, except at the lower
temperatures of 240 and 250 K and pressures over 14 MPa for the mixtures with a hydrogen content of 0.05 and 0.10,
respectively. The virial coefficients B(T, x) and C(T, x), as well as the second interaction virial coefficient B;(T) for the
methane—hydrogen binary system, were also calculated from the experimental data set at temperatures from 240 to 350 K using
O s = ] PR S PR

[ -
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Accurate experimental (p, p, T) data of natural gas ®)

mixtures for the assessment of reference equations
of state when dealing with hydrogen-enriched
natural gas

Roberto Herndndez-Gémez %, Dirk Tuma °, Daniel Lozano-Martin ¢,
César R. Chamorro *~
@ Grupo de Termodinamica y Calibracion (TERMOCAL), Dpto. Ingenieria Energética y Fluidomecanica, Escuela de

Ingenierias Industriales, Universidad de Valladolid, Paseo del Cauce, 59, E-47011 Valladolid, Spain
® BAM Bundesanstalt fiir Materialforschung und -priifung, D-12200 Berlin, Germany
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