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ABSTRACT

Comparative Performance analysis of Selected Working Fluids in a low temperature organic

RankineCycle forWasteHeat recoveryApplication.

The global imperative to improve energy efficiency necessitates the effective recovery of low-

gradewasteheat,achallengeperfectlyaddressedbytheorganicRankineCycle (ORC)technology.

This project undertakes a comprehensive comparative analysis of selected candidate organic

working fluids – including Ethanol, Toluene, Cyclopentane, R245fa, R1233zd(E) and R152a,

drawn from thecategoriesofdry,wet and isentropic fluids,withina low-temperatureORCsystem

designed for industrial waste heat recovery. The primary goal is to identify the optimal fluid that

maximizes thermodynamic performance under a specified heat source temperature (e.g 2060C to

123.70C).

A thermodynamicmodelwas developed to simulate the cycle’s performance. The selected fluids

areevaluatedagainstkeymetricssuchasnetworkandthermalefficiency.

Initial simulation results reveal significant variability in cycle performance, depending on the

fluid’scritical temperature,boilingpointandcondensation temperaturesandpressures.

The findings provideadata drivenbasis for selecting aworking fluid that not onlyachieves higher

power generation but also minimizes system’s complexity and investment cost, thereby

acceleratingthedeploymentofsustainable lowtemperaturewasteheat recoverysystems.
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CHAPTERONE

INTRODUCTION

1.1Background

The population of the world has been on a constant and continuous increase which has led to

increase in the demand of electrical energy. It is also imperative to significantly look at the

environmental impact as in the case of global warming and the world carefully discuss on the

possible torture it will impose on to humanity if not properly handled and has otherwise being a

topicofdebate fordecades.Renewableenergy technologiesneed tobedevelopedand thisconcept

requiresnewtechnology.

There are a lot of sectors that need energy for one purpose or the other and in the cause of energy

consumption, there is ever an evenunavoidable occurrence ofwaste heat dissipation.Thiswasted

heat comes at varying thermal temperatures. The industrial waste heat absolutely has a

temperature high enough that enable the direct delivery to the district heat grid. The profitability

and undeniable competition in linewith high electricity thus, this availablewaste heat has woken

up an old technology. This technology is based on converting industrial waste heat into electrical

energy with an attractive payback price. This new approach gives birth to the Organic Rankine

Cycle. The wasted heat is used to heat up organic working fluids. Majority of these organic

workingfluidsuchasethanol,cyclohexane,R245fa,R1233zd(E),R152ahave theirboilingpoints

lower thanwater and canbe easily evaporated at low temperatures. This evaporatedworking fluid

is thenexpandedinaturbinewhere the turbinedrivesanelectricgeneratinggenerator.

The reliance on primary energy source like the fossil fuel for over the years has ever being on an

exponential rise due tomodernization and technology.The severe impact on the environment as a

result of the end use of electric power by heavy industries, conventional and residential buildings
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hasscaleuptoatremendous increase.

ManywestAfricancountries likeNigeria, organizes its energymixaroundenergy sources that are

abundant within its boundaries. Hydropower and gas fired power plants have been the

predominant energymix inAfrica’smost populous country.Hydro is largely seen as cleanmeans

of power generation. On the other hand, gas has been given green credentials by the European

Union due to the less polluting nature than coal and since labeled a transition fuel. The grid

emission factor of the power generating systems in Nigeria is based on the energy source are in

relativelygoodstead.

The power generating plants connected to the national grid in Nigeria with different installation

capacityare23innumber.The installedcapacity is10396MWandavailablecapacityof6056MW.

Of this,gaspoweredplants accounts for8457MWwithavailable capacity4966MWwhile the rest

is hydropowerwith installed capacity of 1038.4MWand available capacity of 1060MW. Agreat

dealof thecountry’spowergeneration is ideallygas fired.

Generationofelectricitycarriedout fromtheprimaryenergysources fossil fuel throughnumerous

ways, and one of it, themost commonway of harvesting electrical energy from thermal energy is

vapourpowercycle.

Table1.1:TopSixThermalPowerPlants inOperationinNigeria

POWERPLANTS LOCATION CAPACITY

Egbin thermalpowerstation Lagos 1320MW

Sapelepowerplant Delta 720MW
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Ughellipowerplant Delta 964.68MW

Alaojipowerplant Abia 1074MW

Afampowerstation Rivers 987.20MW

OlorunsogoIIpowerplant Ogun 750MW

The vapour power cycles are actually classified into steam engines and power plants. The steam

engines aremobilewhile thepowerplants are stationary.Thus, thegenerationofelectricpowerby

using the vapour power cycles is largely driven by non-renewable energy sources. Talking about

the vapour power cycles, the ideal cycle is theRankine cycle. TheRankine cycle is themain cycle

that converts heat energy into electrical and it is used todrive all vapour powermachines. But, due

to the current hot debates on the negative impacts to the environment by the continuous use of the

fossil fuel, the use of low-grade heat sources are considered in this study. The low-grade heat

sources are renewable and in higher energy consuming countries. These energy sources such

geothermal, biomass or solar are largely carried out. Therefore, the vapour power cycle that uses

low grade heat to produce heat energy along with organic working fluids is the Organic Rankine

Cycle.TheORCstudy in thisproject is slightlydifferent from theconventionalRankinecycle that

useswateras itsworkingfluidbut, throughtheRankineCycle,ORCisstudied.

In the design of power systems that low temperature heat source, there is need for aworking fluid

that will transfer the energy gained from either the combustion of fossil fuel, renewable energy

sources or heat sources into useful work. The Rankine Cycle uses water that has low molecular
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mass (18kg/kmol) but a higher boiling point(1000C) as its working fluid while the Organic

Rankine Cycle makes use of working fluids that have lower boiling points but, higher molecular

mass.Exampleofsomeasorganicworkingfluidsare toluene,cyclohexane,cyclopentane,R245fa,

R1233zd(E),R152a,R143a,R22,R134aetc.

1.2ProblemStatement

Theboiling point ofwater is 1000Cand is heated up to its vapour phase by using a high-grade heat

source. The heated water is passed through the boiler for turbine power generation. The selection

criterion of water as a working fluid for vapour power cycle is based on some factors. It is

chemically inert, abundant in earth, not prone to attacking the pumps, pipes, turbine blades, or

other equipment. Because water needs high grade heat source to vapourize, it becomes a thing of

concern as it cannot be heated up to vapour phase by low grade heat sources, hence the need for

Organic Rankine Cycle with working fluid that a low-grade heat source can easily vapourize.

These ORC working fluids have high molecular mass and low boiling point. The selection

criterion for the proper organic working fluids is significant and it is the main objective. For

instance, R245fa, R1233zd(E) and toluene are types of organic working fluids. The

thermophysical properties for the ORC working fluids are density, latent heat of vaporization,

specific heat capacity, thermal conductivity, specific volume, molecular mass, normal boiling

point,critical temperature,criticalpressure.

