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Abstract

Since the world is moving towards a new era which is based on zero greenhouse gas emissions
in the atmosphere and renewable resources, emphasis should be placed on a substitute
solution for the fossil fuels; hydrogen. Pure hydrogen, which is mainly produced by methane
steam reforming and secondarily by water electrolysis in significantly fewer quantities, can be
the “green weapon” against today’s environmental crisis. Nevertheless, in order to achieve
the transition from fossil fuels to hydrogen, it is important to test if the existing pipeline and
storage system that is used for natural gas streams can be applicable to hydrogen-containing
streams as well.

In this work the main focus is paid to the properties related to pipeline design and storing-
conditions determination for the cases of pure hydrogen and of binary mixtures between
hydrogen and basic natural-gas components. More specifically, several thermodynamic
models have been evaluated in terms of prediction-accuracy comparing to the available online
experimental datasets of the desired examined properties.

The properties of major importance as it comes to transporting and storage are; vapor
pressures, as it comes to pure components, or vapor-liquid equilibrium information, as it
comes to mixtures, which can be used to properly determine the operating conditions of the
production chain for the desired mixture-phases, the system’s density, which is important for
calculating the frictional pressure loss inside a pipe, the residual parts of the energetic
properties of molar heat capacity and enthalpy and also JT coefficient, which are important
for determining temperature changes of a fluid, and lastly the speed of sound, which is
important for defining the critical mass flux of pipeline flows.

Additionally, the components that were considered as components of interest and were
examined when mixed with hydrogen in terms of binary mixture were the main components
of natural gas stream that can be found in hydrogen’s production via steam reforming and
these are: methane, which is the most important one, ethane, propane, carbon monoxide,
carbon dioxide and nitrogen.

Lastly, the thermodynamic models that have been tested for the abovementioned calculations
are; GERG-2008 EoS which is the reference equation for natural gas streams and similar gases’
streams and it is important to see if it can be trusted for mixtures of components of these
streams when mixed with large quantities of hydrogen, the classic cubic equations of state
Peng-Robinson and Soave-Redlich-Kwong which are very simple to use and are reliable for
various mixtures regardless their simplicity, a more complicated statistical model such as
Perturbed-Chain SAFT equation of state and lastly the UMR-PRU predictive model which is the
PR EoS coupled with UNIFAC through the Universal Mixing Rule.

After a detailed searched on the available online literature, various experimental data points
referring the abovementioned systems of pure hydrogen and hydrogen-containing binary
mixtures were collected. The data available for pure hydrogen were plenty, they were reliable
and lead to safe conclusions as it comes to the model accuracy comparison. This was not the
case for the data available for the binary mixtures. The thermophysical property data have
been extracted mainly from rather old sources, since there were no up-to-date data found,
and have a clear focus on single phase density values for the systems of hydrogen mixed with
methane, carbon dioxide or nitrogen for very low concentration of hydrogen in the mixtures.
Based on such data, it is not possible to draw safe conclusions regarding modern processes



related to hydrogen production, since these will be based on high hydrogen concentrations.
The available vapor-liquid equilibrium data led to safer results.

From the thermodynamic model comparison, it was concluded that the GERG-2008 EoS can
be used as a reference equation for pure hydrogen since it gave the best results in all of the
calculations. GERG-2008 EoS can also be trusted for the single-phase density and the sound
velocity calculations of the six binary mixtures regarding the experimental data. Since the data
fail to cover a wide range of hydrogen compositions, GERG-2008 EoS was used to extend the
existing database for single-phase density and speed of sound data in higher hydrogen
compositions and it was found that the rest of the thermodynamic models give similar results
for a composition range from 0 % to 100 % hydrogen, with SRK EoS being the most reliable
comparing to the GERG-2008 EoS. Both in case of pure hydrogen and hydrogen-containing
binary mixtures, no model can predict well enough the residual part of heat capacities or the
Joule-Thomson coefficient. The vapor-liquid equilibrium calculations were better performed
by UMR-PRU EoS.

It is a fact now that for these six binary mixtures the models that can predict satisfactorily
their thermophysical properties do not succeed on vapor-liquid equilibrium and vise versa.
Due to this fact, the binary interaction parameters of the mixtures for, indicatively, PR EoS
were properly determined, after carrying out fittings to the bubble point pressure
experimental data in order to realize if this technique can lead the equations of state to
achieve better accuracy for both property and vapor-liquid equilibrium calculations.

Finally, it was concluded that if a certain model should be proposed for each one of the
examined systems these models would be; GERG-2008 Eos for pure hydrogen, hydrogen-
propane and hydrogen-carbon monoxide, UMR-PRU EoS for hydrogen-ethane and hydrogen-
carbon dioxide and lastly PR EoS with fitted acentric factor for hydrogen and fitted binary
interaction parameters for hydrogen-methane and hydrogen-nitrogen.

Key Words: Data evaluation for hydrogen-containing systems, Thermodynamic modeling of
pure hydrogen, Thermodynamic modeling of hydrogen-containing binary systems, GERG-
2008 EoS evaluation of hydrogen-containing systems



MepiAnwin

Aedopévou OTL 0 KOOOG 08gUEL TIPOG HLa VEA £TTOXN Tou Baciletal og UNOEVIKEG EKTIOUTIES
aeplwv Beppoknmiov otnv atpocdaLpa Kol OTLG AVOVEWOCLLEG TINYEC EVEPYELAG, Ba TTPEMEL VAl
600¢l é¢udaon oe pla evarAaktik) AUCN yla To OpUKTA Kauolpa: to udpoyovo. To kaBapd
uSpoybvo, To omoio mapayeTal KUplwg pe avapdpdwon atpol pebaviou Kal SEUTEPEVOVTWG
UE NAekTpOAUOHN VEPOU OE ONUAVTLKA ALlyOTEPEG MOCOTNTEG, UMOPEL va €lval TO «MPACLVO
OTAO» gvavtla otn onueptvh meptBariovtikn kpion. Qotdoo, yla va emiteuybel n petaBoon
OTto TOL OPUKTA KAUOLUO 0TO USpoYOVo, lval onuavtiko va eAeyxBel edv To umdpyxov cuoThUA
OYyWYywV KoL To cUoTNUa anobrnKeuong Tou XpnoLUomoLEiTal yla pebpata ¢uacilkol aegpiou
propel va epopooTel Kal o€ pEUPATA TTOU TIEPLEXOUV USPOYOVO.

Jtnv gpyacia autn éudaon divetal Kupiwg oTLg LOLOTNTEC MOV oxeTilovTal e TO oXedLaouUO
TWV aywywv petodopdg agpiwv Kal Tov MPocdloplopd TwV cuvOnKwv amobiKeLong yLo TG
TEPUTTWOELG KaBapol udpoyovou Kot SuadLlKwy ULYHATWY PeTall udpoyovou Kal Baoikwv
OUOTOTIKWY ¢GUCIKoU aepiou. MO CUYKEKPLUEVA, QPKETA OeppoduvapLKa HOVIEAQ €XOuv
aflohoynBel wg mpog TNV kavotnta TPOPAEPng Toug oe olykplon He Ta Slabéopa
SLadIKTUOKA TTELPAPOTIKA SESOUEVWVY TWV ETILBLUNTWV eEETAlOUEVWV LOLOTATWV.

Ot 1810tNnteg peilovog onuaociog 6cov adopd Tn petadopd Kal TNV amobnkeuon elvat: ot
TAOEL aTtiuwy, 60ov adopd Ta Kabapd cuoTATIKA, 1 oL TTAnpodopieg Looppomiag atuou-
uypoU, 6oov adopd Ta MPelypata, mou pmopolV va XpnotpomolnBolv yla ToVv owoto
TPOOSLOPLOUO TWV cuvBnkwv Asltoupyiag o pia aAucida mapaywyng yLo TG emBUUNTEG
daocelg pelyparog, n mukvoTNTA TOU CUOCTAUATOC, N OMOolo €lval CNUAVIIKA yld TOV
UTIOAOYLOUO TNG aMWAELAG Tiieong TPLPNG LEoA O €vav CWARVA, TO UTIOAELUUOTIKA LEPN TWV
EVEPYELOKWV LOLOTATWYV TNG HopLaKnG BeppoxwpntikotnTag Kal tng evaAmiag, kabwg kat o
ouvteheotng JT, mou elval onuoviikol ylwa TovV TPOOoSLOPLOPO TwV HETABOAWV TNG
Bepuokpaciag evog peuotou, Kal TEAOG N TaXUTNTA TOU NXOU, TIOU £(vOlL GNUOVTLKA YLa TOV

KaBopLouo TN pong Kploung Halog Twv powv Tou aywyou.

EmumAéov, Ta ouoTaATIKA TToU BewpnBnkav w¢ cuoTatikd evdladEPovTog Kal eEeTtaotnKay 0Tav
Bplokovtol avapepeLyUEVa Le USPOYOVO NTAV TA KUPLO CUCTATLKA Tou ¢ualkol agpiou Tou
pumopolV va BpeBolv otnv alucida mopaywyng udpoydvou HECow TNG Sladlkaciag
avapopdwong aTUoU Kal auTd gival: To Lebavio, To omoio ElvalL TO TILO CNUAVTLKO, TO alBavio,
TO TPOTAVIO, TO HOVOEeidlo Tou avBpaka, to Slofeidlo Tou AvBpaka kot To AlwTo.
MeAetnBnkav povo duadika Lelypata Kot OXL TPLASLKA 1) TOAUGUGOTATIKA CUCTHUATA.

TéAog, Ta OgpoSUVALLKA LOVTEAQ TTOU €X0UV SOKLIOOTEL YLa TOUG TTOPOTTAVW UTTOAOYLOMOUG
givat: n GERG-2008 EoS movu eival n e€lowon avadopdg yla 1o puUOLK 0EPLO KAl yLO TIAPOOoLa
pelpata aspiwv Kat ival onuavtiko va doupe av prnopet va eival aflomiotn ya peiypota
CUOTATIKWY QUTWY TWV PEULATWY OTAV AVAULYVUOVTAL UE LEYAAEG TTOOOTNTEG USPOYOVOU, OL
KAQOLKEG KUBLKEG KaTaoTatlkeéG e€lowoelc Peng-Robinson kat Soave-Redlich-Kwong mou sivait
TOAU amA£C 0T Xprion Toug Kal eivat aflomioteg yia Stadopa pelypota aveEdptnta ano tnv
QIMAOTNTA TOUG, £va TILO TEPUTAOKO OTATLOTIKO MOVTEAO OMWG N KOTAoTATKA eflowon
Perturbed-Chain SAFT kal téAog to povtélo mpoPAsedng UMR-PRU mou eival to PR EoS o
ouvbuaopod pe tnv UNIFAC péow tou Universal Mixing Rule.

Metd and Asmtopepn avalntnon otn dtabsoun Stadiktuakn BipAoypadia, cuAAExBnkav
Sladopa onuela melpapatikwy Sedopévwy TOU  avadEpovial ota TpooavadepBEvTa
ocuotnuata kaBapol udpoyovou kot SUASIKWY HULYHMATWY TIOU TIEPLEXOUV LSpPoyovo. Ta
SlaBéoipa dedopéva yla to kabapod udpoyovo Atav MoAAQ, Atav aflomiota Kol odnyovuoav o
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aodaln cupnepdopata 6cov adopd tn cUYKPLON TNG aKpiBelag Twv HOVTEAWV. AuTO bev
loxue yia ta SlaBéolpa dedopéva oe O,tL adopd ota Suadikad peiypoato. To dedopéva
Bepuoducikwy W8LotNTwy £xouv efaxBel kuplwg amod moAlég mnyeg, Sedopévou OtTL dev
Bp€Bnkav mio cuyxpova dedopéva, Kal £xouv ocadr) 0TIOCN OTNV TTUKVOTNTA LA pAcNS yLa
TO ouoThHUOTA USPOYOVOU aVaUEUELYUEVOU Ue peBavio, Slofeidlo Tou avBpaka r alwto Kal
yla oAU xapnAn ouykévipwon udpoydvou ota pelypata autd. Me Baon tétola dedopéva,
Sev eivat duvato va e€axbolv aohadr) CUUMEPACHLOTO OXETLIKA [E TIC OUYXPOVEC SLEPYAOLEC
mou oxetilovtal pe tnv mapoaywyn udpoyovou, kabw¢ autég Ba Baocilovtal oe uPnAEC
OUYKeVIpwoelg uSpoyovou. Ta Slabéoiua Sedopéva LooppoTiag atpuou-uypol odnynoav oe
aodaléaTepa amMOTEAECUATAL.

ATO Tn cUYKpLon TwV BgpUOSUVANLKWY LOVTEAWY, cUVAXON To cuunépacpa 6tLTto GERG-2008
EoS umnopei va xpnotponotnBei wg e¢iowon avadopdg yia 1o kabapo udpoyovo, kabwe Edwae
Ta KAAUTEPQ AMOTEAEOUOTA O OAOUC TOUG UTtoAoylopoUG. H GERG-2008 EoS eival emiong
QLOTILOTN VLo TOUG UTTIOAOYLOUOUG TNG LOVOPACLKAC TTUKVOTNTAC KAl TNE TaxUTNTAG NXOU TWV
£€€L SUaSIKWV PLyHATwyY Pe Baon Ta melpapatika dedouéva. Epocov ta dtabeoua Sedopcva
amotuyxavouv va KaAUouv éva eupl PpAcUO CUYKEVIPWOEWV USpoyovou, N GERG-2008 EoS
XPNOLUOTIOBNKE yla TNV EMEKTOCN TNG UTIAPYoUoag BAaong SeSopévwy yla TNV Lovodaoikn
TIUKVOTNTA KOL TNV TaXUTNTA NXoU o€ UPNAOTEPEC CUYKEVIPWOELG USpoyOVoU Kal PpEBnKe OTL
Tt untdAouna Oeppobuvapikd povtéAda Slvouv Topopola AMOTEAECHOTA YO €va EUPOG
CUYKEVIPWOEWV TIou Kupaivovtal amo 0 % €wg 100 % udpoyovo, e tnv SRK EoS va elval n
mo afloniotn e€lowon oe olykpLon pe tTn GERG-2008 EoS. Téoo otnv nepinmtwon kabapou
uSpoyovou 600 Kal O AUTH TwV SUASIKWY ULYMATWY TIOU TIEPLEXOUV LUSPOYOVO, KOVEVQ
poviédo Oev  upmopel va TpPoPAEPEL APKETA KAAA TO UTIOAEUMOPEVO MEPOC TNG
BepuoxwpnTKOTNTAS 1 Tov cuvteleoth Joule-Thomson. Ot uTtoAoyLlopol Loopporiag atpou-
uypouU mpaypatonolnonkav kaAutepa pe tn UMR-PRU EoS.

Elval yeyovog mAéov OTL yla autd ta €€l Suadikd pelypata ta HoVTEAQ TOU UImopouv va
npoPAEPoUV LKAVOTIOLNTIKA TIC BepUOPUOLKEG TOUC LOLOTNTEG OEV EMITUYXAVOUV OTNV
TpOBAeYn TG LooppoTiag aTpuoU-uypol Kal To avtiotpodo. Adyw autol Tou yeEyovoTtog, oL
mapapeTpol oAAnAenibpoong twv Suadlkwv ULYHATWVY yla, evOelkTikd, tnv PR EoS
npoodloplotnkav €k véou. Mpaypotomolndnkav TPOCAPUOYEG QUTWV TWV TAPAUEVTPWV
Bdaoel Twv Melpapatikwy SeS0UEVWY YL TIC TILECELG onpelou dUCAALSAC, TIPOKELUEVOU VA
VIVEL QVTIANTITO €AV QUTH N TEXVIKN UMOPEL va odNyNoEL TIC KATAOTATIKEG EELOWOEL OTNV
enitevén kaAUtepng akpiPfelag. yla UTOAOYLOPOUG LSLOTATWY KAl Ylol UTIOAOYLOUOUG
LooppoTtiag aTpHoU-uypoU TAUTOXpOVA.

TéAog, ouvnxOn To cuUMEPAca OTL EQV EMPETE va TIPOTAOEL £val CUYKEKPLULEVO LOVTEAO yLa
KABe éva amod ta efetalOpeva cUOTAMOTA AUTA Ta HovtéAa Ba ntav: n GERG-2008 Eos yla
KaBapo udpoyovo, udpoyovo-TipPomavio Kal povoéeidlo udpoyovou-avBpaka, n UMR-PRU
EoS ywa udpoyovo-alBavio kat udpoyovo-8loeidlo tou avBpaka kot téAo¢ n PR EoS ue
TIPOCOPLOCHEVO OKEVIPLKO TIAPAYOVTA TOU USPOYOVOU KOl TIPOCOPUOCUEVEG TIAPAUETPOUG
Suadikng aAAnAenidpacong yo uSpoyovo-pebavio katl udpoyovo-alwro.

Key Words: ALoAOYNoN TELPAPATIKWY 6E60UEVWVY YLOL CUCTALATO TIOU TIEPLEXOUV USPOYOVO,
Oeppoduvaplky povtehomoinon yla Suadikd OCUOCTAUATO TIOU TIEPLEXOUV USPOYOVO,
Oeppoduvaplkny povtedomoinon yla to kabapo, AfloAdynon tng GERG-2008 EoS yia
OUOCTANUOTA TTOU TIEPLEXOUV USPOYOVO
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1. Introduction

1.1 European energy transition

The anthropogenic activities of the last decades are causing a continuous increase in the
emissions of greenhouse gases into the atmosphere. The gases that are responsible for this
phenomenon and are related to global warming and climate change are carbon dioxide,
methane, nitrogen dioxide, chlorofluorocarbons and ozone [1]. In December of 2019, the
European Commission announced some new environmental targets related to the emission
of greenhouse gases. The first goal of the European Union is to achieve a reduction of
emissions by 55% (compared to 1990) until 2030 which will lead to the second goal of net-
zero emissions and decarbonization by 2050. These targets are aimed to limit the global
temperature rise to 1.5 °C [2].

This has led the scientific community to look for sustainable alternatives to energy resources
and production. The transition towards a decarbonized energy system is mainly based on
renewable energy resources. An idea that has been introduced in recent years is the use of
hydrogen as an emerging source of clean energy and as an energy carrier. Hydrogen can be
the ideal sustainable substitute for fossil fuels. However, hydrogen isn’t always
environmentally friendly because in some cases its production processes create unwanted
emissions[3].

Renewable or green hydrogen is most commonly produced by water electrolysis powered by
renewable energy sources. There have, also, been introduced pathways to produce green
hydrogen from biomass. Low-carbon or blue hydrogen is produced via steam reforming of ail,
coal or natural gas hydrocarbons, followed by carbon capture and storage[4]. In case of lack
of carbon capture and storage technologies, greenhouse gas emissions are directly released
into the atmosphere and produced hydrogen is called grey or brown. Today, 96% of hydrogen
used as feedstock is produced via steam reforming of light hydrocarbons, and mostly
methane, or natural gas (reformers with or without carbon capture and storage) and the
remaining 4% is produced by water electrolysis [5].

Including hydrogen into the energy supply chain seems like a very tempting solution to the
current environmental crisis. Nevertheless, there are various significant technical, economic
and geopolitical challenges that should be considered further; hydrogen’s generation costs,
storage and transport methods should be examined very carefully.

