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Abstract

An organic Rankine cycle (ORC) modifies the Clausius-Rankine cycle of the steam
power plant by employing organic working fluid (or low-boiling working fluid) instead
of water. While ORC technology is howadays well-established in numerous appli-
cations, it still presents unexplored potential for further development, particularly
in its ability to efficiently utilize intermittent and fluctuating heat sources. This dis-
sertation conducts an analysis of the low-boiling working fluid expansion process
and investigates how this process affects the efficiency of various ORC configu-
rations (e.g., partially evaporated ORC, basic ORC, and ORC with a superheater).
The study includes theoretical analysis and modeling simulations to evaluate the
impact of this expansion on ORC efficiency using different working fluids. These
analyses also compare different ORC systems with alternative thermodynamic cy-
cles, namely the trilateral flash cycle and the transcritical power cycle. Moreover,
an experimental investigation into the expansion process of low-boiling working
fluids in an ORC system was carried out using a multi-vane volumetric expander.
Further research predicted the wet isentropic efficiency of the two-phase expan-
sion process using experimental data and artificial intelligence. The dissertation
concludes by exploring the practical applications of volumetric expanders in ORC
systems. Some results that are part of this dissertation demonstrate that incor-
porating a two-phase expansion system significantly enhances the adaptability of
ORC systems to manage fluctuating low- and medium-temperature heat sources
across several fields, including waste heat recovery, geothermal power systems,
cold energy utilization, district heating systems, and Carnot batteries.

Keywords: organic Rankine cycle, phase equilibria, partially evaporation, two-phase
expander



Streszczenie (Abstract in Polish)

Obieg ORC jest zmodyfikowanym obiegiem Clausiusa-Rankine’a, ktéry wykorzys-
tuje organiczne czynniki robocze (lub czynniki robocze o niskiej temperaturze wrze-
nia) zamiast wody. Chociaz technologia ORC jest obecnie dobrze rozwinieta i zna-
jduje liczne zastosowania w przemysle, nadal posiada ona potencjat do dalszego
rozwoju i optymalizacji, szczegolnie w zakresie efektywnego pozyskiwania energii
ze zrodet ciepta, ktorych charakterystyki termiczne i wydajnos¢ sg przerywanych
lub fluktuacyjne. W niniejszej dysertacji przeprowadzono analize procesu rozpreza-
nia czynnika roboczego o niskiej temperaturze wrzenia i badano, jak ten proces
wptywa na wydajnosc réznych konfiguracji uktadow ORC (np. uktad ORC z czes-
ciowym odparowaniem czynnika roboczego, standardowy uktad ORC, oraz uktad
ORC z przegrzewaczem). Badania te obejmujg analizy teoretyczne oraz modelowe
w celu oceny wptywu réznych parametrow zjawiska rozprezania na wydajnos¢ ORC
przy uzyciu roznych czynnikdéw roboczych. Poréwnano rowniez rézne alternatywne
systemy ORC, w tym m.in. tzw. trilateral flash cycle i transcritical power cycle. Pon-
adto, przeprowadzono badania eks-perymentalne procesu rozprezania czynnikow
roboczych o niskiej temperaturze wrzeniaw systemie ORC, wykorzystujgc wielotopat-
kowg rozprezarke objetosciowg. Dalsze badania poswiecone byty okreslaniu spraw-
nosciizentropowej procesu rozprezania dwufazowego, wykorzystujgc dane ekspery-
mentalne i sztuczng inteligencje. W pracy rozeznano tez mozliwe kierunki prak-
tycznego zastosowania rozprezarek objetosciowych w systemach ORC. Niektore
uzyskane w czasie badan wyniki, wskazujg, ze zastosowanie rozprezania dwufa-
zowego znaczgco zwieksza mozliwosci wykorzystania uktadow ORC do pozyski-
wania energii ze zrodet ciepta o zmiennych charakterystykach oraz niskiej i sred-
niej temperaturze w réznych dziedzinach, w tym odzysku ciepta odpadowego, sys-
temach geotermalnych, wykorzystaniu chtodu, systemach cieptowniczych oraz ba-
teriach Carnota.

Stowa kluczowe: cykl Rankine’a z cieczg organiczng, rownowaga fazowa, czes-
ciowe odparowanie, rozprezarka dwufazowa



Kivonat (Abstract in Hungarian)

A szerves Rankine-ciklus (ORC) a Clausius-Rankine ciklus egy tipusa, amely a hagy-
omanyos gézerémiuvekben alkalmazott viz helyett szerves munkakozeget (altalaban
valamilyen alacsony forraspontu hitékdzeget) hasznal. Mig az ORC technolégia

hasznalata napjainkban mar szamos alkalmazasban j6l megalapozott, tova-bbi fe-
jlesztési potencialt rejt magaban, kiulondsen a szakaszosan és ingadozdan jelen-
tkezé héforrasok hatékony hasznositasanak képességét illetéen. A disszertacio

targya az alacsony forraspontu htitékozegek expanzidos folyamatainak elemzése,

kllonos tekintettel arra, hogy ez a folyamat hogyan befolyasolja kiilonb6zé ORC

konfiguraciok (példaul részleges elparologtatasu ORC, alap ORC, valamint tulhevités
ORC) hatékonysagat. A tanulmany elméleti elemzéseket és szimulaciokat foglal

magaban, hogy értékelje az expanzid hatasat az ORC hatasfokara és mas tulajdon-
sagaira, kulonbozd hitdékozegek hasznalata esetén. Ezek az elemzések tovabba

o0sszehasonlitjak a klilonbozé ORC rendszereket alternativ termodinamikai ciklu-
sokkal, nevezetesen a trilateralis flash ciklussal és a transzkritikus ciklussal. Ezen-
kivll egy kisérleti vizsgalat is bemutatasra keriil, amelyben az alacsony forraspontu

hitékozegek expanzids folyamatat egy ORC-rendszerbe illesztett tobblamellas vol-
umetrikus expanderen vizsgaltuk. Emellett ismertetiink egy prediktiv médszert a

kétfazisu expanzios folyamat kevert fazisu (nedves g6z) hatasfokanak megbecsiilé-
sére, kisérleti adatok és mesterséges intelligencia felhasznalasaval. A disszertacio

végul a volumetrikus expanderek gyakorlati alkalmazasait vizsgalja az ORC rendsz-
erekben. A disszertacio részét képezb néhany eredmeény azt mutatja, hogy egy két-
fazisu expander beépitése jelentésen noveliaz ORC konfiguracidk alkalmazkodokeé-
pesseégét azingadozd hbéaramu, alacsony és kozepes hémeérsékletu héforrasok hasz-
nositasanak tobb terlleten, beleértve a hulladékhét, a geotermikus hét és a krio-
genikus hét, a tavfltési rendszereket és a Carnot-akkumulatorokat.

Kulcsszavak: szerves Rankine-ciklus, fazisegyensulyok, részleges elparologtatas,
kétfazisu expander
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Introduction

1.1. Background and motivation

An industrial revolution and subsequent technological advancements have signifi-
cantly enhanced the quality of human life by introducing innovations that have led to
increased productivity, improved health care, and a higher standard of living. How-
ever, these developments have also had unintended consequences for the environ-
ment [1]. The intensive use of natural resources required to fuel industrial machin-
ery and produce goods has led to their depletion and degradation. Furthermore,
the rising emissions of greenhouse gases that are a contributing factor to climate
change and global warming are a result of the dependence on fossil fuels for energy
[2]. These dual impacts highlight the complex relationship between technological
progress and environmental sustainability, emphasizing the need for more sustain-
able practices as technological advancement continues. Therefore, in this case, an
essential aspect of transitioning to sustainable energy involves achieving climate
target goals, reducing dependence on fossil fuels, and aligning with Sustainable
Development Goal 7 [3]. This shift involves developing and adopting renewable en-
ergy sources (e.g., solar, wind, and others), which produce minimal greenhouse gas
emissions. Alongside the growth of electricity generation through photovoltaic and
wind turbine power systems, tapping into reliable low and medium-temperature
heat sources is also crucial [4]. These heat sources include low enthalpy geother-
mal heat, ocean thermal energy, solar thermal energy, biomass combustion, and
waste heat. Despite the fact that these heat sources may be intermittent and fluc-
tuating, they can still be harnessed effectively with well-designed thermodynamic
cycles.

Thermodynamic cycles consist of a series of steps where a working fluid under-
goes changes in its thermodynamic parameters. At the end of these steps, the
working fluid returns to its original state, meaning the conditions at the initial and
end of the cycle are the same. These cycles can serve to convert heat into work and
power (i.e., power-generating cycles) or power into heat (i.e., refrigeration cycles or
heat pumps) [5]. In a general thermodynamic cycle, the net work (W) performed
over one cycle can be calculated using the first law of thermodynamics, which can
be represented as a closed path integral over the state changes, as shown in Eq.
1.1. Since the cycle returns to its initial state by the end, the integral of the change in

1
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the internal energy equals zero, f dU = 0, reflecting the initial and the final thermo-
dynamic states are identical. Moreover, the second law of thermodynamics, when
applied to reversible processes, described that the integral of the heat transfer is
equal to the integral of temperature times the change in entropy (§ dQ = § Tds).
Therefore, the net-specific work for one cycle can be described using Eq. 1.2.

W:%pdV:j{dU—Ja{dQ (1)

W= 7{ Tds (1.2)

Furthermore, the Carnot cycle is an excellent representation of an ideal thermo-
dynamic cycle that provides the maximum efficiency limit for how a classical heat
engine can convert heat into work. The cycle is characterized by four processes
(see Fig. 1.1). An isothermal heat addition process 1 — 2 at the upper tempera-
ture (Th), then followed by the expansion process 2 — 3 (assumed as an isentropic
process). Then, the heat is rejected to the sink at a lower temperature (7t) in the
process 3 — 4. After that, the system is followed by the isentropic compression
process 4 — 1to make it a closed loop cycle. It is worth noting that the Carnot cycle
assumes the presence of infinitely large heat reservoirs for both heat source and
sink, ensuring constant upper and lower temperatures (which are represented as T
and T¢, respectively) and ignoring any variations in fluid properties. Moreover, the
isothermal processes (heat addition and rejection) occur very slowly, allowing for
ideal heat transfer conditions where the temperature of the working fluid matches
perfectly with that of the heat source and sink. This optimal system enables no tem-
perature gradients between the working fluid and the heat reservoirs during heat
transfer stages. In this case, the efficiency of the Carnot cycle can be estimated
using Eq. 1.3.

T, =T, 1 2
&~ A \
T, =13 5
T. 4 3
81 = 84 S2 = 83

S

Fig. 1.1. A Carnot cycle as an excellent representation of an ideal thermodynamic cycle
demonstrated by a Carnot heat engine in a T' — s diagram. This figure also illustrates the
operation of the Carnot cycle with the isothermal heat addition process 1 — 2, isentropic
expansion process 2 — 3, isothermal heat rejection process 3 — 4, and isentropic com-
pression process 4 — 1.
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W) $Tds  Ti(sy — s1) + Tc(sa — s3) _1_E (13)
fIcamet Qin ff Tds Th(s2 — 1) Th -

Several viable thermodynamic cycles exist, including a gaseous external heated
Brayton cycle, supercritical cycle, transcritical power cycle (TPC), and subcritical
power cycles, which are illustrated in Fig. 1.2, highlighting a comparison of these
thermodynamic cycles using typical wet working fluid under ideal conditions in the
T — s diagram. Thermodynamic cycles consist of a series of steps that are al-
most similar components (referring to Fig. 1.2(a)), but a working fluid inside the cy-
cle undergoes changes in different thermodynamic parameters and operation pro-
cesses. The processes 1 — 2 and 3 — 4 involve isobaric (constant pressure) heat
exchange taking place in the evaporator and condenser, respectively. In addition,
process 2 — 3, which is an expansion process, and process 4 — 1, which is a pres-
surizing process, are typically assumed to be isentropic. Anisobaric heat exchange
might also be isothermal, particularly when a two-phase heat exchange occurs and
the state of the working fluid transitions from liquid to vapor under the saturation
curve (typically for pure working fluids). An example of such a subcritical cycle is
the Clasius-Rankine cycle (RC), which operates with water as the working fluid. This
RC represents an innovative technology used in conventional power plants, which
are fueled by nuclear and coal. If the upper temperature is not sufficiently high to
produce high-pressure steam to drive the turbine, organic substances can be used
instead of water. In this case, the thermodynamic process is known as an organic
Rankine cycle (ORC). While the basic thermodynamic steps of the RC and ORC are
similar, the details in thermodynamic properties can vary significantly. This varia-
tion is primarily due to the differences in the T' — s diagram, which depend on the
specific organic substances chosen for the ORC.

The development of ORC technology began in 1885 with the creation of the first
solar-driven ORC system [10]. Since that time, ORC technology has advanced sig-
nificantly and has successfully entered the commercial market, gaining consider-
able traction during the energy crisis of the 1970s [10]. Since then, over four gi-
gawatts of ORC capacity have been installed across more than 2,600 plants world-
wide [11]. Research into ORC technology has seen a significant increase since the
early 2000s [12]. Among several thermodynamic cycles, an ORC might stand out
as a viable solution as it is operating below the critical point of working fluid which
the equipment does not need to withstand extreme pressure and temperatures.
Unlike a conventional RC of a steam power plant, ORC offers advantages such as
a wider range of operating temperatures, greater flexibility, compactness, automa-
tion, and integration [13, 14, 15]. These benefits can be achieved by employing or-
ganic working fluids instead of water in the cycle, and the thermal properties of the
working fluids influence the performance of the system. An article [9] reported that
ORC likely bridges the gap between smaller high-temperature operations like Stir-
ling engines or thermoelectric devices and larger-scale steam cycles that demand
higher temperatures and larger facilities, which is illustrated in Fig. 1.3. Moreover, to
efficiently utilize intermittent and fluctuating heat sources, ORC systems can be in-
tegrated with thermal energy storage (TES). Several possible configurations of ORC
systems with TES are detailed in [14, 16]. In addition, the sizing of the TES parame-
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teris crucial for determining the ratio of TES mass to working fluid in the evaporator

of ORC [17,18].

EVA | LEGENDS:

CDS
PRZR EXP @ EVA
EXP

G

CDS ™~ PRZR

(a)

: condenser
: evaporator
: expander
: generator
: pressurizer

/2‘

a gaseous externally S

/3l

heated Brayton cycle / %
/

/ 4

an organic Rankine e |
. 7y

cycle (ORC) without 1@// b

a superheater 4 )

3N\

p

a transcritical
power cycle
(TPC) or
transcritical

(b)

Fig. 1.2. An illustration of selected thermodynamic cycles: a gaseous externally heated
Brayton cycle, a supercritical power cycle, a transcritical power cycle (TPC), and an organic
Rankine cycle (ORC) (a) in simplified design and (b) a comparison of operating conditions
using typical wet working fluid in a T'— s diagram, adapted from [6]. This diagram illustrates
the operation of each cycle under ideal conditions, featuring isobaric heat exchanger pro-
cess1— 2 forthe evaporator, isentropic expansion process 2 — 3, isobaric heat exchanger
process 3 — 4 for the condenser, and isentropic pressurizing process 4 — 1. It is worth not-
ing that the condenser temperature of the TPC can be set similarly to the condenser tem-
perature used in the ORC system. Moreover, it is important to note that in some articles [7,
8, 9], the TPC is described as a transcritical ORC system, therefore, it can be classified as

part of configured ORC systems.
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Fig. 1.3. Possible application ranges of various technologies for thermal energy harvesting
in Tmax,power plant — Pelectrical diagram, adapted from [9].

A recent study [11] has assessed around 2,900 projects from over thirty manu-
facturers, providing insight into the trends and development of the market across
different applications, geographic regions, plant installations, capacities, and man-
ufacturers. It reported that the market for ORC technology has seen significant
growth, with a 40% increase in the number of installed plants, adding up to 861
new installations. The list of some ORC systems installed globally can be found at
https://oxc-world-map.oxg [19]. The current state of the ORC market seems
strong, but the high cost of investment remains an obstacle, making it challenging
to achieve a short payback period for different applications (which is crucial for its
broader industrial adoption). Therefore, several efforts are required to enhance the
ORC system in terms of technological advancements, cost-effectiveness, and effi-
ciency improvements. Various configurations of ORC systems offer different cycle
efficiency. It is essential to understand how each component and cycle operating
condition impacts the cycle efficiency.

1.2. The state-of-the-art

Table 1.1 provides an overview of the results of several experimental tests that were
carried out on configured ORC systems with temperature heat sources below 373.15
K. This table shows several types of expanders employed in various ORC systems,
such as ORC with a separator, ORC with a recuperation, partially evaporated ORC
(PE-ORC), and ORC with a superheater.

A separator used in the ORC system is used for separating the liquid and vapor
phases of the working fluid, ensuring that only vapor enters the turbine. In addition,
recuperation is employed after the expansion process when significant tempera-
ture differences remain. This technique uses the residual heat from the expander
output to preheat the working fluid prior to the evaporation process, enhancing the
overall thermal efficiency of the cycle.
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Table 1.1. A list of experimental ORC studies with heat source temperature below 373.15 K,
adopted from [20]. The list is continued on the next page.

Year Type Working Type of Ths NEXP w TORC
fluids expanders (K) (-) (kW) (-)
1994 [21] sup-ORC R134a hermetic 35315 060 33 n.a.
scroll
2001[22] ORC with n- radial 366.15 0.50 1.5 0.04
separator Pentane turbine
2006 [23] ORC with n- radial n.a. 0.85 1.5 0.07
separator Pentane turbine
and
HFE-
301
2007 [24] sup-ORC Ri134a scroll(open 33815- 065 205 0.04
drive) 34315
2009 [25] sup-ORC R134a scroll(open 313.15- 0.29 n.a. 0N
drive) 34915
2010 [26] sup-ORC R245fa rolling- 33315- 045 164 0.04
piston 363.15
2011[27] sup-ORC R245fa scroll 32315- 080 n.a. 009
with recu- 363.15
peration
2013 [28] sup-ORC R227ea radial 339.15- n.a. 3.98- 0.03-
turbine 384.15 6.91 0.05
2014 [29] sup-ORC R601a vane 338.55- na. 0.02- 0.02
357.25 0.07
2014 [30] sup-ORC R152a screw 332.45- n.a. 010- n.a.
332.95 0.58
2014 [31] sup-ORC R134a screw 328.65-0.68 018- 0.01-
339.15 865 005
2015[32] sup-ORC R123 vane 313.15- 0.67- n.a. n.a.
363.15 0.70
2015[33] sup-ORC R123 vane 31815- 017- n.a. n.a.
358.15 0.58
2016 [34] sup-ORC HFE7000 vane 31855 058 015 0.04
2016 [35] sup-ORC R404a hermetic 338.15- 0.85 3.00 0.05
scroll 373.15
2016 [36] sup-ORC ™1 screw twin  340.95-049- 0.72- n.a.

363.05 0.72

6.50
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Table 1.1. (continueq).
Year Type Working Type of T NEXP W NORC
fluids expanders (K) (-) (KW) (-)
2016 [37] sup-ORC R245fa single- <37315 059 103- 0.04
and stage axial 1.98
HFE7100  turbine
2017 [38] sup-ORC R245fa scroll 32315- na. 008- 0.04
353.15 0.41
2017 [39] sup-ORC R245fa turbo- n.a. 015- 065- na.
expander 033 0.70
2018 [40] sup-ORC n.a. scroll 35315- na. 030- 005
393.15 1.30
2019 [41] sup-ORC R245fa radialinflow n.a. 0.76- 35.03- n.a.
turbine 0.80 36.04
2019 [42] sup-ORC R123 scroll 363.15- 043 0.06- n.a.
42315 012
2020 [43] sup-ORC R245fa scroll 339.15- n.a. 011- n.a.
42315 1.88
2020 [44] sup-ORC R123 single na. 022- 110- n.a.
screw 047 648
2020 [45] sup-ORC R123 multi-vane 312.30- 0.66- 0O.11- 0.04-
34465 069 024 008
2021[46] sup-ORC R245fa radialinflow n.a. 0.53- 704- 012-
turbine 088 1730 016
2021[47] sup-ORC R1233zd multi-vane na. 030- upto 0.02
080 3.00
2021[48] sup-ORC R245fa scroll 367.65- 0.38- 0.10- 0.04
(oil-free) 36815 0.80 0.60
2021[49] sup-ORC R245fa radialinflow n.a. na. 036- 0.03
turbine 117
2022 [50] sup-ORC Ri134a scroll 35115- n.a. 1.22 0.07
363.15
2022[51] PE-ORC  mixture, axialturbine 36315- n.a. 040- n.a.
HFE700O0, 373.15 045
HFE7100,
and
Novec649
2022 [52] PE-ORC R134a reciprocating 313.15- 0.26- 0.13- n.a.
piston 34815 038 1.20
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In a practical aspect, the expansion process occurs in the dry vapor conditions,
also known as the superheated vapor state. Operating under this superheated va-
por condition helps prevent the formation of droplets that can erode or damage
turbine blades, which is often used in large-scale ORC systems. However, super-
heating the vapor to ensure it remains dry might lead to reduced cycle efficiency.
This is because superheating requires significant additional heat to fully evaporate
the working fluid until it reaches a saturated vapor state (x=1) and then heat the
vapor working fluid further (in this case, the cycle is called superheated ORC or
sup-ORC). As a result, the input heat increases, potentially lowering the overall effi-
ciency of the cycle, which also depends on the properties of the working fluids used.
As an alternative to sup-ORC, the pressurized working fluid can be heated until it
reaches a supercritical condition. After that, it expands through the superheated
state and is then condensed back to liquid form. This system is known as a transcrit-
ical power cycle (TPC), which has been illustrated in Fig. 1.2. It is worth noting that
the lower temperature (i.e., the temperature of the working fluid in the condenser)
of the TPC, as shown in Fig. 1.2, can be set to match the lower temperature used in
the ORC system. ltis also important to note that, in some articles [7, 8, 9] and other
publications in the literature, the TPC is presented as a transcritical ORC system.
This means that TPC can be categorized as a type of ORC system, particularly op-
erating under transcritical conditions. In the further discussion of this dissertation,
this transcritical ORC is described as TPC.

Furthermore, inthe PE-ORC system, the working fluid flows through the expander
in a two-phase state (vapor quality O<xz<1) rather than as superheated or saturated
vapor (vapor quality z=1). The key concept of PE-ORC is to decrease the ratio of la-
tent heat to sensible heat in the working fluid during the evaporation process. This
adjustment allows for more efficient cooling heat source streams to lower temper-
atures, which improves the heat utilization efficiency. An alternative to PE-ORC is
to arrange the working fluid to pass through the expander in the saturated liquid
state instead of to the two-phase, superheated, or saturated vapor conditions. In
this case, this system is known as a trilateral flash cycle (TFC). The mainidea of TFC
is to eliminate the ratio of latent heat to sensible heat in the working fluid. Therefore,
an evaporation process is not needed, and the expansion process starts with the
saturated liquid working fluid. This concept in TFC allows for more efficient cool-
ing heat source streams to lower temperatures, which offers higher heat utilization
efficiency compared to PE-ORC and ORC. It is worth noting that in some articles
[9, 53], TFC is described as trilateral ORC. Therefore, TFC can be categorized as a
type of configured ORC system.

Fig. 1.4 shows the various operational conditions of different ORC system con-
figurations, including basic ORC (without a superheater), sup-ORC, PE-ORC, TFC,
and TPC, illustrated on a T' — s diagram. The sup-ORC, ORC, PE-ORC, and TFC
systems operate under subcritical conditions, either in terms of pressure or tem-
perature, and can be categorized as subcritical ORC systems. On the other hand,
the TPC operates partly in supercritical conditions, with the working fluid transition-
ing from supercritical to subcritical during the cycle.

Despite the maturity of ORC technology in certain applications, there remains a
knowledge gap and potential for further development and advancement. Given this
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Fig. 1.4. An illustration of different ORC systems under subcritical and transcritical operat-
ing conditions in a T' — s diagram, using a wet working fluid. Several types of ORC systems
operating under subcritical operating conditions include ORC without superheater, ORC
with superheater (sup-ORC), partially evaporated ORC (PE-ORC), and trilateral flash cycle
(TFC). The configured ORC system operating under transcritical operating conditions refers
to the transcritical power cycle (TPC). It is important to note that in some articles [9, 53], TFC
is described as trilateral ORC. Some articles [7, 8, 9] mentioned that TPC is a transcritical
ORC. Therefore, both TFC and TPC can be categorized as types of ORC systems. This dia-
gram illustrates the operation of each cycle under ideal conditions, featuring isobaric heat
exchanger process 1 — 2 for the evaporator, isentropic expansion process 2 — 3, isobaric
heat exchanger process 3 — 4 for the condenser, and isentropic pump process 4 — 1.

situation, it is still essential to conduct more research on how ORC can efficiently
utilize intermittent and fluctuating heat sources [13, 14, 15]. Both PE-ORC and TFC
systems have been the subject of a few numerical and experimental studies that
can improve heat source utilization efficiency. Based on the literature studies and
the author’s knowledge, it seems that these promising PE-ORC and TFC technolo-
gies have not been as extensively investigated and explored. Therefore, theoreti-
cally exploring the efficiency of the ORC system under subcritical and transcritical
operating conditions mentioned above, considering the operating condition of the
low-boiling working fluid expansion process, could be promising, which is one of
the state-of-the-art in this dissertation.

In ORC systems, the expansion process is crucial, as it involves the working
fluid expanding and driving the shaft of the expander. TA generator that generates
power is attached to this shaft. The types of expansion machines used in ORC sys-
tems are illustrated in Fig. 1.5. In larger ORC systems, turbines (radial and axial)
are commonly used as expanders, while smaller setups often use volumetric ex-
panders. These configurations are also found in several experimental ORC setups
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listed in Table 1.1. Volumetric expanders are particularly well-suited for use in ORC
when it comes to utilizing energy from low-grade heat sources [54, 55]. These vol-
umetric expanders are designed for use even under two-phase flows, which are
usually avoided in turbines due to issues like erosion and condensation.

Expansion machines

v v v

{ Dynamic/turbine } [ Volumetric expanders J [ Ejector ’

Radial turbine

Axial turbine

Scroll expander Piston expander Wankel expander

Orbiting Fixed
scroll scroll

Fig. 1.5. A classification of expansion machines, including the classification of volumetric
expanders, adapted from [56, 57].

Table 1.2. The comparison of operating conditions in selected types of volumetric ex-
panders tested in ORC system, adapted from [58].