In this project we also consider mechanical parameters like work net, efficiency and back work

ratioforbetterperformanceevaluationfor theselectedORCworkingfluids.

1.3Purposeofthestudy

Thecorepurposeof thisproject canbebrokendownintothesekeyaspects:

1. Waste Heat utilization: to effectively utilize readily available low-grade waste heat, (e.g
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fromindustrialprocesses) thatwouldotherwiseberejected intotheenvironment.

2. Performance optimization: To identify the specific working fluid that maximizes the net

power output and thermal efficiency of the ORC system under fixed operating condition

(e.gheat source temperature)

3. Informed selection: to offer a data driven recommendation for engineers and designers on

the optimal working fluid selection for low – temperature ORC application, considering

notonlyperformancebutalsosafety,environmental impact(GWP,ODP)andcost.

1.4Aimoftheproject

The primary aim of this project is to evaluate and compare the thermodynamic and heat transfer

performance of selected organic working fluids (e.g Ethanol, Toluene, Cyclopentane, R245fa,

R1233zd (E) andR152a) in a low temperature organicRankine cycle (ORC) designed to recover

waste heat, ultimately identifying the optimalworking fluid thatmaximizes the net power output

andefficiencyunderspecificheat sourceconditions.

1.5Objectives

Replacement of water with high molecular mass working fluid, also known as organic working

fluid, is themainapproachbeingcarriedout in thisproject.Objectiveof thisproject isgivenbelow:

1. To select candidate working fluids from the three categories of dry, wet and isentropic fluids;

basedoncriteria suchas lowboilingpoint,highcritical temperatureandenvironmental impact

2. To develop the thermodynamic model of the low temperature ORC system using Cool Prop

library.

3.Toperformthe thermodynamicanalysisof the fluidsandcompare their thermodynamicmetrics

intermsofnetworkandefficiency.
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1.6ImportanceofORCasaProject.

 WasteHeatRecovery:

ORCsystems can recoverwaste heat from industrial processes, such as those in cement andmetal

plants, which would otherwise be lost. By converting this waste heat into electricity, ORCs can

significantlyimprove theoverallenergyefficiencyof industrialoperations.

 RenewableEnergyIntegration:

ORCscanutilizeheat fromrenewablesources likegeothermalandsolar thermalenergy,whichare

oftenavailableat lower temperatures.

This allows for thedecentralizedandsustainable generationofpower, especially in locationswith

limitedaccess toconventional energysources.

 Low-TemperatureApplications:

ORCs are well-suited for utilizing heat sources at lower temperatures (e.g., below 150°C)

comparedtotraditional steamRankinecycles.

This expands the range of potential heat sources that can be used for power generation, including

somegeothermalandsolarapplications.

 Small-ScalePowerGeneration:

ORCsystemscanbedesignedforvariouspoweroutput levels,makingthemsuitableforboth large

andsmall-scalepowergeneration.

This flexibility allows for decentralized power generation, which can be particularly useful in

remoteareasorforspecific industrialapplications.

 EnvironmentalBenefits:

ORCs can reduce reliance on fossil fuels by utilizing waste heat and renewable energy sources.
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This can lead to lower greenhouse gas emissions and contribute to climate change mitigation

efforts.

 EconomicViability:

ORCtechnology isbecomingincreasinglycompetitive,especiallywithadvancements inworking

fluids and systemdesign. The ability toutilize low-cost heat sources and thepotential formodular

designsmakeORCsystemseconomicallyattractive invariousapplications.

1.7Scopeofthestudy

This research project work on Comparative Performance Analysis of Selected Working

Fluids in Low Temperature Organic Rankine Cycle Waste Heat Recovery Application is

carried out by identifying and understanding the various classifications and types of the working

fluids. The essence is to harnessed the industrial waste heat having a temperature as low as 2060C

as its source to the turbine temperature zone and to the condensing temperature of -400C.For easy

evaluation,working fluids thathave their boilingpointgreater than -530Care selectedand theyare

classified into dry, isentropic and wet. Some dry fluids are: toluene, cyclopentane, cyclohexane,

R600,R600a. isentropic fluidsare:R1233zd(E),R245fa,whilewet fluidsare: ethanol,R152aand

R143aetc.

CoolProp is a thermodynamic modelling software used for this project. Lastly, the selection of

materials, performance of the heat transfer of either the evaporator or condenser, component

configurationfor thedesignof thepowerplantarenotconsidered inthisresearchwork.
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CHAPTERTWO

LITERATUREREVIEW

2.1. OrganicRankineCycle

TheOrganicRankineCycle (ORC)isaprototypeof theoriginalRankinecycle.TheRankinecycle

was invented byW. Rankine in the 1850’s and is widely used for boiler steam power generation

systems. Themodification of theRankineCycle is done by the replacement of theworking fluid –

water to organic working fluids. The replacement becomes so imperative that the ORC system is

operated at lower temperature heat source as compared towater.ORCworking fluids are capable

of producing higher thermal efficiencies despite the fact that the working fluid is at lower

temperature thanwater. In theORC system, themass flow rate, the quantity of heat needed by the

system, the power generated by the system the work net are some crucial properties that greatly

influenced the thermal efficiency of system. The ideal ORCworking fluid has a lowboiling point

that can easily vapourize at lowheat source and low freezing point so that it will not become solid

throughout thecycle.

Theheat exchanger is betterusedas amachine for anORCsystem toconvert low temperatureheat

energy sources into electrical power instead of the boiler. One of the major advantages of ORC

system is that virtually, it can exploit any external thermal energy sources with the temperature

differences between the thermal sources and the sink ranging from -400C to 2060C. After the

inventionof thesteamcycle, the thoughtoforganicworkingfluids insteadofwatergavebirth.The

idea remainedplainuntil thesecondhaftof the20thCentury.Itwas theresearchworkcarriedoutby

Physicist, Harry Zvi Tabor and Engineer Lucien Bronicki that led to the construction of the first

workingORC installation in 1961. The curiosity to harvest and convertmore solar energy, a cycle

suitableenoughforrecoveringlowtemperatureheat sourcewasdeveloped.
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Fig.2.1.BlocklayoutandT–splotofaSimpleOrganicRankineCycle

2.2LowGradeHeatSources

Thefossil fuel isoneof theprimaryenergysources, that isofagreatdemandup tillnow.It iswidely

needed for the generation of electrical energy and heat energy for human activities. This research

work examines the possibility of utilizing low temperature industrialwaste heat resources as part

of the sustainable energy supply to developing countries likeNigeria.Approach to lowgrade heat

sources like industrial waste heat (cement industry), biomass, geothermal, solar energy, are

explainedanditsusage inORCaresignificant.

Apart from this, the industrial waste heat discharged PRESCO Plc, in Edo State during the

vegetable oil refining is2060Cis sufficient enough to set upORCplant. It is a smaller scale system

therefore; it is suitable for small scale demand. TheORC technology is cost effective and it is of a

rapid increasedueto its lowcarbonemission.

