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Abstract

A significant amount of waste heat is generated as a by-product in industrial processes.
However, most of the low-grade waste heat is directly dismissed into the environment
without being used. With the benefits of energy efficient, power generation capabilities and
environmentally-friendliness, the Organic Rankine Cycle (ORC) represents an effective
approach to recover energy from low-grade waste heat. Firstly, an overview of the historical
growth and current technological and application status of the ORC technology is presented.
Secondly, the concept of reheat ORC is investigated. More specifically, a reheat ORC is
modelled, using different working fluids types. The genetic algorithm was used to calculate
the optimal values of the evaporation pressures of the reheat ORC, as well as, reheat pressure,
superheat degree and pinch point temperature in order to maximize the exergy efficiency and
minimise total thermal conductance. The results indicate that wet fluids produce more power
output compared to dry and isentropic fluids. In the case of wet fluids, superheat has a
positive impact on exergy efficiency, however, for dry and isentropic fluids the increase of
superheat degree decreases the power output. Moreover, the optimal superheat degree
approaches its upper bound for wet fluids. The results reveal that a maximum of 49.1%
exergetic efficiency can be achieved by the addition of Internal Heat Exchanger (IHE) to the
system, which corresponds to a 13.6% improvement compared to the ORC without IHE. The
evaporator and condenser are the components with the highest exergy destruction
contribution, respectively. The ORCs with IHE represent the lower exergy destruction of
evaporator and expander. This exergy reduction is mainly due to the presence of the IHE.
These results show that evaporator and condenser must be better designed to decrease the
exergy destructions in these components. Furthermore, a thermo-economic optimization of
waste heat recovery systems using different ORC configurations has been performed. Results
indicate that, the selection of electricity production cost (EPC) and net power output as
objectives can be more attractive for ORC configurations, due to the full utilization of the
possible heat in the exhaust gas and to the low EPC for all working fluids. Comparing the
cycle configurations, ORC with IHE exhibits approximately 0.4-5% and 2.53-8.78% higher
net power output compared to regenerative ORC and basic ORC, respectively. However,
regenerative ORC is mostly suitable for wet fluids. Moreover, the basic ORC configuration
has the lowest EPC, followed by the regenerative configuration, while ORC-IHE has the
highest EPC; the EPC is highly affected by the cycle configuration, regardless of the working
fluid type. In particular, it is found that, the working fluids reaching the optimal performance
are those that have an optimal evaporation temperature to inlet temperature of the heat source
ratio between 0.68-0.75, 0.66-0.73 and 0.64-0.73 for basic-ORC, ORC-IHE and regenerative
ORC, respectively.

Keywords:

Organic Rankine cycle, waste heat recovery, working fluid, cycle configuration, thermo-
economic optimization



Résume

Une quantité importante de chaleur résiduelle est générée comme sous-produit dans les
processus industriels. Cependant, la majorité de cette chaleur résiduelle de faible qualité est
directement rejetée dans I’environnement sans étre utilisée. Avec ses avantages en termes
d’efficacité énergétique, de capacit¢ de production d’énergie et de respect de
I’environnement, le cycle organique de Rankine représente une méthode efficace pour
récupérer 1’énergie de la chaleur résiduelle de faible qualité. Tout d’abord, une vue
d’ensemble de la croissance historique et de I’état de 1’art des cycles ORC est présentée.
Ensuite, le concept d’ORC avec resurchauffe est étudié¢. Plus précisément, un ORC avec
resurchauffe est modélisé, en utilisant différents types de fluides de travail. L’algorithme
génétique a été utilisé pour calculer les valeurs optimales des pressions d’évaporation, ainsi
que la pression de resurchauffe, le degré de surchauffe et la température du point de
pincement du cycle, afin de maximiser I’efficacité éxergétique et de minimiser la
conductance thermique totale. Les résultats indiquent que les fluides humides produisent plus
de puissance par rapport aux fluides secs et isentropiques. Dans le cas des fluides humides, la
surchauffe a un impact positif sur I’efficacité éxergétique, cependant, pour les fluides secs et
isentropiques, I’augmentation du degré de surchauffe diminue la puissance produite. De plus,
le degré de surchauffe optimal se rapproche de sa limite supérieure pour les fluides humides.
Les résultats révelent qu’un rendement éxergétique maximal de 49,1 % peut étre atteint par
I’ajout d’un récupérateur au systeme, ce qui correspond a une amélioration de 13,6 % par
rapport a I’ORC sans récupérateur. L’évaporateur et le condenseur sont les éléments qui
contribuent le plus a la destruction d’éxergie, respectivement. Les ORC avec récupérateur
représentent la plus faible destruction d’exergie de 1’évaporateur et du détendeur. Cette
réduction d’exergie est principalement due a la présence du récupeérateur. Ces résultats
montrent que 1’évaporateur et le condenseur doivent étre mieux congus pour diminuer la
destruction d’exergie dans ces éléments. De plus, une optimisation thermoéconomique des
systemes de récupération de chaleur résiduelle utilisant différentes configurations ORC a été
réalisée. Les résultats indiquent que la sélection des objectifs de colt de production
d’¢lectricité et de puissance nette peut étre plus intéressante pour les configurations ORC, en
raison de ’utilisation complete de la chaleur possible dans les gaz d’échappement et du faible
coit de production d’électricité pour tous les fluides de travail. En comparant les
configurations de cycle, ’ORC avec récupérateur présente une puissance nette supérieure
d’environ 0,4-5% et 2,53-8,78 % par rapport a I’ORC régénératif et ’ORC de base,
respectivement. Cependant, ’ORC régénératif est surtout adapté aux fluides humides. Par
ailleurs, la configuration ORC de base présente le coit de production d’électricité le plus
faible, suivie par la configuration régénérative, tandis que I’ORC avec récupérateur présente
le coit de production d’électricité le plus élevé ; le coit de production d’électricité est
fortement affecté par la configuration du cycle, indépendamment du type de fluide de travail.
En particulier, il est constaté que les fluides de travail atteignant la performance optimale sont
ceux qui ont un rapport optimal entre la température d’évaporation et la température d’entrée
de la source de chaleur entre 0,68 -0,75, 0,66-0,73 et 0,64-0,73 pour ’ORC de base, ’'ORC
avec récupérateur et I’ORC régénératif, respectivement.

Mots clés :



Cycles organiques de Rankine (ORC), valorisation de rejets thermiques, fluide de travail,
configuration du cycle, optimisation thermoéconomique.



ACKNOWLEDGEMENTS

First and foremost, praises and thanks to ALLAH almighty who has been
giving me everything to accomplish this study.

| am very grateful to Dr Cheikh KEZRANE for his support during the
whole period of this work. | would like to thank him for the guiding and all
valuable discussions we had. Special thank goes to Pr Yahia LASBET for his
support and guidance during this work.

| would like to present my warm thanks to Pr Farid MESSELMI for having
accepted to chair the jury, to Pr Lakhdar AIDAOUI, Pr Ameur HOUARI and Dr
Khatir NAIMA for having taken the time to read this work and for their
comments.

My special thanks and appreciation goes to members of the laboratory of
development in mechanics and materials.

Furthermore, | would like to thank my parents, my family and friends for
their encouragement, support, love and care.



Dedicate to

My parents

My family

All who knows me.



Journal Publications

Kezrane, C., Laouid, Y. A., Lasbet, Y., & Habib, S. H. (2018). Comparison of different Organic
Rankine Cycle for power generation using waste heat. European Journal of Electrical
Engineering—n, 151, 169.

Laouid, Y. A. A., Kezrane, C., Lasbet, Y., & Pesyridis, A. (2021). Towards improvement of
waste heat recovery systems: A multi-objective optimization of different Organic Rankine
cycle configurations. International Journal of Thermofluids, 11, 100100.

Laouid, Y. A. A, Kezrane, C., Lasbet, Y., & Pesyridis, A. (2021). Performance analysis and
optimisation of a reheat organic Rankine cycle. International Journal of Sustainable Energy,
1-23.

Conferences Presentations

Laouid, Y. A. A., Kezrane, C., & Lasbet, Y. (2018). The Performance of Reheat Organic
Rankine Cycle using Wet Fluids. Nadma, 17-18 Décembre 2018, Congres National sur les
Energies et Matériaux (CNEM 2018).

Laouid, Y. A. A, Kezrane, C., & Lasbet, Y. (2019). Effects of the population size on the
performance of genetic algorithms in case of organic Rankine cycle modelling. Djelfa, Algeria,
10 April 2019, Journée Académique sur les Mathématiques Appliquées (JAMA’19).

Laouid, Y. A. A., Kezrane, C., & Lasbet, Y. (2019). Waste Heat Recovery Using Organic
Rankine Cycles with Low Fluid Environmental Impacts. Istanbul, 17-18 June 2019 4th
Eurasian Conference on Civil and Environmental Engineering.

Laouid, Y. A. A, Kezrane, C., & Lasbet, Y. (2019). Exergy analysis and multi-objective
optimization of regenerative Organic Rankine Cycle for waste heat recovery. Djelfa, 29-30
June 2019 The First International Conference on Materials, Environment, Mechanical and
Industrial Systems ICMEMIS’19.

Laouid, Y. A. A,, Kezrane, C., & Lasbet, Y & L. NORD. (2019). Wet working fluids for
regenerative ORC with varying heat source temperature. Vésterds, Sweden, Aug 12-15, 2019,
International Conference on Applied Energy 2019 (ICAE 19).

Laouid, Y. A. A., Kezrane, C., & Lasbet, Y. (2020). Thermodynamic performance and multi-
objective optimization of regenerative organic Rankine cycle for low temperature waste heat
recovery. El Oued, January 20-21, 2020, International Symposium on Materials, Energy and
Environment (MEE 20).

Laouid, Y. A. A, Kezrane, C., & Lasbet, Y. (2020). Thermo-economic optimization of Organic
Rankine Cycle using low-grade heat source. Naama February 11-12, 2020, National conference
On Applied Energetics (NCAE 20).



Table of contents

URALA Lttt et e et e e e e e e e e e e e e e e e e e e e e e e e e e e e Rt e e e e e R e e e Rt e s e e e aeeeat e reeeaeseaesaneaan i
A =3 1 =T od S i
=TT U 0 = PR iii
PN od LG Yo VA U= o =Y o 1= o | =N v
[IES] o) o 10 o1 T ot £ o] o =3P vii
Table of CONtENES ..ciiiiieiiiie e viii
NOMENCLAtUrE. .ttt sss e s aans Xi
List Of fIQUIES s Xiv
List of tables ... s Xvi
L INErodUCHON ottt 1
LIS PO = 7 Tod 14 | oo U1 o o [P PP PO PPPOPPPPPPPPPRE 1
1.2, Waste heat .t 2
1.3.  Waste heat recovery technologies .....ccceeveerrueeeiiiiiiniiiisnnnenenenennscsseneneeesenens 4
1.3.1.  Waste heat to heat....iviiiiiiiiniiiineirtc e 5
1.3.2.  Waste heat to cold .....uuiiiiiiiiiiiiiiiiiiieiiceecee e 5
1.3.3. Waste heat to POWe ... s 6
1.3.4. Direct use as heat....ceriieeiiiiiiniiiiiii e 9

1.4.  Scope and structure of the present thesis......cccccciiiiiiiiiinereniiiiiicccinneeeeenenn, 9
2. The Organic Ranking CyCle....iiiiiiinrneereiiiiiiiiicnnnnneeensisssscsssssnnssesssssssessssssnnnesssssens 11
/2% PR 1 {ofe 1o 1¥ Lot 4 o 11
2.2. Organic Rankine cycle RiStory ... 12
2.3. Organic Rankine cycle application ....cccccvveeeeiiiiiiiiiiinnereninninnncccnnneeseesnessssnns 14
2.3.1.  Geothermal energy .. 14

2 T =TT 3T 1= 16
/20 TR TR S o 1 - T 17
2.3.4. Waste heat reCoVery.. it 18
2.3.5. Ocean Thermal Energy ConversioN......iiiiiiiinnininninnnnninnnnnnnnnssssssssnens 19
2.3.6. Other applicationS...ccccciiiiiiiiiiiiiiiirrnrrr s 20
2.3.7. Organic Rankine cycle world Capacity ....ccccccceiiicccisnnereneneiincccsssnnneneeenens 21

2.4. Organic Rankine Cycle main components ....ccccceeciernerereiiiiniiissssnneneeninnssnens 23



Table of contents

2.41. Heat eXChangersS .. s s s s s s s s s s s s s 23
S B = 4 o T- 1 T=T o] o W 010 F= Tod a1 (=TSR 26
2 TR V] o o1 1 o == S 26
2.4.2.2. Volumetric eXPandersS.. .. eeiiiiiiiiinnnsnneeeiiinninssenessssssssssssssssssssses 26
S T = U] 3 | oSO 27
2.4.4. Generators, gear DOXES ..ccciiiiiiiiiiiiiiiiiirinirnrsnsrsssssssssss s s s s s s s s s s s s s s 28
2.5. Cycle configuration ... s 28
2.5.1.  One pressure level CYCleS ....iiiiiiiieiiiiieetennee e 28
285 T8 18 TR S U o Yof o | { of= A o3V od (== 28
2.5.1.2.  SupecritiCal CYCleS ... 31
2.5.2. Two pressure levels CYClesS. .. 32
2.5.3.  Trilateral CYCles . 33
2.5.4.  0rganic flash CYCLe ..ttt esere e snnneas s s s 34
2.6, WOrKing flUit...ccocveeeeiiiiiiiiinerrenniiinssssnnresess s ssnnsessssssssssssssnnnesssssesssssnns 34
2.6.1.  Criteria and methodology for fluid selection ......ccccceeeiiiiiiiiiiiiiiiiiiiiinnnnnn. 36
2.6.1.1.  Ideal working fluid.....ccceeiiiiiiiiiiiiiririrrcrrrrrccrrr s 36
- 30 IS " 11 4 To e [o] U T |V OO 38
2.7. Organic Rankine Cycles optimization .......cccccceeiicciinnnreninniinnccsnnnneeeeeenenssenns 39
2 < T 0o 3 Tod 1V E=] o o 40
3. Performance analysis and optimisation of a reheat organic Rankine cycle ...... 42
3.0 INtrodUCHON. . 42
3.1.1. Working fluid SeleCtion ......eeeeeeeeeeeeeeeeeeeeeemeeeeennmnennememmmmmmmmemmemmmmmsmssssssnnsnnes 42
3.1.2.  Cycle configuration ...ccccccccccveeeeiiiiiniiccneeneecnsnnscccenereeess s sssnsnesssssens 44

K T8 FRC T 0151110 41 2= 1§ [0 o TP 45
3.1.4.  Scope and motivation of the present Work......cccceevieiiiiiiiiiiiiiiiiiiiiiiiinnnnn. 46
3.2. System analysis and optimization......cccccceeeiiiiiiiiiiiieeeinnnieee s 47
3.2.1.  System description ...ccccicccccceeeiiiiiiiiieerre e 47

K 72 S " [ To [= 0 == of T o o o 48
3.2.3. Selected working fluid......cccoeiiiiiiiiiiiiiiiiiiiiiiniiinns 51
3.2.4.  Data validation ...t 52
KT8 TR 01«11 4112 1§ o o T 53
3.25.1.  Genetic algorithM.....ccciiiiiiiiiiiiriiiiinrerrr s 53

3.2.5.2. Decision-making in multi-objective optimization.......cccccceevvviiiiinnnnnens 56



Table of contents

3.3.  Results and diSCUSSIONS.....ccccevvvueeiriiiiiiiiiiiierree e sssse e 58
TG TN P - 1 o=1 0 4 L= 4 o (o =1 (U Lo YRR 58
3.3.2.  Optimization resultS....cuicccvcceeeiiiiiiiiineerree e ssssess s s 64

K30 07 o Tod 11 1= T ] o PR 70

4. Thermo-economic optimization of different organic Rankine cycle
CONFIQUIAtIONS. ittt s s s e e s s s e s e s s s s s s essassasasssnans 71

/98 TR 1 4o T [ ot o o 71
4.1.1. Working fluid Selection ........eeeeeeeeeeeeeiieiieiiieiiieennneeeneaaeaaeaaaees 71
4.1.2.  Cycle configuration ......ccccceeiiiiieeeiiiiieeiiiercnseee e 73
L/ ¢ TR 01 o1 1110 41172111 o 1N 74

L1520 " [=1 4 s Yo e [o] U T | 75
/%28 PR SN YE=1 =Y 4 I [==Tod T ] £ o] o 1NN 76
4.2.2. Thermodynamic MOel ....ccceiiiiiiiiiiincnnreniiiiininiinsnnreeessiesssssssnnneesssssssssnns 77
790720 TR =X o1 T o 41 o o 4T T 1= 79
4.2.4. Selected WOrking flUid........eeeeeeeeeeeeeneeennneneeenenenenenenenenenenenememsssmsmssssssssssees 80
L9728 T T F- 1§ o o TN 81
L1520 TR O o1 15 4117214 To o 1N 81

4.3. Results and diSCUSSION ....ccccueeiiiiiieiiiiiiiiiiinncert s ase e s sanee 83

L0 S 01 o L =] o T P 92

Conclusion and future WOorkK......cocceeeeiiiiiiiiieeeerennneeerre s 93
=T 1= o= o N 95

AY o 0 1= L LGN 109



Nomenclature

Variables

=T

h
H
hfull—load

i

Qv s

~

UA

Heat transfer area, (m?)
Factors of the investment model, (-)
Bare module cost, ($)

Heat capacity rate, (kJ.s*.K™)
Maintenance and operation costs, ($)
Specific heat capacity, (kJ.kgt.K™)
Purchased cost, ($)

Total investment, (3$)
Electricity production cost, ($.kw™.h')
Exergy flow, (kW)

Bare module factor, (-)
Material factor, (-)

Pressure factor, (-)

Specific enthalpy, (kJ.kg™?)
Pump head, (m)

Full load operation hours, (h)
Interest rate, (%)

Mass flow rate, (Kg.s?)
Molar mass, (Kg.mol™)
Pressure, (bar)

Heat, (kW)
Temperature difference, (K)
Temperature, (K)

Overall heat transfer coefficient, (kW.m?2.K™?)

Thermal conductance, (KW. K1)



Nomenclature

w Power, (kW)

Greek symbols

A Difference
n Efficiency, (%)
€ Effectiveness, (%)
Subscripts
1-8 State points in the cycle
con Condenser
CP Circulating pump
cr Critical
cw Cold water
eco Economizer
eva Evaporator (two phase evaporator)
Evap Evaporator
ex Exergy
FH Feed heater
g Gas
gen Generator
H Hot
hot Inlet heat source temperature
in Inlet
L Low
m Mean
net Net
Out Outlet
PP Pinch point
P Pump
Reh Reheater

sat Saturation



Nomenclature

Sup Superheater
T Turbine
th Thermal
tot Total
Wt Working fluid
int Intermediate
Acronyms
CFC Chlorofluorocarbon
HC Hydrocarbons
HCFC Hydrochlorofluorocarbons
HFC Hydrofluorocarbons
HFE Hydrofluoroethers
GA Genetic algorithm
IEO International Energy Outlook
GHG Greenhouse gas
GWP Global warming potential
HP High pressure
LP Low pressure
HTE High Temperature Evaporator
LTE Low Temperature Evaporator
IHE Internal heat Exchanger
LMTD Logarithmic mean temperature difference
NSGA-II Non-dominated sorting genetic algorithm-11
OTEC Ocean Thermal Energy Conversion
ODP Ozone depletion potential
ORC Organic Rankine cycle
PFC Perfluorocarbons
PPTD Pinch point temperature difference
TOPSIS Technique for order preference by similarity to an ideal solution
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1. Introduction

1.1. Background

The United States energy information administration said in its latest International
Energy Outlook 2021 (IEO02021) that, global energy demand and energy-related carbon
emissions will continue to rise through 2050, with oil remaining the largest energy source just
ahead of surging renewables [1]. IEO2021 forecast that world energy consumption will grow
by 47% in the next 30 years, driven by population and economic growth, particularly in
developing Asian countries. This growth in demand leads to various environmental and
economic challenges, as fossil fuel usage has numerous major impacts such as acid
precipitation, ozone layer damage, resource depletion, and global warming [2].
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Figure 1.1 Total global anthropogenic GHG emissions [3].

As shown in figure 1.1, global greenhouse gas emissions continued to rise between
1990 and 2018, although the rate of emissions growth has slowed since 2010. Greenhouse Gas
(GHG) emissions reached the peak in human history in 2018, reaching 58 GtCOZ2eq. The
highest share of emissions in 2018 was from the energy systems sector (34%), followed by
industry (24%), AFOLU (agriculture forestry and other land uses) (21%), transportation (14%),
and building operations (6%). The estimates are based on the direct emissions generated in
each sector. GHG emissions in 2018 were about 11% higher than 2010 GHG emission levels.
One-third of this increase in GHG emissions between 2010 and 2018 came from energy
systems, followed by industry (30% of the increase), transportation (20%), AFOLU (12%) and
buildings (4%).

In an effort to limit climate change to a low level, many countries make an effort to
decouple the effects of growth of their gross domestic product and their GHG emissions. United
Nations Framework Convention on Climate Change in 1992 ratified by 50 states, through the
Kyoto Protocol in 1997 signed by 84 governments to the recent agreement at the Paris Climate
Conference (COP 21) in December 2015 involving 195 nations. It is therefore clear that the
energy sector must play a key role in reducing global emissions. The COP 21 agreement in
Paris sent a strong signal to the world that a low-carbon future has been chosen as humanity's
common path. There were two main approaches for overcoming the environmental problems;
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the first is to develop and enhance the use of renewable energy sources like solar [4], wind [5],
biomass [6], and geothermal [7]. The second approach is to find a way for enhancement of
energy conversion systems so that the system efficiently uses the energy that can be received
from a source. The international energy agency reported that efficiency improvements made
since 2000 prevented 12% additional energy use in 2017. Efficiency gains also prevented 12%
more greenhouse gas emissions and 20% more fossil fuel imports, including over USD 30
billion (United States dollars) in avoided oil imports in international energy agency countries
[8]. As shown in Figure 1.1, the industrial sector has a share of the GHG emitted: 24% of the
total GHG emitted in 2018 are attributed to industry. The worldwide total final energy
consumption which is used in form of heat represents 50 % [9] ;(in which, industrial heat makes
up two-thirds of industrial energy demand and almost one-fifth of global energy consumption)
[10]. Thus, it seems logical that a large part of the aforementioned increases in energy
efficiency should be made in the industrial sector.

Another way of increasing the use of the fuel input into an industrial process is to
convert waste heat into additional products, such as electricity. It was estimated that 20-50 %
of all energy input of industrial processes leave the process in form of waste heat [11]. The
potential for waste heat conversion is therefore very large. Electricity and heat represent 31.9
% of the world CO; emissions [12]. The electricity production from waste heat can therefore
have an important impact on CO. emissions if it substitutes power production from the existing
power plants.

1.2.Waste heat

Industrial waste heat is, by definition, the energy produced during industrial processes
and that is not used in the process (wasted energy or released into the environment). It is
inevitable that most industrial processes generate waste heat due largely to thermodynamic
limitations and equipment inefficiencies, but the waste heat varies considerably from process
to process. Waste heat streams are characterized by the following parameters: temperature,
flow rate, composition. The same parameters of the available cooling stream are also required
to determine the recoverable heat potential for producing mechanical power. The grade or
quality describes the amount of thermal energy that can be recovered from a heat source. While
waste heat temperatures vary considerably by source, cooling streams tend to vary less. The
waste heat potential has been generally classified according to the waste heat stream
temperature. High grade heat: temperature is higher than 480 °C, medium-grade heat:
temperature ranges between 240-480 °C , low-grade heat: temperature is lower than 240 °C
[13]. Forman et al. [14] estimated the global waste heat potential at 245 PJ, with 63% of this
energy below 100 °C and 79% below 200 °C. From this, it is clear that low temperature waste
heat could be a significant source of energy if it can be effectively exploited.

High-grade waste heat is available from industrial processes like metal smelting,
hydrogen plants and fume incinerators. These waste heat sources are typically solid or gaseous.
Recovering heat from these environments can be challenging due to the high temperatures.
Medium-grade waste heat sources are most typically found in power generation applications
from steam or gas turbine exhaust, as well as in heating applications such as cement kilns,
drying ovens, and internal combustion engines. Medium-grade waste heat sources are generally
gaseous and can be used directly as heat sources. The majority of the available waste heat is
considered of low quality. Examples of common sources of low-grade waste heat are: cooling
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water from furnaces or power cycles and refrigeration cycles.

sites and thermal levels.
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Figure 1.2 Estimated global waste heat distribution of 2012 in Peta J [14].

Table 1-1 Waste heat sources and temperature range [15]

Table 1-1 lists the waste heat

Categories Heat sources Temperature  Suggested recovery
(°C) technology
High temperature (>650 °C)  Solid waste 650-1000 Air preheating
Fume incinerators 650-1450 Steam Rankine cycle
Nickel refining furnace 1370-1650  Steam generation (Heating)
Glass melting furnace 1000-1550  Heat exchanger (preheating)
Aluminium refining furnaces 650-760 Thermoelectric
Copper reverberatory furnace 900-1100 Thermal PV
Copper refining furnace 760-815
Zinc refining furnace 760-110
Cement kiln 620-730
Hydrogen plants 650-1000
Medium temperature (230—  Steam boiler exhaust 230480 Steam Rankine cycle
650 <C) Gas turbine exhaust 370-540 Organic Rankine cycle
Drying and baking ovens 230-600 Heat exchangers (pre-
Catalytic crackers 425-650 heating process)
Reciprocating engine exhausts 315-600 Alir pre-heating
Catalytic crackers 425650 Thermoelectric
Annealing furnace cooling 425-650 Thermal PV
systems
Low temperature (<230 °C)  Process steam condensate 50-90 Space heating
Cooling water from: Domestic water heating
Internal combustion engines 66-120 Heat pump
Hot processed liquids and 32-232 Organic Rankine Cycle
solids Heat exchangers
Annealing furnaces 66-230 Absorption/adsorption
Drying, baking and curing 93-230 cooling
ovens Kalina cycle
Welding and injection 32-88 Piezoelectric
molding machines
Bearings 32-88
Air compressors 27-50

[ 3
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1.3. Waste heat recovery technologies

Captured and reused waste heat is a zero-emission alternative to costly purchased fuels
or electricity. Several techniques are available to transfer waste heat to a productive end-use.
Three basic components (Figure 1.3) are necessary for waste heat recovery: 1) an accessible
source of waste heat, 2) a recovery technology, and 3) the use of the recovered energy.

