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ABSTRACT

Energy savings and efficiency improvements of epergstems are an important task on
the path towards a more sustainable future. Thasishdescribes an optimization of a heat
recovery system for an electric power plant runrongbioliquid. This system is a part of
an electric power plant being designed by Utrasifi&reging in Great Britain. Plant oils are
chosen in this investment to be used as fuel, la@ktore the availability of plant oils and
their properties as a fuel for diesel engines @sn@red in the thesis. The heat recovery
system uses heat contained in the cooling waten tiee engine block as well as heat in
exhaust gases, and converts it into electric endtrgyalso a part of a larger more intricate
system where a part of the heat is used for hedtiigings, preheating fuel, running an
absorption cooling unit. The recovered heat is eomd to electricity using Rankine
Cycle, different working fluids are addressed. T&&am and Organic cycles are
examined. The system is optimized using three m@iffeobjective functions: power output,
exergetic efficiency and net present value. Thdanupétion process is solved in the
mathematical model implemented into Engineeringdign Solver. The model is able to
perform a complex simulation of the waste heatveppsystem. The model simulates the
energy and exergy balance of the system and iseglsipped with economical instrument:
net present value. The results show that accondiradl of the objective functions Organic
Rankine Cycle with isopentane as working fluid useda recovery system is the most
optimal solution. Its electrical output is 1741 k\kergetic efficiency 27,6% and the
system pays back in 6 years. Also further heatuagois examined. And it is found that
there are possibilities for recovering more hedtajuhe Organic Rankine Cycles. It was
found that the superheated steam leaving the titibiat insufficient temperature and does
not contain enough enthalpy for it to be a feas#xerce for the heating applications
though it could be used for regeneration improwggle efficiency. But this issue is not
studied in this work.

After the optimization process the case study idopmed to examine if such a power
plant with waste heat recovery system could be emgeinted at different conditions.
Poland is examined as a location for the powertplams concluded that Poland is not a
feasible place for this type of power plant. Treabecause undeveloped plant oil industry
and not sufficient political incentives for biofgel






PREFACE

This thesis was done as a finalization of one yeaster degree program called “RES: The
School of Renewable Energy Science” in Iceland. phegram was financed by EEA
Grand which was guided by the PL0O460 Project. Iraatly grateful to Professor Tomasz
Wisniewski who was the leader of PL0O460 Project. Heagk was expressing the
willingness for helping me.

The purpose of making this thesis was my high @siein improving the efficiency of the
existing energy systems which was inspired by @ulA. Ericson lectures.

It is obvious that when something is done it igdabto do it in the best possible way. That
is my life attitude and it is also my point of viexg an engineer. So | started to look for an
interesting topic in the field of efficiency imprements.

| found that Mr.Thorhallur Bjarnason from Utras Engering is doing an interesting
project about the optimization of the waste heabvery system for a bio diesel power
plant. | took that topic and Mr.Thorhallur becamyg finst advisor. | would like to thank
him for his help and support with the data and gebfdocumentation that | needed in the
optimization process. He was always open for hglpire. | would also like to thank my
second advisor Dr.Gudrun Seavarsdottir from Unitaeref Reykjavik with whom |
exchanged tens of email from which everyone washipgsthe thesis forward. She
supported me with academic knowledge and helpedtanéorm the thesis for an
professional academic work. The third person whpdteme was Dr.Pall Valdimarsson.
He supported me with the core of the code whickdduto optimize the cycle. Professor
William Scott Harvey was supporting me with his gmral knowledge about the turbines
and the cost analysis of the system. These wergdbgle who helped me directly in
making of the thesis.

But | would also like to mention the people who &érelping me not directly but were
encouraging me and giving their support when | $@ahe hard times. Firstly | would like
to say thank you to Bjorn Gunnarson and Sigrun Koatjansdottir who as main RES
stuff assisted and helped me during my stay inalmtleven when they had their own
problems.

I would like to thank my friends here in Icelandy gollege students. When | was coming
to Iceland I did not know you, now you are my Hesinds.

Finally | would like to express my gratitude to rigsest ones: my brothers Jan and Piotr,
my parents Barbara and Jerzy and my girlfriend Araa constant support and
encouragement. Without them | would not even caorledland to study.

Thanks to all of these people making this mastesithbecame a pleasurable work and a
great life experience for future.