1.2 Pure Hydrogen
Hydrogen, whose critical point is found at 33.15 K and 12.96 bar [6], is one of the most
interesting elements on earth. Diatomic hydrogen (H>) is the lightest molecule and at standard
conditions it exists in its gaseous form [7]. It is abundant in nature as it is found in various
molecular forms with the main forms being water and organic compounds. Diatomic hydrogen
normally occurs in two isomeric forms, the ortho- and the para-hydrogen whose equilibrium
is temperature dependent. At normal conditions gaseous hydrogen consists of 75%
orthohydrogen and the remaining 25% parahydrogen and liquid hydrogen consists of 99.79%
parahydrogen and 0.21% orthohydrogen [8]. Due to their different rotational quantum states
the two spin isomers differ in some of their physical and thermal properties. Cooling hydrogen
gas from room temperature to temperatures close to zero Kelvin degrees make it
spontaneously and slowly convert from its normal form to almost 100 % para-hydrogen. The
conversion rate can be improved by the use of catalysts and it is practically not affected by



pressure changes. The conversion of ortho to para-hydrogen is also an exothermic conversion.
A problem that can be occurred while storing hydrogen in cryogenic vessels is that the
unconverted normal hydrogen would release heat while converting spontaneously to para-
hydrogen which would evaporate the liquid hydrogen [9]. This phenomenon is called ‘boil-off’
and is occurred because normal hydrogen’s heat of conversion is greater than its heat of
vaporization at normal boiling point. This problem can be solved by the addition of catalysts
during ortho-hydrogen’s liquefaction process.

Something unpleasant about normal hydrogen is its low volumetric density. When it is found
in its gaseous form its density value is only around 0.08 kg/m? at normal temperature and
pressure conditions but even when it is liquified at temperature set to 252.9°C and normal
pressure (hydrogen’s boiling point at normal pressure) hydrogen’s density is 71 kg/m?3.
Comparing to LNG density which normally is between 430 kg/m? and 470 kg/m? it is obvious
that larger storage equipment is necessary for the transition to hydrogen energy [8].

Even if hydrogen is a non-toxic, odorless, tasteless, colorless, highly combustible gas, it is
highly flammable when mixed with small amounts of oxygen (ordinary air) and this makes it
pretty unsafe. Due to hydrogen’s physical shape, its leaks are untraceable [7].

1.3 Hydrogen in natural gas streams

Even though hydrogen is a very promising substitute of fossil fuels, which are the largest
source of global energy at the moment, the transition from natural gas to hydrogen cannot
happen immediately. Usually, in natural gas mixtures the molar composition of hydrogen is
found as trace or up to 0.05%. The transition to hydrogen energy could be achieved by
gradually increasing its composition in natural gas or in similar gases. This occurs because
current pipeline and storing vessels have to be tested in order to see if they can be safely used
for pure hydrogen’s transportation. Pure hydrogen’s storage will require gigawatt-scale
equipment and pipelines [3], [10].

This is why, apart from detailed examination of pure hydrogen, the mixtures of interest in this
current work are the binary systems between hydrogen and methane, ethane, propane,
carbon monoxide, carbon dioxide and nitrogen.

Table 1: Binary mixtures between hydrogen and the main components that can be found in hydrogen’s production
processes

Binary mixtures of interest

H,-CHg4
H>-CoHe
H,-C3Hg
H,-CO
H,-CO,
H,-N,

For this purpose, detailed examination of the available thermodynamic models’ accuracy on
energy and transport related properties’ calculations, relevant to pure hydrogen and mixtures
of hydrogen with natural gas or similar gases, should be performed. In this work, focus is
placed on the thermophysical behavior of pure hydrogen and on transport and energetic
properties of binary mixtures containing hydrogen and components commonly found in NG



or similar gases, such as methane, ethane, propane, nitrogen and carbon monoxide and
dioxide. Attention should be paid also to the vapor-liquid equilibrium of the same binary
mixtures as it is of major importance as it comes to storage conditions. Based on experimental
data that can be found in online literature, the predictive accuracy of several thermodynamic
models will be evaluated and better knowledge about the models’ behavior will be stated.

1.4 Hydrogen’s energy and economy
Hydrogen as an energy carrier could significantly limit the footprint of energy use in a global
basis. Energy to hydrogen to energy system includes the steps of production, storage path,
scale and method, safety handling regulations and utilization and defines how these stages
interact. This system can be illustrated as a square whose corners are covered by the
abovementioned four stages and indicates their interaction [3]. It is important to state that
hydrogen’s production mainly depends on the end-point wanted purity.

In order to achieve the transition towards zero-carbon emissions, huge amounts of hydrogen
need to be produced. This process is rather costly and certainly less economically viable
compared to the cost of producing and distributing natural gas. Additionally, to achieve energy
to hydrogen to energy system, many technical “steps” have to be reached and examined
thoroughly in order to achieve the desired production of hydrogen, which also cost
economically and environmentally. The transition towards low and then zero carbon
emissions supply chain is a very tempting solution to the current environmental crisis.
However, to overcome the economic and technical obstacles and achieve a low-carbon
hydrogen economy, international standards and targets must be set [3].



2. Thermodynamic models

2.1Thermodynamic models

An equation of state is a functional relationship that correlates the state variables of a fluid
and is used to perform various thermodynamic-related calculations. Thermodynamic models
usually contain some empirical parameters that are fitted to experimental data in order to
improve their predictive accuracy. No one of the existing equations of state can predict with
significantly high accuracy every pure component’s or mixture’s behavior for every property
in all of the potential conditions. This is why it is important to carefully evaluate each model’s
behavior for every different case. A general form of an equation of state can be presented as:

fP,vV,T)y=0

Several thermodynamic models are used in the work to perform calculations regarding to pure
hydrogen’s and mixtures’ containing hydrogen properties. Starting with the cubic equations
of state, Peng Robinson[11], Soave Redlich Kwong [12] with hydrogen’s experimental acentric
factor combined with Soave’s alpha function [13] both combined with van der Waals mixing
rules[14] and UMR-PRU [15] which is the PR EoS coupled with UNIFAC through the Universal
Mixing Rule[16]. Also, the saft equation PC-SAFT [17], [18] is evaluated in terms of pure
hydrogen and binary mixtures containing hydrogen. Last but not least, equation GERG-
2008[19] is evaluated bellow.

PC-SAFT calculations for the thermophysical properties were performed via Aspen HYSYS.
GERG-2008 calculations for the thermophysical properties were performed via the software
package AGA8 which is available by NIST. Aspen HYSYS was also used for vapor pressure and
vapor-liquid equilibrium calculations with PC-SAFT and GERG-2008. Calculations with PR EoS,
SRK EoS and UMR-PRU are accessible via the software package ThermoCalc. A list of the
software tools used for the calculations regarding the different thermodynamic models is
presented below.

Table 2: Table of calculating tools used for the model comparison

Thermodynamic Model Tool
GERG-2008 EoS Aspen HYSYS
Peng Robinson EoS ThermoCalc-MSVS
Soave Redlich Kwong EoS ThermoCalc-MSVS
UMR-PRU EoS ThermoCalc-MSVS
PC-SAFT EoS Aspen HYSYS

2.1.1 GERG-2008 EoS

GERG-2008 is a multi-fluid mixture model which can be used for temperatures between 60 K
and 700 K and pressures up to 70 MPa. It is usually used as a reference equation of state for
natural gases and similar mixtures. The GERG-2008 equation consists of an ideal part, a pure
components’ contribution part and a departure function and can be written as:

N
a(6,7,%x) =a’(p, T, %) + z x;al;(6,7) +4a” (5,7, %) (1)
i=1

where 6 and t stand for the reduced density and temperature of the mixture and they only
depend on the mixture’s composition x.
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The departure function contains the sum of binary specific and generalized departure
functions, which can be developed for single binary mixtures or for a group of binary mixtures

é

(3)

and is expressed as shown below:
N N-1
Aa™ (8,7, %) = Z Z Aal;(8,7,%) (4)
j=i+1i=1
The calculations of thermophysical properties and vapor-liquid equilibrium of a mixture are

based on the derivatives of a with respect to reduced density, reduced temperature and the
mixture’s composition.

Pure component and interaction parameters used by GERG-2008 EoS are presented in
Appendix B.

2.1.2 Peng Robinson EoS
The PR EoS can be written as:

p_ RT a(T)

_v—b_v-(v+b)+b-(v—b) ®)

where P stands for pressure, T for temperature, v for molar volume and R for the universal
gas constant. Parameters b and a(T) arise from the components’ critical point as written
bellow:

, _00780-R-T,

7 (©

0.45724 - R?-
Fe

TZ
dﬂ=[ C]mn(n

where T, and P. stand for critical temperature and pressure. The original PR alpha function,
a(T), proposed by Soave is presented by equations 8 and 9.

un=b+x<y(%f3r(&

Kk = 037464 + 1.54226 - w — 2.6992 - w? (9)
where w stands for every component’s acentric factor.

In order to achieve better representation of the thermodynamic properties different alpha
function models can be used. A commonly used model, especially in supercritical conditions,
is the alpha function introduced by Mathias and Copeman (1983).

e (=)o (- () v (- @) | o

where C3, C; and Cs are parameters for each component.

a(T) =




If the value of temperature is greater than the critical temperature, parameters C, and C; are
equal to zero.

In case of mixtures instead of pure components the classical Van der Waals mixing rules are
used for the calculation of parameters b and a(T) and as a result, equations 11 and 12 are

b= inbi a1

a(T) = Z Z xin(aiaj)O.S (1 - kU) (12)
i j

reformulated.

2.1.3 UMR-PRU E0S
UMR-PRU is a predictive equation of state originally proposed by Voutsas et al. that couples
PR EoS with an original UNIFAC-type Gt model via the Universal Mixing Rules.

a 1 Gchmp +Gr€es a;
== — (13
bRT A< RT +Zx‘biRT( )

i

p.0-5p,0.5\ 2

L

b= E E XX <T]> (14)
r ]

Parameter a is the EoS attractive parameter, b is the co-volume, A equals to -0.53 for PR EoS

and Gchmp—SG and GE; stand for the Staverman-Guggenheim terms of the combinatorial and
residual term of the UNIFAC activity coefficient model.
The UNIFAC binary interaction parameter W, between two groups which is used for the

calculation of the residual excess Gibbs energy is presented below:
_ Amn+Bmn (T—298.15)+Cpp (T—298.15)%
T

Yo =€ (15)
where A, Bjnn and C,,,, are parameters determined after fitting the model results to binary
phase equilibrium data.
The UNIFAC group interaction parameters used for UMR-PRU are presented in Table A-1 in
Appendix 1.
The UMR-PRU model is very successful when applied to hydrocarbon mixtures, polar and
associating mixtures and mixtures containing mercury. This model performs calculations
regarding vapour-liquid equilibrium, dew points, K values and liquid dropouts with
comparably high accuracy.

2.1.4 Soave-Redlich-Kwong EoS
The SRK EoS is given by the expression:

p RT a(T)
“v—b v-(v+b)

(16)

where P stands for pressure, T for temperature, v for molar volume and R for the universal
gas constant. Parameters b and a(T) arise from the components’ critical point as written
bellow:

_ 0.08664-R - T,

> (17)



0.42748 - R? -
a(T) = 7
Cc

T 2
< ]a(T) (18)

where T. and P. stand for critical temperature and pressure. Soave’s expression for the alpha
function is written bellow.

a(T) = [1 +rc <1 _ (%)Olsﬂz (19)

Kk =0.480+ 1574w — 0.176 - w? (20)
where w stands for every component’s acentric factor.

In case of mixtures instead of pure components mixing rules must be used for the calculation
of parameters b and a(T) and as a result, equations 17 and 18 are reformulated as established
in equations 11 and 12.

2.1.5 Perturbed-Chain EoS

The PC-SAFT is a molecular model proposed by Gross and Sadowski in 2001. Molecules are
conceived to be chains of freely jointed spherical segments. Perturbation theories define that
molecules’ interactions can be divided into a reference and a perturbation term. The
reference term represents the repulsive forces and the perturbation term represents the
attractive forces of the molecules. For the calculation repulsive forces, the reference fluid
should be defined as a hard-chained fluid in which no intermolecular attraction is observed.
The attractive forces are divided into further contributions, such as dispersion, association
and multi-polar contributions.

Most of thermodynamic properties can be obtained by proper differentiation of Helmholtz
free energy. This is the reason that statistical thermodynamics (SAFT equations) use the
residual Helmholtz energy achieve the requested calculations. Equation 21 analyzes further
the residual Helmholtz energy.

a’es = qSed 4 gchain 4 gassoc (21)

where a*® stands for the segment’s Helmholtz energy, including hard sphere reference and
dispersion term, a"@" is the contribution from chain formation and a®*° is the contribution
form association.

acham

R-T

= Z x; - (1 —my) - Inlgy - (di)™] (22)

R LR

a9 = (ahs — q4isp) z xi-m; (24)
i

assoc

+— (23)

qdisp B Ay N A,
k-N-T k-N-T k-N-T

(25)

Equations 22-25 demonstrate the formula of every term’s calculation, where X4 is the
fraction of molecules | not bonded to A, M; is the number of association sites on molecule |,



gii is the radial distribution function. The PC-SAFT dispersion term is expressed by the sum of
a first order and a second order perturbation term. As presented in equations 26 and 27, A;
and A; have a dependance on molar density, composition and molecule size.

4 — 2. ¢ 3 e hc o 2
TN T 2mpm T J; i(x)g (m,xd) x“dx (26)
-1
A, 9vzhe €42 9
s 14 zhe . ml.(—) . 43.—
k-N-T P < TemEe 19,0) m (i) o 9p

: [p floo ii(x)% - ghe - (m;x%) -xzdx] 27)

where x is the reduced radial distance around segment, i (x)is the reduced potential function
and ghC . (m; x%) is the average segment-segment radial distribution function of hard-chain

fluid with temperature dependent segment diameter d.

In SAFT EoS every component is characterized by the following pure component parameters:
the number of segments (m), diameter of segment (o), energy of segment (g), volume of
association (k*®) and energy of association (e*'®).

2.2 Mathematical formulas

2.2.1 Vapor Pressure
For the vapor pressure calculation two different expressions are used; equation 28, Antoine
equation, and equation 29, a fit equation proposed by DIPPR (DIPPR 101) [20][21].

B
log(P’) =A——— (28
0g(P*) = A—r——= (28)

where T is measured in Kelvin degrees and P in bar and
b
In(PS) =a +T+ c'In(T)+d-T¢ (29)

where T is measured in Kelvin degrees and P* in Pascal.

The constants proposed by NIST and DIPPR for pure Hydrogen are as follows:

Table 3: Constants used for pure hydrogen’s vapor pressure calculation on Antoine equation

Antoine constants for pure hydrogen
A B C
3.54314 99.395 7.726

Table 4: Constants used for pure hydrogen’s vapor pressure calculation proposed by DIPPR

DIPPR constants for pure hydrogen
A b c d e
12.752 -95.133 1.0974 | 0.000336 2

2.2.2 Thermophysical Properties

As it comes to fuels’ production, storage and transport, the prediction of pure components’
and mixtures’ thermophysical properties is of major importance. In this work emphasis will be



placed on the molar density, which is important for calculating the frictional pressure loss
inside a pipe, the residual parts of the energetic properties of molar heat capacity and
enthalpy and also JT coefficient, which are important for determining temperature changes
of a fluid, and lastly the speed of sound, which is important for defining the critical mass flux

of pipeline flows.
Table 5: The thermophysical properties in this thesis

Evaluated properties
Single-phase molar density
Molar residual isobaric heat capacity
Molar residual isochoric heat capacity
Molar residual enthalpy
Speed of sound
Joule-Thomson coefficient

Molar density can be calculated as indicated below:

=—= il 30
p_v_zRT( )

where z stands for the fluids’ compressibility factor at conditions of temperature T and
pressure P, R for the global gas constant and v for fluid’s molar volume.

Mass density is defined as:

=T 31
pm =7 (31)

where m stands for the mass and V for the volume of the fluid.

Detailed knowledge of isobaric heat capacity can be utilized in processes that are affected by
enthalpy change and in the design of isobaric processes. It is defined as the enthalpy derivative
with respect to temperature under constant pressure as indicated in equation 32

Total isobaric heat capacity results from the sum of the ideal isobaric heat capacity (ideal part)
and the deviation from the ideal isobaric heat capacity in given conditions (residual part).

Cp = CP,L'd + CP,res (33)

In terms of pure components Cp ;4 is calculated as a third-degree polynomial as indicated in
equation 34.

Cpig=a+bT+cT?+dT? (34)

Isochoric heat capacity is defined as the internal energy derivative with respect to
temperature under constant volume as indicated in equation 35.

Similar to total isobaric heat capacity, total isochoric heat capacity results from the sum of the
ideal isochoric heat capacity (ideal part) and the deviation from the ideal isochoric heat
capacity in given conditions (residual part).
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Cy = CV,id + CV,res (36)
The relationship between Cp ;5 and Cy ;4 is given below:
Cpia = Cyia + R (37)

Enthalpy is an extensive property which is calculated as the sum of the system's internal
energy and the product of its pressure and volume. For inhomogeneous systems, the total
enthalpy can be measured as the sum of the enthalpies of the subsystems.

H(S,p)=U+pV (38)

Combining the first and second law of thermodynamics, the calculation of the enthalpy
change can be easily achieved as shown below.

dH(S,p) =T dS +V dp (39)

The total enthalpy changes for pure components (as a function of temperature and pressure)
is defined as follows:

dH—(aH) dT+(aH> dpP (40
—\aT/p oP/)r (40)

Total enthalpy results from the sum of the ideal enthalpy (ideal part) and the deviation from
the ideal enthalpy in given conditions (residual part).

H = Hiy + Hyes (41)

Sound velocity is an important physical variable for the energy industry as it is used to detect
hydrates and other physical obstacles in gas pipelines.

The resulting wave equation if infinite number of low-frequency sound waves is assumed is
presented below:
0%u, 0%u,

9z =W oxz (49

Where a fluid’s speed velocity, w, is given from the equation 42
w2 = (a—P) (43)
0pm/ ¢
Where P is the fluid’s pressure and p,, its mass density.
Equation (43) is valid if:

i Pressure changes are small
ii.  The effect of viscosity is neglected
iii.  The speed of the fluid is small relative to the sound velocity

Another expression for the calculation of speed of sound is;

2

1 Cp (ap
MWy,

%)T (44)

Where V stands for the fluid’s volume and MW for its molar weight
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For a fluid to be determined as compressible or incompressible it is of major importance to
know the speed of sound value. Sound velocity is used to perform Mach’s number calculation.
If Mach’s number is smaller or equal to 3 a fluid’s flow is defined as incompressible. Mach’s
number, M, is calculated as:

M=2 45
—;()

In thermodynamics, the Joule—-Thomson effect describes the temperature change of a real gas
or liquid when it is forced through a valve or porous plug while keeping it insulated so that no
heat is exchanged with the environment. Accurate prediction of JT coefficient is of major
importance for the determination of pipeline, throttling process and as liquefaction process
conditions.

At the event of temperature decrease while performing throttling process (cooling) JT
coefficient turns negative and vise versa. In terms of ideal gases, JT coefficient equals zero as
the temperature of an ideal gas does not change during an isenthalpic process.

Combining equations (40) and (46);

_ (%4
T = % (47)

2.2.3 Vapor-Liquid Equilibrium
Gibbs phase rule relates the effect of the least number of independent variables upon the
various phases that exist in an equilibrium system containing a given number of components.

When two phases of a mixture are at thermodynamic equilibrium the fugacities of all of its
components are also in equilibrium;

fo=f (48)
Where fugacity is a function of temperature, pressure and composition of a given mixture.
To determine the fugacity term in vapor state;
fi =9 yi P (49)
And for the liquid state;
ft =0 x f2 = vix P (50)

Where y stands for the activity factor, y; and x; for the vapor and liquid component
compositions and Py for the vapor pressure.