Recovery Technology
(e.g., regenerator, recuperator,

economizer, waste heat boiler,
thermoelectric generator)

End Use for Recovered Heat
(e.g., preheating (boiler feedwater, raw
materials, combustion air), electricity
supply, domestic hot water)

Figure 1.3 Three essential components are required for waste heat recovery.

In order to exploit the energy from waste heat streams, technologies capable of
recovering this energy into a usable form of energy are required. Technologies used to recover
waste heat from industry can be categorized depending on how the waste heat is reused: it can
be used directly (at the same or at a lower temperature level), or it can be transformed to another
form of energy or to a higher temperature. Four categories of technologies used to recover
waste heat can be identified [16]:

e Waste heat to heat: the waste heat recovered is used to produce thermal energy at a
higher temperature level (heat pumps, mechanical vapour compression, etc.).

e Waste heat to cold: technologies that utilize the waste heat recovered to produce cooling
energy (absorption and adsorption chiller, etc.).

e Waste heat to power: technologies that convert the waste heat recovered to electricity
(organic Rankine cycles (ORCs), Kalina cycles, etc.).

e Direct use as heat: the waste heat recovered is used directly at the same or a lower
temperature. Heat exchangers are the dominant technologies of this category.

Recovering energy from high-grade heat sources tends to be used directly as heat or in
steam power cycles, which are both mature and well-known technologies. The obstacles to
extracting high-grade waste heat are due to the challenges of operating the equipment at high
temperatures, and thus quite different from those of low to medium-grade heat sources.
Commonly, high-grade heat recovery results in additional low and medium grade waste heat,
which can be utilized by the techniques described below, in what is known as a cascade. Figure
1.4 shows the subdivision into categories of the waste heat recovery technologies.



Chapter 1: Introduction

Waste heat
recovery
technologies

Heat
Exchange

Waste heat
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Heat Absorption Organic Rankine Heat
Pumps Chillers Cycle Exchanger

Figure 1.4 Categorization of waste heat recovery technologies [17].

1.3.1. Waste heat to heat

In scenarios where a local heat demand is needed but the quality of the available waste
heat source is too low to satisfy this demand, heat upgrade technologies, such as the vapour
compression cycles (also known as a heat pump cycle) , can be used to utilize the available
waste heat and meet the heat demand. In these situations, heat exchangers are employed to
recover heat from a working medium that then goes through a thermodynamic cycle to produce
a higher grade heat stream. A heat pump has four major components: the evaporator,
compressor, condenser and expansion valve. Figure 1.5 shows a vapour compression cycle,
the cycle operates as follows: in the evaporator, the working fluid vaporizes by absorbing
thermal energy from a low temperature waste heat source. The compressor increases the
pressure of the working fluid causing it to become a superheated vapour. In the condenser, the
heat is rejected from the working fluid to the cooling stream, at higher temperature than was
absorbed from the heat source. Finally, the condensed vapour is expanded through an
expansion valve whereby it returns to its original state, allowing the cycle to repeat. Thus, the
waste heat is upgraded by the mechanical work added in the compressor. Commonly, vapour
compression cycles work at low-grade heat streams, around -20 to 100°C, and are capable of
providing temperature rises of 20 to 50°C. This can make them suitable for providing domestic
hot water. Heat pumps are most feasible for low-temperature product streams in process
industries, including chemicals, petroleum refining, pulp and paper, and food processing [15].

1.3.2. Waste heat to cold

Absorption and adsorption systems are very similar to vapour compression cycle but
the mechanical compression stage is replaced by a chemical process as shown in Figure 1.5.
In the absorption cycle, it is an absorbent liquid, while the adsorption cycle uses a solid medium
for compression stage. Both the absorption and adsorption cycles require an additional heat
source and sink, and thus have many possible configurations. For example, if the waste heat is
provided to the generator, the system can supply cooling and extract heat from the working
fluid via the evaporator. The heat source is diverse, ranging from hydrocarbon fuels, solar
energy, geothermal energy, district heating network or waste heat [18]. Absorption and
adsorption cycles are quite complex; however they have several advantages over mechanical
compression cycles. For example, the absence of moving parts without a mechanical
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compressor, the use of environmentally friendly refrigerants as working fluids, and the ability
to use high temperature heat sources, as a result there are many commercially available
systems.

th
Condenser
High Pressure
P2
Compressor
- W(Electrical Consumption)
Expansion
Valve
Evaporator
Low Pressure
P1
Q.

Figure 1.5 Vapour compression cycle.

1.3.3. Waste heat to power

The most popular heat recovery techniques convert waste heat into mechanical work;
this work can then be used or converted into electricity via a generator. Examples of such
technologies are thermodynamic cycles and thermoelectric power generation. Thermodynamic
cycles converting heat into mechanical energy. In binary cycles, heat is captured from the heat
source via a heat exchanger and transferred to a secondary fluid, called the working fluid. There
are many types of thermodynamic cycles that produce mechanical work, and the most common
in waste heat recovery technologies are the Rankine and Kalina cycles [19].

The Rankine cycle using water as a working fluid is generally used in large thermal
power plants, this cycle is illustrated in figure 1.6.

Gin

Boiler

Wiurb,out
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®

Turbine

Pump
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i

Condenser '\T)

Figure 1.6 Diagram of the basic Rankine cycle.

In a Rankine cycle, the water (at condensation pressure) is pumped to a higher pressure
(isentropic work addition). It is preheated, evaporated and superheated by a heat source at
constant pressure (isobaric heat addition). The steam then is expanded through a turbine or
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(isentropic work extraction). To close the cycle, the steam exiting the expander is condensed
to water at constant pressure before it enters the pump again (isobaric heat rejection). The work
that is used to drive a generator is recovered from the turbine. Water is a suitable working fluid
for Rankine cycle because of its high thermal and chemical stability. Its low viscosity and high
heat capacity. It is non-toxic and non-flammable, and has a low cost and high abundance.
Nevertheless, water is only suitable for use in Rankine cycles with heat source temperatures
above 350 ° C [15], below this temperature, the cycle is unlikely to be economical, because
low pressure steam requires larger heat exchangers and the cycle is less efficient . At
temperatures less than 300°C (low and medium quality heat), the ORC [20] or the Kalina cycle
[21] can be used.

The ORC is a Rankine cycle that uses organic working fluids with low boiling points,
instead of steam, to recover heat from a lower temperature heat source. The wide range of
possible working fluids that may be used within the ORC leads to applicability over a wide
temperature range and thus facilitates adaptation to different heat sources. The typical sizes of
ORC:s for industrial applications vary from 0.5 to 20 MW [22]. Sources of thermal energy for
the ORC include geothermal, solar and biomass energy, and industrial waste heat. ORC
technology is not particularly new; at least 30 commercial plants worldwide were employing
the cycle before 1984 [15]. The largest margin for growth has been forecast in the field of
industrial waste heat recovery. Among all of the thermodynamic cycles for low-grade heat-to-
power conversion, ORC is so far the most commercially developed one. Both M-watts and k-
watts scales can be found in operation. The ORCs are favoured for their simplicity in
configuration; more details about the ORC will be given next chapter.

The Kalina cycle is an innovative bottoming cycle developed by Alexander Kalina in
the late 1970s and early 1980s, which a working fluid comprised of at least two different
components, typically water and ammonia [23]. This is more complex than the Rankine cycle,
see Figure 1.7, but the same four key processes of the Rankine cycle are employed evaporation,
expansion, condensation and compression, with the addition of a generator and absorber.

|

7

9
8
10

Figure 1.7 Schematic diagram of the Kalina cycle [24].

The main difference between single-fluid cycles and cycles using mixed fluids is the
temperature profile during boiling and condensation. The generator and absorber control the
ratio of water to ammonia so the ratio of components varies in different parts of the system to
decrease thermodynamic irreversibility and therefore increase the overall thermodynamic
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efficiency. For single fluid cycles (e.g., steam or organic Rankine), the temperature stays
constant during boiling. When heat is transferred to the working medium, the temperature of
the working medium slowly increases to its boiling temperature, at which point the temperature
remains constant until all the water has evaporated. In contrast, a binary mixture of water and
ammonia (each with a different boiling point) will increase its temperature during evaporation.
This results in better thermal compatibility with the waste heat source and the coolant in the
condenser. Thus, these systems achieve a significantly higher energy efficiency. The first
power plant based on the Kalina cycle was constructed in Canoga Park, California in 1991,
which is a 3MW demonstration plant and put into operation in 1996 [25]. Studies predict the
Kalina cycle could perform up to 30 - 50 % more efficient than the ORC but experimental
results show much smaller improvements in system efficiency of just 3 % [26]. The Kalina
cycle is favoured for better temperature matching between heat carrier and mixed working fluid
compared to pure fluids. However, the architecture of the Kalina cycle is more complex and
the high cycle pressure, results in high capital costs.

Traditional power cycles involve using heat to create mechanical energy and ultimately
electrical energy, new technologies are being developed that can generate electricity directly
from heat. Therefore, direct electrical conversion methods have the potential to be simpler and
require lower maintenance than traditional power generation.

Thermoelectric systems are semiconductor solids that allow direct generation of
electricity when subject to a temperature differential. Thermoelectric systems use the Seebeck
effect, when two different semiconductor materials are subject to a heat source and heat sink,
the thermal gradient causes a heat flux and charge carriers flow from the hot to cold regions,
creating a potential difference [27]. Thermoelectric systems are available for variable
temperatures of over 1000°C and have no moving or complex parts, making them maintenance
free and silent in operation [28]. Unfortunately, the thermoelectric systems available today are
not only expensive, but also have relatively low yields. At a temperature of more than 1000 °C
[29], the yield remains below 20% and at 400 °C it does not reach 10% [29-31].

Piezoelectric power generation is a process of converting low temperature waste heat
(100-150°C) to electricity [15]. Piezoelectric devices are made out of thin-film membranes and
they work by converting mechanical energy in the form of ambient vibrations such as
oscillatory gas expansion into electricity (usually in the nW-mW range) [32—34]. There are
several technical challenges and disadvantages associated with these devices that limit their
use for heat recovery, namely, low efficiency, high internal impedance, complex oscillatory
fluid dynamics within the liquid/vapour chamber, the need for long-term durability and very
high cost[15]. Having mentioned that the main issue with the use of piezoelectric devices are
associated with the high cost of manufacturing these devices as well as the way the systems
must be designed to enable power generation [35].

Thermionic energy converter is a heat engine that produces electricity directly using
heat as its source of energy and electron as its working fluid. Thermionic devices operate
similar to thermoelectric devices; however, they operate through thermionic emission [36]. In
this technology, a temperature difference drives the flow of electrons through a vacuum from
a metal to a metal oxide surface to generate electricity [37]. The functionality of this technology
is shown to be limited to high temperature applications (above 1000°C) and be inefficient.
However, several efforts have been made to improve their efficiency and enable their use for
low temperature applications (100-300°C) [15].
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1.3.4. Direct use as heat

The most direct use of a waste heat source is to recover the heat using a heat exchanger
and use it to satisfy the heat demand. Heat exchangers are a well-established technology and
several types have been developed for common waste heat applications. They are widely used
to transfer heat from the combustion exhaust gases to the combustion air entering the furnace.
As the preheated combustion air enters the furnace at a higher temperature, lower energy must
be supplied by the fuel. Typical technologies used for air preheating include recuperators,
furnace regenerators and burner regenerators. Other heat exchanger systems used to recover
heat are: economizers, regenerators, and waste heat boilers [37]. The feasibility of these
technologies is limited by having a waste heat stream that can help meet a local heat demand.
Heat streams can be transported over short distances via thermally insulated heat pipes to a
heat requirement, called heat networks. However, over long distances (several kilometres), the
cost of the pipes makes the transporting of the heat stream expensive.

1.4. Scope and structure of the present thesis

This chapter highlights current challenges in meeting energy demand. Using waste heat
to fulfil part of the energy demand decreases carbon emissions, enhances fuel economy, and
further secures energy supply by generating more electricity for the same amount of fuel. Thus,
there is a strong incentive to use waste heat sources. Several sources of waste heat are identified
in Section 1.2, which offer a significant unused energy resource. Global waste heat represents
approximately 245 PJ of untapped energy, with 63% of this energy below 100°C and 79%
below 200°C [14]. Finally, in the previous section, waste heat recovery technologies were
identified and discussed. The existing heat recovery technologies are given in Table 1-1. The
applicability of these technologies is determined by further factors such as cost, size, etc.

ORC is increasingly becoming a principal effective solution in producing energy from
low-grade heat sources due to its simplicity, component availability, maintainability and high
efficiency compared to other cycles [38]. The aim of this thesis is to model and perform the
thermo-economic optimization of ORCs for the recovery of low grade waste heat sources. The
organisation of the work in this thesis is presented in Figure 1.8. The influence of the choice
of the working fluids and the cycle configurations will be studied and the different
combinations will be compared. Every chapter is outlined as follows:

Chapter 2 presents an introductory review on ORC systems, with an overview of their
history, a review of the ORC application, a review of the ORC main component selections.

Chapter 3 focuses on the thermodynamic performance of the reheat ORC with
different working fluid types. The relationship of the main operating parameters, such as
evaporation pressure, reheat pressure and superheat degree to the performance of the reheat
ORC system is discussed. Moreover, the present chapter also considers the possible presence
of an internal heat exchanger within the ORC and its influence on overall system performance.

Chapter 4 deals with the thermo-economic optimization of different ORC
configurations. In order to produce cost-effective cycle designs capable of achieving increased
economic profitability, it is necessary to take into account not only the theoretical
thermodynamic performance of ORCs but also the technological limitations and costs of the
employed equipment components.
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Figure 1.8 Organization of the work in this thesis.
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2. The Organic Rankine Cycle

2.1. Introduction

The ORC is a thermodynamic power cycle suitable for the exploitation of several
different energy sources (geothermal, solar, waste heat sources, etc.) and is particularly
appropriate for medium-low temperature heat sources [39-42]. The ORC finds its origins in
the conventional steam Rankine cycle, the configuration of the ORC is somewhat simpler than
that of the steam Rankine cycle: there is no water-steam drum connected to the boiler and one
single heat exchanger can be used to perform the three evaporation phases (preheating,
vaporization and superheating). The main difference between the organic and the conventional
Rankine cycle is the working fluid used in the cycle. The boiling point of working fluid in the
ORC is much inferior to steam; thus, there is no requirement to achieve high temperatures to
generate vapour for running a micro-turbine or expander. The ORC is characterised by a simple
structure, good flexibility, availability of components, requires less maintenance and for these
reasons it is currently considered the most promising technology for exploiting medium and
low temperature heat sources. [43]. Figure 2.1 presents the schematic and T-S diagram of a
typical ORC.

A typical ORC has four main components: the evaporator, expansion machine, pump
and condenser. The working fluid is compressed in the pump. Next, the liquid is heated and
vaporized in the evaporator, which changes the liquid from liquid to vapour. Subsequently, the
vapour is expanded in an expander which extracts energy from the superheated working fluid
to generate power. Finally, the vapour condenses in a condenser which changes the state from
vapour to liquid again, and the cycle repeats.
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Figure 2.1 Schematic and T-S diagram of a typical ORC.

Due to the thermal stability limit of organic working fluids, an upper temperature bound
in ORC applications is specified, which is typically considered to be 400 °C. Biomass and
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geothermal ORCs are generally considered for larger capacities that typically range from one
to several MW, while the lower temperature limits are about 200 °C and below 100 °C
respectively. Meanwhile, the global lower temperature bound is between 200 °C and 300 °C
for micro-mini combined heat and power systems at a scale of 0.1 to a few kW and waste heat
recovery applications at a scale of a few kW to hundreds of kW. For solar rural electrification
within the same scale, the lower temperature limit is 150 °C. Figure 2.2 shows a range of ORC
applications grouped by energy source, power output and heat source temperature.

Heat source temperature (°C)

Thermal stability limit
L0 R T T T E T LT P T PP ET T LT PPPPT P
Micro and Small WHR Medium WHR
EUORC High T. solar
300
200
50|arl for r.ural High T geothermal
S Medium T geothermal
100 Low T geothermal
OTEC
0
1 kw 10 kW 100 kW 1MW 10 MW

Power output

Figure 2.2 Overview of ORC applications grouped by energy source, power output and heat

source temperature [6].

2.2. Organic Rankine cycle history

The history of ORC systems is pretty long, starting in the first half of the 19th century,
until ORC power systems became a significant niche market in the 21st century power industry.
A brief history of ORC cycles was presented, citing the important events in the development
of this technology. The salient points are outlined below:

1823.

1824

1825

1829

1853

Humphrey Davy suggested the ORC cycle as an alternative to the steam engine.
He suggested the use of liquids that could be vaporized at a lower temperature
in a boiler heated by a condenser and employing the vapour produced in another
engine, and could thus generate more power. This is called a bottoming cycle
[44], [45].

In his work published in 1824, Sadi Carnot already proposed the use of other
substances to replace water [46].

Thomas Howard patented the concept of an engine using alcohol or ether as
working fluid [47].

Ainger suggested cascade cycles of liquids of different boiling points, the boiler
of each liquid operating as a condenser for the next higher fluid in the series, the
external heat source being required only for vaporizing the highest boiling point
liquid [48].

The French engineer Du Trembley created a binary heat engine with steam for
the high temperature engine and ether for the low temperature engine. After
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1883

1904

1907

1923

1935

1939-1940

1952

1958- 1961

1961-1962

1967

evaporating in the boiler and expanding in the cylinders, the steam has released
its thermal energy of condensation to the second engine, causing the ether to
evaporate and expand into another cylinder, producing more work. In this way,
the engine is the first commercial application of an organic fluid [48].

Frank W. Ofeldt patented a naphtha engine, which was essentially a closed cycle
vapour engine using naphtha instead of water as the working fluid. Naphtha was
used as working fluid, lubricant and as fuel for the evaporation of the working
fluid. The engine was developed by the Gas Engine and Power Company, which
announced in 1890 that it had sold 500 ORC engines based on Ofeldt's design
[49].

Willsie built two solar ORC engines using sulphur dioxide, one of 6 horsepower
(4.5 kW), and the other of 15 horsepower (11 kW) [48].

Shuman built a solar ORC engine, using a flat solar collector of 110 m? to boil
ether at temperatures around 120 °C and drive a 3.5 HP (2.6 kW) engine [49].
In Italy, Romagnoli used water at 55 °C to boil ethyl chloride and run a 1.5 kW
engine [49,50].

Luigi D'Amelio, a professor at the University of Naples in Italy, was the first to
use an organic fluid in a real turbine system. He made detailed studies of a solar
power plant based on an ORC engine using monochloroethane as working fluid.
The vapour expansion was ensured by an impulse single-stage turbine, the
evaporation and condensation temperatures were 40°C and 23°C respectively,
with a turbine power of about 4 kW. The estimated thermal conversion efficiency
was of approximately 3.6% [22,49].

D'Amelio's work led to the realization of a 2.6 kW prototype for the conversion
of low-grade geothermal energy in 1939. Based on this prototype, he built an 11
kW geothermal ORC pilot power plant on the island of Ischia, Italy in 1940,
using ethylene as a working fluid. The plant operated for a few years and was
decommissioned in the early 1950s [48,49].

The first commercially operated geothermal power plant was in Kiabukwa,
Democratic Republic of Congo, in 1952. The plant was supplied with hot water
at a temperature of 91°C and a mass flow rate of 40 kg/s from a geothermal
spring. It featured a power capacity of 200 kW, and supplied electric power to a
mining company for a number of years [49,51].

Tabor and Bronicki established the criteria for the selection of suitable organic
fluids to optimize the efficiency of the cycle, in a small engine project, as part of
a program to harness solar energy. The physical properties of the working fluid
were selected according to criteria that related to the characteristics of the heat
source and heat sink, as well as the power output [49,52].

Tabor and Bronicki designed, built, and tested several small solar ORC units 2-
10 kW with monochlorobenzene as the working fluid at 140-150 °C. Some of
these plants are reported to have operated for 12 years without repairs [52].

The second oldest geothermal ORC power plant was commissioned at Paratunka
in the Kamchatka peninsula in 1967. It was a pilot plant exploiting geothermal
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water at 80 °C, rated at 680 kW, and using refrigerant R12 as the working fluid.
It served a small village and some farms with both electricity and heat for use in
greenhouses [49,53].

1975 In 1975, Barber built a 1 kW ORC using R113 coupled to a solar flat-plate
collectors, the evaporation and condensation temperatures were equal to 93 °C
and 35 °C, the efficiency of the ORC module was approximately 7% [49].

1976-1978 In 1976, Agelino, Macchi and Gaia built a 4 kW ORC using perchloroethylene
as working fluid in a saturated cycle.
A medium temperature ORC followed in 1978 by the same group, with an output
of 35 kW, the heat source was thermal oil at 280 °C from a parabolic trough, the
cold sink was water at (25-32 °C), in recuperated cycle [48].

1979 In 1979, McCabe built a commercial 12.5 MW ORC using a dual-fluid cycle in
which two different working fluids (isopentane and isobutene) were used on two
interconnected ORC power plants, one a subcritical cycle and one a supercritical
cycle [51].

1981 By 1981, there were 2150 Rankine engines with 16 different working fluids, built
by about 20 different engine manufacturers [22].

1985 Barber built a geothermal plant of two 700 kW units using evaporative
condensers cooling and a turbine of his design and manufacture in Susanville.
As of 2015 the plant is still in operation [48].

1990s Many of the ORC system manufacturers and component providers are available.
Research continues in the field and new technologies are emerging.

Although the above history of the ORC is only brief, it can give us an overview of the
development history of the ORC cycle.

2.3. Organic Rankine cycle application

ORCs can be used to generate electricity in smaller capacities (starting from only a few
kW) compared to steam cycles and from lower-temperature heat sources (from 90 °C onwards)
[54,55]. ORCs can be applied in many different sectors such as in geothermal energy [56], in
biomass [42], with solar energy [40] and for internal combustion engines [57] which are forms
of waste heat recovery or even in Ocean Thermal Energy Conversion (OTEC) [58].

2.3.1. Geothermal energy

The earth is increasingly warmer the deeper one goes. This underground energy
originating from the centre of the earth, usually referred to as geothermal energy, can be used
to generate electricity and/or for heating processes. Geothermal heat sources are available over
a broad range of temperatures, from a few tens of degrees up to 300 °C. Among the advantages
of geothermal energy over other renewable sources, such as solar, wind and biomass, are its
enormous potential, free of harmful emissions and carbon as well as climate neutral and its
Independency from weather and seasonal conditions [59,60]. Geothermal energy is generally
classified as renewable, and the validity of this definition is subject to the rate of extraction:
only if the rate of extraction from the reservoir does not exceed the reservoir replenishment
rate [61]. The technological lower bound for power generation is about 80 °C (as previously
shown in Figure 2.2). Below this limit, the conversion efficiency becomes very low and
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geothermal plants are not economical [62]. The geothermal energy can be recovered by drilling
deep boreholes (several thousand metres deep depending on the geological formation) and
pumping the hot brine to the surface through a production well. The hot brine can transfer its
heat directly to an organic fluid via the evaporator or to a secondary working fluid through a
second heat exchanger, which increases safety but reduces efficiency. The brine is then
returned to the injection well at a lower temperature. At higher temperatures (>150 °C),
geothermal heat sources enable combined heat and power generation: the condensing
temperature is fixed at a higher temperature (e.g. 60 °C), which allows the cooling water to be
used for district heating. In this way, the overall energy is increased, but at the expense of a
lower electrical efficiency and power production [62]. As the end of 2020, the total capacity of
ORC plants was 4.1 GW, distributed over 2845 ORC units. Geothermal energy attracts most
applications, with an installed capacity corresponding to 77.4 %% of the total. Although in
terms of the number of plants this share is smaller, with geothermal systems tending to have a
higher power output than other applications [63]. Figure 2.3 shows a schematic of a geothermal
ORC binary power cycle. The hot geothermal brine can either transfer its heat directly to an
organic working fluid via an evaporator or to a secondary working fluid through a second heat
exchanger, increasing safety but diminishing efficiency. Next, the geothermal brine is returned
to the injection well at a lower temperature. The working fluid is heated, evaporated, expanded
and passed through the recuperator or Internal Heat Exchanger (IHE) and condenser before
pumped to the evaporator again, and the cycle repeats.