TABLE OF CONTENTS

I 1 0 To [8 [ 1[0 o [T 1
R YT {01 £ 2
1.2 GOoals Of the StUAY .....ccoeieieeeeeee e e e e e e e e e e e e 5
1.3 Background iNfOrmMation ............oooiiiiiii ettt e e e e e e e e e eeeeeeeeeees 5
1.4 WOrKS CONIDULION ...ttt e e e e e 6
1.5 Research methodology ..... ..o 6
1.6 ANICIPALEA FESUILS ..vvviiiiiie i sttt e ettt s e e e een e e e s e e e e e aeeaaees 6

2 Modeling and optimization of the waste heat rece®IStemM .........ccoeeveeeeiiiiiiiiiiiiiiiinnens
2.1 Waste heat recovery at bio-liquid power plants............cccvvvviiiiiiiiiiieeeeeeeee, 7.

2.1.1Power Plant deSCrPtON..........uuuuuuiiiiie ettt e e eeeeeeees 7
2.1.2 Comparison of different fUEIS ...............mmmmeeeeeeriiiiiiiiiisee e e e e eeeeeeeenaaeend 9
2.2 The mathematical model of the ORC ...........ceeiiiiiiiiii e, 11
2.2.1SIMPIE ORC ..ot et e et e e e e et e e e e snnnee s 12
2.2.20RC With regeneration.............uueeiiiiieieieeeee et 21
A B (== 10 I O o [ S 22
2.2.4Different cooling CONAITIONS.........uuuuuiitammmeiiiaeee e 24
2.3 The working fluids of the SYSIeM ............cocmmeeeeieiiccr e 27
2.3.11S0bUtENE RBOODA ......cuuuueuiiiiieee e ettt e e e e e e e e e e eeeeeenes 27
2.3 2 ISOPENTANE ... ceeti ittt ermmm e et 29
2.3 3 STBAIM ...t e e e e aneeeaaaans 30
2.4 Definition of objective functions of the ORC optmation ...............cocvvvvvvciienennn. 31
2.5 Exergy analysis of the ORC SYSTEM .........ueeemmiiiiiiiiiiiiee e 32
2.5.1EXergy iNtrodUCTION ........vveiiiiie s eeeeeee s e e e e eeee e 32
2.5.2 Exergy destruction definition .............ooicceeeiiimiiiiiiii e 36
2.6 Economical analysis of the ORC SYStEM ......cceeemmriieiieeieeeieieeeeeeiiie e 36
2.6.1Investment coSst Of WHR SYSIEM .........uuuiimmmmn e 37
2.6.2 NPV @NAIYSIS ..ceevvvviiiiiiiiiiee e e e e e e e e et s s s e e e e e e e aaeeaeaeeeeaseerennnnn——————_ 38
2.7 EES Model EXPlanation ............oooiiiiiiiiceeeee e 39
2.8 OptiMIZatioN RESUILS .......cevvviiiieis s ettt s s e s s e e e e e eeeeeeeeeesessennnneensnnnes 42

2.8.1Simple ORC and Steam Cycle results comparisQn cu........cccevvvvvvvnnnnnn.. 44
2.8.2 Further heat recovery from the flue gases .ccemeeeevveiiiiiiiiieeiiiiieeieeeiiiiins 49



3 Feasibility Study POland .............uuuiiiimm e 52

1 700 R o] 1153 o I o' o 11110 PP 52

3.2 Policy Support on Bio-liquid applications.................uueeiiiiiiiiieieeeeieeeeeeeeiiiees 53

3.3 Future development of Bio-liquid Power Plants WNHR ..., 55
T @] o (1] o] o < P PPPPPPPPPPPTPPP 57
5 FUMNEI STUdIES ... e ettt e e e eee e e e e aebbnnn s 58
ST (=T =] o [T T PP TPPTPPPP 59

Vi



LIST OF FIGURES

Figure 1-1 World marketed energy consumption irehEconomic Growth cases, 1990-

2035 (quadrillion Btu) (World Energy Demand and &@mic Outlook, 2010).......... 1
Figure 1-2 Anticipated World energy-related carlioxide emissions, 2007-2035 (billion
metric tons) (Energy-Related Carbon Dioxide EmisSj@010) .........cccevvvviveeerennnnnnn. 2

Figure 1-3 World Production of bioethanol (The IEAergy Technology Essentials, 2010)

Figure 1-4 World Production of biodiesel (The IEAdEgy Technology Essentials, 2010) 4
Figure 2-1Scheme of the biodiesel engine with TEGE@RC units (MAN Diesel, 2010)) 8
Figure 2-2 The Selective Catalytic Reduction SysténiBlue NG Becton Project