After the assumption of ideal behavior in vapor and liquid phase, the simplified Raoult’s law
is presented;

f=yiP (51) and f!"=x; P} (52)

Or
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yi P =x; P} (53)

In normal temperature and pressure conditions, vapor phase is close to the ideal behavior in
contrast to the liquid phase, thus in high pressure condition nor the vapor neither the liquid
phase should be assumed to behave ideally. In systems that high pressure is occurred, the
balance ration K is determined as presented below;
K o=2=% (54)
Lox o

The bubble point is the starting point of boiling of the liquid phase with a composition x where
it acquires the first bubble with a composition y. The calculation is performed repeatedly until

the equation 55 converges.
Y vi= ) K (55)
i i

The definition and calculation of the dew point is similar. It is defined as the start point of
liquefaction of gas when the vapor phase with composition y where it acquires the first drop

with composition x.
Vi
P = — (56
D.u=) % (56

L L

Two phases are formed during the expansion of a fluid: the vapor phase, which moves to the
top of the separation vessel (V), and liquid phase, which moves to the bottom (L). For given
feed flow (F), composition (z), temperature, and pressure and if the system has reached the
thermodynamic equilibrium, the VLE calculations can be performed accurately.

FKL'ZL'
F+V(K, -1

F(K-1)z
E(yl xp) = ZHV(K 5 =0 (8

The iterative solutions proposed by various equations of state reveal useful information
regarding designing and optimizing processes linked to natural gas supply chain.

yi = (57)
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3. Pure hydrogen data and comparison

In order to be able to evaluate properly hydrogen-containing streams’ behavior it is important
to have the ability to predict pure hydrogen’s behavior with high accuracy. Due to its quantum
nature, predicting accurately hydrogen’s behavior and properties, especially in low
temperature and pressure conditions, can be very challenging. For this purpose, the reference
equation of state GERG-2008 among with the classical cubic equations of state Peng-Robinson
and Soave-Redlich-Kwong and also the Perturbed-Chain SAFT equation have been used to
predict pure hydrogen’s behavior. Regarding to the cubic equations of state, it will be
evaluated whether the use of hydrogen’s experimental acentric factor can lead to
satisfactorily accurate results or if a fitted acentric factor, as the one proposed by Aspen
HYSYS, could be a better choice. Focusing even more on PR EoS, the effect of the alpha-
function that is combined with the EoS will be presented below. It is examined whether
Mathias and Copeman alpha-function can be used instead of Soave’s alpha-function. Mathias
and Copeman alpha-function is a three-parameter equation which, compared to Soave’s one-
parameter expression for the alpha-function, could give better results after a successful
parameter regression.

Table 6: The tools that have been used to apply each thermodynamic model

T e e Software tool L{sed for the
calculations
GERG-2008 AGAS code / NIST [22]
Peng-Robinson EoS ThermoCalc-MSVS
Soane-Redlich-Kwong EoS ThermoCalc-MSVS
PC-SAFT EoS Aspen HYSYS

In this work, hydrogen’s vapor pressures and thermophysical properties will be calculated and
compared to experimental data that are available on the NIST and DIPPR Databases[6]. The
abovementioned thermodynamic models will be tested on terms of their accuracy in a wide
temperature and pressure range for hydrogen in both its subcritical and supercritical state.
Specifically, vapor pressure data were collected from NIST and DIPPR Databases for a
temperature range between pure hydrogen’s triple and critical point and the thermophysical
properties were collected from the NIST Database for a temperature between 200 K and 360
K and a pressure range between 1 bar and 2000 bar. The examined thermophysical properties
are molar density, the residual part of molar isobaric and isochoric heat capacity, the residual
part of molar enthalpy, speed of sound and Joule-Thomson coefficient.

Table 7: Experimental data temperature and pressure range

Property Temperature range (K) | Pressure range (bar) Reference
Vapor pressure, P$ 21.12 -32.47 1.2-11.8 NIST, DIPPR
Molar density 200 - 360 1.0-2000.0 NIST
Molar residual C, 200 - 360 1.0-2000.0 NIST
Molar residual C,, 200 - 360 1.0 - 2000.0 NIST
Molar residual H 200 - 360 1.0-2000.0 NIST
Speed of sound 200 - 360 1.0-2000.0 NIST

JT coefficient 200 - 360 1.0-2000.0 NIST
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3.1 Vapor pressures and thermophysical properties model comparison

The temperature range in which the calculations for the thermodynamic properties were
performed is between 200 K and 360 K and the pressure range is between 1 bar and 2000 bar.
At standard conditions hydrogen is in supercritical state, it has an experimental acentric factor
equal to w=-0.215 and its critical point is at 33.44 K and 13.16 bar. DIPPR and NIST Databases
and also Aspen HYSYS all propose the same critical point approximately.

The average absolute relative deviations of the vapor pressure and the thermophysical
properties’ calculations and the average absolute relative deviations along with the average
absolute deviations for hydrogen’s vapor pressure, residual C, and C, and also JT coefficient
calculations compared to the experimental data are presented below on Tables 13 and 14.

experimental value—calculated value
0 I 5 experimental value IXlOO%
%ARD =

Y. Number of values

|experimental value—calculated value)| (60)

AAD =2

Y. Number of values

Initially, the reference equation of state GERG-2008 was used to perform pure hydrogen’s
volumetric density, constant pressure and constant volume heat capacity, molar enthalpy,
speed of sound, Joule-Thomson coefficient and vapor pressure calculations. Tables 13 and 14
briefly show the absolute average deviations that occurred. It is shown that GERG-2008, as
expected, results in the highest accuracy for all of the abovementioned properties, except
from residual C,, and gives significantly better results especially for molar density, residual C,
and speed of sound, compared to the rest of the evaluated thermodynamic models.
Nevertheless, it fails predict JT coefficient resulting in significant relative deviations over 100
% and it cannot predict accurately residual C, and C, resulting in significant relative deviations
between 25 % and 30 %.

Using the experimental acentric factor proposed combined with Soave’s alpha function,
hydrogen’s volumetric density, constant pressure and constant volume heat capacity, molar
enthalpy, speed of sound and Joule-Thomson coefficient were calculated (PR EoS 1). The
calculations were repeated using an acentric factor equal to w=-0.120 (2), which was proposed
by Aspen HYSYS, in order to reduce the observed errors (PR EoS 2) (see Table 8).

Table 8: Description of the thermodynamic models PR EoS 1 and PR EoS 2

PR EoS 1 PR EoS 2
Tc (K) 33.44 33.44
Pc (bar) 13.16 13.16
w -0.215 -0.12
Thermodynamic model Peng-Robinson EoS Peng-Robinson EoS
Alpha function Soave's expression Soave's expression

Additionally, hydrogen’s vapor pressure was calculated using these two different acentric
factors and was compared with the data proposed by NIST and DIPPR. The temperature range
for these calculations is between its triple point and its critical point, or between 21.12 K and
32.47 K.
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Tables 13 and 14 briefly show the absolute average deviations that occurred. It is obvious that
when PR EoS 2 is used instead of PR EoS 1 the properties’ behavior is more accurate. The only
thermodynamic properties that are predicted better using w=-0.215 are constant volume heat
capacity only regarding to the isothermal data. PR EoS 1 and PR EoS 2 gave almost the same
results at residual molar enthalpy and speed of sound predictions. Regarding to the calculated
vapor pressure, the deviation between the experimental and generated data tends to zero
when calculated with PR EoS 2.

It was also evaluated whether using Mathias and Copeman expression for the alpha function
instead of Soave’s expression could result in a better behavior for the abovementioned
thermodynamic properties. For this evaluation, the parameters of Mathias-Copeman alpha
function were adjusted in order to minimize the deviation between the experimental and
calculated values of hydrogen’s vapor pressure (MC EoS 1) [23], vapor pressure and total
molar enthalpy (MC EoS 2) [23]and between Soave’s and Mathias-Copeman’s alpha function
values (MC EoS 3) using w=-0.120. The Mathias-Copeman parameters are represented in table
10.

Table 9: Description of the thermodynamic models MC EoS 1, MC EoS 2 and PR EoS 3

MC EoS 1 [23] MC EoS 2 [23] MCEoS 3
Tc (K) 33.44 33.44 33.44
Pc (bar) 13.16 13.16 13.16
w -0.12 -0.12 -0.12

Thermodynamic model Peng-Robinson EoS | Peng-Robinson EoS | Peng-Robinson EoS

Alpha function Mathias-Copeman Mathias-Copeman Mathias-Copeman

expression expression expression
. Vapor pressure Vapor pressure and
Parameters were fitted to por p porp PR EoS 2
data total enthalpy data

Table 10: Mathias-Copeman parameters

C1 C G
MCEoS 1 0.030123 -0.01982 0.002968
MC EoS 2 0.028501 -0.014564 -0.0018776
MCEoS 3 0.191792 0.005291 0.001

Tables 13 and 14 briefly show the absolute average deviations that occurred. As expected, the
use of Mathias-Copeman equation (MC EoS 3) instead of Soave (PR EoS 2) results in almost
the same values for most of the properties. A different behavior is observed in the calculated
molar enthalpy whose absolute average deviation from the experimental data is minimized
using the model MC EoS 2. This behavior is expected because the model MC EoS 2 has been
chosen to minimize this specific error. Another property that behaves differently is again
constant volume heat capacity. Regarding to its isobaric data, PR EoS 2 predicts the property’s
behavior more accurately. Regarding to the isothermal data, MC EoS 1 gives the shortest
deviation which is, however, over 100%.

The same calculations were repeated again using SRK EoS for the properties’ predictions. For
these calculations two different values of the acentric factor were used; w=-0.215 (SRK EoS 1)
and w=-0.120 (SRK EoS 2).
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Table 11: Description of the thermodynamic models SRK EoS 1 and SRK EoS 2

SRKEoS 1 SRK EoS 2
Tc (K) 33.44 33.44
Pc (bar) 13.16 13.16
w -0.215 -0.12
Thermodynamic model Soave-Redlich-Kwong EoS | Soave-Redlich-Kwong EoS
Alpha function Soave's expression Soave's expression

Tables 13 and 14 briefly show the absolute average deviations that occurred. As it is shown in
table 13, SRK EoS 1 and 2 can predict more accurately than PR EoS the following properties;
hydrogen’s C,, C, and JT coefficient and it also gives very accurate results while predicting the
rest of hydrogen’s properties. SRK EoS 1 accurately predicts vapor pressure data.

Finally, the calculations of pure hydrogen’s molar density, constant pressure heat capacity and
molar enthalpy were performed using PC-SAFT EoS using the two sets of parameters proposed
by literature [24] shown in Table 12. Pure hydrogen’s mass density data were collected for a
range of temperature between 200 K and 400 K and a range of pressure between 400 bar and
1000 bar in order to perform a regression for the pure component parameters (PC-SAFT EoS
1). The second set of pure hydrogen’s parameters (PC-SAFT EoS 2) is presented after a
regression via regression software in Aspen Plus using Maximum Likelihood as the objective
function and Britt and Luecke’s algorithm.

PC SAFT EoS 1 and 2 failed to predict hydrogen’s vapor pressure when it is in liquid phase for
a temperature range between the triple and critical point, which is a significant failure of the
model. A different set of pure component parameters should be introduced and evaluated in
order to predict hydrogen’s behavior more accurately with PC SAFT EoS.

Tables 13 and 14 briefly show the absolute average deviations that occurred. It is obvious that
this thermodynamic method results in significantly big deviations for the properties’
calculations, except from the molar density calculations. Molar density’s calculations are
accurate, especially while using PC-SAFT 2, due to the fact that the model’s parameters were
calculated after PC-SAFT’s pure component parameters were fitted to mass density data. PC-
SAFT 1 gave slightly better results than PC-SAFT 2 only while calculating the residual molar
enthalpy of pure hydrogen. In general, PC-SAFT EoS resulted in the least accurate model for
the calculation of pure hydrogen’s thermodynamic properties. Additionally, the properties’
values were more accurately calculated for pressure values between 400 bar and 1000 bar for
both PC-SAFT 1 and PC-SAFT 2, because the regressions for the sets of parameters were
performed between this range of pressure.

Table 12: PC-SAFT EoS Hydrogen’s proposed pure component parameters

M (g/mol) m o (A) g/k (K)
PC-SAFTEoS 1 2.016 0.8285 2.973 12.53
PC-SAFT EoS 2 2.016 0.935864 | 2.912599 | 25.62934
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Table 13: Absolute average deviations % occurred in hydrogen’s properties — isobaric data

AADd % | AADCyres% | AADCyres% | AADh,res% | AADIT% | AADw %

GERG-2008 0.05 33.9 31.8 2.5 104.4 0.5

PRE0S 1 3.4 32.2 91.9 2.4 346.8 3.0

PR EoS 2 1.3 19.4 63.6 3.3 147.5 2.3

MCEoS 1 2.3 32.1 101.9 2.4 336.1 2.7

MC EoS 2 2.7 30.8 87.6 2.4 337.2 2.9

MC EoS 3 1.2 19.1 63.9 3.3 138.1 2.3

SRKEoS 1 1.2 10.5 69.8 3.8 120.7 3.9

SRK EoS 2 2.2 16.5 60.9 5.1 67.5 4.0
PC-SAFTEoS 1 3.1 55.9 - 14.5 - -
PC-SAFT EoS 2 2.6 21.8 - 16.2 - -

Table 14: Absolute average deviations % occurred in hydrogen’s vapor pressure

AADPs % NIST AADPs % DIPPR
database database

GERG-2008 0.002 2.6

PREoS 1 2.7 2.5

PR EoS 2 0.2 0.01

MCEoS 1 3.0 2.8

MC EoS 2 3.1 2.9

MC EoS 3 10.7 10.9

SRKEoS 1 1.6 1.5

SRK EoS 2 10.9 11.1
PC-SAFT EoS 1 - -
PC-SAFT EoS 2 - -

It was found that the absolute average deviations when calculating the C, at hydrogen’s
subcritical state were over 100%. These large deviations were observed due to the fact that
in low pressure conditions the experimental C, values tend to zero. Specifically, the isobaric
and isothermal experimental data at 1 and 10 bar are of the order of 10 or smaller. Excluding
these data from the data set, the calculated errors are reduced significantly as it is shown at

Table 15.

Table 15: Absolute average deviations % occurred in Cv calculations after excluding the isobaric subcritical data

PR EoS 1

PR EoS 2

MCEoS 1

MC EoS 2

MC EoS 3

SRKEoS 1

SRK EoS 2

AADCv,res%

90.4

48.8

102.4

85.5

49.5

59.7

39.8

What is important to note is that cubic equations of state fail to predict the behavior of
hydrogen’s thermodynamic properties in its subcritical state due to its quantum nature. For
example, hydrogen’s residual C, data and PR EoS 1 prediction is presented in Figure 1.

17




0.04
0.03
0.02
0.01

es (J/(K*mol))

o -0.01

C

-0.02
-0.03
-0.04

200

1 bar 10 bar

0.18
0.16
0.14
0.12
0.1
0.08
0.06
° ° 0.04
° 0.02

Cp res (J/(K*mol))

250 300 350 200 250 300 350
T(K) T(K)

Figure 1: Comparison of PR's predictions of residua isobaric heat capacity with NIST's experimental data in
subcritical state

The behavior of the properties using the evaluated thermodynamic models is presented
indicatively below. In the following diagrams PR EoS 2 is presented as a continuous line while
the rest of the models are presented as dashed lines.
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Figure 2: Comparison of PR EoS 2 and GERG-2008 EoS predictions of vapor pressure with NIST's and DIPPR’s
experimental data
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Molar density calculations
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Figure 3: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding molar density data of pure H2

Residual molar Cp calculations
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Figure 4: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding isobaric residual molar heat capacity
data of pure H2
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3.2 Alpha functions

With a focus on accurate prediction of component’s supercritical region, it has been shown
that alpha-functions paired with cubic equations of state have to be consistent[25]. In order
to achieve this, the alpha-function must agree with the following mathematical criteria. The
alpha-function; must be of class C?meaning that its first and second derivatives in terms of
temperature must be continuous, has to be positive (a(T) > 0), monotonically decreasing

(ﬂ < 0) and convex (dz—a > 0) and also satisfy &a < 0 for all of the temperature range. It
ar — arz — arz — ’

is important to state that both Soave and Mathias-Copeman alpha-functions, and all of the
published alpha-functions, fail the consistency test, which means that inaccuracy is expected
while predicting hydrogen’s supercritical state.

The expressions of the alpha functions that were used in the thermodynamic properties’
calculations are presented in Figure 5. The curve of PR EoS 1 tends to zero at a slow rate while
the curve of SRK EoS 2 has the biggest slope of the evaluated curves. Though, the calculated
thermodynamic properties were better predicted while using Peng-Robinson EoS combined
with the expression of PR EoS 2 for the alpha function or RSK EoS combined with the
expression of SRK EoS 1 for the alpha function. The choice of the alpha function that will be
combined with the cubic equation of state greatly affects the model’s predictions.

Alpha functions for cubic EoS

1.2
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0.6

a(Tr)

0.4

0.2

Tr

PREOS1 PREOS 2

MCEoS 1

MC EoS 2 e» e=» MCEOS3 em—SRK EOS 1 e SRK EOS 2

Figure 5: Temperature behavior of the alpha functions evaluated in this work

3.3 Discussion

The equation of state GERG-2008 which is a reference equation as it comes to natural gases
and similar gases, as expected, performs the most accurate behavior in almost all of the
examined calculations. It fails to perform the highest accuracy only when it comes to residual
molar C,. Even though it is the most accurate of the evaluated models, it cannot be used for
the JT coefficient calculations and shouldn’t be used for residual molar C, and C, either
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because it performs significantly high errors regarding to the experimental data of these
properties.

Itis shown that PR EoS with a fitted acentric factor, such as w=-0.12 suggested by Aspen HYSYS
(PR EoS 2), and SRK EoS combined with hydrogen’s experimental acentric factor (SRK EoS 1)
can be used to predict accurately hydrogen’s thermodynamic properties at its supercritical
state. At its subcritical state and at high pressure conditions the results of the thermodynamic
models are not so accurate. Hydrogen’s quantum nature makes the prediction of its
properties in subcritical state quite challenging and inaccurate while using common cubic
equations of state.

For the calculations of hydrogen’s thermodynamic properties, using PR EoS combined with
Soave’s expression for the alpha function and an adjusted acentric factor, such as the one
proposed by Aspen HYSYS (PR EoS 2), instead of Hydrogen’s experimental acentric factor (PR
EoS 1) resulted in better calculations. The use of Mathias and Copeman alpha function instead
of Soave’s expression can also lead to reliable results when the three parameters have been
properly adjusted. It is important to note that the choice of the alpha function that will be
combined with the cubic equation of state greatly affects the model’s predictions.

For the calculations of hydrogen’s thermodynamic properties, using SRK EoS combined with
Soave’s expression for the alpha function and an adjusted acentric factor, such as the one
proposed by Aspen HYSYS (SRK EoS 2), instead of Hydrogen’s experimental acentric factor
(SRK EoS 1) resulted in worse calculations.

Hydrogen’s residual molar density, residual C;, residual molar enthalpy, speed of sound and
vapor pressure can be calculated satisfactorily using PR EoS with fitted acentric factor (PR
EoS2) and SRK EoS with the experimental acentric factor (SRK EoS 1). Significant errors are
observed in the calculation of constant volume heat capacity and Joule-Thomson coefficient.
SRK EoS with a fitted acentric factor gave the best results regarding to constant volume heat
capacity and Joule-Thomson coefficient predictions. Nevertheless, SRK with the fitted acentric
factor proposed by Aspen HYSYS (SRK EoS 2) fails to predict properly hydrogen’s vapor
pressures.