: Brine Pump

Generator

Injection well

Geothermal zone I ooling tower

Figure 2.3 Schematic of a geothermal ORC binary power cycle [64].
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2.3.2. Biomass

Biomass is an energy source, which allows power production with a limited carbon
dioxide emission to the atmosphere. More than 400 ORC units of this type are in operation
[63]. Most often these plants are installed into wood manufacturing sites, and feature the
combined heat and power arrangement, whereby the heat released by the ORC unit, at
temperatures below 100 °C, is used for process purposes (e.g., wood drying), or district heating
[49] . Biomass boilers generally operate with synthetic oil as heat transfer fluid rather than a
direct heat transfer to the working fluid. The use of heat transfer fluid (synthetic oil) has some
advantages such as low pressure in the evaporator, insensitivity to the load changes, this makes
the control and the operation of the cycle safer and simpler. For small biomass units, the
electricity production cost is still not competitive and a combination of heat and power
production is needed to assure the profitability of the investment. As a result, to achieve high
energy conversion efficiency, biomass combined heat and power are often driven by heat
demand rather than electricity demand. In most cases, biomass Combined Heat and Power
(CHP) unit are limited to 6-10 MW thermal power, which is equivalent to 1-2 MW electrical
power, due to the difficulty of transferring the heat over long distances [62]. The rated net
electrical efficiency is generally between 15 and 20 %, while the total energy efficiency can
reach 90% [49]. Most of the ORC biomass systems are binary cycles as shown in Figure 2.4.
The heat from the biomass feed-burner is transferred via the flue gases to the heat transfer fluid
(thermal oil), at a temperature varying between 150 and 320 °C. Then the hot thermal oil is
directed to the ORC evaporator to evaporate the working fluid. Then, the evaporated fluid is
expanded, passes through an IHE and is finally condensed. The condenser is used for hot water
generation.

Generator

Biomass
feed-burner

Air pre-heater| g

Combustion

* Flue gases A
air
l Cooling tower

Figure 2.4 Schematic of a biomass combined heat and power ORC system [64].
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2.3.3. Solar

With an estimated 3.4x10° exajoule of energy reaching the Earth's surface each year,
solar energy is the most abundant source of energy [65]. Concentrating solar power is a proven
technology in which the radiation emitted by the sun is concentrated by a solar collector and
transferred to a high temperature fluid. This heat is then used in the ORC cycle to generate
electricity. A suitable heat transfer fluid, usually a synthetic oil or molten salt, is used in the
solar collectors. The hot fluid finally transfers heat to the working fluid driving the ORC. Two
possibilities for the design of solar power plants in terms of maximum working fluid
temperature can be distinguished. High temperature entails increased conversion efficiency,
but calls for high-cost collectors and large thermal storage. In smaller scale installations
instead, ORCs become competitive with steam cycles. In these plants, a lower maximum plant
temperature is chosen, which allows simpler technological solutions, but leads to a lower
conversion efficiency compared to the first option. The disadvantage of solar energy is its
intermittent nature, which causes an imbalance between consumer demand and the availability
of the heat source. To avoid this, the addition of thermal energy storage is considered to shift
the excess energy from periods of high-insolation to night-time periods or to periods of
unfavourable conditions. These solutions increase the efficiency, reliability and flexibility of
the system. An interesting application of ORCs combined with solar power is the stand-alone
configuration in remote regions, for end-users not connected to the electricity grid. The
implementation of this system has recently been proposed by STG International for a rural
clinic in Lesotho, using built-in-site parabolic trough collectors, monoethylene glycol as the
heat transfer fluid and a R245fa based ORC with a 3kWe power output [66]. This configuration
is intended to replace or supplement diesel generators in off-grid areas of developing countries,
generating clean energy at low cost. Figure 2.5 shows the schematic of the solar ORC power
cycle.

e Working fluid
-------- = HTF

= = 9 Cooling medium

Solar collector
field

Generator

— —

Figure 2.5 Schematic of a solar ORC system [64].
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2.3.4. Waste heat recovery

In many industrial processes, a large amount of energy is discharged into the
environment in the form of hot gases or liquid streams. It is increasingly important to recover
this waste heat to achieve huge energy savings and minimize environmental impact by
improving industrial energy efficiency. Statistical studies indicate that about 50% of the energy
used to generate power is being wasted due to the limitation of the energy conversion process
and a lack of execution of reliable recovery technologies [67,68]. Most of the thermal energy
is wasted at temperatures between 60 and 400°C, with capacity increasing monotonically to
huge amounts at lower temperatures [49]. Generally, waste heat can be found at temperatures
of 300-400°C in industries such as glass, iron and steel, non-ferrous metals, bricks and ceramics
processing. Medium temperature waste heat at 150°C is found in industries such as food,
chemicals, refining and building utilities. Waste heat at low temperatures is easily found in
almost all areas of industry. In [69], the authors present a comparison of ORC with other waste
heat recovery technologies, such as the Stirling engine, thermoelectricity and the Brighton
reverse cycle. The results revealed that ORC is the best performing technology for heat
recovery and power generation using heat sources at temperatures ranging from 200°C to
400°C. In the temperature range (300-400°C), the ORC has to compete with small steam
Rankine cycles which are commonly proposed for these applications.

The cement plants are an example of industrial processes appropriate for the application
of ORCs and some commercial installation are already under operation. In a typical modern
kiln, approximately 23% of the heat input to the system is lost due to waste gases, with the
cooler excess gas and by radiation throughout the entire surface of the system [70]. Moreira et
al. [71] carried out a thermo-economic assessment of ORC system for waste heat recovery in
cement plants. The proposed ORCs were able to produce around (4000-9000) kW and thus
eliminating the production of 221 kgCO>/year). In addition, they pointed that, that the proposed
ORC:s for cement industry waste heat recovery are environmentally interesting and extremely
competitive in terms of their financial and technical properties. The ORC for waste heat
recovery in cement plants is illustrated in Figure 2.6. The working fluid receives heat from the
exhaust gas in the evaporation unit at constant pressure. Next, the working fluid experiences
isentropic expansion in the turbine. Heat is then transferred from the working fluid to the
cooling water in the condenser at constant pressure and isentropic compression of the working
fluid occurs in the pump. Finally, the working fluid returns to the evaporation unit, and a new
cycle begins.

As an energy-intensive industry, the steel energy consumption accounting for 15-20%
of the total industrial energy consumption of China [72]. About 68% of the energy is lost as
waste heat via flue gases and steam discharged from sintering machines blast furnaces,
converters, and reheating furnaces in steel production [73]. The flue gas temperature varies in
the range of 200-450°C that contains a large quantity of middle and high quality waste energy.
In addition, the temperature of the pressurized cooling water exiting the furnace is typically
90°C to 150°C. This hot water is another suitable source of heat recovery. It can be used to
heat offices and buildings or to preheat any other process if required. Also, this moderate
temperature hot water can also be used to generate electricity.
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Figure 2.6 Schematic of an ORC for waste heat recovery in cement industry [71].

On average, about one third of energy generated from the fuel is wasted by exhaust
gases for typical internal combustion engine. For instance, for a typical 2L gasoline engine
used on passenger cars, 21% of the released energy is wasted through the exhaust at the most
common load and speed condition. This rises to 44% at the peak power point [74]. The
integration of the ORC with the internal combustion engine to improve the overall efficiency
of the system is a common commercial practice, and almost all ORC producers offer this
solution in their catalogues. The use of this solution, results in increase of the power output by
3% if the heat is simply recovered from water jacket and by 10% if the heat from the high-
temperature flue gases is utilized [75].

The glass industry is another area of possible application of ORC technology. An
intermediate heat transfer loop can collect thermal energy from the hot gas exiting the oven
that melts and refines the raw materials. Heat can be recovered at temperatures of (400 - 500
°C) down to 200°C [76]. This source is characterized by stable temperature profile and a
constant mass flow rate of the exhaust gases.

2.3.5. Ocean Thermal Energy Conversion

Ocean Thermal Energy Conversion (OTEC) is one of the most typical clean and
sustainable energy technologies which can utilize the temperature difference between warm
surface seawater and cool deep seawater to generate power via ORC. The OTEC concept has
been studied for a long time, though no commercial application exists. It suffers from the
problems of low thermal efficiency and high investment cost and the failures and damaging of
the deep tube [49,75]. In fact, it is necessary to pump a huge deep water flow rate with flexible
pipes which are subjected to relevant stress due to the action of ocean streams and tidal currents.
Experimental research has recently resumed and pilot plants have been built, using ammonia
as the working fluid in a saturated cycle configuration [49]. Technical problems related to deep-
water pipes and pumps can now be solved thanks to advancements in off-shore technology.
Economic viability might be achieved in the future, depending on energy value and policy,
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arguably only with large installations. Some innovative aspects related to OTEC power plants
are presented in literature, an example is the study on the hybridization of an OTEC power
plant with the addition of solar concentrators, and the utilization of complex configuration
(multiple pressure level) for maximum efficiency [77]. Figure 2.7 shows the schematic of the
OTEC system employing ORC for power generation. The organic fluid is pressurized by the
ORC pump to the evaporator, where it is heated by warm seawater and turns to saturated or
superheated vapour. Next, the saturated vapour expands in the expansion machine to generate
power until it becomes low-pressure vapour, which will further condenses to saturated liquid
through the condenser. At last, the saturated liquid working fluid will be pumped back to the
evaporator to finish an entire cycle.

\ 4

Generator

Warm surface
seawater

Figure 2.7 schematic of the OTEC system employing ORC for power generation [64].

2.3.6. Other applications

Other applications attracted some research efforts because the use of an ORC power
system implies several advantages. Even if their use is nowadays confined to niche markets,
the potential upside of these fields is impressive due to high number of possible installations.

An example is the micro-scale ORCs for domestic combined heat and power
applications, which produced by the UK based FlowEnergy Limited [78]. The system,
launched in January 2015, is powered by natural gas and operates with pentane (working fluid)
at a cycle temperature of 150 °C, while it produces hot water for an exterior storage tank. It can
produce up to 1 kWe of electrical power, using a scroll expander connected to a generator, and
a thermal power ranging from 7,4 kW to 14,1 kW [78].

Another filed acquiring more and more attention in recent years is the use of ORC
coupled with heavy-duty diesel engines. The road transport sector, mostly powered by heavy-
duty diesel engines, has been estimated to contribute for 14% to the world global greenhouse
gases emissions in 2014 [79]. They release to the environment large amount of heat since the
efficiency of these devices generally ranges between 40-45% and the thermal power can be
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recovered from different streams having different thermal levels. In particular, heat is available
at low temperature from the charge air cooler and from the coolant and the lube oil and at high
temperature from exhaust gas recirculation. Recovering exhaust gas recirculation heat (as well
as engine cooling jacket water heat) is helpful in particular for the vehicle cooling circuit, as
the heat that should be rejected to the coolant, and then to the ambient through the cooling
pack, is used to produce additional useful power.

Another important advantage of ORC technology is the possibility of producing small
amounts of power in remote areas, like arctic areas or offshore and on shore platforms. In
remote areas, the conversion of solar energy in electricity could be an important option to
enhance the development of rural communities. Compared to the main competitive technology,
the photovoltaic collector, Solar ORCs have the advantage of being more flexible and allow
the production of hot water as a by-product.

2.3.7.0rganic Rankine cycle world capacity

On a worldwide scale, the total installed capacity of the ORC is equal to 4.1 GW,
distributed over 2845 power plants, considering all the possible applications [63]. In Figure
2.8 geothermal is the most diffuse applications for ORC and it contributes to 77.4% of all ORC
installed capacity worldwide. An almost equivalent share for waste heat recovery 11.6% and
biomass application 10.1% and a minor contribution of the other applications (total 0.93%):
waste-to-energy 0.7%, solar 0.2%, remote application 0.03%.

Geothermal @ Waste heat recovery E Biomass [ Waste to energy B Solar @ Remote application

Figure 2.8 Total installed capacity of the ORC grouped by application [63].

Figure 2.9 presents the installed capacity (Figure 2.9 (a)) and the cumulative installed
plants (Figure 2.9 (b)) in the period 1975 to 2020 divided by applications and increase between
2016 and 2020. It is worth noting that the trend is firmly increasing and that from the last
analysis in 2016 the global ORC market increased by 40 % (+1.18 GW) in terms of installed
capacity and 46 % (+851) in terms of installed plants. Actual capacity installed is close to 4.1
GW with more than 2800 installed plants. It is worth to highlight that the installed capacity by
year remains relatively low (below 100 MW) until 2008 when it started to rapidly increase by
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reaching a maximum value close to 400 MW in 2015 and then stabilizing around 300 MW.
Main contribution to the soar of ORC installed capacity is due to geothermal application
followed by biomass - especially between 2000 and 2012 - and by waste heat recovery in recent
years. Regarding the installed plants, the annual trend is less constant and some peaks appear
in the past represented by the installation of a large number of remote units (micro-scale, about
1 kW), while a quick growth is achieved in last two years thanks to small-scale waste heat
recovery installations. Current cumulative ORC installed plants is dominated by waste heat
recovery 34.5%, and remote 32.3% applications followed by biomass 16.2 %, and geothermal
application 15.3 %. Solar and waste-to-energy have a small number of plants equal to 1% and
0.7% of the overall market, respectively.
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Figure 2.9 Historical trend of cumulated ORC installed capacity (a) and installed plants (b) divided by applications and
increase between 2016 and 2020 [63].

Figure 2.10 depicts the market increase in 2016-2020 divided by applications in terms
of installed capacity (a) and plants (b). The highest increase in terms of capacity is due to
geothermal applications (+970 MW, +45%) while a minor contribution in terms of capacity is
due to waste heat recovery, biomass and waste to energy. The latter three fields of applications
also show good relative increases between 20% and 36%. Finally, solar capacity has doubled
during the last four years but still has a nearly negligible contribution to the overall ORC world
market. Regarding installed plants (Figure 2.10 (b)) in the last four years, the largest share is
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due to waste heat recovery, which increases its installations by 628 plants (+207%), while the
other applications increase their units by (9 - 25%).
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Figure 2.10 Market increase in 2016-2020 divided by applications in terms of installed capacity (a) and plants (b)
[63].
2.4, Organic Rankine Cycle main components

The ORC systems utilizing low temperature heat resources tend to have a low and
limited system efficiency [51,62]. The ORC is made mainly by four classes of components: the
heat exchangers, the expander, the pump, and the generator unit. The selection of the expander
is an important decision because it is a critical component in a relatively efficient and cost-
effective ORC system [80]. Moreover, the total cost of heat exchangers dominates the total
power plant investment cost in an ORC system [48]. Hence, the right selection of the turbines
and the heat exchangers are very important factors to obtain the optimum ORC design. Beside
them, many other components are usually required for a safe and stable operation of the system
and for its control. A short list of the components usually present on ORCs is presented in this
section.

2.4.1. Heat exchangers

The heat exchanger classification depends on several factors: transfer process, number
of fluids, surface compactness, construction, flow arrangements and heat transfer mechanisms
[81] to meet the different fluid properties and operating requirements. They are divided into
four classes: tubular, plate, extended surface and regenerative. There are three common heat
exchanger types used in the ORC system, namely the shell and tube heat exchanger, the plate
heat exchanger, and the air-cooled condenser. Large-scale ORC systems typically use shell and
tube heat exchangers and the small-scale systems use plate heat exchangers due to their
compactness [62,82]. Table 2-1 provides brief summaries of the main criteria for preliminary
selection of heat exchanger types [83]. The main factor of initial selection of the type of heat-
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transfer equipment is recommended based on economics considering the same thermal and
hydraulic requirement among the available types of the heat exchangers [83]. In addition,
maintenance, safety, health, and environmental protection should also be considered during
selection to ensure that there are no serious problems due to these aspects.

Table 2-1 Criteria for the preliminary selection of the appropriate heat exchanger type [83].

Maximum

T t N | Flui
Bt pressure T Limtatons < feawres
yp range (Mpa) g g
Shell-and-tube 30 -200-600+ o000 Materials of very adaptable,
construction many types
Limited to Modular
Gasketed plate 0.1-2.5 -25-175 1-2500 Gasket material,  construction,
avoid gas flow minimal area cost
Use for heat
. Variable in Variable in Materials of rejection,
Air-cooled tube side tube side 6-20,000 construction standardized
design

The principal advantages of plate heat exchangers are minimal risk of internal leakage,
compact design, efficient heat transfer, inexpensive materials, ease of control over pressure
drops and ease of maintenance [84] as well as availability in a small scale. A small scale of
ORC plants [62,82,85,86] use the plate heat exchanger, because the plate type is available with
more competitive prices in the markets than shell and tube type. The shell and tube exchanger
is the most widely employed type of heat exchanger in the process industry for at least 60% of
all heat exchangers used today [83]. Many ORC power plants utilize shell-tube heat exchangers
because these types provide relatively large ratios of heat transfer area to volume and weight
and are easy to clean. They offer great flexibility to meet almost any service requirement and
can be designed for high pressures relative to the environment and high pressure differences
between fluid streams [84]. Several studies of ORC plants use these types in their systems
[87,88]. In case of lack of cooling water supply at an ORC plant site, an air-cooled condenser
is the solution. Air is used to cool and condense liquid streams in finned fan heat exchangers.
The tubes are arranged in banks, with the air being pushed through the tubes in a cross flow by
fans. Thus, no shell is needed, fouling on the outside of the tubes does not occur. However, the
cost of the air-cooled condenser is very high, because the exchanger type requires the largest
area of condenser options. This is due to the fact that air has significantly less favourable heat
transfer properties than water, such as water has over 4 times higher specific heat (Cp, water
=4.19 kJ/kg°C and Cp, air =1.0 kJ/kg°C) and water is 830 times denser than air (the density of
water and air at 15 °C is 999 kg/m? and 1.2 kg/m®).
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Figure 2.11 Classification of heat exchanger [89].
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Typically, for high-temperature sources, complex working fluids are used that involve
small temperature drops along the expansion path and significant thermal energy available at
turbine discharge. A recuperative preheating of the pumped liquid is important to achieve high
efficiencies, resulting in limited temperature differences in the evaporator and reducing heat
release to the environment. The Recuperator is commonly formed by a finned tube heat
exchanger to improve the film transfer coefficient on the tube external side, where vapour
flows. Recuperators are realized by several liquid circuits arranged in different staggered rows
that form a tube bank. The tubes are finned with continuous plates, the organic liquid flows
perpendicular to the vapour and multi-passage paths are usually adopted. The fins are always
made of copper unless for aggressive fluids like ammonia, while the material of the tubes
depends on the operating temperature. For temperatures below 200°C, the tubes are made of
copper while 90/10 cupronickel is used for higher temperatures. The recuperator is placed after
the turbine diffuser to reduce the pressure drop in the piping between the two components.

2.4.2. Expansion machines

Performance of the ORC system strongly correlates with that of the expander. The
selection of the machine is based on the operating conditions and on the size of the system.
Expanders, in general, can be categorized into two types: one is the velocity type, such as axial
turbine expanders; the other is the volume type, such as screw expanders, scroll expanders and
reciprocal piston expanders [90]. Similarly to refrigeration applications, the volume type
machines are more appropriate to the small-scale ORC units, because they are characterized by
lower flow rates, higher pressure ratios and much lower rotational speeds than velocity types
[91]. According to Chys et al. [92] expanders are classified based on power range: micro system
(0.5 - 10 kWe), small system (10 - 100kWe), medium system (100 — 300 kWe) and large
systems (300 kWe - 3 MWe).

2.4.2.1. Turbines

Turbomachinery consists of a series of stages, each one consisting of a stator and a
rotor. In the stator, the fluid accelerates in converging static channels. Then it enters the rotor
where it will possibly further expanded and deflected exchanging momentum with the turbine
blades. Rotor disks are connected to the turbine shaft. Based on the relative motion of the fluid
with respect to the shaft, turbines can be classified into: axial flow, radial inflow.
Turbomachines are appropriate for medium/large power plants and their typical power output
range is between 100 kW and 15 MW. Axial turbines for power output higher than 0.5 MW
are the most common choice in the ORC field [48].

2.4.2.2. Volumetric expanders

If the power output is less than 100 kW, designing an efficient turbomachine is quite
difficult and the use of positive displacement devices may be advantageous. In these machines,
pockets of fluid are trapped during rotation, expanded and then discharged. The major types of
volumetric expanders are the piston, the scroll, the screw and the vane expanders. These
components are cost-effective because they are derived from the refrigerant compressor market
and can benefit by large scale economies. Furthermore, they can expand a two-phase fluid with
less corrosion issues compared to a turbomachine. The main limitation of these devices is the



Chapter 2: The Organic Rankine Cycle

difficulty of achieving multiple stage expansion and low efficiency in the presence of a high
volume ratio. Both effects restrict the maximum evaporation temperature of the cycle,
especially if a highly critical temperature fluid is used.

Quoilin et al. [93] proposed a selection guidance based on allowed power range for
each application (low and high temperature waste heat recovery, low temperature solar plant,
high temperature combined heat and power) and each type of expansion machine in Figure
2.12. The comparison of various types of expanders suitable for ORC system is shown in Table
2-2.
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Figure 2.12 power range for the low temperature applications and each type of expansion machine [62].

Table 2-2 Comparison of various types of expanders suitable for ORC system [80].

Capacity

Type i
yp range (kW) Cost Advantages Disadvantages
Radial-inflow _ Light weight, _n_1ature _ High cc_)st, low e_fficiency in
. 50-500 High manufacturability and high off-design conditions and
turbine .
efficiency cannot bear two-phase
High efficiency, simple Low Capacity, lubrication
Scroll 1-10 Low manufacture, light weight, low and modification
expander rotate speed and tolerable two- requirement
phase
Screw Tolerable two-phase, low rotate  Lubrication requirement,
15-200 Medium speed and high efficiency in off-  difficult manufacture and
expander . g
design conditions seal
. . High pressure radio, mature Many movement parts,
Reciprocating . . .
. . manufacturability, adaptable in heavy weight, have valves
piston 20-100 Medium . . .. .
variable working condition and and torque impulse
expander
tolerable two-phase
Tolerable two-phase, torque Lubrication requirement
Rotary vane . .
1-10 Low  stable, simple structure, low cost and low capacity
expander .
and noise
2.4.3. Pump

Pumps are generally divided into two large categories: kinetic (including centrifugal
and peripheral) and positive displacement (including reciprocating and rotary). For positive
displacement pumps, the flow rate is approximately proportional to the rotational speed, while
for centrifugal pumps, it also depends on the pressure difference between the evaporating and
condensing pressures. ORC pumps are generally multistage variable speed centrifugal pumps
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and their design is relatively simple due to the extensive knowledge and use of this component
in the power generation, chemical and refining industries. Depending on the cycle
configuration, fluid selection and cycle design parameters, the pump may show a consumption
that represents a relevant part of the total turbine power output (up to 20-30% for supercritical
cycles with high critical pressure fluids) [48]. In this case, the pump efficiency is an important
parameter and the component must be carefully designed to achieve a higher cycle efficiency.

2.4.4. Generators, gear boxes

The generator converts mechanical energy into electricity; it normally rotates at the grid
frequency and is directly connected to the expander. However, in the ORC field, the variety of
working fluids and applications results in expanders having very different optimal rotation
speeds. Large plants typically require slow machines while small ORCs require super-fast
radial flow turbines. Alternatively, a gearbox can be used between the turbine shaft and the
generator shaft. The same component can be used for applications requiring a fast turbine, but
above certain gear ratio, the use of a gearbox is not suitable due to the high mechanical losses.

2.5. Cycle configuration

In the ORC field, only a few plant layouts are used on the market while other
configurations are proposed in the scientific literature for specific applications. ORC cycles
can be divided into two major categories, which are single pressure level cycles and multi-
pressure levels cycles; single pressure level cycles can be further divided into subcritical and
supercritical (or trans-critical) cycles, while only subcritical configurations are adopted for
multi-pressure levels cycles. Besides these two main groups, two other cycles are the triangular
cycle and the complete flash cycle.

2.5.1. One pressure level cycles

It is the simplest plant layout and it has the minimum number of components: a pump,
a turbine, a condenser and an evaporator. Depending on the size of the plant, the configuration,
and the working fluid, the heat exchanger (evaporator) can be formed by a single once through
heat exchanger or by different units. In particular, if the cycle is a supercritical one or if a
mixture of fluid is used, the once-through heat exchanger is the only option; conversely, for
big subcritical power plants a physical division in economizer, evaporator, and possibly super-
heater is usually adopted. Because of its simplicity and good efficiencies, make this type of
cycles the first option for many different applications. This configuration is divided into two
families according to the same plant layout, namely subcritical and supercritical cycles.

2.5.1.1. Subcritical cycles

A subcritical cycle has a maximum pressure that is lower than the critical one. In the
literature, this type of ORC cycle is called basic or simple ORC. The improvement scheme of
the ORC considered in this study uses the concept of process integration of the basic ORC with
an internal heat exchanger (IHE), reheating and regeneration; which have been used in the
traditional steam power plants.

When the expander expansion process terminates in superheated region, the integration
of an IHE at the exhaust of the expander might be beneficial for preheating the working fluid
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before it enters the evaporator. The integration of an IHE, which extracts the remaining latent
heat at the expander’s exhaust would reduce the heat exchanger and condenser loads, and as
well improve performances. Figure 2.13 depicts the schematic diagram and the T—s diagram
of the ORC with IHE. It comprises five key components, which are the feed pump, evaporator,
expander, IHE and condenser. The latent heat extracted from the superheated vapour—liquid at
the expander outlet by the IHE is used to preheat the sub-cooled liquid at the feed pump outlet
(state 2 - 3). Afterward, the fluid is heated to its saturated temperature (state 3 - 4) by a heating
medium in the heat exchanger at constant pressure and is being injected into the expander (state
4 - 5), where shaft work is produced. Subsequently, the latent heat of the resulting vapour—
liquid content is being bled (state 5) and condensed (state 6 - 1) by a cooling medium in the
condenser to start the new cycle.

THm

Tvaporator

Temperature

2 ] 1
Pump Condonser e ater out

Entropy
Figure 2.13 Schematic and T-s diagrams of ORC with IHE (ORC-IHE).