Documentation, 2010) ........cooiiiiiiiiiiiiieeeeeee ettt reeeae e eearrae 11
Figure 2-3 The Simple Organic Rankine Cycle onTitg diagram.............cccceevvvvvvvvvnnnnns 13
Figure 2-4 Pinch point set for the VAPOIZEr . ..coovieeieiiiiiiiiiie e 17
Figure 2-5 Pinch point set for the CONUENSEl . oeeeeeeeeeiiiiiiieee e 18
Figure 2-6 Scheme of the ORC waste heat reCOVERRIBY..........cceveeeeeerieiieeeiiiiiiiinnnns 21.
Figure 2-7 Steam Rankine Cycle on T(S) diagrame...ccooeeeeeeeiiiiiiiieeiiiiiiee s 23
Figure 2-8 Scheme of the steam waste heat recGYStgM ............ccooeeviiiiiiiiiiiiiiinnnnn. 24
Figure 2-9 Duration of the dry bulb temperaturd_ondon (U.S Department of Energy,

1220 0 ) SO 25
Figure 2-10 Changes in recovery system parameterdifierent cooling temperature

conditions (Gralfiski, 2011) ......coeeiiiiiiiiiiiiiee et e e 26
Figure 2-11 Changes in net present value afterassywith different cooling temperatures

conditions (Graliski, 2011) ......coeeiiiiiiiiiiiiiea et 26
Figure 2-12 Isobutene T-S diagram ..........cuuuuuuiiiiiiiiiie e 28
Figure 2-13 Isopentene T-S diagram ........cccceceeurumiiieeeeee e eeeeeeeeeiieie s 30
Figure 2-14 Water T-S diagram .............. e e eeeeeeeeeeeinnnnasasseeeeeeeaseeessssneneeeeeessnnnne 31
Figure 2-15 EES INTEITACE .....uuuieiiiii et e e 39
Figure 2-16 The block scheme of the pre-heaterquia®@ .................coovvvvvviiiiiiiineeenn. 40
Figure 2-17The block scheme of the condenser ptmeed............ccooeeeeiiiiiiiiiiiiiiiiinn 42

Figure 2-18 Sankey diagram of the optimized biatigengine with waste heat recovery
)Y (=] 1 1 PRSP 43

Figure 2-19 Net work and exergetic efficiency oé tturbine as a function of vaporizer
pressure ( heat exchange areas assumed) (Gkg#011).............ccevvvvvvvrrnnnnnnn AL

Figure 2-20 Net present value of the whole investnadter 5 years as a function of
vaporizer pressure ( heat exchange areas assu@medncki, 2011)............cc....s 47

Vii



Figure 2-21 Net present value changes in yearalfevorking fluids (Grahiski, 2011) . 49
Figure 2-22 Choosing the dew point temperaturehef ¢xhaust gases on the Molier

diagram (Gralfiski, 2011).......ccouuuuumuiiiiiiieeee e e e e s cccmmmre e e e e e e e e e e e e e eeeeeeennneed 51
Figure 3-1 Changes in the harvest of rapeseed arsyfthousands tons] (Krajowe
Zrzeszenie ProducentOw Rzepaku, 2011) ....ccccceeeeeeivimiiiiiienieeeeeeeeeeeeeeeeeeennnenns 52

Figure 3-2 Rapeseed oil production sites in Pol@ualskie Stowarzyszenie Producentéw
(@ 1= 10 TR~ 0 5 ) PSR POPRRR 55

viii



LIST OF TABLES

Table 2-1 Comparison of the properties of the tradal diesel and plant oils (A.K.

Hossain, 2009) (Yt S&) ....ccoeeeeeeeeeeeeeeeeeeer s eerr e e e 10
Table 2-2 Biofuel specification (Blue NG Becton jéat Documentation, 2010)............. 10
Table 2-3 The Constraints of the System (Blue N@Gt&® Project Documentation, 2010)

........................................................................................................................... 12
Table 2-4 Abbreviations for the ORC waste heatveppsystem ........ccccceeevvevieeeeeeennnene. 13

Table 2-5 The Constrains of the system (Blue NG@efroject Documentation, 2010) 16

Table 2-6 The Constrains of the system (continuéBlue NG Becton Project
Documentation, 2010) ........cooiiiiiiiiiiiiiieeeeee et eeeae e eeerrae 16

Table 2-7 Total heat transfer coefficients (Valdigs@n, 2010)..........cccceeeiieieieeeeeeeennn. 19
Table 2-8 Basic Properties of Isobutane(Rski, Pluta, Rusowicz, & Grzebielec, 2009) 27
Table 2-9 Basic Properties of Isopantane (Rsldi Pluta, Rusowicz, & Grzebielec, 2009)

