David Tomads Sanchez Martinez

Lourdes Garcia Rodriguez
(coordinadores)

Proceedings of the 7th International Seminar on

|
B

Power Systems—

[

-—ﬂi"-" P
P A ——
e .
- B

- Editorial Universidad de Sevilla


https://orcid.org/0000-0002-2464-7365
https://orcid.org/0000-0003-1357-9085
https://editorial.us.es




Proceedings of the 7th International Seminar on

ORC

Power Systems






David Tomads Sanchez Martinez

Lourdes Garcia Rodriguez
(coordinadores)

Proceedings of the 7th International Seminar on

ORC

Power Systems

(ORC2023)
4 o 6

SEPTEMBER
SEVILLE 2023

.
Faa US EDITORIAL
\ UNIVERSIDAD DE SEVILLA

Sevilla, 2024


https://orcid.org/0000-0002-2464-7365
https://orcid.org/0000-0003-1357-9085
https://editorial.us.es

Coleccion Actas
Num.: 91

Comité editorial de
la Editorial Universidad de Sevilla:

Araceli Lopez Serena
(Directora)

Elena Leal Abad
(Subdirectora)

Concepcion Barrero Rodriguez

Rafael Fernandez Chacon

Maria Gracia Garcia Martin

Maria del Pépulo Pablo-Romero Gil-Delgado
Manuel Padilla Cruz

Marta Palenque

Maria Eugenia Petit-Breuilh Sepulveda
Marina Ramos Serrano

José-Leonardo Ruiz Sdnchez

Antonio Tejedor Cabrera

Review chairs of the 7" Internation Seminar on ORC Power Systems

Prof. Christoph Wieland (University of Duisburg-Essen) - Review Chair

Prof. Sotirios Karellas (National Technical University of Athens) - Review Co-Chair

Prof. Teemu Turunen-Saaresti (LUT University) - Review Co-Chair

Dr. Diego-César Alarcon-Padilla (Plataforma Solar de Almeria - CIEMAT) - Review Co-Chair
Dr. Francesco Crespi (Universidad de Sevilla) - Review Co-Chair

Esta obra se distribuye con la licencia
Creative Commons Atribucién-NoComercial-SinDerivadas 4.0 Internacional (CC BY-NC-ND 4.0)

Usted es libre de:
@ @ @ @ Compartir — copiar y redistribuir el material en cualquier medio o formato

La licenciante no puede revocar estas libertades en tanto usted siga los términos de la licencia

Bajo los siguientes términos:

Atribucién — Usted debe dar crédito de manera adecuada, brindar un enlace a la licencia, e indicar si se han realizado cambios .
Puede hacerlo en cualquier forma razonable, pero no de forma tal que sugiera que usted o su uso tienen el apoyo de la licenciante.
NoComercial — Usted no puede hacer uso del material con propésitos comerciales .

SinDerivadas — Si remezcla, transforma o crea a partir del material, no podra distribuir el material modificado.

No hay restricciones adicionales — No puede aplicar términos legales ni medidas tecnolégicas

que restrinjan legalmente a otras a hacer cualquier uso permitido por la licencia.

© Editorial Universidad de Sevilla 2024
¢/ Porvenir, 27 - 41013 Sevilla.
Tlfs.: 954 487 447; 954 487 451; Fax: 954 487 443
Correo electrénico: info-eus@us.es
Web: https://editorial.us.es

© David Tomds Sdnchez Martinez y Lourdes Garcia Rodriguez
(coordinadores)

© De los textos, los autores 2024

ISBN 978-84-472-2745-7
DOIL: https://dx.doi.org/10.12795/9788447227457

Disefio de cubierta y maquetacion: los autores


https://editorial.us.es/es/colecciones-y-series/actas/17/0
https://editorial.us.es
https://orcid.org/0000-0002-2464-7365
https://orcid.org/0000-0003-1357-9085
https://dx.doi.org/10.12795/9788447227457
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.es
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.es

INDEX OF CONTRIBUTIONS

ID3 - Additive manufacturing for fast prototyping of a velocity compounded radial re-entry
turbine
Authors: Dominik Stiimpfl, Karel Raz, Philipp Streit, Andreas P. Weif3....................

ID4 - Thermodynamic concept of a novel recuperative two-phase power cycle process
Authors: Benedikt G. Bederna, Riley B. Barta, Christiane S. Thomas. .....................

ID7 - Performance analysis of a 1.5 MW Organic Rankine Cycle in a Carnot battery system for
grid balancing services

Authors: Robin Tassenoy, Hannes Van De Velde, Kenny Couvreur, Michel De Paepe, Steven

LecOmIPte . oo

ID8 - Calibration of multi-hole probes for measurements in compressible organic vapor flows
Authors: Leander Hake, Stephan Sundermeier, Stefan Aus Der Wiesche, Maximilian
Passmann......... ...

ID9 - pocketORC: A browser-based calculator for teaching organic Rankine cycle power systems

Authors: Martin WhHite . ... ..o e e e

ID10 - Evaluation of existing supercritical heat transfer correlations for designing the vapor
generator in low-temperature transcritical Organic Rankine Cycle systems
Authors: Jera Van Nieuwenhuyse, Anastasios Skiadopoulos, Dimitris Manolakos, Steven

Lecompte, Michel De Paepe . ... ... ..o e

ID12 - A novel combined cooling and power cycle integrated ejector refrigeration and
composition adjustment for stationary engine waste heat recovery
Authors: Xiaocun Sun, Lingfeng Shi, Hua Tian, Gequn Shu.............................