Besides that, solar energy is one of the vital sources used for ORC system. The primary of all
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energy, sun’s energy, is extracted through solar system andhas been common in nowadaysworld.

Development of solar powered ORC has become significant and many modifications have been

done. Low grade heat energy of below 300˚C is viable through ORC for generation of electrical

energy.

Furthermore, recoveryheat,waste heat is thebestmethodofcontrollingexcessivenon-renewable

energy usages. The demand for waste heat recovery is continuously growing under the rising

commitment of the industry to reduce energy consumption, operational costs and carbon

emissions. Stated that usage of waste heat recovery ORC has return of investment (ROI) 2 years

less than conventional one. Development of waste recovery ORC that gives higher output power

2MW using medium temperature level 300˚C is manufactured by Siemens and is commercially

used.

2.3WorkingFluids

The working fluids of an ORC systems are classified into dry, isentropic and wet and this clearly

illustrated on the slope of saturated vapour curve on a T-s diagram, shown in Figure 2.2. As the

gradient of the slope shows positive, it simply means the working fluid is dry, example is

cyclopentane. If thegradientof theslope thatgivesapproximatezero that is averticalgradient, it is

basically an isentropic fluid likeR245fa and for negative gradient it iswet fluids likewater. From

our test, the result shows that with the usage of R1233zd(E) as the working fluid over a medium

temperature range, 45.6kW of electrical power is generated. The working fluid must provide an

adequatechemical stabilityin thedesired temperature range.
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Figure2.2:T-sdiagramforWet,IsentropicandDryfluids.

Theboilingpoint ofmost of theorganic fluids are very lowwhencompared towater asmentioned

earlier in Problem Statement. This factor makes organic fluid need a lower heat source

temperature to evaporate theORCworking fluid into the turbine inlet. Figure 2.3belowshows the

T-s diagram for water and some organic working fluids for ORC. The positive and infinite slopes

have enormous advantages for turbo machinery expanders. These working fluids leave the

expander as superheated vapour and eliminate the corrosion risk in case of using turbomachinery

expanders.

Furthermore, there is no need for overheating the vapour before entering the expander, and a

smallerandcheaperheatexchangercanbeused.
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Figure2.3:T-sdiagramforwaterandsomeorganicworkingfluidsforORC

There are several factors to consider when selectingworking fluids. The low level of toxicity as a

working fluid needs to be chosen. The compatibility with materials in contact and the chemical

stability, Organic Rankine Cycle working fluids undergo chemical decomposition and

deterioration at higher temperature. The maximumoperating temperature must be limited as per

stability is concerned. In addition to this, theboiling temperatureof theORCworking fluids isalso

important.Given avery lowboiling temperature requires a suitable condenser as it requires lower

condenser temperature andhigh boiling temperature requires highheat input fromboiler.Besides

that, flash point criterium is vital, as higher flash point should be selected to avoid flammability.

Apart from that, lower specific heat and higher latent heat should be selected for low load for the

condenser and to raise efficiency of heat recovery. Ozone depletion potential (ODP), global

warmingpotential (GWP)andatmospheric lifetime (ALT) factors, needed controlledat safe zone

forenvironmentalaspectsofworkingfluids.
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Table2.1:ThermophysicalpropertiesoftheselectedORCworkingfluids.

Workingfluids Toluene Cyclo

pentane

R245fa R1233zd(E) R-152a Ethanol

Chemical formula C7H8 C5H16 C3H3F5 C4H2F6 C2H4F2 C2H5OH

Molecular mass

(kg/kmol)

92.123 70.13 134.045 130.5 66.05 46.07

Critical

temperature(oC)

318.60 238.57 154.1 166.6 113.3 240.8

Critical pressure

(bar)

41.263 45.71 45.17 35.31 45.2 61.48

Normal boiling

point

110.60 49.4 15.05 18.26 -24.02 78.4

Thermal stability

(oC)

300 Appr.300 250 270 250 300

Fluid type Dry Dry Isentropic Isentropic Wet Wet

ODP 0 n.a 0 0 0 0

GWP(100-year) 0 n.a 950 1 138 Low

Latent Heat of

Vaporization

(kJ/kg)

361.8 389 196 195.52 329.4 854

Density of fluid

(kg/m3)

862.2 751 5.718 1321.3 1013 789

Specific Heat 1.707 1.75 1.293 1.205 1.625 2.5
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Capacity

(KJ/kgK)

FreezingPoint 0C -95 -94 -107 -107 -117 -114.6

The tableaboveshowssomethermophysicalpropertiesofwet, isentropicdryORCworkingfluids

as listed in the scope of this project. The tabulated data is imported into this Final Year Project to

ease the study on the selection of working fluids suitable for the ORC operation. Besides,

CoolProp software, and sources from the internet were used to generate the thermophysical data

forvariousrefrigerants.

2.4CharacteristicsofORCWorkingFluidsforLowTemperatureSources

The chosen working fluids having different properties have a significant impact on the

performance of the ORC. Ultimately appropriate thermodynamic properties can result in higher

cycle performance and low cost. In other to achieve a successful ORC process, the ideal working

fluidshouldhavethefollowinggeneralcharacteristics.

 Smallheatcontent (lowenthalpy).

 Lowheat latency.

 Lowenvironmental impact.

 Non-flammable,corrosiveor toxic.

 Inexpensive toavoidhighoverall systemcost.

 Highmolecularweight.

Highcritical pressure and temperature toallowengineoperating temperature toabsorball theheat

availableupto that temperature.
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Lowoperating pressure to avoid danger of explosion or rupture and avoid negative impact on the

reliabilityof thecycle.

Small specific volume of fluid in its gaseous state to avoid the need of large and costly turbines,

evaporatorsandcondensers.

Hashigherpressure insidecondenser toair inflowinto thesystem.

The least toxic of fluids are the refrigerant and they also exhibit good material compatibility and

stability limit. The fluids chosen as the subject of the work belong to the class refrigerants

developed to have no Ozone Depletion Potential (ODP) and small Global Warming Potential

(GWP). Also, they have thermodynamics properties that make them suitable for use with low

temperatureheat source.

2.5ThermodynamicsAnalysisoftheORCCycle.

AnORCcan be depicted schematically inFig. 2.4.The cycle is entirely in the sub – critical region

of theT-Schartutilizingphasechangeheat transferprocesses tobothenergyadditionandrejection.

Thecycle consists of anevaporator (4-1) inwhich theenergy from the industrialwaste heat source

is transferred to the ORC working fluid. The fluid leaves the evaporator in the dry saturated

condition and enters the expansion device (1-2). The expansion process drives an electric

generator. On leaving the expander, the fluid is fully condensed (2-3) leaving the condenser as a

low temperature, low pressure liquid. It is then compressed to the evaporator pressure and the

cycle isrepeated.
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Fig.2.4T-sdiagramfortheORCcycle.

1→fluidstateafter theboilerandbefore the turbine.

2→fluidstateafter the turbine.