........................................................................................................................... 29
Table 2-10 Basic properties Of Steam........ccuuueeiiiieiiiiiiieieerrr e ere e 30
Table 2-11 Prices of the elements of the ORC sy$Rsa1Ty, 1997)....cccoiiiiiiiiiiiiiiiiiiis 8.3
Table 2-12 The optimal values of the objective fiOTts ...........oovvvviiiiiiii e 44
Table 2-13 The optimal values of objective functidoontinued)...............ccoeeeeeeineee. 44.
Table 2-14 The optimal values of the parameteth@fvaste heat recovery system ........ 45
Table 2-15 The optimal values of the parameterghef waste heat recovery system

(o0 a1 110U T=T o | P UUPR 46
Table 2-16 Heat exchanger adjusted areas ..........ccoovvvvveiiiiiiiiiiiiiiiieeee e eeeeeee e 48

Table 3-1 The minimal EU requirements for the %bmffuels in Poland’s transportation
market (GovernmMent, 2007) ...........uu. ... e eeeeas s e e e e e e eeeaeeeeeeesensesesnnnnnseennes 53



1 INTRODUCTION

This thesis is done in the field of world energhisTarea is highly complex and all of its
relationships are hard to explain in one sentelhgge.necessary to introduce basic notions
connected to the field of world energy for bettederstanding the issues of this thesis.

Energy use is as old as human race . At the begjnmood was used for heating the caves
and dwellings. As human civilization developed, sibfuels became more and more
prominent and started to be used not only for hggiurposes but also craftsmanship work
as pottery, blacksmithing, manufacturing of weapatspbuilding etc. The number of
humans was growing. Dwellings changed into citManufactures started to combine to
form guilds. The demand for energy grew higher higther. But the big breakthrough in
the field of energy was still to come. The indwdtrevolution was made possible through
inventions like steam engine, electricity and in&drcombustion engine. These tools
derived from thermodynamics, made it possible tovedat energy from heat to work and
literally changed the world. Fossil fuels startedbie used not only in the heating and
manufacturing fields but also in transportatiomghting and house appliances. Energy
became available to almost everyone in the word tould afford it. This was a positive
iIssue because it increased the well being and edabbdern development.

800

Reference Growth

200

o
1980 2000 2007 2015 2025 2035

Figure 1-1 World marketed energy consumption ie¢hEconomic Growth cases,
1990-2035 (quadrillion Btu) (World Energy Demandidiconomic Outlook, 2010)

The present general situation in global energy lwarcharacterized in few points. Firstly
the demand for power is still increasing rapidlireTconsequence of that is an increasingly
negative effect on the environment. One of the mustable effects of fossil fuel
combustion is the uncontrolled release of carbaxide to the atmosphere. Although
carbon dioxide is not toxic most scientists noweagthat it has a strong influence on the
global climate, so human induced climate change chayge living conditions all over the
world. Figure 1-2 shows the energy related carlbioride emissions. It is visible that the
future emissions will be caused by non developathttes. It is predicted that they will
increase almost twice in next 25 years.



b1

3

®OECD  ®ManOECD \
2007 w15 2020 2025 2050 035

Figure 1-2 Anticipated World energy-related carliioxide emissions, 2007-2035
(billion metric tons) (Energy-Related Carbon DiogiEEmissions, 2010)

Secondly at the same time the world is runningajutatural energy resources such as:
coal, oil and natural gas. This leads to a poinénght is necessary to find other possible
energy sources which don’t pollute the environm@ansuch a scale and can last for much
longer period of time. These sources can suppa@tpbwer system with, so called,
renewable energy. Examples of it are the: solandwbio-fuel and geothermal energy.
They can help in solving the problems mentionedvablout usually only locally, on a
small scale. Also solar and wind application artermittent and not possessing high
enough potential in many places around the glolatlii&rmal sources occur only in few
places on earth. As to the bio-fuels there is adidgussion right now about if they really
are renewable. This debate is concentrated mostth@life cycle analysis of the bio-fuel.
This issue is described more in details in nexptdra

In all these controversies it is usually forgotteat when approaching sustainability a very
important contribution is just saving the energyichhis being already used. By increasing
the efficiency of energy production or any othetustrial process the energy savings can
be huge. Of course this leads also to the decr&fadee environmental impact (less fuel
use) and the increase of profitability of the irntwesnt (smaller fuel use and additional
energy sold).

The motivation of this study is the large possil@$ that lie in improving the energy
efficiency of the system.

1.1 Biofuels

Biofuels are the solid, liquid and gaseous fuelsienfiom biomass. This is defined as all
organic material that grows by the photosynthetioversion of solar energy. Because of
the topic of the thesis only liquid biofuels arealissed.