Volumetric types  pin (MPa)  pout (MPa)  pin/pout (-)

Screw 1.5-16 0.1 16

Scroll 1 0.1 10

Multi-vane 0.7 0.1 10
Piston 20 01 200
Wankel [59, 60] 3 0.1 1.2-6

There are several types of volumetric expanders available, including screw, scroll,
vane, piston, and Wankel expanders, which are illustrated in Fig. 1.5. The operation
of these machines has been described in [56, 57, 61]. The operating conditions
in these volumetric expanders are listed in Table 1.2. Moreover, these volumetric
machines can be further classified into two types: reciprocating and rotary volumet-
ric expanders. Their operating conditions can be analyzed using a p — V diagram,
and the technical work generated can be calculated using the relation W = [ Vdp.
Moreover, the volumetric expanders typically operate through a series of phases
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under the ideal condition: isobaric filling (process 1 — 2 where p, T'=constant), ex-
pansion (process 2 — 3 where pV/*=constant), and isobaric evacuation/discharge
(process 3 — 4 where p, T'=constant), as illustrated in p — V diagram in Fig. 1.6. The
specific heat at constant volume divided by the specific heat at constant pressure
is represented by the symbol . In some cases, volumetric expanders may experi-
ence internal leakage, which can lead to an unintended compression process 4 —
1, affecting performance. These series phases are determined by specific design
features of the machines. For rotary machines, these features include the working
chamber’s geometry, the rotor, and the stator. For reciprocating machines, they
include the cylinder. Other common design elements influencing performance are
internal leakage, internal friction, the lubrication system, as well as noise and vibra-
tion levels. These elements help define the operational capabilities of the machine.
Pressure and volume are crucial parameters in designing volumetric expanders.

filling p,T = constant

expansion

/ pV" = constant

4 4 3
evacuation/discharge p, T = constant

v

Fig. 1.6. A series of typical operation in the volumetric expanders in a p — V diagram: iso-
baric filling process 1 — 2 (p, T'=constant), expansion process 2 — 3 (pV“=constant), and
isobaric evacuation/discharge process 3 — 4 (p, T'=constant). If the volumetric expander
experienced the internal leakage, the compression process 4 — 1 (pV *=constant).

Since some ORC systems, such as PE-ORC and TFC, may operate under two-
phase conditions, using a volumetric expander in these systems could be promis-
ing. A preliminary study [58] has highlighted that typical rotary volumetric machines
(e.g., screw, scroll, and vane) are more likely to be adapted for two-phase fluids
undergoing phase changes. In contrast, reciprocating machines, like piston ex-
panders, are less commonly used but might not be ideal for PE-ORC due to the
risk that low boiling working fluid, in its liquid form, might dissolve the oil film, po-
tentially damaging the cylinder and piston rings [62]. Some review articles [63,
64] have reported that two-phase volumetric expanders show potential as tech-
nologies for low-temperature heat-to-power cycles. The TFC, in particular, demon-
strates a greater net output power, improved efficiency in heat source utilization,
and higher exergy efficiency compared to a basic ORC system.
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In literature study, several researchers have conducted experimental investiga-
tions on two-phase volumetric expanders [58, 63, 64]. The results suggest that a
two-phase volumetric expander can offer a wider operating range of ORC systems
designed to harvest energy from low-grade heat sources. Therefore, part of this dis-
sertation also described the experimental investigation of the two-phase volumet-
ric expander in the ORC system. Table 1.1 presents several volumetric expanders
tested under both superheated and two-phase conditions. However, only a limited
number of volumetric expanders have been utilized in micro-ORC systems that har-
ness low-grade heat sources below 373.15 K. Given the potential of rotary volumet-
ric machines to operate under two-phase conditions, this dissertation focuseson a
multi-vane volumetric expander as a rotary-type expander for the ORC system anal-
ysis. The research on ORC systems using multi-vane expanders has been ongoing
at the Department of Thermodynamics and Renewable Energy Sources at Wroctaw
University of Science and Technology since 1996 [65]. Moreover, the multi-vane ex-
pander offers lower maintenance requirements and a compact design compared
to other rotary volumetric expanders. Therefore, to continue this line of research in
this department, the multi-vane expander is selected. In this context, since there
is a lack of investigation into the two-phase expander, experimentally investigating
the performance of the two-phase multi-vane volumetric expander in ORC systems
with heat sources below 373.15 K represents a state-of-the-art contribution to the
scientific field.

1.3. Aim and objectives

The core of this dissertation analyzes the expansion process of low-boiling work-
ing fluids and its impact on the efficiency of various ORC configurations. This study
aims to describe the efficiency variations of different ORC systems attributable to
different working fluids and thermodynamic conditions influenced by the expansion
process. Moreover, an experimental study focuses on a two-phase volumetric ex-
pansion system, employing artificial intelligence (Al) to predict the wet isentropic
efficiency of the expander. This innovative approach seeks to redefine efficiency
benchmarks for ORC systems and contribute to the state of the art in thermody-
namic power cycles. A significant portion of this dissertation is dedicated to po-
tential volumetric expanders in various ORC configuration systems. Given the suit-
ability of volumetric expanders for ORC systems operating at low to medium tem-
peratures and pressures, this could revolutionize the design of the ORC system for
intermittent and fluctuating heat sources. The main objectives of the research are
outlined as follows:

1. To analyze the influence of the low-boiling working fluid expansion process on
the efficiency of different ORC systems under subcritical operating conditions
for volumetric expanders,

2. To analyze the influence of the low-boiling working fluid expansion process
on the efficiency of different ORC systems under transcritical operating con-
ditions for volumetric expanders,

3. To evaluate and compare the efficiency variations in different ORC systems



1.4. Outlines of the dissertation 13

influenced by different working fluids under subcritical and transcritical oper-
ating conditions for volumetric expanders,

4. To experimentally validate the isentropic efficiency of a low-boiling working
fluid expansion process in an ORC system using a volumetric expander oper-
ating under two-phase conditions by using Al predictions, and

5. To analyze the adaptability and benefits of implementing volumetric expanders
in different ORC systems.

1.4. Outlines of the dissertation

This dissertation consists of six main chapters that are structured in the following
way. In Chapter 1, the introduction outlines the background and motivation behind
this study. It also details the current state of the art, as well as the specific aims and
objectives of the research. Then, the following chapters represent the contribution
of the research. Each chapter systematically presents the research, beginning with
a brief introduction, followed by methodology with some boundary conditions, dis-
cussion, main contributions, and concluding with the thesis points that encapsulate
the research findings.

Chapter 2 describes the brief historical aspect and classification of low-boiling
working fluids. In addition, it introduces the methodology of thermodynamic mod-
eling simulation, which employs several types of working fluids. The focus of this
chapter delves into the theoretical analysis of the low-boiling expansion process
influencing the cycle efficiency of different ORC systems under subcritical oper-
ating conditions. Moreover, the cycle efficiency comparison of the different ORC
systems influenced by different types of working fluid is described.

Furthermore, Chapter 3 extends the theoretical analysis of the low-boiling ex-
pansion process influencing the cycle efficiency of various ORC configuration sys-
tems. In addition, it compares the ORC system under subcritical and transcritical
operating conditions. Also, the cycle efficiency comparison of different ORC sys-
tems influenced by different types of working fluid is described.

Chapter 4 reports an experimental study of a volumetric expander in an ORC
system operating under two-phase conditions. It describes several components
and some measurement systems used in the experimental study. This chapter
also discussed the application of Al for predicting the isentropic efficiency of the
expander.

In Chapter 5, various applications of the different ORC systems employing a
volumetric expander are examined, highlighting selected thermodynamic issues.
It expands the scope of the dissertation by exploring real-world applications and
implications of the research.

In the end, Chapter 6 concludes with a comprehensive summary, highlighting
the key findings and some main contributions of the research. This concluding
chapter offers a reflective overview of the entire dissertation, emphasizing its sig-
nificance and potential impact on the field of thermal power generation. Moreover,
some future directions for research on this topic are described.

The publications by the author that are related to this chapter are [6, 13, 14, 15, 16,
17,18, 20, 58].



Analysis of the low-boiling working
fluid expansion process influencing
the efficiency of selected different
ORC systems under subcritical
operating conditions

A steam-based RC serves as a foundation model for all ORC systems as an exam-
ple of a subcritical thermodynamic cycle that utilizes typical wet working fluid. The
operation of this cycle has been described in the prior chapter. Its widely recog-
nized model provides an effective means to explore how different working fluids
and operating conditions changes can impact the cycle efficiency of the system.
Furthermore, another kind of subcritical cycle, a TFC system, has been introduced
[66]. The TFC is characterized by the expansion process beginning from a satu-
rated liquid state (vapor quality x=0). Several studies have reported that the RC
and ORC may outperform TFC in terms of cycle efficiency [67] and other perfor-
mances [68]. However, under specific conditions, TFCs can generate more output
power [69, 70], achieve higher heat source utilization [71], and offer higher exergy
efficiency [72, 73] than ORCs.

ORC systems operate with fully dry vapor at the inlet of an expander, meaning
the vapor is either in a saturated state with a vapor quality x=1 or in superheated
conditions. However, an incomplete evaporation process may arise from the use
of intermittent and fluctuating heat sources. Then, the expander works under wet or
two-phase conditions (i.e., the vapor quality is in the range of O<x<1). This condition
leads to a transition from a wet-to-dry cycle (a transition cycle between TFC and
ORC), known as a partially evaporated ORC (PE-ORC). A maximum cycle efficiency
of ORCs was observed in an article [74] that compared the cycle efficiency of ORCs
and TFCs using various kinds of working fluid types. However, the study of PE-ORC
was not carried out. Given this context, there is a lack of clarity regarding the cycle
efficiency comparison between ORC, PE-ORC, and TFC.

This chapter addresses a notable research gap in the literature concerning the

14
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limited studies on TFC and PE-ORC, which are categorized as part of configured
ORC systems. Assuming the heat sink temperature remains constant, the princi-
ples of the Carnot cycle suggest that any power generation may enhance its cycle
efficiency by raising the heat source temperature. This chapter aims to theoreti-
cally prove that the PE-ORC, functioning as an intermediate cycle between the ORC
and TFC, consistently achieves cycle efficiency between those of the ORC and TFC
across various working fluids, with increasing operating temperatures and pressure
ranges of the expander resulting in higher cycle efficiency. This part of the disserta-
tion described in this chapter demonstrates and explores how different low-boiling
working fluid expansion processes affect the cycle efficiency of different ORC sys-
tems (basic ORC, PE-ORC, TFC) under subcritical operating conditions considering
vapor quality to the inlet of the expander.

2.1. Brief historical aspect of working fluids

Hundreds of organic substances taken from chemical classes such as hydrocar-
bons (HC), perfluorocarbons (PFC), chlorofluorocarbons (CFC), hydrochlorofluoro-
carbons (HCFC), hydrofluorocarbons (HFC), hydrofluoroolefins (HFO), hydrochloroflu
oroolefins (HCFO), ethers, alcohols, and siloxanes are available as potential work-
ing fluids instead of water for thermodynamic power cycles. Several substances,
including refrigerants and working fluid mixtures, could also be promising. Fig. 2.1

shows an overview of the historical usage of working fluids.

15t generation 2"d generation 3" generation 4th generation

1830 — 1930 1931 — 1990 1990— present 2010— present
whatever worked operational safety ozone protection global warming
and stability
typical working fluids typical working fluids typical working fluids typical working fluids
HC, CHC, ether, NH3, CFC, HCFC NH3, HCFC, HFC NH3, CO9p, HC, HFO,
SO2, CO2, NH3 such as R11, R12, such as R123, HCFO such as
K j\ R22, and etc. /\ R134a, R245fa /KR1234yf, R12332d(ly

Fig. 2.1. Brief historical aspect of working fluids as an alternative to water used in various
applications categorized by generations, adopted from [75].

The development of refrigerants has progressed through several generations,
each marked by advancements in safety, environmental impact, efficiency, and
other vital parameters [76]. Initially, the first generation of working fluids included
hazardous and combustible substances like chlorohydrocarbons (CHC) and sulfur
dioxide, alongside natural refrigerants such as carbon dioxide, HCs, and ammo-
nia. The second generation introduced CFCs (like R11 and R12) and HCFCs (such
as R22). These substances gained popularity due to their effectiveness, ease of
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handling, and safety concerns (e.g., hon-toxic and non-flammable). However, in
the 1970s, the significant ozone depletion potential (ODP) of these refrigerants was
recognized. This concern led to the phase-out of many working fluids containing
fluorine and chlorine under the Montreal Protocol in 1987 [77]. In that case, new so-
lutions were developed with HFCs as the third generation, with R245fa and R134a
being notable examples. HFCs have zero ODP but contribute to global warming
more significantly than carbon dioxide, for which, in the 1990s, global warming be-
came a threat.

Furthermore, the Kyoto Protocol in 1997 [78] identified HFCs as critical green-
house gases, setting reduction targets for their emissions. The fourth generation
of working fluids has recently been developed, including HFOs and HCFOs like
R1233zd(E) and R1234yf. These refrigerants combine the benefits of minimal or no
ODP and low global warming potential (GWP) with good thermodynamic properties.
In addition, there has been a growing interest in using HC and carbon dioxide due
to their environmental benefits.

2.2. Classification of working fluids

In a conventional approach, the classification of working fluid depends on the char-
acteristic shape of the saturation curve (i.e., a bell-shaped curve) on a T'— s diagram,
which is related to the vapor condition after it has been expanded in the expander
employed in the ORC system. The working fluids could be classified into three dif-
ferent types: wet, dry, and isentropic, which are described as follows [79]:

e When an isentropic expansion occurs from a saturated vapor phase in a wet
working fluid, the expansion process will end in the two-phase region. In that
case, the curve representing saturated vapor for a wet fluid in the 7' — s dia-
gram slopes downward at every point (meaning ds/dT'<0, see Fig. 2.2(a)). It
indicates that as the saturation temperature decreases, the entropy of the
fluid increases.

e When a similar isentropic expansion occurs in the dry working fluid, it ends
up in a superheated or dry region. The curve for the saturated vapor of a dry
working fluid on a T'— s diagram generally slopes upwards (indicating ds/dT>0,
see Fig. 2.2(b), except the vicinity of the critical point.). Near the critical point,
ds/dT<0 then, followed by ds/dT" ~0 and ds/dT">0 (i.e., a negative-to-positive
ds/dT), can be observed.

¢ Originally, isentropic means that one can have an expansion process (s=cons-
tant) running all saturated vapor states because ds/d7T'=0 is in a finite, non-
zero temperature range. Since this kind of T'— s diagram does not exist, there-
fore, "real isentropic working fluids” can be defined, with a reverse S-shaped
saturated vapor branch. With this condition, the expansion process from the
saturated vapor state to other points in the saturated vapor state can be done
by going through the dry vapor state (superheated conditions). In that case,
the reverse S-shaped saturated vapor line can be observed in Fig. 2.2(c) show-
casing ds/dT'<0 from the critical point, then followed by ds/dT ~0, ds/dT>0,
ds/dT =0, and ds/dT<0 in sequence (i.e., a negative-to-positive-to-negative
ds/dT). Moreover, the isentropic working fluid, which exists only in theory, is
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also illustrated in Fig. 2.2(d). By altering the molecular complexity, it is possi-
ble to create a transition from wet to real to dry isentropic conditions [80]).

ds/dT <0 ds/dT" <0
C ““\ C | //
D2 e
B~ triangle P3 /Tsm
‘g N
area Bre T,
''''''''' i
A ) ds/dTl ~ 0
ds/dT >0
s s
(a) (b)
‘ p1=D2 ‘
| D2 12 D2
'/; T2 T2
Ty,
&~ triangle T S T
area ps 3 /3p3 < 3,
A ds/dT >0 3, 1 B 3is "¢ Ty,
ds/dT ~0 Z
ds/dT <0
s s
(c) (d)

Fig. 2.2. Classification of working fluids in a T' — s diagram with examples of isentropic
expansion processes in (a) a wet working fluid, showcasing ds/d7'<0 along the saturated
vapor line, classified as ACZ-type working fluid; (b) a dry working fluid, indicating ds/dT'<0
from the critical point, then followed by ds/dT ~0 and ds/dT>0 (i.e., a negative-to-positive
ds/dT) along the saturated vapor line to triple point temperature (or Z point), classified as
AZCM-type working fluid as an illustrative example; (€) an isentropic working fluid, showcas-
ing ds/dT<0 from the critical point, then followed by ds/dT =0, ds/dT>0, ds/dT ~0, and
ds/dT<0in sequence (i.e., a negative-to-positive-to-negative ds/dT), classified as ACNMZ-
type working fluid as an illustrative example; and (d) an isentropic working fluid which ex-
ists only in theory or a negative-to-nearly zero ds/dT (changing molecular complexity can
generate a wet-real isentropic-dry transition [80]). Moreover, this figure outlines novel clas-
sification methods using five points to demonstrate the potential sequences of these clas-
sifications [81, 82] or using a triangle area between saturated vapor curve and isentropic
expansion path [83, 84]. The isentropic expansion process 2 — 3;s and the real expansion
process 2 — 3. are illustrated by the blue and red solid lines, respectively. The isentropic
pump process 4 — 1, and the real pump process 4 — 1, are depicted by the green solid
line and the orange solid line, respectively.
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Fig. 2.3. Working fluids classified into conventional and novel categories (adapted from

[81]).

Although the traditional method of classifying working fluids using the slope of
the saturated vapor curve in a T' — s diagram can differentiate between wet, dry,
and isentropic types, this approach is far from enough to distinguish between isen-
tropic and dry working fluids accurately. Therefore, a novel method offers a more
detailed classification based on sequences of entropy characteristics, outlined in
five specific points [81, 82], which is depicted in Fig. 2.3. The five specific markers
on the phase diagram are defined as follows. The label 'A’ marker is the triple point
atthe intersection between the liquid and solid phases. Label’Z’ markeris the triple
point found at the intersection between the solid and vapor phases. The 'C’ label
represents the critical point. Label 'M’ and 'N’ markers, which are secondary char-
acteristic points, indicate the location on the saturated vapor curve characterized
by local entropy maxima and minima, respectively. These exemplary markers are
indicated in Figs. 2.2 and 2.3. Classes are marked by the sequence of these points,
ordered by their entropy values, as seen in 2.2(a)-(c) as an exemplary. Theoretically,
five points can be ordered in 5!=120 different ways, but for some constraints, like 'A’
should be before 'C’), only eight classes can be defined (see Fig. 2.3). Moreover, by
employing varying temperature ranges (with a fixed evaporating temperature and
a lowered condensing temperature of the cycle), transitions of novel classification
can occur within a working fluid. An example of such a fluid is butane, as described
in [85]. In addition, possible paths for isentropic expansion process were investi-
gated, starting at a specific point on the saturated vapor curve at the inlet to the ex-
pander and the isentropic expansion ending up in the saturated vapor region [85].
Two recent articles [83, 84] introduced an alternative classification method using
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the triangle area between the saturated vapor curve and the isentropic expansion
path to categorize isentropic and dry working fluids. The illustration of the triangle
area is depicted in Figs. 2.2(b) and 2.2(c). Working fluids are categorized based on
the size of the triangle area: less than five kd/kg for isentropic, between five and
twenty-five kd/kg for dry, and more than twenty kd/kg for super dry working fluid.

2.3. Mathematical modeling simulation of selected ORC

systems under subcritical conditions
This subchapter details the process and modeling simulation of different ORC sys-
tems (ORC, PE-ORC and TFC) that are investigated in this thesis. Also, it outlines
the steps in the research calculations and explains the mathematical models used.

2.3.1. ORC, partially evaporated ORC, and trilateral flash cycle
Aninitial study theoretically examined how different working fluids and anincreased
operating temperature range of the expansion process affect the efficiency of ORC
systems. Also, it investigated the effect on the efficiency of TFC as another sub-
critical power cycle, based on selected available working fluids. Subcritical ther-
modynamic cycles are defined as those in which all processes within the desired
thermodynamic cycle operate below the critical pressure. The simplified designs
of these cycles are likely to be similar, as depicted in Fig. 1.2(a). Nevertheless, their
operational processes exhibit notable differences in the T — s diagram, illustrated
in Fig. 2.4, where ideal refers to the ideality of steps (strictly isobaric evaporator,
isobaric condenser, isentropic expansion, and isentropic pump processes).

The difference between ORC, PE-ORC, and TFC lies in the condition at the be-
ginning of the expansion process (see state 2 in Fig. 2.4). Specifically, this refers
to vapor quality at an inlet to an expander, which can be in saturated vapor state
(with a vapor quality =1 or in a superheated condition for basic ORC), a two-phase
condition (with a vapor quality O<x,<1 for PE-ORC), or a saturated liquid state (with
vapor quality z,=0 for TFC). This variation is primarily influenced by the heat ex-
changer process (1 — 2), such as a liquid heater and an evaporator. In this case,
a liquid heater is necessary for ORC, PE-ORC, and TFC to raise the temperature of
the working fluid (in pressurized liquid state) to the boiling temperature (saturated
liquid phase) corresponding to the given pressure. In addition, PE-ORC and ORC
systems require an additional heat exchanger, meaning the use of an evaporator
to facilitate the phase change of the working fluid from liquid to vapor. For PE-ORC,
the evaporator offers a partial evaporation process, resulting in a specific vapor
quality with O<z,<1, indicating that the fluid is partially vaporized. On the other
hand, in ORC systems, the evaporator ensures a complete evaporation process,
achieving a saturated vapor state z,=1, where the working fluid is completely evap-
orated. In many installed ORC systems, the inlet to the expander is kept to operate
in superheated conditions. This necessitates using a superheater to raise the tem-
perature beyond the point of saturated vapor. The explanation of the ORC with a
superheater is described in the next chapter. It appears that the three heat ex-
changers are different. Having a liquid heat carrier (like thermal water), the liquid
heater is a liquid-liquid type heat exchanger that needs to handle the viscous flow,
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(b) (c)

Fig. 2.4. Selected subcritical thermodynamic cycles-basic ORC, PE-ORC, and TFC-in this
investigation illustrated in typical (a) wet, (b) dry, and (¢) isentropic working fluids in T' — s
diagrams. These diagrams illustrate the operation of each cycle under ideal conditions,
featuring isobaric heat exchanger process 1 — 2 for the evaporator, isentropic expansion
process 2 — 3, isobaric heat exchanger process 3 — 4, and isentropic pump process 4 —
1.

but the size/volume and heat exchange surfaces would be relatively small. An evap-
orator is a different one; it needs to handle phase change, and therefore, it has to
have larger dimensions.

In expanders, even when the pressure ratio and inlet temperature are kept con-
stant, the selection of working fluid influences how the expansion process ends, as
illustrated in process state 3 of Fig. 2.4 in ideal condition as an example. Using wet
working fluid, similar temperatures can be expected at the end of the expansion
process in ORC, PE-ORC, and TFC. However, when using dry working fluids, the
state of the working fluid at the outlet from the expander is in superheated condition,
but the temperature differs across all cycles, highlighting the different low-boiling
working fluid expansion processes. Moreover, using isentropic working fluids typi-
cally results in comparable temperatures at the outlet from the expanders, though
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exceptions may exist. This exception are influenced by the slope of the saturated
vapor curve, and differences become noticeable if the expansion process ends in
a superheated state for ORC systems using isentropic working fluid. It is apparent
and important to note that the vapor quality at the outlet from the expanders (z3)
across all cycles is different.

Furthermore, Fig 2.4 shows that the difference in state 3 of each cycle results in
different paths of condensation processes to change the phase of the working fluid
back into its liquid condition (state 4). In this case, cooling requirements increase
from TFC to PE-ORC and reach the longest path for ORC, referring to the process
3 — 4). It is important to note that, in this context, the pumps across all cycles
are likely to operate under identical pressure ratio conditions, as indicated in the
process 4 — 1.

Based on the above mentioned condition, a set of modeling simulations for se-
lected subcritical cycles could be introduced. Specifically, it details the operating
temperature range within which these cycles function, which also refers to the op-
erating temperature range of the low-boiling working fluid expansion process. For
illustrative purposes, Fig. 2.5 shows the steps of modeling simulation using wet
working fluid. Such an approach clarifies the operational parameters and exem-
plifies the application of wet working fluid in the simulation. The steps of modeling
simulation in this manner are also adapted for dry and isentropic working fluids con-
sidering the operating thermodynamic processes that have been introduced in Fig.
2.4(b) and 2.4(c).

The cycle efficiencies of ORC, PE-ORC, and TFC are explored with the thermo-
dynamic process operation defined by two parameters: an upper temperature (75)
and a lower temperature (7). These parameters dictate the temperature range of
the cycles, which also refers to the operating temperature range of the low-boiling
working fluid expansion process. In the context of the ORC system, a key feature
is that the expansion process begins when the working fluid is in a saturated va-
por state, indicated by a vapor quality z,=1. This thermodynamic state is visually
represented in Fig. 2.5(a), where state point 2 is aligned with the saturated vapor
curve, highlighting the precise starting condition of the expansion process in the
ORC system. Moreover, TFC begins the expansion process from a saturated liquid
state, where vapor quality is 2,=0. This different starting state is depicted in Fig.
2.5(b). For PE-ORC, various vapor qualities O<x,<1 at the inlet to the expanders are
introduced. This variation allows for accommodating a range of operational condi-
tions and exploring the performance of the PE-ORC system. Fig. 2.5(c) and (d) illus-
trate examples of calculation steps for PE-ORC systems, showcasing two different
vapor qualities at the inlet to the expander in a T" — s diagram for demonstration
purposes. Moreover, the vapor quality z, ranges from 0.1 to 0.9 with the increment
vapor quality step Az,=0.1.

It is essential to note in Fig. 2.5 that what appears to be a single isobaric curve
of the heating process for a pressurized liquid, process 1 — 2, is not a singular
line. At first glance, the graph shows a single continuous curve representing the
isobaric heating process of a pressurized liquid. However, this perceived curve
comprises multiple distinct curves, each corresponding to a different temperature
range within the heating process. These curves appear merged into one because
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(c) (d)

Fig. 2.5. The steps of thermodynamic modeling simulation as an example in this illustra-
tion using wet working fluid in T' — s diagram for (a) ORC, (b) TFC, (c) PE-ORC with O<z5<0.5,
and (d) PE-ORC with 0.5<x5<1[86]. The modeling simulations focus on increasing the op-
erational temperature range (in this case, it can also refer to increasing the operating tem-
perature range of the cycle) of the low-boiling-point working fluid expansion process 2 —
3 in ORC, PE-ORC, and TFC. This adjustment aims to assess its impact on the cycle effi-
ciency of each system. It should be noted that the isentropic expansion process depicted
in this figure serves an illustrative purpose. It is used to compare the low-boiling working
fluid expansion processes across ORC, PE-ORC, and TFC.

they are extremely close to each other. However, when each diagram is magnified,
the individual curves become distinguishable, providing a clearer understanding
of the process. A similar condition is also found in the pressurizing process 4 — 1,
which initially appears as a single continuous curve under ideal conditions.