3→Fluidstateafter thecondenserandbefore thepump.

4→fluidstateafter thepump.

2.6PreviousResearch.

In 1976, Patel and Doyle [5] recovered the exhaust waste heat of a Mack 676 diesel engine in a

long-haul truck by an ORC using Fluorinol-50 as the working fluid. The operating temperature

wasbetween650°F(343.3°C)at turbine inletand158°F(70°C)atcondenserexit.Theyclaimeda

13%increase inmaximumpoweroutputalongwitha15%improvement infueleconomy[1].

In 1985, Badr [6] documented a working fluid selection process for a Rankine cycle engine

producing a low power (<10 kW) and operating between 40 °C and 120 °C. 67 prospective

working fluids were evaluated, among which three superior candidates were R-11, R-113, and

R114,whileR-11was identified tobeunstableat temperatureabove120°C[1].
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In1995,Larjola [7]usedanORCwithprototypehigh-speedoil free turbogenerator-feedpumpsto

recover heat from a 425 °C source. Among the several working fluids that he tested; toluene

showed the best suitability. The toluene-basedORChad26%efficiency compared to the 11-19%

efficiencyachievedbyasteamRankinecycle [1].

In1997,Hung[8]evaluated theperformanceofsixworkingfluids,benzene,ammonia,R-11,R12,

R-134a, andR-113, bymodeling to determine themaximumRankine cycle efficiency at different

turbine inlet temperatures. The result showed that benzene had the highest efficiency from 500-

550K(227°C–277°C)[1].

In another work published four years later, Hung [9] investigated the potentials of benzene,

toluene, p-xylene,R-113 andR-123 to recoverwaste heat froma10MWsource at 600K (327 °C)

in an ORC. P-xylene showed highest cycle efficiency when a constant 15 °C temperature

difference between the turbine inlet and thewaste heat source existed.Refrigerants showedbetter

performanceas thesource temperaturedecreased[1].

In 2005, El Chammas and Clodic [10] configured an ORC forWHR from the cooling circuit and

exhaust of a 1.4L spark ignition engine in a hybrid vehicle using a 55 °C condensing temperature.

They tested water, isopentane, R-123, R-245ca, R-245fa, butane, isobutane, and R152a as the

working fluids. The results indicated that water gave the highest efficiency, followed by R-123,

isopentane,andR-245ca[1].

In 2007, Mago et al. [11] investigated the performances of R-134a, R-113, R-245ca, R-245fa,

R123, isobutane, and propane as the working fluids in an ORC operating at low temperatures.

R113showedhighest systemthermalefficiencyat temperaturearound450K(177°C)[1].
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In the same year, Quoilin [12] described optimization of a small-scale ORC through computer

simulations. He indicated that R-123 operated efficiently with source temperatures between 100

and200°C[1].

In2009,Ringleretal. [13]foundthatwaterwas themostappropriateworkingfluidforanORCthat

workswitha four-cylinder engine torecoverheat fromexhaustgasonly [1].The investigationwas

facilitated by aDymolamodeling tool, thus the engine performance directly linked to the vehicle

speeds[1].

In 2010, Espinosa et al. [14] studied the optimal ORC configuration for WHR on commercial

trucks. In addition to the optimal configuration discussion, he used computer models to evaluate

threeworking fluids,water, ethanol, andHFC-R-245fa.R-245fawas deemed as themost suitable

workingfluid[1].

In 2011, Roy et al. [15] parametrically optimized the performance of anORCusingR-12, R-123,

R-134a, and R-717 as the working fluids. R-123 demonstrated the highest efficiency for both a

constanthearssource temperatureof550K(227°C)andavariableheat source.

In 2012, Seher, Lengenfelder, Gerhardt, Eisenmenger, Hackner and Krinn [16] comparedWHR

power produced by an ORC in connection with a diesel engine for a heavy-duty commercial

vehicle usingwater, toluene,MM,ethanol, andR-245fa.The results obtainedbyboth simulations

andexperiments indicated thatwaterorethanol is thesuitableworkingfluid.

In 2013, Bao and Zhao [4] reviewed working fluid selections for ORC. They summarized

selection criteria based on thermodynamic andphysical properties, such as latent heat and boiling

temperature. They proposed a table of recommended fluids for different applications, working

conditionsandperformance indicators.Over theheat source temperature rangeof320-500K(47-

227°C),24workingfluidswere recommended intheirwork.
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In short,previous researchershavedone largeamountofworkon theORCused inconnectionwith

internal combustion engines. However, the assumed operating conditions of the ORC and the

results intheirworksvary largely.Nosingleworkingfluid issuitableforallconditions.

Therefore, rather thana further detailed studyonwhy the results of these literatures vary largely, a

simple statistical summary ismore helpful to narrowdown theworking fluid selections.Based on

this consideration, I summarized that the working fluids that were frequently investigated in the

literatures are R-11, R12, R-113, R134a, R123, R-245ca, R-245fa, isobutane (R-600a), toluene,

benzene, ethanol and water. The working fluids that have demonstrated the highest system

efficiencies in the literaturesareR-11,R-113,R-114,R-123,R-245fa, toluene,benzene,p-xylene,

ethanol and water. Note that R-123 showed the best performance in three studies ([10], [12] and

[15]).

CHAPTERTHREE

METHODOLOGY

In this study, variation of the properties with the variation of the different working fluids,
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condenser and evaporator pressures have been studied. The fundamental equations have been

usedtosimplyanalyze theperformanceofdifferentworking fluids.Duringthestudy,thefrictional

losses of the fluids flowing in the pipes were neglected and hence operating the conditions have

been assumed in the processes of isobaric heat supply at the evaporator, expansion at the turbine,

isobaric heat rejection at the condenser and compression at the pump.The informationof relevant

operating conditions and input parameters are displayed in the table below. The modelling was

carriedoutbyusingCoolPropsoftware.

Table3.1ConditionsforORCsystemsforverification.

Parameters H.E

inlet

temp.

(0C)

H.E

exit

temp.

(0C)

Cp

(kJ/kg)

m

(kg/s)

Qin

(KW)

L.H.V

(KJ/kg)

Tc

(0C)

Te(0C) Pc

(bar)

Pt

(bar)

t p

(%)

Water 206 123.7 4.184 1.5 516.4542

Toluene 206 123.7 1.707 1.0 516.4542 361.8 20 110.6 0.02926 0.99543 95 90

Cyclopentane 206 123.7 1.75 1.17 516.4542 389 20 49.4 0.346118 1.0332 95 90

R245fa 206 123.7 1.293 1.93 516.4542 196 -40 15.05 0.0584 1.0132 95 90

R1233zd(E) 206 123.7 1.205 1.94 516.4542 195.52 -40 18.26 0.0570 1.0133 95 90

R152a 206 123.7 1.625 1.45 516.4542 329.4 -40 -

24.02

0.4721 1.0133 95 90

Ethanol 206 123.7 2.5 0.516 516.4542 854 20 78.4 0.058724 1.0011 95 90

Turbine
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Figure3.1Schematic layoutofORCsystem

.