Additionally, it is shown that PC-SAFT EoS cannot predict satisfactorily pure hydrogen’s
thermodynamic properties, except from the molar density. Very accurate prediction of molar
density data is expected because the two sets of pure parameters that were evaluated in this
work were created after a fit to hydrogen’s density data. The biggest failure of the model is
that it cannot predict hydrogen’s vapor pressures. A different set of pure component
parameters should be introduced and evaluated in order to predict hydrogen’s behavior more
accurately with PC SAFT EoS.

To conclude the abovementioned statements GERG-2008 EoS is the equation that should be
preferred for the calculations regarding to pure hydrogen since it’s the one that results in the
smallest deviations for every property except Cp res.

Table 16: The most accurate EoS for each one of the examined properties for pure hydrogen

d Cp,res Cy,res | H,res | w ‘ IT ps
Thermodynamic | -0 s 5008 SRK E0S 1 GERG-2008
Model
Software Tool | AGA8 code / NIST | ThermoCalc AGAS code / NIST
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4. Hydrogen-containing binary mixtures’ data and comparison

The storage equipment and the pipelines that can be applicable to mixtures containing
hydrogen are designed based on the physical and thermodynamical properties of the
mixtures. These properties reveal important information about the mixtures’ behavior in
specific temperature and pressure conditions and also reveal how the mixtures are affected
from possible changes on these conditions. Additionally, detailed knowledge of the natural
gas and similar gas mixtures containing hydrogen VLE’s is essential because it can lead to the
selection of the optimum storage and transport temperature and pressure conditions.

It is shown that the choice of acentric factor for pure components can widely affect the
behavior of cubic equations of state while calculating its properties. To achieve more accurate
results when it comes to the cubic equations of state different values of the acentric factor of
pure hydrogen are used while performing calculations with PR EoS and SRK EoS. It is found
that when using PR EoS the acentric factor of pure hydrogen proposed by ASPEN HYSYS results
in more accurate predictions, while in the case of SRK EoS the experimental acentric factor
behaves better. What is also worth mentioning is that the binary interaction parameters used
for the calculations with PR EoS and SRK EoS have been extracted from ASPEN HYSYS'
database.

After performing and evaluating the vapor pressure and thermophysical properties
calculations for pure hydrogen of several thermodynamic models it can be concluded that
when using PR EoS a fitted acentric factor for hydrogen should be included instead of the
experimental one, when using SRK EoS the experimental acentric factor for hydrogen results
into better predictions and when using PC-SAFT EoS the second set of pure component
parameters proposed in Table 11 should be preferred. These conclusions were taken into
consideration while performing the binary mixtures calculations. The model parameters that
were used for the thermophysical properties’ and VLE calculations are presented in Table 17
The binary parameters used by PC-SAFT EoS are set to zero as proposed by Aspen HYSYS.

Table 17: (a) Pure hydrogen’s acentric factor and (b) binary interaction parameters used for the cubic equations of
state calculation

(b)

PR EoS Kij SRK EoS Kij
Binary mixture parameters from parameters from
Thermodynamic | Acentric factor Aspen HYSYS Aspen HYSYS
model for hydrogen H,-CH4 0.202 0.0001
PR EoS -0.12 H,-CoHe 0.2231 0.0001
SRK EoS -0.215 H,-CsHs 0.2142 0.0001
H,-CO 0.0253 -0.0007
H,-CO, 0.1202 0.1164
H,-N; -0.036 -0.001

4.1 VLE Data evaluation
Detailed knowledge of the vapor-liquid equilibrium of natural gas mixtures related to
operation of natural gas pipelines is essential. It is important to understand the different
behavior of the natural gas and relative gas mixtures when they are mixed with hydrogen and
the accuracy of the predictions of various thermodynamic models in these mixtures.
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The two-phase data that were found in online-literature and will be used for evaluation of the
abovementioned thermodynamic models are presented in Table 18. Plenty of vapor-liquid
equilibrium datasets regarding to the binaries of H,-CH4, H>-CO, H,-CO; and H;-N; were found
and evaluated. As for the binaries of H,-C,He, H2-C3Hg, the available datasets are more limited.
Since natural gas mixtures mainly contain CH, it is of major importance that especially the
binary mixture of H,-CH4 should be carefully examined.

Table 18: Experimental binary VLE data available in online literature

Number of x | Number of y
points points
Binary mixture T range (K) P range (bar) (hydrogen’s (hydrogen’s Reference
liguid molar | vapor molar
composition) | composition)
(26],
90.6-183.1 2.2-1379.8
H,-CH4 385 386 [27],128],[29]
Hy-CoHe 100.2-280.2 5.8-5595 321 328 [26],[30]
H,-CsHs 98.2-360.9 17.2-551.6 61 82 [26]
H,-CO 23.5-298.1 0.3-608.0 274 282 [26], [29]
H,-CO, 219.9-298.3 1.0-1689.6 213 222 [26], [31], [29]
Hy-Ns 63.2-122.0 1.2-293.0 204 192 [261,[32], [29]

It is shown that the choice of acentric factor for pure components can widely affect the
behavior of cubic equations of state while calculating its properties. To achieve more accurate
results when it comes to PR EoS two different values of the acentric factor of pure hydrogen
are used while performing VLE calculations. It is found that when using PR EoS, the acentric
factor of pure hydrogen proposed by ASPEN HYSYS results in less accurate predictions, while
in the case of the experimental acentric factor the results are better. What is also worth
mentioning is that the binary interaction parameters used for the calculations with PR EoS and
SRK EoS and the pure component parameters for GERG-2008 EoS and PC-SAFT EoS have been
extracted from ASPEN HYSYS' database. The interaction parameters used for UMR-PRU have
been extracted from publications related to UMR-PRU[15], [23]. For the binary mixture of
hydrogen and carbon monoxide the calculations will not be performed with UMR-PRU EoS
because there are no published adjusted parameters yet.

4.1.1 Binary mixture of H,-CH4
For the binary mixture of H,-CH, there are nine available datasets regarding to VLE data
covering a wide range of experimental temperature and pressure values.
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Table 19: Experimental binary VLE data available in literature for the mixture of H2-CH4

Dataset T range (K) P range (bar) NP x NPy

Augood 1957 111.700 23.8-180.3 3 2

Benham 1957 116.5-172 33.8-158.6 10 10

Freeth 1931 90.6 17.11-198.34 14 19
Hong and Kobayashi 1980 108.2-183.1 13.9-284.1 132 129
Hu, Lin, Gu and Li 2014 100.1-120.5 2.37-22.7 22 22
Sagara, Arai and Saito 1972 103.1-173.6 10.7-108.3 27 27
Tsang, Clancy, Calado and Street 92.3-150.0 59-1379.8 178 178

1980
Yorizane, Yoshimura, Masuoko

and Toyama 1967 103.2-163.2 11-152 24 24

Kirk and Ziegler 1967 90.7-110.0 15.3-126.3 25 25

The comparison of the data of the different datasets is to be presented in detail below.

In this case, the dataset of Street and Calado 1980 is the one that covers the widest range of
temperature and pressure conditions and it contains a lot of experimental points which helps
at the evaluation of the available datasets.

Comparing the data of Freeth 1931 and Kirk and Ziegler 1967 to the ones of Tsang, Clancy,
Street and Calado 1980 at a temperature of 91.0 K the data of Freeth 1931 don’t seem to be
very accurate.
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Figure 6: Comparison of Freeth 1931 and Kirk and Ziegler 1967 to the ones of Tsang, Clancy, Street and Calado 1980
at 91.0K
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Comparing the data of Augood 1957, Hong and Kobayashi 1981, Hu Lin, Gu and Li 2014 and
Kirk and Ziegler 1967 to the ones of Tsang, Clancy, Street and Calado 1980 at a temperature
of 110.0 K the data of Augood 1957 present slightly lower composition values at specific
pressures comparing to the rest of the datasets.
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Figure 7: Comparison of Augood 1957, Hong and Kobayashi 1981, Hu Lin, Gu and Li 2014 and Kirk and Ziegler 1967
to the ones of Tsang, Clancy, Street and Calado 1980 at 110.0 K

Comparing the data of Yorizane, Yoshimura, Masuoko and Toyama 1967 and Sagara, Arai and
Saito 1972 to the ones of Tsang, Clancy, Street and Calado 1980 at a temperature of 142.0 K
The data of both Yorizane, Yoshimura, Masuoko and Toyama 1967 and Sagara, Arai and Saito
1972 present slightly lower vapor composition values for hydrogen at specific pressures
comparing to Tsang, Clancy, Street and Calado 1980.
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Figure 8: Comparison of Yorizane, Yoshimura, Masuoko and Toyama 1967 and Sagara, Arai and Saito 1972 to the
ones of Tsang, Clancy, Street and Calado 1980 at 142.0 K

Comparing the data of Benham 1957 and Sagara, Arai and Saito 1972 to the ones of Hong and
Kobayashi 1981 at a temperature of 173.2 K the data of Benham 1957 present lower liquid
composition and higher vapor composition values for hydrogen at specific pressures
comparing to Hong and Kobayashi 1981.
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Figure 9: Comparison of Benham 1957 and Sagara, Arai and Saito 1972 to the ones of Hong and Kobayashi 1981 at
a temperature of 173.2 K

Concluding the abovementioned statements, the nine datasets compare well to each other
with no significant deviations on their behavior. Although the data of Augood 1957, Freeth
1931 and Benham 1957 are not as reliable for the binary of H, mixed with CHa.

It is also important to note that at higher temperatures both hydrogen’s vapor and liquid
molar fraction data at all the available datasets decrease, which is the expected behavior for
this binary mixture.

On Table 20 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 20: Experimental data that have been considered as reliable for the binary mixture of H2-CH4 regarding VLE

Dataset Included in the database

Augood 1957 x

Benham 1957 x

Freeth 1931 X

Hong and Kobayashi 1980 %

Hu, Lin, Gu and Li 2014 v

Sagara, Arai and Saito 1972 %

Tsang, Clancy, Calado and Street 1980 %

Yorizane, Yoshimura, Masuoko and v
Toyama 1967

Kirk and Ziegler 1967 %
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4.1.2 Binary mixture of Ha-CyHe
For the binary mixture of H,- C;Hs there are four available datasets regarding to VLE data
covering a wide range of experimental temperature and pressure values.

Table 21: Experimental binary VLE data available in literature for the mixture of H2- C;Hs

Dataset T range (K) P range (bar) NP x NPy
Cohen and Hipnick 1967 144.2-199.6 9.2-137.9 27 27
Hiza, Heck and Kidney 1968 107.9-189.6 05.83-153.5 29 45
Sagara, arai and Saito 1972 148.2-223.2 20.3-811 15 15
Heintz and Street 1982 100.2-280.2 31.8-5595 250 241

The comparison of the data of the different datasets is to be presented in detail below.

Comparing the data of Cohen, Hipnick 1967, Hiza, Heck, Kidney 1968, Sagara, arai, saito 1972
and Heintz and Street 1982 at two different isotherms of (a) 148.2 K and (b) 173.2 K the data
of Sagara, arai, saito 1972 present slightly lower experimental values of hydrogen’s
composition in both vapor and liquid phase than the other two datasets.
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Figure 10: Comparison of Cohen, Hipnick 1967, Hiza, Heck, Kidney 1968, Sagara, arai, saito 1972 and Heintz and
Street 1982 at two different isotherms of (a) 148.2 K and (b) 173.2 K

Concluding the abovementioned statements, the four datasets compare well to each other
with no significant deviations on their behavior.

On Table 22 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 22: Experimental data that have been considered as reliable for the binary mixture of H2-C2H6 regarding VLE

Dataset Included in the database

Cohen and Hipnick 1967
Hiza, Heck and Kidney 1968
Sagara, arai and Saito 1972

Heintz and Street 1982

< [ < | < |<

4.1.3 Binary mixture of H-CsHsg

For the binary mixture of H,- C3Hs there are two available datasets regarding to VLE data
covering a wide range of experimental temperature and pressure values. Unfortunately, in
this case the temperature range of the two available datasets differs so it is not possible to

compare them with each other.
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Table 23: Experimental binary VLE data available in literature for the mixture of H2-CH4

Dataset T range (K) P range (bar) NP x NPy
Buriss, Hsu, Reamer, Sage 1953 277.6-360.9 34.5-551.6 36 36
Trust, Kurata 1971 98.2-248.2 17.2-206.8 46 25

30

Figure 11 demonstrates the behavior two isotherms of (a) Buriss, Hsu, Reamer, Sage 1953
dataset and (b) Trust, Kurata 1971 where it is obvious that for an increase at the temperature
conditions of the mixture, both liquid and vapor composition of hydrogen decrease. This
decrease is expected since hydrogen is the most volatile component of the mixture.
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(b) Trust, Kurata 1971
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Figure 11: Comparison of (a) Buriss, Hsu, Reamer, Sage 1953 at two different isotherms of 277.6 K and 344.3 K and
(b) Trust, Kurata 1971 at two different isotherms of 173.2 K and 248.2 K

4.1.4 Binary mixture of H,-CO
For the binary mixture of H,-CO five are three available datasets regarding to VLE data
covering a wide range of experimental temperature and pressure values.

Table 24: Experimental binary VLE data available in literature for the mixture of H2-CO

H2 composition | Number
D T K P M
ataset range (K) range (Mpa) P -
Akers, Eubanks 1960 23.5-122.0 21.7-137.9 10 10
Augood 1957 81.4 96.2-181.7 4 4
Tsang, Clancy, Street and Calado 70-125 4.9-529.4 133 132
1980
Verschole 1931 68.1-88.2 0.33-227.8 69 78
Yorizane, Yoshimura, Masuoko, 73.1-298.1 122-608 53 58
Toyama 1968

The comparison of the data of the different datasets is to be presented in detail below.

In this case, the dataset of Tsang, Clancy, Street and Calado 1980 is the one that covers the
widest range of temperature and pressure conditions and it contains a lot of experimental
points which helps at the evaluation of the available datasets.

Comparing the data of Akers, Eubanks 1960 and Yorizane, Yoshimura, Masuoko, Toyama 1968
to the ones of Tsang, Clancy, Street and Calado 1980 at a temperature of 122.0 K the data of
both Akers, Eubanks 1960 and Yorizane, Yoshimura, Masuoko, Toyama 1968 present a slighty
different behavior than the experimental points of Tsang, Clancy, Street and Calado 1980 with
the largest deviations occur when comparing Akers, Eubanks 1960 and Tsang, Clancy, Street
and Calado 1980 vapor composition data.
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Figure 12: Comparison of Akers, Eubanks 1960 and Yorizane, Yoshimura, Masuoko, Toyama 1968 to the ones of
Tsang, Clancy, Street and Calado 1980 at a temperature of 122.0 K

Comparing the data of Augood 1957 and Verschole 1931 to the ones of Tsang, Clancy, Street
and Calado 1980 at a temperature of 83.2 K the data of both Augood 1957 and Verschole 1931
present an inaccurate behavior comparing to the experimental points of Tsang, Clancy, Street
and Calado 1980 with the largest deviations occur when comparing Verschole 1931 and Tsang,
Clancy, Street and Calado 1980 liquid composition data.
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Figure 13: Comparison of Augood 1957 and Verschole 1931 to the ones of Tsang, Clancy, Street and Calado 1980
at a temperature of 83.2 K

Concluding the abovementioned statements, the five datasets do not compare well to each
other with the most significant deviations occur when comparing Akers, Eubanks 1960,
Verschole 1931 and Augood 1957 experimental data to the other available datasets. Akers,
Eubanks 1960, Verschole 1931 and Augood 1957 should be excluded from the database. In
terms of H,-CO binary mixture, it is important to extend the available dataset in order to
ensure the accuracy of the available data.

On Table 25 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 25: Experimental data that have been considered as reliable for the binary mixture of H2-CO regarding VLE

Dataset Included in the database

Akers, Eubanks 1960 X

Augood 1957 x

Tsang, Clancy, Street and Calado 1980 v
Verschole 1931 X

Yorizane, Yoshimura, Masuoko, y

Toyama 1968

4.1.5 Binary mixture of H,-CO»
For the binary mixture of H,-CO; there are six available datasets regarding to VLE data covering
a wide range of experimental temperature and pressure values.
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Table 26: Experimental binary VLE data available in literature for the mixture of H2-CO2

H2 composition | Number of
Dataset T range (K) P range (bar) B .
range points

Augood 1957 239.7 185.8-192.7 3 3
Kaminishi, Toriumi 1966 233.2-298.2 10.0-200 21 21
Spano, Heck, Barrick 1968 219.9-289.9 10.8-203.2 45 49
Tsang, Street 1980 220-290 9.3-1689.6 134 139

Yori , Yoshi , M ka, T
orizane, Yoshimura, Masuoka, Toyama 973.2 60.9-374.9 10 10
1968
K. Bezanehtak, G. B. Combes, F.

Dehghani, N. R. Foster, and D. L. Tomasko 278.2-290.2 48.1-192.5 41 33

2002

The comparison of the data of the different datasets is to be presented in detail below.

In this case, the dataset of Tsang, Clancy, Street and Calado 1980 is the one that covers the
widest range of temperature and pressure conditions and it contains a lot of experimental
points which helps at the evaluation of the available datasets.

Comparing the data of Augood 1957 and Spano, Heck, Barrick 1968 to the ones of Tsang,
Clancy, Street and Calado 1980 at a temperature of 244.2 K the data of both Augood 1957
don’t compare well with the data of Spano, Heck, Barrick 1968.
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Figure 14: Comparison of Augood 1957 and Spano, Heck, Barrick 1968 to the ones of Tsang, Clancy, Street and
Calado 1980
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Comparing the data of Yorizane, Yoshimura, Masuoka, Toyama 1968 and Kaminishi, Toriumi
1966 to the ones of Tsang, Clancy, Street and Calado 1980 at a temperature of 273.2 K the
data of both Yorizane, Yoshimura, Masuoka, Toyama 1968 present significantly higher
hydrogen composition values for pressures over 300 bar comparing with the experimental
points of Tsang, Clancy, Street and Calado 1980.

273.2 K

500

450 S X

400 X X

(]
o

350 x o ® ® o X

300 ® °
’g o X »
S 250 X X
* 200 @& x® ®x

% D'@x
150 & @ x
0 O
100 < o & X
X
50 [;;@ @ A N
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
H2 molar fraction
OSpano, Heck, Barrick 1968 X Tsang, street @ Yorizane, yoshimura 1970 A Kaminishi, toriumi 1966

Figure 15: Comparison of Augood 1957 and Spano, Heck, Barrick 1968 to the ones of Tsang, Clancy, Street and
Calado 1980

Comparing the data of K. Bezanehtak, G. B. Combes, F. Dehghani, N. R. Foster, and D. L.
Tomasko 2002 to the ones of Tsang, Clancy, Street and Calado 1980 at a temperature of 290.0
K the data of K. Bezanehtak, G. B. Combes, F. Dehghani, N. R. Foster, and D. L. Tomasko 2002
present slight deviations in hydrogen’s composition on the vapor phase comparing with the
experimental points of Tsang, Clancy, Street and Calado 1980. These deviations though are
not significant and K. Bezanehtak, G. B. Combes, F. Dehghani, N. R. Foster, and D. L. Tomasko
2002 dataset can be trusted.
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Figure 16: Comparison of K. Bezanehtak, G. B. Combes, F. Dehghani, N. R. Foster, and D. L. Tomasko 2002 to the
ones of Tsang, Clancy, Street and Calado 1980

Concluding the abovementioned statements, Yorizane, Yoshimura, Masuoka, Toyama 1968
and Augood 1957 present a significantly different behavior as it comes to VLE data for the
binary mixture of H, mixed with CO,, so these datasets should be excluded from the database.