There are many brand names of biofuels but in gétieree main groups can be specified:
bioalcohols, biodiesel, vegetable oils.



The main representative of bioalcohols is bioethatiois produced in the process
fermentation of sugars or starch wipre-treatment with enzyme3he feedstocks fc
ethanol are thelants rich in sugar or starch like maize or sugare Bioethanol is used i
transportation for internal combustion spark igmtiengines. It mixes with gasoli
making blends called E5, E10 and E85. It has lewmergy content than gasoli

Another type of liquid biofuel is biodies¢ There can be two types of biodiesel: so ca
green diesel anBAME (fatty acid methyl este).

Green diesel is produced in Fisc-Tropsch process. This process is a set of chel
reactions which converts the mixt of carbon monoxide and hydrogen into lig
hydrocarbons. These hydrocarbons are used asdraditiesel substitute. The source
the carbon could be the biom: This type of biodiesel is not commonly used becani:
high costs of the producing faity and also high operation and maintenance ¢

FAME is commonly used as biodiesel. It is produnethe process of transesterificatic
This process is mixing the plant ¢ of animal fatswith methanol in the presence
catalyst. Planbils are mixd with methanol in the proportion of 5:Rlant oils used in th
production of FAME are from soy, rapeseand palm The plant oil used for making
the biodiesel is the same plant oil use as i Plant oil can be also used directly as a
in the diesel engines.

The main producers of the biofuels are Brazil amitédl States these counties specializ
the production of bioethan That is mainly because large maize plantations.bibdiesel
producers are mainly European Union counties: Geymiarance and Italy

Bioethanol
20
16 ———
95% growth —_—
® 12
a8 _
= o —
8 -
D R T T T T
2000 2001 2002 2003 2004 2005
M Brazil United States M European Union China W India Other

Figure 1-3 World Production of bioethan (The IEA Energy Technolog
Essentials, 2010)
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Figure 1-4World Production of biodies (The IEA Energy Technology Essenti
2010)

Major growth in the usage of biofuel wrred recently. The world production
bioethanol was 95% from year 2000 to 2005. Biodigsew even more rapid, from 0,5
metric tonne®f oil equivalent to almost 2,5 Mtoe. That is alindgimes

Even though the biofuels are having their goldemthere are many controversies ab
them. Firstly biofuels are made of the plants ttaat be used as food. As food is the n
basic need of human kind, it is hard to decide sloate of the food will be just burned a
fuel. This problem is also connected to the area usediéduel plants which is competir
with area for food cropsArea required for biofuel connected plants is @d@n from the
forests. The deforestation causes smaller, absorption.Second issue is t biofuels
energy content. It is smaller than in traditior@ddil fuels It is necessary to remem that
the whole process of making the biofu also includes energy us: Because of the
transportation truckgractors and other farming equipmentd in the process cmaking
the biofuelsthe energy used in that proc coudd be in some conditions evéigher than
energy content of biofuel produc Thirdly it is acknowledged that biofuel are cartk
neutral that is they realise the same amount dfar that was captured by them duri
their growth. Therefore there are accounted anewable energy. Again if the whole li
cycle assessment is made it appears that becausebain realises during the proces:
production and transportation that is true that biofuel are carbon neut

Because of all these problems the production aadeusf biofuels should be managec
the sensible way. The law should support in thesageable way, to make biofuels
feasible business but also encourageproducers of biofuel to improve the product
processes. The law should also encourage useetmare efficient engin to fully use
the potential of biofuel.



1.2 Goals of the study

The main goal of this study is to optimize the wastat recovery system used in the bio-
liquid power plant. Two configurations of the reeoy system are made: the water steam
system and the organic fluid system. These syswmm@msoptimized regarding the same
objective functions.

Different working fluids of the organic cycle areagnined.

After the optimization of the system the case stigdperformed to examine if the bio-
liquid power plants with waste heat recovery syséeepractically applicable in Poland.

1.3 Background information

This master thesis project is being made as agfatte Utras Engineering project. This
company is designing a waste heat recovery systea dompany in UK which is building
biodiesel power plants.

Utras Engineering supports me with the technicaksization of the project (Blue NG
Becton Project Documentation, 2010). That datasedas the input data in calculating and
modelling phase of the thesis.

A literature study has been performed in order t@n@ne work done on ORC
optimization. This has been done in order to ndbrthe studies already made and also
learn more about the used methods and softwareer&8estudies have been done on this
topic, the most interesting ones are referred thisiwork.

Donghong (Donghong, Xuesheng, Zhen, & Jianming820@ade an optimization on ORC
which ran on HFC-245fa working fluid which was drivby exhaust heat of gas turbine.
The system power input was 100 kW. The inlet termjpee was in a range of 337-37G.