Figure3.2 T-splotfordryandwetORCfluids.

CondenserHeat ExchangerCooling water from oil refinery (206oC)

Pump
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Figure3.3 T-splotfortheORC.

Process1-2, isentropiccompressionofpump

Process 2-4, isobaric evaporation of whichmeans no pressure drop in the boiler. In the boiler, the

fluidundergoes threeprocesses.

Process2-3,steampreheating.

Process3-4,steamevaporationfromliquidphase tosaturationvapour.

Process4-5, isentropicexpansion

Process5-6 isobariccondensationfromsuperheatedsteamtoasaturatedvapour.

Process6-1sub-coolingfromsaturatedvapour tosaturated liquid.

Note that these series undergo processes bearing in mind that this is an ideal cycle isentropic

expansionadiabaticconditions,nolosses,nopressuredropsetc.
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3.2ThermodynamicModelling.

The principal processes of the ORC system are illustrated in the fig3.1a above which shows the

schematic and temperature-entropy diagram of the thermodynamic cycle. The common

components of the ORC plant should consist of pumps, evaporator, expander and the condenser.

By observing their pressure and temperature on each individual component in the Organic

RankineCyclesystemtoevaluate thermodynamicpropertiesof theworkingfluids.

3.3SteamQuality

The statement that the dryness fraction of an Organic Rankine Cycle is always greater than 1, is

incorrect.Thedryness fractionbeing themeasureof themixtureof the saturated liquidandvapour

and it ranges from0 to 1.ORCoften use fluids that are classified as ‘dry’ or ‘isentropic’,meaning

that an isentropic expansion in the turbine keeps the fluid out of the two-phase region resulting a

dryness fractiongreater than1.

3.3.1DryFluids:

Many organic fluids are dry with a positive slope on a T-s diagram and naturally becomes

superheated after expansion through the turbine. This means the fluid remains in a gaseous state

throughout the expansion avoiding condensation and the potential for liquid droplets to damage

the turbine blade. For these fluids the dryness fraction at the turbine outlet will be greater than 1

indicating that the fluid has become a superheated vapour. Examples of dry organic fluids are:

cyclopentane, toluene,R600,R600a,benzene, isobutaneetc.
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3.2.2IsentropicFluids.

Isentropic working fluids for an Organic Rankine Cycle are organic fluids that do not need

superheatingbecause during the adiabatic expansion, they stay in the saturated vapour region and

condensation does not occur at the turbine outlet. These fluids have nearly vertical saturation

curve a temperature – entropy (T-s) diagram making them ideal for ORCs with no risk of blade

corrosion from fluiddroplets. Examples of isentropic fluids are:R245fa,R1233zd(E),R11,R123

etc.

3.3.3WetFluids.

If a wet fluid like water is used, an isentropic expansion will lead to a two-phase mixture with a

dryness fraction less than1. Ina temperature–entropy(T–s)diagram, these fluidshaveanegative

slope for their saturation vapour curve. That simplymeans their saturation temperature decreases

as theirentropyincreases.Whenawetorganicfluidexpands isentropicallyfromasaturationvapor

state, it enters thewetvapour region.Fluidswithsimplermolecular structure tend tobehaveaswet

fluids.Exampleof thewetorganic fluidsareethanol,R152a,R134a.These fluids typically require

superheatingbeforeexpansiontoprevent liquiddroplet fromdamagingtheturbineblade.

3.4MathematicalModelling

Mathematicalapproachtocalculate theefficiencyof theORCsystemisvital.

Work input in pump and output in turbine is important to determine the back-work ratio. Figure

3.1bischosenas thereferenceassumingideal cycle.

Beloware thevariousformulaeusedfor thecalculations.

HeatTransferEquation:



25

The heat transfer equation is used to determine the quantity of heat from the waste heat source to

heatuptheORCworkingfluids tothevaporization temperature.

� = � ℎ�� − ℎ��� = ��� ��� − ���� = ����� �� − �� + ���� (1)

DrynessFraction:

The dryness fraction is a key parameter used to characterize the state of the working fluid and

optimize the performance of the expander and the entire ORC system, ensuring both efficiency

andoperational reliability.Thedrynessof theworkingfluid iscritical inselecting theright fluidfor

the ORC. Dry fluid maintains their vapour phase during expansion which is often preferred for

ORCs using standard turbine. The function below is used to determine the dryness fraction of an

ORCworkingfluid.

� =
��4 − ��1

���
(2)

Temperatureat superheat

�4 = �6 + ������
�5

�6
(3)

Enthalpyvalueat superheat.

ℎ5 = ℎ6 + �� �5 − �6 (4)

Actualenthalpyvalueatsuperheat

ℎ5 = ℎ4 − � ℎ4 − ℎ5 (5)

Actualenthalpyofpump
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ℎ2 = ℎ�1 +
ℎ2 − ℎ�1

�
(6)

Specificenthalpyvalue(forwet fluidonly)

ℎ2 = ℎ�1 + �ℎ�� 7

Turbinework:

The turbine is the prime mover device that converts the heat energy of the system into motion

energy that can be used as a generator rotor for power generation. The steam turbine power can be

determinedbyusingtheequationbelow.

�� = � ℎ4 − ℎ5 (8)

Pumpwork:

Thepump functions to create pressure on theworking fluid in theORCby convertingmechanical

energy into kinetic energy so that the fluid can circulate. From the thermodynamic analysis, the

equationbelowisusedtodeterminethepumpwork.

�� = � �� − �� = � ℎ2 − ℎ�1 (9)

Preheater:

In thepreheater, theworkingfluidreceivesheat fromthesaturated liquid.

Quantityofheat supplied

��� = � ℎ4 − ℎ2 (10)

Quantityofheat rejected
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��� = � ℎ5 − ℎ�1 (11)

Network

�� = �� − �� (12)

The essential parameter to equate the efficiency is when the work done by turbine need to be

calculated.Theoverallefficiencyof thesystemisgivenaswell.

Overallefficiency

��ℎ =
��

���
(13)

Backwork ratio parameter is also considered to be an evaluation of theORCperformance and the

formulaasfollows:

Backworkratio

��� =
��

��
(14)

In addition to themathematical approach of the system, a thermodynamicmodelling via a proper

series of equation is important, involving actual and ideal Organic Rankine cycle. Before that,

modelling of such thermodynamic system involves certain constraint that needed to be fixed.

Beloware theconstraints tobefixed:

1.Selectionofworkingfluidswhichhasboilingpointabove220K, the reason is tohaveaclear and

efficientwayofcomparing itsperformanceonORCsystem.

2.Thecondensing temperature is fixedat -40˚C,alsoknownas the lowest temperatureTLof fluids

with lower boilingpoint used in this projectwork. The system temperature ranges between boiler
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exit and turbine exit can be from90˚C to -30˚C for industrialwaste heat.Generally, themaximum

pressure range that a boiler operates is between 0.057bar to 1.0133bar. The scope is smaller than

theboiling temperatureabove, thusconsiderationofboilingpressure isvital.