The reheating is a technigque used to increase the expansion work of a thermodynamic
cycle or process. The expansion process is completed in stages while the reheating of the
working fluid is in between these stages. Generally, it is admitted that increasing the boiler
pressure in a simple Rankine cycle using a wetting fluid such as steam increases the efficiency
of the power plant. Once the working fluid used in an ORC is a wet fluid for instance water, a
reheating would be required to improve fluid dryness because it becomes saturated after an
enthalpy drop in the expansion machine while the fluid droplets impingements on the blades
of the expansion machine during expansion pose a threat of damage. Thus, to improve fluid
dryness, the expansion process is divided into two, and a reheating is introduced between both
expansion stages. The reheat ORC is a modification of the simple ORC, in which the working
fluid is expanded in the expander in two stages and reheated in between. Figure 2.14 depicts
the schematic cycle configuration of the reheat ORC. It comprises five key components, which
are feed pump, heater, high pressure (HP) turbine, low pressure (LP) turbine and condenser.
Like the simple ORC, the high pressure saturated fluid is first expanded in the HP expander
(state 5 - 6) and the medium pressure fluid is then returned to the heater where it is reheated to
its saturated temperature (state 6 - 7) by a heating medium. Afterwards, the medium pressure
saturated fluid is expanded in the LP expander (state 7 - 8); where shaft work is produced, with
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the resulting vapour—liquid content then condensed (state 8 - 1) by a cooling medium in the
condenser to start the new cycle.
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Figure 2.14 Schematic diagram of reheat ORC.

The regeneration is the process of transferring energy within a cycle from a working
fluid at high temperature in part of the cycle to a lower temperature in another part of the cycle
to reduce the amount of external heat transfer that is required to power the cycle. This technique
is used to raise the temperature of the liquid leaving the pump (by the latent heat of the feed
fluid) before it is heated by the heating medium in the heat exchanger. For instance, in steam
power plants, ‘extracting’ or ‘bleeding’ steam at different points from the turbine is performed
to attain a practical regeneration process. This steam, which could have produced more work
by expanding further in the expansion machine, is used to preheat the feed water instead [94].
The regenerative ORC is a modification of the simple ORC, which is accomplished by
‘extracting’ or ‘bleeding’ vapour from the expander. Figure 2.15 presents the schematic cycle
configuration of the regenerative ORC and the T—s diagram of its thermodynamic process. It
illustrates the system working principle with a bleed point for preheating the working fluid in
an open feed fluid-heater. A fraction of the vapour flow rate is bled (point 6) at the intermediate
pressure between the heating and the condensing pressure, which is directed to the heat
exchanger to preheat the pressurized feed fluid. The working fluid is pressurized with the
condensate pump (state 1 — 2), then preheated in the feed fluid-heater (state 2 — 3) and is being
pressurized to a high pressure with the feed pump (state 3 —4). The high pressure fluid is heated
(state 4 - 5) by a heating medium in the heat exchanger and injected into the expander (state 5
—7); where it is expanded, with the resulting vapour—liquid content being bled (point 6) for the
preheating of the working fluid (at point 2) and condensed (state 7 - 1) by a cooling medium in
the condenser to start the new cycle.
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Figure 2.15 Schematic and T-s diagrams of regenerative ORC.

25.1.2.  Supercritical cycles

A supercritical cycle is a cycle with a maximum pressure higher than the critical one.
In the literature, this configuration is called supercritical cycle [95-98] or transcritical [99—
101]. Working fluid is heated up from a subcooled liquid region to superheated vapour with a
smooth transition above the critical point. There is no phase change and all the physical and
thermodynamic properties vary without discontinuity in the heat introduction process. The
supercritical ORC can lead to higher efficiency mainly for low critical temperature fluids for
medium and high temperatures of the heat input [95,102]. The proper selection of the working
fluid and operating parameters lead to a heating curve that matches the temperature variable
heat source well, thus reducing the overall logarithmic temperature difference and the
efficiency losses caused by the heat input with limited temperature differences. However, this
configuration of the ORC also presents some challenges to overcome. However, some
disadvantages of the supercritical process have to be considered such as operation at high
pressure compared to the subcritical cycles, safety concern and expensive investment cost due
to special materials of the system. Moreover, an experimental study conducted in investigating
the performance of ORC using low-temperature heat resources under (<100 C°). The authors
concluded that supercritical operation was difficult to be achieved [103].
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Figure 2.16 Schematic and T-s diagrams of supercritical ORC [104].
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Figure 2.16 shows a schematic of the cycle and the T-s diagram of the system. The
organic fluid exiting the condenser is pumped above its critical pressure and then heated in the
evaporator to the turbine inlet temperature by the heat source. The supercritical organic fluid
is then expanded in the turbine to the condenser pressure, generating power before entering the
condenser to be condensed back to the saturated liquid state.

2.5.2. Two pressure levels cycles

Having a multi-pressure heater in an ORC can improve the performance of the cycle by
achieving a smaller average temperature difference between the two fluids, thus reducing the
thermodynamic losses in the heat exchangers [105]. This kind of cycle can achieve higher
efficiency compared to subcritical one level cycle and performances similar to the supercritical
ones. The adoption of two pressures of evaporation allows following better the variable
temperature heat source but it requires more expensive equipment: including a second set of
heat exchangers, pump, and turbine and a more complicated plant layout. Figure 2.17 presents
the schematic cycle configuration of the dual pressure ORC and the T—s diagram of its
thermodynamic process. The working fluid is condensed into a saturated liquid in the
condenser, and then it is divided into two parts after pressurization by a low-pressure pump.
One part goes into the Low Temperature Evaporator (LTE), and the other part goes into the
High Temperature Evaporator (HTE) after pressurization by a high-pressure pump. The
working fluid evaporated in the HTE enters the high pressure turbine to expand. The working
fluid evaporated in the LTE is mixed with the high pressure turbine exhaust, and the mixed
working fluid enters the low pressure turbine to expand. Finally, the working fluid at the outlet
of the low pressure turbine enters the condenser to be condensed back to the saturated liquid
state.

An example of applications where two or more pressure level cycles might be profitable
is deep geothermal reservoirs with high exploration and drilling costs, and industrial waste heat
recovery from plants like cement and steel production industries. An example of the
comparison between one level and two pressure level cycle for geothermal application is
reported in reference [106]. A two-pressure levels cycle in the most general configuration can
be superheated on both evaporation levels and it can present an IHE on both levels. Finally,
turbines can be arranged in series or in parallel depending on the two temperatures of
evaporation and the mass flow ratio between high and low pressure streams.
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Figure 2.17 Schematic and T-s diagrams of dual pressure ORC [107].

2.5.3. Trilateral cycles

The trilateral cycle system is basically a power plant in which expansion starts from the
saturated liquid rather than the saturated, superheated or supercritical vapour phase. In such a
configuration, the transfer of heat from a heat source stream to the working fluid is achieved
with a high degree of temperature matching [108]. Theoretically, the trilateral cycle has a lot
of advantages in term of the efficiency and simplicity in configuration, which has made it
become a subject of novel research. Moreover, the heat transfer without pinch-point limitation,
there are thermal matching between the exergy of the temperature profiles of the heat source
and the working fluids. However, the main challenge for the successful implementation of this
configuration concerns the design of two-phase expanders with good isentropic efficiency,
which must be higher than 75% [109].
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Figure 2.18 Schematic and T-s diagram for trilateral cycle [108].

The schematic and T-S diagram of trilateral cycle system are depicted in figure 2.18.
The trilateral cycle system consists of a heat exchanger, a condenser, a pump and a two-phase
expander. The working fluid is first pumped from the low pressure to the high pressure by the
pump. The working fluid is then heated to the boiling point by absorbing heat from the hot
source in the heat exchanger. At saturated liquid, the working fluid directly enters the two-
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phase expander to deliver work. The resulted vapour-liquid mixture is then fully condensed in
the condenser.

2.5.4. Organic Flash Cycle

For trilateral cycles, there are some transformations and organic flash cycle is one of
the most important system, which can potentially replace the two-phase expander required in
trilateral cycle and therefore reduce the capital cost of the system. Flash cycles have been
traditionally implemented in geothermal direct steam plants. Heat is transferred to the ORC
until the working fluid reaches a saturated liquid state. In the heat exchanger, boiling of the
working fluid is avoided, resulting in a better match between the temperature profiles of the
heat carrier and the working fluid. The fluid would then be flash evaporated to produce a two-
phase mixture, and the saturated vapour would be separated and then expanded to produce
power. The liquid phase is directly returned to the condenser. In order to increase the mass flow
rate of vapour, several flash tanks can be connected in series. A schematic of the organic flash
cycle configuration and its T-S diagram are shown in figure 2.19.

a

Saturated Vapor

Flash
Evaporator

§ Heat

Exchanger

3
=cf T

Generator

Turbine

Saturated
61 Liquid

Mixer

Throttling
Valve

1 8
9
@—W
A
- Condenser S

Figure 2.19 Schematic and T-s diagram for Organic Flash Cycle [110].
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2.6. Working fluid

For the design of the ORC cycle, one of the most important steps is the identification
of the appropriate working fluid as the thermo-physical properties of the working fluids
strongly influence the efficiency of the system, the sizes of the system components, the design
of expansion machine, the system stability and safety and environmental concerns [111-113].
For the Rankine cycle in general and the steam cycle in particular, water is a perfect working
fluid with good properties, i.e. it is abundant, cheap, chemically stable, thermally stable, non-
toxic, non-flammable; it has low viscosity, zero ODP, zero GWP. However, this fluid cannot
be economically used for electricity generation from a low temperature heat source due to the
relatively high phase change temperature (100°C) at atmospheric pressure. In addition, the use
of water as a working fluid also has some disadvantages: Need for high superheat to avoid
condensation of the fluid during the expansion stage of the Rankine cycle and complex and
expensive turbines.
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Various kinds of substances can be used as working fluids in Rankine cycles [19,40].
The working fluids in the ORC system can be classified into several categories depending on
the classification method. Below are summarized main families of potential fluids for ORCs.

Alcohols: methanol, ethanol.
e Inorganic fluids: Water (R718), Carbon dioxide (R744) and Ammonia (R717).

e Hydrocarbons (HCs): natural flammable substances able to react with halogens:
Propane (R290), Propyne, Isobutane (R600a), Isopentane (R601a), Benzene, etc.

e Perfluorocarbons (PFCs): fully fluorinated HCs. e.g. R116, R218.

e Chlorofluorocarbons (CFCs): all hydrogen atoms in a hydrocarbon molecule are
replaced with chlorine, fluorine or bromine. e.g. R12, R113, R115.

e Hydrofluorocarbons (HFCs): partially halogenated and chlorine free HCs. e.g. R134a,
R152a, R236ea.

e Hydrochlorofluorocarbons (HCFCs): partially halogenated hydrocarbons. e.g. R22,
R141b.

e Ethers and Hydrofluoroethers (HFESs): e.g. HFE7000, RE170, HFE7100.

e Siloxanes, e.g. Octamethyltrisiloxane (MDM), Hexamethyldisiloxane (MM),
Octamethylcyclotetrasiloxane (D4).

e Mixtures:

Azeotropic mixtures: mixtures of two or more compounds possess the same equilibrium
vapour and liquid phase compositions at a given pressure. e.g. R500, R502.

Zeotropic mixtures: mixtures of two or more compounds that change volumetric
composition and saturation temperature as they boil. e.g. R404, R407.

The working fluids could be categorized according to the saturation vapour curve in the
temperature-entropy T-s diagram, which is one of the most crucial characteristics of the
working fluids in an ORC. This characteristic affects the fluid applicability, cycle efficiency,
and arrangement of associated equipment in a power generation system. Based on the slope of
the vapour saturation curve on the T-s diagram, there are three kinds of working fluids: dry,
isentropic and wet fluids, see Figure 2.20. A dry fluid with positive slopes, a wet fluid with
negative slopes, and an isentropic fluid with nearly infinitely large slopes. Wet fluids need to
be superheated before flowing into the turbine. If the fluid comes to the turbine as a saturated
vapour, it drops under the dome region after expansion, which can cause degradation of the
turbine blades. Typically, the minimum dryness fraction at the outlet of a turbine is kept above
95% [114]. Despite the fact that the superheat can help to improve the system efficiency, it is
considered a drawback due to the low heat exchange coefficients that lead to large and
expensive exchangers [111]. On the other hand, the isentropic and dry fluids do not need
superheat, and as a result, turbine degradation can be avoided. If the fluid is “too dry”, the
expanded vapour will leave the turbine with substantial “superheat”, this is considered a waste
and increases the cooling load in the condenser [19]. A recuperator is very often used to recover
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energy from the superheated steam leaving the turbine to preheat the working fluid before
entering the evaporator. This recovery improves the efficiency of the system but also increases
the complexity and therefore the capital cost of the system, which exists trade-off. In the work
of Hung et al. [41], isentropic fluids are generally considered the best candidates for recovering
low-temperature waste heat. In their latter study [115] on the effect of types of the saturation
vapour curve for a fluid on system efficiency and irreversibility, the results indicated that wet
liquids with steep saturated vapour curves in a T-S diagram have better overall energy
conversion performance efficiency than dry fluids and isentropic fluids.
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Figure 2.20 Three types of working fluids: isentropic, wet and dry.

2.6.1. Criteria and methodology for fluid selection
2.6.1.1. ldeal working fluid

Badr et al. [116] presented an early study on the working fluids selection for an ORC,
and discussed the properties that a working fluid should ideally have. It is quickly established
that no single working fluid meets all the required criteria, and it is often up to the designer to
choose a fluid according to their selection criteria. The desired properties discussed are
summarized in the following list. These same selection criteria have been reiterated within a
number of more recent research papers [55,62,80].

e The working fluid must result in an optimal thermal cycle efficiency resulting
in an optimal conversion of the input heat into power.

e The evaporation pressure should not be excessive, moderate pressure is
recommended in order to avoid mechanical stress problems.

e The condensation pressure should be kept above atmospheric pressure to avoid
the requirement of operating the condenser under a vacuum. Therefore, for
safety and economic reasons, the pressure in the heat exchange units should be
kept above one bar for condensers and below 25 bars for evaporators.
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e The triple point must be well below the minimum ambient temperature that is
desired. This ensures that the fluid does not solidify at all operating points of
the system.

e Low viscosity, high latent heat of vaporisation and high thermal conductivity of
the working fluid are preferred. These properties ensure that pressure drops
across exchangers and auxiliary pipes are low and that the heat exchange rate in
exchangers is high.

e A good fluid should have low vapour and low liquid specific volumes. These
properties affect heat transfer rates in heat exchangers. The vapour specific
volumes relate directly to the size and cost of the expander.

e The slope of the fluids saturated vapour line should be close to vertical.
e The fluid should be non-corrosive.

e The working fluid must be chemically stable at all temperature levels used in
the system. The thermal decomposition resistance of the working fluid in the
presence of lubricants and container materials is an important criterion.

e Non-toxicity, non-flammability, non-explosiveness and non-radioactivity are
also desirable characteristics.

e The fluid should have good lubrication properties.
e Low cost and high availability are desired.

Along with serious environmental problems (e.g. climate change, ozone depletion,
etc.), environmental criteria (ODP, GWP) are increasingly cited in the work [40,42,117,118]
of the ORC fluid selection. Due to the Montreal and Kyoto protocols, a number of potential
working fluids have already been banned, with others set to be phased out. A possible working
fluid should therefore have a low environmental impact with a low GWP, a low atmospheric
lifetime, and a low ODP. With a large number of design criteria to meet and a large array of
possible working fluids available, it is inevitable that a number of researchers have attempted
to classify working fluids in a bid to recommend which working fluids would be optimal for
particular applications. Tchanche et al. [40] coupled a thermodynamic ORC model with
working fluid considerations in order to recommend fluids for a low temperature solar ORC
working with a heat source temperature of 90°C. It was concluded that no fluid successfully
met all criteria, but R134a was suggested as the most suitable candidate for this application,
although R152a, butane and isobutane were also suggested as suitable candidates. Required
main characteristics of organic working fluids are illustrated on Figure 2.21.
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Figure 2.21 Required main characteristics of organic working fluids [119].

2.6.1.2. Methodology

In reality, there is no one fluid that satisfies all the criteria of the ideal fluid discussed
above. Therefore, a compromise must be adopted for each particular application. As already
mentioned in the literature [40,120], the selection of working fluids for the ORC is carried out
through several steps. The general procedure for the identification of potential working fluids
for the ORC involves the following steps:

1. Data collection (conduct a state of the art survey of working fluids).
2. First selection taking into account the following criteria:
e Environmental properties of the fluids.
e Safety/health: flammability, toxicity.
e Chemical, thermal stability: the stabilities of the fluids at the maximum cycle
temperature are important criteria for the selection of working fluids.
e Cycle operating conditions.
e Thermo-physical properties from heat source and cold sink temperature level data, type
of ORC used (subcritical or supercritical).
e Auvailability, compatibility with materials and lubricating oil, and cost.
3. Modelling the system with the pre-selected fluids.
4. Thermo-economic optimization taking into account environmental and economic criteria.
5. Decision and classification.
A comprehensive list of working fluids for waste heat recovery applications, with their
classification and properties, is included in appendix 1.

A summary of the most relevant publications about ORC working fluid selection is
reported in Table 2-3.
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Table 2-3 Recommended fluids for different applications, working conditions and performance indicators.

Reference  Application  THot Performance indicators Recommended fluid
[40] o Efficiencies, volume flow rate, mass flow rate,
Solar 90°C pressure ratio, toxicity, flammability, ODP and GWP R134a
[118] Combined
heat and - Thermodynamic performance of the cycle Ethanol, R123 and R141b
power
[54] Power output per unit mass flow rate of hot source
Geothermal ~ 90°C  Total heat transfer area to net power output R236ea, E170, R600,
- h R141b
Electricity production cost
[56] Thermal efficiency and exergy efficiency
Geothermal ~ 90°C High recovery efficiency ) R123, R218, R152a
Heat exchanger area per unit power output
levelized energy cost
[121] Waste heat Maximum net power output, suitable working -R114, R245fa, R123,
150°C  pressure, total heat transfer capacity and expander size ~ R601a, n-pentane, R141b
recovery
parameter and R113
[122] ~ Wasteheat 700 pyorgy efficiency R11, R141b
recovery
[123] Waste heat o .
recovery 120°C  Exergy efficiency R600a
[124] 110°C
Geothermal  130°C  work output per unit mass of geothermal hot brine R32, I|?134a and
150°C propylene
[125] 120- . R143a, RC318 and
Geothermal 180°C Exergy efficiency R236ea
[126] Waste heat o
recovery 170°C  Net power output R1234yf
[127] Geothermal ~ 160°C Exergy efficiency, Specific Investment Cost, Net R245fa
Power Output
[128] Geothermal  150°C  Exergy efficiency, Cost per net output power R141b
[129] 90°C
- 120°C  Net power output Eiﬁi?g:e R1234z¢(e),
150°C
[130] Waste heat 150°C Exergy efficiency and system total cost per unit net R245¢a, R365mfc
recovery power output
2.7. Organic Rankine Cycles optimization

The main challenge in designing an ORC is the large number of possible combinations
of variables: the number of possible working fluids, even if only pure liquids and not mixtures
are considered, is more than 50 and the number of cycle configurations is not negligible too.
At this stage, the characteristics of the heat source and heat sink, the size of the plant, and the
expected performance must be considered, along with any other technical limitations, in order
to exclude certain working fluids, cycle configurations, or to set certain design parameters to
reduce the computational time needed to make the optimization procedure. For example,
maximum cycle pressure or the need to avoid condenser vacuum may influence the choice of
cycle configuration by limiting the investigation to certain plant configurations or working
fluids. In other applications, such as automotive engine exhaust heat recovery, a lightweight
installation and small occupied volume requiring simple installation layouts with a limited
number of components are required. Remote applications, such as small solar power plants in
a rural setting require simplicity, reliability and low maintenance costs. At the end of this step,
a number of favourable working fluids and plant layouts to exploit a given heat source are pre-
selected. The search for their optimal combination is carried out in the next step.

39



Chapter 2: The Organic Rankine Cycle

For each combination of working fluids and cycle configuration, a plant optimization
must be performed to determine the best ORC system according to a certain objective function.
For the general system, many cycle parameters must be specified and most of them must be
optimized to maximize or minimize the selected parameter. The objective function varies
depending on the application and the plant requirements. Typically, two specific types of
optimization are performed:

Thermodynamic optimization: It is performed with the aim of maximizing power
production. The efficiency of the cycle is maximized and reliable limits must be assumed in
the pinch points temperature differences in the heat exchangers.

Techno-economic optimization: The objective is to minimize the electricity production
cost or the specific cost of a plant calculated as a ratio of total cost to the nominal power
production. In this optimization, a greater number of design variables are generally considered
with a simplified design of the main components.

The optimization design variables of the system are, for example, the evaporation and
the condensation temperatures, the superheat degree and pinch point temperature differences
(PPTD) in the heat exchangers. Each parameter of them has a different effect and weight on
the final solution, but in certain cases some of them can be assumed to be constant because
their effect on the objective function is univocal. An example is a pure thermodynamic analysis
of an ORC system where there is no need to optimize the PPTDs in the heat exchangers: in
fact, the decrease of the PPTDs always allows a reduction of the entropy production in the heat
transfer with a positive effect on net power production. Optimizing these variables in
thermodynamic optimization implies pushing them to lower bound leading to extreme heat
exchanger surfaces and a less reliable solution. In a techno-economic optimization instead
variation of the PPTDs results in two contrasting effects on the electricity production cost and
the optimal value for these variables is the result of a trade-off between an increasing of power
production and increased equipment cost resulting from the larger heat transfer surfaces.

2.8.Conclusion

This chapter aims to introduce the operating principle of the ORC. The ORC is almost
similar to that of a steam cycle, and similarly, the concept has been applied in real actual power
systems with incredible growth in technological development. The main reason for the success
of ORC power systems is their great flexibility. It is a technology that can be employed to
convert external sources of thermal energy at very different temperature levels and over a wide
range of capacities. This characteristic ranks ORC systems at the forefront of technologies
suitable for renewable of renewable-equivalent thermal energy conversion (geothermal energy,
biomass combustion, solar, industrial waste heat recovery, waste heat recovery from
reciprocating engines and gas turbines, OTEC). A brief history of ORC systems was presented,
citing important events in the development of this type of thermodynamic cycle. The scientific
knowledge of several potential ORC configurations was discussed. The cumulative global
capacity of ORC power systems for the conversion of renewable and waste thermal energy is
undergoing a rapid growth, which started a decade ago, in accordance with recent
developments in the energy conversion scenario. Currently, the subcritical ORC is the most
widely used configuration due to its simplicity, safety and stability of operation. Despite the
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large number of working fluid studies for ORC applications, their conclusions do not lead to
one single optimal fluid for a given temperature level and a given application. This is mainly
due to the diversity of the selected objective functions when screening working fluids. Table
2-4 provided the proposed terminology for properties that can be used to classify ORC power
plants.

Table 2-4 Proposed terminology for properties that can be used to classify ORC power plants

Maximal cycle temperature (°C) Power capacity

High >250 Micro <3kW
Medium 150-250 Mini 3-50 kW
Low <150 Small 50-500 kW

Medium 0.5-5 MW
Large >5MW

Thermal energy source
Geothermal (Pressurized) water, steam
Biomass (solid or biogas) Combustion
Solar radiation Parabolic trough, fresnel

Working fluid class
Hydrocarbons: Alkanes, aromatics, alcohols
Fluorocarbons: Perfluorocarbons, hydrofluorocarbons
Siloxanes: Cyclic, linear

Carbon dioxide
Mixture: Components also from different classes

Industrial heat Process cooling, flares, landfill gas
Prime mover flue gas/cooling Stationary, mobile

Configuration

Working fluid cooling

Saturated: Simple, regenerated, multi-P levels Air

Superheated: Simple, regenerated, multi-P levels Water

Supercritical: Simple, regenerated, multi-P levels Air with intermediate loop
Cascaded: Combinations of cycle variants Water (for CHP purposes)

Expander type Working fluid heating

Direct
Indirect: Thermal oil loop, water loop

Turbine: Axial, radial inflow/outflow, mixed flow
Volumetric expander: Scroll, screw, piston, vane

Turbine/generator connection Turbogenerator assembly

Hermetic
Open: Shaft seals

Direct With inverter
Indirect With/without gearbox
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3. Performance analysis and optimisation of a reheat
organic Rankine cycle

3.1.Introduction

In recent years, a large number of studies have examined the thermodynamic
performance of ORCs by means of first and second law analysis. In most of these studies, some
criteria, the most common the thermal and exergetic efficiency as well as the power output
have been assessed for varying conditions and working fluids considering a multitude of
different design options and energy integration scenarios (geothermal, solar, biomass,
industrial waste heat) [117,128-130]. Other authors have focused on the multi-objective
optimization of ORC systems with the aim to optimize certain design parameters. The
equipment components (heat exchangers, expanders, pumps) are sized depending on the
selected design points and boundary conditions (working fluids, pressures, temperatures, heat
fluxes, power output values). Most of the multi-objective optimization approaches utilize
various optimization methods in order to pinpoint the values of the design variables that
maximize the objective functions. Typically, these studies focus on a single criterion, whereas
a number of them include multiple objectives within the optimization process. An overview of
these studies, along with a presentation of their methodology and main conclusions, is
presented in the following.

3.1.1. Working fluid selection

Wang et al. [131] investigated the effect of the boiling temperature of working fluids
on the ORC performance operating with 13 different working fluids. The heat source
temperature had a range of 100-220 °C and the PPTD had a range of 5-30 °C. The authors
revealed that the boiling temperature of working fluids greatly affected the optimal evaporating
pressure to affect the cycle performance. R123 was the best fluid for the temperature range of
100-180 °C and R141b was the optimal fluid with the temperature higher than 180 °C.