As a modelling tool Modelica/Dymola was used. Asaking fluid data base, REFPROP
6.01 was used. The study focuses on the exergysamalf the system.

Vaja (Vaja & Gambarotta, 2010) analyses the perémoe of ORC as a bottoming system
for 12 cylinders 4 stroke super-charged naturalfigad engine. In that work three working

fluids are checked: R11, R134a, benzene. Alsoréffiteconfigurations of the system are
analyzed:

- The simple cycle system thermally powered by eagixhaust gases

- The simple cycle system thermally powered by eagxhaust gases and engine cooling
water

- The cycle with regeneration thermally poweredehgine exhaust gases
The used software is not specified in this work.

Chacartegui (Chacartegui, Sanchez, Munoz, & Sanck@29) studies the ORC as the
bottoming cycle for large and medium recuperatesl wabines. The following organic
fluids were considered: R113, R245, isobutene etwdy cyclohexane and isopentane. The
properties of these fluids are taken from EES saféwEngineering Equation Solver) but
the performance curves of each ORC component drapetated from data of similar
equipment in real facilities.



1.4 Works Contribution

The following work is contributing to the studieentioned above by studying ORC as a
heat recovery system from 2 stroke bio-liquid stadry engines. That means that system is
running in specific performance parameters. Thesehavorking fluids parameters have to

fit to the specific range. The configurations aigafial to this works are examined. Thermal

and economical optimization is combined.

Also there are no previous studies about posséslibf using bio-liquid power plants with
waste heat recovery system in Poland. Performirgh s study could lead to very
interesting conclusions.

1.5 Research methodology

The mathematical model of Organic and Steam Ra@kuie is made. The model is based
on the energy and mass balance equations in alfisppoints of the cycle. The model
also involves the pinch point analysis of the h@athangers. The cycle is performed in
steady state. The Engineering Equation SoftwareSjEE used for modelling. Specific
working fluids are chosen on the basis of the teatpee range of available wasted heat.
Different configurations of the system are examined

- The Simple ORC powered by both exhaust and HTimpavater heat
- Steam Rankine Cycle

Different objective functions of the optimizationlMbe performed.

All of the issues mentioned above are defined aptér 2.

1.6 Anticipated results

The results of the optimization will probably shdhat there is a trade-off between
investment costs and the efficiency of the wastd hecovery system. It will be examined
which of the system (steam or organic) is moreifid@asn this solution. Because of smaller
investment cost the expected choice would be genssystem.



2 MODELING AND OPTIMIZATION OF THE WASTE HEAT
RECOVERY SYSTEM

The optimization of the ORC is done for a real csiggly. The company “Blue-NG” is
building a bioliquid diesel engine power plant ingland. This system is planned to be
linked with a gas expansion process and an absarptoling system. In such a complex
arrangement the fuel in the engine must be useg eéiciently to turn back the
investment in a reasonable time. Using of the lgjoil as a fuel also requires a high
efficiency of the combustion engine. That is maingcause of two issues:

» usually lower heating value than traditional oiafle 2-1)

» fuel used during bio-diesel production and trantgimm of bio-liquid on site

These are the causes of implementing a waste éeatary system in such an application.
By reusing the heat from the engine the thermatieficy of the whole process increases.
Also the payback time of the investment is shdtianks to the incomes from selling more
electricity to the grid.

2.1 Waste heat recovery at bio-liquid power plants

In bio-liquid power plants there usually two sowaef heat which can be utilized as
electricity. First one is a low temperature sountech is the heat from the cooling water
for the engine. Second one is the high temperdteat recovered from the exhaust gases
of the power plant. Depending on the size of thegyglant one of them (heat of exhaust
gases) or both are used in heat recovery systeemh&at from the engine cooling water is
used if the power plant is big enough to provid#igent amount of power maintained in
that heat. The cooling water coming out of the pagblock also needs to have high
enough temperature to be used in a waste heatagcsystem.

2.1.1 Power Plant description

The “Blue — Ng” power plants are identical in thefructure; they only differ in the power
output of the engine. The current study focusesptamize the waste heat recovery system
for one of these applications. The project is ledah Blackrod.

The diesel engine used is MAN 14K60MC-S with tudmmpound system (TCS) and
Organic Rankin Cycle as waste heat recovery sysidra. engine produces 28 MW of
electricity from the combustion of the fuel.
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Figure 2-1Scheme of the biodiesel engine with T@&BGRC units (MAN Diesel,
2010))

The figure above is made by the producer of thenenigjincludes only exhaust gases as a
heat source for the ORC; actually in this case @ischeat from the cooling of the engine
block is used to run the ORC system.