The modeling simulation of the thermodynamic cycle outlined earlier can be
performed using various programming languages. This investigation used MATLAB
to conduct the simulation and perform the calculations. To accurately simulate the
thermal behavior of the working fluids within the cycle, the thermal properties were
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sourced from two reputable databases (i.e., CoolProp [87], and REFPROP 10.0 [88]).
These databases are well-regarded for their comprehensive and precise data on
the thermal properties of various substances, making them invaluable resources
for this kind of modeling simulation. The simulation itself was methodically and
systematically carried out from the initial step (labeled as step 1) to the final step
(labeled as step n), following a predefined increment step (denoted as i), which is
illustrated in Fig. 2.5. A detailed flow chart of the modeling simulation is provided

in Fig. 2.6.
» The use of database for
thermal properties of
working fluids
The definition of input from REFPROP 10.0
parameters: & CoolProp
T27T4aTc7'it7$2 <
pre-definition of L
calculation steps, and [
working fluid selection
The selection of operating
temperature range and
» calculation of fine resolution for
the operating temperature
range near critical point \ 4
l The results of cycle
efficiency of selected
The calculation based on ORC configurations
developed numerical under saturation curve
models of thermodynamic
cyle under saturation curve
TFC model
=1+ 1 working
X fluids
PE-ORC model
ORC model The res_ul_ts of
the cycle efficiency for
all selected ORC
configurations using all
chosen working fluids

Fig. 2.6. A flow chart of modeling simulation for selected ORC systems under subcritical
operating conditions.
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2.3.2. General mathematical model of ORC systems and trilat-
eral flash cycle

The process of mathematical modeling for the simulation relies on two fundamen-
tal principles, mass balance and energy balance, which are applied to each system
component. These principles help accurately simulate the behavior and perfor-
mance of the thermodynamic cycle. To comprehend how the mass of the working
fluid is entering each component of the system, the mass balance is important. The
rate of mass for working fluid in each component can be described using Eq. 2.1,
where 1, m, and ¢ refer to mass flow rate, mass, and time, respectively. In this study,
the model incorporates a steady-state assumption for simulation. Under steady-
state conditions, the mass flow rate of working fluid into each component equals
the outlet, representing the mass flow rate balance described in Eq. 2.2.

dm

% = min - mout (2-1)

min = 77dout (22)

In addition, the concept of energy balance within the simulation is quantified by
the rate at which energy is transferred or transformed. This rate is detailed in Eq.
2.3, which outlines how energy interacts with each system component. Given that
the simulation assumes a steady-state operation—where conditions do not change
over time—the principle of energy conservation is described in Eq. 2.4. In this study,
both kinetic (v2 /2) and potential (gzin) energy are negligible. Therefore, the energy
balance can be described as Eq. 2.5. The cycle operates under the assumption
that each system component functions without any losses. Furthermore, the en-
ergy balance of each component in each cycle is listed in Table 2.1, where sub-
scripts of 'wf’ and ’is’ refer to working fluid and isentropic. In Egs. 2.3-2.5, F, Q
W, h, v, g, and z represent energy, heat transfer rate, energy transfer rate/power,
specific enthalpy, velocity, gravitational acceleration, and height/elevation, respec-
tively. In this case, the isentropic efficiencies of the expander (nexpis) and the pump
(npmpis) @re also introduced.

dE . . . v2 . v2
% =Q — W +1mjn (hin + f + gZin> — Mout <hout + OTUT + gzout) (2.3)
: T . Uizn . Uc2)ut
Q — W 4 1iin | hin + ? + 9zin | — Mout | hout + 7 + gzout | =0 (2-4)
Q - W + minhin - mouthout =0 (25)

For clarity, the specific configuration of the heat exchangers (liquid heater, par-
tial evaporator, and evaporator) used to absorb the heat sources to increase the
temperature and change the phase of the working fluid in each cycle is detailed in
Table 2.2. This table uses a matrix format to describe the component used in each
cycle’s heat exchange process 1 — 2.

Moreover, the cycle efficiency of each thermodynamic cycle can be calculated
using equations listed in Table 2.3. The overall efficiency of a thermodynamic cy-
cle (neycie) Is quantitatively assessed by examining the ratio of the cycle’s net output



2.3. Mathematical modeling simulation of selected ORC systems under
subcritical conditions 25

Table 2.1. Energy balance and implementation of components in selected thermodynamic
cycles.

Component Energy Balance Implementation
Liquid heater Qun = wt(ho(z=0) — M) TFC, PE-ORC, ORC
(LH)

Partial QPE = mwf(h2(0<x<1) — hz(x:())) PE-ORC

evaporator (PE)

Evaporator Qeva = 1wt (ha(e=1) — Pa(=0)) ORC

(EVA)

Expander (EXP) WEXP = mwf(hg — h3,is)77EXP,is all CyC|eS
nexpis = (ha — hs3)/(ha — hsjs)

Condenser Qcps = 1hwi(hs — hy) all cycles

(CDS)

Pump (PMP) Wemp = 1iwt(fis — ha) /Teupis all cycles

nempis = (hajs — ha)/(h1 — ha)

Table 2.2. A configuration matrix of heat exchanger process 1 — 2 for each cycle.

Cycle LH PE EVA Energybalanceinthe process1— 2

TFC X - - Quetre = Qun
PE-ORC x x - Quepeorc = QL1 + Qpe
ORC X - X  Queorc = QLH + Qrva

Table 2.3. Efficiencies of the cycle.

Cycle Efficiency of the cycle

TFC nrc = (Wexerec — Wemprre )/ QueTre
PE-ORC npe-orc = (Wexppe-orc — WempPE-oRC) / QHE,PE-ORC

ORC nore = (Wexpore — Wempore)/ QHEORC

power to the heat rate of the heat sources used as input. This parameter represents
the efficiency with which the cycle converts thermal energy from the heat sources
into usable mechanical or electrical power. Each cycle uses heat sources differ-
ently, affecting how heat is transferred from those sources to the working fluid, as
described in Table 2.2. Also, it is essential to note that the choice of working fluid
and the expansion process plays a crucial role in determining the efficiency of the
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cycle. Therefore, this study specifically examines and explores how different work-
ing fluids expansion processes impact the overall efficiency of the thermodynamic
cycle.

2.4. Discussion and main contributions

This investigation evaluated the efficiency of different ORC systems using different
organic working fluids: wet, isentropic, and dry. Propane, butane, isopentane, and
Novec649 were chosen as representations of each working fluid. Propane is a typ-
ical wet working fluid, while butane and isopentane are isentropic working fluids.
As HC working fluids, all three are increasingly gaining attention for their potential
application in analyzed power cycles. For example, there is growing interest in the
utilization of propane as a working fluid for thermodynamic cycles as propane offers
good performance in terms of the efficiency of the cycle in several applications, in-
cluding cold energy utilization [89, 90]. Due to the high flammability of these HC
working fluids, Novec649 was selected as a safer alternative, which is notable for
its non-flammability [91] and also functions as a dry working fluid. In this case, these
four substances are chosen for illustrative purposes.

The modeling simulation maintained a constant lower temperature 7,=293.15
K while an upper temperature was 353.15 K<T,<7.. This upper temperature was
increased in increment step i=1 K, as shown in Fig. 2.5. Close to the critical point,
however, the increment step was reduced to between 0.1 K and 0.001 K to achieve
higher resolution and a smoother curve. In the case of PE-ORC, the vapor quality
was adjusted in increments of 0.1to 0.9 using increment steps A z,=0.1. In addition,
some parts of this study are also described in [86, 92] (which includes the variation
T,), in [6, 92] (using different temperature ranges and different working fluids), and
in [93] (using carbon dioxide as an example of wet working fluid).

Fig. 2.7 shows the modeling simulation results for ORC, PE-ORC, and TFC in
neycle — 12 diagrams. This figure represents a side-by-side comparison of simula-
tion results under varying operating conditions. This study investigated two scenar-
ios: the first under ideal operating conditions, depicted in Figs. 2.7(a), 2.7(c), 2.7(e),
and 2.7(g); the second under specific operating conditions, where the isentropic
efficiency of both the pump and the expander is set as 0.8, which is illustrated in
Figs. 2.7(b), 2.7(d), 2.7(f), and 2.7(h). Selecting an isentropic efficiency value of 0.8
is a common practice for several practical reasons. This value provides a realistic
representation of performance, aligns with design and economic considerations,
and serves as a useful benchmark. It seems that raising the operating temperature
range of ORC, PE-ORC, and TFC might lead to higher cycle efficiency with certain
operating temperature ranges (i.e., with certain low-boiling working fluid expansion
processes). It can be proved using wet and isentropic working fluids up to the max-
imum efficiency of the cycle (see Figs. 2.7(a)-(d)), demonstrated by propane and
butane, respectively. The efficiency of PE-ORC is observed in between ORC and
TFC in neyee — 12 diagram. An increase in vapor quality to the inlet to the expander
in PE-ORC, represented by z, in Fig. 2.7(a)-(f), may improve the overall efficiency of
the cycle. This condition is observed not just under ideal operating conditions but
also under specific conditions, which involve adjusting the isentropic efficiency of
both the pump and the expander.



2.4. Discussion and main contributions

27

Propane
0.15 ————
zo = 0.9 maximum
Ty = 0.8
0.14 oy = 0.7
013 v
D Ty = @fﬁ?
~— z 7ﬁ/ //1//
2012172 0.4/
5|2 Ths/ =10
:o xzy =037 Texp = 1.
0.11 4, :*6:27// npmp = 1.0
2y =0.1 ——ORC
0.1 —TFC
Ty = 293.15 K ——PE-ORC
009 L L L I
350 355 360 365 370 375
T, (K)
(a)
Butane
0.22 : : — :
T4 —9293.15 K maximum —
- 017F 4y = 0.7
2
& To = 0.6
= r=05 X = L0
012} zy =04 feMp = -7 |
——ORC
—TFC
29 = 0.1 —©—PE-ORC
0.08 s ‘ ‘ ‘
340 360 380 400 420 440
T, (K)
(c)
Isopentane
0.25 ‘ : :
0.21 2= 0.9 maximum
To = U. =
0.2+ 0.19
=
2015} —101
2 22 =06 ZEXP _1(())
= =0.5 PMP — L.
2 T, = 293.15 K
0.1¢ ORC
—TFC
005 72 = 0.1 | | | - S PE‘-ORC
T340 360 380 400 420 440 460 480
T, (K)
(e)

Teyele (-)

Tleycle (‘)

Propane
0.12 | :
maximum
0.11} ™
0.1+
0.09 -
nexp = 0.8
0.08} o = 0.8 -
—ORC
0.07} — TFC
Ty =293.15 K ——PE-ORC
0.06 : : : :
350 355 360 365 370 375
T, (K)
(b)
Butane
0.18 : . ;
T, =293.15 K .
maximum —»
0.16 + —
0.14 + |
o2l I ]
nexp = 0.8
0.1 npmp = 0.8
0.08 + |
006 L L L L
340 360 380 400 420 440
T (K)
(d)
Isopentane
0.2 ; ; ; ; ;
T, =293.15 K maximum —
(SN ——— ]
nexp = 0.8
0.1 npmp = 0.8 -
—ORC
—TFC
——PE-ORC
0.05 : : : : : :
340 360 380 400 420 440 460 480
T, (K)

Fig. 2.7. The result of modeling simulation for different ORC systems (basic ORC without a
superheater, PE-ORC, and TFC) using (a)-(b) propane as an exemplary of the wet working
fluid, (c)-(d) butane as an exemplary of the isentropic working fluid, (e)-(f) isopentane an
exemplary of the isentropic working fluid, and (g)-(h) Novec649 as an exemplary of the
dry working fluid in neycie — T2 diagram. It is important to note that the diagram on the left
illustrates the thermodynamic operation under ideal conditions. In contrast, the diagram
on the right accounts for the thermodynamic operation with an isentropic efficiency of 0.8
for both the expander and the pump. The result is continued on the next page.
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Fig. 2.7. (continued).

According to Carnot cycle’s efficiency principles, increasing the operating tem-
perature range within a Carnot cycle leads to improved efficiency. For instance,
when a lower temperature is 7.=293.15 K and an upper temperature is increased to
Th=1473.15 K, the Carnot efficiency increased, which is indicated by a red curve illus-
trated in Fig. 2.8. In addition, by assuming 7;,=473.15 Kand by reducing 7,<293.15 K,
reaching cryogenic temperature results in a significantly improved efficiency from
0.3810 1.00, indicated by blue line illustrated in Fig. 2.8. This approach also applies
for different assumed T}, as 293.15 K, 673.15 K, 873.15 K, 1073.15 K, 127315 K, and
147315 K, which are indicated by blue lines. Using a similar approach, this study
[94] also explored the effects of lowering the cold temperature in ORC and TFC
while keeping the hot temperature constant. The study examined applications us-
ing low-temperature geothermal heat sources in combination with different cooling
sources, such as air, water, dimethyl ether (DME), and liquefied natural gas (LNG).
The utilization of liquid hydrogen could also be considered in this case as it is a
promising energy carrier or energy storage material for the future. The results re-
vealed a consistent trend in the cycle efficiency, similar to the pattern represented
by the blue lines in Fig. 2.8.

Arecent study [74] highlighted the highest thermodynamic efficiency of the ORC
using certain working fluids, excluding super-dry ones, with very tilted 7" — s dia-
grams focusing solely on ORC and TFC but not including PE-ORC. However, Fig.
2.7 also shows the peak efficiency of ORC. It extends the investigation to include
PE-ORC, which is state-of-the-art, in this dissertation.

Furthermore, some obtained modeling simulation results demonstrated using
selected working fluids in Fig. 2.7 show that the highest thermodynamic efficiency
is achievable in both ORC and PE-ORC when the vapor quality is adjusted at the in-
let to the expander, noted as z,. It seems that the cycle efficiency increases when
the operational temperature range is expanded to a certain range. Raising 75 to
a critical point increases the enthalpy change of the liquid heater (i.e., the isobaric
path extends over the increased temperature in this case) but decreases the en-
thalpy change in the evaporation process. This effect occurs because the point be-
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Fig. 2.8. The efficiency variation of the Carnot cycle with increased hot temperature and
decreased cold temperature illustrated in the neamot — Th — Te diagram, adapted from [92].
This diagram illustrates the operation of the Carnot cycle with the isothermal heat addition
process 1 — 2, isentropic expansion process 2 — 3, isothermal heat rejection process 3 —
4, and isentropic compression process 4 — 1. The red curve illustrates how the efficiency of
the Carnot cycle improves with an increased hot temperature while the cold temperature
remains constant 7.,=293.15 K. The blue lines illustrate how the efficiency of the Carnot
cycle improves with a decreased cold temperature T.<293.15 K while the hot temperature
remains constant (indicated by the dashed gray lines from certain cycle efficiencies).

tween the saturated liquid and vapor curves at the isobaric condition narrows with
increasing temperature, indicating a bell-shaped curve, as previously mentioned.
In addition, when using the same pressure ratio and reducing the vapor quality at
theinletto the expander leads to a decrease in the enthalpy change in the expander
and, subsequently, the condenser. Therefore, this observation indicates that under
these conditions, the cycle efficiency of the PE-ORC is lower compared to ORC.
Moreover, the cycle efficiency of TFC is the lowest in this case.

Nevertheless, the cycle efficiency of ORC, PE-ORC, and TFC might differ when
using dry and other isentropic working fluids, as demonstrated by Novec649 and
isopentane, respectively. Figs. 2.7(c)-(h) show that PE-ORC can achieve higher cy-
cle efficiency than ORC under certain operating conditions, potentially reaching
the highest cycle efficiency in both ideal and specific scenarios. When examining
the case with isopentane under ideal conditions, the cycle efficiency of PE-ORC
is higher than ORC, marked by vapor quality at the inlet to the expander x,=0.9,
which is indicated within the magnified rectangle 7cyce — 7> diagram in Fig. 2.7(e).
This cycle efficiency is also found when the cycle is examined by adjusting the isen-
tropic efficiencies of the expander and pump to the value of 0.8. The cycle effi-
ciency difference between the PE-ORC with 2,=0.9 and ORC is, in this case, rela-
tively low. However, in the scenario which uses Novec649, within the temperature



2.4. Discussion and main contributions 30

range 1,=390-394 K, PE-ORCs with vapor quality values ranging from 0.4 to 0.9,
exhibit higher cycle efficiencies than ORC, as illustrated in a detailed view of Fig.
2.7(9). Among these, the PE-ORC with z,=0.6 records the highest cycle efficiency
under ideal conditions within the temperature range 7,=390-394 K. Upon closely
examining the area near the critical point, the highest cycle efficiency for PE-ORC is
observed at x,=0.9 under ideal operating conditions, as depicted in Fig. 2.7(g). Fur-
ther analysis, specifically using Novec649 and considering the isentropic efficien-
cies of the expander and pump equal to 0.8, reveals a consistent trend: PE-ORCs
maintain higher cycle efficiency compared to both ORC and TFC.

The cycle efficiency of PE-ORC may vary and can be potentially higher than ORC
and TFC when using isopentane and Novec649. Therefore, further investigations
focused on dry working fluids, specifically examining the working fluids from a silox-
anes family. In that case, hexamethyldisiloxane (MM), octamethyltrisiloxane (MIDM),
decamethyltetrasiloxane (MD2M), dodecamethylpentasiloxane (MD3M), and tetrade-
camethylhexasiloxane (MD4M)was chosen as a good demonstration and represen-
tative working fluids. The difference in saturated liquid-vapor curve between these
working fluids is given in a T" — s diagram illustrated in Fig. 2.9(a). The saturated
curve tends to shift slightly to the left on a T' — s diagram, indicating higher boil-
ing points for more complex molecules at a given pressure (i.e., the complexity in-
creases from MM to MD4M). Moreover, the isobaric lines under the saturated curve
become longer from MD4M to MM, indicating that more heat/cooling is required
for evaporation/condensation. Moreover, the critical point rises when moving from
MM to MD4M.

Figs. 2.9(b)-(f) present and compare the outcomes of modeling simulations for
MM, MDM, MD2M, MD3M, and MD4M, respectively. These simulations were con-
ducted under conditions where the isentropic efficiency of both the expander and
the pump was fixed as 0.8. In scenarios using dry working fluids, the expansion pro-
cess ends in the superheated zone, identified by the isobar at the pressure of the
condenser. This endpoint of the expansion lies well above the minimum tempera-
ture of the cycle (T}), leading to a shorter expansion phase as illustrated in Fig. 2.4(b).
Itis worth noting that designating 7,=293.15 K could result in vacuum pressure, and
a vacuum pump can address this issue. Moreover, the absence of a recuperative
heat exchanger in the standard ORC setup means that not all input heat is con-
verted to work; some is instead dissipated through isobaric cooling, diminishing
efficiency. This factor significantly affects the isentropic efficiency of the expander
in all cycles under review. In the same operational pressure ratio and at a certain
operating temperature range, TFC is found to be more efficient than ORC and PE-
ORC. While this cycle efficiency contrast may not be evident with MM, it becomes
visible with MDM, MD2M, MD3M, and MD4M, as shown in Figs. 2.9(c)-(f). Notably,
there appear to be points where the cycle efficiency of ORC, TFC, and possibly PE-
ORCs intersect in n,cie — 7y diagram. At various operating temperature ranges, sim-
ilar overlaps in the cycle efficiency among ORC, PE-ORC, and TFC also appeared
in [86].

Furthermore, instances where PE-ORCs achieve higher cycle efficiency com-
pared to ORC and TFC across various working fluids are recorded in Table 2.4. This
comparison takes into account an operating temperature range for 7, from T, to
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Fig. 2.9. Comparison of selected dry working fluids (MM, MDM, MD2M, MD3M, and MD4M)
(a)in T — s diagram and their result of modeling simulation using (b) MM, (c) MDM, (d) MD2M,
(e) MD3M, and (f) MD4M in neycie — 17 diagram. Itis important to note that due to the proximity
of point N to point Z, even some isentropic siloxanes (MM, MDM, MD2M, MD3M) behave like
dry working fluids in most parts of the relevant temperature range. These working fluids are
also classified as dry working fluids according to other alternative classifications [83, 84].
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Table 2.4. Alist of isentropic and dry working fluids where cycle efficiency of PE-ORC
potentially higher than TFC and ORC.

Name of working fluid Type Te (K) T (K) Case?
[81] [88] [88] [86]

ANZCM' 51875 37366 Medium
ANZCM' 564.09 42563 High
ANZCM' 59940 46759 High

Hexamethyldisiloxane (MM)
Octamethyltrisiloxane (MDM)
Decamethyltetrasiloxane

(MD2M)

Dodecamethylpentasiloxane ANZCM' 628,00 503.02 High
(MD3M)

Tetradecamethylhexasiloxane AZCM  653.20 532.85 High
(MD4M)

Octamethylcyclotetrasiloxane AZCM 586.50 448.89 High
(D4)

Decamethylcyclopentasiloxane AZCM 618.30 484.10 High
(DS)

Dodecamethylcyclohexasiloxane AZCM 645.78 518.11 High
(D6)

Hexane ANZCM 50782 34187 Low
Heptane ANZCM 54013 371.53 Medium
Octane ANZCM 568.74 398.79 Medium
Nonane ANZCM' 59455 42391 Medium
Decane ANZCM' 61770 44727 High
Undecane ANZCM' 638.80 468.93 High

Dodecane AZCM 65810 48944 High
Isopentane ANCMZ 46035 300.98 Low
Isohexane ANCMZ 49770 333.36 Low
Neopentane AZCM 433.74 282.65 Low
Cyclohexane ANZCM' 55360 353.87 Low
Ethylbenzene ANCMZ 61712  409.31 Low

Novec649 AZCM 44181 322.20 Medium
M-xylene ANZCM 616.89 412.21 Low
O-xylene ANZCM 630.26 41752 Low
P-xylene ANZCM' 61617  411.47 Low

ANZCM' 799.00 628.84 High
ANZCM' 77200 62913 High

Methyllinoleate
Methyllinolenate

Methyloleate ANZCM' 78200 62717 High
Methylpalmitate AZCM 75500 602.27 High
Methylstearate AZCM 77500 629.56 High
R113 ANZCM 48721 320.73 Low
R365mfc ANZCM' 460.00 313.34 Low
RC318 AZCM 38838 26717 Low
Toluene ANCMZ 59175 383.75 Low

Tltis important to note that although these substances appear to be isentropic working
fluids (ANZCM types) based on ACZMN points, these isentropic working fluids behave
like dry ones in most parts of the relevant temperature range due to the proximity of the
point N to Z. These working fluids are also classified as dry working fluids according to
other alternative classifications [83, 84].

2 This classification was based on qualitative analysis. To obtain more precise and reliable
results, further quantitative analysis is needed.
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T,+40 K and for T, from T7,+80 K to 7.. In this study, 7, and T, refer to the critical
and the normal boiling temperature of working fluids, respectively. These tempera-
tures are provided in Table 2.4. The temperature at the inlet to the pump, denoted
as T,=T,, is selected to assess performance at atmospheric pressure, eliminating
the need for a vacuum pump application. It is possible to have temperatures lower
than 7, and below atmospheric pressure, but it must not fall below the tempera-
ture of solidification, which is set at 10 K above the triple point temperature for
safety reasons. Also, the application of a vacuum pump can be carefully consid-
ered. For cooling temperatures under 273.15 K, various cooling sources mentioned
previously, such as liquefied natural gas, liquefied dimethyl ether, liquefied hydro-
gen, and other cryogenic substances, can be utilized effectively.

The 'case’ in the fifth column of Table 2.4 refers to a classification where the cy-
cle efficiency of PE-ORCs is potentially higher than TFC and ORC with regard to the
working fluids. The criteria used for classifying the efficiency of potential working
fluids in relation to ORC and TFC is based on their cycle efficiency intersections
in the 7.,4. — 1> diagram. 'Low’ indicates scenarios where ORC and TFC do not
intersect, yet PE-ORC'’s efficiency may still surpass both, as seen with isopentane
in Fig. 2.7(e)-(f). 'Medium’ denotes cases where ORC and TFC intersect, but the re-
gion where PE-ORC'’s efficiency exceeds that of ORC and TFC is small, exemplified
by MM in Fig. 2.9(b). 'High’ signifies situations with an ORC and TFC intersection
where the extent of PE-ORC'’s superior cycle efficiency over ORC and TFC is signifi-
cant, as illustrated by MDM, MD2M, MD3M, and MD4M in Figs. 2.9(c)-(f). It is worth
noting that adjusting the operating temperature range of the cycle in this modeling
simulation leads to the change in the case of having higher cycle efficiency of PE-
ORCs than TFC and ORC. Moreover, it is important to note that the classifications
of 'low, 'medium, and ’'high’ were not quantitatively defined. Instead, these cate-
gories were derived from observed performance patterns and expert judgments.
To better understand the boundaries between these classifications, further investi-
gation is needed. This future research should include examining the potential tran-
sitions between classes (classification chains of the working fluid) by altering the
lower endpoint temperature.

Table 2.5. Selection of working fluids based on the cycle efficiency of ORC, PE-ORC, and
TFC.

Type of working fluids Possible maximal
cycle efficiency

Wet ORC
Isentropic ORC or PE-ORC
Dry PE-ORC or TFC

Furthermore, the results discussed above indicate that designing PE-ORC or
TFC systems to achieve higher cycle efficiency than an ORC without a superheater
is feasible by using typical dry working fluids. Moreover, peak cycle efficiency in both
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PE-ORC and TFC systems can be expected. The classification, selection of these
working fluids, and their peak/higher cycle efficiencies are summarized in Table
2.5. The selection of working fluid is beneficial for initial studies because it offers a
basic knowledge of the suitable working fluids to use for improving the efficiency of
energy conversion systems, especially in the case of thermal power generation. In
addition, the understanding of how different types of working fluids (wet, isentropic,
and dry) perform in various operational conditions paves the way for more targeted
and efficient system design. This knowledge facilitates the refinement of ORC, PE-
ORC, and TFC systems for a wider range of applications, from industrial waste heat
recovery to renewable energy and cold energy utilization.

2.5. Conclusions

In this chapter, a theoretical investigation through modeling simulations has been
conducted to analyze the efficiency of selected different ORC systems under sub-
critical operating conditions (e.g., ORC, PE-ORC, and TFC) influenced by the tem-
perature operating range of the low boiling working fluid expansion process, the
vapor quality at the inlet to the expansion process, and different types of working flu-
ids. The methodology of modeling simulation has been introduced and described
along with the mathematical model description.

PE-ORC acts as an intermediate cycle between ORC and TFC, with partially
evaporated conditions, also meaning its expansion process begins in a two-phase
condition where the vapor quality, x», ranges between O and 1. This contrasts with
ORC, which operates under fully evaporated conditions (z,=1 or superheated con-
dition), and TFC, which starts from a fully liquid state z,=0. In addition, part of the
main contributions from this chapter is described in Thesis 1.

Thesis 1. The theoretical modeling simulation result shows that under subcritical
operating conditions, the cycle efficiency of partially evaporated organic Rankine
cycle (PE-ORC) is not always located between that of organic Rankine cycle (ORC)
with the saturated vapor state of the working fluid at the inlet to the expander and
trilateral flash cycle (TFC or trilateral ORC) in the cycle efficiency and temperature of
the working fluid at the inlet to the expander (neyce — 15) diagram. The observation
using dry and some isentropic working fluids shows that PE-ORCs have the poten-
tial to achieve higher cycle efficiency than both ORC and TFC, especially when the
modeling simulation assumes a certain isentropic efficiency for both the pump and
expander. This observation highlights the importance of choosing the appropriate
working fluid for specific subcritical power cycles, offering new insights into the se-
lection process. In designing the PE-ORC or TFC with higher cycle efficiency, it is
suggested to design the cycle using dry working fluids.

The publications by the author that are related to Thesis 1 are [6, 86, 92, 93, 94].

Furthermore, according to the principle of Carnot cycle efficiency, increasing
the operating temperature range of the cycle should enhance its overall cycle ef-
ficiency. Using this theoretical approach, part of the main contributions from this
chapter is described in Thesis 2.
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Thesis 2. Increasing the operating temperature range of the low-boiling working
fluid expansion process in the organic Rankine cycle (ORC) with the saturated vapor
state of the working fluid, partially evaporated organic Rankine cycle (PE-ORC), and
trilateral flash cycle (TFC or trilateral ORC) with various types of working fluids may
improve the cycle efficiency under subcritical operating conditions; however, this
improvement is specific to certain operating temperature ranges. When the tem-
perature of the working fluid to the expander inlet is fixed, and the temperature of
the working fluid from the expander outlet is below 273.15 K, the cycle efficiency of
the ORC, PE-ORC, and TFC is increased. Nonetheless, when increasing the temper-
ature of the working fluid to the expander inlet near the critical point, the maximal
cycle efficiency (i.e., a peak cycle efficiency) can be observed in the cycle efficiency
and temperature of the working fluid at the expander inlet (1cyce — 15) diagram. This
observation implies that any increase in the temperature of the working fluid to the
expander inlet beyond this point (the temperature when the maximal cycle efficiency
is achieved) may result in a decrease in efficiency. This trend in cycle efficiency can
be observed not only in ORC but also in PE-ORC and TFC. In scenarios involving isen-
tropic and dry working fluids, the cycle efficiency of PE-ORCs or TFC may be over the
maximal cycle efficiency of ORC with saturated vapor state of the working fluid at the
inlet to the expander under both ideal and certain conditions.