On Table 27 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 27: Experimental data that have been considered as reliable for the binary mixture of H2-CO2 regarding VLE

Dataset Included in the database

Augood 1957
Kaminishi, Toriumi 1966
Spano, Heck, Barrick 1968
Tsang, Street 1980
Yorizane, Yoshimura, Masuoka,
Toyama 1968
K. Bezanehtak, G. B. Combes, F.
Dehghani, N. R. Foster, and D. L. v

Tomasko 2002

< [<[< | X

X
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4.1.6 Binary mixture of Ha-N»

For the binary mixture of H»-N, there are seven available datasets regarding to VLE data
covering a wide range of experimental temperature and pressure values.

Table 28: Experimental binary VLE data available in literature for the mixture of H2-N2

H2 composition

Number of

Dataset T range (K) P range (MPa) T i
Akers, Eubanks 1960 83.2-122.0 21.7-137.9 10 10
Augood 1957 67.0-77.7 27.2-178.9 10 7
Gonikberg, Fastowski, Gurwitsch 1939 79.0-109.1 1.2-178 38 35
Maimoni 1961 77.4 5.1-152 10 11
Street, Calado 1978 63.2-110.3 13-293 75 74
Verschoyle 1931 63.2-88.2 12.3-227.79 45 39
Yoshimura, Yorizane, Naka 1971 76.4-88.2 16.71-190.49 16 16

The comparison of the data of the different datasets is to be presented in detail below.

In this case, the dataset of Tsang, Clancy, Street and Calado 1980 is the one that covers the
widest range of temperature and pressure conditions and it contains a lot of experimental
points which helps at the evaluation of the available datasets.

Comparing the data of Akers, Eubanks 1960 and Gonikberg, Fastowski, Gurwitsch 1939 to the
ones of Street and Calado 1978 at a temperature of 100.0 K the data of Akers, Eubanks 1960
present significantly different behavior than the experimental points of Street and Calado
1978. Also, the data of Gonikberg, Fastowski, Gurwitsch 1939 seem to be inaccurate as it
comes to hydrogen’s vapor composition experimental values.

37




100.0K
140
120 “X X =
X X
100 * t+
x T + X
+ +
— 80
= +>< + X
=2
a g b + X
+ +
40 +X + X
+ +
X X
20 + +
+
X v ° ° Y ) e %
0 e © [ ) [ J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
H2 molar fraction
@ Akers, Eubanks 1960 X Gonikberg, fastowski, gurwitsch 1939 + Street, calado 1978

Figure 17: Comparison of Akers, Eubanks 1960 and Gonikberg, Fastowski, Gurwitsch 1939 to the ones of Street and
Calado 1978 at a temperature of 100.0 K

Comparing the data of (a) Augood 1957 and Gonikberg, Fastowski, Gurwitsch 1939 and (b)
Maimoni 1961, Verschoyle 1931 and Yoshimura, Yorizane, Naka 1971 to the ones of Street
and Calado 1978 at a temperature of 77.6 K the data of Augood 1957 present significantly
different behavior than the experimental points of Street and Calado 1978. Also, the data of
Gonikberg, Fastowski, Gurwitsch 1939 seem to be inaccurate as it comes to hydrogen’s liquid
and vapor composition experimental values for pressures greater than150 bar.
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Figure 18: Comparison of (a) Augood 1957 and Gonikberg, Fastowski, Gurwitsch 1939 and (b) Maimoni 1961,
Verschoyle 1931 and Yoshimura, Yorizane, Naka 1971 to the ones of Street and Calado 1978 at a temperature of

77.6 K
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Concluding the abovementioned statements, Akers, Eubanks 1960 data do not present an
accurate behavior as it comes to to VLE data for the binary mixture of H, mixed with N, It is
also obvious that the dataset of Augood 1957 is considered as inaccurate especially for the
composition of hydrogen in its vapor phase. Last but not least, Gonikberg, Fastowski,
Gurwitsch 1939 is considered as inaccurate especially for the composition of hydrogen in its
vapor phase and the deviations of Gonikberg, Fastowski, Gurwitsch 1939 experimental points
compared to Street and Calado 1978 points increase as the temperature increases. So the
datasets of Akers, Eubanks 1960, Augood 1957 and Gonikberg, Fastowski, Gurwitsch 1939
should be excluded from the database.

On Table 29 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 29: Experimental data that have been considered as reliable for the binary mixture of H2-N2 regarding VLE

Dataset Included in the database

Akers, Eubanks 1960
Augood 1957
Gonikberg, Fastowski, Gurwitsch 1939
Maimoni 1961
Street, Calado 1978
Verschoyle 1931
Yoshimura, Yorizane, Naka 1971

| |<|< | X | X | X

4.2 Model comparison on VLE calculations

After the evaluation of the available experimental data is completed, it is important to
examine which thermodynamic models should be trusted for the calculation of VLE of these
six binary mixtures. The thermodynamic models that are going to be evaluated are; GERG-
2008, Peng-Robinson EoS, SRK EoS, PC-SAFT EoS and UMR-PRU. The average absolute relative
deviations of the pressure calculations and the average absolute relative deviations along with
the average absolute deviations for hydrogen’s vapor molar composition calculations
compared to the experimental data are presented below for each binary mixture.

Table 30: The number of experimental points that have been used for the evaluation of the thermodynamic models
regarding the VLE

Binarv mixture Total number of xu; Total number of yu,

¥ experimental data-points used experimental data-points used
H,-CH, 358 out of 385 355 out of 386
H,-CyHe 321 out of 321 328 out of 328
H,-C3Hsg 61 out of 61 82 out of 82

H,-CO 130 out of 213 130 out of 222
H,-CO, 261 out of 274 269 out of 282

H,-N, 146 out of 204 140 out of 192
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In the case of PR EoS there were evaluated two values of hydrogen’s acentric factor; w =
—0.215 , which is the experimental value, and w = —0.12 , which is proposed by Aspen
HYSYS. Using the fitted acentric factor for hydrogen results in lower deviations in terms of
thermophysical properties’ calculation.

It will be further indicated below that GERG-2008 EoS was not the most accurate
thermodynamic model of the VLE calculations for the six evaluated binary mixtures which
means that it should not be used as a reference model for these mixtures while at the same
time UMR-PRU results into the smallest deviations from the experimental data.

4.2.1 Binary mixture of H-CH4

As it is presented in Table 31 UMR-PRU results into the most accurate predictions regarding
to pressure predictions and SRK EoS results into the most accurate predictions regarding to
hydrogen’s vapor phase composition predictions. It is interesting to note that PR EoS with the
experimental acentric factor used for pure hydrogen gives significantly better results than
when using the Aspen HYSYS’ proposed acentric factor. This contradicts the thermophysical
properties’ calculations, for which the fitted parameter should be used instead of the
experimental one due to smaller deviations. Also, PC-SAFT EoS should not be used for the
phase equilibrium predictions for the binary mixture of hydrogen and methane. GERG-2008
EoS result in almost 10% deviation for the prediction of bubble point pressure but should not
be preferred for vapor phase composition prediction.

Table 31: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-CH4
compared to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 15.1 3.3 0.020
PR -0.12 308.9 7.1 0.044
PR -0.215 100.7 4.5 0.030
UMR PRU -0.215 4.8 3.8 0.026
PC SAFT 71.2 12.7 0.068
GERG 9.9 6.0 0.040
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Figure 19: Model comparison regarding the experimental VLE data of the mixture H,-CH4 at 91.0K

4.2.2 Binary mixture of Hy-CyHe

As it is presented in Table 32 UMR-PRU results into the most accurate predictions regarding
to pressure predictions and PC-SAFT EoS results into the most accurate predictions regarding
to hydrogen’s vapor phase composition predictions. It is interesting to note that PR EoS with
the experimental acentric factor used for pure hydrogen gives significantly better results than
when using the Aspen HYSYS’ proposed acentric factor. This contradicts the thermophysical
properties’ calculations, for which the fitted parameter should be used instead of the
experimental one due to smaller deviations. Also, PC-SAFT EoS could be trusted while
calculating bubble point pressure for the binary mixture of hydrogen and ethane. GERG-2008
EoS is very accurate while predicting the vapor phase composition of this binary mixture.

Table 32: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-C2H6
compared to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 16.0 1.4 0.013
PR -0.12 118.7 2.2 0.037
PR -0.215 47.4 15 0.014
UMR PRU -0.215 11.2 1.1 0.009
PC SAFT 47.7 0.3 0.005
GERG 15.1 6.3 0.061
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4.2.3 Binary mixture of Hy-CsHsg

As it is presented in Table 33 UMR-PRU results into the most accurate predictions regarding
to both bubble point pressure and vapor phase composition predictions. It is interesting to
note that PR EoS with the experimental acentric factor used for pure hydrogen gives
significantly better results than when using the Aspen HYSYS' proposed acentric factor. This
contradicts the thermophysical properties’ calculations, for which the fitted parameter should
be used instead of the experimental one due to smaller deviations. PR EoS and GERG-2008
EoS can be also preferred for VLE calculations regarding the binary mixture of hydrogen mixed
with propane. PC-SAFT EoS and SRK EoS could not be trusted while calculating bubble point
pressure for the binary mixture of hydrogen and propane.

Table 33: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-C3H8
compared to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 24.2 6.4 0.032
PR -0.12 70.2 6.7 0.032
PR -0.215 12.3 2.5 0.014
UMR PRU -0.215 10.1 1.5 0.011
PC SAFT 35.3 3.9 0.026
GERG 11.2 3.8 0.021

4.2.4 Binary mixture of H,-CO

As it is presented in Table 34 PR EoS results into the most accurate predictions regarding to
pressure predictions and GERG-2008 EoS results into the most accurate predictions regarding
to hydrogen’s vapor phase composition predictions. It is interesting to note that PR EoS with
the experimental acentric factor used for pure hydrogen gives significantly better results than
when using the Aspen HYSYS’ proposed acentric factor. This contradicts the thermophysical
properties’ calculations, for which the fitted parameter should be used instead of the
experimental one due to smaller deviations. PC-SAFT EoS and SRK EoS could not be trusted
while calculating bubble point pressure for the binary mixture of hydrogen and carbon
monoxide. UMR-PRU cannot be used for this binary mixture due to lack of adjusted
parameters.

Table 34: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-CO compared
to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 32.4 7.2 0.039
PR -0.12 74.0 8.0 0.048
PR -0.215 21.6 6.5 0.042
PC SAFT 146.7 17.6 0.100
GERG 22.1 5.7 0.035




4.2.5 Binary mixture of H,-CO»

As it is presented in Table 35 UMR-PRU results into the most accurate predictions regarding
to pressure predictions and SRK EoS results into the most accurate predictions regarding to
hydrogen’s vapor phase composition predictions. It is interesting to note that PR EoS with the
experimental acentric factor used for pure hydrogen gives significantly better results than
when using the Aspen HYSYS’ proposed acentric factor. This contradicts the thermophysical
properties’ calculations, for which the fitted parameter should be used instead of the
experimental one due to smaller deviations. GERG-2008 EoS can be also preferred for VLE
calculations regarding the binary mixture of hydrogen mixed with carbon dioxide. PC-SAFT EoS
could not be trusted for the binary mixture of hydrogen and carbon dioxide.

Table 35: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-CO2
compared to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 20.4 15.3 0.058
PR -0.12 63.4 23.2 0.093
PR -0.215 25.8 17.6 0.088
UMR PRU -0.215 15.0 17.0 0.082
PC SAFT 119.9 39.7 0.161
GERG 19.4 15.5 0.082

4.2.6 Binary mixture of Ha-N»

As it is presented in Table 36 UMR-PRU results into the most accurate predictions regarding
to pressure predictions and PR EoS results into the most accurate predictions regarding to
hydrogen’s vapor phase composition predictions. In the binary of hydrogen mixed with
nitrogen using the fitted acentric factor proposed by Aspen HYSYS for hydrogen while
performing VLE calculations results in smaller deviations comparing to PR EoS paired with
hydrogen’s experimental acentric factor. PC-SAFT EoS could not be trusted for the binary
mixture of hydrogen and nitrogen.

Table 36: Model results for pressure and hydrogen’s vapor phase composition of binary mixture of H2-N2 compared
to five thermodynamic models

Hydrogen's

Model acentric factor P (bar) y H2
%ARD %ARD AAD
SRK -0.215 29.9 3.3 0.021
PR -0.12 19.5 2.7 0.019
PR -0.215 37.8 5.0 0.035
UMR PRU -0.215 15.7 3.6 0.026
PC SAFT 122.7 10.0 0.081
GERG 35.0 5.2 0.032
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4.3 Thermophysical Data evaluation

The thermophysical properties’ data that were found in literature and will be used for
evaluation of the abovementioned thermodynamic models are presented in Table 37. Plenty
of single-phase mass density datasets regarding to the binaries of H,-CHs, H>-CO, H,-CO; and
H,-N2 were found and evaluated. Due to lack of data, though, it is not possible to complete
evaluation of mass density datasets regarding to the binaries of H,-C;He, H2-C3Hs. There are
also a few data available regarding to the thermophysical properties except from mass
densities which makes the evaluation other properties’ datasets difficult. Since natural gas
mixtures mainly contain CHait is of major importance that especially the binary mixture of H»-
CH4 should be carefully examined.

Table 37: Experimental binary thermophysical properties data available in literature

. . H2 composition Number of
Binary mixture Property T range (K) P range (bar) O i Reference
[29], [33]-
d 130.0-503.4 1.0-506.6 0.0-1.0 1073 38]
H2-CHa w 273.2-375.0 4.5-20.2 0.05-0.5 232 [39]
T 133.6-245.6 34.5-75.8 0.127-0.5657 56 [40]
H,-C;He _ . . . . -
H,-CsHs - - - - - )
[29], [41],
d 273.2-343.2 8.8-60.8 0.049-0.333 110 42]
H,-CO
w 90.0 1.0 0.17-0.72 4 [43]
H,-CO; d 278.2-343.2 0.4-48.9 0.003-0.491 119 [29], [42]
d 203.2-573.2 1.0-148.2 0.05-0.885 839 [29], [44]
Ha-N2 w 90.0 1.0 0.21-0.91 4 [43]
G 273.2-313.2 30.4-1013.3 0.0-1.0 208 [45]

4.3.1 Binary mixture of Hy-CH4

For the binary mixture of H,-CH, there are six available datasets in online literature regarding
to mass density covering a wide range of experimental temperature, pressure and
composition values.
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Table 38: Experimental binary thermophysical properties data available in literature for the mixture of H2-CH4

H2 Number of
Dataset T range (K) P range (bar) composition )
range points

Hernandez-Gomez et al. 2018 240.1-350.0 1.0-19.9 0.05-0.5 391

Jett, Fleyfel, and Kobayashi 1994 142.0-273.2 3.9-68.2 0.0465 109
Jett 1990 273.2 12.8-69.9 0.0465 9

Machado 1988 130.0-159.2 5.3-106.8 0.076-0.91 265

Magee et al. 1985 273.2-503.4 16.4-58.2 0.2005 79

Chuang, Chappelear and
Kobayashi 1976 173.2-273.2 4.0-506.6 0.0-1.0 220

The comparison of the data of the different datasets is to be presented in detail below.

Comparing the data of Jett, Fleyfel, Kobayashi 1994 and Jett 1990 to the ones of Hernandez-
Gbémez et al. 2018 in two different temperatures and on low composition of hydrogen a similar
behavior is observed. What is also obvious in Figure 1 is that the mass density values increase
while pressure increases for each one of the examined datasets, as expected.
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Figure 20: Comparison of Jett, Fleyfel, Kobayashi 1994, Jett 1990 and Herndndez-Gomez et al. 2018 at hydrogen
composition of 0.05 and (a) 240 K and (b) 275 K

Comparing the data of Magee et al. 1985 and Jett 1990 to the ones of Herndndez-Gémez et
al. 2018 in two different temperatures and pressures a similar behavior is observed. What is
also obvious in Figure 21 is that the mass density values decrease while hydrogen’s
composition in the mixture increases when combining the data from the datasets, as
expected.
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(b) H2-CH4, 325 K, 190 bar
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(c) H2-CH4, 275 K, 190 bar
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Figure 21: Comparison of Magee et al. 1985, Jett 1990 and Herndndez-Gémez et al. 2018 at (a) 325 K and 170 bar,
(b) 325 K and 190 bar and (c) 275 K and 190 bar

Comparing the data of Machado 1988 to the ones of Hernandez-Gémez et al. 2018 in two
different pressures and low composition of hydrogen a similar behavior is observed. It’s not
clear, though, if they tend to follow the same trendline due to the lack of data for
temperatures between 170 K and 230 K. What is also obvious in Figure 22 is that the mass
density values decrease while the temperature of the mixture increases for each one of the
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examined datasets, as expected. Additionally, in Figure 23 the behavior of Machado 1988 data
is presented for two different sets of temperature and pressure values. What is shown in
Figure 23 is that for an increase of hydrogen’s molar composition from approximately 10% to
80%, the decrease of the mixture’s vapor molar density is around 200 kg/m?* which is less than
the expected decrease which would be around 600 kg/m? depending on the GERG-2008
equation at these temperature and pressure conditions.
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Figure 22: Comparison of Machado 1988 and Herndndez-Gomez et al. 2018 at composition of hydrogen equal to
0.1 and (a) 120 bar (b) 190 bar

49



(a) Machado 1988, 130 K, 285 bar
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Figure 23: Machado 1988 data at two different temperature and pressure conditions

Concluding the abovementioned statements, the Machado 1988 dataset doesn’t behave
accurately regarding to the binary of H, mixed with CHs when comparing to the other available
datasets. On Table 39 below are stated the datasets that have been excluded from the
database due to invalid behavior.
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Table 39: Experimental data that have been considered as reliable for the binary mixture of H2-CH4 regarding
thermophysical properties

Dataset Included in the database
Hernandez-Gomez et al. 2018 v
Jett, Fleyfel, and Kobayashi 1994 %
Jett 1990 v
Machado 1988 x
Magee et al. 1985 %
Chuang, Chappelear and Kobayashi v

1976

4.3.2 Binary mixture of Hy-CyHe
For the binary mixture of H,- C;He there is no available datasets in online literature regarding
to mass density which makes the data evaluation impossible.

4.3.3 Binary mixture of H,-C3Hsg
For the binary mixture of H,- C3Hg there is no available datasets in online literature regarding
to mass density which makes the data evaluation impossible.

4.3.4 Binary mixture of H,-CO

For the binary mixture of H,-CO there are three available datasets in online literature
regarding to mass density covering a wide range of experimental temperature, pressure and
composition values.

Table 40: Experimental binary thermophysical properties data available in literature for the mixture of H2-CO

Dataset T range (K) P range (MPa) H2 composition Num_ber

range of points
Cipollina et al.2007 308.0-343.0 8.8-23.1 0.049-0.112 48
Scott and Bone 1929 298.1 14.2-17.2 0.331 4
Townend, Bhatt, and Bone 1931 | 273.1-298.1 12.2-60.8 0.333-0.666 58

The comparison of the data of the different datasets is to be presented in detail below.