There are tree systems linked to the engine torhls® much heat as possible from the
motor. Two of them are used as a cooling of tharengrhe diesel requires cooling from
117 °C to 58°C. This process is divided into two parts: Low Temgture Cooling and
High Temperature Cooling. The LT cooling has tocabrtemperature range to be used
directly in the heat recovery system, but it isdug® preheat the natural gas entering the
gas expander which is also a part of the systenmshutt the topic of this study. Therefore
this issue is not be discussed. Pressurized waitesed as a cooling medium in the HT
cooling system. The cooling water is in the subleddiquid region under the pressure of
10 bar. It is being heated from 60 to 1@2 The heating power of HT cooling heat
exchanger is 9200 kW.

The third waste heat recovery system is collediregenergy from the exhaust gases of the
engine. The exhaust gases have the temperaturg7a®.2lf the simple organic Rankine
cycle is used as a heat recovery system than thd@ngdfuid of the HT cooling system is
also pressurized water but it works on differertsgure: 60 bar. The water is also kept in
sub-cooled liquid conditions. Water is being hedtech 112 to 260C. The heating power
of the exhaust gases heat exchanger is 10500 k@/eXlnaust gas is cooled to 120 It is
examined if the exhaust gas can be cooled mortfihrer heat extraction. This heat could
be used for preheating the fuel of the diesel emngimd for heating the offices.

The HT cooling system and the heat from the exhgasés is used to run the ORC waste
heat recovery system. The HT cooling as a pre-heaig exhaust gases as a evaporator.
The ORC is optimized in a way to consume as mucpaossible of the heat from the
mentioned heat exchangers. In case of the failltheo waste heat recovery system an
auxiliary air cooling in mounted. The working fluahd the principle of the work of the
ORC is discussed later in the work.

The important thing to mention is also that the Oi&elf has a useful wasted heat that
could be used for regeneration and increased efitgi of the cycle. This heat will be
instead used for pre-heating the bio-liquid whishused in the diesel engine and heat the



offices. The power needed for those purposes i 8Y0; needed temperature of the fuel

is 85C. It is examined if the extra heat has sufficigamtameters to meet this demand. One
of the design options suggests using this heattalsan the absorption cooling. This issue

will not be discussed.

The condenser of the ORC is an air cooled heatasgsr.

2.1.2 Comparison of different fuels

As it was mentioned in the introduction the envim@mtal aspects start to play a major role
in the designing process of any system. It was efas run these power plants on bio-
liquids. Because the project is located in the UKneeds to respect the Renewable
Obligation which states that no more than 10 %ilfdgsls are consumed by the engines
l.e. (diesel, gasoline) except during start-up ahdt-down. (The Department of Energy
and Climate Change, 2010)

The fuel types which can be used in the enginespegified in the project. (Blue NG
Becton Project Documentation, 2010) They are masiigight vegetable oils or recovered
vegetable oils.

Fuels that can be used in the “Blue-NG” power dant
* Refined rapeseed oil
* Refined soya bean oil
e Crude soya bean oil
* Rape acid oll
* Palm oil
* Factory vegetable oil (FVO, off grade material)
* Recovered vegetable oil (RVO)

Table 2-1 shows the comparison of the propertiethefdifferent vegetable oils and
fossil diesel. It can be observed that all platg bave the lower heating value lower
than fossil diesel. That means that to obtain Hreespower as from diesel fuel more
vegetable oil needs to be combusted. That is whyefificiency of the combustion

system plays such an important role.

Secondly it is visible in the table 2-1 that tharnil oils are much more viscous than
traditional diesel therefore and important issugoisnvestigate the possibilities of
preheating the plant oils to decrease their visg@sid by that the performance during
the combustion process. It is done later in thjgepa

Rapeseed oil is chosen as a fuel used in the enbiva is because rapeseed is a most
popular oil plant in Europe. Another reason is tihet properties of plant oils do not
vary a lot between each other and one is chosanmegwesentative.



Table 2-1 Comparison of the properties of the ttiadal diesel and plant oils (A.K.

Hossain, 2009) (*at 3€)

Fuel name LHV [kJ/kg] Density Kinematic  Flash point
[kg/m?] viscosity in [°C]
27 °C [cSt]
Diesel 43350 815 4,3
Sunflower oil 39525 918
Cottonseed oi 39648 912 50,1
Rapeseed oil 37620 914 246
Peanut oil 39800 903 39,6*
Soybean oil 39623 914 254
Palm ol 36510 918 39,6*

The designer gives strict requirements for the erigs of the fuel used in the diesel

engine.