The publications by the author that are related to Thesis 2 are [6, 86, 92, 93, 94].

This investigation serves as a benchmark from a classification to a selection
of working fluids in designing different ORC systems under subcritical operating
conditions.



Analysis of low-boiling working fluid
expansion process in different ORC
systems from subcritical to
transcritical operating conditions

According to a study described in Chapter 2, if the temperature of the working fluid
entering the expander is increased up to its critical point, a peak in cycle efficiency
can be observed. However, raising the temperature further, above the critical point,
alters the operation of the heat exchanger. Operating conditions change from un-
der subcritical pressure to supercritical pressure. In the heat exchanger, the tem-
perature of the working fluid increases and the phase is changed from liquid to
supercritical state. The working fluid is then expanded in the expander from a su-
percritical state to either a superheated state, a saturated liquid, or a two-phase
state. In that case, the system is called a transcritical power cycle (TPC) or trans-
critical ORC. There is a growing interest in the study and development of TPC [11].
Moreover, an article [7] examined the performance of TPC and compared it with
ORC. The comparison was limited to specific operational conditions and explored
with various working fluids, including R134a, R245fa, Solkatherm SES36, n-pentane,
MDM, and toluene. It seems that there is still room for investigation in the cycle
efficiency variation of different ORC systems under subcritical and transcritical op-
erating conditions, which is influenced by the temperature range of the low-boiling
working fluid expansion process (which can be defined as the pressure ratio range),
the type of the working fluid, and the vapor quality. Therefore, in order to compre-
hend the basic knowledge of this topic, an extended study is required.

Chapter 3 aims to prove that the transition of both ORC and PE-ORC systems
into TPC by increasing the temperature and pressure of working fluid to the inlet
of the expander results in improved cycle efficiency. Also, it aims to analyze and
compare the cycle efficiency of different ORC systems under subcritical and trans-
critical operating conditions, which are affected by the increased temperature op-
erating range (i.e., increased pressure ratio range) in low-boiling working fluid ex-
pansion processes, vapor quality, and the type of working fluid. The methodology
of modeling simulation and boundary conditions are introduced as follows.

36
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3.1. Mathematical modeling and simulation of differ-
ent ORC systems from subcritical to transcritical

operating conditions
The model of different ORC systems under subcritical operating conditions has
been introduced in Chapter 2, including ORC, PE-ORC, and TFC. In this subchapter,

additional methodology for mathematical modeling and simulation for ORC with a
superheater and TPC is described.

3.1.1. ORC with a superheater and transcritical power cycle

saturated curve of working fliud

TPC 2

Fig. 3.1. Several ORC systems under subcritical operating conditions (sup-ORC, ORC, PE-
ORC, and TFC) and under transcritical operating conditions (TPC) in a T' — s diagram. This
figure illustrates the operation of each cycle under ideal conditions, featuring isobaric heat
exchanger process 1 — 2 for heating and changing the state of the working fluid, isentropic
expansion process 2 — 3, isobaric heat exchanger process 3 — 4 for condenser, isentropic
pump process 4 — 1. The process 2* (green) — 2 (blue) refers to a superheater.

An additional subcritical power cycle, an ORC with a superheater (sup-ORC), is
introduced, which is illustrated in Fig. 3.1. For representative illustration, the basic
ORC process is described as a closed cycle of 1 — 2* — 3* — 4. The isentropic
expansion process of basic ORC is indicated by process 2* — 3* under two-phase
conditions. In order to avoid a two-phase expansion process, in that case, a su-
perheater plays a crucial role by raising the temperature of the working fluid from
its saturated vapor state to a superheated state at the inlet to the expander. This
transition is depicted in Fig. 3.1, where the process of heating from saturated va-
por to superheated condition is marked by a blue dashed line 2* — 2 (superheating
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Fig. 3.2. The steps of thermodynamic modeling simulation as an example in this illustra-
tion using wet working fluid in T' — s diagram, where (a) isentropic expansion processes
ending in saturated vapor state (r2=1), (b) isentropic expansion processes that result in
a two-phase state indicated by specific entropy values, and (c) isentropic expansion pro-
cesses that pass through the critical point, adopted from [6, 93]. The colors of the lines
indicate different types of thermodynamic power cycles: red for TPC, green for ORC with-
out a superheater, blue for sup-ORC, and magenta for PE-ORC. The modeling simulations
focus on increasing the operational temperature range of the cycle (in this case, it can also
refer to increasing the operating temperature range of the cycle) of the low-boiling-point
working fluid expansion process 2 — 3 from different ORC systems (ORC, PE-ORC, sup-
ORC) to TFC. This adjustment aims to assess its impact on the overall cycle efficiency of
each system. It should be noted that the isentropic expansion process depicted in this
figure serves an illustrative purpose in comparing the low-boiling working fluid expansion
processes across different ORC systems and TPC.

process). In the following step, the expansion process occurs under dry or super-
heated conditions, process 2 — 3, as indicated by the blue dashed line. After the
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Fig. 3.3. A flow chart of modeling simulation for ORC systems under subcritical and trans-
critical operating conditions.
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expansion process, the working fluid is condensed back into liquid form. For a ba-
sic ORC system, the working fluid moves through the condenser, which is indicated
by process 3* — 4 in the T' — s diagram. However, for sup-ORC, there is an addi-
tional cooling step due to the reduction of the wetness (i.e., an increase in the vapor
quality). This step extends process 3 — 3* condensing the fluid before it reaches
state 4. Itisimportant to note that in some cases, the temperature at state 2 for sup-
ORC may exceed the critical temperature, even though the corresponding isobaric
pressure of the superheater remains below the critical pressure. The following pro-
cesses are liquefication in the condenser and pumping the liquid working fluid in
the pump, which is described by processes 3 — 4 and 4 — 1, respectively.

In contrast, TPC operates under different conditions, which means that the tem-
perature of a working fluid is always raised in the isobaric process above its critical
temperature, resulting in a phase where the fluid exceeds the thermodynamic pa-
rameters of the critical point. The isobaric heat exchange process in TPC occurs
above the critical pressure to the supercritical region. This process is shown by
the red marking 1 — 2 in Fig. 3.1. Following this, the isentropic expansion process
occurs from supercritical condition to superheated state, a transition illustrated by
process 2 — 3 with a red dashed line. Although for illustrative purposes, point 3
is shown ending in the saturated vapor state, in practical scenarios, the expansion
process might actually end in a superheated region. The following processes are
the liquefication in the condenser and pumping of the liquid working fluid in the
pump, which are described as processes 3 — 4 and 4 — 1, respectively.

The previously outlined process serves as a foundation for introducing a range
of modeling simulations, from subcritical cycles to TPC, under specific operating
conditions. In this simulation, the focus is on wet and isentropic working fluids.
These working fluids are chosen because their properties closely align with the
saturated vapor line that suits this simulation (which is the boundary condition of
this study). The simulation process is visually represented in Fig. 3.2. It begins by
setting an upper temperature (73) and a constant lower temperature (7},) as the tem-
perature range of the cycles. An upper temperature (75) is systematically varied by
a specific increment (AT3). A key aspect of this simulation is the guidance provided
by the isentropic expansion process. This means that if the upper temperature in-
creases, the simulation may proceed through a transition from subcritical cycles
(PE-ORC, ORC, and sup-ORC) to TPC. Each cycle is differentiated by color in Fig.
3.2, making it easy to follow the transitions. In addition, the simulation makes the
isobaric heating process 1 — 2 particularly clear. This is a crucial step in the simula-
tion, highlighting how the temperature of the working fluid is increased in the heat
exchanger. Moreover, a detailed flow chart of the modeling simulation is provided
in Fig. 3.3.

3.1.2. General mathematical model of ORC systems and trans-

critical power cycle
The simulation in this chapter was carried out from the initial step (labeled as step
1) to the final step (labeled as step n), following a sequence of incremental steps
(indicated by i) as depicted in Fig. 3.2. The principles of mass and energy balance
used in this study, as outlined in the previous chapter, are already described by Eqgs.
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2.1-2.5. In this context, it is important to note that both kinetic energy (v2 /2) and the
potential energy (¢zin) are considered negligible. The energy balance for each com-
ponent of ORC without a superheater and PE-ORC has previously been detailed,
as shown in Table 2.1. For the components specific to the ORC with a superheater
and TPC, such as the expander, pump, and condenser, the same approach, which
is outlined in Table 2.1, is applied. Nevertheless, the inclusion of a superheater in
the ORC system introduces additional components, which are listed and detailed
in Table 3.1.

Table 3.1. Energy balance and implementation of additional/replacement heat exchanger
for sup-ORC and TPC.

Component Energy Balance Implementation

Liquid heater Qun = 1wt (haaeo) — h1) TFC, PE-ORC, ORC,

(LH) and sup-ORC
Partial Qpe = hwt(Pa<rct) — ha@—0)) PE-ORC
evaporator (PE)
Evaporator Qeva = i (hage—=1) — ha(a=0)) ORC and sup-ORC
(EVA)
Superheater Qsup = 1iwi(hasup) — Pa=1)) sup-ORC
(SUP)
Supercritical QSHE = mwf(hg(sc) — hl) TPC
heat exchanger
(SHE)
Expander (EXP) WEXP = mwf(h2 — h3,is)77EXP,is all CyC|eS
nexpis = (h2 — h3)/(he — hsjs)
Condenser Qcps = 1hwi(hs — hy) all cycles
(CDS)
Pump (PMP) WPMP = mwf(h“s — h4)/77p|v|p,is all CyC|eS

nempis = (hijs — ha)/(h1 — ha)

For TPC, using a supercritical heat exchanger (SHE) plays a key role as it is an
essential component to harness the temperatures from the heat sources and to
increase the temperature of working fluid above its critical pressure and temper-
ature. When a heat transfer process operates under supercritical pressure (just
above the critical point), it is crucial to account for the effects known as supercritical
(or Widom) anomalies [95]. These anomalies can significantly impact the process
and consequently affect the design of heat exchangers. This type of heat addition
process is often referred to as pseudo-boiling because the properties of the fluid
undergo rapid changes that, although not as abrupt, are similar to those seenin ac-
tual boiling [96, 97, 98]. As a result, the heat exchanger must accommodate quick
changes in volume expansion, comparable to what occurs in subcritical evapora-
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tors during boiling. The design of the entire system must be adapted to manage
these dynamic changes effectively.

To provide clear information, the design details of the heat exchanger, which
heats and changes the phase of the working fluid in each cycle, are presented in
Table 3.2. This table employs a matrix layout to outline the components in the pro-
cess 1 — 2 across different cycles. The comparison of heat exchangers for sup-
ORC and TPC is also given. Including a superheater in the ORC system introduces
an additional heat transfer step in the process. In addition, the cycle efficiency of
both sup-ORC and TPC can be calculated using the equations that are listed in
Table 3.3.

Table 3.2. A configuration matrix of the heat exchanger process 1 — 2 for each cycle, in-
cluding sup-ORC and TPC.

Cycle LH PE EVA SUP SHE Energybalance process1— 2

TFC X - - - - Querrc = Quu

PE-ORC x X - - - QuEpPE-orRC = QLK + QpE
ORC X - X - - Queorc = Qun + Qrva

sup-ORC  x - X X - QHEsup-ore = QLH + Qeva + Qsup
TPC - - - - X Quetpc = QshE

Table 3.3. Cycle efficiencies of selected thermodynamic power cycles including sup-ORC
and TPC.

Cycle Efficiency of the cycle

TFC e = (Wexerre — Wewmerre) /@retre

PE-ORC  npe-orc = (Wexppe-orc — WemppE-ORC)/ QHE PE-ORC
ORC nore = (Wexpore — Wempore )/ @QHeore

sup-ORC  nsup-orc = (WEXP,sup-ORC - WPMP,sup-ORC)/QHE,sup-ORC
TPC Pc = (WEXP,TPC - WPMP,TPC) / QHE,TPC

3.2. Discussion and main contributions

3.2.1. The effect of increased operating temperature and pres-
sure ratio range in working fluid expansion process using

wet working fluids
In this chapter, propane is retained as the representative wet working fluid. The
model simulation is conducted at a constant lower temperature 7,=231.03 K, cor-
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responding to the boiling point of propane at atmospheric pressure. This boiling
point is selected to assess the cycle efficiency without the necessity of integrat-
ing specialized vacuum pumps into the system. However, it is possible to design
a cycle below this temperature, but a proper design of the vacuum pump needs
to be carefully taken into account. Setting 7,=231.03 K is also beneficial to assess
the efficiency of the system designed for utilizing cold energy. In that case, the
system uses the cold energy as a heat sink. Moreover, the model simulation sets
an upper-temperature range starting from 291.04 K, which is 60 K higher than 7},
extending up to 500 K. This upper limit of 500 K was carefully chosen to remain
below the ignition point of propane, in line with the findings of a recent study [99]
that investigated the critical factors influencing ignition of propane.

Fig. 3.4 presents the result of the modeling simulation using propane as a wet
working fluid. These results were obtained under the assumption of isentropic ef-
ficiencies of both the pump and the expander equal to 1, indicating the ideal con-
ditions. It shows that by raising the temperature of the working fluid at the inlet to
the expander, the cycle efficiency of the system may be enhanced. This improve-
ment is observed in the transition from subcritical power cycles (ORC, PE-ORC, and
sup-ORC) towards TPC, which is illustrated by the shift in the line color of cycle ef-
ficiency from blue or magenta to red in Fig. 3.4. An interesting observation from
the results displayed in Fig. 3.4 is the presence of equal efficiency points (EEPs) us-
ing different systems. At temperatures 7,=231.03 K and 7,=369.84 K, a sup-ORC
with z3;s=0.9 reaches an efficiency 0.236, identical to that of ORC. More EEPs are
observed not only in subcritical cycles but also in TPC, as it is highlighted by the
magnified rectangles in Fig. 3.4.

Furthermore, the modeling simulation was carried out with z3;s=1.0 and other
specific vapor qualities. From this approach, three novel descriptors related to the
characteristics of the working fluid can be observed to offer insight for selecting
and optimizing the design based on chosen working fluids. The descriptors are
outlined as follows:

e The marker 'SS’ refers to EEP where a sup-ORC with z3;s=1.0 and specially
configured PE-ORC with a specific x3;s reach identical cycle efficiency at a
certain temperature in 7. — 1> diagram. The specific point corresponds to
a specific configuration of the cycle where an ideal expansion path intersects
precisely with a critical point on the T' — s diagram, as it is illustrated in Fig.
3.2(c). As an example using propane illustrated in Fig. 3.4, at temperatures
T,=231.03 K and Ty;=ca. 339.16 K, a PE-ORC with z3;s=0.7842 archives the
same cycle efficiency 0.236 as a sup-ORC with z3;s=1.0, when both simulate
under ideal conditions.

e The marker 'TT’ refers to EEP where sup-ORC or TPC with z3s=1.0 with a spe-
cific z3;s (Which corresponds to a specific configuration of the cycle where an
ideal expansion path intersects precisely with a critical point on the T' — s di-
agram, as illustrated in Fig. 3.2(c)) reach identical cycle efficiency at a certain
temperature in e — 7o diagram. As an example using propane illustrated
in Fig. 3.4, at temperatures 7,=231.03 K and 7, of around 441.23 K, a TPC
with z3;s=0.7842 archives the same cycle efficiency ca. 0.319 as a TPC with
r3;s=1.0 when both simulate under ideal conditions.
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Fig. 3.4. Cycle efficiency of ORC, PE-ORC, sup-ORC, and TPC under ideal operating con-
dition using propane as the wet working fluid in 7cycie — 7> diagram, adopted from [6, 92]. It
is worth noting that for a detailed comparison of cycle efficiency in selected different ORC
systems operating below the saturated vapor-liquid curve (e.g., ORC, PE-ORC, and TFC),
refer to [86].

e An’ideal identity’ band marks the zone where PE-ORC, sup-ORC, or TPC with
x3;s=1.0 could outperform other cycles with z3;5<1.0 within certain tempera-
ture ranges (between markers 'SS’ and 'TT’). An example using propane is
illustrated in Fig. 3.4, where a grey-shaded region illustrates this concept be-
tween temperatures 7,=339.16 K and 7,=441.23 K.

The three new descriptors, namely’SS’, 'TT’, and 'ideal identity’ band markers de-
scribed above, are also observed for common wet working fluids such as R1234zf,
R134a, RE143a, and R161 under ideal conditions. These findings have been docu-
mented in the publication [6]. In the study for R161[6], the descriptor'SS’ falls within
the supercritical range, positioned beyond the area enclosed by the cycle efficiency
curves of TFC and ORC. The lowest temperature influences the placement of these
points in the cycle. By setting this minimum temperature to a specific value — such
as the average temperature of the environment, the triple point, or the melting point
of the fluid in question — the temperatures at these points can effectively be treated
as characteristics inherent to the material. In addition, when incrementally raising
the temperature by 7,=40 K, in increment steps 10 K, the typical descriptors remain
identifiable. This observation is detailed in the part of the study in [6].
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Carbon dioxide
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Fig. 3.5. Efficiency of ORC, PE-ORC, sup-ORC, and TPC under ideal operating condition
using carbon dioxide as representative wet working fluid in 7¢yce — 7> diagram, adopted
from [6, 93, 92]. It is worth noting that for a detailed comparison of cycle efficiency in se-
lected different ORC systems operating below the saturated vapor-liquid curve (e.g., ORC,
PE-ORC, and TFC), refer to [86].

Furthermore, it seems that typical wet working fluids do not have the typical
topology and shape of their 'ideal identity’ band. As it can be seen in Fig. 3.5, there
is a different observation when the modeling simulation employed carbon dioxide
as the wet working fluid. The markers 'SS’ and 'TT’ can not be located, also there is
a different shape of the 'ideal identity’ band, which is indicated by the grey-shaded
region in Fig. 3.5. A similar phenomenon was observed when the simulation used
water as a wet working fluid described in [6]. Moreover, the part of the study in
[6] notes that when the temperature T), is gradually increased by 40 K, using incre-
ments 10 K, the typical descriptors (both 'SS’ and 'TT’) in carbon dioxide and water
still become unidentifiable, and the ’ideal identity’ band remains in different shape
and topology compared to propane and other wet working fluids such as R1234zf,
R134a, RE143a, and R161. A summary of the results is given in Table 3.4. It is impor-
tant to note that although the type of the working fluid remains the same, the 'TT’
and 'SS’ points illustrated in 7cyce — 7> diagram are not necessarily the same as it
was observed using propane, carbon dioxide, and water as wet working fluids. This
is due to the different course in the isobaric evaporation curve of the working fluid
[92].

From the results using propane, carbon dioxide, and other working fluids de-
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Table 3.4. Presence of novel descriptors under ideal conditions in selected working fluids,
adopted from [6].

Working Fluid EEP EEP An’ideal identity’ band
'SS’ T
Propane X X There is a zone where PE-ORC,

sup-ORC, or TPC with z3js=1could
outperform other cycles with x3s<1
within a certain temperature ranges
(between markers 'SS’ below critical
temperature and 'TT’ above critical
temperature), as illustrated in Fig. 3.4.

R1243zf X X There is a zone where PE-ORC,
sup-ORC, or TPC with z3;s=1could
outperform other cycles with z3;s<1
within a certain temperature ranges
(between markers 'SS’ below critical
temperature and 'TT’ above critical
temperature).

R134a X X There is a zone where PE-ORC,
sup-ORC, or TPC with z3;s=1could
outperform other cycles with z3;5<1
within a certain temperature ranges
(between markers 'SS’ below critical
temperature and 'TT’ above critical
temperature).

RE143a X X There is a zone where PE-ORC,
sup-ORC, or TPC with z3js=1could
outperform other cycles with x3s<1
within a certain temperature ranges
(between markers 'SS’ below critical
temperature and 'TT’ above critical
temperature).

R161 X X There is a zone where sup-ORC or TPC
with z3;s=1could outperform other
cycles with x3js<1 within a certain
temperature ranges (between markers
'SS’ above critical temperature and 'TT’
above critical temperature).

Carbon dioxide - - There is a zone where sup-ORC and
TPC with x3;s=1 offer the lowest
efficiency compared to other cycles, as
illustrated in Fig. 3.5.

Water - - There is a zone where sup-ORC and
TPC with x3;s=1 offer the lowest
efficiency compared to other cycles.




3.2. Discussion and main contributions 47

scribed in [6] as examples of typical wet working fluids, it is important to highlight
that the maximal cycle efficiency of ORC still can be located using different oper-
ating temperature ranges of the cycle. It is suggested that the maximal cycle effi-
ciency of the ORC plays a crucial role in the design of a thermal power plant. When
using typical wet working fluids, it is advisable to avoid approaching the critical point
with TPC as their efficiency is lower compared to the maximal cycle efficiency of
ORC. This recommendation also extends to certain configurations of PE-ORC and
sup-ORC with T, near the critical point.
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Fig. 3.6. The result of modeling simulation using (a)-(b) propane and (¢)-(d) carbon diox-
ide, adopted from [6, 92]. It is important to note that the diagram on the left illustrates the
thermodynamic operation under ideal conditions. In contrast, the diagram on the right ac-
counts for the thermodynamic operation with an isentropic efficiency of 0.8 for both the ex-
pander and the pump. It is worth noting that for a detailed comparison of cycle efficiency in
subcritical power cycles (e.g., ORC, PE-ORC, and TFC) operating below the saturated vapor-
liquid curve, refer to [86].

This study expands its analysis by comparing ideal conditions with scenarios in
which the isentropic efficiencies of both the pump and the expander are set to 0.8.
The results and comparative analysis are depicted in Fig 3.6. Propane and carbon
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dioxide are selected for demonstration. The analysis includes ORC and TFC simula-
tions along the saturation curve. The modeling simulations discussed in Figs. 3.2(a)
and (c) were taken into consideration. The results presented in Figs. 3.6(a) and (c)
are similar to the prior result under ideal conditions, offering a basis for comparison.
In an ideal scenario, novel descriptors are identified. However, when adjusting for
the isentropic efficiencies of the expander and pump at 0.8, the results of mod-
eling simulation using propane differ in the topology and shape. In this scenario,
only the 'SS’ marker remains in 7¢yce — 7> diagram, as illustrated in 3.6(b). For car-
bon dioxide, under ideal conditions, these novel descriptors are absent. However,
with isentropic efficiencies set to the value of 0.8, the EEP is recognized between
the sup-ORC z3s=1.0 and TPC and z3;s=0.5605, as depicted in Fig. 3.6(d).

It is important to understand that raising the temperature of the working fluid at
the inlet to the expander does not guarantee higher cycle efficiency for TPC, which
has been demonstrated by propane and carbon dioxide as exemplary. This evi-
dence is shown in Figs. 3.6(b) and 3.6(d). It seems that the maximal cycle efficiency
of TPC can be located in this case. Using propane, the maximal efficiency of TPC
with z3is=0.7842 and z3;s=1.0 can be observed in Fig. 3.6(b) between 7,=405 K
and 7,=482.36 K, respectively. Moreover, using carbon dioxide, the maximal cy-
cle efficiency of TPC with z3;s=0.5605 can be found in Fig. 3.6(d) at 7,=ca. 367.22
K. Although 3.6(d) does not clearly show the maximal cycle efficiency of TPC with
x3js=1.0, by increasing the T5, this peak cycle efficiency can be identified at ca.
724.22 K. Nevertheless, it is crucial to note that cycle efficiency starts to decline
after reaching these peak values. Moreover, it is important to note that Fig. 3.6(b)
demonstrates the negative effective efficiency observed in the TPC process when
the parameter z23;s=0.7842, particularly at temperatures 7,>495 K. The term 'neg-
ative effective cycle efficiency’ describes the operational efficiency of a cycle, as-
suming a constant mass flow rate through its components. Itis calculated by deter-
mining the difference in enthalpy changes between the expander, where specific
energy is generated, and the pump, where specific energy is used. This difference,
reflecting the net output energy, is then compared to the heat input energy. Es-
sentially, it measures the efficiency of the system by contrasting the useful output
energy with the total input energy. This unusual condition arises if the energy re-
quired to operate the pump exceeds the energy produced by the expander. For
instance, a situation can be considered where the operating condition is set with
temperatures 7,=500 K and 7,=231.03 K, under the assumption that the pressure
differences for both the pump and the expander are identical. Similar unusual phe-
nomena were observed using other working fluids, which part of the study was de-
scribed in [92].

3.2.2. The effect of increased operating temperature and pres-
sure ratio range in working fluid expansion process using

isentropic working fluids
This investigation broadens the scope of analysis by incorporating isentropic work-
ing fluids. It is important to note that the developed methodology does not apply to
all isentropic fluids. For this investigation, butane and isobutane were selected as
examples. The choice was based on their reasonable saturated vapor curve, whose
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shape is almost like that of a wet working fluid and aligns well with the parameters
of this analysis. Both working fluids are categorized as HC and several studies are
discussing the use of HC for ORC and other thermal power plants.

The modeling simulation using isentropic working fluid is likely similar to the
prior investigation using the wet working fluid described above, which details the
ideal conditions and isentropic efficiencies for both the pump and the expander to
the value of 0.8. Here, the temperature 7, is set at the boiling point under atmo-
spheric pressure. The range for T;, begins 60 K above the boiling point, extending
up to 500 K. For isobutane specifically, the upper-temperature limit is capped at
460 K, a restriction dictated by the limitations within the available thermal proper-
ties library.
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Fig. 3.7. The result of modeling simulation using (a)-(b) butane and (c)-(d) isobutane as
exemplary of isentropic working fluids, adopted from [6, 92]. It is important to note that the
diagram on the left illustrates the thermodynamic operation under ideal conditions. In con-
trast, the diagram on the right accounts for the thermodynamic operation with an isentropic
efficiency of 0.8 for both the expander and the pump. It is worth noting that for a detailed
comparison of cycle efficiency in subcritical power cycles (e.g., ORC, PE-ORC, and TFC)
operating below the saturated vapor-liquid curve, refer to [86].
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The results for both butane and isobutane are displayed in Fig. 3.7, showcasing
the cycle efficiency of ORC and TFC along with the saturated curve. This analysis
incorporated the modeling simulation details in Figs. 3.2(a) and (c). Under ideal con-
ditions, the outcomes reveal similar circumstances where novel descriptors exist.
However, it is important to note that the ’ideal identity’ band, as depicted in Figs.
3.7(a) and (c) is quite narrow. Moreover, the 'SS’ marker is not identifiable within the
current operating temperature range. However, the findings suggest that by ad-
justing the temperature range, the existence of this EEP can indeed be pinpointed.
In the case of butane, the inlet condition to the expander is very close to its criti-
cal point. However, these conditions are definitely located on the saturated vapor
curve. Therefore, this process is classified as PE-ORC, although due to the very
minor evaporation part, it is very similar to a TFC.