He et al. [118] proposed a thermodynamic screening of 22 working fluids for subcritical
ORCs. The waste heat source temperature and the PPTD were fixed to be 150 °C and 5 °C,
respectively. The authors concluded that the larger net power output was produced when the
critical temperature of working fluid approached the waste heat source temperature. They
pointed that R114, R245fa, R123, R601a, n-pentane, R141b and R113 are suitable as working
fluids for subcritical ORC under the studied conditions.

Wang et al. [132] proposed a theoretical model to analyse the influence of working fluid
properties on the thermal efficiency, the optimal operation condition and exergy destruction
for low-grade waste heat recovery. Meanwhile, the effect of different heat sources on the
optimal performance of ORCs with 25 working fluids has been evaluated using pinch point
and exergy analysis method. The authors emphasized that it is recommended to get the most
from the heat source rather than always seek of high thermal efficiency in the low temperature
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range. Additionally, fluids with low critical temperature, low specific liquid heat and high
vaporization latent absorb more energy from the hot source.

Xu and Yu [133] investigated the effect of critical temperatures on the performance of
subcritical ORC. More specifically, they screened 57 fluids for heat source temperature range
of (100-300 °C), consisting of flue gas flow rate of about 11 kg/s. They concluded that the
critical temperature should be in a range from 100 K higher than to 20-30 K lower than the
waste gas inlet temperature. Based on their conclusion, R245fa and R141b were selected as the
optimal working fluids.

A theoretical model was proposed by Long et al. [120] to analyse the impact of working
fluids on the performance of the ORC. They chose exergy efficiency as the objective function
and considered 10 different working fluids for varying heat source temperature from 90 to
150°C. The results suggested that the working fluids selection depends significantly on optimal
evaporation temperature. In addition, fluids with lower critical temperature lead to a higher
optimal evaporation temperature, which results in higher overall exergy efficiency. R600A is
selected as the optimum working fluid under the studied waste heat conditions.

Darvish et al. [134] investigated the performance of ORCs for low-grade waste heat
recovery (120°C) with nine different working fluids. Thermodynamic models are used to
explore thermodynamic parameters such as output power and efficiency. R134a and isobutane
are found to exhibit the highest energy and exergy efficiencies, the exergy efficiencies for the
systems using R134a and isobutane are observed to be 19.6% and 20.3%, respectively.

Peng et al. [135] investigated eleven pure working fluids based on the first and second
law of thermodynamics. They set the heat source temperature of 130 °C and the superheat
degree of 5 °C. The authors showed that the evaporating temperature was the most important
parameter of the ORC performance. The cyclohexane suggests the highest thermal and
exergetic efficiencies, and it shows outstanding overall performances and thus can be selected
as the most suitable fluid under the given condition.

Zhu et al. [136] performed a thermo-economic optimization of ORCs for marine diesel
engine waste heat recovery. They examined seven different working fluids for varying diesel-
engine temperatures from 293 to 387 °C and the rate of exhaust energy from diesel engines is
in the range of 223.7 kW-488.10 KW. The authors shown that there is an optimal evaporation
temperature, at which the ORC system has the maximum thermal efficiency, and minimum
exergy destruction rate and water pump power consumption. Furthermore, under the optimized
parameters, R141b performs the most satisfactorily with the thermal efficiency of 19.87%,
exergy efficiency of 45.84% and the maximum net power of 97 kW followed by R113,
cyclohexane; R600a performs the least favourably.

Uusitalo et al. [137] studied the use of 35 working fluids for low-temperature ORCs
including hydrocarbons, fluorocarbons and siloxanes. They studied the dependence of the
critical temperature and molar mass of the fluid on the cycle design and on important process
operating parameters. They concluded that the higher cycle efficiency can be obtained if the
evaporation pressure slightly lower than the critical pressure of the fluid for all the studied
fluids. Furthermore, the increase in the fluid superheating does not have significant influence
on the cycle efficiency, and the cycle efficiency slightly increases as the degree of superheating
increases.
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3.1.2. Cycle configuration

One aspect that is more significant when designing an ORC is its configuration, since
the cycle performance can be improved by including additional equipment such as IHE and
feed-heaters.

Meinel et al. [138] compared three ORC configurations considering basic, recuperated
and regenerative ORCs in order to convert the waste heat from internal combustion engine to
power. Two studies were investigated, the first considering that the exhaust gas outlet is limited
to 130°C to stay above the acid dew point; In the second study, the pinch point of the exhaust
gas heat exchanger was set at 10°C. Results show that regenerative ORC has large thermal
efficiency for isentropic and wet fluids, less exergy destruction and could be operated for
possible conjoined heat and power generations. Whereas, dry fluids can be applied in a
recuperator ORC configuration in a more efficient way.

Four ORC configurations including basic ORC, basic ORC with IHE, regenerative
ORC and regenerative ORC with IHE were compared by Safarian and Aramoun [139]. The
authors investigated the influence of factors such as degree of thermodynamic perfection and
influence coefficient of each element on the cycle performance. The considered inlet hot gas
to the evaporator is a steady stream of nitrogen at the temperature of 300 °C and the pressure
of 0.1 MPa. They reported that the regenerative ORC with IHE has the highest thermal and
exergy efficiencies (22.8% and 35.5%) and the lowest exergy loss (42.2 kW) and the evaporator
is the element, which has the greatest impact on the system performance.

Li et al. [140] performed an extensive study on the energetic and exergetic evaluation
of ORC with IHE, basic, reheat and regenerative ORCs for a fixed power output of 30 kW.
Unlike most studies, the scope of the investigation was not limited to a specific application but
considered waste heat, biomass as well as geothermal and solar energy sources. He studied 14
working (only dry or isentropic) fluids and performed parametric investigations to examine the
impact of the evaporation pressure level and the condensation temperature of the cycle on the
ORC performance. The results can be summarized as follows: as the working fluid critical
temperature increases the thermal efficiency increases, the condensation temperature
influences the thermal efficiency more than the evaporator temperature. Among the studied
configurations, the ORC with IHE and the regenerative ORC have a lower exergy destruction
value compared to the basic ORC, while the reheat ORC has a marginally larger exergy
destruction.

The influence of superheat and IHE on the thermo-economic performance of basic
ORC, superheated ORC and ORC-IHE are analysed by Zhang et al. [141]. They examined nine
different working fluids for flue gas temperature range (150- 270°C). They concluded that,
parameters such as temperature of the heat source, heat source load, working fluid type, critical
temperature and specific heat of working fluid affected the use of IHE in the ORC system; they
also found that at low heat source temperature and load superheated ORC is more suitable than
basic and ORC with IHE for wet fluids. Additionally, for high heat source temperature and
load ORC with IHE can achieve higher thermal and exergy efficiency compared to basic ORC.

Kezrane et al. [142] compared basic ORC, ORC with IHE and ORC with superheat for
waste heat recovery application (160 °C, 50 kg/s). The following organic working fluids were
considered: isopentane, n-pentane, cyclohexane, n-hexane and toluene. The authors found that
the use of IHE improves the thermal efficiency by 7.7% and maintaining maximum power
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output. In addition, result revealed that the superheating is not required for working fluids as
they already quit the expander at a superheated state. Depending on the operating conditions,
isopentane coupled with ORC with IHE could be suggested the most appropriate (cycle
configuration-working fluid) couple.

Valencia et al. [143] investigated the energetic and exergetic analyses of three ORC
configurations for waste heat recovery from the exhaust gases of a 2-MW natural gas engine.
A basic ORC, an ORC with IHE and an ORC with double-pressure configurations are
considered; cyclohexane, toluene, and acetone are selected as working fluids. They also
investigated the effect of evaporating pressure on the net power output, thermal efficiency,
specific fuel consumption, overall energy conversion efficiency, and exergy destruction. The
authors revealed that ORC with IHE operated with toluene improves the operational
performance by achieving a net power output of 146.25 kW, an overall conversion efficiency
of 11.58%, an ORC thermal efficiency of 28.4%, and a global exergy efficiency 59.76%.

3.1.3. Optimization

Additionally, various studies have focused on the multi-objective ORC optimization.
Wang et al. [144] implemented genetic algorithm (GA) to optimize a low temperature ORC
(150°C, 15Kg/s). They examined the influence of turbine inlet pressure and temperature,
approach and PPTD on objective function, i.e. ratio of net power output to total heat transfer
area. Showing that the ORC with isobutene as a working medium which has the best
performance. Moreover, results show that turbine inlet pressure, turbine inlet temperature,
PPTD and approach temperature difference have significant effects on the net power output
and surface areas of both the evaporator and the condenser.

By means of the GA using exergy efficiency as the objective function, three different
ORCs including the basic ORC, the single-stage regenerative ORC and the single-stage
regenerative ORC using six different working fluids (R245fa, R245ca, R141b, R123, R113,
R11) and under the same given waste heat condition are investigated [145]. The optimization
variables include the evaporation pressure (all configurations), the fractions of the flow rate
(regenerative ORCs). They showed that the double-stage regenerative ORC demonstrated the
highest exergetic efficiency, equal to 56.87% compared to single-stage regenerative ORC at
55.01% and 50.61% for basic ORC, respectively. The R11 and R141b working fluids are
selected as the most appropriate working fluids.

Imran et al. [146] carried out a thermo-economic optimization of three cycle
configurations: a basic as well as a single and a double stage regenerative ORCs for waste heat
recovery over a power range of 30-120 kW. The constraint set consist of evaporation pressure,
superheat, PPTD in evaporator and condenser and the optimization was performed for five
different working fluids. The results of optimization revealed that R245fa is the best working
fluid under their operating conditions. The author also identified the evaporation pressure of
the cycle as the dominant parameter on both the thermo-economic performance. The single-
stage regenerative ORC improved the thermal efficiency by 1.01% with an extra cost of 187
$/kW while the double stage regenerative ORC enhanced the thermal efficiency by 1.45% with
an extra cost of 297 $/kW compared to the basic ORC.

Yang et al. [147] carried out a multi-objective optimization of an ORC for a diesel
engine waste heat recovery, considering both thermodynamic and economic aspects. The GA
is employed to solve the Pareto solution of the thermodynamic performances and economic
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indicators for maximizing net power output and minimizing total investment cost under diesel
engine various operating conditions using R600, R600a, R60la, R245fa, R1234yf and
R1234ze as working fluids. According to the authors, the increase of evaporation pressure
improves both the thermodynamic and economic performance, while the impact of the
superheating degree is minimal. R245fa is considered as the most appropriate working fluid
for the ORC with comprehensive consideration of thermo-economic performances,
environmental impacts and safety levels.

Feng et al. [148] considered micro-scale ORCs for waste heat recovery. More
specifically, they optimized basic and regenerative low-temperature (150 °C) systems,
operating with R123 as working fluid. Five system parameters are used as decision variables,
these variables included the evaporator outlet temperature and pressure, the superheating
degree, the PPTD in the evaporator and the condensation temperature. The exergy efficiency
and the heat exchanger area per unit net power output are selected as the objective functions.
Based on the optimization results, the author suggested that there is a trade-off between the
thermodynamic and economic performance of the system. The regenerative ORC exhibited a
maximum exergy efficiency of 59.93 %, corresponding to a heat exchange area to 3.07 m?/kW,
which are higher by 8.10 % and 15.89 % respectively compared to those of the basic ORC.

Gotelip Correa Veloso et al. [149] optimized an ORC with IHE for low-grade waste
heat recovery, operating with 25 working fluids. The objectives considered were net power
output, the heat exchanger area. The influence of the evaporation pressure, superheating
degree, heat exchanger effectiveness and PPTD in the evaporator and condenser was
investigated. According to the authors, the higher net power output was obtained with R245cb?2
as working fluid, generating up to 2063 kW with a heat transfer area of 2997 m?, providing a
23.6% increase in exergy efficiency of the system.

3.1.4. Scope and motivation of the present work

Regardless of the large number of studies on the analysis of ORCs, most of these have
focussed on the basic ORC, ORC with IHE and regenerative ORC systems, but relatively little
has examined the potential of reheat ORC. In addition, even considering the limitations of
studies on reheat ORC, most of them concentrate on dry or isentropic fluids, while wet fluids
have not been explored. The purpose of this research is to investigate the performance of reheat
ORC system with different working fluid types in the application of low-grade waste heat
recovery. The relationship of the main operating parameters, such as evaporation pressure,
reheat pressure and superheat degree to the performance of the reheat ORC system is discussed.
Moreover, a multi-objective optimization was implemented to maximize the exergy efficiency
and minimize total thermal conductance taking into consideration evaporation pressure, reheat
pressure, superheat degree and PPTD as decision variables. Besides, the present work also
considers the possible presence of an IHE within the ORC and its influence on overall system
performance.

3.2. System analysis and optimization
3.2.1. System description

The schematic diagram of a reheat ORC cycle is shown in Figure 3.1. The diagram of
temperature-transferred heat corresponding to reheat ORC is given by Figure 3.2. Working
fluid enters the pump at state 1 as saturated liquid sate and is compressed to the pressure of the
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evaporator. The evaporator is divided into three sections (economizer, evaporator and
superheater). The working fluid absorbs thermal energy from the waste heat source and to be
saturated liquid at state 3, from state 3 to state 4 a phase change occurs in the working fluid
from a saturated liquid to a saturated vapour. The working fluid enters the superheater as a
saturated vapour at state 4 and leaves as a superheated vapour at state 5. The generated vapour
expands, initially, in the high-pressure turbine to the reheat pressure and the reheat process
takes place between the two turbines. In this process, the working fluid is reheated at constant
pressure, generally at the inlet temperature of the high-pressure turbine. Working fluid then
expands in the low-pressure turbine, the pressure of the working fluid at the exit of the low-
pressure turbine decreases to the condenser pressure at state 8.
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3 4
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Figure 3.1 A schematic diagram of reheat ORC.

For thermodynamic analysis, the reheat ORC was modelled based on the following
assumptions:

e The system operates under steady state condition.

e The pressure drop in the evaporator, condenser, reheater and pipes are neglected.

e To ensure maximum energy recovery and to avoid corrosion at low temperatures, the
exhaust gas outlet temperature is limited to the minimum allowed temperature 82 °C
[141,150].

The optimal reheat pressure in steam Rankine cycle is one-fourth of the evaporating
pressure [92], in the present work the reheat pressure is taken as the mean pressure of maximum
and minimum [140].

Table 3-1 shows parameters used during the simulation of reheat ORC. PPTD value
are the initialization values used taken from literature and which are further investigated as a
range of temperature difference options in the optimization section, later in the chapter.
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Figure 3.2 The temperature-transferred heat diagram of reheat ORC.

Table 3-1 Operating conditions of the reheat ORC.

Parameters Value
Environment temperature (°C) 20
Temperatures of heat source (°C) [151] 150
Mass flow rate of hot gas ( kg/s) [152] 14
Specific heat at constant pressure for hot gases (kJ/kg-K) [152] 11
Condensing temperature (°C) [142] 30
LP and HP turbine efficiency (%) [152] 80
Feed pump isentropic efficiency (%) [153] 80
PPTD in evaporator (°C) [152] 8
PPTD in condenser (°C) [154] 5
Circulating pump head (m) [153] 20
Circulating pump efficiency (%) [153] 80

3.2.2. Model description

To evaluate the performance of the system, both the thermal and exergy efficiency have
been used. It is necessary to use the exergy analysis since the energy analysis cannot provide
any information about the irreversibility of the system. Supposing the reheat ORC system
works under steady state, the mass balance of each control volume can be expressed as

Zm:Zm (3.1)

out

The energy balance equation can be expressed as:

Z E +Q=) E,+W (3.2)

The heat balance equations in the evaporator between the hot gas and the working fluid
are represented as follows:
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Economizer

Queo =My (N —hy) =M Cp, (T, —Ty5) (3.3)
Evaporator

Qu =My (h, —hy) =, Cp,, (Tys —Ty) (3.4)
Super heater

QSUP =, (s —h,) =m,Cp, (T, - T,,) (3.5)

The heat balance equations in the reheater can be expressed as
QReh =m,, (h7 - he) = mngm (ng _Tg3) (3.6)

Where T and h are the temperature and the enthalpy of the hot source and the working
fluid at each state respectively, m, and m,, are the mass flow rate of the hot source and the

working fluid respectively, Cp,, is the average specific heat capacity at constant pressure of the
hot source.

Therefore, the heat absorbed by the working fluid is the sum of Q,,, Q... Q,, @nd Qg
which can be expressed as:

Qn :n]vw(hs_hz)+mm (h7_h6) (3.7)

Since there is, tow turbine (high-pressure turbine and low-pressure turbine) the turbine
power for both HP and LP turbine can be calculated as:

Wi =m, (s —hg) +my, (h, —hy) (3.8)
The heat rejected by the working fluid in the condenser is given by :
Qeon =My (R, —hy) (3.9)
The power consumed by the pump can be expressed by:
W, =m,, (h,—h) (3.10)

The power consumed by the circulating pump in the cooling system can be expressed
by [153,155]:
n.,,gH
w,, = w8 (3.11)
Tlcp

m,, IS the cooling water flow rate, H is the circulating pump head, g is the
gravitational acceleration and 7., is the efficiency of circulating pump.

The cooling water flow rate is:
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Qcon

MMy, = —<on (3.12)
ATCWCpCW

Q.. Is the condenser heat transfer rate, Cp,, is heat capacity at constant pressure of

the cooling water and AT, is the cooling water temperature rise when heated by the working
fluid.

The net power output produced by the reheat organic Rankine cycle is:
W, =W, -W, -W_, (3.13)
Cycle efficiency is expressed as the ratio of net power output to the heat supplied to the
system.
W

n=—"t (3.14)
Qin
The exergetic efficiency can be determined by the use of the following equation:
nex =" Wnet (315)
Qu (-1
in T

H
Because that the hot source temperature was changed, thus T,, will calculate as [156]:

Ty Tys

T, (3.16)

T
|n(Ti1)

g5
Where T, and T ; are the inlet and outlet temperature of the hot source.

T, is the average temperature of low-temperature reservoir and it can be calculated as

[156]:
T - Tcw_out _Tcw_in
=] ol

TCW out
In(2-o)

cw_in

(3.17)

Where T, ;, and T are the inlet and outlet temperature of the heat sink.

cw_out
The total heat thermal conductance (UA) of the cycle is considered as a parameter to
estimate the heat transfer area of the heat exchangers. The following energy balances is used
to calculate the hot source temperature at each state.

T,y =Ty + AT, (3.18)

mvvf
T =Ty _(C_)(hs -h,) (3.19)
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C, =m,Cp, (3.20)

Where C, heat capacity rate of the hot source.

Tya =Ty, + (—mwf )(h, —hy) (3.21)
Ch
mwf

Tos =Tga- (—C )(h, —hy) (3.22)

The logarithmic mean temperature difference (LMTD) method is considered to
evaluate the heat transfer amount in the heat exchangers and it can be established as following:

Q =UAAT o (3.23)
AT o = Al ;—-? Tou (3.24)
|n( in )
ATOLII
UAEvap = UAeco +U&va +U'A§up +UAPeh (325)
UA=UA,, +UA.. (3.26)

3.2.3. Selected working fluid

The working fluid choice plays a critical factor in the design of an ORC system. The
selection of the working fluid, which must be safe, environmentally friendly and low-cost, must
be specifically taken into account. [157-159]. There is no working fluid that satisfies all
selection criteria [19,160], thus the fluid selection method balancing the environmental, safety,
physical, and chemical properties of a working fluid.

Based on environmental and safety concerns, four wet fluids are selected, namely
R152a, cyclopropane, dimethyl ether and propyne. In addition, R236ea [161,162] and R600a
[126,163] are broadly recommended in ORC systems. The thermodynamic properties of these
six working fluids are presented in Table 3-2, and the related T-s diagram is presented in
Figure 3.3.

Table 3-2 Properties of the selected organic fluids used in the study.

Name M [kg/mol] Tc(°C) Pc(bar) GWP ODP Fluid type
R152a 66.051 113.26 45.2 133 0 Wet
Cyclopropane 42.081 125.15 55.8 11 0 Wet
Dimethyl ether 46.07 127.23 53.37 1 - Wet
Propyne 40 129.23 56.26 ~20 0 Wet

R236ea 134 139.29 34.20 858 0 Isentropic
R600a 58 135 36.29 ~20 0 Dry
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Figure 3.3 T-s diagram of selected working fluid.

3.2.4. Data validation

To validate the present model, the energy balance equations of reheat ORC are solved
with the same parameters as in Ref. (G. Li 2016) [140]. The hot source was geothermal water
and the evaporator inlet pressure was 10 bars. The pump and turbine isentropic efficiencies
were 0.8 for each one. The validation was conducted with R245fa, R236ea and R600 as the
working fluid, the comparison between the obtainable results and the results of the cited
reference shows a very good agreement, as shown in Table 3-3 and Figure 3.4. Thus, the
proposed model was considered to be verified.

Table 3-3 Comparison of the present results with Reference [140].

; ; Nen [%0] Lior [KW]
Working fluid this work Reference [140] this work Reference [140]
R236ea 10.66 10.60 34.4 34.2
R600 11.02 11 32.19 32.1

I Ref B8R Present work|

14 4

=
N
1

Exergy destruction rate (kW)

0 T T . = =

T
Evaporator condenser Turbine Pump

Components
Figure 3.4 Exergy destruction rate for each component comparisons with reference (G. Li, 2016) [140] .
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3.2.5. Optimization

Non-linear constrained optimization methods can be divided into two main categories:
deterministic methods and stochastic methods. Deterministic methods, e.g. gradient descent,
the conjugate gradient method and Newton's method, are generally applied in the case of a
search for the local optimum, and are based on the determination of the derivatives of the
objective function and the constraints. These two characteristics (the determination of the
derivative and the search for the local optimum) mean that these methods are not robustly
applicable to the resolution of a problem such as the one presented here. Indeed, the present
case is one of global non-linear optimization and the objective function, which depends on
several variables, is calculated following a numerical process involving systems of non-linear
equations, making the explicit determination of the derivative of the objective function very
complex. In this case, it is generally recommended to use so-called stochastic methods and
more particularly evolutionary methods such as Genetic Algorithms (GAs) which have shown
success in several engineering problems [119,164].

3.25.1.  Genetic algorithm

In particular, the GA has attracted much attention for solving complex engineering
problems [165,166]. Basically, it only needs function values (not the derivative) and can handle
many decision variables. GAs are based on the principles of natural selection and are a type of
stochastic method. Many practical optimum design problems are characterized by mixed
continuous-discrete variables that cannot be efficiently solved using standard non-linear
programming techniques. GAs are well adapted to solve such problems and, in most cases, they
are able to locate the global optimal solution with high probability. The basis of the method is
Darwin's theory of survival of the fittest. GAs use the principles of natural genetics and natural
selection. The GA differs from the traditional optimization techniques because it involves a
search from a population of solutions and not from a single point, and it prevents convergence
to sub-optimal solutions in the process of searching for the optimum.

Multi-objective optimization problems have received interest form researches since
early 1960s. In a multi-objective optimization problem, multiple objective functions need to be
optimized simultaneously. In the case of multiple objectives, there does not necessarily exist a
solution that is best with respect to all objectives because of differentiation between objectives.
A solution may be best in one objective but worst in another. Therefore, there usually exist a
set of solutions for the multiple-objective case, which cannot simply be compared with each
other. For such solutions, called Pareto optimal solutions or non-dominated solutions, no
improvement is possible in any objective function without sacrificing at least one of the other
objective functions. Different GAs exist, classified according to the way in which a new
generation is created from the previous one, i.e. the mutation or crossover operators
corresponding to figure 3.5.

The algorithm chosen in the present work is the one presented by Deb et al. [167].
Moreover, among the GAs, Non-dominated Sorted Genetic Algorithm-11 (NSGA-II) converges
rapidly and allows for multiple objectives to be considered simultaneously. It allows a simple
and efficient parametric optimization as described by Deb et al [168].
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Figure 3.5 The schematic flowchart of genetic algorithm [169].

Many optimization problems in engineering are non-linear, having multiple conflicting
objectives. A multi-objective optimization problem can be described as follows:

min/ max £ (%) =[,(X), f,(X),..., f, (X)]
g,(X) <0, i=12,.,m

Subject to h;(x) =0, i=12,..k
X X CXpmax M=12,...,p

(x) represents the vector of decision parameters, f(x) is the vector of objectives, g, (x)

and h,(x) are the inequality and equality constraints, respectively, x..and x, . represent the
range to which the decision parameters belong.

'm,min

In the study, each individual has five genes corresponding to the parameters that allow
to optimize the cycle:

e Evaporation pressure

Reheat pressure

Superheat degree
e PPTD in evaporator

PPTD in condenser

The first generation is created randomly in a previously defined domain. The objectives
achieved by each individual are calculated completely independently of each other. The
objectives of each individual are then compared and thus allow an evaluation of the "viability"
of the individuals, to use the metaphor of evolutionary theory. The new generation is created
from the previous one using three operators:

e Selection
e Crossover

e Mutation
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Selection rules select the individuals, called parents that contribute to the population at
the next generation. The selection is generally stochastic, and can depend on the individual’s
scores.

In natural world, the genes of children are from both of their parents. In order to imitate
this situation, we do crossover of chromosomes of selected parents to generate offspring.
Crossover just happens between two chromosomes (one couple), so the first stage of crossover
is arranging the chromosomes of selected parents’ population in pairs which is made random.

Different from crossover, mutation occurs quite rarely in GA. The aims of the mutation
operator are:

e To generate a string in the neighbourhood of the current string, thereby accomplishing
a local search around the current solution.

e To safeguard against a premature loss of important genetic material at a particular
position.

e To maintain diversity in the population.

The use of these three operators successively yields new generation with improved
values of average fitness of the population. If any bad strings are created at any stage in the
process, they will be eliminated by the reproduction operator in the next generation.