3. The efficiency of the turbineused in this project is set to 0.95.The reason is to findout the actual

enthalpy, h5s entropy at the turbine exit compareswith the ideal one, given h5s andS5s. the formula

forefficiencyof turbine isequation5.

4.The efficient of thepump is set to0.90 aswell,which is to findout the actual enthalpy, h2s given

inequation6.

5. The energy and work calculation throughout the system is based on specific energy and work

done denoted as kJ/kg, thus mass flow rate is not ignored in the modelling but varied by taken

cognizance0f theirboilingpointwiththeavailablequantityofheat.

3.5ThermodynamicmodellingofORCinCoolProp

Basedon theequationon idealORCandactualORCcycle fromtheconstraints above, theseriesof

equation is being written in the CoolProp software. The series of equations is used for all the 6

workingfluidsfromthreegroups togenerate theresultsonvariousparameters.

3.6CoolPropLibrary

Cool prop is an open-source, cross platform library that provides accurate thermophysical

properties for awidevariety of fluids. It is oftenused as an alternative toproprietary databases like

NIST REFPROP, offering high-accuracy reference equations of state and transport property

correlations. Its free and flexible licensing (MIT License) makes it popular in both academic and

industrialapplications

It key features include: a comprehensive fluid database containing thermodynamic and transport

properties for over 100 pure and pseudo-pure fluids, mixture capabilities for calculatingmixture
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properties, humid air properties for high accuracy psychrometric analysis, cross platform with

wrappers available for numerous popular programming languages and environments, has simple

high level interface for quick property retrieval and has computational speed with high efficient

methods, suchas tabular interpolationfor fastercalculations.

CoolProp is widely used in projects related to: thermal systems design, energy systems, process

engineeringandsystemsimulation.

3.7EquationsandSimulationCodes

Beloware theequationcodeanditscommentabout thevariablesbeingused:

{Constraints"}s

{Turbineinlet/BoilerOutlet}

T_2=90[C] "Temperature inlet to turbine/boilerexit"

P_2=1.033[bar] "Pressureat turbineinlet"

{Qualityissuperheated}

eff_turbine=0.95 "Efficiencyof turbinefixed"

{Condenser inlet/TurbineOutlet}

P_3=0.057[bar] "CondensingPressure"

{PumpInlet/CondenserOutlet}

T_4=-40[C] "CondensingTemperature"

P_4=P_3 "Pressureonturbineexit is samethroughout the

condensingprocess"

eff_pump=0.90 "Efficiencyofpump"

{Boiler inlet/Pumpoutlet}

P_1=P_2 "Pressureonpumpexit issameasboilerexit"



30

"OrganicRankineCyclemodelling"

{WorkingFluids}

importmath

fromtypingimportDict,Any,List

importpandasaspd

importnumpyasnp

fromCoolProp.CoolPropimportPropsSI

importmatplotlib.pyplotasplt

frommatplotlib.backends.backend_pdf importPdfPages

#=====Parameters (EDITME)=====

ETA_TURB=0.95

ETA_PUMP=0.90

MDOT=1.0 #kg/s

SUPERHEAT_K=10.0

SUBCOOL_K =4.0

#Baselinesetpoints forsingle/multi runs

BASE_Pe_bar=35.0

BASE_Pc_bar=1.06

BASE_Te_C =205.0#HeatSourceTemperature

BASE_Tc_C =50.0

#Sweepranges

EVAP_T_RANGE=np.linspace(10,205,9) #°C
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COND_T_RANGE=np.linspace(-40,20,10) #°C

EVAP_P_RANGE=np.linspace(15,40,6) #bar

#Fluid lists

FLUIDS_MAIN=["Ethanol", "Toluene","Isohexane","R245fa", "R1233zd(E)","R152a"]

FLUID_FOR_SWEEPS="R152a" #usedinsingle-fluidsweeps

deforc_state_points(fluid:str,

Pe_bar: float,Te_C:float,Pc_bar: float,Tc_C:float,

superheat_K:float=10.0, subcool_K:float=4.0,

eta_turb: float=0.80,eta_pump: float=0.70,

mdot_kg_s: float=1.0)->Dict[str,Any]:

Pe=Pe_bar*1e5

Pc=Pc_bar*1e5

T3=(Te_C+superheat_K)+273.15

T1=(Tc_C-subcool_K)+273.15

h3=PropsSI("H", "T",T3,"P",Pe, fluid)

s3=PropsSI("S","T",T3,"P",Pe, fluid)

h4s=PropsSI("H","P",Pc,"S", s3,fluid)

h4 =h3-eta_turb*(h3-h4s)

h1=PropsSI("H", "T",T1,"P",Pc, fluid)
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s1=PropsSI("S","T",T1,"P",Pc, fluid)

h2s=PropsSI("H","P",Pe,"S", s1,fluid)

h2 =h1+(h2s-h1) /eta_pump

Qin=mdot_kg_s*(h3-h2)

Wt =mdot_kg_s*(h3-h4)

Wp =mdot_kg_s*(h2-h1)

Wnet=Wt-Wp

eta_th=(Wnet /Qin) ifQin>0else float("nan")

return{

"fluid": fluid, "Pe_bar":Pe_bar,"Te_C":Te_C, "Pc_bar":Pc_bar,"Tc_C":Tc_C,

"superheat_K": superheat_K, "subcool_K": subcool_K, "eta_turb": eta_turb, "eta_pump":

eta_pump,"mdot_kg_s":mdot_kg_s, "T3_K":T3,"p3_Pa":Pe,"h3_Jkg":h3,"s3_JkgK":s3,

"h4s_Jkg":h4s,"h4_Jkg":h4,"T1_K":T1,"p1_Pa":Pc,"h1_Jkg":h1,"s1_JkgK":s1,

"h2s_Jkg": h2s, "h2_Jkg": h2, "Qin_kW": Qin/1000.0, "Wt_kW": Wt/1000.0, "Wp_kW":

Wp/1000.0, "Wnet_kW":Wnet/1000.0,"eta_th_%":eta_th*100.0

}

defrun_cases(cases:List[Dict[str,Any]]) ->pd.DataFrame:

rows=[]

forc incases:

try:
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rows.append(orc_state_points(**c))

exceptExceptionase:

c2=c.copy()

c2["error"]=str(e)

rows.append(c2)

returnpd.DataFrame(rows)

#Baselinesetof fluids

cases=[

{"fluid": "Ethanol", "Pe_bar":1.0011,"Te_C":78.4,"Pc_bar":0.058724,"Tc_C":20.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},

{"fluid": "Toluene", "Pe_bar":0.99543,"Te_C":110.6,"Pc_bar":0.0296,"Tc_C":20.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},

{"fluid": "Cyclopentane", "Pe_bar":1.0045,"Te_C":49.4,"Pc_bar":0.346118,"Tc_C":20.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},