ID14 - Design and construction of a reversible ORC test rig for geothermal CHP applications
Authors: Florian Kaufmann, Christopher Schifflechner, Christoph Wieland, Hartmut
Spliethofl . ..o

ID15 - Robust and fast meanline methodology for radial inflow turbines with non-ideal gases for

system level optimisation of organic Rankine cycles
Authors: Carola Freytag, Eva Alvarez-Regueiro, Pablo Ale-Martos, Esperanza Barrera-
Medrano, Ricardo Martinez-Botas. . . ... out ittt e e

ID16 - Shape optimization of a sCO2 centrifugal compressor stage
Authors: Alessandro Romei, Paolo Gaetani, Giacomo Persico . ..........ouueuuenenno...

ID17 - Optimizing the performance of a hybrid solar-biomass micro-CHP system with a TFC
engine as the prime mover for domestic applications
Authors: Anastasios Skiadopoulos, Xander Van Heule, Steven Lecompte, Michel De Paepe,
Dimitrios ManolaKos. . ...

ID19 - Systematic and multi-criteria optimisation of subcritical thermally integrated Carnot
batteries (TI-PTES) in an extended domain
Authors: Antoine Laterre, Olivier Dumont, Vincent Lemort, Francesco Contino...........

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

13

23

33

43

53

61

71

81

91



ID20 - ORC technology used in a heat removal system for an advanced nuclear power plant
Authors: Guillaume Lhermet, Benoit Payebien, Nicolas Tauveron, Nadia Caney, Franck
MOTIN . .

ID22 - Assessment of trilateral Organic Rankine Cycle for solar applications with innovative
turboexpander concept
Authors: Alessandro Romei, Andrea Giostri, Andrea Spinelli............................

ID25 - Evaluation of the performance of an axial one-stage 10kW turbogenerator through
experimental testing
Authors: Piotr Klimaszewski, Piotr Klonowicz, Lukasz Witanowski, Tomasz Suchocki,
Piotr Lampart, Eugeniusz [hnatowicz, Lukasz Antczak, Dawid Zaniewski, Lukasz
Jedrzejewski. .. ...

ID26 - Investigation of the turbulence level and the vortex shedding in a turbine cascade working
with an organic vapor at subsonic Mach numbers
Authors: Leander Hake, Stephan Sundermeier, Stefan Aus Der Wiesche, Camille Matar, Paola
Cinnella, Xavier Gloerfelt . . ... .ot

ID27 - A novel approach to district heating: using a two-phase expander in a reversible heat
pump-Organic Rankine Cycle system
Authors: Sindu Daniarta, Attila R. Imre, Piotr Kolasinski .. ......... ... ...

ID28 - Optimization of a partially evaporating Organic Rankine Cycle with thermal non-
equilibrium expansion
Authors: Xander Van Heule, Tasos Skiadopoulos, Dimitris Manolakos, Michel De Paepe,
Steven Lecompte. .. ...

ID29 - Cost-effective option of cold energy utilization in pharmaceutical industry
Authors: Sindu Daniarta, Dawid Sowa, Adam Havas, Attila R. Imre, Piotr Kolasinski . . .. ...

ID30 - Numerical investigation of a transonic dense gas flow over an idealized blade vane
configuration
Authors: Aurelien Bienner, Xavier Gloerfelt, Paola Cinnella, Leander Hake, Stefan Aus Der
WieSChe . ...

ID31 - Comprehensive analysis of ORC-VCC system for air conditioning from low-temperature
waste heat
Authors: Lukasz Witanowski ......... ... .

ID33 - Pareto front analysis for the design and the working fluid selection in ORC-based
pumped thermal energy storage technology in both pure electric and cogenerative
applications

Authors: Marco Astolfi, Dario Alfani, Andrea GIoStri ... .. ooven oo e

ID36 - Evaluating the waste heat sources in a very large crude carrier and the potential
integration of Organic Rankine Cycle configurations
Authors: Amalia Stainchaouer, Christopher Schifflechner, Christoph Wieland, Hartmut
SpPliethofl . ..

ID37 - Investigating R1234ze and R1234yf as replacements to R134a in waste heat recovery ORC
applications
Authors: James Bull, James Buick, Jovana Radulovic ............cco ...

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

159

169

176

184

193

203

214

224

234



ID38 - Performance and economic assessment of a thermally integrated reversible HP/ORC
Carnot battery applied to data centers
Authors: Chiara Poletto, Andrea De Pascale, Saverio Ottaviano, Olivier Dumont, Maria
Alessandra Ancona, Michele Bianchi ............. ... .. .. .o i

ID39 - Evaluation of the performance of multiple supercritical CO2 power cycles in Waste Heat
Recovery applications
Authors: Hicham Chibli, Matthew Read, Abdulnaser Sayma ............................

ID40 - Design and modeling of a demonstration-scale ORC cycle for the Liquid Air Combined
Cycle
Authors: Owen Pryor, William Conlon, Aaron Rimpel, Milton Venetos...................

ID41 - Guidelines and optimization criteria of a machine learning-based methodology for
mixture design in ORC systems
Authors: Valerio Mariani, Saverio Ottaviano, Andrea De Pascale, Giulio Cazzoli, Lisa
Branchini, Gian Marco Bianchi ......... ... ...