In this section, two objective functions of the reheat ORC system, the exergy efficiency
and the total thermal conductance, are used to perform the multi-objective optimization. The
evaporation pressure, reheat pressure, superheat degree and PPTD are set as five decision
variables.

The objective functions for the reheat ORC are set by
w

net

f1 () =maximize (7., ) = T
Qin (1_ TiL)

f2(x) = minimize (UA ) =UA_, +UA,

e Evaporation pressure

The evaporation pressure greatly affects the efficiency of ORCs [136,137,146,147], as
it directly impacts the work produced in the expander and the work consumed by the pump. In
addition, it strongly affects the heat transfer regime in the evaporator, by affecting the matching
between the heat source and the working fluid temperature profiles and by determining the heat
input to the ORC, when a constant pinch point is assumed. Lastly, the expander inlet pressure
also influences the expander type and configuration selection and thus the expansion efficiency.
The evaporation pressure is varied from a minimum value corresponding to a saturation
temperature of 50°C. This minimum pressure is considered in principle necessary for the
production of sufficient work by the expander, enough to overcome the power consumption of
the pump. Furthermore, it is assumed that the maximum evaporation pressure must not exceed
0.9 of critical pressure to ensure that the system operates under subcritical condition. Additional
constraints on the evaporation pressure result from its association with the expander inlet
temperature and the PPTD in the evaporator, and are necessary in order to avoid temperature
crossovers with the heat source stream.
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e Reheat pressure

The second optimization variable is the reheat pressure. The purpose of a reheating
cycle is to remove the moisture carried by the vapor at the final stages of the expansion process.
In a reheat ORC, the expansion takes place in two expanders. The working fluid expands in the
high-pressure turbine to some intermediate pressure, then passes back to the reheater, where it
is reheated at constant pressure to a temperature that is usually equal to the original superheat
temperature. This reheated working fluid is directed to the low-pressure turbine, where is
expanded until the condenser pressure is reached.

e Superheating degree

From a technical perspective, the superheating degree influences the heat transfer in the
evaporator as well as the volume flow rate of the working fluid at the expander outlet. The
superheating degree is varied from a minimum of 0 °C to a maximum of 20 °C.

e Pinch point temperature difference

Lower PPTD values lead to higher power outputs but also to increase heat exchanger
sizes. Meanwhile, the pinch point affects the mass flow rate of the working fluid. The range of
the PPTD is selected to be from 5°C to 10°C, which is a typical practical range [170]. Of course,
the upper bound of this variable is additionally constrained by the expander inlet temperature
of the working fluid and the heat source temperature and the condenser temperature (in order
to avoid temperature Crossovers).

e Boundary conditions

The optimization variables and the main assumptions regarding their search bounds are
summarized in Table 3.4.

Table 3-4 Constraints and bounds for optimization.

Parameters (constraints) Lower bound  Upper bound
Evaporation pressure (bar) Psat(50°C) 0.9*P¢r
Reheat pressure (bar) 1.1*Pcq 0.9*Pey
Superheat (°C) 0 20

PPTD evaporator (°C) 5 10

PPTD condenser(°C) 5 10

3.2.5.2. Decision-making in multi-objective optimization

In the case of multi-objective optimization, the resulting solutions are a set of optimum
points (Pareto front). In order to select the final solution from the optimum points, The
Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) is commonly
applied in decision-making process and used to determine the final optimal result
[126,163,171]. The TOPSIS was developed by Yoon and Hwang [172]. The basic concept of
this method is that the selected alternative should have the shortest distance to the positive ideal
solution and the farthest distance from the negative ideal solution. To be precise, for thesis case
study, alternatives are represented by the exergy efficiency and the total thermal conductance,
respectively. The positive-ideal solution is the one that maximizes the benefit criteria and
minimizes the cost criteria, while the negative-ideal solution does the opposite. It minimizes
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the benefit criteria and maximizes the cost criteria [173]. The method assumes to have
m alternatives, n attributes/criteria and the final goal is represented by the score of each
alternative concerning each criterion [173].

The TOPSIS method is illustrated in the following steps

Step 1: Consider a matrix D , with A, A,,..., A, alternatives and C,,C,,...,C, criteria.
The rating of the alternative A;(i = 1, ..., m) according to C;(j = 1, ..., n) is represented by x;;.
The weight vector W = (wq, wy, ..., w,,) is composed considering the individual weights w;
with j =1,.., n for each criterion C;, satisfying Y%, w; = 1. In general, the criteria are
classified into two types: benefit and cost. The benefit criterion means that a higher value is
better while for the cost criterion is valid the opposite.

Step 2. Normalized decision matrix construction.

The data of the decision matrix D come from different sources, so it is necessary to
normalize it in order to transform it into a dimensionless matrix, which allow the comparison
of the various criteria. In this work, we use the normalized decision matrix R = [r;;]  with

mx
i=1,..,m,andj = 1,..,7n The normalized value r;; is calculated as:

X
g =2 withi=1,..,m;j=1,..,n (3.27)
N " X2
i=1" 1

This passage permits to get a dimensionless matrix and compares different types of
criteria: various attributes dimensions are transformed into non-dimensional attributes. This
allows comparisons across criteria.

Step 3. Weighted normalized decision matrix construction.

Given the set of weights for each crit erion w;, with j = 1, ..., n, multiply each row of
the normalized decision matrix by its associated weight to get the weighted normalized
evaluation v .

Step 4. Positive and negative ideal solutions identification.

Identify the positive ideal solutions A* (benefits) and negative ideal solutions A~ (costs)
as follows:

A* :(vl*,vz*,...,v*) (3.28)

A =(V Vg, V) (3.29)

Where

+ _ . . . .
v = (miaxvl-j,] E]l,mimvi]-,] E]z)

vj_ = (miinviij E]l! miaxvijyj E]Z)

Where J; and J, represent the criteria benefit and cost, respectively.

Calculate the Euclidean distances [172]from the positive ideal solution A*(benefits)
and the negative ideal solution A~of each alternative A;, respectively as follows:
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5 =0 ) =1 (3:30

5- =\/Zj:1(vij V) Li=1,..,m (3.31)
Step 6. Calculation of the relative closeness to the ideal solution.

C; denotes the relative closeness for each alternative A; with respect to positive ideal
solution.
S

C=——"_—i=1,..,m,whereC; € {0,1 3.32
TG +s) i €{0,1} (3.32)

Step 7. Rank of alternatives according to the relative closeness.

Sort C; in decreasing order and select the best alternative with the highest value. It will
be the one with the shortest distance from positive-ideal solution and the farthest distance from
negative-ideal solution.

3.3. Results and discussions

3.3.1. Parametric study

To investigate the effect of several parameters on the performance of the reheat ORC a
parametric study has been carried out. The considered decision parameters for the present work
are evaporation pressure, reheat pressure, superheat degree and PPTD in the evaporator.

Figure 3.6 illustrates the variation of exergy efficiency with the evaporation pressure
when the degree of superheat and the PPTD are 5°C and 8°C respectively. Exergy efficiencies
of wet fluids continually increase with the increase of evaporation pressure to attain their
maximum, while for dry and isentropic fluids, exergy efficiencies initially increase and then
diminish at higher evaporation pressures. The increase in evaporation pressure results in an
increase in the enthalpy decline through both high and low pressure turbines and a reduction in
mass flow rate of working fluids. Nevertheless, the enthalpy decline increases more rapidly
than the reduction of the mass flow rate, which leads to an increase in the exergy efficiency for
wet fluids. Exergy efficiency for dry and isentropic fluids decreased as a result of the decrease
in mass flow rate which becomes dominant. The highest exergy efficiency was reached by
propyne followed by cyclopropane and dimethyl ether.
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Figure 3.6 Effect of evaporation pressure on exergy efficiency.

The effect of the evaporation pressure on the output power appears in figure 3.7.
Alluding to figure 3.7, wet fluids have large evaporation pressure compared to dry and
isentropic fluids. It can be remarked that for all organic fluids the power output varied with a
maximum curve. The variation of the output power can be explained by equations 3.13. The
increase of evaporation pressure results in a higher enthalpy difference through the high and
low pressure turbines, as well a reduction in mass flow rate of organic fluid, with power output
resulting due to the influence evaporation pressure and corresponding enthalpy rise. However,
the progressive drop in mass flow rate dominates the increasing enthalpy drop, thus the output

power decreases immediately afterwards. R236ea has the highest power output followed by
R152a and R600a.
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Figure 3.7 Effect of evaporation pressure on net power output.

Figure 3.8 displays the variation of the total thermal conductance as a function of
evaporation pressure. The total thermal conductance diminishes inversely with the increase in
evaporation pressure for all fluids. This latter is due to the fact that as the evaporation
temperature increases at the same time, the gas outlet temperature of the evaporator increases
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respectively, succeeding in a reduction in the heat transfer rate of the evaporator and condenser,
which contributes to the drop in thermal conductance. R236ea and R600a have the lowest

values of thermal conductance.
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Figure 3.8 Effect of evaporation pressure on total thermal conductance.

Figure 3.9 shows the variation of the exergy efficiency as a function of reheat pressure.
The exergy efficiency varied with a maximum curve for all working fluid types. While the net
power output increases with the increase in reheat pressure for all working fluid types (Figure
3. 10). The increase in reheat pressure leads to an increase in both enthalpy drop through the
low-pressure turbine and mass flow rate. Therefore, the power output increases, since the
power output and exergy efficiency are related (through Equation 3.15), and therefore, the
exergy efficiency will also increase. R152a has the highest power output followed by

cyclopropane and dimethyl ether, while propyne has the highest exergy efficiency followed by
R600a and R236ea.
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Figure 3.9 Effect of reheat pressure on exergy efficiency.

Figure 3.11 illustrates the variations of total thermal conductance value with reheat
pressure for selected organic fluids. As the reheat pressure increases, the values of total thermal
conductance increase for all types of organic fluids. The quantity of heat transferred and the
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logarithmic mean temperature are the parameters that affect the total thermal conductance. The
increase of reheat pressure yields an increase in the heat absorbed and rejected by the organic
fluid and consequently, the total thermal conductance increases. R236ea and R600 have the
lowest value of total thermal conductance.
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Figure 3.10 Effect of reheat pressure on net power output.
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Figure 3.11 Effect of reheat pressure on total thermal conductance.

Exergy efficiency for various superheat degrees, for constant evaporation pressure and
reheat pressure is plotted in Figure 3.12. The exergy efficiency increases with the increase of
superheat degree for all working fluids; wet fluids have a slightly higher increase followed by
dry and isentropic fluids. Figure 3.13 demonstrates that effect of the superheat degree on power
output. The increase of superheat degree permits a higher enthalpy drop in both high and low
pressure turbines and dwindling mass flow rate of organic fluid. The enthalpy drop increases
faster than the mass flow rate of wet fluids and inversely for dry and isentropic fluids, resulting
in the slight increase in the power output for wet fluids. Nevertheless, as the superheat degree
increases, the exergy destruction in the evaporator decreases and thus the exergy efficiency
increases.
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Figure 3.13 indicates the effect of superheat degree upon the total thermal conductance.
By noting the trend, the thermal conductance decreases slightly at first, then increases with the
superheat degree for propyne, R236ea and R600a. Due to the mass flow rate decrease of
working fluids with the increase of superheat degree, the heat transfer quantity in the
economizer and evaporator decreases respectively, causing a decrease of total thermal
conductance at first. Furthermore, the increase of superheat degree leads to a decrease in LMTD
in the superheat section, leading to an increase in thermal conductance of the superheated
section, and thus the total thermal conductance increases as a result. Isentropic and dry have
better performance than wet fluids in this regard.
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Figure 3.14 Effect of degree of superheat on total thermal conductance.

Figures 3.15 and 3.16 exhibit the variations of exergy efficiency and power output as
a function of PPTD in evaporator. Both exergy efficiency and power output decrease with the
increase of PPTD for all working fluid types. With the elevation of PPTD, the mass flow rate
and the enthalpy difference in both turbines decrease, resulting in a net power output reduction.
The drop of exergetic efficiency is caused by the lower mass flow rate and lower power output.
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Figure 3.15 Effect of evaporator PPTD on exergy efficiency.
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Figure 3.17 expresses the effect of PPTD in evaporator upon the total thermal
conductance. The total thermal conductance decreases with the increase of pinch point
temperature for all organic fluids. At higher PPTD, the temperature gradient between the fluids
is high, which bounds the low temperature fluid to exit the evaporator at an early stage from a
lower heat transfer area. This means that less heat transfer area is required for the high pinch

point condition and eventually leads to lower thermal conductance.
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Figure 3.17 Effect of evaporator PPTD on total thermal conductance.
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3.3.2. Optimization results

Results using NSGA-II algorithm to conduct a multi-objective optimization of reheat

ORC are discussed in this section.

Figure 3.17 shows the Pareto fronts for reheat ORC (without IHE) with selected
organic fluids. It can be remarked that, the exergy efficiency and total thermal conductance
are two compromising objective functions. As the exergy efficiency increases the total thermal
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conductance increases also. The overall range of exergy efficiencies and total thermal
conductance of reneat ORC with all organic fluids are 11.52-42.40% and 29.34-170.44 KW.K"
! respectively. The maximum exergy efficiency is 42.40 % for propyne, and the minimum
thermal conductance is 29.34 kW.K* for R236ea. It can be concluded that, R236ea has the
smallest total thermal conductance when the exergy range is between 20-39%, among the
selected organic fluids and R152a has the highest total thermal conductance at the same exergy
range. At the higher end of the exergy range efficiency (39-42.40%), propyne shows optimal
performance, followed by cyclopropane and dimethyl ether while, R152a has the largest
thermal conductance compared to R236ea and R600a. As can be observed in Figure 3.18, the
optimal point is picked with the TOPSIS method.
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Figure 3.18 Pareto-frontier (optimal solutions) for candidate working fluids (ORC without IHE).

In cases where the working fluid leaving the turbine is in the vapour phase, an IHE is
added to the cycle to recover waste heat from the superheated turbine exhaust. It reduces the
heat needed to preheat the fluid before it enters the evaporator and the amount of heat
discharged by the working fluid at the condenser. The IHE effectiveness was considered as a
decision variable and assumed to vary between 0.6 and 0.9 [125].

Optimal Pareto-fronts for reheat ORC (with IHE) were obtained in Figure 3.19. It is
obvious that dry and isentropic fluids exhibit the best performance compared to wet fluids. The
results reveal that a maximum of 49.1 % exergetic efficiency can be achieved by the reheat
ORC-IHE system, which corresponds to a 13.6% improvement compared to the system without
IHE. The off-spring diversity of dry and isentropic fluids is much larger than wet fluids. Narrow
ranges of exergy efficiency of wet fluids lead to a limited distribution of thermal conductance.
Thus, there is limited optimization space for wet fluids. This confirms that the integration of
IHE is more effective for dry and isentropic fluids. As can be seen in Figure 3.19, the exergy
efficiency and the total thermal conductance of dry and isentropic fluids fall in the range from
23% to 49.1% and 27.55 kW.K* to 82.6 kW.K%, respectively. The exergy efficiency and the
total thermal conductance of wet fluids range from 29.8 % to 47.04 % and 66.24 kW.K™ to
185.8 kW.K™, respectively.
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Figure 3.19 Pareto-frontier (optimal solutions) for candidate working fluids (ORC with IHE).

The results of reheat ORC without IHE parameters for all fluids are tabulated in Table
3-5. While the optimized parameters of ORC with IHE as well as the values obtained for the
objective functions are listed in Table 3-6. For reheat ORC without IHE, results indicate that
wet fluids need a higher superheat degree than dry and isentropic fluids. Further it can be
observed that, the PPTD in evaporator reaches its upper bound, while the optimum PPTD in
condenser approaches its lower bound for all fluids. R236ea has the lowest exergy efficiency,
total thermal conductance and power output. R152a produces more power output with a higher
thermal conductance, while propyne has the optimal exergy efficiency among all fluids. The
reheat pressures of the selected working fluids were optimized to maximize the exergy
efficiency and minimize the total thermal conductance. The reheat pressure ranges 45-54% of
the evaporation pressure for the optimal condition.

It is interesting to note that the reheat ORC with IHE has higher superheat degree
compared to the system without IHE. Furthermore, it can be noted in table 3-6 that the optimal
IHE effectiveness locates in the range of 0.83-0.89 for selected working fluids. The gain in
exergy efficiency of the ORC-IHE using R236ea and R245fa is 23.7% and 20.2% compared to
the ORC without IHE. As seen from tables 3-5 and 3-6, comparing the values of net power
output of both systems, wet fluids produce higher net power output compared to dry and
isentropic fluids. Further, the ORC with IHE has a substantial amount of waste heat still
available in its exhaust gas outlet. This is mainly caused by the higher inlet temperature of the
working fluid in the economizer due to the heat absorbed by the working fluid in the IHE.
Therefore, in order to improve the overall system performance, the exhaust gas can be further
utilized e.g. combined heat and power applications. The thermal conductance for R236ea is
quite less compared to other working fluids and the desired increase in the exergetic efficiency
highlights it as the optimal choice for ORC with IHE. The optimum reheat pressure to
evaporation pressure ratio is between 0.27-0.48 for studied working fluid.
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Table 3-5 Optimum values of objectives and design parameters obtained from TOPSIS solutions (ORC without ORC).

Optimum parameters Working fluids

R152a Cyclopropane Dimethyl ether Propyne R236ea R600a
Evaporation pressure (bar) 39.83 47.27 47.15 49.67 30.18 32.38
Reheat pressure (bar) 21.61 23.74 23.26 22.42 14.75 15.85
Superheat degree (°C) 19.95 18.23 18.87 15.22 10.60 14.96
PPTD evaporator (°C) 9.88 9.97 9.96 9.93 9.98 9.97
PPTD pp condenser (°C) 5.05 5.06 5.03 5.07 5.22 5.22
Exergy efficiency (%0) 37.10 38.92 39.46 39.91 36.39 37.16
UA (KW/°C) 136.31 75.98 86.58 75.83 38.23 58.16
Power output (kW) 83.23 63.22 60.57 54.81 28.09 41.55
Reheat pressure to turbine 0.54 0.50 0.49 0.45 0.48 0.48
inlet pressure ratio
Hot gas outlet temperature 90.77 110.14 112.66 117.14 13234  123.7
(°C)

Table 3-6 Optimum values of objectives and design parameters obtained from TOPSIS solutions (ORC with IHE).

Optimum parameters Working fluids

R152a Cyclopropane Dimethyl ether Propyne R236ea R600a
Evaporation pressure (bar) 39.98 48.95 46.79 49.16 30.60 32.03
Reheat pressure (bar) 16.61 14.47 22.73 19.02 9.56 8.84
Superheat degree (°C) 19.64 19.63 19.12 19.57 12.78 17.59
PPTD evaporator (°C) 9.47 9.19 5.83 7.41 9.96 9.97
PPTD pp condenser (°C) 5.29 5.38 5.06 5.38 5.01 5.01
IHE effectiveness 0.86 0.83 0.85 0.85 0.89 0.89
Exergy efficiency (%) 39.66 40.97 45.88 44.90 47.69 46.62
UA (kW/°C) 131.85 87.03 115.83 90.28 34.53 57.29
Power output (kW) 76.73 55.35 73.24 60.18 23.31 37.14
Reheat pressure to turbine 041 0.29 0.48 0.38 0.32 0.27
inlet pressure ratio
Hot gas outlet temperature 101.26 117.91 111.17 118.22  139.12 131.87
(°C)

The percentage of exergy destruction in the ORC components with different fluids and
with and without IHE is shown in figure 3.20 and 3.21. Figure 3.20 and 3.21 prove that the
evaporator and condenser are the components with the highest exergy destruction contribution,
respectively. Besides, exergy destruction in the pump is low, accounting for only 2-4% of the
total exergy destruction, which can be ignored. In addition it can be seen that the ORCs with
IHE represent the lower exergy destruction of evaporator and expander. This exergy reduction
is mainly due to the presence of the IHE. These results show that, evaporator and condenser

must be better designed to decrease the exergy destructions in these components.
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Figure 3.20 Percentage of the exergy destruction in the reheat ORC components with different working fluids.
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Figure 3.21 Percentage of the exergy destruction in the reheat ORC-IHE components with different working fluids
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3.4. Conclusion
In this work, the performance analysis and optimization of a reheat ORC is investigated
to recuperate low-grade heat source using six different organic fluids (R152a, cyclopropane,
dimethyl ether, propyne, R236ea and R600a). The system optimization is performed using
NSGA-II by considering exergy efficiency and total thermal conductance as objective
functions and evaporation pressure, reheat pressure, superheating degree, PPTD and IHE
effectiveness as decision variables. The essential conclusions obtained from the study are:

The parametric study indicates that for each working fluid there is an optimal
evaporation pressure, which simultaneously maximizes and minimizes the exergy efficiency
and total thermal conductance, respectively. The increase of reheat pressure increases the
exergy efficiency, total thermal conductance value and power output. Wet fluids produce more
power output compared to dry and isentropic fluids. In the case of wet fluids, superheat has a
positive impact on exergy efficiency, however, for dry and isentropic fluids the increase of
superheat degree decreases the power output.

Considering the optimization outcomes, there is an optimal reheat pressure which
maximizes the exergy efficiency and minimizes the total thermal conductance, the reheat
pressure to evaporation pressure ratio ranges are 0.27-0.48 and 0.45- 0.54 for ORC with and
without IHE, respectively. The optimum superheat degree approaches its upper bound for wet
fluids. The gain in exergy efficiency of the ORC-IHE using R236ea and R245fa is 23.7% and
20.2% compared to the ORC without IHE. This confirms that the integration of IHE is more
effective for dry and isentropic fluids compared to wet fluids. The results revealed that R236ea
and propyne are the best working fluids for the ORC with and without IHE, respectively. The
outlet temperatures of the hot gas in ORC with IHE was higher than those of basic that it can
be further utilized e.g. combined heat and power applications.

The evaporator and condenser are the components with the highest exergy destruction
contribution, respectively. The ORCs with IHE represent the lower exergy destruction of
evaporator and expander. This exergy reduction is mainly due to the presence of the IHE. These
results show that, evaporator and condenser must be better designed to decrease the exergy
destructions in these components.



4. Thermo-economic optimization of different organic
Rankine cycle configurations

4.1. Introduction

The performance of ORCs is affected by heat source conditions [172,173], working
fluid selection, heat sink conditions, cycle configuration and components [174] and process
variables. The application of the ORC with IHE has also been proposed as a strategy to improve
the efficiency of basic ORCs. Similarly to the case of ORC with IHE, in regenerative ORCs
the working fluid is preheated before entering the evaporator. However, in contrast to ORC
with IHE, the heat is provided via vapour that is extracted at an intermediate expansion stage.
In the most commonly investigated variation of the regenerative ORC, the preheating occurs
in an open-type heat exchanger, in which the sub-cooled liquid and vapour streams are mixed.
In the same time, a large number of studies have focused on the thermo-economic assessment
of ORC systems in order to improve some design parameters. The ORC components are sized
according to the selected design points and boundary conditions. Some specific costs
correlations are applied to each component to estimate the capital investment cost of the system
and thereby evaluate its economic feasibility. The most common evaluation criteria include the
specific investment cost, the Electricity Production Cost (EPC), and the payback period of the
system. In the following, an overview of working fluid selection, along with a cycle
configuration and optimization, is presented.

4.1.1. Working fluid selection

Astolfi et al. [122] compared the performance of subcritical/transcritical ORCs
considering 54 working fluids and geothermal heat source (120-180 C). At 120 °C, 150 °C and
180 °C the highest exergy efficiency was achieved by R143a, RC318 and R236ea, respectively.
The authors indicated that for most cases, the optimum cycle performance was reached when
the ratio between the critical temperature of the working fluid and the temperature of the heat
source was 0.88-0.92. Furthermore, among fluids with a similar critical temperature, fluids
with high molecular complexity are preferable because of the possibility to reduce the average
temperature difference in the evaporator, therefore limiting the exergy losses.

Xinxin et al. [175] studied the effect of turning point on the performance of an ORC.
They used the model of near-critical region-triangle to evaluate the performance of 57 dry and
isentropic fluids. The performance includes the relation between turning point temperature and
cycle thermal efficiency, the relation between near-critical region triangle area and exergy at
turning point temperature. Furthermore, working fluid selection was also conducted in terms
of heat source type. The authors pointed out that R123 and dodecane are good candidates for
the closed and open type heat sources, respectively.
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Chen et al. [176] used the reduced temperature to predict the ORC performance and
select the optimal working fluid under multiple heat source temperatures. Eighteen organic
working fluids with critical temperature from 100 to 200 °C are evaluated. The authors found
that as the heat source temperature gets closer to the critical temperature of the working fluid,
the maximum exergy efficiency is obtained. R236ea, R245fa, R245ca and R365mfc were
selected as the optimal working fluids for 130 °C, 150 °C, 170 °C and 190 °C, respectively.

Rad et al. [177] performed a study on the energetic and exergetic performance of basic
ORC for waste heat from industrial complexes with temperature in the range of 120-300 °C.
According to the results, a heat source temperature of 120 °C had the highest energy and exergy
efficiencies for working fluid of R245fa. Also, the optimum working fluids for the heat source
temperatures of 150 and 200 °C were R152a and R141b, respectively. Furthermore, for the
heat source temperatures of 250 and 300 °C, benzene and water had the highest efficiencies,
respectively. They also noted that a fluid with the nearest critical temperature to the heat source
temperature must be selected as the appropriate working fluid.

Kose et al. [178] carried out a thermodynamic performance analysis of a triple
combined system (gas turbine-steam Rankine cycle-ORC). Although the authors evaluated the
performance of both the steam and organic Rankine cycle for different operating conditions,
they did not optimize either the steam or organic Rankine cycle parameters. By using R141b
as the working fluid, they calculated that the system thermal and exergetic efficiencies equal
to 47.65 % and 67.35 %, respectively. By this way, the waste heat recovery corresponding to
734.57 kg/h natural gas which is equivalent to 2203.73 kg-CO2/h emissions was carried out.