Furthermore, by setting the isentropic efficiencies of both the pump and ex-
pander at 0.8, the peak efficiency of the TPC can be determined. For instance, in
this study, the maximal cycle efficiency for butane inthe TPC, marked by x3;s=0.9665
and z3js=1, corresponds to T,=ca. 454.12 K and 7,=463.19 K, respectively. In the
case of isobutane, the peak efficiencies for TPC at 23;=0.9485 and z3;s=0.1 oc-
cur at 7,=434.82 K and 7,=448.82 K, respectively. A consistent trend is observed
across both fluids: the cycle efficiency of TPCs declines after it hits this maximum
point with further increases in the temperature of the working fluid to the inlet to the
expander.

3.3. Conclusions

This chapter details a theoretical analysis through modeling simulations designed
to assess the cycle efficiency of diverse subcritical cycles. It specifically explores
the impact of increasing the working fluid’s inlet temperature at the expander, a key
factor that facilitates the transition from subcritical power cycles to TPC. The ap-
proach and process of these modeling simulations are outlined, together with an
explanation of the mathematical models employed. This research acts as a foun-
dational comparison for comparing the cycle efficiency of subcritical power cycles
and TPC based on selected working fluids. Carnot cycle suggests that increasing
the operating temperature range of a cycle could improve its overall efficiency. This
concept proves to be valid across specific temperature ranges for both subcritical
power cycles (ORC, PE-ORC, and sup-ORC) and TPC, utilizing a variety of working
fluids. Moreover, the main contributions of this chapter are elaborated in Thesis 3
and Thesis 4, as detailed below.

Thesis 3. Under ideal operating conditions (i.e., considering isobaric evaporation,
isentropic expansion, isobaric condensation, and isentropic pump process), an in-
creased operating temperature range of the low-boiling working fluid expansion pro-
cess in the organic Rankine cycle (ORC), partially evaporated ORC, ORC with a super-
heater, and trilateral flash cycle likely enhances cycle efficiency. This approach also
applies to the transcritical power cycle (TPC). Nonetheless, when taking the isen-
tropic efficiency of the expander into account, a maximal cycle efficiency point for
TPC can be observed. This maximal cycle efficiency of TPCs underscores the sig-
nificance of selecting an optimal temperature range and pressure ratio of the low-
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boiling working fluid expansion process and type of thermodynamic power cycle,
providing perspectives on the decision-making process for utilizing organic working
fluids.

The publications by the author that are related to Thesis 3 are [6, 86, 92, 93].

Thesis 4. In evaluating the cycle efficiency of various transcritical power cycle (TPC)
configurations with different values of vapor quality from the expander outlet, using
either wet or isentropic working fluids, an equal efficiency point (EEP) can typically
be identified under ideal operating conditions (i.e., considering isobaric evaporation,
isentropic expansion, isobaric condensation, and isentropic pump process). How-
ever, when employing carbon dioxide or water as working fluids, this EEP cannot
be located. Moreover, a scenario may arise where the TPC exhibits negative ef-
ficiency, especially when considering higher operating temperature and pressure
ratio ranges of the low-boiling working fluid expansion process, along with the isen-
tropic efficiency of the expander. As an example, if the isentropic efficiency were set
to the value of 0.8, this negative TPC efficiency would occur as the enthalpy change
in the expander is lower than the enthalpy change in the pump. This example theo-
retically proves that increasing the operating temperature and pressure ratio range
of the low-boiling working fluid expansion process does not guarantee an improve-
ment in cycle efficiency.

The publications by the author that are related to Thesis 4 are [6, 86, 92, 93].



Experimental study and artificial
intelligent-based analysis of
two-phase expander operating in
ORC system

In engines or turbines, using a mix of liquid and vapor (two-phase condition) is usu-
ally avoided during the expansion process because of some common problems.
These problems include liquid forming inside steam engines and the risk of damag-
ing the blades in turbines by liquid droplets that are flowing with gas at high velocity.
Despite these issues, recent studies suggest that certain types of engines, known
as volumetric expanders (e.g., screw, scroll, piston, vane, and Wankel machines),
might be good alternatives to other types of machines under two-phase conditions.
These volumetric expanders can expand the mixture of liquid and vapor and can be
successfully applied in the ORC systems. Moreover, ORC systems with two-phase
expansion (PE-ORC) or TFC have demonstrated superior performance over con-
ventional ORC systems, which has been theoretically described in Chapters 2 and
3. In addition, an organic flash cycle (OFC) introduces a design improvement by
incorporating a separator within the cycle [100]. This separator in OFC is applied
to separate the liquid phase from the vapor phase following the pre-heating of the
working fluid at a certain temperature and pressure. While the vapor phase of the
working fluid is directed into an expander, the liquid is set towards a throttle valve.
This throttle valve can be replaced with a two-phase expander, which can result in
improved OFC system efficiency [101].

Recent literature has seen growing interest from researchers in incorporating
two-phase expanders due to their potential benefits. Some studies have explored
the use of a scroll [102], screw [103], piston [52], and Wankel expanders for a ther-
modynamic power cycle under two-phase conditions. It seems that vane expanders
have also been tested under two-phase conditions, but typically it is linked with re-
frigeration cycles. One particular study [104] focused on a vane expander working
with a transcritical refrigeration cycle using carbon dioxide as a working fluid. The
research noted some pressure fluctuations and identified a specific point where
the pressure was noticeably inflected.

52
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Chapter 4 aims to prove that a multi-vane expander can be employed for ORC
systems operating under two-phase conditions. Also, it aims to investigate the per-
formance of a two-phase multi-vane expander employed in an ORC system. The
choice of focusing on a multi-vane expander is due to a noticeable lack of experi-
mental studies on two-phase expanders, placing this investigation as a state of the
art. Moreover, since 1996, the Department of Thermodynamics and Renewable
Energy Sources at Wroctaw University of Science and Technology has been con-
ducting research on ORC systems utilizing multi-vane expanders [65]; therefore,
to further this research at the department, multi-vane expander has been chosen.
A preliminary study [58] also shows that a multi-vane expander can operate under
two-phase conditions. Moreover, this chapter introduces a novel approach by com-
bining experimental methods with artificial intelligence techniques. This innovative
method represents a significant advancement, offering a sophisticated means to
assess the condition and predict the performance of two-phase expanders. Such
a method could enable early identification of potential issues or limitations within
experimental setups, paving the way for more efficient and effective research and
development in this field.

4.1. System description and research methodology

4.1.1. The description of experimental test-stand system
This research was conducted using an experimental system developed at the Labo-
ratory of Thermodynamics and Thermal Properties of Materials, located at Wroctaw
University of Science and Technology, Poland. The heat source for the system is hot
water taken from a gas central heating boiler. Moreover, two plate heat exchang-
ers were used as an evaporator (with a heat transfer surface of ca. 7.5 m?) and con-
denser (with a heat transfer surface of ca. 0.5 m?), respectively. A modified version
of a multi-vane air motor served as the expander in the setup, capable of producing
a maximum output power of ca. 300 W. A multi-vane pump featuring the required
input power of 185 W was used to pump the liquid working fluid through the test-
stand components. The ORC test stand used R123 as the working fluid. The test-
stand system was specially prepared for the present research. The general view
of the test stand and its schematic are shown in Fig 4.1(a). A set of working fluid
valves and a small double-pipe heat exchanger were installed in the system (be-
tween the evaporator and the expander). Some measurement systems, including
sensors to assess vapor quality and a device to measure torque/rotational speed,
were installed in the system. The focus of the investigation was to examine a multi-
vane expander. The key technical specifications of the multi-vane expander are
provided in Table 4.1, and the cross-section and general view of the expander are
depicted in Fig. 4.1(a) and 4.1(b). The expander consists of a rotor, cylinder, eight
vanes, two side covers, two bearings, and shaft sealing. Since the expander is the
main concern, several measurements were conducted, including the pressure, va-
por quality, and temperature at the inlet and at the outlet from the expander. The
rotational speed of the expander and torque were also measured. All measurement
devices used in this investigation are listed and detailed in Table 4.2.

Precise temperature and pressure sensors were installed in the test setup to en-
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CDS : condenser multi-vane

EXP : expander
EVA : evaporator
G : generator
HE : heat exchanger
PMP : pump gas
wf  : working fluid boiler
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Fig. 4.1. lllustration of (a) the experimental test-stand setup with schematic diagram, and
a two-phase multi-vane expander in (b) structure diagram, and (c) the illustration showing
the exterior of the expander without any view of its internal structure [105].

sure the high accuracy of measurements. Working fluid vapor quality sensors were
installed in pipelines connecting the expander with the condenser and evaporator.
These sensors, placed at the inlet to and the outlet from the expander, facilitate real-
time measurement of vapor quality, thus enabling a more detailed assessment of
the expander’s performance. In addition, a torque transducer was installed in the
system to measure the rotational speed and torque of the expander. The torque
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transducer was connected to the expander and a small generator via clutches. For
experimental data management, all measurements were recorded and monitored
using the LUMEL KD-7 recorder, serving as the central data acquisition station. To

Table 4.1. List of measurement devices used in this experimental investigation [105].

Description Specification

Max. operating temperature 393.15 K

Max. output power 300 W

Max. pressure 7 MPa

Max. rotational speed 10,000 rpm

Number of vanes 8

Weight 0.91kg

Dimension 56.4 x 108 x 62 mm

Table 4.2. List of measurement devices used in this experimental investigation [105].

Devices Measured Specifications Uncertainty
parameters

Pressure P The model number is +1.00%

transducer P499ACP-403C. It operates

within 7=233.15-353.15 K

and p=0-1.5 MPa.
Temperature T The models PT100 and + 015K
sensor PT1000 (classified as class

A) are designed for

operations with 7<473.15 K.

Torque Tand N The DATAFLEX 16/50 model + 0.10%
transducer offers mmax=50 Nm and can

achieve Nyax=10,000 rpm.
Vapor quality x The model + 0.01
sensor HBX-DX-HFC-SS-1/2

operates within
T=213.15-353.15 Kand can
withstand pmax=10 MPa. It is
designed for ambient
temperatures ranging from
24315 Kto 323.15 K. This
model is constructed from
stainless steel.

Rotameter 1% The RDN-20 model is used + 2.50%.
for water with =293 K at 0.1
MPa. This model offers the
measurement V<0.00027
m?/s
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obtain a two-phase operating condition, a small double-pipe heat exchanger was
introduced between the evaporator and the expander. This heat exchanger allowed
for the cooling of the working fluid vapor with water as it passed through the inner
pipe of the double-pipe heat exchanger. Such a setup enabled the creation of two-
phase conditions for the working fluid at the inlet to the expander within a specific
range of vapor quality, therefore facilitating more controlled experimental condi-
tions. Moreover, a capacitive vapor quality sensor was utilized to determine the
vapor quality in a two-phase flow between the double-pipe heat exchanger and the
expander. The vapor quality sensor is also installed at the outlet from the expander.
Moreover, the cooling water flow rate was measured using a rotameter which was
installed at the outlet from the condenser.

4.1.2. The experimental study

Fig. 4.2 presents the representative process of an ORC test setup using blue lines.
The numbers depicted in Fig 4.2 highlight the specific stages illustrated in Fig. 4.1. It
illustrates the transition of the working fluid from a liquid to a two-phase state—part
liquid and part vapor—as it moves through the evaporator, which is indicated by pro-
cess 1 — 2. To achieve a two-phase state, by the time it reaches state 2, the fluid
is slightly cooled by passing through a small double-pipe heat exchanger. More-
over, the working fluid continues the process 2 — 3 for a real expansion process,
where it expands within a multi-vane expander. It is worth noting that the process
2 — 3,is refers to the isentropic expansion process. In this case, it is known as a
wet isentropic expansion process, depicted by a dashed blue line, indicating the
process occurs under wet conditions. Despite the real expansion process ending
in a superheated (dry) state at point 3, it is possible to calculate the wet isentropic
efficiency since part of the expansion happens in the two-phase condition. After
expanding, the working fluid cools down and condenses, changing the phase to a
liquid state (referring to condensation process 3 — 4). Following this, the fluid flows
into the liquid tank. To complete the cycle in the closed-loop system, the working
fluid is then pressurized by a pump from the liquid tank, which is indicated by pro-
cess 4 — 1. In this case, the temperature of working fluid at the inlet to the pump
was consistently kept at ca. 290.65 K.

The primary goal of this experiment was to assess the operational quality and
operating conditions of a multi-vane expander under two-phase conditions. To
achieve this aim, during the experiment, the heat source temperature was con-
trolled between 318.15 K and 358.15 K, with adjustments made by 10.00 K steps us-
ing the boiler’s controller settings. Despite these precise settings, periodic shifts
were observed, causing temperatures to occasionally spike to as high as 361.93
K. Throughout the experiment, key thermodynamic parameters of the working flu-
ids were recorded alongside other critical measurements, ensuring comprehen-
sive monitoring of the test system’s performance. The experiment maintained a
constant heating water flow rate of ca. 0.04 kg/s, while the cooling water’s flow rate
was carefully regulated to ca. 0.14 kg/s, allowing for detailed analysis and control
over the expander’s testing conditions.

The main objective of the experiment was to analyze the quality and operational
conditions of the expander when it is functioning under two-phase conditions. This
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Fig. 4.2. lllustration of the process in the ORC test setup operating under a two-phase
condition inthe T'— s diagram adapted from [105]. The partial evaporation refers to process
1— 2 and then followed by the isentropic expansion process 2 — 3;s and the real expansion
process 2 — 3 are illustrated by the blue dashed line and the blue solid line, respectively.
The liguefaction of the working fluid in the condenser refers to process 3 — 4. Then, the
working fluid is pressurized in the process 4 — 1is depicted by the blue solid line.

focus allows for the calculation of the expander’s isentropic efficiency during the
two-phase expansion process, also known as wet isentropic efficiency, based on
the data collected from the experiment. By assuming that the mass flow rate of the
working fluid remains constant at the inlet to and the outlet from the expander, it is
possible to compute the estimated isentropic efficiency (;s) in general using Eq. 4.1.
It can also be used to estimate wet isentropic efficiency (niswet). The wet isentropic
efficiency evaluates how efficiently an expansion process operates when it starts
in a two-phase (wet) state and ends in a vapor phase. It can also refer to a process
where the substance stays in a two-phase condition throughout the expansion. In
contrast, dry isentropic efficiency measures the efficiency of an expansion process
that remains in a single phase, usually a superheated state, from start to finish. In
this study, the calculation of enthalpy change was conducted using MATLAB, and
the thermal properties of the working fluid were obtained from REFPROP 10.0 [88].
In addition, the measurement uncertainty is calculated using the method of partial
derivatives, which is described in Eq. 4.2. This technique assesses the measure-
ment uncertainty by looking into each contributing variable, taking into account the
uncertainty associated with each variable to understand its collective impact on
the total measurement uncertainty (uota). Since the wet isentropic efficiency itself
is determined by the ratio of enthalpy change, the primary factors are affected by
temperature, vapor quality, and pressure of the working fluid. Therefore, the total
measurement uncertainty for wet isentropic efficiency is influenced by the mea-
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surement uncertainty from temperature (u7), vapor quality (u,), and the pressure

(up).

hi —h
Ths = in,exp out,exp (4.1)

hin,exp - hout,is,exp
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4.1.3. Artificialintelligence for predicting wet isentropic efficiency

of the two-phase expander

In this study, deep neural networks (DNNs) or deep learnings were utilized and de-
veloped within a MATLAB environment to predict the wet isentropic efficiency of
a two-phase expander. DNN is a sophisticated data processing architecture that
learns the relationships between input variables and their corresponding outputs
by examining data from an established model. This predictive analysis was con-
ducted based on the collected data from experimental research conducted on the
ORC test setup as described earlier. The study took into account several indicators,
such as pressure ratio, density ratio, vapor quality, temperature of the working fluid
at the inlet to the expander, and the rotational speed of the expander.

A DNN consists of neurons that are linked together via weighted connections
known as synaptic connections or synapses. Information flows and is processed
across these connections. Each neuron receives input from neurons that came
before it, processes this input by applying a specific transfer function, and then
generates output that is forwarded to neurons that follow. The learning ability of a
DNN stems from its capacity to iteratively adjust the weights of these synaptic con-
nections based on the input and output data derived from the base model. This
adjustment aims to minimize an error parameter, such as the mean square error
(MSE) between the experimental data (Y;) and predicted or validated data (V;), de-
scribed in Eq. 4.3. The training process, which fine-tunes the synaptic weights,
continues until it fulfills a predetermined stopping criterion. This could be reach-
ing a set number of training rounds, known as epochs. This iterative training and
adjustment technique is critical for enhancing the DNN'’s accuracy in predicting or
validating data, employing what is often called the no-stop training method.

1 - 0\ 2

MSE =~ ;(K Y;) (4.3)

This investigation employed feed-forward DNN (FFDNN) and cascaded forward
DNN (CFDNN) with their structures depicted in Fig. 4.3. The FFDNN, a widely uti-
lized structure within artificial neural networks, features a layered architecture, in-
cluding an input layer, multiple hidden layers (more than three), and an output layer.
The function of the input layer is to process external data (the independent vari-
ables), while the output layer produces the final results of the network (the objective
functions). Positioned between these, one or more hidden layers play a pivotal role

in learning capability. The number of hidden layers is critical for the accuracy of the
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model: too many layers may lead to overfitting, while too few can undermine the
ability of the model to learn effectively. Overfitting happens when a model learns
not only the underlying pattern in the training data but also the noise and random
fluctuations. This typically results in the model memorizing the training data rather
than generalizing from it. While adding more layers can increase computational
times due to added complexity, the primary concern often remains with overfitting
itself [106, 107]. In this study, three hidden layers were chosen to capture more
complex features and representations which is a common practice in deep learn-
ing [106, 108]. The overall performance of a DNN model is significantly affected
by the quality of input and output data, its structural design, and its parameters, all
of which necessitate precise optimization. The CFDNN, similar to the FFDNN, intro-
duces an additional mechanism where connections extend from the input layer and
each preceding layer to all following layers. This architecture ensures that informa-
tion flows not only from the immediately preceding layer but also directly from the
input and all other preceding layers to each layer in the network. In Fig. 4.3, 'b’ rep-
resents the bias, an essential parameter that adjusts the output in conjunction with
the weighted inputs prior to applying the activation function. The bias facilitates the
ability of the network to capture complex patterns more accurately. In addition, the
weights in the network, crucial for modulating the signal strength between neurons,
are fine-tuned during the learning process. The initial settings for both weights and
biases were set to zero, emphasizing the role of the learning process in determining
these values.

Some boundary conditions and initialization in this developed DNN are listed
in Table 4.3. The developed DNN models employ two different training algorithms:
Levenberg-Marquardt (LM) and Bayesian regularization (BR), resulting in four dis-
tinct model configurations (FFDNN with LM, CFDNN with LM, FFDNN with BR, and
CFDNN with BR). The LM algorithm is chosen for its ability to speed up the training
of the second-order methods without necessitating the computation of the Hes-
sian matrix. On the other hand, the BR algorithm is utilized as an alternate training
strategy, where it adjusts the weights and biases through LM optimization. Its main
objective is to reduce the sum of squared errors and weights, identifying a balance
that encourages the network to generalize well.

The architecture of the developed DNN includes three hidden layers and one
output layer, each utilizing specific transfer functions. The first hidden layer and the
output layer apply a linear transfer function, addressing the network’s need to per-
form linear activations in scenarios involving regression analysis. This ensures that
the network models the data relationships accurately for regression tasks. Mean-
while, the second and third hidden layers employ a log-sigmoid transfer function,
beneficial for predictive modeling and extrapolation beyond the training data set.
This non-linear function enables the network to identify and model complex data
patterns, enhancing its predictive accuracy outside the trained range. Furthermore,
the hidden layers were configured to contain between three to twenty neurons. The
performance of the network was assessed using the root mean squared error (RMSE)
and the coefficient of determination (R?), as described in Egs. 4.4 and 4.5. The final
selection of neurons for each layer was determined through optimization, focusing
on achieving the lowest RMSE during validation to ensure the best model perfor-



4.2. Discussion and main contributions 60

Nis,wet

input layer 18t hidden layer  2"d hidden layer 3" hidden layer output layer

(a)

input layer 18t hidden layer  2N9 hidden layer 39 hidden layer output layer

(b)

Fig. 4.3. Structure diagram of (a) FFDNN and (b) CFDNN with four input parameters (pres-
sure ratio or density ratio, vapor quality, temperature at the inlet to the expander, and the ro-
tational speed of the expander) and one output parameter (wet isentropic efficiency) [105].

mance.
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4.2. Discussion and main contributions

Aninitial experimental investigation [58] was conducted using a multi-vane expander
to investigate its ability to handle the wet expansion process. The study showed
that the expander operated effectively without significant issues. To further assess
the wet isentropic efficiency of the two-phase multi-vane expander, measurement
systems were installed, which has been described in the previous subchapter. This
system enabled a detailed evaluation of how operating conditions affect the wet
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Table 4.3. Boundary conditions of FFDNN and CFDNN [105].

Descriptions Value
Experimental datasets 6,689
Percentage of experimental datasets for

g 80%
training
Percentage of experimental datasets for
. 20%
validation
Number of hidden layers 3
The transfer function of the first hidden .
Linear
layer
The transfer function of the second hid- . .
Log-sigmoid
den layer
The transfer function of the third hidden . .
Log-sigmoid
layer
The number of neurons 3-20
Initial biases 0
Initial weights 0
Scalar mu 0]
Algorithms LM and BR
Performance index MSE
Optimization criteria RMSE in validation
Maximum epochs 1,000

isentropic efficiency of the expander, which is described in the following subchap-
ter.

4.2.1. Experiment results

During the experiment, it was observed that the periodic drift heat source temper-
ature ranged between 350.68 K and 361.93 K. As a result, the temperature of the
low-boiling working fluid at the inlet to the expander showed fluctuations between
34795 K and 358.15 K. In this study, both the heat source temperature and the tem-
perature at the expander inlet showed periodic fluctuations every 7.5 to 8.0 minutes.
During each cycle, the heat source temperature rose for approximately 4.3 to 4.9
minutes and then fell for about 2.9 to 3.1 minutes. Similarly, the temperature at
the expander inlet increased for around 4.4 to 4.9 minutes and then decreased for
about 2.9 to 3.2 minutes within each cycle.

During the experimental study, the vapor quality at the inlet to the expander was
consistently maintained in the range between 1,=0.93 and 2,=0.98. Typically, the
vapor quality at the outlet from the expander was observed between 23=0.99 and
23=1.00, although it occasionally decreased to 13=0.98. It is worth noting that the
expansion process generally began under two-phase conditions, but only a certain
part of the expansion process proceeded in the two-phase region (not the entire
process). During the experiment, the pressure ratio varied between pji,/pout=5.67
and pin/pout=10.67, and the density ratio varied between pin / pout=7.4 and pin / pour=13.3.
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In that case, it was observed that the wet isentropic efficiency of the expander var-
ied from between nyet is=0.37 and 7yt is=0.49. The relationship among the observed
parameters (vapor quality, pressure ratio, and the wet isentropic efficiency) pro-
vides insights into the operational characteristic of the expander as depicted in Fig.
4.4, In this case, the measurement uncertainty for the pressure ratio is ca. £1.41%,
and the uncertainty for the wet isentropic efficiency is ca. £0.045. The results illus-
trated in Fig. 4.4 indicate that analyzing the density ratio provides a clearer under-
standing of the variations in wet isentropic efficiency (along with the vapor quality)
compared to using the pressure ratio. This is because the multi-vane expander,
being a type of volumetric expander, operates based on changes in volume rather
than pressure.

0.5 1 0.5

0.94
. 0.35 0.93 - - 0.35
5.7 6.7 7.7 8.7 9.7 10.7 7 8.75 10.5 12.25 14
pin/pout ) pin/pout Q)
(a) (b)

Fig. 4.4. The experimental data and measurement errors in (a) the pressure ratio-based
diagram, and (b) the density ratio-based diagram with vapor quality at the inlet to the ex-
pander, and the wet isentropic efficiency [105].

The experimental procedures required to analyze the performance map of a
two-phase expander are inherently time-consuming. To streamline this process,
configured DNNs have been applied to predict the wet isentropic efficiency of the
two-phase multi-vane expander using a limited set of preliminary experimental data.
This predictive approach serves two crucial purposes. Firstly, it helps to identify
specific conditions that warrant further detailed investigation, which may lead to
additional experiments. Secondly, it provides a means to preliminarily detect po-
tential problems or limitations within the experimental setup. This early detection
offers critical insights, allowing researchers to address issues before completing
the entire scope of experimental work.

4.2.2. Predicted wet isentropic efficiency based on deep artifi-
cial networks

Since the pressure ratio is a commonly used parameter for expanders, this sec-

tion will utilize a pressure ratio-based analysis. This approach is chosen to ensure

that the explanation is easier to follow for readers and that predictions are more
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straightforward. By using a familiar parameter, the analysis will be more accessi-
ble, allowing for better comprehension and practical application of the results.

This investigation utilized a dataset comprising 6,689 experimental observa-
tions to develop a model aimed at predicting the wet isentropic efficiency of a two-
phase multi-vane expander. The performance of the developed DNN models was
assessed based on their ability to predict wet isentropic efficiency using several
predefined input parameters. Each DNN model varied in complexity, with the hid-
den layers containing between three and twenty neurons. Through this approach,
a total of 5,832 different combinations were tested across twelve configured DNN
models for pressure ratio-based predictions and twelve configured DNN models
for density ratio-based predictions. Each model was categorized according to one
of three distinct sets of input parameters. This structured evaluation helped to de-
termine the most effective neural network configurations for accurately predicting
the performance of the expander.

The performance parameters of the optimal configured DNN models related to
training and validation are detailed in Table 4.4. The results indicate that the four
DNN configurations, which utilize the pressure ratio and vapor quality at the inlet
to the expander, achieved an RMSE of training ranging from 0.0206 to 0.0210 and
an R? value of training between 0.1700 and 0.2017. For validation, these models
show an RMSE between 0.0196 and 0.0198 and an R? value from 0.2218 and 0.2351.
These outcomes were obtained with the MSE of approximately 3.84 x 10~4-3.91 x
10—*. By incorporating additional input parameters, such as the temperature at the
inlet to the expander and the rotational speed of the expander, the performance of
the configured DNINs improves compared to models using just two inputs (pressure
ratio and vapor quality at the inlet to the expander).

It is important to recognize that the discrepancy between the low RMSE and low
R? values reveals a key insight: while the models are precise in their predictions (as
indicated by the low RMSE), they do not explain much of the variability in the data
(reflected by the low R?). Additionally, the narrow range of RMSE values suggests
that the DNN models have consistent prediction accuracy, likely converging to simi-
lar local minima during training. The low R? values underscore the need for a closer
examination of the selected parameters and data quality to improve the model’s
overall performance.