ID45 - Potential of trigenerative Waste Heat Recovery CO2-mixture transcritical power plants
for increasing the sustainability of district heating and cooling networks
Authors: Mattia Baiguini, Michele Doninelli, Ettore Morosini, Dario Alfani, Gioele Di
Marcoberardino, Paolo Giulio Iora, GiampaoloManzolini, Constante Mario Invernizzi,
Marco AStolfi. . ...

ID46 - Thermodynamic analysis of a novel pumped thermal energy storage system with waste
heat integration
Authors: Meiyan Zhang, Lingfeng Shi, Peng Hu, Gang Pei, Gequn Shu ...................

ID48 - Pressure profile optimisation of a nozzle for wet-to-dry expansion
Authors: Pawel Ogrodniczak, Abdulnaser Sayma, Martin T. White.......................

ID51 - Thermodynamic modification of CO2-based combined cooling and power cycle with
ejector
Authors: Yonghao Zhang, Lingfeng Shi, Gequn Shu............. ... . ... .. ... ... ...

ID53 - Selection of suitable working fluid and storage material for ORC coupled with Thermal
Energy Storage
Authors: Dawid Sowa, Sindu Daniarta, Piotr Kolasinski . .. ..........oo ...

ID54 - Influence of dopant fluorination on the heat transfer behaviour of CO2-based mixtures in
transcritical power cycles
Authors: Michele Doninelli, Gioele Di Marcoberardino, Costante Mario Invernizzi, Paolo
GIUHO TOTa . . oottt

ID57 - On air-cooled condensers for ORC systems operating with zeotropic mixtures
Authors: Lorenzo Galieti, Carlo De Servi, Dario Alfani, Paolo Silva, Paola Bombarda, Piero
COolOMNA . .ottt

ID58 - Experiments on supersonic ORC nozzles in linear cascade configuration
Authors: Marco Oliveti, Marco Manfredi, Giacomo Persico, Andrea Spinelli, Paolo Gaetani,
ViINCenzo DoOSSena . ...t e

ID59 - Numerical analysis of aerodynamics and performance of a radial-inflow micro-ORC
turbine
Authors: Fatemeh Ardaneh, Marta Zocca, Antti Uusitalo, Teemu Turunen-Saaresti.........

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

244

254

264

273

282

294

304

313

323

333

344

354

363



ID61 - ORC system using R1233zd(E) for waste heat recovery from the upstream process
Authors: Meng Soon Chiong, Bemgba Nyakuma, Nur Izwanne Mahyon, Srithar Rajoo, Eva
Alvarez—Regueiro, Maria Esperanza Barrera-Medrano, Ricardo F. Martinez-Botas, Yossapong
Laoonual ... ...

ID63 - Experimental investigation of a small-scale reversible high temperature heat pump -
Organic Rankine Cycle system for industrial Waste Heat Recovery
Authors: Rahul Velanparambil Ravindran, Donal Cotter, Christopher Wilson, Ming Jun
Huang, Neil Hewitt. . .. ..o oo e

ID64 - Technical comparison and evaluation of a Pumped Thermal Energy Storage with two
different designs
Authors: Marcio Santos, Jorge André, Ricardo Mendes, José Ribeiro......................

ID68 - The potential of CO2-Plume Geothermal (CPG) Systems for CO2 component
manufacturers: opportunities and development needs
Authors: Christopher Schifflechner, Jasper De Reus, Hartmut Spliethoft, Martin O. Saar,
Sebastian Schuster, Dieter Brillert .......... ... . .

ID69 - Development of a generalised low-order model for twin-screw compressors
Authors: Florian Kaufmann, Ludwig Irrgang, Christopher Schifflechner, Hartmut Spliethoft.

ID71 - Decision-making matrix for the selection of mixture in ORC applications
Authors: William Combaluzier, Nicolas Tauveron, Michel Beaughon, Aldo Serafino........

ID72 - Reversible heat pump-ORC pilot plant — Experimental results and fluid charge
optimization
Authors: Maximilian Weitzer, Sebastian Kolb, Dominik Miiller, Jiirgen Karl...............

ID73 - Performance of Organic Rankine Cycle system in combination with residual municipal
solid waste gasification: a simulation analysis

Authors: Luca Cioccolanti, Giovanni Biancini, Ramin Moradi, Luca Del Zotto, Matteo Moglie
439

ID74 - Enhancing knowledge of engineering students at all levels on organic rankine cycle
systems for their application in the built environment
Authors: Luca Cioccolanti, Ramin Moradi, Ermira Abdullah, Syamimi Saadon, Mohamad
Yusof Idroas, Teoh Yew Heng, Kwanchai Kraitong ................ ... ... oL

ID75 - Studying carbon dioxide and acetone mixtures in a single-stage absorption-compression
cycle for heating and cooling applications
Authors: Jestis Gomez-Hernandez, Ali Kholghi, Mercedes De Vega, Javier Villa, Ronan
GIIINIES .« . et e e e e e e

ID77 - Valorising thermal composite recycling processes using Organic Rankine Cycles for
combined heat and power applications
Authors: Ramin Moradi, Liu Yang. ..........o i

ID80 - Prediction of the ideal maximum operational temperature of hydrocarbon and HFCs as
working fluids of Organic Rankine Cycle power plants based on transition state theory
Authors: Wei Yu, Chao Liu, Xijie Ban, Zhirong Li, Tianlong Yan.........................