Based on the economic and the environmental assessment, the comparison from aspects
of both thermodynamic performance and economic factors using R245fa, R12333zd(E),
R1234ze(Z) and R1366mzz(E) have been analysed by Ye et al. [179]. The authors revealed
that R12333zd(E) has the best performance followed by R1234ze(Z), R1366mzz(E) and
R245fa based on the economic and environmental assessment. The evaporation and condensing
temperature and superheat has a crucial effect on the performance and cost. In addition, the
evaporation and condensing temperature and superheat have a crucial effect on the
performance and cost. Furthermore, The physical properties of R1233zd(E) and R245fa are
extremely approximate, which makes R1233zd(E) be an alternative refrigerant without
redesigning components of ORC system.

Wang et al. [180] examined the environmental and economic performance of a basic
ORC driven by waste heat, considering waste heat source temperature (90-230 °C) and 14
working fluids. The authors performed parametric study to analyse the matching relationship
between the heat source temperatures and corresponding fluids. The results showed that ORCs
with lower global warming potential fluids generated lower greenhouse gas emissions.
Regarding the environmental benefits, R600a exhibited the maximum greenhouse gas emission
reduction at a heat-source temperature of 150 °C, followed by R152a, R600, and R601a,
respectively. Whereas the suitable working fluid corresponding to the best economic
performance was R245fa.

Yang et al. [181] investigated the performance of five low-GWP fluids in ORC with an
energetic-economic-environmental model. R1233zd(E), R1234ze(Z), R1336mzz(Z) and
R1224yd(Z) are proposed as potential drop-in replacements to R245fa because of extremely
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low GWPs. The heat source was exhaust gas at 150 °C, with a mass flow rate of 0.33 kg/s. As
a result, they observed that both the cycle thermal efficiency and the economic indicators are
sensitive to evaporator outlet temperature, compared to the rest variables. R1224yd(Z) shows
the highest cycle thermal efficiency around 15.9%, which is 11.2% higher than R245fa;
Concerning the economic cost, R1234ze(Z) saves 9.85% more than R245fa.

Alshammari et al. [182] carried out a comparative assessment of the effects of working
fluid types on the performance of basic ORC coupled with 7.25¢ heavy-duty diesel engine. The
considered working fluids are R123 (dry), R21 (wet) and R141b (isentropic). The system is
analysed under superheated conditions and near saturated vapour curve, at various operating
conditions. The authors revealed that wet fluids offer attractive cycle performance in the
superheated region, while near the saturated vapour curve, isentropic fluids are found to present
best cycle performance.

4.1.2. Cycle configuration

Bina et al. [183] applied thermo-economic analysis to four different ORCs, using dry
organic fluid as working fluid. These cycles were designed to use the geothermal energy as a
heat source. Evaluations were made to determine the effects of important operating parameters
such as turbine inlet pressure, condenser temperature, pinch point temperature and mass flow
rate of geo-fluid on energy and exergy efficiencies, as well as total production cost. Among
cycles, the maximum energy and exergy efficiency of 20.57% and 63.72% were calculated in
the ORC-IHE. Whereas the lowest energy production cost and the lowest total energy cost were
calculated to be related to the regenerative and basic ORCs, respectively.

Liu et al. [184] studied different ORC layouts including basic ORC, ORC with IHE and
regenerative ORC with four different working fluids. The authors reported that the optimal
layout of ORC systems vary with the performance indices of ORC system. The optimal layout
for thermal efficiency is regenerative cycle with R123, and the optimal configuration for capital
cost is superheated ORC with R123. The optimal scheme for the index of power output and
exergy efficiency is superheated with R152a when the geothermal temperature varies from 80—
85 °C. However, the superheated configuration with R134a is better for power output and
exergy efficiency when the geothermal temperature increased to 95 °C.

Braimakis and Karellas [185] conducted an energetic analysis of different ORC
configurations applied for waste heat energy utilization. They compared the performance of
three regenerative ORCs operating with different working fluids to that of a basic ORC. The
authors concluded that both recuperative and regenerative ORCs perform significantly better
for drier fluids. Moreover, the recuperative basic ORC cycle performs better than the non-
recuperative regenerative ORCs from both energetic and economic aspects, but the
recuperative regenerative ORCs are better than the recuperative basic ORC from
thermodynamic point of view.

Gholizadeh et al. [186] integrated a gas turbine cycle and an ORC to extract more power
by the waste heat of the gas turbine cycle. Two configuration of ORCs including basic and
regenerative was selected and the influence of several parameters on the thermodynamic and
thermo-economic system performance were discussed. The results revealed that the combined
gas turbine-basic ORC and gas turbine-regenerative ORC systems could produce net output
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electricity of 1308 kW and 1368 kW, respectively. Furthermore, the thermal and exergy
efficiency increase of regenerative ORC was equal to 4.39% and 4.4%, respectively, with a
decrease in overall product cost of 0.25 $/GJ.

Jimenez- Arreola et al. [187] performed a comparative study of the dynamic behaviour
of a direct and an indirect evaporator, with the purpose of recovering waste heat from the
heavy-duty diesel engine, with the use of R245fa as working fluid. The authors reported that
indirect evaporation has a much higher capability of damping the heat fluctuations, hence
protecting the system from extreme changes in boundary conditions even when control
measures are not present. However, direct evaporation has important advantages over indirect
evaporation, mainly because of its considerably lower volume and potential for higher thermal
efficiency.

Bademlioglu et al. [188] studied the thermodynamic performance of ORC-IHE; they
examined the effect of nine parameters on the thermal and exergy efficiencies. The variance of
analysis method is selected to obtain the contribution ratio of each parameter on the target
function. They pointed out that evaporation temperature, expander efficiency, heat exchanger
effectiveness and condensation temperature are the main process parameters which affect the
thermodynamic performance of ORC system. The thermal and exergy efficiencies of the
system are found as 18.1% and 65.52%, respectively.

4.1.3. Optimization

Multi-objective optimization has received much attention in recent studies. Imran et al.
[124] compared and optimized various ORC systems including basic-ORC, ORC-IHE, and
regenerative ORC for geothermal brine (160 °C, 5 kg/s). Six different working fluids have been
selected to maximize the exergy efficiency and minimize the specific investment cost within
logical limits of evaporation temperature, superheat degree and pinch-point temperature
difference (PPTD). For exergy efficiency < 45%, the basic ORC is the most appropriate
configuration; however, the regenerative ORC shows the best performance for exergy
efficiencies over 45%.

Wang et al. [125] performed an exergo-economic analysis, bi-objective optimization
and grey-relational analysis on basic, recuperative and extractive ORCs for medium
temperature geothermal applications. Their results revealed that from both thermo-economic
points of view the basic ORC performed better than the other two cycles when using R245fa
as working fluid. Meanwhile, R141b found to give the best performance among all fluids.

Turgut and Turgut [189] have optimized two ORC configurations including basic and
regenerative ORCs by considering exergy efficiency and specific investment cost as objective
functions. Twelve different organic fluids were used for each system configuration, and results
revealed that the R600 and R245fa gave the best performance of basic and regenerative CROs,
respectively.

Hu et al. [190] performed a multi-objective optimization to select the optimum working
fluid and working conditions of basic ORC. The ratio of heat source mass flow rate to net
power output and total investment cost were considered. It concluded that the evaporation
temperature is the most parameter that affects the thermo-economic performance, however
lower super heat degree is more attractive for the system performance.
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Wang et al. [191] presented a multi-objective optimization of basic ORC and selected
the investment cost per unit power and exergy efficiency as objectives. They pointed that the
increase of superheat degree has a positive effect on net power output and investment cost per
unit power, while thermal and exergy efficiencies decrease with the rise of superheat degree.

Herrera-Orozco et al. [192] carried out a multi-objective optimization of a basic and
recuperative ORC system considering 15 working fluids. They revealed that the heat
exchangers exhibit the highest exergy destruction, while (Toluene-ORC-IHE) is selected as the
best couple (working fluid-cycle configuration).

From the previous studies, the performance of ORC is strongly affected by the working
fluid type, cycle configuration and superheat degree. However, there is a lack of studies on the
comprehensive effect of the type of working fluid on ORC configuration. It can be noted that
most studies do not consider wet fluids in order to avoid turbine blades damage which under
particular pressure and temperature conditions can occur at or near the trailing edge of the
turbine rotor (i.e., at rotor outlet). However the performance advantage of wet fluids is
demonstrated when in superheated condition [182,184]. Moreover, there is a still need on
studies, which combines exergy efficiency and net power output with EPC to compare the
performance of different ORC configurations. Furthermore, the thermo-economic performance
of recuperative and regenerative systems has not been sufficiently investigated in many indexes
(exergy efficiency, electricity production cost and net power output), while the relationship
between the optimal evaporation temperatures to the inlet temperature of the heat source ratio
for these configurations needs to be determined.

The main objectives of the present chapter are given below:

e To perform a thermo-economic optimization of a basic-ORC, ORC-IHE and
regenerative ORC with the use of a low-grade heat source. Two case studies are
investigated, the first is to use exergy efficiency and EPC together as objectives, and
the second combines the net power output and EPC.

e For each case study and (working fluid-cycle configuration), a technique for order
preference by similarity to ideal situation (TOPSIS) is applied to define an optimum
solution between the Pareto solutions.

e To compare the cycle configurations and indicate the best couple (working fluid type -
cycle configuration).

e To investigate the relationship between the optimal evaporation temperatures to the
inlet temperature of the heat source ratio.

4.2. Methodology

With ongoing efforts in the industrial sector to improve energy efficiency, recovering
and converting industrial waste heat into electricity offers an interesting opportunity for a lower
cost, emission-free energy source. As mentioned in [193], more than 50% of the waste heat in
industrial processes is classified as low-grade waste heat, which is generally below 300-350°C.
An example of an application of waste heat utilization is the exhaust gases for melting glass
fibers, whose temperature ranges (140-160°C) [193]. The ORC is most appropriate for heat
sources at relatively low temperatures. It generally employs fluids that are more volatile than
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water, which allows operating pressures at lower temperatures than the traditional Rankine
cycle.

4.2.1. System description

Figure 4.1 presents the main components and T-s chart of the basic ORC. As Figure
4.1 illustrates, the working fluid absorbs energy from the hot gas in the evaporator (2—3) which
is then expanded in the turbine (3—4) to produce work. It is then cooled and condensed in the
condenser (4-1) before it is pumped (1-2) back to the evaporator. The red line indicates the
source of waste heat while the blue line indicates the coolant medium.
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Figure 4.1 Schematic and T-s diagrams of basic ORC.

In cases where the working fluid at the turbine outlet is in the vapour phase, an IHE (2—
3, 5-6) is added to the cycle to recover the energy of the liquid leaving the pump. The IHE
reduces the heat required to preheat the fluid before it enters the evaporator and the amount of
heat discharged by the working fluid at the condenser. This scheme is presented in Figure 4.2.
Alternatively, to improve the performance of the basic-ORC, a part of the vapour is extracted
from the turbine to the feed heater, to preheat the working fluid (2-3) before it enters the
evaporator. The layout of the regenerative ORC and its T—s chart is demonstrated in Figure 4.
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Figure 4.2 Schematic and T-s diagrams of ORC with IHE (ORC-IHE).
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Figure 4.3 Schematic and T-s diagrams of regenerative ORC.

4.2.2. Thermodynamic model

For thermodynamic analysis, the ORCs were modelled based on the first and second-
thermodynamics. The following hypotheses are taken into consideration:

The studied system operates in a steady state condition.
Heat and friction losses in the heat exchangers and pipes are neglected.

The heat source consists of exhaust gas at the exit of industrial boilers. The mass flow
rate and inlet temperature of waste heat source are 10 kg.s™* and 150°C, respectively
[194]. In order to recover as much energy as possible and to avoid corrosion at low-
temperatures, the outlet temperature of exhaust gas is fixed at its minimum allowed
temperature 82°C [141].

The turbine and pump isentropic efficiencies are 0.75 and 0.8, respectively. It is widely
understood that pump efficiency can significantly suffer off-design and real-world
operations can indicate very low efficiencies, but for the current model’s rated point
scenario it was considered satisfactory to assume 0.8 as a fixed value, in order to assess
the stated working fluid and configuration architecture.

The generator efficiency was assumed at 95%.

Water at 20°C is used as a cooling medium; the condensation temperature is assumed
as 30 °C.

The thermo-physical properties of different organic-fluids are evaluated with CoolProp
[195].

Table 4-1 summarizes the relations used in the first law analysis of the cycles.

The net output power of the system is defined as:

Wnet :WT _WP (41)

The thermal efficiency of the ORC system is calculated as follows:

W

net

nth ) Qeva

(4.2)
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The exergy flow is given by:
- T
Ex=Q,,(1-=%) (4.3)
Ty

T, Represents the ambient temperature and T,, is the logarithmic mean temperature of the hot
source, which can be evaluated as follows:

T, = —T“""‘”T_ LE (4.4)
|n(M)
Thot,out
Thus, the exergy efficiency of the system can be determined:
Mex = W—‘T (4.5)
Qu -
H
Table 4-1 Thermo-economic models for different ORC configurations.
Component Model Configuration
Thermodynamic models
pump W, =m, (h,-h) Basic ORC, ORC-IHE
W, =m, [@- X)(h, -hy) +(h, -hy)] Regenerative ORC
Qua =My (1) Basic ORC
Evaporator Q.. =m, (h,—h) ORC-IHE
Qua =My (R, —h,) Regenerative ORC
W, =m,, (h,-h,) Basic ORC
Turbine W, =m,, (h, -h) ORC-IHE
W, =m,, [(hs -hg) + (- X)(h, -h,)] Regenerative ORC
Qun =My (h, =) Basic ORC
Condenser Q.. =M, (hy—h) ORC-IHE
Qun =My (h, =) Regenerative ORC
Open feed heater X=mg /m, Regenerative ORC
Economic models
Evaporator/ Condenser log,, C, =K, +K, log,,(A) + K, (log,, (A))?
Turbine/ Pump log,, C, = K, +K, log,,(W) + K, (log,, (W))*
Generator Cp gen = BO(W,, )%
Cavm =C,Fau
Fay =B, +B,F,F,
log,, F, =C, +C, log,,(P)+F, (log,, (P))*
Ciot =Camen T Caut *Com con +CBM,p +Cau e Basic ORC
The total cost Ciot =Cam e T Cour +Coamicon T Comp + Com e + Comt gen ORC-IHE
Ciot =Camera T Comr +Coamcon T Coump + Com e +Coamt gen Regenerative ORC
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To calculate the heat transfer area of evaporator, condenser and IHE, the logarithmic
mean temperature difference (LMTD) method is used.

AT . — AT
AT o = — AT
In max
(AT . )

min

(4.6)

AT wo Represents the logarithmic mean temperature difference, while AT, and
AT .. represent the maximal and minimal temperature differences at the ends of the heat
exchangers, respectively.

Q= UAATLMTD (4.7)

U and A isthe overall coefficient of heat transfer and the heat transfer surface of the
heat exchanger, respectively. The following values are taken as heat transfer coefficients for
the evaporator, the condenser and the IHE 0.9, 1 and 0.2 kW/(m?K) [196], respectively.

4.2.3. Economic model

A comprehensive detailed economic analysis is a very complex process, which depends
on several specific criteria and varies from site to site and from time to time. As a result, the
total cost of the ORC system will be estimated by the cost of the basic components, including
heat exchangers, turbines and pumps [197]. It is important to note that the effect of the working-
fluid cost on the total capital cost is small and the variation in working fluid mass flow rate
with PPTD and evaporation temperature is slight. Consequently, the cost of the working-fluid
IS not taken into account in the work, as mentioned in reference [127,194].

Among the different correlations that are presented in this study, for many of the ORC
components, the methodology presented by Turton [198] is applied for providing cost
estimates. This methodology has been recently gaining popularity among ORC researchers
[181,127,169]. According to the methodology, first the purchase cost of the equipment at
ambient operating pressure and assuming carbon steel construction C is calculated from the

equation:
log,, C, = K, +K, l0g,,(X) + K;(log,, (X)) (4.8)

Where, X is the capacity or size parameter of the equipment component (such
as the area of a heat exchanger or the power capacity of pumps and compressors/turbines); Ky
, K2, Kz, Bz, B2 are constants which are illustrated in Table 4-2.

The bare module cost is defined as:
Com =C,Fay (4.9)
C, is the purchase cost and F,, is the bare module factor.
Few =B, +B,F, F (4.10)
Where F,, is the material factor; F; is the pressure factor.
log,, F, =C, +C, log,, (P) + F;(log,, (P))? (4.11)

P is the operating pressure in bar; C1, C2, Cs are constant, listed in Table 4-2.



Chapter 4: Thermo-economic optimization of different organic Rankine cycle
configurations

The total cost of the system is the summation of all components. The economic model
for each component of the considered ORC configurations are given in Table 4-1.

Ctot = CBM .eva + CBM ,Tur + CBM ,cond + CBM p (412)

The chemical engineering plant cost index (CEPCI) is commonly used in estimating
the construction cost at different periods; the total capital cost of the ORC system in 2018 is
derived from:

CEPCl

Ctot,ZOlS = Ctot,2012 . W (4-13)
2012

The Capital recovery factor (CRF) is the ratio of the annual payments to the present
value. The CRF is estimated using the equation:

|(1+ i)time

(L+0)™ _1

(4.14)

I means the interest rate which is set as 5 %, time means the period of capital recovery
which is set as 20 years.

The EPC can be expressed as follows:

EPC — CRF'CtOt,ZOlS + COM

(4.15)

net 'hfull—load

Coy Means maintenance and operation costs and assumed to be 2% of C
means the full load operation hours, which is set as 7500 h.

tot,2018 * hfull—load

Table 4-2 Equipment cost parameters [198].

Equipment K1 K2 Ks Ci C C3 B B Fm  Fsm

Pump 3.3892 0.0536 0.1538 0 0O 0 189 135 15

expander  2.2476 14965 -0.1618 O 0 0 / / / 3.3
evaporator 4.6656 -0.1557 0.1547 O 0 0 09 1.21
condenser  4.6656 -0.1557 0.1547 O 0 0 09 121 1

4.2.4. Selected working fluid

As declared before, the working-fluid choice is an important and critical factor in the
design of the ORC system due to its effect on the performance of the cycle in addition to its
environmental impact. The following criteria have to be taken into account when choosing a
working fluid: safety, environmentally-friendliness and low-cost [156,157,199].

The selection criteria used in this work are:

e Little impact on environment (zero ODP and the GWP of the working fluid has to be
lower than 1000).

e Fluids with critical temperature much higher than the heat source temperature were
excluded. Fluids with a highly critical temperature above the evaporation temperature
lead to a higher expansion pressure ratio and result in larger components [151].

Taking into account the precedent criteria, four wet fluids, three dry fluids and five
isentropic fluids are selected. Their properties are shown in Table 4-3.
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Table 4-3 Properties of working fluids.

Name M (kg/kmol)  Tc(°C) Pc(kPa) GWHP (100 years) ODP  Fluid type
R152a 66 113.26 4450 124 0 Wet
Cyclopropane 42.08 125.15 5579.7 11 0 Wet
Dimethyl ether 46.07 127.23 5337 1 - Wet
Propyne 40 129.23 5626 ~20 0 Wet
R600a 58.12 134.67 3640 0 0 Dry
Butene 56.10 146.14  4005.1 - - Dry
R600 58 151.98 3796 ~20 0 Dry
R124 136.48 122.28 3624 609 0.02 Isentropic
R236ea 152.04 139.29 3502 710 0 Isentropic
Isobutene 56.10 14494  4009.8 - - Isentropic
R1234zez 114.04 150.12 3533 1 0 Isentropic
R245fa 134.05 153.86 3640 950 0 Isentropic

4.2.5. Validation

The present models are validated with the work of Zhang et al. [141] and Zare [200]
using basic ORC-cyclopropane, ORC-IHE-cyclopropane and regenerative ORC-R600a as
cycle configuration-working fluid combinations. The comparison between the obtained results
and the results of the cited reference shows a very good agreement, as shown in Table 4. Thus,
the proposed model was considered to be verified.

Table 4-4 Validation of the present ORC models.

ORC configuration un N (%) W, (KW)  m, (kg/s) EPC ($/kwh)
(%)
Basic ORC Present work 11 46 77.11 1.35 0.075
[141] 11 46 76.32 1.39 0.074
ORC-IHE Present work 11 44 73.44 1.57 0.094
[141] 12 43 73.91 1.59 0.091
Regenerative ORC ~ Present work  14.97 53.92 2690 - -
[200] 14.96 52.94 2605

4.2.6. Optimization

The NSGA-II is selected for optimizing ORCs performance. Table 4-5 outlines the
application of multi-objective optimization for ORC cycle.

Defining appropriate objective functions is a crucial step in the optimization of ORCs.
Taking only a thermodynamic function could lead to an uneconomical design. Thus, the
economic considerations must be taken into account. According to Imran et al. [124] it exists
a trade-off between the exergy efficiency, net power output and cost. Therefore, two case
studies are investigated; in the first, the exergy efficiency and the EPC are selected as the
objective functions, while the second deals with the net power output and EPC as objectives.

The first case

max(n,,) =f,
min(EPC) = f,

(4.16)
(4.17)
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The second case

max(vvnet) = fl (4'18)
min(EPC) = f, (4.19)

The following system parameters are selected for the optimization of the ORC
configurations: evaporation pressure, PPTD in evaporator and condenser, superheating degree,
IHE effectiveness and intermediate pressure. The previous parameters have been chosen
because of their strong influence on the system performance from both thermodynamic and
economic point of view [201]. Experimentally, Abbas et al. [202] showed that both the
evaporation pressure and PPTD are significant parameters affecting the thermodynamic
performance of the ORC. In addition, the superheat degree can affect the ORC performance.
According to [203] the increase of superheat degree can lead to improved thermal efficiency
of the system, as well as protecting the turbine from damage. Lin et al. [204] practically tested
a basic ORC, and noted that the pressure ratio and superheat degree show a significant
sensitivity to the performance of the system. The decision variables and their bounds are listed
in Table 4-6.

Table 4-5 Summary of optimization on ORC.

Refs. Cycle configuration Considered  Objective function Optimization
fluids Algorithm
[125] Basic ORC Dry -Exergy efficiency NSGA-II
ORC-IHE Isentropic -Cost per net output power
Regenerative ORC Wet
[205] Basic ORC Dry -Total investment cost NSGA-II
Wet -Mass flow rate of heat source per
net power output
[206] Basic ORC Dry -Exergy efficiency NSGA-II
ORC-IHE Isentropic -Payback period
Transcritical ORC Wet
[207] Basic ORC Dry -Net power output NSGA-II
- Total cost rate
[208] Basic ORC Dry -thermal efficiency Multi-objective
Isentropic - Net revenue genetic algorithm
[209] Basic ORC Dry -Exergy efficiency NSGA-II
-total heat transfer requirement
[210] Basic ORC Dry -Exergy efficiency NSGA-II
Wet -Levelized energy cost
[189] Basic ORC Dry -Exergy efficiency Artificial
Regenerative ORC Isentropic -Specific investment cost Cooperative Search
[211] Basic ORC Dry -Exergy efficiency NSGA-II

-Levelized energy cost

In the case of multi-objective optimization, the resulting solutions are a set of optimum
points (Pareto front). In order to select the final solution from the optimum points, the TOPSIS
method has to be used to select the final optimum one. [126]. The TOPSIS method selects the
point closest to the positive optimal point on the Pareto-Optimal frontier as the optimal
solution.
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Table 4-6 Lower and upper bounds for the variables included in the optimization.

Variable Lower bound Upper bound

l:)eva 1.3* Pcon Psat (Tc _10)
P 1.1*P, 0.9*P_ (T, -10)
Eve 0.6 0.9

Topen 5 20

5 10
pp,con
Top 0 20
4.3. Results and discussion

In the present section, the results of the optimization process for the selected cases are
reported and discussed. Table 4—7 reports the TOPSIS solutions of the basic-ORC operated
with different fluid types. As shown in Table 4-7, for the same working fluid the distribution
of EPC with exergy efficiency and net power output is different. A performance comparison
between studied cases with different fluids shows that case 2 gives the most satisfactory results.
For the second case, the exhaust gas outlet temperature and the PPTD in the condenser hit
minimum and maximum allowable limits, respectively. The degree of superheating varies with
case study type and working fluid type.

The optimal PPTD on the evaporator is always below 10 °C, except for R152a, because
of the critical temperature limitation. With respect to wet fluids, the optimal superheat degree
approaches its upper bound. However, a variable superheat degree was remarked to be within
a range of (0 — 8 °C) for dry and isentropic fluids except R124. It is important to point out that,
in the second case, the working fluid must be superheated regardless of the type of working
fluid, a similar remark was mentioned in [212]. In addition, the superheat temperatures are
lower for the exergy efficiency case than the net power output case. The net power outputs of
case 2 at optimal condition are increased by 4%, 4% and 7% for R245fa, R1234zez and
Propyne, respectively. R236ea is seen to produce the highest net power output for case 1 with
the minimum EPC, while Dimethyl ether delivers the maximum net power output for case 2,
but also has the highest EPC of 0.119 $/kWh when power is maximized.