By incorporating the temperature at the inlet to the expander, the RMSE during
training can be reduced by up to 66.02%, and during validation, it can be lowered
by up to 72.59% compared to DNN models using only two inputs. This addition
also leads to a three to fourfold improvement in the R? value during both training
and validation. Moreover, by adding both temperature and the rotational speed at
the inlet to the expander, the RMSE during training can be further reduced by up
to 67.96% and during validation by up to 72.08% when compared to using only the
pressure ratio and vapor quality at the inlet to the expander. This enhancement also
yields a similar three to fourfold increase in the R? value for both training and valida-
tion. All the improvements in RMSE and R? were achieved with the MSE, which is
ca. 95% lower compared to the DNN models that only use the pressure ratio and
vapor quality at the inlet to the expander as input parameters. The results indicate
that incorporating additional input parameters significantly enhances the accuracy
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Table 4.4. The RMSE, R?, and MSE of the configured DNN models during training and
validation [105].

Input Training Optimum RMSE R? R?

DNN RMSE -~ ; . MSE
parame- func- . (training) (valida- (train- 4
ters model  ;on  (valida- ) tion)(H ing)() (90 )0

tion) (-)

gﬁép;%‘t FFDNN LM 00197 00206 02232 01970 3.90
gigép;?t FFDNN  BR 00198 00207 02218 01925 391
gigép;?f CFDNN LM 00196 00206 02351 0.2017 384
gir’;ép;ét CFDNN  BR 00197 00210 02296 01700 387
pin/poutv

zm,and FFDNN LM 00054 00070 09411 09066 0.30
T

pin/pout;

zm,and FFDNN  BR 00054 00072 0942 09014 0.29
T

pin/pout;

zm,and CFDNN LM 00055 00073 09397 0.8988 0.30
T,

pin/pout;

zm,and CFDNN  BR 00054 00073 09425 08997 0.29
T

pin/pout;

2Ty ~ FFDNN LM 00055 0.0066 09389 09174  0.31
and N

pin/pout;

2Ty ~ FFDNN ~ BR 00055 00079 09404 08816 0.30
and N

pin/pout’

2Ty ~ CFDNN LM 00055 00079 09389 08839 0.31
and N

pin/poutv

zi» Ty ~ CFDNN  BR 00057 00097 09358 0.8212 032

and N
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and the prediction.

Table 4.5. Comparison of the configured DNNs’ performance [105].
Input DNN Training RMSE R’ (total) Epochs Number Time
parame- func- (total) of neu-

model . () (-) (hours)

ters tion (-) rons
gir’;ép;ét FFDNN LM 00205 0.2093 10 [41913] 084
’;Z‘r’;c/jp;# FFDNN BR 00205 0.2054 12 [471916] 113
z %@épx"?t CFDNN LM 0.0204 0.2152 15 [4,16,12] 119
g ir’:ép;f‘t CFDNN BR 0.0207 0.1888 8 [4177] 5.1
pin/pout:
Tin, @nd FFDNN LM 0.0067 0.9140 5 [41016] 0.68
T;
pin/poutv
Tin, @nd FFDNN BR 0.0069 0.9100 5 [413,7] 0.79
T;
pin/poutv
Zin, @and CFDNN LM 0.0070 0.9075 4 [41815] 0.89
T;
pin/poutv
Zin, @and CFDNN BR 0.0070 0.9087 3 [4,3,20] 1.20
T;
pin/paut’
Tiny Lins FFDNN LM 0.0064 0.9222 5 [410,19] 0.59
and N
pin/pout;
ZTiny Lins FFDNN BR 0.0075 0.9838 7 [4,5,9] 0.75
and N
pin/pout;
Ziny Lins CFDNN LM 0.0074 0.8954 4 [4.14,6] 0.87
and N
pin/pout;
Ziny Lins CFDNN BR 0.0091 0.8445 6 [4.18,4] 1.23

and N
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Fig. 4.5. Pair of illustration as representative examples for performance map of predicted
wet isentropic efficiency (right side) and the regression model (left side) of FFDNN using LM

algorithm with (a) and (b) two input parameters, (¢) and (d) three input parameters, and (e)
and (f) four input parameters [105].

Furthermore, the performance parameters of the optimal configured DNN mod-
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els intotal are detailed in Table 4.5. According to Baumann’s rule, the wet isentropic
efficiency of a two-phase expander can be estimated using the dry isentropic effi-
ciency and vapor quality [109]. Dry isentropic efficiency refers to the efficiency of
an expansion process that consistently remains in a single phase, typically a super-
heated state. The results demonstrate the performance of four DNN configurations
utilizing two input parameters - pressure ratio and vapor quality at the inlet to the ex-
pander that these models achieved an RSME (total) ranging from 0.0204 to 0.0207
and an R? value ranging from 0.1888 to 0.2152. When additional parameters such
as temperature at the inlet to the expander and expander rotational speed are in-
corporated, there is a significant enhancement in the performance: RMSE can be
reduced up to 68.78% and R? can increase up to four times compared to models
that use only the initial two parameters. By incorporating rotational speed as an in-
put, itis important to align the operating point with the optimal specific speed range
indicated in the Balje diagram [20]. Operating within this optimal range ensures
minimal mechanical and aerodynamic losses, resulting in higher efficiency for the
expander. This alignment not only optimizes performance but also improves the
accuracy of predicting wet isentropic efficiency.

Regarding model architecture, the optimal configuration used four neurons in
the first hidden layer, followed by neurons in the second and third layers. It is worth
noting that models incorporating three or four input parameters use fewer neurons
than those using only two inputs. This reduction in neurons also leads to fewer
required epochs for training ranging from 3 to 7, compared to more epochs needed
for models with two inputs. This not only optimizes the model complexity but also
significantly reduces computational time.

Furthermore, the choice of training algorithm affects computational speed. Mod-
els trained with the LM algorithm performed faster than those using the BR algo-
rithm. Although the DNN model with three and four input parameters likely per-
forms similar RMSE and R? in total, the computational times of the model with four
inputs are 2.25-13.23% faster than those using three inputs.

The results indicate that the FFDNN utilizing the LM algorithm achieves supe-
rior performance over the FFDNN with BR and CFDNN with both LM and BR algo-
rithms. This superiority is assessed based on low RMSE and high R? values. In that
case, the FFDNN with the LM algorithm offers higher accuracy in predicting the
wet isentropic efficiency compared to the other models tested. For visualization,
the predicted wet isentropic efficiency using the FFDNN with the LM algorithm—
incorporating inputs like pressure ratio, vapor quality, the temperature at the inlet
to the expander, and expander rotational speed—is depicted in Fig. 4.5. This fig-
ure also includes the performance of the regression model. Additional details on
these results and further performance metrics, which include FFDNN with BR and
CFDNN with both LM and BR, are discussed elsewhere in this article [105].

Fig. 4.5 presents the performance maps of predicted wet isentropic efficiency
and the regression using FFDNN models. In Figs. 4.5(a) and (b), which use only
two input parameters (pressure ratio and vapor quality at the inlet to the expander),
the performance maps and regression analysis show a low RMSE and R?. Here, the
fitting line (shown in red) diverges significantly from the experimental and predicted
line (dashed blue), which is described by Eq. 4.6 [105]. The data distribution also
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indicates low accuracy, reflecting an undesirable trend that does not align well with
the experimental data.

nis, wet(Prediction) = 0.21n;s, wet(€XPEriment) + 0.35 (4.6)

However, enhancements are evident when the temperature at the inlet to the
expander is introduced as the third input parameter, depicted in In Figs. 4.5(c) and
(d). The fitting line here closely matches the experimental and prediction line, de-
scribed by Eq. 4.7 [105]. This close correlation is also supported by the data distri-
bution, validating the accuracy of the model as it is close to the experimental data.
Nonetheless, this analysis represents only a limited set of experimental data in Fig.
4 .5(c), specifically at the temperature of 357.25 K, illustrating the validation of the
model. There are a total of 103 possible combinations).

nis, wet(Prediction) = 0.93n;s, wet(€XpPeEriment) + 0.026 4.7)

Further improvements are observed with the addition of the rotational speed of
the expander as the fourth input parameter, as shown in Figs. 4.5(e) and (f). The
fitting line here is nearly identical to that of the experimental and prediction line,
which is described by Eq. 4.8 [105]. The distribution aligns closely with the fitting
line, indicating a good match with the experimental data. Similar to the prior condi-
tion with three input parameters, this analysis is based on a few experimental data
points, specifically at the temperature of 357.25 K and a rotational speed of 2,908
rom, used for validating the predictions and providing illustrative examples out of a
total 10,609 possible combinations.

nis, wet(Prediction) = 0.917;s, wet(€Xxperiment) + 0.039 (4.8)

Furthermore, it is important to note that compared to using the pressure ratio-
based prediction, using the density ratio-based approach demonstrates better pre-
dictive performance, as evidenced by lower RMSE values (0.0136-0.0148) and higher
R? values (0.5832-0.6474). When the temperature of the working fluid at the ex-
pander’s inlet is included, the density ratio-based DNN model further improves,
achieving reduced RMSE values (0.0033-0.0034) and enhanced R? values (0.9780-
0.9793). Moreover, incorporating the rotational speed of the expander as a fourth
input parameter was examined, resulting in further performance enhancements.
With the density ratio-based prediction, RMSE values range from 0.0034 to 0.0036
and R? values from 0.9748 to 0.9780. Using four input parameters yields nearly iden-
tical RMSE and R? values compared to using three input parameters while signif-
icantly reducing computing time by up to 49.70%. Further information related to
density ratio-based prediction in detail can be found in this article [105].

4.3. Conclusions

This chapter presents an experimental study on a two-phase expansion system in
an ORC test setup, equipped with a multi-vane expander. It outlines the boundary
conditions and limitations specific to this study. The chapter also discusses the
use of DNN to predict the wet isentropic efficiency, employing twenty-four different
DNN configurations. The performance comparison of the DNN models has been
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described. The research provides foundational insight into how factors such as
pressure ratio, density ratio, vapor quality, temperature at the inlet to the expander,
and rotational speed influence the wet isentropic efficiency.

This chapter describes the experimental study and examines the prediction of
isentropic efficiency under different operational conditions in a two-phase expan-
sion system, which was assessed by DNN. In dry conditions (superheated state),
the isentropic efficiency, referred to as dry isentropic efficiency, can be estimated
based on the pressure ratio. According to Baumann’s rule, the wet isentropic effi-
ciency of a two-phase expander can be predicted with the dry isentropic efficiency
and vapor quality. The main contribution from this chapter is described in Thesis
5 and Thesis 6. In this chapter, Thesis 6 demonstrates that while adding more in-
puts can stabilize prediction accuracy, strategic choice of parameters can optimize
both accuracy and computational performance.

Thesis 5. A low-boiling working fluid expansion process in an organic Rankine cycle
system can be done under two-phase conditions with a multi-vane expander using
2,2-Dichloro-1,1]1-trifluoroethane (R123) as the working fluid. Under the vapor quality
at the inlet to the expander x,=0.93-0.98, pressure ratio pin / pout=5.67-10.67, density
ratio pin/pour=7.4-13.3, and the temperature at the inlet to the expander T,=347.95-
368.15 K, the wet isentropic efficiency of the multi-vane expander nyetis=0.37-0.49
can be obtained with the measurement uncertainty ca. + 0.045.

The publications by the author that are related to Thesis 5 are [58, 105].

Thesis 6. Predicting wet isentropic efficiency can be done using deep learning or
deep neural networks (DNNSs), which are methods within the field of artificial intelli-
gence. Low accuracy of prediction was observed when using only the pressure ratio
and vapor quality at the expander inlet as input variables of DNN for determining
the wet isentropic efficiency of low-boiling working fluid expansion processes. How-
ever, adding the temperature of working fluid to the expander inlet as an additional
input parameter of the DNN significantly enhances the accuracy of the model, re-
ducing the root mean squared error (RMSE) by up to 68% and increasing the coef-
ficient of determination R? by up to four times compared to the initial DNN model
(using pressure ratio and vapor quality at the inlet to the expander). It is worth noting
that using density ratio-based prediction offers higher accuracy in predicting the wet
isentropic efficiency of the expander compared to using pressure ratio-based pre-
diction. Furthermore, introducing the expander rotational speed as a fourth input
parameter of DNN maintains similar RMSE and R? values as the three-parameter
model but improves computational efficiency, speeding up the prediction time by
2.25% to 49.70%.

The publications by the author that are related to Thesis 6 are [105].



Adaptability analysis of volumetric
expanders in selected different ORC
systems utilizing low and medium
temperature heat sources

An essential part of transitioning to sustainable energy, with the goals of meeting
climate targets and lessening our dependence on fossil fuels, includes not only
the increased exploitation of solar photovoltaic (PV) and wind power but also the ef-
fective utilization of low- and medium-temperature heat sources. The availability of
these heat sources can vary, with some being predictable and others unpredictable.
Itis worth noting that some geothermal sources can provide a more consistent and
permanent supply. Therefore, committed efforts are required to efficiently manage
these heat sources. This approach is vital for developing an energy system that is
both sustainable and robust.

ORC systems are effectively used to harness low-and-medium temperature heat
sources. Several ORC designs have been developed, including regenerative, mul-
tistage, cascaded, and reheating cycles. However, choosing an appropriate work-
ing fluid is crucial for ORC systems because the type of fluid, along with its ther-
mal properties, environmental impact, and safety considerations, significantly influ-
ences the design and operation of the cycle. This selection becomes particularly
important as the performance of the ORC system can vary greatly with changes in
the heat source.

Arecent review article [110] highlighted advances in developing low-temperature
ORC systems that utilize heat sources below 423.15 K. Moreover, another article[111]
offered insights into the exergy assessment of ORC systems for waste heat recov-
ery. Despite these advancements, literature reviews indicate a persistent gap in ap-
plying ORC technologies effectively at low temperatures. Chapter 5 aims to prove
that the two-phase expansion system in an ORC configuration demonstrates in-
creased adaptability to fluctuations in heat source temperatures, maintaining opti-
mal efficiency across a wider range of operational conditions compared to single-
phase systems. In that case, this chapter also focuses on exploring potential de-
signs and the integration of heat sources that fall within low to medium-temperature
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ranges. Specifically, it will examine several volumetric expanders, including the in-
corporation of two-phase expanders within the ORC systems, aiming to optimize

the use of such temperature ranges efficiently. Some thematic applications of us-
ing ORC with a two-phase expansion system to harness low-temperature waste

heat are discussed. To deepen understanding, a further investigation was under-
taken byincorporating the wet isentropic efficiency of the volumetric expander which
is predicted using Al FFDNN with LM described in Chapter 4.

5.1. Brief description of fluctuating and intermittent

heat sources

Fluctuating and intermittent heat sources can be analyzed and categorized based
on characteristics such as variables and frequency. When referring to variables,
this involves fluctuations in certain parameters within a heat source, which, in the
context of thermodynamic power cycles (e.g., several ORC systems), typically in-
volves changes in mass flow rate (in some cases, it can be m=0), temperature, or
both simultaneously. Understanding and managing these variables is crucial for
maintaining stable and efficient system operation. In addition, it helps in predict-
ing and controlling the behavior of the system under varying operating conditions.
On the other hand, fluctuations based on frequency relate to the regularity and tim-
ing of changes occurring in the heat source over time. These variations can man-
ifest over different timescales—ranging from days and hours to minutes and sec-
onds, depending on the heat source. Analyzing these frequency patterns is vital for
resource planning, system optimization, performance assessment, and decision-
making to ensure that thermodynamic cycles perform efficiently.

Table 5.1 presents a list of various fluctuating and intermittent heat sources, in-
cluding those derived from waste heat, renewable energy, and other categories.
This list offers a brief overview of the different types and origins of heat sources that
can be utilized for energy production. Given the significant variations in their avail-
ability and intensity, these sources require advanced management and optimiza-
tion strategies to effectively convert them into usable energy. Table 5.1 serves as
a valuable resource for identifying potential opportunities for energy recovery and
enhancing sustainability across a range of industries and applications. Some fluc-
tuating and intermittent heat sources may experience changes in mass flow rate
and temperature, including periods when the unpredictable mass flow rate drops
to zero. Moreover, water and air are valuable not only as cooling sources in energy
systems but also as heat sources for power generation, especially in regasification
systems that utilize cold energy. While air and water are abundant, their availability
as thermal resources can be intermittent and vary widely based on climate and ge-
ographic location. Such variability needs to be accounted for when incorporating
these resources into power plant operations to effectively optimize their thermal
properties for energy production.
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Table 5.1. An overview of fluctuating and intermittent heat sources, adapted from [13, 112].

Application Heat Category Vari- T(K) m(kg/s) Freq. Refs
sources ables
Diesel Exhaust Waste T &rm 39315- 0-04 Seconds [112]
engine heat 77315
Gasoline Exhaust Waste T&rm 39315- 0-01 Seconds [112]
engine heat 973.15
Cement Exhaust Waste T 42315- ~53.75 Minutes [112]
clinker air heat 623.15
cooler
Steel Off gas Waste m 107315- 15-8 Minutes [112]
billet heat 1223.15
reheating
Steel Off gas Waste T&m  37315- 5-32  Minutes [112]
electric heat 1023.15
arc
furnace
Solar Thermal Renewable T & 50315- 0-12 Hours- [112]
thermal oil 553.15 Days
Ocean Warm Renewable T &rm  AT=5- 8.3- Hours- [113,
thermal surface 15* 2020 Days 114,
water or 115]
deep
cooling
water
Geothermal Geothermal Renewable 7T &m  353.15- 0.001- Hours, [116,
fluid 62315 229 Days, 117,
Months, 118]
Years
Several Air Environment T'&m AT=40* >0.01 Hours, [119,
applica- Days, 120]
tions Months,
Years
Several Water Environment 7' & m  AT=20* >0.01 Days, [119,
applica- Months, 121]
tions Years
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5.2. General description of the thermodynamic sys-

tem

It is important to note that the developed numerical models used in this chapter
are identical to those employed in Chapters 2 and 3. Moreover, the isentropic effi-
ciency was predicted using the DNN model which has been validated using exper-
imental data described in Chapter 4. This consistency ensures that the compara-
tive analysis across different scenarios and conditions remains valid and reliable.
Additional scenarios are explored and described in detail in the following subsub-
sections.

5.2.1. ORC with a two-phase expansion system and its possible

integration
Recent developments in ORC systems have introduced several alternative designs
aimed at efficiently harnessing intermittent and fluctuating heat sources. These de-
signs are depicted in Fig. 5.1, which includes their operation on the T'—s (temperature-
entropy) diagram, the layout of the designed system, and the common names of
these systems.

One of such innovation is the PE-ORC system, which uses a two-phase expan-
sion system. In this setup, the working fluid is heated to a certain temperature,
achieving a vapor quality between O and 1(the process 1 — 3 onthe T' — s diagram).
The fluid then undergoes an expansion process 3 — 4 while in a two-phase condi-
tion (i.e., the mixture of liquid and vapor). After expansion, the working fluid must be
condensed back into a liquid phase, a process 4 — 5 in a condenser. Finally, the
fluid is pressurized in the process 5 — 1to complete the closed-loop cycle. More-
over, the methods for calculating the thermodynamic performance of the system,
including changes in enthalpy, cycle efficiency, and output power, are detailed in
Chapters 2 and 3. This includes step-by-step explanations of how these key per-
formance indicators are derived, ensuring a comprehensive understanding of the
system’s operational efficiency. In addition, it is worth noting that using a dry or
specific isentropic working fluid may enhance the cycle efficiency of the PE-ORC
system, potentially outperforming traditional ORC systems. This concept has been
discussed in prior chapters. Therefore, for illustrative purposes, Fig. 5.1 shows PE-
ORC operating using dry working fluids in the T' — s diagram.

The challenge of working with heat sources that fluctuate in intensity or are in-
termittently available can also be tackled in ORC systems through two different ap-
proaches of using thermal energy storage (TES) [14], as follows:

e Direct TES system is a design where the thermal storage is integrated directly
into the ORC and may be combined with various components such as evapo-
rators, liquid heaters, and condensers. Several studies have explored poten-
tial configurations like TES-liquid heater, TES-evaporator, and TES-condenser
setups. Nevertheless, there have been relatively few experimental studies
conducted to validate these configurations.

e An indirect TES system is a design where the thermal storage is installed as
a separate component within the ORC system. This approach is commonly
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used in various solar thermal power plants. In these plants, the configuration
typically involves two types of TES: hot and cold. The hot TES stores heat ac-
cumulated after thermal oil is heated by solar collectors, while the cold TES
accumulates thermal oil after it has transferred its heat to the working fluid
in the heat exchanger. In addition, there is potential for storing cooling en-
ergy from different sources, such as LNG, hydrogen, DME, or other cryogenic
substances.

Development of ORC for utilizing intermittent and
fluctuating heat sources

v v v
with two-phase with thermal energy with combination of TES
expansion system storage (TES) and two-phase expansion
| system

PE-ORC ORC with ORC with organic flash
direct TES indirect TES cycle (OFC)

Fig. 5.1. Development of ORC using two-phase expansion to harness intermittent and fluc-
tuating low-to-medium temperature heat sources which can be achieved directly, through
thermal energy storage both directly and indirectly, or through a combined system, adapted
from [13]. The components labeled in the illustration are LH (liquid heater), EVA (evaporator),
EXP (expander), CDS (condenser), PMP (pump), and TES (thermal energy storage).

Several configurations of ORC with direct and indirect TES systems have been
reviewed and discussed [14]. In addition, the review explored potential phase change
materials (PCMs) that could be used for TES. Among the various types of PCMs re-
viewed, liquid-solid PCMs appear to be particularly well-suited for use in ORC ap-
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plications. These materials facilitate efficient energy storage and release in terms
of volume, making them advantageous for this type of system [17].

Furthermore, it is possible to integrate both two-phase expander and TES within
the same ORC system. Typically, ORCs are designhed to operate in a dry or super-
heated condition during the expansion process. To accommodate this, a separator
can be installed before the expander to separate the working fluid into liquid and
vapor phases. This setup is known as an organic flash cycle (OFC) [122], which one
of the designs is depicted in Fig. 5.1. In this design, the vapor phase of the working
fluid enters the expander, while the liquid phase is directed into a throttle valve. A
study [101] suggested the possibility of replacing the throttle valve with a two-phase
expander, which could generate more output power and improve the overall cycle
efficiency of the system.

5.2.2. Carnot battery via a reversible ORC/heat pump

A more sophisticated system than ORC might be required to effectively harness
intermittent and fluctuating heat sources. Recent literature reviews [123, 124] have
highlighted Carnot battery technology, which incorporates a combination of heat
engine, heat pump, waste heat recovery, the use of renewable energy, and TES.
The Carnot battery works by converting electrical energy into thermal energy for
storage, and later, this stored thermal energy is converted back into electrical en-
ergy. This approach could be a crucial step forward in decarbonizing the current
energy infrastructure due to its capability to store energy, offering a flexible and
efficient method for managing energy storage and conversion.

In the Carnot battery, the charging process involves converting electrical power
to heat (i.e., the power-to-heat step) by a resistive heating system. Following this,
the heat is stored with minimal losses in TES before converting back into electricity
through a power cycle during the discharge phase. In order to enhance the effi-
ciency of power-to-power in the Carnot battery, integrating heat pumps into the
charging process could be one of the possibilities. However, it requires high tem-
perature and high power heat pumps.

Carnot batteries can be classified based on the thermodynamic cycles they em-
ploy, such as Brayton, Rankine, and hybrid cycles. A study [125] indicates a notable
distinction between Brayton-based systems and those based on the ORC, partic-
ularly in terms of energy consumption by the pump or compressor. Specifically,
Brayton-based cycles require significantly more power to increase the pressure
of the working fluid compared to ORC systems. In the context of using an ORC-
based Carnot battery system, it can be developed as a standalone device where
the heat pump (used for "charging” the battery) and the heat engine (used for "dis-
charging” the battery) are functionally separate. This setup needs to incorporate
all sub-components of both the heat pump and the heat engine, which leads to
greater upfront investment expenses. Some efforts are being made to lower the
costs associated with implementing such systems to address these financial chal-
lenges. In this case, it includes adopting simpler designs that reduce complexity
and decrease the number of necessary components, ultimately leading to cost re-
ductions. In this context, employing a Carnot battery via a reversible ORC/heat
pump could be a viable solution. There are two potential designs for a reversible
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Rankine cycle: one where a single device functions both as a compressor and an
expander [126] and another where the compressor and expander are separate ma-
chines [127]. During the heat pump mode in both systems, a throttle valve serves
as an expansion device. This expansion process can be advantageous for gen-
erating electricity. Therefore, this study explores the use of a Carnot battery with a
reversible ORC/heat pump that utilizes a shared expander (which, for example, can
be a multi-vane machine similar to the expander tested experimentally and com-
prehensively described in Chapter 4).

A block diagram of a novel reversible ORC/heat pump used in Carnot battery
technology, along with the schematic diagram and operational details, is illustrated
in Fig. 5.2. This system comprises two heat exchangers, a compressor, a liquid
pump, and an expander connected to a generator/motor. Depending on whether it
operates in heat pump or heat engine mode, the two heat exchangers can function
either as evaporators or condensers. The carrier fluids for heating or cooling HE2
may be the same or different; in this study, air or water is used as the cooling carrier,
while waste heat serves as the heating carrier.

HE1functions as a condenser and HE2 as an evaporator in the heat pump mode.
This process heats a secondary fluid to a specific temperature and stores the heat
in a TES system. The operation of this system requires electricity, which could po-
tentially be sourced from renewable energy like photovoltaic or wind turbines, to
power the compressor and increase the pressure of the working fluid. Moreover,
it can harness waste heat generated from various industrial processes. This heat
pump operation corresponds to the system’s charging mode. In addition, control
valves are placed to assist the transition between reversible system modes and to
control the flow of the process. The energy balance of each component in heat
pump mode is calculated using enthalpy changes and described in Table 5.2. In
this table, the subscripts of 'sf’, 'wf’, and 'wh’ refer to secondary fluid, working fluid,
and waste heat carrier fluid, respectively.

HE1and HEZ2 are configured as counter-flow heat exchangers in the Carnot bat-
tery system architecture in order to achieve optimum efficiency. During the heat
pump mode, the waste heat carrier fluid flows through HE2, causing the working
fluid within the cycle to vaporize. Once the working fluid reaches a certain state (in
this case, saturated vapor or vapor quality of z=1), a compressor is used to com-
press it in order to get the required thermodynamic characteristics. The compres-
sor is powered by a motor, which in turn is driven by renewable energy sources such
as photovoltaic or wind turbines. In this configuration, the motor can also serve
as a generator—a device referred to as a motor-generator. The installation of a re-
versible motor-generator necessitates careful consideration of several factors, in-
cluding shaft control and the physical configuration, especially since the compres-
sor is inactive during the ORC mode. This arrangement may affect the efficiency
of the reversible motor-generator, a subject that has led to several patented inno-
vations [129, 130]. Furthermore, the compression process of the working fluid is
illustrated by process 2 — 3 in Fig. 5.2(b). The heat pump then uses a secondary
fluid to absorb heat, which causes the heat flow from the TES to increase. After
the working fluid inside the cycle attains a saturated liquid state (or vapor quality
of x=0), it is expanded using an expander and can be utilized in subsequent pro-
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Some potential Thermal
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solar, wave, (TES) 4
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1 CVhEe2
P2 1
CV1 HE2
Air or water as >
S

cooling sources
(c) (d)

Fig. 5.2. Carnot battery via reversible ORC/heat pump in (a) block diagram, (b) schematic
diagram of heat pump operation, (c) schematic diagram of ORC operation, and (d) its oper-
ation in T' — s diagram in both modes, adapted from [128]. The components labeled in the
illustration are HE (heat exchanger), CV (control valve), EXP (expander), PMP (pump), CPR
(compressor), and GM (generator/motor). The blue and red lines represent the operation
of the heat pump and ORC mode, respectively.

cesses within a closed-loop system. Furthermore, the coefficient of performance
(COP) of the Carnot battery in heat pump mode can be determined.
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Table 5.2. Energy balance of the components during the heat pump mode referring to the
operation in Fig. 5.2(b) and (d).