ID82 - Comparison of different evaporator topologies for industrial heat pumps

Authors: Sanjay Vermani, Nitish Anand, Johan Van Bael, Evgueni Touliankine, Aldo Serafino,

Carlo De SerVi. . oottt

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

373

381

391

400

410

420

430

449

458

466

476

486

10



ID83 - On the plant improvement of Solar-driven ORC based power unit for domestic
microcogeneration
Authors: Fabio Fatigati, Marco Di Bartolomeo, Arianna Coletta, Diego Vittorini, Giammarco
Di Giovine, Davide Di Battista, Roberto Cipollone.............. ... ...,

ID84 - Mapping the techno-economic potential of next-generation CSP plants running on
transcritical CO2-based power cycles
Authors: Pablo Rodriguez-deArriba, Francesco Crespi, Sara Pace, David Sanchez ..........

ID86 - Achieving 45% micro gas turbine efficiency through hybridization with Organic Rankine
Cycles
Authors: Antonio Escamilla, David Sanchez Martinez, Lourdes Garcia-Rodriguez .........

ID88 - Operational optimisation of the main heat rejection unit of CSP plants based on carbon
dioxide mixtures
Authors: Francesco Crespi, Pablo Rodriguez-deArriba, Lourdes Garcia-Rodriguez, David
SANCREZ. .« oo

ID89 - Mechanical design and rotor-dynamic analysis of the ORCHID turbine
Authors: Matteo Majer, Steven Chatterton, Ludovico Dassi, Alessio Secchiaroli, Edoardo
Gheller, Carlo De Servi, Paolo Pennacchi, Piero Colonna, Matteo Pini....................

ID91 - Thermodynamic feasibility of a pumped thermal energy storage driven by ocean
temperature gradient
Authors: Alessandra Ghilardi, Andrea Baccioli, Guido Francesco Frate, Lorenzo Ferrari . . ..

ID92 - Exergy-based methods for heat pumps
Authors: Mathias Hofmann, Jonas Freifimann, Malte Fritz, Jeremias H. Alexe, Francesco
Witte, George Tsatsaronis . ...ttt

ID93 - Reduced order modelling of optimized heat exchangers for maximum mass-specific
performance of Airborne ORC Waste Heat Recovery units
Authors: Fabio Beltrame, Dabo Krempus , Piero Colonna, Carlo De Servi.................

ID97 - Basic design of an ORC demonstrator system for implementation in an Iron & Steel plant
through the DECAGONE project
Authors: Magnus Windfeldt, Han Deng, Trond Andresen, Christopher Schifflechner. ... ...

ID98 - Analytical estimation of the presence of non-condensable gases in the condensate tank of
an Organic Rankine Cycle
Authors: Radheesh Dhanasegaran, Antti Uusitalo, Juha Honkatukia, Teemu turunen-Saaresti

ID101 - Advanced control of compressor inlet temperature in supercritical CO2 Brayton cycle
Authors: Rui Wang, Xuan Wang, Hua Tian, Gequn Shu............. ... ... ... ...

ID103 - Potential for surplus-heat-to-power conversion in current and future aluminium
production processes with off-gas recycling
Authors: Jonas Bueie, Magnus Windfeldt, Trond Andresen. .............................

ID104 - Investigating the application range of ORC power plants for the exploitation of two-
phase geothermal resources
Authors: Tristan Merbecks, Claudio Pietra, Paola Bombarda, Martin O. Saar, Paolo Silva,
Dario Alfani. . ... ..o

ID109 - Cold Energy Recovery in LNG plants with Organic Rankine Cycle
Authors: Gabriele Marchiori, Marta Giudici, Giorgia Ruffato, Marco Astolfi...............

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

496

505

515

525

535

545

553

563

574

584

596

605

615

626

11



ID110 - Numerical investigation of organic vapor flow effects on a micro-scale radial
turbocompressor
Authors: Andrés Sebastidn, Rubén Abbas, Manuel Valdés. . ........ ... .. .o ... 636

ID112 - Design, modeling and simulation of an experimental Rankine PTES system
Authors: Mario Petrollese, Giorgio Cau, Matteo Marchionni, Marcello Lorenzo Marroccu,
ROSAMErchan . . ..ot e e 645

ID113 - Small-scale turbopumps for Waste Heat Recovery applications based on an Organic
Rankine Cycles, modeling, analytical and experimental investigation
Authors: Sajjad Zakeralhoseini, Jirg Schiffmann .......... .. ... ... .ol 655

ID116 - Double-stage ORC system based on various temperature waste heat sources of the
negative CO2 power plant
Authors: Kamil Stasiak, Pawel Ziolkowski, Dariusz Mikielewicz ... ........ ... ... .. ..... 665

ID117 - Optimization of organic Rankine cycle in ocean thermal energy conversion based on
NSGA-II
Authors: Zheng Hu, Jiufa Chen, Bing Guo, Chengbin Zhang ............................ 679

ID118 - TES4Trig: Development of a demonstrator for the production of electricity, heating and
cooling based on an Organic Rankine and an Ejector Cooling Cycle driven by high-
temperature parabolic trough collectors with thermal energy storage

Authors: Konstantinos Braimakis, Dimitrios Tziritas, George Stavrakakis, Julio Terron
Gutiérrez, Siddhart Dutta, Christos Xynos, Panagiotis Zervas, Sotirios Karellas............ 689

ID119 - Simulation and operation of a CSP that works with a HRB Cycle
Authors: Antonio J. Subires, Antonio Rovira .. ....... ..ot 701

ID123 - Towards a green energy community: integration of micro-ORCs combined with
renewable energy technologies in buildings
Authors: Diego Antonio Rodriguez Pastor, Victor Manuel Soltero Sanchez, Elisa Carvajal
Trujillo, José Antonio Becerra, Ricardo Chacartegui .............. ... .. ... .. ... ... 713