Comparing the data of Townend, Bhatt, and Bone 1931 to the ones of Scott and Bone 1929 in
temperature equal to 300 K and with 33.3% hydrogen in the mixture a similar behavior is
observed. What is also obvious in Figure 24 is that the mass density values increase while
pressure increases for each one of the examined datasets, as expected.
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Figure 24: Comparison of Townend, Bhatt, and Bone 1931 and Scott and Bone 1929 at composition of hydrogen
equal to 0.333 and 300 K

Comparing the data of Cipollina et al.2007 to the ones of Townend, Bhatt, and Bone 1931 and
Scott and Bone 1929 in temperature equal to 300 K and two different pressures it is unclear if
a similar behavior is observed. What is also obvious in Figure 25 is that the mass density values
decrease while hydrogen’s composition in the mixture increases when combining the data
from the datasets. The temperature, pressure and composition range of Cipollina et al.2007
dataset is not similar to the other two data sets which make the evaluation of its data
impossible. What is also obvious in Figure 26 is that with insignificant increase on the mixture’s
pressure condition (from 125 to 135 bar in case (a) and from 206 to 216 bar in case (b)), there
is no effect on mass density values while temperature increases. What would be the expected
behavior of the data is to show a slight decrease while the temperature rises.
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(a) Cipollina et al. 2007, 4.9% H2, 130bar
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Figure 26: Cipollina et al. 2007 data at two different pressure and hydrogen molar composition conditions

Concluding the abovementioned statements, Cipollina et al.2007 data cannot be considered
as a reliable dataset and should be excluded from the database. On Table 41 below are stated
the datasets that have been excluded from the database due to invalid behavior.
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Table 41: Experimental data that have been considered as reliable for the binary mixture of H2-CO regarding

thermophysical properties

Dataset

Included in the database

Scott and Bone 1929

Townend, Bhatt, and Bone 1931

Cipollina et al.2007

4.3.5 Binary mixture of H,-CO3
For the binary mixture of H,-CO; there are five available datasets in online literature regarding
to mass density covering a wide range of experimental temperature, pressure and

composition values.

Table 42: Experimental binary thermophysical properties data available in literature for the mixture of H2-CO2

H2 composition | Number of
Dataset T range (K) P range (MPa) i
range points
Zhang et al. 2002 308.2 5.5-12.9 0.003 20
Cipollina et al. 2007 308.0-343.0 20.1-48.9 0.045-0.24 48
Ababio and McElroy 1993 303.2-343.2 9.7-12.7 0.3553-0.4906 9
Souissi, Kleinrahm, Yang and Richter 2017 273.2-323.2 0.5-6.0 0.05362 19
Bezanehtak et al. 2002 278.2-298.2 4.8-19.3 0.0088-0.1571 42

The comparison of the data of the different datasets is to be presented in detail below.

Comparing the data of Cipollina et al. 2007 to the ones of Souissi, Kleinrahm, Yang and Richter
2017 in temperature equal to 325 K and with 5% hydrogen in the mixture a strange behavior
for Souissi, Kleinrahm, Yang and Richter 2017 data is observed. What is also obvious in Figure
27 is that the mass density values of Souissi, Kleinrahm, Yang and Richter 2017 data do not

increase while pressure increases.
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Figure 27: Comparison of Cipollina et al. 2007 and Souissi, Kleinrahm, Yang and Richter 2017 at composition of
hydrogen equal to 0.05 and 325 K

Comparing the data of Bezanehtak et al. 2002 to the ones Souissi, Kleinrahm, Yang and Richter
2017 and Scott and Bone 1929 in temperature equal to 290 K and with 5% hydrogen in the
mixture similar behavior is observed. What is also obvious in Figure 28 is that the mass density
values increase while pressure increases for each one of the examined datasets, as expected.
In Figure 29 the behavior of Bezanehtak et al. 2002 data is presented, which is as expected.
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Figure 28: Comparison of Bezanehtak et al. 2002 and Souissi, Kleinrahm, Yang and Richter 2017 at 290 K and
hydrogen’s composition equal to 0.05
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Figure 29: Bezanehtak et al. 2002 data at a specific pressure and hydrogen molar composition condition

Comparing the data of Ababio and McElroy 1993 to the ones Zhang et al. 2002 in temperature
equal to 310 Kand pressure equal to 115 bar similar behavior is observed. What is also obvious
in Figure 30 is that the mass density values decrease while hydrogen’s composition in the
mixture increases when combining the data from the datasets, as expected.
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Figure 30: Comparison of Ababio and McElroy 1993 and Zhang et al. 2002 at 290 K and hydrogen’s composition
equal to 0.05

The comparison of Ababio and McElroy 1993 and Zhang et al. 2002 datasets to Cipollina et al.
2007, Souissi, Kleinrahm, Yang and Richter 2017 and Bezanehtak et al. 2002 in not possible
because of their different temperature, pressure and composition spans.

Concluding the abovementioned statements, the Cipollina et al.2007 data cannot be
considered as correct. On Table 43 below are stated the datasets that have been excluded
from the database due to invalid behavior.

Table 43: Experimental data that have been considered as reliable for the binary mixture of H2-CO2 regarding
thermophysical properties

Dataset Included in the database

Zhang et al. 2002
Cipollina et al. 2007

Ababio and McElroy 1993 v

Souissi, Kleinrahm, Yang and Richter v
2017

Bezanehtak et al. 2002 v

4.3.6 Binary mixture of Ha-N»
For the binary mixture of H,-N, there are five available datasets in online literature regarding

to mass density covering a wide range of experimental temperature, pressure and
composition values.
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Table 44: Experimental binary thermophysical properties data available in literature for the mixture of H2-N2

H2 composition

Number of

Dataset T range (K) P range (MPa) B i
Jaeschke and Humphreys 1991 270.0-353.2 9.5-30.2 0.1495-0.5002 316
Hernandez-Gomez et al. 2017 240.0-349.9 1.0-20.2 0.05-0.5 399
Deming and Shupe 1931 203.2-573.2 23.6-148.2 0.75 57
Bartlett et al. 1930 203.1-293.1 30.4-101.3 0.75 22
Bartlett, Cupples, and Tremearne 1927 273.2 10.1-101.3 0.0-0.885 45

The comparison of the data of the different datasets is to be presented in detail below.

Comparing the data of Jaeschke and Humphreys 1991 and to the ones of Hernandez-Gémez
et al. 2017 and Bartlett, Cupples, and Tremearne 1927 in temperature equal to 270 K and with
25% and 50% hydrogen in the mixture a similar behavior is observed. What is also obvious in
Figure 31 is that the mass density values increase while pressure increases on each one of the

datasets, as expected.
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(b) H2-N2, T=270K, 50%H2
400
350
300
250 (]

200

p (kg/m3)

150 O
100

50

0 200 400 600 800 1000
rho (kgP (bar)m~3)

+ Jaeschke1991 OBartlett 1927,49.5% H2 A HernandezGomez2017 [ Bartlett 1927, 50.5% H2

Figure 31: Comparison of Jaeschke and Humphreys 1991, Herndndez-Gémez et al. 2017 and Bartlett, Cupples, and
Tremearne 1927 at 325 K and a composition of hydrogen equal to (a) 0.25 and (b) 0.50

Comparing the data of Deming and Shupe 1931 to the ones of Bartlett et al. 1930 at
temperature equal to 203 K and 295 K and with 75% hydrogen in the mixture a similar
behavior is observed. What is also obvious in Figure 32 is that the mass density values increase
while pressure increases on each one of the datasets, as expected.
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(b) H2-N2, T=295K, 75%H2
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Figure 32: Comparison of Deming and Shupe 1931 and Bartlett et al. 1930 at a composition of hydrogen equal to
0.75 and (a) 203 K and (b) 295 K

Concluding the abovementioned statements, all of the available datasets for the binary
mixture of H,-N; are reliable and should be included on the database.

On Table 45 below are stated the datasets that have been excluded from the database due to
invalid behavior.

Table 45: Experimental data that have been considered as reliable for the binary mixture of H2-N2 regarding
thermophysical properties

Dataset Included in the database

Jaeschke and Humphreys 1991 v
Herndndez-Gémez et al. 2017 v
Deming and Shupe 1931 v
Bartlett et al. 1930 v
Bartlett, Cupples, and Tremearne v

1927

4.4 Model comparison on thermophysical properties data

After the evaluation of the available experimental data is completed, it is important to
examine which thermodynamic models should be trusted for the calculation of
thermophysical properties of these six binary mixtures. The thermodynamic models that are
going to be evaluated are; GERG-2008, Peng-Robinson EoS, SRK EoS, PC-SAFT EoS and UMR-
PRU on calculations relatable with energy properties such us molar enthalpy or Cp. The
absolute relative average deviations of the model results compared to the experimental data
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are presented on Table 46 for each binary mixture and each property. It is obvious that GERG-
2008 results in better accuracy, which is expected because the model’s parameters have been
set after a fit to the available experimental data.

Table 46: The number of experimental points that have been used for the evaluation of the thermodynamic models
regarding the thermophysical properties

Binary mixture

Total number of thermophysical-

properties experimental data-points used

H,-CHg 1096 out of 1361
Ha-CzHs l
Ha-C3Hg l

H,-CO 56 out of 114
H,-CO, 73 out of 119
H,-N, 1051 out of 1051

For the calculation of the errors occurred when comparing the GERG-2008 equation to
experimental data there is presented the absolute average relative deviation (%ARD).

Table 47: Model accuracy regarding to the available thermophysical-properties experimental data

Binary | o operty | GERG2008 | PREoS | SRKEoS | PCSAFT | UMRPRU
mixture
%ARD

o 0.4 3.4 2.0 16.3 45
Hy-CHs I 37.5 25.2 20.0 - 17.9
w 0.04 0.9 12 - 0.7

o 2.8 6.5 3.5 33 -

H2-CO w 0.60 3.5 3.5 - -
H,-CO; o 11 3.4 5.1 13.4 3.4
0 0.1 7.1 1.0 1.0 16.1
Ho-N, w 0.03 1.0 1.1 - 0.7
Cores 185 19.6 153 ] 26.0

Joule-Thomson coefficient cannot be accurately predicted from the four thermodynamic

models that have been used.

Last but not least, it is not possible to proceed to calculations for mixtures containing carbon
monoxide using the model UMR-PRU because there are yet no available parameters for this

component.
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Figure 33: Model comparison with the available datasets in the binary mixture of H2-CH4

4.5 Thermophysical properties data extension using GERG-2008

As it is thoroughly examined on sections 4.3 and 4.4, GERG-2008 EoS behaves very accurately
regarding to single-phase density data, which is expected because the equations parameters
have been fitted to valid available density data for these binary mixtures. GERG-2008 EoS,
also, compares very accurately to speed of sound data for the binary mixtures of hydrogen
mixed with methane, nitrogen and carbon monoxide. This model, though, fails significantly to
predict JT coefficient and Cp s for the mixtures that these kind of data are available.

63



Due to the very limited number of experimental data, especially in terms of high hydrogen
compositions, it is important to extend the available database and evaluate the models’
behavior. This is of major importance because the transition from natural gas streams to
hydrogen streams can be achieved via achieving hydrogen injection to natural gases or similar
gases so accurate prediction of the streams’ behavior should be performed.

The extension of the available database will be performed using GERG-2008 EoS as the
reference equation for density and sound velocity calculations. No one of the
abovementioned thermodynamic models can be trusted for predicting the residual part of
molar C,, molar Cy, molar enthalpy and JT coefficient and so these properties will not be
included in the extension.

The temperature range of properties’ calculations is between 263.15 K and 323.15 K and the
pressure range is between 1 bar and 300 bar which are relevant to natural gas pipeline
transmission. Additionally, the mixtures that are to be examined contain hydrogen in the
following compositions: [0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 0.95, 0.98]. In the binaries of
H,-C;He Ha-CsHgand CO; the examined hydrogen composition will be over 0.8 in order to avoid
the two-phase region.

Concluding that GERG-2008 equation is indeed the most accurate model that can be used for
the calculation of thermophysical properties of different binary mixtures that can be found in
natural gases, an evaluation of five other thermodynamic models is presented below. The
models that are used are PR EoS, SRK EoS, PC SAFT EoS and UMR-PRU. The relative and
absolute deviations between GERG-2008 and every other model will be presented in detail
for the thermophysical properties of the examined six binary mixtures. The results for the
binary of hydrogen mixed with carbon monoxide won’t be presented with UMR-PRU due to
lack of pure component parameters regarding to carbon monoxide.

For the calculation of the errors occurred when comparing the thermodynamic models to
GERG-2008 there is presented the absolute average relative deviation (%ARD). In this case,
the “experimental value” in equation 59 refers to the value given from GERG-2008 and the
“calculated value” refers to the value given from the different thermodynamic models used
for evaluation.

4.5.1 Binary mixture of H-CH4

As it is presented in Table 48 UMR-PRU and SRK EoS result into the most accurate predictions
regarding to molar density predictions. All the evaluated thermodynamic models result in
similar calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of
sound can be predicted accurately from both PR EoS and SKR EoS with the best results given
from SRK EoS. A general note for the thermophysical properties that are examined in this
report is that the models fail to predict accurately their values for pressures below 50 bar and
result in significantly smaller deviations as the pressure values reach up to 300 bar.
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Table 48: Model results for the thermophysical properties of binary mixture of H2-CH4 compared to GERG-2008
reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 1.8 1.5
SRK EoS 1.0 0.8
PC SAFT 3.4 -
UMR - PRU 0.9 104

Indicatively, the density prediction behavior of the evaluated models is presented in Figure
34 below for different compositions
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Figure 34: Comparison of the GREG-2008 equation with the equations of state in the binary mixture of H2-CH4

4.5.2 Binary mixture of H,-CyHe

As it is presented in Table 49 SRK EoS results into the most accurate predictions regarding to
molar density predictions. All the evaluated thermodynamic models result in similar
calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of sound can
be predicted accurately from both PR EoS and SKR EoS with the best results given from SRK
EoS. A general note for the thermophysical properties that are examined in this report is that
the models fail to predict accurately their values for pressures below 50 bar and result in
significantly smaller deviations as the pressure values reach up to 300 bar.
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Table 49: Model results for the thermophysical properties of binary mixture of H2-C2H6 compared to GERG-2008

reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 1.8 0.5
SRK EoS 0.3 0.1
PC SAFT 5.5 -
UMR - PRU 1.0 9.5

4.5.3 Binary mixture of Hp-C3Hg

As it is presented in Table 50 UMR-PRU results into the most accurate predictions regarding
to molar density predictions. All the evaluated thermodynamic models result in similar
calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of sound can
be predicted accurately from both PR EoS, SKR EoS and UMR-PRU with the best results given
from SRK EoS. A general note for the thermophysical properties that are examined in this
report is that the models fail to predict accurately their values for pressures below 50 bar and
result in significantly smaller deviations as the pressure values reach up to 300 bar.

Table 50: Model results for the thermophysical properties of binary mixture of H2-C3H8 compared to GERG-2008
reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 1.7 0.4
SRK EoS 0.7 1.1
PC SAFT 4.2 -
UMR - PRU 0.6 0.5

4.5.4 Binary mixture of H,-CO
The results for the binary of hydrogen mixed with carbon monoxide won’t be presented with
UMR-PRU due to lack of pure component parameters regarding to carbon monoxide.

As it is presented in Table 51 SRK EoS results into the most accurate predictions regarding to
molar density predictions. All the evaluated thermodynamic models result in similar
calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of sound can
be predicted accurately from both PR EoS and SKR EoS with the best results given from SRK
EoS. A general note for the thermophysical properties that are examined in this report is that
the models fail to predict accurately their values for pressures below 50 bar and result in
significantly smaller deviations as the pressure values reach up to 300 bar.
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Table 51: Model results for the thermophysical properties of binary mixture of H2-CO compared to GERG-2008

reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 1.8 1.4
SRK EoS 0.7 0.7
PC SAFT 2.7 -

4.5.5 Binary mixture of H,-CO»

As it is presented in Table 52 SRK EoS results into the most accurate predictions regarding to
molar density predictions. All the evaluated thermodynamic models result in similar
calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of sound can
be predicted accurately from both PR EoS and SKR EoS with the best results given from SRK
EoS. A general note for the thermophysical properties that are examined in this report is that
the models fail to predict accurately their values for pressures below 50 bar and result in
significantly smaller deviations as the pressure values reach up to 300 bar.

Table 52: Model results for the thermophysical properties of binary mixture of H2-CO2 compared to GERG-2008
reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 2.7 0.9
SRK EoS 0.3 0.2
PC SAFT 4.4 -
UMR - PRU 1.0 1.3

4.5.6 Binary mixture of Hy-N;

As it is presented in Table 53 PC-SAFT EoS results into the most accurate predictions regarding
to molar density predictions. All the evaluated thermodynamic models result in similar
calculations as GERG-2008 while PC-SAFT EoS gives the largest deviation. Speed of sound can
be predicted accurately from both PR EoS and SKR EoS with the best results given from SRK
EoS. A general note for the thermophysical properties that are examined in this report is that
the models fail to predict accurately their values for pressures below 50 bar and result in
significantly smaller deviations as the pressure values reach up to 300 bar.
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Table 53: Model results for the thermophysical properties of binary mixture of H2-N2 compared to GERG-2008

reference equation

Model Single-phase
molar Speed of
density sound
(mol/m3)
%ARD %ARD
PR EoS 2.0 3.5
SRK EoS 0.6 2.7
PC SAFT 0.5 -
UMR - PRU 9.1 6.0

4.6 Discussion

The mix of hydrogen with natural gas streams can be a more sustainable solution for the fuel
industry than the use of common natural gas. For this purpose, data related to the phase
equilibrium of six binary mixtures containing hydrogen and natural common gases were
collected and studied on this report. These mixtures are H,-CHa, H,-C;Hg, H-CsHs, H2-CO, Ha-
CO; and Hz-N3, and the calculations that were performed were bubble point pressure and
vapor phase composition calculations for various isotherms of these six different binary
mixtures

Moving to the evaluation of vapor-liquid equilibrium data that are available for the six binary
mixtures, there were found various datasets covering a wide range of temperature and
pressure conditions for each mixture. Street and Calado 1970 data cover a wide range of
temperature and pressure values for the examined binary mixtures offering a lot of
experimental data. Verschoyle 1931 is an unreliable source of data for the binary mixture of
hydrogen mixed with carbon monoxide while its data are correct as it comes to hydrogen
mixed with nitrogen. Akers and Eubanks 1960 and Augood 1957 are slightly inaccurate when
compared to the rest of the datasets and especially when compared to Street and Calado data.
Additionally, these two datasets contain a very limited variety of data points. As a general
note, the datasets published before 1960 are the most unreliable ones. There is a need of
extending the available database for the binary of hydrogen mixed with propane due to
limited number of available experimental points. In terms of H,-CO binary mixture, it is also
important to extend the available dataset in order to ensure the accuracy of the available
data.

As it comes to the comparison of several thermodynamic models, the reference equation
GERG-2008, the cubic equations PR and SRK EoS, PC-SAFT EoS and PR EoS coupled with an
original UNIFAC-type GE model via the Universal Mixing Rules were evaluated regarding their
accuracy on predicting the vapor-liquid equilibrium of the six abovementioned binary
mixtures. The highest accuracy was stated by UMR-PRU, especially while calculating bubble
point pressures. GERG-2008 does not result into the smallest deviations and it should not be
used as a reference model for VLE calculations for binary mixtures that contain hydrogen. SRK
EoS performed quite accurate results comparing to the available experimental data, especially
for the vapor phase composition predictions for the binary mixtures of hydrogen mixed
methane, ethane and nitrogen. PC-SAFT EoS cannot accurately predict the phase equilibrium
behavior of binary mixtures that contain hydrogen.
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The mix of hydrogen with natural gas streams can be a more sustainable solution for the fuel
industry than the use of common natural gas. For this purpose, data related to the
thermophysical properties of six binary mixtures containing hydrogen and natural common
gases were collected and studied on this report. These mixtures are H,-CHa, H2-C;Hg, Hy-CsHs,
H,-CO H,-CO; and H,-N, and the properties of interest are single-phase molar density, residual
molar isobaric (Cp) and isochoric (Cv) heat capacity, residual molar enthalpy, speed of sound
and Joule-Thomson coefficient (JT). The temperature range of interest is between 263.15 K
and 323.15 K and the pressure range is between 1 bar and 300 bar which are conditions
relevant to natural gas pipeline transmission.