Components Energy balance
HE1 Quer = Thwt(hs — hy) = g Ahgt
HE2 Que2 = Mwt(ha — h1) = wnAhwh
Wepr = riwt(hais — b :
Compressor (CPR) cpr = Mwt(hais — h2)/McPRiis
neprjs = (hsjs — he)/(hs — ha)
Expander (EXP) WEXPheat pump = mwf(h4 - hl,is)nEXP,is,heat pump

TIEXP,is,heat pump — (h4 - hl)/(h4 - hl,is)

Coefficient of perfor- COP = 1i,s(hs — ha)/(Wepr — Wexpheat pump)
mance (COP)

In the heat engine (power cycle) mode of the system, which employs air or water
as cooling sources, the stored heat in TES may be used to produce electricity. In
this mode, HE1 functions as the evaporator and HE2 as the condenser. This heat
engine works using an ORC operating mode, where a pump is employed to increase
the pressure of the working fluid, replacing the compressor used in the heat pump
mode. The operations of the Carnot battery system are visually representedon7'—s
diagram (see Fig. 5.2(c) and (d)), where the heat pump mode is depicted with blue
lines and the heat engine mode with red lines. During the ORC mode, HE1functions
to evaporate the working fluid until it reaches saturated vapor state (or vapor quality
of x=1), after which it moves into the expander. The process 3 — 4, as shown in Fig.
5.2(c), involves heating the liquid and evaporating it using an energy balance. The
next stage is the expansion process, where the working fluid drives the expander
according to a predetermined pressure and volumetric expansion ratio. Changes
in enthalpy and isentropic efficiency can characterize this expansion process. In
the following process, using the heat exchanger of HE2, the working fluid is then
condensed using cooling sources (typically water or air) until it achieves a saturated
liquid phase (vapor quality of x=0). Following this, the working fluid is prepared for
pumping and recirculation within the system. The heat transfer process between
the working fluid and the cooling sources in HE2 involves enthalpy changes. In the
end, the overall cycle efficiency of ORC mode in the designed Carnot battery can
be calculated. The energy balance of the components and the cycle efficiency of
the ORC operating mode are described in Table 5.3. In this table, the subscript of
'cs’ refers to cooling source carrier fluid.

Furthermore, the performance of the designed Carnot battery could be assessed
using an overall power-to-power (P2P) efficiency, which is defined by Eq. 5.1. This
calculation assumes that the efficiency of the thermal storage is ideal, meaning it
is considered to be 1, indicating no thermal losses within the system [131,128]. It is
important to note that part of the description related to TES is described in detail
in this article [128].
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Table 5.3. Energy balance of the components during the ORC mode referring to the oper-
ation in Fig. 5.2(c) and (d).

Components Energy balance
HET Quer = g (hy — hg) = mgAhg
HE2 QHEZ - mwf<h1 - h2) - m<:sAh<:s
Wemp = it (hsjs — h -
Pump (PMP) pvp = 1wt (hsjis — ha)/mPmpis
nempis = (hajs — ha)/(hs — hs)
Wi = tiwt(hg — hyj -
Expander (EXP) EXPORC = Tt (P4 1,is ) TJEXPjs,ORC

Nexpisorc = (ha — h1)/(ha — hyjs)

Cycle efficiency of TORC = (WEXP,ORC — WPMP)/mwf(h4 — hg)
ORC

P2P = COPheat pump * "JORC * TJTES = CO Pheat pump * TJORC (5.1)

In this study, the designed Carnot battery described above was calculated and
simulated in MATLAB using the thermal properties of working fluid obtained from
REFPROP 10.0 [88] and CoolProp [87]. Nine working fluids were selected based on
the safety concern, the environmental effect (zero ODP and low GWP), and the op-
erating temperature range between 273.15 and 383.15 K. These nine working fluids
are dimethyl ether (RE170), butane (R600), butene, isobutane (R600a), isobutene,
1,1-difluoroethane (R152a), trans-1,3,3,3-tetrafluoropropene (R1234ze(E)), cis-1,3,3,3-
tetrafluoropropene (R1234ze(2)), and trifluoroiodomethane (R1311). A study [132] has
reported that R13I1 has no impact on stratospheric ozone depletion. This assess-
ment focuses specifically on its effects on stratospheric ozone. In this study, the
simulation temperature step was set at 1K, and some boundary conditions are sum-
marized in Table 5.4.

5.3. Discussion and main contributions

5.3.1. Discussion on the volumetric expander and its possible in-
tegration in ORC system for low and medium temperature
heat sources

5.3.1.1. A case study of an integrated system of low-temperature geothermal
heat sources and cold energy utilization
An ORC system utilizing a two-phase expansion system, referred to as PE-ORC,
is particularly effective for harnessing low and medium-temperature heat sources.
The PE-ORC system is characterized by its partial evaporation process, unlike a ba-
sic ORC that employs a full evaporation process. In the PE-ORC, the rate of heat
exchange between the heat sources and the heat exchanger (which includes a lig-
uid heater and a partial evaporator) might be lower than in a basic ORC, which uses
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Table 5.4. Summary of boundary conditions in the designed Carnot battery [128].

Parameters Heat pump ORC

Pinch point temperature 5 5

of HE1 and HE2 (K)

Temperature of the 34815-358.15 348.15-358.15
secondary fluid in HET (K)

Temperature of 328.15-343.15 (waste  288.15-303.15 (cooling
heat/cooling carrier fluid heat carrier fluid) carrier fluid)

in HE2 (K)

Isentropic efficiency of <0.8 0.8

the expander (-)

Isentropic efficiency of 0.8 (compressor) 0.8 (pump)
the pressure riser (-)

a full evaporator and potentially a superheater. Given this configuration, assuming
that the heat transfer rate from the heat source remains constant, the mass flow
rate of the working fluid in the PE-ORC will likely be higher compared to that in a ba-
sic ORC. This adjustment in mass flow rate helps to compensate for the lower heat
exchange rate in the PE-ORC, facilitating effective energy balance within the sys-
tem. A study [103] reported that PE-ORC surpasses the ORC in exergy efficiency
by as much as 80%. This significant increase in efficiency also suggests that the
PE-ORC utilizes heat sources more effectively. Another study [133] reported that
the output power of ORC by operating with a two-phase expansion system could
be improved by up to 30%.

Part of the study in this chapter has been discussed in [15, 94]. It may be pos-
sible to extract the geothermal heat for power generation, which can be effectively
transported over long distances using electrical grids. This transportation method
is feasible even across islands, potentially through subsea grids. However, various
challenges, such as the topography of the seabed, seismic activity, distance, instal-
lation complexities, maintenance requirements, and economic factors, can pose
limitations at the installation site. Also, economic challenges may arise when con-
structing grids to distribute electricity among multiple small islands, such as those
in geothermally active areas like Indonesia. As an alternative for future considera-
tion, the use of energy storage methods, such as a cold battery that stores energy
in liquid form at temperatures below 273.15 K, may provide a viable solution. In ad-
dition, many low-temperature geothermal sources remain untapped due to their
limited economic viability. To address these challenges, the implementation of an
integrated system could offer a viable solution for harnessing geothermal energy,
which is depicted in Fig. 5.3.

In this context, dimethyl ether (DME or RE170) has been proposed as a cooling
agent. DME can be produced from various sources, including coal, oil, natural gas,
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and biomass, through direct or indirect synthesis processes. From wood waste,
the process involves several steps, including pyrolysis and gasification. Moroever,
thereis an opportunity to recover the waste heat generated during these processes
to produce electricity, as illustrated in Fig. 5.3. Utilizing waste for DME production
not only presents a strategic approach to waste management but also contributes
to environmental benefits. For instance, organic waste such as biomass, house-
hold, and industrial waste can be processed into DME near geothermal plants (e.g.,
within 150 km). Besides DME, this process can also generate by-products like fer-
tilizer, adding further environmental advantages to the use of DME in geothermal
energy systems.

DME can be used as a working fluid within ORC that includes a two-phase ex-
pansion system [15]. The results demonstrate that the cycle efficiency can reach
as high as 0.115 when the condenser temperature is set at 303.15 K, and the evap-
orator temperature goes up to 390.15 K. By reducing the condenser temperature
further to 273.15 K, which allows the regasification of liquid DME to serve as a cool-
ing source, the cycle efficiency can be increased from 0.115 to 0.142. Moreover,
using DME as a cooling fluid in the cycle (in this case, DME is used in a separate
system, serving two functions: as the working fluid for the ORC and as a cooling
carrier fluid) leads to an increase in output power. A case study demonstrates the
impact of temperature settings on output power in an ORC system. In the case of
the heat transfer rate of 3.17 MW, the evaporator temperature is set to the value of
390.15 K, and the condenser temperature of 303.15 K, the system produces an out-
put power of 0.45 MW. By reducing the condenser temperature further to 273.15
K, the output power can be increased to approximately 0.7 MW. This shows how
lowering the condenser temperature can significantly enhance the power output.

Leveraging DME as a source of cold energy in the integrated system enhances
both the operational temperature range and the overall cycle efficiency. Introduc-
ing other cooling sources such as liquefied natural gas (LNG), hydrogen, and other
cryogenic substances to increase the efficiency of the geothermal cycle could be
considered [94]. It is worth noting that each cold source has limitations in its char-
acteristics, operating range, etc. Propane as a working fluid in this study could be
a promising option for the LNG cold energy utilization at a certain operating tem-
perature range, similar to the one found in an article [134]. The study [94] finds
that a geothermal power generation system that uses DME both as a cold source
and as the working fluid in the cycle significantly outperforms other cooling sources
when the temperature of the condenser is maintained between 263.15 Kand 273.15
K. Moreover, similar improvements in cycle efficiency are observed when liquefied
natural gas (LNG) is used as the cooling fluid. Integrating LNG or DME into the
geothermal system not only enhances the cycle efficiency of the system but also
adds value to geothermal sources with relatively low potential, specifically those
with temperatures below 363.15 K.

Further simulation modeling was conducted by considering the wet isentropic
efficiency of the volumetric expander that was estimated using an Al model vali-
dated with experimental results discussed in Chapter 4. In that case, PE-ORC can
used and designed to a integrated system of low-temperature geothermal heat
sources and cold energy utilization. In this model, the PE-ORC uses R123 as the
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Fig. 5.3. An integration of geothermal, cold energy, and waste management system in (a)
illustration scheme of the value chain, and (b) the schematic design, adopted from [15].

working fluid. Assuming the volumetric expander (i.e., a multi-vane volumetric ex-
pander) operates with pin /pout=6.7, ©,=0.95, and 7,=358.15, the validated Al model
(the FFDNN with LM) can estimate wet isentropic efficiency 7iswet=0.4011. FFDNN
with LM was chosen for this simulation due to its high accuracy when using only
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three input parameters (see Chapter 4 in Fig. 4.5(c), 4.5(d), and Eq. 4.7). There-
fore, the ORC efficiency in the integration with geothermal heat sources can be
estimated, resulting in a drop to 0.05. It is important to note that this wet isentropic
efficiency applies specifically to two-phase multi-vane expanders. Furthermore,
assuming a constant mass flow rate of the working fluid, in this case [15], the PE-
ORC generates a net output power of 0.58 MW using R123 (which is relatively higher
than the above described).

5.3.1.2. Cold energy utilization in pharmaceutical industries

According to the International Energy Agency (IEA) [135], the demand for nitrogen is
expected to grow significantly across various applications and industries by 2030
and 2050. Nitrogen, typically procured by manufacturers in liquid form, is essential
for numerous processes. To utilize this nitrogen, it must first be regasified, which
involves adjusting its temperature and pressure to suitable conditions for use. This
process requires heat to convert the liquid nitrogen into its gas state.

Regasification can be achieved through several methods. One common method
is simple vaporization, where the nitrogen is converted to gas without any additional
utilization of the cold energy. As an alternative approach, the cold energy released
during regasification can be captured and used directly for other purposes. An-
other innovative approach involves using this cold energy as a cooling solution in
power generation systems—a technique that can also be applied to other cryogenic
liquids such as liquid natural gas, liquid hydrogen, and liquid DME described above.

Part of this chapter includes a discussion, as outlined in [136], focusing on the
application of ORC technology in the pharmaceutical industry. Data sourced from a
pharmaceutical facility in Hungary showed the monthly consumption of liquid nitro-
gen, suggesting continuous production. The study aims to explore the potential of
utilizing the cold energy released during liquid nitrogen regasification for electricity
generation. In this setup, an ORC system is designed to utilize the cold energy as
a heat sink, with air serving as the heat source, as illustrated in Fig. 5.4. The liquid
nitrogen is pressurized to 3 MPa, with the mass flow rate adjusted based on the
monthly consumption data obtained from the Hungarian pharmaceutical industry.
Also, the air temperature is assumed based on the monthly mean temperature in
Hungary. Propane (R290) is selected as the working fluid for its suitability in leverag-
ing cold energy, as recommended in this article [134]. Moreover, a direct expansion
system s also installed in order to generate more power. However, it is worth noting
that the vaporizer is required before the nitrogen enters the direct expander.

The results presented in Fig. 5.5 indicate that net power generation from the
system varies with changes in ambient air temperature, showing lower power out-
puts in winter compared to summer. In December, ORC could produce 8.5 kW of
gross power and incorporate the direct expansion system; it can produce up to
39 kW. In contrast, in July, the potential gross output power increased to 24 kW
(only ORC) and 67.45 kW (ORC and a direct expansion system). As a result, after
accounting for the power consumed by the pump and blower/fan, the net electric-
ity generation was 23.72 kW in December with a system efficiency of 13.16%, and
50.02 kW in July with a system efficiency of 15.93%. These variations highlight the
dependency of the system’s performance on seasonal temperature changes, af-
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fecting the cycle efficiency and output of power generation. It is worth noting that
the ORC operates under two-phase conditions, meaning the two-phase expander
(e.g., volumetric type) is required.
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Fig. 5.5. Estimated monthly generated power for cold energy utilization in the pharmaceu-
tical industry, adopted from [136].

Part of this study [136] includes an economic analysis based on the highest net
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power output observed in July. The investment costs were estimated based on the
prices of the various system components. The methodology for estimating these
costs, along with some boundary conditions, is detailed in [136]. The costs were
adjusted with the current currency exchange rates and the chemical engineering
plant cost index to reflect the costs accurately for the year of the calculation and
then multiplied with the bare module factor (Fgyn) [137]. Moreover, the economic
analysis further breaks down the costs into several categories: the capital cost of
the bare module (Cgn), the capital cost of the total module (Crw), the specific invest-
ment cost (SIC), and the levelized cost of electricity (LCOE), all of which are outlined
in Egs. 5.2-5.5. To calculate the capital cost of the total module, you need to mul-
tiply the capital cost of the bare module by the total module multiplication factor
(Fm). According to a study [137], this factor is estimated to be 1.18 which accounts
for contractor fees, auxiliary facilities, integration and installation costs, project ex-
penses, and other related costs. In this analysis, the reference year is 2022, the
annual discount rate (d) is 6.08%, and the lifespan of the installed system is 20
years. The operating time (t) is estimated to be 254 working days. Moreover, the
cost of operation and maintenance (C}) can be calculated using a rate of 0.01 EUR
per kWh.

Cem = Z Cpii - Fam (5.2)
=1
Cm = Frm > Caw, (5:3)
=1
C
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Fig. 5.6. The capital cost of the bare module for (a) the case of reutilization of the compo-
nents, and (b) using the new components, adopted from [136].
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Table 5.5. A comparison of cost between two cases, adopted from [136].

Parameters With reutilization New components
of components

Csum (EUR) 229,62772 301,394.12

Cry (EUR) 270,960.71 355,645.07

SIC (EUR/KW) 5,41702 7110.03

LCOE (EUR/KW) 0.119 0.153

In order to explore cold energy utilization in the pharmaceutical industry with
economically viable options, two approaches were considered in the study. The
first approach involves redesigning and reutilizing existing components, such as
vaporizers, while the second approach proposes replacing the existing system en-
tirely with new components. The study assesses the cost-effectiveness of these
two options to determine the most economical approach for implementing cold en-
ergy utilization in the pharmaceutical industry. The findings indicate that reutilizing
existing components could lead to significant cost savings: up to 56.52 thousand
euros on the cost of a bare module and up to 15.52 thousand euros by reusing the
nitrogen pump. Additionally, this approach could reduce the capital cost for the
bare module by 23.81%. Introducing completely new components for cold energy
utilization is more expensive than reutilizing existing components. As detailed in Ta-
ble 5.5, this option results in an investment cost of 711 thousand euros per kW and a
total capital cost of 355.65 thousand euros. This approach also results in an LCOE
that is 0.034 euros per kW higher than that achieved by reutilizing existing compo-
nents. Overall, the study demonstrates that using ORC and direct expansion sys-
tems with all new components is 31% more expensive in terms of investment costs
compared to an approach that reutilizes existing components. This significant dif-
ference highlights the economic benefits of optimizing and repurposing existing
infrastructure for cold energy utilization in the pharmaceutical industry.

There is potential for further improvement by utilizing heat sources from indus-
trial waste heat below 373.15 K, collected from nearby. In this case, a second ORC
can be installed to utilize this industrial waste heat to heat the working fluid, with the
heat sink being used to heat up the current ORC as described above. In this case,
the second ORC system considers PE-ORC using R123 as the working fluid. Assum-
ing the PE-ORC employing volumetric expander with the vapor quality at the inlet
to the expander x=0.95, pressure ratio 6.7, and temperature at the inlet of the ex-
pander 348.15 K, the wet isentropic efficiency (predicted using an Al model, FFDNN
with LM, validated with experimental data) can be obtained to the value of 0.4011.
In that case, the cycle efficiency of PE-ORC can be estimated at 0.057. However,
adding a PE-ORC system may increase both investment cost and LCOE. Therefore,
further analysis is needed to make cold energy utilization more attractive to the
pharmaceutical industry and investors.
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5.3.1.3. Waste heat recovery in the paint shop of automotive factory

Waste heat is typically found from the hot surfaces of machinery and equipment, or
it accumulates in mediums possessing high internal energy, eventually dissipating
into the environment as lost heat. The release of waste heat is particularly irregu-
lar, mainly due to the periodic nature of industrial processes, and is characterized
by variable outputs and thermal properties. This type of waste heat is also found
in some automotive manufacturing facilities. A study [138] highlighted that differ-
ent stages of automotive production—press, body, paint, final assembly, and pro-
cesses involving suppliers and vendors—contribute 12%, 10%, 36%, 10%, and 32%
respectively to total energy consumption. Notably, the paint shop is the largest con-
sumer of energy within these processes.

Efforts to recover waste heat in automotive paint shops have led to various pro-
posed technigues. However, in practice, the design of heat confinement in bak-
ing ovens often proves inadequate. Consequently, considerable heat loss occurs,
which not only wastes energy but also significantly raises the air temperature in
the working area, creating an uncomfortable environment for factory personnel. To
mitigate this, some factories may consider installing chillers to cool the workspace,
although this solution increases energy consumption due to the high power require-
ments for operating the chillers. An ORC system presents a viable alternative, po-
tentially minimizing waste heat release into the working space and reducing over-
all power consumption. In addition, implementing a combined technology, such
as a TES device with a thermodynamic power system, offers a promising solution.
This approach enables the recovery and reuse of waste heat, enhancing energy
efficiency and workplace conditions in automotive paint shops.

In the preliminary study [139], R1233zd(E) and R1234ze(E) were selected as the
working fluids for the ORC system. The expander’s inlet conditions were set to be
saturated. Given that R1233zd(E) and R1234ze(E) are characterized as isentropic
working fluids, the expander operates under superheated conditions. Moreover,
only some solid TES materials were chosen for the analysis. The results of this
study indicate that the ORC system can effectively recover waste heat from bak-
ing ovens, with the temperature range of the TES-evaporator set between 343.15-
373.15 K. This process yields a net output power ranging from 53-89 kW, achieving
a cycle efficiency between 0.067-0.110. These findings suggest the feasibility of im-
plementing such an ORC system for waste heat recovery in automotive paint facto-
ries. It seems that using an ORC with a two-phase expansion system, also known
as PE-ORC, could optimize the utilization of heat sources in this scenario. However,
further investigation into this possibility is still necessary.

Further modeling simulation was conducted considering the wet isentropic ef-
ficiency of the volumetric expander taken from the Al prediction model that has
been validated using experimental data (see Chapter 4. The FFDNN model was
employed to predict the wet isentropic efficiency. The waste heat recovery can be
done using PE-ORC with 2,=0.95, and in that case, the efficiency of waste heat uti-
lization can be improved. However, considering the R123 as the working fluid in the
system, the results show that the cycle efficiency of ORC drops to 7orc=0.057.
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5.3.2. Discussion ontwo-phase expansion systeminareversible

ORC/heat pump

5.3.2.1. A case study of district heating system

A district heating system typically consists of a centralized facility that generates
heat and distributes it to residential buildings via a network of insulated pipes. This
heat is often produced by burning fossil fuels or biomass. Given increasing environ-
mental regulations and rising demand for heat and energy, incorporating industrial
waste heat and renewable energy sources like solar thermal or geothermal energy
into district heating is becoming increasingly attractive. In some areas, available
heat sources may only produce low temperatures. To bridge this gap, a heat pump
is used to elevate the temperature to meet peak demand loads. These heat pumps
are operational only during specific periods and are often idle during the summer
months (the district heating is not used during summer). Therefore, in this case,
the heat source is considerably excess heat. To enhance the efficiency and utiliza-
tion of these heat sources, the district heating system could be adapted to also
function as a power generation system. This modification would allow the system
to produce electricity instead of heat during the less demanding summer period,
optimizing the use of available resources.

Part of this study, as described in [140], explores a viable solution for a low-
temperature district heating (LTDH) system that incorporates a heat pump and ORC
system. There is an increasing interest in utilizing low-temperature heat sources
from renewable energy, including solar thermal, geothermal, waste heat, and biomass,
for LTDH systems. A reversible ORC/heat pump system featuring a two-phase ex-
pander is introduced as an innovative design alternative for managing the operation
and heating demand loads of LTDH systems, as shown in Fig. 5.7.

The study assumes that the base demand of the LTDH system uses geother-
mal heat for at least 5,000 hours annually and operates intermittently, as depicted
in Figure 5.7(a). To satisfy peak demand, the heat pump is required to run for at
least 3,000 hours, while gas combustion covers an additional 2,000 hours. Given
the yearly total of 8,760 hours, there are 3,760 hours during which no heating is
required, and during these hours, geothermal energy remains untapped. The idea
suggests that during these off-peak periods, geothermal energy could be harnessed
to generate electricity using the ORC. The reversible ORC/heat pump design, de-
tailed in Fig. 5.7(c)-(d), offers a promising approach. It is proposed to operate for
3,000 hours as a heat pump and for 3,760 hours as an ORC, thereby enhancing the
versatility and competitiveness of this integrated system in the LTDH framework.

In this study [140], DME and R152a were selected as working fluids for a re-
versible system. The methodology and specific boundary conditions are detailed
within this article [140]. A key aspect of the study was the comparison between re-
versible systems using a throttle valve and those employing a two-phase expander
in the heat pump mode. The results indicated that the reversible ORC/heat pump
system using R152a as the working fluid could reject up to 234.45 MWh in the heat
pump mode, which is 4.32 MWh more than the configuration using DME. Using
a throttle valve in a heat pump typically requires more energy due to the lack of
energy utilization for power generation. For instance, the energy consumption for
operating the heat pump was 53.66 MWh for R152a (with a COP of 3.51) and 47.12
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MWh for DME (with a COP of 4). By replacing the throttle valve with a two-phase vol-
umetric expander integrated with a generator, the energy consumption could be
reduced by 7.82 MWh for R152a and 5.59 MWh for DME. Moreover, the COP of the
heat pump mode could improve to 411 for R152a and 4.54 for DME. By switching
the reversible ORC/heat pump to ORC mode during the summer to utilize excess
heat for electricity generation, the system using R152a could produce 22.45 MWh
of energy, and the system using DME could generate 22.20 MWh. Under these con-
ditions, the cycle efficiency in ORC mode could reach 7.39% for R152a and 7.47%
for DME. Overall, this study demonstrates that a district heating system employing
a reversible ORC/heat pump system consumes less energy overall. Specifically,
the total net energy usage of the system was calculated to be 23.39 MWh for R152a
and 19.32 MWh for DME, showcasing the energy efficiency benefits of integrating
a two-phase expander over a traditional throttle valve in these systems.

The further simulation, in this case, utilizes the wet isentropic efficiency of a
multi-vane volumetric expander, derived from an Al prediction model (FFDNN with
LM) and validated by experimental results discussed in Chapter 4. In this district
heating system, R123 is selected as the working fluid. For heat generation, a PE-
ORC system is employed, with 2,=0.95. Assuming that geothermal heat is taken
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from 353.15 K and water is heated to 373.15 K using a heat pump, where the pinch
point temperature is 5 K, the cycle efficiency of the PE-ORC is 0.057, and the COP
is 9.18. These results were obtained when considering the wet isentropic efficien-
cies of the volumetric expander during PE-ORC mode and heat pump mode are
0.4011 (taken form the FFDNN with LM) and 0.3, respectively. Also, The results show
that using a two-phase expander in the heat pump to replace the throttle valve can
reduce energy consumption by up to 0.47 MWh. When the PE-ORC system is em-
ployed to utilize geothermal heat during summer, it can generate up to 7.88 MWh
of energy. However, these results are somewhat low due to the influence of the low
wet isentropic efficiency of the two-phase multi-vane volumetric expander.

5.3.2.2. A case study of Carnot battery

A reversible ORC/heat pump system can be effectively integrated into Carnot bat-
tery technology, which is recognized for its ability to store energy for future use. In
this case, daily TES is preferred over seasonal or large TES to minimize heat transfer
losses. As detailed in the studies referenced in [128, 141], the performance map of a
Carnot battery utilizing a reversible ORC/heat pump is explored. Nine working fluids
were evaluated based on factors such as their operating temperature range, GWP,
ozone ODP, toxicity, and others. Given DME’s promising performance in other ap-
plications, as previously mentioned, it is also selected as the representative work-
ing fluid for Carnot battery technology via a reversible ORC/heat pump system. Fig.
5.8 presents the result of the performance map for the Carnot battery using DME
as a working fluid.

Fig. 5.8(a) shows that the Carnot battery achieves a COP of 21.207 when it is op-
erating with a waste heat carrier fluid temperature at 328.15 K and a cooling carrier
fluid temperature at 303.15 K. It is worth noting that while commercial heat pumps
typically achieve a COP=4-5, a heat pump with COP=20 is generally not available
on the market. Further adjustments in temperatures result in varying COP levels,
as follows:

e When the temperature of cooling carrier fluid remains at 303.15 K but the tem-
perature of waste heat carrier fluid increases to 343.15 K, the COP decreases
by 39.29%.

e Maintaining the temperature of waste heat carrier fluid at 328.15 K while re-
ducing the temperature of cooling carrier fluid to 288.15 K results in a 50.75%
reduction in COP.

e A combined adjustment where the temperature of waste heat carrier fluid in-
creases from 328.15 Kto 343.15 K and the temperature of cooling carrier fluid
decreases from 303.15 K to 288.15 K leads to a substantial COP reduction of
62.67

Furthermore, Fig. 5.8(b) demonstrates the effects of these temperature changes
on the ORC mode efficiency within the Carnot battery system, as follows:

e With the temperature of waste heat carrier fluid at 328.15 K and the temper-
ature of cooling carrier fluid at 303.15 K, an ORC mode efficiency of 0.072 is
achieved.
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Fig. 5.8. Obtained performance map of Carnot battery via a reversible ORC/heat pump
system using DME in (@) heat pump mode illustrated in T,,;, — T., — COP diagram, (b) ORC
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and (d) P2PinT,,, — T.; — P2P diagram (2D view), adopted from [128].