{"fluid": "R245fa", "Pe_bar":1.0332,"Te_C":15.05,"Pc_bar":0.0584,"Tc_C": -40.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},

{"fluid": "R1233zd(E)", "Pe_bar":1.0132,"Te_C":18.26,"Pc_bar":0.0570,"Tc_C": -40.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},
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{"fluid": "R152a", "Pe_bar":1.033,"Te_C": -24.02,"Pc_bar":0.4721,"Tc_C": -40.0,

"superheat_K": SUPERHEAT_K, "subcool_K": SUBCOOL_K, "eta_turb": ETA_TURB,

"eta_pump":ETA_PUMP,"mdot_kg_s":MDOT},

]

df=run_cases(cases)

df_summary =

df[["fluid","Pe_bar","Te_C","Pc_bar","Tc_C","Qin_kW","Wt_kW","Wp_kW","Wnet_kW","

eta_th_%"]]

df_summary

#Plot1:efficiencybyfluid

fig1,ax1=plt.subplots()

ax1.bar(df["fluid"],df["eta_th_%"])

ax1.set_ylabel("ThermalEfficiency[%]")

ax1.set_xlabel("Fluid")

ax1.set_title("ORCEfficiencybyFluid(baselinecases)")

plt.xticks(rotation=45)

plt.tight_layout()

plt.show()

#Evaporation temperaturesweep

rows=[]

forTeinEVAP_T_RANGE:

rows.append(orc_state_points(FLUID_FOR_SWEEPS, BASE_Pe_bar, Te, BASE_Pc_bar,
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BASE_Tc_C,

SUPERHEAT_K,SUBCOOL_K,ETA_TURB,ETA_PUMP,MDOT))

sweep_evap=pd.DataFrame(rows)

sweep_evap[["fluid","Te_C","Wnet_kW","eta_th_%"]]

fig2,ax2=plt.subplots()

ax2.plot(sweep_evap["Te_C"],sweep_evap["eta_th_%"],marker="o")

ax2.set_xlabel("TemperatureChange[°C]")

ax2.set_ylabel("ThermalEfficiency[%]")

ax2.set_title(f"EfficiencyvsTemperatureChange—{FLUID_FOR_SWEEPS}")

ax2.grid(True)

plt.tight_layout()

plt.show()

#Condenser temperaturesweep

rows=[]

forTcinCOND_T_RANGE:

rows.append(orc_state_points(FLUID_FOR_SWEEPS, BASE_Pe_bar, BASE_Te_C,

BASE_Pc_bar,Tc,

SUPERHEAT_K,SUBCOOL_K,ETA_TURB,ETA_PUMP,MDOT))

sweep_cond=pd.DataFrame(rows)

sweep_cond[["fluid","Tc_C","Wnet_kW","eta_th_%"]]

fig3,ax3=plt.subplots()
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ax3.plot(sweep_cond["Tc_C"], sweep_cond["eta_th_%"],marker="o")

ax3.set_xlabel("Condenser(Cooling)Temperature[°C]")

ax3.set_ylabel("ThermalEfficiency[%]")

ax3.set_title(f"EfficiencyvsCondenserTemperature—{FLUID_FOR_SWEEPS}")

ax3.grid(True)

plt.tight_layout()

plt.show()

#Evaporatorpressure sweep

rows=[]

forPeinEVAP_P_RANGE:

rows.append(orc_state_points(FLUID_FOR_SWEEPS, Pe, BASE_Te_C, BASE_Pc_bar,

BASE_Tc_C,

SUPERHEAT_K,SUBCOOL_K,ETA_TURB,ETA_PUMP,MDOT))

sweep_Pe=pd.DataFrame(rows)

sweep_Pe[["fluid","Pe_bar","Wnet_kW","eta_th_%"]]

fig4,ax4=plt.subplots()

ax4.plot(sweep_Pe["Pe_bar"], sweep_Pe["eta_th_%"],marker="o")

ax4.set_xlabel("EvaporatorPressure[bar]")

ax4.set_ylabel("ThermalEfficiency[%]")

ax4.set_title(f"EfficiencyvsEvaporatorPressure—{FLUID_FOR_SWEEPS}")

ax4.grid(True)

plt.tight_layout()
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plt.show()
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CHAPTERFOUR

RESULTS

4.1TemperaturedependentthermophysicalProperties

Temperature dependent thermophysical properties were plotted using CoolProp software, with

respect to the lowest temperature of -40℃, and 20℃, highest temperature of the system. But for

higher temperaturecategoryof fluidchosen for thisprojectwork, the lowerboilingpoint200Cand

110.60C. The corresponding pressures for low grade heat source are 1.0133bar at entry to the

turbine, while at exit from the condenser is 0.0584bar. The results obtained from the CoolProp

software isshowninthetablebelow.

Table4.1ResultobtainedfromCoolPropsoftware.
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Figure4.1BarchartshowingefficiencyandORCfluids.

4.2DiscussionofResults

4.2.1PumpWork

Work of pump is an important parameter when it comes to evaluating the back-work ratio and

performance of the system. Identification of pump work eases by applying the equation (8) and

getting the actual pump work. For low grade temperature fluids in this project the figure below

shows their pump work generated by CoolProp. R152a(wet) has the lowest pump work while

R1233zd(E) (isentropic) has the highest pump work, the same way for high temperature fluids,

Cyclopentane(dry)has the lowestpumpworkwhileEthanol(wet)has thehighestpumpwork.

Table4.2pumpworkof lowtemperatureORCfluids.
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R245fa(KW) R1233zd(E)(KW) R152a(KW)

0.071683 0.074968 0.059249

Table4.3pumpworkofhightemperatureORCfluids.

Toluene(KW) Ethanol (KW) Cyclopentane(KW)

0.123271 0.132076 0.097634

4.2.2NetWork

The difference between the work of turbine and the pump work yields another important

parameter when selecting the best fluids. The figures below show the network for the low

temperatureandhigh temperature fluidsselectedfor thisprojectwork.

Fromthetableof thelowtemperature fluidsR152a(wet)has the lowestworknetwhileR1233zd(E)

(isentropic) has the highest work net. But for the high temperature fluids cyclopentane (dry) has

thelowestworknetwhileethanol (wet)has thehighestworknet.

Table4.4Worknetof lowtemperaturefluids.

R245fa(KW) R1233zd(E)(KW) R152a(KW)

44.350864 45.600995 22.172452

Table4.5WorknetforhightemperatureORCfluids.
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Toluene(KW) Ethanol (KW) Cyclopentane(KW)

104.146568 149.837108 37.027248

Table4.6WorknetfordryORCfluids.