ID129 - Assessment of high temperature heat pump layouts equipped with a bladeless
turboexpander
Authors: Matteo Passalacqua, Simone Maccarini, Stefano Barberis, Alberto Traverso .. .. ... 723

ID133 - Selection of the optimal working fluid in an Organic Rankine Cycle for Waste Heat
Recovery through multi-objective optimization and decision making
Authors: Bipul Krishna Saha, El Mouatez Billah Messini, Syed ]. Hoque, B Aneesh Bhat,
Pramod Kumar . .. ... ... e 733

ID139 - Dual condensing pressure ORC for cryogenic energy storage
Authors: William M. Conlon, Milton J. Venetos . ...t 743

ID141 - Optimum coupling of thermal energy storage and power cycles for Carnot batteries
Authors: Salvatore Guccione, Rafael Guedez . ............. ... ... . il 751

ID142 - Aerodynamic design and numerical analysis of a counter-rotating centrifugal
compressor
Authors: Cheikh Brahim Abed, Arthur Leroux............ ... ... ... oo L. 761

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain



7" International Seminar

on O.R.C. Power Systems DOL https://dx.doi.org/10.12795/9788447227457_104
Paper ID#104, page 1 of 11

<2 © 2024 Editorial Universidad de Sevilla. Este es un articulo de acceso abierto distribuido
) R ‘ SEVILLE 2023 bajo los términos de la licencia de uso y distribucion Creative Commons (BY-NC-ND 4.0

Investigating the application range of ORC power plants for the
exploitation of two-phase geothermal resources

Tristan Merbecks'->*, Claudio Pietra’, Paola Bombarda', Martin O. Saar?®, Paolo Silva', Dario Alfani'
I politecnico di Milano, Dipartimento di Energia, Via Lambruschini 4, 20157 Milano, Italy
2 ETH Zurich, Department of Earth Sciences Soneggstrasse 5, 8092 Zurich, Switzerland
3 Turboden s.P.a, Via Cernaia 10, 25124, Brescia, Italy

*Corresponding Author: tristanleonard.merbecks@polimi.it or tmerbecks@ethz.ch

ABSTRACT

The design of a geothermal power plant exploiting a two-phase geothermal resource is a demanding
task, due to the fact that different technologies and plant configurations must be considered, as well as
the lack of flexible and reliable models for computing the thermophysical properties of geofluids, whose
composition and chemistry is highly site-specific.

This study presents a novel thermophysical property modelling framework aimed at modelling any
arbitrary single- or two-phase geothermal brine. Recognising the potential synergy of two historically
separate fields of research, fluid partition and property modelling, existing partitioning simulators, like
Reaktoro, are coupled with high-accuracy thermophysical fluid property computation engines, like
CoolProp and ThermoFun. The resultant Python-based framework, GeoProp, is validated against a
range of primary and secondary data and will be made available to the public. 615
Considering a two-phase geothermal resource, the design of direct steam cycles with flash as well as
binary geothermal power plants is investigated from a thermodynamic perspective. A parametric study
on geofluid composition, i.e. mineral and non-condensable gases (NCG) content, and inlet conditions,
i.e. temperature and steam quality, is used to compare the performance and define the application
envelope of these two technologies.

1 INTRODUCTION

Geothermal energy is proving to be an attractive and versatile option for grid-scale renewable and
dispatchable electricity and heat. Direct steam cycles with flash currently represent the majority of
geothermal electricity generation capacity, however binary organic Rankine cycles (ORCs) have
allowed the industry to exploit lower enthalpy and otherwise uneconomical geothermal resources.

Binary ORCs have several operational advantages over direct steam cycles (e.g. smaller, cheaper and
more durable turbines, closed loop), and in this respect, extending their application envelope is not only
of commercial interest but also has the potential to accelerate the adoption of geothermal energy
utilization.

While the design, optimisation and operation of ORCs is well understood, the phase behaviour and
thermophysical properties of the geothermal fluids represent a key uncertainty for their design, and in
particular of the primary heat exchanger, with open-source tools like CoolProp, Reaktoro and
ThermoFun only partially providing the required properties. Moreover, the surface handling/reinjection
of non-condensable gas (NCG), primarily composed of CO,, needs to be factored into the techno-
economic comparison of direct steam cycles and binary ORCs.

1.1  Objectives
It is in this context that this study aims to:
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e present a novel thermophysical property modelling framework for geothermal brines of
arbitrary composition, covering a wide range of specific enthalpies and pressures of interest for
geothermal applications as well as allowing for the coexistence of aqueous, gaseous, liquid and
mineral phases.

o refine the application range of direct steam cycles with flash and binary ORC geothermal power
plants for two-phase sources, which are currently predominantly exploited via direct steam
cycles.

2 THERMOPHYSICAL PROPERTY MODELLING

A geothermal brine can be regarded as a chemically active system. The constituent species may partition
into different phases (e.g. vapour, aqueous, or solid), with some species co-existing in multiple phases
(e.g. HO[aq] and H,O[g]), dissociating as they transition into a different phase (e.g. NaCl[s] into
Na'[aq] and Cl[aq]), or reacting with each other (e.g. CO3*[aq] and H'[aq] react to HCOsTaq]).