¢ By keeping the temperature of cooling carrier fluid constant at 303.15 K but
raising the temperature of waste heat carrier fluid to 343.15 K results in a sig-
nificant 20.72% increase in ORC efficiency.

e Bykeepingthe temperature of waste heat carrier fluid at 328.15 Kand lowering
the temperature of cooling carrier fluid to 288.15 Kresults in a substantial ORC
efficiency increase of 39.23%.

e An increase in the temperature of waste heat carrier fluid from 328.15 K to
343.15 K coupled with a decrease in the temperature of cooling carrier fluid
from 303.15 K to 288.15 K enhances the ORC mode efficiency by 57.51%.

Based on the COP and the cycle efficiency of the ORC mode, the P2P ratio can
be calculated for the Carnot battery system. The data indicates that with a waste
heat carrier fluid temperature of 328.15 Kand an ORC cooling temperature of 303.15
K, a P2P performance of 1.518 is achieved. However, adjustments in temperature
affect this performance, as follows:
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e With the temperature of cooling carrier fluid maintained at 303.15 K but the
temperature of waste heat carrier fluid increased to 343.15 K, the P2P de-
creases by 26.71%.

e By maintaining the temperature of waste heat carrier fluid at 328.15 K while
lowering the temperature of cooling carrier fluid to 288.15 K, 31.42% P2P re-
duction can be obtained.

e Furthermore, by increasing the temperature of waste heat carrier fluid from
328.15 Kto 343.15 Kwhile simultaneously decreasing the temperature of cool-
ing carrier fluid from 303.15 K to 288.15 K, a substantial decrease in P2P by
41.21% is observed.

The results indicate that by increasing the temperatures of both the cooling
source and the waste heat carrier fluids, an increase in the P2P ratio can be ob-
tained. This pattern of gradual improvement across the diagonal path is consistent
even when different working fluids are used. A comparative analysis of the COP,
the cycle efficiency of ORC operaing mode, and the P2P of the Carnot batter via a
reversible ORC/HP system is visually represented in Fig. 5.9, highlighting the differ-
enttemperature ranges and the selected working fluids that affect the performance
of the system.

A comparative result of performance evaluation for Carnot battery in heat pump
operating mode shows that R152a, RE170, and R1311 demonstrate higher COP com-
pared to other working fluids, which is illustrated in Fig. 5.9(a). However, it is noted
that R13I1 has the lowest cycle efficiency in ORC operating mode, then followed by
RE170. In contrast, R1234ze(Z), isobutane, and butene show higher cycle efficiency
in Carnot battery operation in ORC operating mode than the other fluids tested,
which is depicted in Fig. 5.9(b). In terms of P2P, which is illustrated in Fig. 5.9(c),
R152a and R13I1 outperform the other working fluids evaluated for use in Carnot
battery technology. Notably, the Carnot battery using R152a achieves the best over-
all P2P among the substances examined, with R152a consistently showing higher
P2P results than R13I1 across various tests. It seems that Carnot battery via a re-
versible ORC/heat pump system utilizing R152a as the working fluid surpasses all
other tested fluids, achieving the highest recorded P2P of 1.575. This suggests that
R152a is a particularly effective option for Carnot battery technology under the eval-
uated conditions. Moreover, R13I1 and RE170 also show promising with P2P ratios
of 1.541 and 1.518, respectively. It indicates that both are viable options for achiev-
ing efficient power-to-power conversions in Carnot battery systems via a reversible
ORC/heat pump system.

Part of this study, published in [128], includes a comparative analysis of the
Carnot battery’s performance using Baumann’s rule applied to the isentropic ef-
ficiency of the expander in the heat pump operating mode. The results show a
difference in COP when Baumann’s correlation is used versus when it does not
range from 2.46% to 9.42%. The most significant COP difference was observed
with R1234ze(E) as the working fluid, while the smallest difference was noted with
R1234ze(Z). Moreover, the study compares P2P differences in the Carnot battery
employing various working fluids, with and without the application of Baumann’s
correlation. These differences ranged from 2.46% to 14.06%. The greatest P2P
difference was found with the Carnot battery using R1234z¢e(E) as the working fluid.
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Fig. 5.9. A comparative performance of Carnot battery using a reversible ORC/heat pump
system in (@) heat pump mode illustrated in 7,,,;, — T.. — COP diagram (3D view), (b) ORC
mode illustrated in T.,, — Tes — norc diagram (3D view), (¢) P2P in T, — T,.s — P2P diagram
(3D view), and (d) RMSE of P2P in working fluid and RMSE diagram, adopted from [128].

The study suggests that modeling results without Baumann’s rule are generally ac-
ceptable as long as the performance difference remains below 10% for some work-
ing fluids. Moreover, the obtained results shown in Fig. 5.9(d) show that RMSE for
P2P values in the study ranges from 0.036 to 0.063. Considering that the target
P2P values vary from 0.74 to 1.57, these RMSE values can be considered relatively
high. Further analysis shows that the highest RMSE value for P2P, at 0.036, oc-
curred with R1234ze(E) as the working fluid, whereas the lowest RMSE, at 0.063,
was associated with R1234ze(Z). This suggests a significant variation in prediction
accuracy across different working fluids within the study.

Furthermore, the wet isentropic efficiency can be estimated using an Al model
validated with experimental results discussed in Chapter 4. This model can design
a system integrating low-temperature geothermal heat sources and cold energy
utilization. The system employs a PE-ORC and a volumetric expander using R123,
with the wet isentropic efficiency predicted by the Al. Assuming a multi-vane volu-
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metric expander operates with pi, /pout=6.7, £2=0.95, and 7,=348.15, the validated
Al model (the FFDNN with LM) can estimate wet isentropic efficiency 7iswet=0.4011.
Therefore, the ORC efficiency in this case drops to 0.057. It’s important to note
that this wet isentropic efficiency specifically applies to two-phase multi-vane ex-
panders. Due to limitations in predicting the wet isentropic efficiency, the expander
in the heat pump is assumed to be 7iswet=0.3. The results from the simulation show
COP=8.75, resulting inthe P2P=0.5032. This low P2P is influenced by the wet isen-
tropic efficiency of the multi-vane expander that was predicted using Al validated
by the experimental data. Moreover, it is important to note that in actual operat-
ing conditions, P2P might be less than 1 due to the low COP of real systems, as
reported in this article [123].

5.4. Conclusions

This chapter explores the application of a two-phase expansion system in enhanc-
ing ORC systems. It highlights how this system can be integrated with low- and
medium-temperature geothermal heat sources, utilized for cold energy, and em-
ployed in waste heat recovery. Moreover, the two-phase expansion system offers
the potential to simplify the system architecture by functioning as a reversible ma-
chine, thus reducing the number of components required. To summarize the key
findings of this chapter, the conclusions are presented in Thesis 7.

Thesis 7. The incorporation of a two-phase expansion system in an organic Rankine
cycle (ORC) system significantly enhances its adaptability to the application in fluctu-
ated low- and medium-temperature heat sources (both renewable and waste heat).
This system maintains optimal cycle efficiency across wider operational conditions
compared to ORC systems with a superheater that operates under superheated con-
ditions. It also shows particular promise, which has been described in some cases
as influencing the geothermal power plant and cold energy utilization. By employing
a two-phase expansion system, there is not only an increase in the ability to utilize
fluctuating low- and medium-temperature heat sources but also a potential increase
in output power. Moreover, the two-phase expansion system allows the ORC to be
configured in a reversible cycle incorporating a heat pump mode. In that case, the
two-phase expander replaces the throttle valve used in heat pump mode. This adap-
tation reduces the number of components necessary in applications such as district
heating systems and Carnot batteries. It presents a cost-effective and technologi-
cally advanced option for future implementation, offering both efficiency and opera-
tional flexibility in energy conversion systems.

The publications by the author that are related to Thesis 7 are [13, 14, 15, 94, 128,
136, 139, 140, 141].



Summary

Among the various thermodynamic power cycles available, advancing the ORC sys-
tem as power generation is seen as particularly promising. The ORC offers the
adaptability to change working fluids and operational conditions. The ORC can be
operated under subcritical and transcritical operating conditions. The aim of this
dissertation is the analysis of the low-boiling working fluid expansion process in
the ORC system. The volumetric expanders were chosen as the main focus of the
investigation. To encapsulate the main contributions and key findings from this dis-
sertation, the thesis points from the earlier chapters are re-stated and presented
below.

6.1. The influence of low-boiling working fluid expan-
sion process to different ORC systems under sub-

critical conditions

Different ORC systems are analyzed under subcritical operating conditions. PE-
ORC, which is ORC with a two-phase expansion system or ORC with a partial evap-
oration process (PE-ORC), serves as a transitional cycle, bridging the ORC and
TFC. An analysis of the low-boiling working fluid expansion process to see the in-
fluence on different ORC systems has been conducted. The cycle efficiency of dif-
ferent ORC systems has been analyzed and compared. This chapter theoretically
proved that, in some cases, increasing the temperature and pressure range of the
expander does not necessarily result in enhanced cycle efficiency across various
ORC systems operating under subcritical conditions. The main contributions and
key findings are described in Thesis 1 and Thesis 2.

Thesis 1. The theoretical modeling simulation result shows that under subcritical
operating conditions, the cycle efficiency of partially evaporated organic Rankine
cycle (PE-ORC) is not always located between that of organic Rankine cycle (ORC)
with the saturated vapor state of the working fluid at the inlet to the expander and
trilateral flash cycle (TFC or trilateral ORC) in the cycle efficiency and temperature of
the working fluid at the inlet to the expander (ne.ce — 1») diagram. The observation
using dry and some isentropic working fluids shows that PE-ORCs have the poten-
tial to achieve higher cycle efficiency than both ORC and TFC, especially when the

95



6.2. The influence of low-boiling working fluid expansion process to
different ORC systems under subcritical and transcritical conditions 96

modeling simulation assumes a certain isentropic efficiency for both the pump and
expander. This observation highlights the importance of choosing the appropriate
working fluid for specific subcritical power cycles, offering new insights into the se-
lection process. In designing the PE-ORC or TFC with higher cycle efficiency, it is
suggested to design the cycle using dry working fluids.

Thesis 2. Increasing the operating temperature range of the low-boiling working
fluid expansion process in the organic Rankine cycle (ORC) with the saturated vapor
state of the working fluid, partially evaporated organic Rankine cycle (PE-ORC), and
trilateral flash cycle (TFC or trilateral ORC) with various types of working fluids may
improve the cycle efficiency under subcritical operating conditions; however, this
improvement is specific to certain operating temperature ranges. When the tem-
perature of the working fluid to the expander inlet is fixed, and the temperature of
the working fluid from the expander outlet is below 273.15 K, the cycle efficiency of
the ORC, PE-ORC, and TFC is increased. Nonetheless, when increasing the temper-
ature of the working fluid to the expander inlet near the critical point, the maximal
cycle efficiency (i.e., a peak cycle efficiency) can be observed in the cycle efficiency
and temperature of the working fluid at the expander inlet (1yce — 15) diagram. This
observation implies that any increase in the temperature of the working fluid to the
expander inlet beyond this point (the temperature when the maximal cycle efficiency
is achieved) may result in a decrease in efficiency. This trend in cycle efficiency can
be observed not only in ORC but also in PE-ORC and TFC. In scenarios involving isen-
tropic and dry working fluids, the cycle efficiency of PE-ORCs or TFC may be over the
maximal cycle efficiency of ORC with saturated vapor state of the working fluid at the
inlet to the expander under both ideal and certain conditions.

Thesis 1 and Thesis 2 provide main contributions to a theoretical foundational
understanding of the operating conditions of a volumetric expander functioning
under subcritical conditions. These theses delve into the impact of increased tem-
perature and pressure ratio ranges, as well as the vapor quality at the inlet to the
expander. This understanding is crucial for the appropriate selection of ORC sys-
tems utilizing a two-phase volumetric expander and selected low-boiling working
fluid, ensuring optimal cycle efficiency.

6.2. The influence of low-boiling working fluid expan-
sion processtodifferent ORC systems under sub

critical and transcritical conditions

The theory of the Carnot cycle suggests that a wider operating temperature range
can enhance the overall cycle efficiency. This principle is applicable to different
ORC systems under subcritical and transcritical operating conditions. This chap-
ter theoretically proved that in some cases increasing the temperature and pres-
sure range of the expander does not necessarily result in improved cycle efficiency
across ORC system under both subcritical and transcritical operating conditions.
The main contributions and key findings are presented in Thesis 3 and Thesis 4.
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Thesis 3. Under ideal operating conditions (i.e., considering isobaric evaporation,
isentropic expansion, isobaric condensation, and isentropic pump process), an in-
creased operating temperature range of the low-boiling working fluid expansion pro-
cess in the organic Rankine cycle (ORC), partially evaporated ORC, ORC with a super-
heater, and trilateral flash cycle likely enhances cycle efficiency. This approach also
applies to the transcritical power cycle (TPC). Nonetheless, when taking the isen-
tropic efficiency of the expander into account, a maximal cycle efficiency point for
TPC can be observed. This maximal cycle efficiency of TPCs underscores the sig-
nificance of selecting an optimal temperature range and pressure ratio of the low-
boiling working fluid expansion process and type of thermodynamic power cycle,
providing perspectives on the decision-making process for utilizing organic working
fluids.

Thesis 4. In evaluating the cycle efficiency of various transcritical power cycle (TPC)
configurations with different values of vapor quality from the expander outlet, using
either wet or isentropic working fluids, an equal efficiency point (EEP) can typically
be identified under ideal operating conditions (i.e., considering isobaric evaporation,
isentropic expansion, isobaric condensation, and isentropic pump process). How-
ever, when employing carbon dioxide or water as working fluids, this EEP cannot
be located. Moreover, a scenario may arise where the TPC exhibits negative ef-
ficiency, especially when considering higher operating temperature and pressure
ratio ranges of the low-boiling working fluid expansion process, along with the isen-
tropic efficiency of the expander. As an example, if the isentropic efficiency were set
to the value of 0.8, this negative TPC efficiency would occur as the enthalpy change
in the expander is lower than the enthalpy change in the pump. This example theo-
retically proves that increasing the operating temperature and pressure ratio range
of the low-boiling working fluid expansion process does not guarantee an improve-
ment in cycle efficiency.

Thesis 3 and Thesis 4 provide extended main contributions to a theoretical foun-
dational understanding of the operating conditions of a volumetric expander func-
tioning under subcritical and transcritical conditions. These theses also delve into
the impact of increased temperature and pressure ratio ranges, as well as the vapor
quality at the inlet to the expander. This understanding is crucial for the appropri-
ate selection of ORC systems under transcritical conditions that use a two-phase
volumetric expander and a selected low-boiling working fluid, ensuring optimal cy-
cle efficiency. In some ORC systems operating under transcritical conditions, cer-
tain temperature and pressure ranges of the expander and vapor quality must be
avoided to prevent negative efficiency.

6.3. Experimental validation and prediction of wetisen-
tropic efficiency intwo-phase volumetric expander

in an ORC system
Part of the investigation in this dissertation reported the experimental study fo-
cused on predicting wet isentropic efficiency in a two-phase expansion system.
The multi-vane volumetric expander was chosen in the experimental investigation
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of the ORC system. This chapter proved that a multi-vane expander can be used
in the ORC system operating under two-phase conditions. The main contributions
and key findings are presented in Thesis 5 and Thesis 6.

Thesis 5. A low-boiling working fluid expansion process in an organic Rankine cycle
system can be done under two-phase conditions with a multi-vane expander using
2,2-Dichloro-1,1]1-trifluoroethane (R123) as the working fluid. Under the vapor quality
at the inlet to the expander x,=0.93-0.98, pressure ratio pin / pout=5.67-10.67, density
ratio pin/pour=7.4-13.3, and the temperature at the inlet to the expander T,=347.95-
368.15 K, the wet isentropic efficiency of the multi-vane expander nyetis=0.37-0.49
can be obtained with the measurement uncertainty ca. + 0.045.

Thesis 6. Predicting wet isentropic efficiency can be done using deep learning or
deep neural networks (DNNSs), which are methods within the field of artificial intelli-
gence. Low accuracy of prediction was observed when using only the pressure ratio
and vapor quality at the expander inlet as input variables of DNN for determining
the wet isentropic efficiency of low-boiling working fluid expansion processes. How-
ever, adding the temperature of working fluid to the expander inlet as an additional
input parameter of the DNN significantly enhances the accuracy of the model, re-
ducing the root mean squared error (RMSE) by up to 68% and increasing the coef-
ficient of determination R? by up to four times compared to the initial DNN model
(using pressure ratio and vapor quality at the inlet to the expander). It is worth noting
that using density ratio-based prediction offers higher accuracy in predicting the wet
isentropic efficiency of the expander compared to using pressure ratio-based pre-
diction. Furthermore, introducing the expander rotational speed as a fourth input
parameter of DNN maintains similar RMSE and R? values as the three-parameter
model but improves computational efficiency, speeding up the prediction time by
2.25% to 49.70%.

Thesis 5 and Thesis 6 contribute to the experimental validation and the predic-
tion of the wet isentropic efficiency of the volumetric expander, especially using
a multi-vane expander with eight vanes. Prediction of wet isentropic efficiency is
essential in order to make further analysis and investigation on ORC systems with
two-phase expansion systems, such as PE-ORC and TFC, which could benefit from
harnessing low and medium-temperature heat sources.

6.4. Anincreased adaptability of ORC with two-phase

expansion system

This study shows that incorporating a two-phase expansion system into ORC con-
figurations significantly improves adaptability when dealing with fluctuating low- and
medium-temperature heat sources. It may also potentially increase the output power
as power generation. This chapter proved that using a two-phase volumetric ex-
pansion system can improve the adaptability of the ORC system, enabling the ex-
tension application and wider operating conditions to effectively utilize low- and
medium-temperature heat sources. The main contributions and key findings are
described in Thesis 7.



6.5. Further direction of the research on this topic 99

Thesis 7. The incorporation of a two-phase expansion system in an organic Rankine
cycle (ORC) system significantly enhances its adaptability to the application in fluctu-
ated low- and medium-temperature heat sources (both renewable and waste heat).
This system maintains optimal cycle efficiency across wider operational conditions
compared to ORC systems with a superheater that operates under superheated con-
ditions. It also shows particular promise, which has been described in some cases
as influencing the geothermal power plant and cold energy utilization. By employing
a two-phase expansion system, there is not only an increase in the ability to utilize
fluctuating low- and medium-temperature heat sources but also a potential increase
in output power. Moreover, the two-phase expansion system allows the ORC to be
configured in a reversible cycle incorporating a heat pump mode. In that case, the
two-phase expander replaces the throttle valve used in heat pump mode. This adap-
tation reduces the number of components necessary in applications such as district
heating systems and Carnot batteries. It presents a cost-effective and technologi-
cally advanced option for future implementation, offering both efficiency and opera-
tional flexibility in energy conversion systems.

Thesis 7 contributes to the extended application and adaptability of the volu-
metric expander. An ORC system employing a volumetric expander enables the
extension of the wider application and operating condition in order to efficiently
harness low and medium-temperature heat sources.

6.5. Further direction of the research on this topic

This dissertation shows that PE-ORC can outperform ORC and TFC under certain
operating conditions. Insome cases, TFC can also outperform ORC systems. These
PE-ORC and TFC employ a two-phase expander in the systems. Therefore, future
research on the use of a two-phase expander in ORC systems could delve into sev-
eral promising areas. Firstly, there is a need to investigate various configurations
of two-phase expanders, as these have not been extensively studied in both ORC
and OFC systems. Understanding how these configurations can be optimized for
specific applications will be crucial.

Furthermore, developing advanced simulation models could greatly improve
the accuracy of predictions about two-phase expander performance. These mod-
els should include computational fluid dynamics to better reflect real-world con-
ditions. Such advancements are crucial for a deeper theoretical understanding
before practical implementation. Moreover, experimental validation is essential
to support the findings from simulations. More experimental work on two-phase
expanders will offer crucial data, especially regarding how this technology can be
scaled from lab to industrial use. This research is key to identifying and addressing
the challenges of applying two-phase expanders on a larger scale and assessing
their potential advantages.
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Thermal properties and
classification of working fluids

Table A.l. A list of working fluids with the classification and their thermal properties taken
from [87, 88]. The list is continued on the next page.

Working Classi- Chemical To (K) Ttriple Te (K) Pe

fluid fication (K) (MPa)
[81]

Butane ACNMZ CyHy 27266 13490 42513 3.80

(R600)

Butene ACNMZ CyHy 26684 8780 419.29 4.01

Carbon ACZ CO, 19469 21659 30413 7.38

dioxide

(R744)

Cyclohexane ANZCM' CeHis 353.87 27986 55360 4.08

D4 AZCM CsH5,04514 44889 290.25 586.50 1.35

D5 AZCM CioH3005515 484.06 226.00 618.30 1.09

D6 AZCM C12H36S1605 51811 270.20 645.78 0.96

Decane ANZCM CioH 44727 24350 61770 210

Tltis important to note that although these substances appear to be isentropic working fluids
(ANZCM types) based on ACZMN points, these isentropic working fluids behave like dry ones
in most parts of the relevant temperature range due to the proximity of the point N to Z.
These working fluids are also classified as dry working fluids according to other alternative
classifications [83, 84].
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Table A.l. (continued).

Working Classi- Chemical To (K) Ttriple Te (K) Pe

fluid fication (K) (MPa)
[81]

Dimethyl ACZ CyHgO 248.37 13166 40038 5.34

ether

(RE170 or

DME)

Dodecane AZCM C1oHog 48944 26360 658.10 1.82

Ethylbenzene ANCMZ CsHy 40931 178.20 61712 3.62

Hydrogen ACZ H, 20.37 13.96 3315 1.30

(R702)

Heptane ANZCM CrHg 371.55 182.55 540.20 2.74

Hexane ANZCM CeHyy 341.87 17783 50782 3.04

HFE7000 AZCM C,H3F,0O 30733 15065 43770 2.48

[51]

HFE7100 AZCM CyFyOCH, n.a. n.a. 468.45 2.23

[37]

Isobutane ACNMZ CyHyp 26140 113.73 40781 3.63

(R600a)

Isohexane ANCMZ CeHuy 333.36 119.60 49770 3.04

Isopentane ANCMZ CsH 300.98 11265 46035 3.38

(R601a)

MD2M ANZCM' CioH30S1405 46759 205.20 59940 114

MD3M ANZCM1 Ci2Hs651504  503.03 192.00 628.96 0.96

MD4M AZCM Ci4H 505516 53291 21415 653.20 0.84

MDM ANZCM' CsH2405 513 42563 18720 565.36 144

Methyl ANZCM1 Cli9H3,0, 628.84 23810 799.00 1.34

linoleate

Methyl ANZCM' Cl9H3504 62913 21865 772.00 1.37

linolenate

Tltis important to note that although these substances appear to be isentropic working fluids
(ANZCM types) based on ACZMN points, these isentropic working fluids behave like dry ones
in most parts of the relevant temperature range due to the proximity of the point N to Z.
These working fluids are also classified as dry working fluids according to other alternative
classifications [83, 84].
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Table A.l. (continued).

Working Classi- Chemical To (K) Ttriple Te (K) De
fluid fication (K) (MPa)
[81]
Methyl ANZCM' Ci9H360, 62718 25347 782.00 1.25
oleate
Methyl AZCM C17H3,0, 602.27 24200 755.00 1.35
palmitate
Methyl AZCM Ci9H350, 62956 311.84 775.00 1.24
stearate
MM ANZCM' CeH130S515 37366 204.93 518.70 1.93
M-xylene ANZCM CgH g 412.21 22530 616.89 3.53
Nitrogen ACZ No 7736 6315 126.19 3.40
(R728)
Neopentane AZCM CsHo 282.65 256.60 433.74 3.20
Ammonia ACZ NH; 23983 19549 40556 11.36
Nonane ANZCM CoHyg 42391 21970 59455 2.28
Novec649 AZCM CeF120 322.20 165.00 44181 1.87
n-pentane ANCMZ CsHo 309.21 14347 469.70 3.37
(R601)
Octane ANZCM CsHig 398.79 216.37 568.74 248
O-xylene ANZCM CsHyp 41752 24799 630.26 3.74
Propane ACZ CsHyg 231.04 8553 369.89 425
(R290)
P-xylene ANZCM' CgH o 41147 28640 616.17 3.53
R11 (R11) ACNMZ CCOI3F 296.86 162.68 4711 4.41
R113 ANZCM CyCl3Fy 320.74 236.93 48721 3.39
R12 ACZ CCIlyF, 24340 11610 38512 414
R123 ACNMZ CoHCIlyFy 300.97 166.00 456.83 3.66

Tltis important to note that although these substances appear to be isentropic working fluids
(ANZCM types) based on ACZMN points, these isentropic working fluids behave like dry ones
in most parts of the relevant temperature range due to the proximity of the point N to Z.
These working fluids are also classified as dry working fluids according to other alternative
classifications [83, 84].
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Table A.l. (continued).

Working Classi- Chemical To (K)  Tiiple Te (K) Pe
fluid fication (K) (MPa)
[81]
R1233zd(E) ACNMZ C3HyClF; 29141 19515 43960 3.62
R1234yf ACNMZ C3F,H, 24367 12277 36785 3.38
R1234ze(E) ACNMZ C3F,H, 25418 169.00 38251 3.63
R1234ze(2) ACNZM C3F,H, 282.88 23800 42327 353
R134a ACZz CyH,yF, 24708 169.85 37421 4.06
R1311 ACZ CF31 25129 19515 39644 3.95
R152a ACZ CyHF,y 24913 15456 38641 452
R22 ACZ CHCIF, 23234 11573 36930 4.99
R227ea ANCMZ C3HF; 256.81 146.35 37490 293
R245fa ACNMZ C3H;3F} 288.20 170.00 42701 3.65
R365mfc ANZCM' CyH5F; 31334 23900 46000 3.27
R404a ACZ mixtures 226.93 200.00 345.27 373
RC318 AZCM CyFy 26718 23335 38838 2.78
SES36 [142] n.a. n.a. 30915 23315 45075 285
Toluene ANCMZ C7Hg 383.75 178,00 591.75 413
TY1[143] n.a. n.a. 263.35 n.a. 410.25 4.06
Undecane ANZCM' Ci11Hyy 468.93 24754 638.80 1.99
Water ACZ H>0O 37312 27316 64710 22.06
(R718)

Tltis important to note that although these substances appear to be isentropic working fluids
(ANZCM types) based on ACZMN points, these isentropic working fluids behave like dry ones
in most parts of the relevant temperature range due to the proximity of the point N to Z.
These working fluids are also classified as dry working fluids according to other alternative
classifications [83, 84].
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