Figure 4.4 illustrates the influence of evaporating temperature on the net power output,
exergy efficiency and the EPC with R1234zez as working fluid. A PPTD of 5°C is selected for
both the evaporator and the condenser. A minimum value for the EPC is remarked around
105°C (dashed line) for the second case. However, this minimum does not coincide with
maximum exergy efficiency of 50.76 % obtained at 111°C (solid line). As the evaporating
temperature increases, the EPC decreases due to the increase in net power output. For each
working fluid, there is a specific value for the evaporation temperature where the net power
output is maximum and therefore, the EPC is at its minimum value. Moreover, as the
evaporation temperature increases, the cost of the heat exchanger increases, but the increase in
net power output is greater than the increase in the cost of the heat exchanger. The net output
power dropped further after a specific value of the evaporation temperature (95°C in this case)
and the heat exchanger cost increased - resulting in an increase in EPC. This observation can
be extended to other working fluids and cycle configurations used in this investigation.
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Table 4-7 Results of optimization for the ideal solutions for basic ORC (Works in kW, efficiencies in %, EPC $/kWh,
temperature in °C).

Fluid Objective PPTD,. PPTD T T W n EPC
fu nCtI On eva eva con sup out net ex
R 150 Casel 10023  12.13 5.47 20 82 8428 4718 0.127
a Case2  102.82 1141 1000 1828 82 8559  46.68 0.120
Cvelobropane @€l 11139 5 708 1952 87.07 87 5111 0.124
ycloprop Case2  105.81 5 1000 1912 82 9049 4935 0.119
Dimethyl Casel  111.72 5 6.36 20 8663 8708 5110 0.124
ether Case2  107.16 5 1000 1853 82 9051  49.36 0.119
Propyne Casel  112.49 5 670 1954 9127 8331  51.63 0.125
Case2  108.09 5 1000 427 82 9025 4922 0.120
6008 Casel  116.99 5 511 345 8234 8968 5065 0.125
Case2 11249 571 1000 7.85 82 88.45 4823 0.119
Butene Casel  111.68 5 555 195 8557 8638 50.56  0.125
Case2 10811 512 1000 213 82 89.62 4887 0.118
2600 Casel  111.08 5 5.40 0 8410 8772 5037 0.124
Case2 10755 557 1000 241 82 8859 4831 0.117
R124 Casel 11155 824 617 1429 82 8738 4882 0.123
Case2 11157 694 1000 1949 82 87.92 4795 0.119
R236ea Casel  117.66 517 6.11 0 82 89.74 5014 0.122
Case2 11335  5.67 9.92 600 82 87.89 4795 0.118
sobutene Casel  111.64 5 5.88 124 8362 8854 5039 0.123
Case2  109.82 5 1000 170 82 89.88  49.01 0.118
R 1234707 Casel  111.27 5 6.12 458 87.77 8522 5076 0.123
Case2  105.13 5 1000  7.63 82 89.47 4879 0.116
R245Ta Casel  114.05 5 5.02 0 8765 8487 5084 0.125
Case2  107.42 5 9.81 6.64 82 88.82 4849 0.117
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Figure 4.4 case 1 and case 2 optimum for R1234zez.

Table 4-8 reports the optimal values of the decision variables for the ORC with IHE.
In this configuration, the EPC are considerably higher than for basic ORC, a consequence of
the IHE addition. When optimized for case 1, the highest exergy efficiency is observed for dry
and isentropic fluids. R124 delivers the highest net power output, however wet fluids can
produce higher net power output compared to other working fluids. In comparison, the results
obtained using the two cases are different. Firstly, the optimal superheat degree reaches upper
bound for all fluids for the case 1, this means that the superheat is necessary even for dry and
isentropic fluids when considering ORC-IHE a similar result is found in [157,213]. Secondly,

84



Chapter 4: Thermo-economic optimization of different organic Rankine cycle
configurations

for the second case, the heat source temperature is cooled to the minimum cooling limit of
82°C indicating full utilization. Thus, more waste heat of the exhaust gas can be recuperated
by the second case. It can be noted that the net power output of case 2 at optimal condition is
higher than that of case 1 by 2-32% with low EPC of 0.6-20%, respectively. It is important to
highlight that the increase in net power output is mainly due to the improved evaporating
temperature matching with the heat source.

Table 4-8 Results of optimization for the ideal solutions for ORC-IHE (Works in kW, efficiencies in %, EPC $/kWh,
temperature in °C).

Fluid ?: r!]iflté\r/.]e Teva PPT Deva PPTDcon Tsup ERec Tout Wnet Mex EPC
i Casel 10212 1014 5.20 20 064 82 8837 4948 0.155

a Case2 9983 1138 938 1840 072 82 8633 4727 0154
Cyclopropane __ Casel 11257 501 5.03 20 089 9140 86.02 5384 0.168
Case2 10356 500 9.07 1810 063 82  91.68 5001 0.147

St eth Casel 11296 501 5.01 20 081 9104 8604 5361 0.162
Imetny-eter = case2 10514 5.0 986 1658 067 82 9198 5020 0.148
propyne Casel 11661 501 5.01 20 083 9709 7926 5371 0.169
Case2 10053  5.00 9.02 1909 072 82 9093 4962 0.149

6008 Casel 11766  5.10 507 1826 088 10137 7823 5675 0.176
Case2 11041 500 988 332 081 82 9524 5197 0.154

Butene Casel 12215 514 5.06 20 090 111.06 6559 57.36 0.188
Case2 10206 501 998 758 073 82 9195 5015 0.149

600 Case 1 12297 511 510 1988 090 11388 6254 5838 0.194
Case2 10372 501 980 095 080 82 9315 5086 0.152

o4 Casel 11094 503 545 1985 078 8614 9336 5473 0.156
Case2 11013 6.9 984 1242 078 82 9524 5199 0151

2360 Casel 11619 503 543 1887 087 10093 78.79 56.66 0172
Case2 10971 502 9.05 129 088 82 9635 5261 0157

obuten Casel 12094 505 5.31 20 089 10898 6859 5730 0.184
Case2 10299 500 995 679 076 82 9260 5051 0.150

12300 Casel 11357 504 520 1989 080 10029 7827 5575 0.163
Case2 10211 500 956 560 074 82 9203 5031 0.147

rod5ta Casel 11615 510 528 1905 087 10419 7464 5681 0172
Case2 10372 501 9.906 238 074 82 9315 5081 0.147

Table 4-9 lists the results of the decision variables for the regenerative ORC. Referring
to Table 4-9, for most of the working fluids, case 2 has lower value of the evaporation
temperature than case 1. For wet fluids, operated optimally at a significant degree of
superheating reaches its upper bound — an expected and well-known outcome. However, the
pinch point in the condenser attains its upper bound for all working fluids. Compared to case
1, the EPC benefits that can be achieved by case 2 vary, from a minimum of 3% (R124) to a
maximum of 15.54% (Isobutene). R124 produces the highest net power output for both cases,
while isobutene delivers the highest exergetic efficiency. Clearly, the selection of net power
output and EPC as objectives can be more attractive for ORC configurations, due to the full
utilization of the possible heat in the exhaust gas and to the low EPC for all working fluids.
Comparisons between these configurations using case 2 are provided in the next subsection.
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Table 4-9 Results of optimization for the ideal solutions for ORC with IHE (Works in kW, efficiencies in %, EPC $/kWh,
temperature in °C, pressure in bar).

Fluid Objective PPTD,, PPTD.. T, P T W n.  EPC
function eva eva con up int out net ex

150 Casel 9985 601 627 20 1330 82 9224 5139 0132

a Case2 10067  6.86 1000 1905 1227 82 9216 5026 0.126

Cyclopropane _ Casel 11237 503 780 1820 1379 9391 8420 53.76 0.133

Case2 9902 500 1000 1702 1278 82 9127 4981 0127

Dimethyl-  Casel 11329 502 802 1968 1200 9515 8296 5385 0.133

ether Case2 10307  5.00 1000 1240 993 82 9238 5040 0126

propyne Casel 11449 503 824 1060 1248 9937 7892 5454 0135

Case2 9750 502 1000 20 973 82 9097 4961 0126

6008 Casel 11702 503 675 018 726 89.03 88.69 5347 0132

Case2 10442 623 1000 364 687 82 9125 4976 0.126

Butens Casel 11613 503 508 217 706 9960 7714 5417 0139

Case2 10026 579 1000 828 497 82 8987 4901 0125

600 Casel 11773 508 618 484 625 10300 7227 5384 0141

Case2 10150 538 1000 108 461 82  91.06 49.66 0124

o4 Casel 11001 527 604 855 851 82 9496 5305 0131

Case2 11006  6.08 1000 588 856 82 9469 5165 0.126

2360 Casel 11584 503 558 034 491 8964 8731 5345 0132

Case2 10613  6.27 1000 334 420 82 9114 4970 0124

foputene __Case1 12063 506 519 853 806 10680 6819 54.69 0.148

Case2 9976 506 1000 980 587 82 9025 4922 0125

piigey  CEEL  1I571 506 509 826 461 10165 7517 54.63 0.138

Case2 9951 503 1000 2.63 366 82 9157 4994 0124

ot Casel 11479 507 546 023 405 9747 7939 5412 0136

Case2 10215 522 1000 305 299 82 9147 4988 0123

The net power output under the optimized conditions is shown in Figure 4.5. As seen
from Figure 4.5, the ORC with IHE and the basic ORC have the highest and the lowest values
of the net power output, respectively. By comparing the different configurations, it can be
observed that the ORC-IHE exhibits the highest net power output for all dry and isentropic
fluids. With respect to dry and isentropic fluids, ORC with IHE exhibits approximately 0.4-5%
and 2.53-8.78 % higher net power output compared to regenerative ORC and basic ORC,
respectively. In contrast to dry and isentropic fluids, regenerative ORC with wet fluids exhibits
higher net power output as shown in Figure 4.5 except for cyclopropane. The growth in net
power output for wet fluids is associated with the higher mass flows in the system compared
to other configurations. The largest net power output 96.3kW is obtained for ORC-IHE with
R236ea. While the lowest net power output 85.59kW is obtained for basic-ORC with R152a
as working fluid.

The EPC under the optimized conditions is presented in Figure 4.6. Throughout all
three configurations, the basic-ORC exhibits the lowest EPC, followed by the regenerative
configuration, while the ORC-IHE has the highest EPC. Moreover, the results reveal that the
EPC is strongly affected by the cycle configuration, regardless of the working fluid type. The
EPC of ORC-IHE ranges from 0.147 to 0.157$/kWh which is apparently higher than that of
basic ORC and regenerative ORC ranging from 0.116 to 0.123%/kWh for different working
fluids. It can be seen that ORC-IHE is 21-23% and regenerative ORC is about 5% higher EPC
than that of basic ORC. For basic ORC using different working fluids, the lowest EPC
0.116$/kWh for R1234zez, and the highest net power output 90.51kW for dimethyl ether are
obtained. R236ea was the best performance fluid in terms of the net power output while
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Figure 4.6 optimal EPC for the optimized configurations.
Figure 4.7 shows the evaporator temperature to inlet heat source temperature ratio for

each one of the different simulated working fluids and cycle configurations, as a function of
the critical temperature. As shown in Figure 4.7, the working fluids reaching the optimal
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performance are those that present a Teva/ Thot ratio between 0.68-0.75, 0.66-0.73 and 0.64-0.73
for basic-ORC, ORC-IHE and regenerative ORC, respectively. It is possible to note that for
the different configurations considered, almost the same tendency is obtained with the Teva/Thot
ratio. For ORC with IHE and regenerative ORC, working fluids with a Teva/Thot equal to 0.73
present a high net power output. This result can be explained by considering that all these fluids
have a similar evaporation temperature and therefore a similar average temperature of heat
input. For basic ORC, wet fluids (cyclopropane, dimethyl ether, propyne) exhibit the highest
net power output, and this even exceeds that of dry and isentropic fluids.
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Figure 4.7 optimal Teva/Thot with critical temperature in different ORC configurations.

Figures 4.8-4.10 shows the contribution of each equipment in the total destroyed
exergy, in the studied configurations. For each configuration two selected working fluid are
presented, for the other working fluids their results are given in the appendix. It is observed
that highest exergy destruction in evaporator followed by the expander. The major part of the
exergy destruction has been developed in evaporator and expander due to larger temperature
difference in heat addition and expansion processes. The integration of regenerative tank and
reduces the exergy destruction rate of wet fluids. Whereas the addition of IHE improves the
performance of dry and isentropic fluids.
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Figure 4.8 Percentage of the exergy destruction in the basic ORC components.

89




Chapter 4: Thermo-economic optimization of different organic Rankine cycle
configurations

DIMETHYLETHER PROPYNE

W Fump MEvaporator W Expander W IHE lCDndenser.pump BEvaporator MExpander WIHE M Condenser

BUTENE R600

W Pump MEvaporstor WExpander WIHE ®Condens mpump ®Evaporator W Expander W IHE W Condenser

ISOBUTENE R12347ZE(Z)

®FPump WEvaporator MExpander W IHE M Condenserg pn., uEyaporator ® Ewpander M IHE B Condenser

Figure 4.9 Percentage of the exergy destruction in the ORC-IHE components.
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4.4, Conclusions

This study presented the multi-objective optimization of different ORC configurations
and for different working fluid categories. The proposed optimization is conducted for two-
cases; the first is the combination of exergy efficiency and EPC, the second is the combination
of net output power and EPC. Twelve premium fluids were very carefully selected as working
fluids after careful consideration of up-to-date literature, including dry, isentropic and wet
fluids, for the selected configurations were investigated. The evaporation temperature, PPTD
in the evaporator and condenser, superheat degree, IHE effectiveness and intermediate pressure
were used as decision variables. The Pareto frontier of each case and (working fluid type-cycle
configuration) is generated by applying the NSGA-I1 to the optimization problem and the best
solution in the Pareto curve is selected by the TOPSIS method. The main conclusions are the
following:

e According to the optimization results, the selection of net power output and EPC as
objectives can be more attractive for ORC configurations, due to the full utilization of
the possible heat in the exhaust gas and to the low EPC for all working fluids.

e Comparing the cycle configurations, ORC with IHE exhibits approximately 0.4-5% and
2.53-8.78 % higher net power output compared to regenerative ORC and basic ORC,
respectively.

e For different ORC configurations, the basic ORC has the lowest EPC followed by the
regenerative configuration, while the ORC-IHE has the highest EPC; the EPC is highly
affected by the cycle configuration, regardless of the working fluid type.

e Wet fluids have better overall performance when operating in regenerative ORC
configuration.

e |t is found that, the working fluids that reach the optimal performance are those that
have an optimal evaporation temperature to inlet temperature of the heat source ratio
between 0.68-0.75, 0.66-0.73 and 0.64-0.73 for basic ORC, ORC with IHE and
regenerative ORC, respectively.
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Currently, the recovery and conversion of low grade waste heat into electricity is
attracting a lot of attention to improve the energy efficiency of industrial processes. In practice,
a large amount of energy input is often wasted in the form of low or medium waste heat that
cannot be economically converted into electricity by the conventional Rankine cycle but by an
Organic Rankine Cycle (ORC). The recovery of this waste heat not only improves the energy
efficiency of industrial processes, but also decreases the thermal pollution caused by the direct
release of this heat into the environment. Starting from this context, the present implemented
the thermo-economic modelling and optimization to recover industrial waste heat sources at
low temperature using the ORC cycle.

Firstly, a bibliographical research on ORCs was carried out. For that, the operating
principle and the evolution of the development of ORCs as well as the scientific knowledge of
several configurations of the ORC cycle were presented. Actually, the subcritical ORC cycle
is the most used configuration for waste heat recovery in industrial processes thanks to its
simplicity, safety and stability of operation.

Regarding the evaluation of the thermodynamic performance of the ORC systems,
energy and exergy analysis methods were used in this thesis. A comparison of the different
configuration of the reheat ORCs considering exergy efficiency and total thermal conductance
value as objective functions and evaporation pressure, reheat pressure, superheating degree,
PPTD and IHE effectiveness as decision variables.

The parametric study indicates that for each working fluid there is an optimal
evaporation pressure, which simultaneously maximizes and minimizes the exergy efficiency
and total UA value, respectively. The increase of reheat pressure increases the exergy
efficiency, total UA value and power output. Wet fluids produce more power output compared
to dry and isentropic fluids. In the case of wet fluids, superheat has a positive impact on exergy
efficiency, however, for dry and isentropic fluids the increase of superheat degree decreases
the power output.

Considering the optimization outcomes, there is an optimal reheat pressure which
maximizes the exergy efficiency and minimizes the total UA value, the reheat pressure to
evaporation pressure ratio ranges are 0.27-0.48 and 0.45-0.54 for ORC with and without IHE,
respectively. The optimum superheat degree approaches its upper bound for wet fluids. The
gain in exergy efficiency of the ORC-IHE using R236ea and R245fa is 23.7% and 20.2%
compared to the ORC without IHE. This confirms that the integration of IHE is more effective
for dry and isentropic fluids compared to wet fluids. The results revealed that R236ea and
propyne are the best working fluids for the ORC with and without IHE, respectively. The outlet
temperatures of the hot gas in ORC with IHE was higher than those of basic that it can be
further utilized e.g. combined heat and power applications.

In general, the feasibility of a waste heat recovery project can only be confirmed after
its economic evaluation. A cost correlation for each component of an ORC system is used
leading to the possibility to perform thermo-economic optimizations. Based on the thermo-
economic optimizations, the selection of net power output and EPC as objectives can be more
attractive for ORC configurations, due to the full utilization of the possible heat in the exhaust
gas and to the low Electricity Production Cost (EPC) for all working fluids. Comparing the
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cycle configurations, ORC with IHE exhibits approximately 0.4-5% and 2.53-8.78% higher net
power output compared to regenerative ORC and basic ORC, respectively. For different ORC
configurations, the basic ORC has the lowest EPC followed by the regenerative configuration,
while the ORC-IHE has the highest EPC; the EPC is highly affected by the cycle configuration,
regardless of the working fluid type. Wet fluids have better overall performance when
operating in regenerative ORC configuration. It is found that, the working fluids that reach the
optimal performance are those that have an optimal evaporation temperature to inlet
temperature of the heat source ratio between 0.68-0.75, 0.66-0.73 and 0.64-0.73 for basic ORC,
ORC with IHE and regenerative ORC, respectively.

Future work

Heat exchangers design: the integration of the code with simplified routines will allow
achieving a higher level of detail removing some fixed assumptions at the basis of the present
approach. Pressure drops and heat transfer coefficients won’t be consider constant anymore
and they will be linked to fluid properties.

Develop an integrated, accurate and flexible thermo-economic design and optimization
methodology for ORC systems for a wide range of temperatures and heat source capacities.

The application of double stage ORCs can lead to substantial performance improvement
compared to the basic cycle. However, the thermo-economic optimization of these
configurations is a prerequisite for the complete evaluation of their cost competitiveness.

The experimental testing of the ORC will be crucial in demonstrating the technical
feasibility, indicate potential performance improvement modifications (cycle configuration,
working fluid mixture).
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Appendix

Appendix A: working fluid properties

Table 1 Classification of working fluids according to their composition.

Chemical name Alternative name Class ODP GWP
Methane R50 Alkane n.a. 21.0
Ethane R170 Alkane n.a. 5.5
Propane R290 Alkane n.a. 3.3
n-Butane R600 Alkane n.a. 4.0
2-Methylpropane Isobutane - R600a Alkane n.a. n.a.
Pentane R601 Alkane n.a. n.a.
2-Methylbutane Isopentane-R601a Alkane n.a. n.a.
2,2-Dimethylpropane Neopentane Alkane n.a. n.a.
Hexane - Alkane n.a. n.a.
2-Methylpentane Isohexane Alkane n.a. n.a.
Heptane - Alkane n.a. n.a.
Octane - Alkane n.a. n.a.
Nonane - Alkane n.a. n.a.
Decane - Alkane n.a. n.a.
Dodecane - Alkane n.a. n.a.
Ethene Ethylene - R1150 Alkene n.a. 3.7
Propene Propylene - R1270 Alkene n.a. 1.8
1-Butene Butene Alkene n.a. n.a.
Cis-2-butene Cis-butene Alkene n.a. n.a.
Trans-2-butene Trans-butene Alkene n.a. n.a.
2-Methyl-1-propene Isobutene Alkene n.a. n.a.
Propyne - Alkyne n.a. n.a.
Cyclopropane - Cycloalkane n.a. n.a.
Cyclopentane - Cycloalkane n.a. n.a.
Cyclohexane - Cycloalkane n.a. n.a.
Methylcyclohexane - Cycloalkane n.a. n.a.
n-Propylcyclohexane - Cycloalkane n.a. n.a.
Benzene - Aromatic n.a. n.a.
Methylbenzene Toluene Aromatic n.a. 2.7
Trichlorofluoromethane R11 CFC 1.000 4750.0
Dichlorodifluoromethane R12 CFC 1.000 10890.0
Chlorotrifluoromethane R13 CFC 1.000 14420.0
1,1,2-Trichloro-1,2,2- R113 CFC 0.800 6130.0
trifluoroethane
1,2-Dichloro-1,1,2,2- R114 CFC 1.000 10040.0
tetrafluoroethane
Chloropentafluoroethane R115 CFC 0.600 7370.0
Dichlorofluoromethane R21 HCFC 0.040 151.0
Chlorodifluoromethane R22 HCFC 0.055 1810.0
2,2-Dichloro-1,1,1-trifluoroethane R123 HCFC 0.020 77.0
1-Chloro-1,2,2,2-tetrafluoroethane R124 HCFC 0.022 609.0
1,1-Dichloro-1-fluoroethane R141b HCFC 0.110 725.0
1-Chloro-1,1-difluoroethane R142b HCFC 0.065 2310.0
Trifluoromethane R23 HFC 0.000 14760.0
Difluoromethane R32 HFC 0.000 675.0
Fluoromethane R41 HFC 0.000 92.0
Pentafluoroethane R125 HFC 0.000 3500.0
1,1,1,2-Tetrafluoroethane R134a HFC 0.000 1430.0
1,1,1-Trifluoroethane R143a HFC 0.000 4470.0
1,1-Difluoroethane R152a HFC 0.000 124.0
Fluoroethane R161 HFC 0.000 12.0
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1,1,1,2,3,3,3-Heptafluoropropane R227ea HFC 0.000 3220.0
1,1,1,2,3,3-Hexafluoropropane R236ea HFC 0.000 1370.0
1,1,1,3,3,3-Hexafluoropropane R236fa HFC 0.000 9810.0
1,1,2,2,3-Pentafluoropropane R245ca HFC 0.000 693.0
1,1,1,3,3-Pentafluoropropane R245fa HFC 0.000 1030.0
1,1,1,3,3-Pentafluorobutane R365mfc HFC 0.000 794.0
2,3,3,3-Tetrafluoroprop-1-ene R1234yf HFO 0.000 4.0
Trans-1,3,3,3-tetrafluoropropene R1234ze HFO 0.000 6.0
Tetrafluoromethane Perfluoromethane - R14 PFC 0.000 7390.0
Hexafluoroethane Perfluoroethane - R116 PFC 0.000 12200.0
Octafluoropropane Perfluoropropane - R218 PFC 0.000 8830.0
Octafluorocyclobutane Perfluorocyclobutane - RC318 PFC 0.000 10030.0
Decafluorobutane Perfluorobutane PFC 0.000 8860.0
Dodecafluoropentane Perfluoropentane PFC 0.000 9160.0
Hexamethyldisiloxane MM Linear Siloxane n.a. n.a.
Octamethyltrisiloxane MDM Linear Siloxane n.a. n.a.
Decamethyltetrasiloxane MD2M Linear Siloxane n.a. n.a.
Dodecamethylpentasiloxane MD3M Linear Siloxane n.a. n.a.
Tetradecamethylhexasiloxane MD4M Linear Siloxane n.a. n.a.
Octamethylcyclotetrasiloxane D4 Cyclid siloxane n.a. n.a.
Decamethylcyclopentasiloxane D5 Cyclid siloxane n.a. n.a.
Dodecamethylcyclohexasiloxane D6 Cyclid siloxane n.a. n.a.
Propanone Acetone Ketone n.a. 0.5
Ethyl alcohol Ethanol Alcohol n.a. n.a.
Methanol Methanol Alcohol n.a. 2.8
Dimethy! ester carbonic acid Dimethyl carbonate Carbonate ester n.a. n.a.
Trifluoroiodomethane - Haloalkane n.a. n.a.
Methoxymethane Dimethylether Ether n.a. n.a.
Ammonia R717 Inorganic 0.000 0.0
Carbon dioxide R744 Inorganic 0.000 1.0
Water R718 Inorganic 0.000 0.0
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Appendix B: the exergy destruction for different fluids and
configurations

Basic ORC

R152A CYCLOPROPANE

M Pump M Evaporator M Expander ® Condenser EPump M Evaporator M Expander M Condenser

R600A R124

W Pump M Evaporator M Expander M Condenser W Pump M Evaporator M Expander ™ Condenser

R236EA R245FA

W Pump M Evaporator M Expander M Condenser
W Pump M Evaporator M Expander M Condenser
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ORC with IHE

R152A CYCLOPROPANE

B Pump MEvaporator MExpander MIHE MECondenser B Fump MEvaporztor MExpander MIHE MBCondenser

R600A R124

M Pump MEvaporztor MExpander MIHE MCondenser W Pump MEvaporstor MExpander MIHE MCondenser

R236EA R245FA

B Pump MEvaporator MExpander MIHE M Condenser S Fump MEvapor=tor MExpander WIHE MCondensar
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Regenerative ORC
R152A CYCLOPROPANE

W Fump WMEvaporstor MExpander M Reg tank M Condenser P M Evaporstor M Expander M Reg tank M Condenser

R600A R124

M Pump WEvaporstor M Expander M Reg tank MConc @ Pump WEvaporstor M Expander M Reg tsnk M Condenser

R236EA R245FA

W Fump MEvaporator M Expander M Reg tank W Conc® Pump MEvaporstor M Expander M Reg tank W Condenser
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