Fluid Wt(KW) Wp(KW) Wn(KW)

Toluene 104.269838 0.123271 104.146568

Cyclopentane 37.124882 0.097634 37.027248

Table4.7WorknetforIsentropicORCfluids

Fluid Wt(KW) Wp(KW) Wn(KW)

R245fa 44.422547 0.071683 44.350864

R1233zd(E) 45.675963 0.074968 45.600995

Table4.8WorknetforwetORCfluid

Fluid Wt(KW) Wp(KW) Wn(KW)

Ethanol 149.969184 0.132076 149.837108

R152a 22.231701 0.059249 22.172452

Higher temperature in anORC system generally leads to higher network output as increasing the

heat source temperature, evaporation temperature and turbine inlet temperature boost

performance.Conversely, lower temperatureparticularlya lower temperaturedifferencebetween

the source and the cold sink decrease the net power. A lower condensation temperature is

beneficial for cycle performance and increases the network output because the temperature
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difference across the expander is larger. In addition to that, a higher ambient/condensation

temperaturedecreasesnetworkandefficiency.

4.2.3Efficiency

Efficiency is themost important parameter on selecting the rightORC fluids. From the graphs the

overall best efficiency for the low temperature fluid is R1233zd(E) (isentropic) while the overall

best efficiency of the high temperature fluids is toluene. Though ethanol (wet) seems to have the

greaterworknetwhen comparedwith toluene (dry) but efficiency parameter ismore prioritized if

highgradeheat source isused.Therefore, toluene from thedrygroup is chosenas thebestworking

fluid.But for the low-gradeheat sourceR1233zd(E) isentropicgroupischosenas thebestworking

fluid.

Table4.9Efficiencyof lowtemperatureORCfluids.

R245fa(%) R1233zd(E)(%) R152a(%)

15.926549 16.585565 5.966948

Table4.10EfficiencyofhightemperatureORCfluids.

Toluene(%) Ethanol (%) Cyclopentane(%)

18.962908 14.530663 7.968950

Increasing the temperature differencebetween theheat source and the sinkgenerally increases the

efficiency of an Organic Rankine Cycle (ORC) system, as higher temperatures lead to greater

power output. Specifically, higher heat source temperatures and higher turbine inlet temperatures

are correlated with increased thermal efficiency, while factors like the working fluid and cycle

configurationalsoplayasignificant role.
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Increasing the turbine inlet pressure generally increases the overall efficiency of an ORC system

by enhancing the turbine power output but, there are limits. However, this increase in pressure is

not linearas it also increases thework requiredby thepumpandcan lead to reducedefficiencynear

the working fluid’s critical pressure due to less efficient phase change process and mechanical

limitations.

In an ORC system, the specific heat (Cp) of the working fluid has a complex and sometimes a

conflicting effect on efficiency. A low specific heat capacity is generally favourable for thermal

efficiency,while a high specific heat capacity can be beneficial for net power output. The overall

systemefficiencydependsonthespecificapplicationsuchas temperatureof theheat source.

The latentheat alsoaffects theefficiencyof theORCsystem.The latentheat is theenergyabsorbed

or releasedduringaphase change, suchas vaporizationorcondensationat a constant temperature.

In theORC system,working fluidwith high latent heat of vaporization can significantly improve

the efficiencyby allowing the system to absorbmore energy from theheat source toproducemore

power.

The thermal conductivityofORCsystemworking fluid significantly impacts the efficiencyof the

heat exchangers (evaporator and condenser) and the overall system’s thermo – economic

performance. Higher thermal conductivity is generally desirable for efficient heat transfer with a

smaller temperature difference between the heat source/sink and the fluid. This smaller

temperature in theevaporator reduces thermodynamicirreversibilitywhichin turn leads toabetter

overall efficiency of the power output. The overall thermal efficiency of an ORC system is

determined by a combination of factors, including operating conditions (temperature, pressures)

and other thermophysical properties like critical temperature, latent heat of vaporization and

specificheatcapacity.
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4.2.4BackWorkRatio(Bwr)

A high back work ratio (Bwr) in an ORC system decreases net efficiency because more of the

generatedwork isconsumedby thepump,while lowBwrmaximizes thenetworkoutput.TheBwr

is the ratioof thepump’spower input to theexpander’sworkoutputandminimizing it is crucial for

performance which is achieved by choosing an appropriate working fluid and optimizing the

systemdesign,particular theexpander’sefficiencyandexpansionratio.
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CHAPTERFIVE

CONCLUSION

Organic Rankine Cycle is efficient cycle for energy production from low grade heat sources, like

industrial solar and biomass using organic working fluids. Purpose of organic working fluids, is

justified briefly over the conventional one, water. As water possesses higher boiling point than

organic working fluids which is inefficient for Organic Rankine Cycle. The objective of this

research project which is identifying the best working fluids for low grade heat sources, acting

between the temperature of -40°C to 90°C, and between 1000C to 2000C ismet by chosen suitable

working fluid, R1233zd(E), under the isentropic fluid group. It has the highest work net of

45.60KW making it the highest among all the group of the low-grade heat source fluids. The

efficiencyof this fluid is16.59%,being thehighest in isentropicgroup.Lastly, theback-work ratio

is also favorable giving the highest in the same group, thusR1233zd(E) is the best fluid. From the

wet fluid group,R152a fluid amongall thegroups ofworking fluid has the lowest amount ofwork

net by giving up to an efficiency of 5.83%. Among the dry fluids, toluene which happens to be a

high temperature fluid is chosen as the best working fluids since it has higher work net of

104.57KWeven though itswork net is less than ethanol as awet fluid highest efficiency among its

groupgivingup to18.96%.Another significant observationmade in the results is that,R245faand

R1233zd(E)haveverycloseworknetandefficiency.

5.2LIMITATIONOFORGANICRANKINECYCLE

Possible limitations of Organic Rankine Cycle (ORC) include its low efficiency, constraints

related toworking fluids and high-cost relative to energyoutput.While highly effective for low to

mediumtemperature heat sources, these limitation affects its overall performance.The efficiency

ofanORCisdirectlydependent on theheat source temperature, itsperformancedeclineswith low
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temperature.

The organic fluids used in ORCs can chemically degrade and decompose at high temperatures

which limits the maximum temperature of the heat source that can be used. Many organic fluids

used inORCs are flammable, toxic or expensive. Flammability and toxicity create safety hazards

that require design to prevent leaks, especially in a sub-ambient pressure condenser where air

couldleak inandformaflammablemixture.

5.3RECOMMENDATIONS

Inorder toaddress the limitationsofOrganicRankineCycles,we recommend that engineers focus

oncycleoptimization,workingfluidselectionandcomponentdesign,

Thiscanbedonethrough:

 Cycle configuration: employing advanced ORC configurations like recuperative,

regenerativeorreheatedcycles toimprovethermodynamicperformance

 Fluid selection: prioritize fluids with high thermal stability to allow operations at higher

temperatures. Nonflammable and low toxicity fluids will also help enhance safety and

environmentalcompliance.

 Component selection: use simpler and less expensive machines like scroll expanders in

small-scaleORCsystems.

 Economic optimization:Employmulti-objective optimization (MOO) techniques during

the design phase to simultaneously optimize for both thermodynamic performance and

economicindicators
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