2.1 Theoretical Background

For a system of chemical species (e.g. H,O[1], Na*[aq], Claq], CO2[g]), the stable equilibrium state at
a pressure, P, and a temperature, T, is the one of minimum Gibbs free energy (e.g. Gyftopoulos &
Beretta, 2005). The Gibbs free energy for a given state can be calculated via (1), where G is the Gibbs
free energy, n is the vector of species amounts, N is the number of species, n; is the amount of species
i, u; is the chemical potential of species i and y is the vector of species mole fractions.

N

GP.Tm) = ) nips(P,T,9) (1)

L

For a mixture, the chemical potential for each species can be calculated from the species’ pure
component chemical potential and correcting for interactions with the other species in the system, see
(2), where R is the universal gas constant, a; is the activity of species i and P° and y° refer to the
reference pressure and composition, respectively. Conveniently, the partial molar properties of interest,
enthalpy, entropy and volume (or density) can be calculated from the chemical potential, see (3) to (5)
(Gyftopoulos & Beretta, 2005).

wi(P,T,y) = w(T,P",y") + RTIna;(T, P,y) )
hi(T,P.y) = d(mc(zT('ll;'Ty))/T)P_y )
si(T,P,y) = - Ww )
v(T,P,y) = —d(ﬂifiz,l;' y))T‘y (5)

2.2 Existing Models
Although the partitioning and property modelling should be in principle the two faces of the same coin,
in practice they are treated as two different disciplines in the academic literature and open-source
computing frameworks.

For example, partition models (e.g. (Duan & Sun, 2003; Spycher et al., 2003; Spycher & Pruess, 2010)
generally focus on the partition of brines and CO; mixtures, but do not include thermophysical
properties. This is understandable since these models are primarily developed in the context of carbon
capture and storage, where the key question is whether the injected CO, will dissolve into the brine at
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in-situ conditions. Similarly, the open-source library CoolProp (Bell et al., 2014) implements a number
of equations of state (EOS), which can be used for evaluating the thermophysical properties of pure
fluids (e.g. water, carbon dioxide and many hydrocarbons and refrigerants), mixtures of pure fluids and
some pseudo-pure/binary fluids (e.g. MITSW for seawater (Sharqawy et al., 2010) or LiBr for lithium
bromide (Patek & Klomfar, 2006) etc.). However, more complex fluids, such as mixtures of pure and
pseudo-pure fluids (e.g. seawater with CO) or mixtures of pseudo-pure fluids (e.g. seawater and lithium
bromide), can currently not be captured.

Reaktoro (Leal, 2015), a unified open-source framework for modelling chemically active systems, pairs
many open-source thermodynamic databases, like SUPCRT98 or SUPCRTBL, and activity models
with powerful and scalable optimisation algorithms. Although the thermophysical property predictions
are generally accurate for aqueous systems, they lack accuracy for vapour-liquid systems, see Figure 1
and Figure 2. The observed deviations can be attributed to the underlying databases prescribing non-
standard EOS to be used for important vapour species like H-O[g] and CO,[g].
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160 170 180 190 200

Temperature, °C

Figure 1: The specific volume of a system consisting of H>O[aq] and H,O[g] at a pressure of 10 bar as
a function of temperature. The dashed lines indicate the saturation temperatures.
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Figure 2: The specific volume of a chemically active system consisting of CO,[aq] at a pressure of 20
bar as a function of temperature.

3  GeoProp

Leveraging the strengths of the aforementioned tools, a modularised approach was chosen, see Figure
3, — the resultant model, GeoProp, can model geofluids with arbitrary composition over a wide range
of conditions.

After defining the main geofluid constituents, the selected partition model, by default Reaktoro,
equilibrates the fluid at the specified temperature and pressure. GeoProp then sorts the equilibrium
species into the corresponding phases (i.e. aqueous, gaseous and mineral) and passes them to CoolProp
and ThermoFun (Miron et al., 2021), whichever is more appropriate, for estimating the thermophysical
properties. GeoProp then aggregates the thermophysical properties of the individual phases using a
simple mass-based mixing rule. GeoProp is implemented in Python and will available to the public.
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Inputs Partition Aggregation

Elements

Figure 3: The architecture of the thermophysical property model for brines and NCG.

GeoProp was validated using the MITSW and LiBr models, for seawater and lithium bromide solution,
respectively, implemented in CoolProp, as well as published data for three fluids from a geothermal
field near Makhackala, Russia, (Abdulagatov et al., 2016). The fluids were recreated in GeoProp,
partitioned, to determine the equilibrium compositions, and the thermophysical properties evaluated.
GeoProp reproduced the density of the different fluids to within 3 %, slightly outperforming the
prediction by Aspen Plus V11’s ELECNRTL model, see Figure 4. All models predicted the specific
enthalpy to within 1 %, see Figure 5.
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Fluids:

B LiBr 0.2 kg; p/kg

I SW 0.1 kgy,cr/kg

I No27T 16 gy,c'ke
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Temperature, °C B Noi129 2 gy,crkg

¥}

Density, g/cm3

0.9

Figure 4: The density of various brines as a function of temperature at 1 bar pressure. Dots represent
“measured” data and lines represent property models.
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Figure 5: The specific enthalpy of various brines as a function of temperature at 1 bar pressure. The
reference temperature is 25 °C. Dots represent “measured” data and lines represent property models.
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4 TECHNOLOGY MAP

4.1 Geothermal Sources

Primarily two-phase geothermal sources were considered, with wellhead temperatures ranging between
100 °C and 200 °C and steam quality, defined in (6), ranging between 0 to 0.5. Heat losses between the
wellhead and the plant inlet were assumed to be insignificant and therefore neglected. The brine
salinities, defined in (7) as NaCl, and NCG content, defined in (8) as CO., range between 0 to 0.3
kgnaci/kgio and 0 to 0.03 kgcor/kgmao respectively.