Several datasets for these six binary mixtures were evaluated and it was shown that some of
them cannot be reliable, so they had to be excluded from the database. These datasets are
the ones of Machado 1988, Cipollina et al. 2007. The available database is reach of data as it
comes to single-phase density data for H, mixed with CHsor N; but this is not the case for the
rest of the examined thermophysical properties and binary mixtures. Especially for the
binaries of H,-C;Hs and H,-CsHs there are no correct data available.

What else is important to note is that the available datasets in online literature are in many
cases old, focus on very low hydrogen molar composition in the mixtures and do not cover a
wide range of temperatures and pressure conditions. The focus of the existent datasets is on
molar composition that could be found in common natural gas mixtures which refers to very
low hydrogen composition. So, in order to be confident about the thermodynamic models’
behavior for mixtures that contain more than 10% hydrogen it is of major importance to enrich
the existing database with new experimental data in order to create parameters for the
thermodynamic models used in various simulation tools and achieve more accurate
calculations.

The results of six different thermodynamic models were compared to the available
experimental datasets. The models that were used are the reference equation for natural
gases GERG-2008, Peng-Robinson EoS with a fitted acentric factor for hydrogen, SRK EoS, PC-
SAFT EoS and UMR-PRU which is the PR EoS coupled with UNIFAC through the Universal
Mixing Rule. The equations of state were compared with the reference equation GERG 2008
regarding to six different thermophysical properties of these binary mixtures, focusing on the
residual parts of the examined properties. GERG-2008 is not the most accurate model for
calculating thermophysical properties of binary mixtures of hydrogen with components that
can be found in natural gases, while it can perform accurate calculations only regarding to
single phase density and sound velocity data. It does not predict accurately the available Joule-
Thomson coefficient and the residual part of heat capacity data. Thermophysical properties
such as single-phase density and speed of sound were accurately predicted by all of the five
models with GERG-2008 calculating the smallest deviations. The extension of the available
database was performed using GERG-2008 EoS as the reference equation for density and
sound velocity calculations. No one of the abovementioned thermodynamic models can be
trusted for predicting the residual part of molar C,, molar Cy, molar enthalpy and JT coefficient
and so these properties will not be included in the extension.

The temperature range of properties’ calculations is between 263.15 K and 323.15 K and the
pressure range is between 1 bar and 300 bar which are relevant to natural gas pipeline
transmission. Additionally, the mixtures that are to be examined contain hydrogen in the
following compositions: [0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 0.95, 0.98]. In the binaries of
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H,-C;He Ha-C3Hgand CO;the examined hydrogen composition will be over 0.8 in order to avoid
the two-phase region

In the binaries of hydrogen mixed with ethane and carbon dioxide there were no calculations
for hydrogen molar composition prior to 80% due to the two-phase region and the same
happens to the mixture of hydrogen with propane for hydrogen molar composition prior to
95%. All of the models used in this work (PR EoS, SRK EoS, PC SAFT EoS and UMR PRU) can
predict the single-phase density and speed of sound, with SRK EoS resulting in the most
successful calculations and PC-SAFT giving the worst results, always compared with the GERG
2008 reference equation.

It was interesting to conclude that the thermodynamic models that compared well to the
experimental data of thermophysical properties failed to predict accurately the VLE data for
the binary mixtures and vice versa. For example, PR EoS paired with the fitted acentric factor
for hydrogen, as proposed by Aspen HYSYS, can predict relatively well the properties of binary
mixtures containing hydrogen but failed to perform well in terms of the VLE calculations. It is
important, though, to perform calculations with a thermodynamic model that can predict
both the properties and the VLE with good accuracy.

To conclude the abovementioned statements GERG-2008 EoS is the equation that should be
preferred for the calculations of single-phase density and sound velocity of the mixtures H»-
CH4, Hz-Csz, Hz-C3H8, Hz-CO, Hz-COz and Hz-Nz,

Table 54: The most accurate EoS for each one of the examined properties for each one of the binary mixtures

Binary p w Chres T BPP Yh2
mixture
H,-CHa GERG-2008 | GERG-2008 - UMR-PRU UMR-PRU SRK EoS
H,-C;He | GERG-2008 | GERG-2008 - - UMR-PRU PC-SAFT
H,-CsHs | GERG-2008 | GERG-2008 - - UMR-PRU UMR-PRU
- - PR EoS GERG-2008
H,-CO GERG-2008 | GERG-2008 (experimental
acentric factor)
H,-CO, GERG-2008 | GERG-2008 - - UMR-PRU SRK EoS
Hy-N, GERG-2008 | GERG-2008 SRK EoS - UMR-PRU PR Eo§ (fitted
acentric factor)
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5. Determination of the optimum interaction parameters on

Peng - Robinson EoS

In section 4 of this text several thermodynamic models have been used to perform
calculations regarding to VLE and thermophysical properties of hydrogen-containing binaries.
More specifically, there has been a focus on binary mixtures that contain hydrogen and gases
usually found in natural gas streams, such as methane, ethane, propane, carbon dioxide and
nitrogen. After an evaluation of the available online experimental data a model comparison
has been performed between GERG-2008, PR EoS, SRK EoS, PC SAFT EoS and UMR-PRU which
is the PR EoS coupled with UNIFAC through the Universal Mixing Rule in order to evaluate the
accuracy of the models.

It was expected from GERG-2008 which is used as a reference equation for natural gases to
perform well for both VLE and thermophysical properties’ calculations but it was found that
this model cannot be trusted for the VLE calculations of the examined binary systems.

It was interesting to conclude that the thermodynamic models that compared well to the
experimental data of thermophysical properties failed to predict accurately the VLE data for
the binary mixtures and vice versa. For example, PR EoS paired with the fitted acentric factor
for hydrogen, as proposed by Aspen HYSYS, can predict relatively well the properties of binary
mixtures containing hydrogen but failed to perform well in terms of the VLE calculations. It is
important, though, to perform calculations with a thermodynamic model that can predict
both the properties and the VLE with good accuracy. For this purpose, it will be examined
below if a regression of the binary interaction parameter (k;) that is paired with PR EoS can
improve the model’s behavior. The initial calculations have been performed using the binary
interaction parameters proposed by Aspen HYSYS for each binary mixture.

Table 55: Aspen HYSYS’ proposed binary interaction parameters used for the calculations with PR equation of state

e e PR EoS Kij parameters from
Aspen HYSYS
Hz-CHa 0.202
H,-CyHe 0.2231
H>-CsHg 0.2142
H,-CO 0.0253
H,-CO, 0.1202
H,-N> -0.036

More specifically, a determination of the optimum k; of the six binary mixtures will be
performed and it will be shown that the choice of different ki parameters can lead to better
results. Special attention must be paid to the mixture of H, with CH4 as it is the main
component of natural gas streams.

Detailed knowledge of the vapor-liquid equilibrium and the thermophysical behavior of
natural gas mixtures related to operation of natural gas pipelines is essential. It is important
to understand the different behavior of the natural gas mixtures when they are mixed with
hydrogen and the accuracy of the predictions of various thermodynamic models in these
mixtures.
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The average absolute relative deviations of the bubble point pressure and single-phase
density calculations and the average absolute relative deviations along with the average
absolute deviations for hydrogen’s vapor molar composition calculations compared to the
experimental data are presented in sections 5.1.1 to 5.1.6 below for the six binary mixtures
respectively.

5.1.1 ki; Regression for the binary mixture of H,-CHa
In terms of the H,-CH; mixture, the datasets that were extracted from online literature and
were used for the ki parameter fit are presented in Table 56 below.

Table 56: Experimental data that have been considered as reliable for the binary mixture of H2-CH4

Dataset Included in the database

Augood 1957
Benham 1957
Freeth 1931
Hong and Kobayashi 1980
Hu, Lin, Gu and Li 2014
Sagara, Arai and Saito 1972
Tsang, Clancy, Calado and Street 1980
Yorizane, Yoshimura, Masuoko and
Toyama 1967
Kirk and Ziegler 1967
Hernandez-Gomez et al. 2018
Jett, Fleyfel, and Kobayashi 1994
Jett 1990
Machado 1988
Magee et al. 1985

Chuang, Chappelear and Kobayashi
1976

< I |<|< | X | X |X

<
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Six different values for the ki parameter have been evaluated for this mixture and the average
errors are presented below.

Table 57: The %ARD and AAD for the examined ki parameters for the binary mixture of H2-CH4

Kij %ARD P %ARD y AAD y %ARD dens
-0.2 44.3 6.5 0.041 2.9
-0.1 10.9 3.6 0.022 2.7
-0.05 20.3 3.3 0.020 2.6
0.1 102.9 4.9 0.029 2.3
0.202
Proposed by Aspen HYSYS 236.4 71 0.044 2.1
0.3 494 .4 10.5 0.062 2.0
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Figure 35: Regression of kij for the mixture of H2-CH4 paired with PR EoS

It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-CHa, the k;j value equal to 0.202 that
is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations but respectively smaller deviation regarding to single-phase density calculations.
A negative value, such as -0.09, should be used instead in order to perform the calculations
more accurately.

On Figure 36 it is shown how PR EoS with the regressed k;; parameter (set to -0.09) is compared
with the UMR-PRU model which is the one performing the best results for this system.
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Figure 36: Comparison of UMR-PRU EoS and PR EoS with the regressed kij parameter for H2-Ch4 mixture at 91.0 K

5.1.2 kij Regression for the binary mixture of H2-CoHe
In terms of the H,-C;Hg mixture, the datasets that were extracted from online literature and
were used for the k; parameter fit are presented in Table 58 below.

Table 58: Experimental data that have been considered as reliable for the binary mixture of H2-C2H6

Dataset Included in the database

Cohen and Hipnick 1967
Hiza, Heck and Kidney 1968
Sagara, arai and Saito 1972

Heintz and Street 1982

< [ |<|<

Eight different values for the ki parameter have been evaluated for this mixture and the
average errors are presented below.

In Table 59 there is no available error between the calculated and experimental values of the
mixture because there are no available data.
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Table 59: The %$ARD and AAD for the examined ki parameters for the binary mixture of H2-C2H6

Kij %ARD P %ARD y AAD y
-0.3 35.1 1.7 0.015
-0.22 32.3 1.4 0.012
-0.2 31.8 1.3 0.011
-0.18 31.6 1.3 0.011
-0.1 37.0 1.3 0.009
0 59.8 1.3 0.011
0.1 98.3 1.7 0.015
0.2231
Proposed by Aspen HYSYS 166.6 2.2 0.013

It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-C;Hg, the kjj value equal to 0.2231
that is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations. A negative value, such as -0.18, should be used instead in order to perform the
calculations more accurately.

5.1.3 kij Regression for the binary mixture of Ho-CsHs
In terms of the H,-CsHs mixture, the datasets that were extracted from online literature and
were used for the ki parameter fit are presented in Table 60 below.

Table 60: Experimental data that have been considered as reliable for the binary mixture of H2-C3H8

Dataset Included in the database

Buriss, Hsu, Reamer, Sage 1953
Trust, Kurata 1971

Six different values for the ki parameter have been evaluated for this mixture and the average
errors are presented below.

Table 61: The %$ARD and AAD for the examined ki parameters for the binary mixture of H2-C3H8

kij %ARD P %ARD y AAD y
0.3 28.3 3.5 0.025
0.2 23.4 2.9 0.020
-0.18 23.7 2.9 0.022
0 28.3 2.7 0.018
0.1 45.2 3.4 0.023
0.2142
Proposed by Aspen HYSYS 70-5 5.2 0.030
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It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-CsHs, the kjj value equal to 0.2141
that is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations. A negative value, such as -0.2, should be used instead in order to perform the
calculations more accurately.

5.1.4 ki; Regression for the binary mixture of H,-CO
In terms of the H,-CO mixture, the datasets that were extracted from online literature and
were used for the ki parameter fit are presented in Table 62 below.

Table 62: Experimental data that have been considered as reliable for the binary mixture of H2-CO

Dataset Included in the database

Akers, Eubanks 1960 X

Augood 1957 x

Tsang, Clancy, Street and Calado 1980 v
Verschole 1931 X

Yorizane, Yoshimura, Masuoko, v

Toyama 1968
Scott and Bone 1929
Townend, Bhatt, and Bone 1931
Cipollina et al.2007

Five different values for the kj parameter have been evaluated for this mixture and the
average errors are presented below.

Table 63: The %ARD and AAD for the examined ki parameters for the binary mixture of H2-CO

Kij %ARD P %ARD y AAD y %ARD dens
-0.2 49.9 4.7 0.038 7.2
-0.12 32.0 3.3 0.024 7.0
-0.1 23.0 2.5 0.020 6.9
-0.08 19.3 2.1 0.015 6.8
0.0253
Proposed by Aspen HYSYS >4.4 2.1 0.015 6.5
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Figure 37: Regression of kij for the mixture of H2-CO paired with PR EoS

It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-CO, the k; value equal to 0.0253
that is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations but respectively smaller deviation regarding to single-phase density calculations.
A negative value, such as -0.08, should be used instead in order to perform the calculations
more accurately.

5.1.5 kij Regression for the binary mixture of H,-CO;
In terms of the H,-CO, mixture, the datasets that were extracted from online literature and
were used for the ki parameter fit are presented in Table 64 below.

Table 64: Experimental data that have been considered as reliable for the binary mixture of H2-CO2

78

Dataset

Included in the database

Zhang et al. 2002

Cipollina et al. 2007

Ababio and McElroy 1993

Souissi, Kleinrahm, Yang and Richter
2017

Bezanehtak et al. 2002

Augood 1957

Kaminishi, Toriumi 1966

Spano, Heck, Barrick 1968

Tsang, Street 1980

< [ | < X [<

Yorizane, Yoshimura, Masuoka,
Toyama 1968

x




Five different values for the kj parameter have been evaluated for this mixture and the
average errors are presented below.

Table 65: The %$ARD and AAD for the examined ki parameters for the binary mixture of H2-CO2

Kij %ARD P %ARD y AADy %ARD dens
-0.2 44.3 21.1 0.090 3.7
-0.1 20.4 19.8 0.082 3.5
-0.05 24.4 20.5 0.087 3.5
0.1202
Proposed by Aspen HYSYS 63.4 23.2 0.093 3.4
0.2 92.1 23.9 0.107 3.3

Regression of kij for the mixture of H2-CO2

70.0
60.0
50.0

40.0
——%ARD P

%ARD

30.0 —— %ARDYy

%ARD dens
20.0

10.0

0.0
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15

Kij

Figure 38: Regression of kij for the mixture of H2-CO2 paired with PR EoS

It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-CO,, the k; value equal to 0.202
that is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations but respectively smaller deviation regarding to single-phase density calculations.
A negative value, such as -0.1, should be used instead in order to perform the calculations
more accurately.

5.1.6 kij Regression for the binary mixture of H-N»
In terms of the H>-N> mixture, the datasets that were extracted from online literature and
were used for the ki parameter fit are presented in Table 65 below.
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Table 66: Experimental data that have been considered as reliable for the binary mixture of H2-N2

Dataset

Included in the database

Akers, Eubanks 1960

Augood 1957

Gonikberg, Fastowski, Gurwitsch 1939

Maimoni 1961

Street, Calado 1978

Verschoyle 1931

Yoshimura, Yorizane, Naka 1971

Jaeschke and Humphreys 1991

Herndndez-Gomez et al. 2017

Deming and Shupe 1931

Bartlett et al. 1930

I I I L€ [ [ <[ X | X [|X

1927

Bartlett, Cupples, and Tremearne

<

Five different values for the ki parameter have been evaluated for this mixture and the

average errors are presented below.

Table 67: The %ARD and AAD for the examined ki parameters for the binary mixture of H2-N2

Kij %ARD P %ARD y AAD y %ARD dens
-0.1 32.9 4.4 0.031 7.8
-0.036
Proposed by Aspen HYSYS 205 2:5 0.017 7:6
-0.02 159 2.2 0.015 7.6
0 16.5 2.0 0.014 7.6
0.02 25.3 2.5 0.017 7.6
0.05 97.7 2.9 0.020 7.5
0.1 176.4 3.8 0.025 7.4

It is obvious that, based on the collected experimental data for both thermophysical
properties and two-phase equilibrium for the binary of H,-N,, the ki value equal to -0.036 that
is used from the Aspen HYSYS software results into very large deviation regarding to VLE
calculations but respectively smaller deviation regarding to single-phase density calculations.
A kj value equal to -0.02 should be used instead in order to perform the calculations more

accurately.

5.2 Discussion

The mix of hydrogen with natural gas streams can be a more sustainable solution for the fuel
industry than the use of common natural gas. For this purpose, data related to the phase
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equilibrium and thermodynamic properties of six binary mixtures containing hydrogen and
natural common gases were collected and studied on previous reports. Five thermodynamic
models were used for these calculations but failed to accurately predict both two-phase
equilibrium and single-phase density behavior of each binary mixture.

In this work focus is placed indicatively on the determination of the kj parameters that are
used on PR EoS. Similar procedure can be performed to determine also the ki parameters used
by SRK EoS and PC-SAFT EoS. It is important to note that the parameters used by UMR-PRU
are originally fitted to VLE experimental data.

It has been found that the binary interaction parameters paired with equations of state
strongly affect the model’s behavior. With a focus on the cubic equation of state PR EoS and
on the binary mixtures, it was examined weather a fit of the ki parameters can significantly
affect the final results.

Table 68: Proposed and regressed binary interaction parameters for the six binary mixtures

klj Hz-CH4 Hz-C2H6 HZ‘C3H8 HZ'CO HZ‘COZ Hz-Nz
Proposed by Aspen HYSYS 0.202 0.2231 0.2141 | 0.0253 | 0.1202 | -0.036
Fitted parameter -0.09 -0.18 -0.20 -0.08 -0.10 -0.02

The deviations occurred between model calculations and the experimental data for the
thermophysical properties and two-phase equilibrium will be presented in Tables 69 and 70
for the mixtures.

Table 69: Model accuracy regarding to the thermophysical properties experimental data

nf:::J:/e Property | GERG 2008 kjf;;& SRKE0S | PCSAFT | UMR PRU kZ:R-S?osg
%ARD
Hz-CH, p 0.4 2.1 2.0 16.3 45 2.7
T 375 25.2 20.0 - 17.9 17.7
w 0.04 0.9 1.2 - 0.7 11
nf:::l;:e Property | GERG 2008 ki:;.zzs% SRKEoS | PCSAFT | UMRPRU kZ:R-S.OoSs
%ARD
H,-CO 0 28 6.5 35 33 - 6.8
w 0.60 35 35 - - 35
Binar PR EoS PR EoS
mixtu:/e Property GERG 2008 Kij=0.1202 SRK EoS PC SAFT | UMR PRU Kij=-0.1
%ARD
H,-CO, 0 1.1 3.4 5.1 13.4 34 35
Binar PR EoS PR EoS
mixtu:/e Property GERG 2008 kij=-0.036 SRK EoS PC SAFT | UMR PRU Kij=-0.02
%ARD
T o 0.1 7.6 1.0 1.0 16.1 7.6
w 0.03 1.0 1.1 - 0.7 0.9
Cpres 185 19.6 153 - 26.0 35.0
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Table 70: Model accuracy regarding to the VLE experimental data

Binary PR EoS PR EoS
mixture Property GERG 2008 k;j=0.202 SRK EoS PC SAFT UMR PRU kj=-0.1
%ARD
H,-CHa BPP 9.9 236.4 15.1 71.2 4.8 10.9
YH2 6.0 7.1 3.3 12.7 3.8 3.6
Binary PR EoS PR EoS
mixture Property | GERG 2008 kj=0.2231 SRK EoS PCSAFT | UMR PRU kj=-0.18
%ARD
H,-CoHs BPP 15.1 166.2 16.0 47.7 11.2 31.6
YH2 6.3 2.2 14 0.3 1.1 1.3
Binary PR EoS PR EoS
mixture Property | GERG 2008 Kij=0.2141 SRK EoS PC SAFT | UMR PRU Kij=-0.2
%ARD
H2- CsHs BPP 11.2 70.5 24.2 353 10.1 23.4
YH2 3.8 5.2 6.4 3.9 1.5 2.9
Binary PR EoS PR EoS
mixture Property | GERG 2008 k;=0.0253 SRK EoS PC SAFT | UMR PRU ky=-0.08
%ARD
H.-CO BPP 22.1 54.4 324 146.7 - 19.3
YH2 5.7 2.1 7.2 17.6 - 2.1
Binary PR EoS PR EoS
mixture Property | GERG 2008 kij=0.1202 SRK EoS PC SAFT | UMR PRU Kij=-0.1
%ARD
H,-CO, BPP 19.4 63.4 20.4 119.9 15.0 20.5
YH2 15.5 23.2 15.3 39.7 17.0 19.8
Binary PR EoS PR EoS
mixture Property GERG 2008 kij=-0.036 SRK EoS PC SAFT | UMR PRU Kij=-0.02
%ARD
H2-Na BPP 35.0 20.5 29.9 122.7 15.7 16.5
YH2 5.2 2.5 3.3 10.0 3.6 2.0

It is obvious that a significant decrease is occurred in the error values referring to VLE
calculations with PR EoS combined with the fitted k;j parameters. The deviations for single-
phase density results perform an increase which is though insignificant. So, as it is expected,
a change in the k; parameter can widely affect bubble point pressure calculations and
significantly affect the components’ vapor phase calculations while at the same time single-
phase density values are almost independent of this change. It is impossible to determine the
optimum k;; parameter of a binary mixture if the only available data are the single-phase
density data. The regression of kj should be based on VLE data and mainly in bubble point
pressure data for each mixture.

It can be concluded that the kj parameter adjustment leads to better accuracy in the VLE
calculations regarding to all of the binary mixtures.

Focusing on the binary mixture of hydrogen mixed with methane GERG-2008 EoS gives the
most accurate results for single-phase density calculations but UMR-PRU EoS is very accurate
for VLE calculations. PR EoS with the adjusted ki parameter is not the most accurate model
for these calculations but behaves better than UMR-PRU EoS in terms of single-phase density
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calculations and better than GERG-2008 in terms of VLE calculations. Concluding the
abovementioned statements, PR EoS can be used for calculations related to H,-CH,4 binary
mixture since it gives quite satisfactory results. Additionally, the results were highly improved
in terms of the JT calculations for which PR EoS with the regressed kj gave very similar results
to UMR-PRU. The results were also slightly improved as it comes to speed of sound
calculations. So PR EoS with a regressed ki parameter can be trusted for both VLE and
thermophysical properties’ calculations.

Focusing on the binary mixture of hydrogen mixed with ethane UMR-PRU EoS is very accurate
for VLE calculations. PR EoS with the adjusted kj parameter is not the most accurate model
for these calculations and gives high deviations regarding bubble point pressures. It can
successfully, though, predict the vapor-phase component composition of the mixture.
Concluding the abovementioned statements, PR EoS cannot be used for calculations related
to H,-C;he binary mixture and UMR-PRU should be used instead.

Focusing on the binary mixture of hydrogen mixed with propane UMR-PRU EoS is very
accurate for VLE calculations. PR EoS with the adjusted k;; parameter is not the most accurate
model for these calculations and gives high deviations regarding bubble point pressures. It can
successfully, though, predict the vapor-phase component composition of the mixture.
Concluding the abovementioned statements, PR EoS cannot be used for calculations related
to H,-C3Hsg binary mixture and UMR-PRU should be used instead.

Focusing on the binary mixture of hydrogen mixed with carbon monoxide GERG-2008 EoS
gives the most accurate results for single-phase density calculations and for VLE calculations.
PR EoS with the adjusted k; parameter is not the most accurate model for these calculations
but behaves better than GERG-2008 in terms of VLE calculations regarding the phase
component composition predictions. Concluding the abovementioned statements, PR EoS can
be used for calculations related to H,-CO binary mixture since it gives quite satisfactory results.
Additionally, there is no significant improvement on speed of sound calculations while using
PR EoS with the fitted kij parameter.

Focusing on the binary mixture of hydrogen mixed with carbon dioxide GERG-2008 EoS gives
the most accurate results for single-phase density calculations but UMR-PRU EoS and GERG-
2008 behave similarly regarding VLE calculations. PR EoS with the adjusted ki parameter is not
the most accurate model for these calculations but behaves similar to UMR-PRU EoS in terms
of single-phase density calculations and better calculations. Concluding the abovementioned
statements, PR EoS can be used for calculations related to H,-CO; binary mixture since it gives
quite satisfactory results. For this binary mixture the examined models fail to give accurate
results.

Focusing on the binary mixture of hydrogen mixed with nitrogen GERG-2008 EoS gives the
most accurate results for single-phase density calculations but UMR-PRU EoS is very accurate
for VLE calculations. PR EoS with the adjusted kj parameter is not the most accurate model
for these calculations but behaves better than UMR-PRU EoS in terms of single-phase density
calculations and better than GERG-2008 in terms of VLE calculations. Concluding the
abovementioned statements, PR EoS can be used for calculations related to H,-N; binary
mixture since it gives quite satisfactory results. Additionally, there is no significant
improvement on speed of sound calculations while using PR EoS with the fitted kj parameter.
As it comes to Cpres calculations, the results occurred with the fitted ki parameter are
significantly worse.
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6. Conclusions and future work

Even though hydrogen is a very promising substitute of fossil fuels, the transition from natural
gas to hydrogen cannot happen immediately. Usually, in natural gas mixtures the molar
composition of hydrogen is found as trace or up to 0.05%. The transition to hydrogen energy
could be achieved by producing hydrogen-containing mixtures of determined purity via steam
reforming of natural gas or similar gases. For this purpose, detailed examination of the
available thermodynamic models’ accuracy on energy and transport related properties’
calculations, relevant to pure hydrogen and mixtures of hydrogen with the main components
of natural gas or similar gases, should be performed. In this work, focus is placed on the
thermophysical behavior of pure hydrogen and on transport and energetic properties of
binary mixtures containing hydrogen and components commonly found in NG or similar gases,
such as methane, ethane, propane, nitrogen and carbon monoxide and dioxide. Attention
should be paid also to the vapor-liquid equilibrium of the same binary mixtures as it is of major
importance as it comes to storage conditions. Based on experimental data that can be found
in online literature, the predictive accuracy of several thermodynamic models was evaluated
and better knowledge about the models’ behavior was stated. The under-evaluation
thermodynamic models are; the cubic equations of state, Peng Robinson, Soave Redlich
Kwong with hydrogen’s experimental acentric factor combined with Soave’s alpha function
both combined with van der Waals mixing rules and UMR-PRU which is the PR EoS coupled
with UNIFAC through the Universal Mixing Rule, also the saft equation PC-SAFT and last but
not least, equation GERG-2008. Also, the examined properties are vapor pressure, molar
density, residual molar C,, C, and enthalpy, Speed velocity and JT coefficient in terms of pure
hydrogen and VLE, single-phase density, residual molar C,, C, and enthalpy, Speed velocity
and JT coefficient in terms of binary mixtures.

After evaluating all the available datasets that were found in online literature both for pure
hydrogen and the six binary mixtures, the invalid sets were excluded from the database. A
plethora of data are available in terms of pure hydrogen but it was found that there is
significant lack of experimental data especially as it comes to thermodynamic and physical
properties of the examined mixtures.

Itis clear that for calculating properties related to pure hydrogen the most trustworthy model
that should be chosen is the reference EoS, GERG-2008. Even though it is the most accurate
of the evaluated models, it cannot be used for the JT coefficient calculations and shouldn’t be
used for residual molar C, and C, either because it performs significantly high errors regarding
the experimental data of these properties. The cubic EoS’s are widely affected by the choice
of acentric factor as well as the choice of the alpha function that is to me paired with them. In
some cases, such as hydrogen referring to PR EoS, the fitting of the acentric factor and the
pairing of the thermodynamic model with a multiparametric alpha function and a proper
determination of each parameter, such as Mathias-Copeman equation, can lead to
significantly improved results. The saft EoS, PC-SAFT, failed to calculate hydrogen’s vapor
pressures, which is a significant failure of the model and it should not be considered as reliable
as it comes to hydrogen calculations.
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Table 71: The most accurate EoS for each one of the examined properties for pure hydrogen

d Cp,res Cy,res H,res w | T ps
Thermodynamic | o 2008 SRK E0S 1 GERG-2008
Model
Software Tool | AGAS8 code / NIST | ThermoCalc AGAS8 code / NIST

The final choice of thermodynamic model regarding pure hydrogen calculations is stated
below.

Table 72: The most accurate EoS for the calculations regarding pure hydrogen

d H,res ‘ w ps
GERG-2008
AGAS code / NIST

Thermodynamic Model
Software Tool

In the case of binary mixtures, the choice is not so clear. The number of experimental points
and the components differ in every one of the six examined binary mixtures which leads to
different results in each case. It is impossible to conclude in safe decisions as it comes to the
properties of; residual molar C,, C,, enthalpy and JT coefficient due to lack of experimental
data. The thermodynamic model choice for the properties of single-phase density and speed
of sound for all of the six binary mixtures is common and is the reference equation, GERG-
2008. As for the VLE calculations, the bubble point pressures are very well predicted by UMR-
PRU and the model accuracy for vapor phase composition differs from mixture to mixture.

Table 73: The most accurate EoS for each one of the examined properties for each one of the binary mixtures

Binary p w Chyres T BPP Yh2
mixture
H>-CHa GERG-2008 | GERG-2008 - UMR-PRU UMR-PRU SRK EoS
H>-CyHs GERG-2008 | GERG-2008 - - UMR-PRU PC-SAFT
H>-C3Hs GERG-2008 | GERG-2008 - - UMR-PRU UMR-PRU
- - PR EoS GERG-2008
H,-CO GERG-2008 | GERG-2008 (experimental
acentric factor)
H»-CO, GERG-2008 | GERG-2008 - - UMR-PRU SRK EoS
HyN, GERG-2008 | GERG-2008 SRK EoS - UMR-PRU PR Eo§ (fitted
acentric factor)

After the model comparison to the available experimental data regarding the thermophysical
properties of the binary mixtures, an extension of the database was performed for the
properties of single-phase density and speed of sound based on the best performing equation
which was the reference EoS, GERG-2008. This extension was performed in order to examine
how the evaluated models compare for higher hydrogen compositions than the ones
described in the available data. It seems that the models have a similar behavior to GERG-
2008 EoS as it comes to high-hydrogen composition in the mixtures, with SRK EoS which uses
the experimental acentric factor for hydrogen giving the smallest deviations compared to
GERG-2008 calculations. It is important to note that since GERG-2008’s behavior for hydrogen
molar composition over, in most cases, 10 % in these six binary mixtures is not based on
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experimental data, the model’s calculations could be incorrect for a composition range
between 10 % and 100 %.

It was further evaluated weather a change of the kjparameters used for the binary mixtures
on PR EoS indicatively could affect the model selection. A similar evaluation and adjustment
can happen also to kijjparameters of SRK and PC-SAFT EoS, but it wasn’t examined in this work.
UMR-PRU parameters were fitted to similar VLE data as the ones used in this thesis.

The final choice of thermodynamic model regarding each binary mixture that should be used
for the calculations on both thermophysical-properties and VLE calculations is stated below.

Table 74: Model selection for the calculations regarding each binary mixture

Binary mixture P | i | BPP | YH2 Software tool
H,-CH4 PR EoS fitted acentric factor (set to -0.12) and fitted k; (set to -0.09) ThermocCalc
H,-CyHe UMR-PRU ThermoCalc
H,-C3Hs GERG-2008 EoS Aspen HYSYS
H,-CO GERG-2008 EoS Aspen HYSYS
H,-CO, UMR-PRU ThermoCalc

Ha-N» PR EoS fitted acentric factor (set to -0.12) and fitted k; (set to -0.02) ThermocCalc

It is important to note that plenty of these datasets are rather old and focus on mixtures that
contain very low compositions of hydrogen. In order to be able to predict correctly the
behavior of hydrogen-containing streams it is important to renew the database with
experimental data which have emerged from more modern and reliable measurements and
cover a range for hydrogen’s composition for 0.0 % to 100.0 %.

Additionally, it is important to extend the existing database with experimental data referring
to hydrogen-containing ternary and multicomponent mixtures, which are absent from the
available database in terms of thermophysical properties and very limited in terms of VLE.
These datasets will help even more to evaluate the thermodynamic models’ behavior and
approach more realistic case studies.

It would, also, be interesting to evaluate the behavior of a thermodynamic model that can
accurately predict hydrogen’s quantum nature, such as the SAFT model with attractive
potentials of Variable Range and Mie's monomer hard-core potential (SAFT-VR-Mie) which is
meant to be successful for pure Hydrogen with its main success occurring in the cryogenic
region[46], [47].

Further examination on the parameter fitting of the acentric factors of the pure components
of the evaluated mixtures and of the binary coefficient parameters of the mixtures can be
taken into consideration. With a focus on SRK EoS instead of PR EoS the final results could
differ a lot and the measured deviations could be even more reduced.
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Appendices
Appendix A

The UNIFAC group interaction parameters used for UMR-PRU have been extracted from
publications related to UMR-PRU[15], [23]. For the binary mixture of hydrogen and carbon
monoxide the calculations will not be performed with UMR-PRU EoS because there are no
published adjusted parameters yet.

m n Amn (K) Bmn (-) Con (K?) | Anm (K) Bnm (-) Cn (K7
CH,q Ha 387.15 1.291 8.35E-04 | -82.98 -0.121 3.02E-03
CaHe H 517.10 4.375 1.59E-02 | -185.68 | -2.540 -3.16E-03
CH, Ha -8.51 -0.934 | 2.38E-03 | 168.74 | -0.711 -6.85E-04
ACH H 328.04 -3.016 | 2.13E-03 8.32 1.879 -1.08E-03

ACCH;s H 83.44 -4.348 | 8.14E-04 | 233.79 | 10.954 | -1.37E-02
CO, Ha 521.47 0.783 0 -53.53 -3.276 0
N, H> -86.71 -1.009 0 -19.32 -0.220 0

Table A 1: UNIFAC group interaction parameters estimated for the UMR-PRU model.



Appendix B
For the calculation of the ideal parts of the thermophysical while using GERG-2008 EoS the
parameters proposed are stated below.

Table B 1: GERG-2008 EoS parameters for the calculation of ideal properties

k Noi,k° B0 1°
Methane

1 19.59754 0

2 -83.9597 0

3 3.00088 0

4 0.76315 | 4.306474

5 0.0046 | 0.936221

6 8.74432 | 5.577234

7 -4.46921 | 5.722644
Nitrogen

1 11.08344 0

2 -22.2021 0

3 2.50031 0

4 0.13732 | 5.251823

5 -0.1466 | -5.39307

6 0.90066 | 13.78899

7 0 0

Carbon dioxide

1 11.92518 0

2 -16.1188 0

3 2.50002 0

4 2.04452 | 3.022758

5 -1.06044 | -2.84443

6 2.03366 | 1.589964

7 0.01393 | 1.121596
Ethane

1 24.67547 0

2 -77.4253 0

3 3.00263 0

4 4.33939 | 1.831882

5 1.23722 | 0.731307

6 13.1974 | 3.378007

7 -6.01989 | 3.508722
Propane

1 31.60293 0

2 -84.4633 0

3 3.02939 0

4 6.60569 | 1.297522

5 3.197 0.543211

6 19.1921 | 2.583146

7 -8.37267 | 2.777773




Hydrogen
1 13.79647 0
2 -175.864 0
3 1.47906 0
4 0.95806 | 6.891654
5 0.45444 | 9.847635
6 1.56039 | 49.76529
7 -1.3756 | 50.36728
Carbon monoxide
1 10.8145 0
2 -19.8437 0
3 2.50055 0
4 1.02865 | 11.67508
5 0.00493 | 5.305158
6 0 0
7 0 0

The binary interaction parameters of the mixtures using GERG-2008 are presented below

Table B 2: GERG-2008 EoS binary interaction parameters for the six binary mixtures

Mixture ij Bu,i Y,ii Br,i Vi

CHy-H» 1 1.018703 1 1.352643
N2-H> 0.972532 | 0.970115 | 0.946134 | 1.175697
COz-H; 0.904142 | 1.152793 | 0.94232 | 1.782925
CoHe-H, 0.925367 | 1.106072 | 0.93297 | 1.902008
CsHs-H, 1 1.074006 1 2.308215
CO-H, 1 1.121416 1 1.377505




Appendix C

Indicative figures that display the results of model comparison regarding pure hydrogen.

Molar residual enthalpy calculations
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Figure C 1: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding molar residual enthalpy of pure H2

Molar residual Cv calculations
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Figure C 2: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding molar residual Cv of pure H2



JT coefficient calculations
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Figure C 3: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding JT coefficient of pure H2
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Figure C 4: Comparison of GERG-2008 EoS, PR EoS 2 and SRK EoS 1 regarding sound velocity of pure H2



Appendix D

Indicative figures that display the results of model comparison regarding thermophysical
property calculations of hydrogen containing binary mixtures.

H2-CO, 33.3% H2
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Figure D 1: Model comparison regarding single-phase density data of H2-CO
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Figure D 2: Model comparison regarding single-phase density data of H2-CO2



H2-N2, T=270K, 55%H2
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Figure D 3: Model comparison regarding single-phase density data of H2-N2



Appendix E

Indicative figures that display the results of model comparison regarding VLE calculations of
hydrogen containing binary mixtures.

H2-C2H6, 173.2 K
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Figure E 1: Model comparison regarding VLE data of H2-C2H6
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Figure E 2: Model comparison regarding VLE data of H2-C3H8



H2-CO, 83.2 K
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Figure E 3: Model comparison regarding VLE data of H2-CO
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Figure E 4: Model comparison regarding VLE data of H2-CO2
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Figure E 5: Model comparison regarding VLE data of H2-N2



Appendix F
The ki parameter fitting for the rest three systems, for hydrogen mixed with ethane, propane
and nitrogen, are presented below.

Regression of kij for the mixture of H2-C2H6

60.0

50.0

40.0

30.0

%ARD

——%ARD P

——%ARD y
20.0

10.0

0.0
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0

Kij

Figure F 1: Determination of kij parameter for PR EoS based on BPP data for the mixture of H2-C2H6



Regression of kij for the mixture of H2-C3H8
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Figure F 2: Determination of kij parameter for PR EoS based on BPP data for the mixture of H2-C3H8

Regression of kij for the mixture of H2-N2
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Figure F 3: Determination of kij parameter for PR EoS based on BPP data for the mixture of H2-N2
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