2V
m
X= 20 (6)

=1 Vv
My, 0+ My,o

mSalts
sal = — v 7
My, 0+ My o

m 8
NCG = 25— ®
My,0 + My,o

While a unit geofluid mass rate could be considered for the power plant simulations, this has the
undesirable effect of artificially reducing the power plants’ performance as the effective inlet heat rate
is lower due to the lower specific heat capacities of salinity and NCG compared to water. Instead, a unit
combined mass rate of liquid water and steam is assumed for all cases to which the mass rates of salinity
and NCG are added, see (9).

. _ . L . V . . . L . V _
m = my,o + My, + Msaies + Myce where, my o + My, = 1kg/s )}

4.2 Power Plant Configurations

Two power plant configurations are considered, 1) a direct single flash steam cycle and 2) a binary
ORC. In a direct steam cycle only the vapour portion of the geofluid is utilised and subsequently
expanded in a turbine, see Figure 6. On the other hand, in a binary ORC the geofluid merely serves as
a heat source to vaporise a secondary fluid, which is then expanded in a turbine similarly to the direct
steam cycle, see Figure 7. This allows exploiting the heat contained within both the vapour as well as
the liquid phase.

S Generator
1 Evap .
Turbine ‘ Generator s Turbine
= Steam
= é PreH

Condenser

0 =

Condensate
- M
>
—

2 Compressor
NCG
Brine Evap Condenser
& PreH ‘
() VvV A | &
Producer Pump Injector Producer Injector Pump
Figure 6: Direct steam cycle geothermal Figure 7: Binary ORC geothermal power plant.

power plant.
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Both power plants are subject to the same boundary conditions:
e Geofluid composition, inlet temperature, pressure and steam quality
e Heat is rejected into the surrounding environment at a temperature of 25 °C
e Geofluid enters and exits the power plant at the same pressure — this is to penalise for NCG
handling to ensure that it is not released into the atmosphere but instead reinjected into the
formation.
e  Geofluid re-injection temperature is not constraint, as scaling is assumed to be negligible.

The specific net power output from the power plant, defined in (10), will be used to judge which
performs better for a set of boundary condition.

. _ Wturbine - Wpump - Wrepressurisation 1
Wnet = 7 —7 (10)
Mp,0 T My,o

4.3 Model Description
For the direct steam cycle:

e The net power is optimised by adjusting the flash temperature/pressure, increasing the vapour
mass rate while sacrificing specific enthalpy drop across the turbine; the pressure of the liquid
fraction is consequently also decreased by the flash process.

e The stream exiting the turbine is then cooled to 30 °C and then separated into a liquid stream
and a NCG stream. All outlet streams, i.e. the liquid stream from the flash chamber, the
condensate stream and the NCG stream, must then be repressurised to the inlet pressure so that
they can be reinjected into the reservoir.

e Given the bell-shaped vapour dome of water in the T-s (temperature-specific entropy) diagram,

the turbine efficiency is corrected for liquid drop out using the empirical Baumann Rule, see

(11), where n}*e% .. .is the turbine wet efficiency, r]g:fb ine 18 the turbine dry efficiency, assumed

to be 85 % (DiPippo, 2016), and x;,, and x,,,+ are the mole-based vapour fraction at the turbine
inlet and outlet respectively.

_ _dry (xin + xout)
ngteflnne - r’turbine f (1 1)

For the binary ORC:

e The incoming geofluid is split into a liquid and vapour stream with each stream being used to
pre-heat and evaporate the cycle working fluid. The vapour stream is further split into a vapour
and condensate following the vapour powered evaporator.

e The net power is optimised by adjusting evaporation and condensation temperature/pressure
and the working fluid mass flow rates, while ensuring that the minimum approach temperatures
do not fall below 5 °C in liquid dominated and 10 °C in vapour dominated heat exchangers.
Moreover, the vapour quality at the vapour evaporator outlet should be above 0.75.

e [so-butane, n-butane, iso-pentane, n-pentane and cyclopentane were considered as ORC
working fluids.

e The simulations were run in Aspen Plus V11.

4.4 Case 1: Pure Water
To establish a base case, the two power plants were simulated in Aspen Plus V11 for a geofluid
modelled as pure water for inlet temperatures and steam quality ranging between 100 °C to 200 °C and
0 to 0.5 respectively. The results are shown in Figure 8, Figure 9 and Figure 10. The key observations
are:
e The investigated ORC configurations thermodynamically outperform the direct steam cycles at
any temperature for saturated liquid sources. For inlet temperatures above 150 °C, the ORC
configurations begin to outperform the direct steam cycles at increasingly higher steam quality.
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e All ORC working fluids perform similarly poorly at lower temperatures (up to 150 °C), which
can likely be attributed to the critical temperatures of the selected working fluids being too high.
Isobutane and n-butane appear the most favourable working fluids for the conditions studied.

e Cross-over of isobutane and n-butane in Figure 9 can be attributed to the vapour heated branch

becoming vapour fraction constraint (i.e. the
reaches the limit of 0.75), limiting the amount

350
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Figure 8: Maximum specific net power from a geofluid of pure water as a function of inlet temperature
and steam quality. The grey line indicates the performance boundary between binary ORC and direct

steam cycles.
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Figure 9 Specific net power from a geofluid of
pure water as a function of inlet temperature and
a steam quality of 0.25 for a direct steam cycle
and binary ORC plant using various working
fluids.

4.5 Salinity and NCG

Isopentane
n-Pentane

—— Cyclopentane

50
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o
S

0 0.25 0.5
Steam Quality

Figure 10 Specific net power from a geofluid of
pure water as a function of steam quality and an
inlet temperature 165°C for a direct steam cycle
and binary ORC plant using various working
fluids.

In reality geofluids are not only comprised of pure water, but may also carry dissolved minerals and
NCG. The presence of such impurities alters the geofluid’s phase behaviour and thermophysical
properties compared to pure water, the magnitude of deviations being strongly related to the effective
salinity, see (12), and effective NCG content, see (13), and has implications for the performance of

direct steam and binary ORC power plants.
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mm
salegpy = Nacl ik (12)
2
mh
NCGops = "™NCG v (13)
2

Perhaps most consequential is their effect on the geofluid saturation pressure. Considering a geofluid
comprised of H,O[aq], Na‘[aq], Claq] and H>O[g], the presence of the Na*[aq], Claq] causes a
reduction in chemical potential of the H>O[aq], meaning that mixture prefers to be in the liquid state
and thus the saturation pressure is reduced, see Figure 11. Similarly, for a geofluid comprised of
H,0O[aq], H2O[g] and CO:[g], the fluid prefers to be in the gaseous state and hence the saturation
pressure increases.

The change in saturation pressure is particularly important for direct steam cycles, as, for example in
the case of high salinity, impedes the ability to optimise flash temperature/pressure and reduces net
power. Specifically, a geofluid with an effective salinity of 0.3 kgnaci/kgm0, the saturation pressure is
reduced from 10 bar to 8 bar.

Salinity and NCG also affect the geofluid’s thermophysical properties, such as the specific enthalpy or
specific heat capacity. Changes can primarily be attributed to both salts and NCG having far lower heat
capacity than pure water and to a smaller extent to the reduction in species chemical potential, although
this is more significant for higher concentrations of salts and NCG. That being said, the heat flow is
relatively unchanged compared to pure water, see Figure 12. This suggests that, assuming the total mass
rate scales with the mass rate of impurities, the performance of the binary ORC is only weakly affected.
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Figure 11: Geofluid saturation pressure as a Figure 12: Deviation of liquid and vapour heat

function of temperature for a range of effective flow from pure water/steam for a range of

salinity and NCG content. effective salinity and NCG content, at a steam
quality of 0.1, as a function of temperature. The
reference conditions are 25 °C and 1 bar.

4.6 Case 2: Salinity and NCG
To investigate the effect of impurities, the two power plants were simulated in Aspen Plus V11 for an
inlet temperature of 150 °C and steam quality of 0.1 for geofluid with salinity and NCG content ranging
between 0 to 0.2 kgnaci’kgmo and 0 to 0.03 kgcoa/kgmao respectively, see Figure 13 and Figure 14. The
key observations were:
e Salinity does not significantly affect the performance of direct steam cycles or ORCs.
e NCG content primarily impacts the performance of direct steam cycles due to the additional
compression requirements to reinject the NCG.
e ORCs begin to thermodynamically outperform direct steam cycles at about 0.015 kgcoo/kgm2o
for any salinity studied.
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Figure 13: Maximum specific net power from a direct steam cycle or a binary ORC as a function of
salinity and NCG content. Inlet temperature is 150 °C and a steam quality of 0.25
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Figure 14: Specific net power as a function of NCG content. Inlet temperature is 150 °C, steam quality
is 0.25 and salinity is 0.0 kgnac/kgmo.

5 Conclusions

The thermophysical property modelling framework couples existing partitioning and property models,
and while the current capabilities for single phase brines are promising, further work is required for
handling two-phase geofluids to the same degree. The Python-based framework will in time be made

available to the public.

Simulations of geothermal power plants showed that ORCs can thermodynamically outperform direct
steam cycles for inlet steam quality as high as 0.3, provided an appropriate working fluid has been
selected - isobutane and n-butane were found to be thermodynamically promising working fluids.

The presence of impurities in the geofluid such as salts and NCG does not significantly affect the heat
flow entering the power plant, and in turn the turbine power. That being said, NCG compression for
reinjection reduced the net power of direct steam cycles significantly, rendering binary ORCs
thermodynamically favourable for NCG content as low as 0.01 kgcox/kgmuz0.
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8 NOMENCLATURE

a  Activity (=) w  specific work rate (kW s/kg)
G  Gibbs free energy  (kJ) X  steam quality (=)
h specific enthalpy (kJ/mol) y  mol fraction (-)
m  mass rate (kg/s) i chemical potential  (kJ/mol)
n  amount (mol) n efficiency (-)
NCG NCG content (kgcoa/kgm20)
P Pressure (Pa) Subscript
s specific entropy (kJ/mol/K) i species index
sal  salinity (kgnaci/’kgn20)
T  Temperature (K) Superscript
v specific volume (m*/mol) L liquid phase
W  Work rate (kW) vV vapour phase

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

624



Paper 1D #104, page 11 of 11

9 Appendix A
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Figure 15 T-Q diagram of the binary ORC plant operating under an inlet temperature of 165 °C and a
steam quality of 0.25.

10 Appendix B
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Figure 16 T-Q diagram of the binary ORC plant operating under an inlet temperature of 150 °C, a steam
quality of 0.25, salinity of 0.1 kgnaci/kgwater and NCG of 0.015 kgcor/kgwaer.
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