Table 2-2 Biofuel specification (Blue NG BectonjBcb Documentation, 2010)

Property Unit Value
Density at 15C kg/m® 1010
Kinematic  viscosity a cSt 55
100C
Flash point °C >60
Carbon Residue %(m/m) 22
Ash %(m/m) 0,15
Water %(m/m) 1,0
Sulphur %(m/m) 5,0
Vanadium ppm(m/m) 600
Aluminium + Silicon mg/kg 80
Sodium + Potasium ppm(m/m) 200
Calcium ppm(m/m) 200
Lead ppm(m/m) 10
TAN (Total Acid Number) mgKOH/g <25
SAN (Strong Acid Number mgKOH/g 0

Selective Catalytic Reduction is used as an emmssibatement system. This system
purpose is to capture the N@hich is formed during the combustion processhef fuel.
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As it can be seen on figure 2-2 the process cangfdew steps. Firstly the reducing agent
(usually ammonia) is sprayed into the exhaust ga&ierwards the mixture enters the
reactor where in the presence of the catalyst N@educed to diatomic nitrogen and water
and it is absorbed. The catalyst is a porous ceramaterial. The process requires
temperature at a level of least 280 Below that temperature the residence time of the
ammonia should increase for the reaction to takeepl The reaction between N@nd
ammonia is as follows:

NO +NO, +2NH, = 2N, +3H,0

Engine

Load % "

Cosd %™ |
Engine Exhaust Gas

Pross. Al meee————

( AlC), SP

SCR
Reactor

Pump !
e e e e
Cleaned Gas

Figure 2-2 The Selective Catalytic Reduction SygtéBiue NG Becton Project
Documentation, 2010)

The problems that could appear on this stage isgetion between sulfur in the exhaust
gases and water which is the product of the sekecttalytic reduction. Sulfur acid could
be forced causing major corrosion problems.

The literature research was done to examine tHarstdntent of the rapeseed oil which is
used as a fuel to the engine. Two studies weredfo@me of the studies measures the
composition of the exhaust gases of rapeseed aibastion. No sulfur is detected.
(Pedersen, Ingemarsson, & Olsson, 1999) The othely sneasured the content of the
sulfur in the oil made out of rapeseed cake. Thaterd is 0,11%. (Ozcimen &
Karoosmanoglu, 2004) That is a marginal value aadlgvnot do any harm to the system.

Another problem is high reactivity of the ammoniathwcopper. If the exhaust gas

temperature is to low part of the ammonia doegeentit in the selective catalytic reduction
process. Ammonia droplets are present in the fulidbe heat exchangers are made of
copper that corrosion problems will appear. ltngportant to make the heat exchangers
from non ammonia reactive material.

After the exhaust treatment system the gases guetbeat exchanger which is the part of
the heat recovery system.

2.2 The mathematical model of the ORC
For solving the optimization study the mathematioaldel of the application is done. The

model is based on the energy balance equationghantiodynamic properties defined for
each specific point of the Rankine cycle. The lsspe is to make the optimized cycle the

11



function of the constraints of the system. Thatdmne by setting the pinch point
temperatures.

These limits can be defined as:
« The temperature and heat of the engine block cgoliater
* The temperature of the exhaust gases
* Temperature and heat of the internal heating peases
* The temperature of the environment (surrounding air
All the details of the system are shown in theedi®low.

Table 2-3 The Constraints of the System (Blue N&oBeProject Documentation,

2010)
Parameters The Constrains
HT cooling Exhaust gases Internal Environment
heating
Temperature 117°C 287C 85°C gC
Power 9200 kW 10500 kW 3000 kW -

2.2.1 Simple ORC

Thermodynamic analysis

The Organic Rankine Cycle is a cycle of the hegtren It consists of four thermodynamic
processes:

« Isobaric heat addition (point a-c)
* Isentropic expansion (point g:dncluding the efficiency of the turbine c-d)
» Isobaric heat rejection (point d-f)

e Isentropic compression (pumping, point f-a, pumficieicy included temp. a
rises)

12



Temperature [ C]
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Entropy [ kng 7 ]

Figure 2-3The Simple Organic Rankine Cycle on the T(s) dia

Firstly the abbreviationseed to be explained for clearer understandingheftéxt The
letters of the alphabet are as«ed for the points of the ORC. Tladbreviation with “w”

are assignetb the water side of the cyc

Table 2-4Abbreviations for the ORC waste heat recovery gy

Abbreviation nam Descriptior

a After the pumphefore preheat

b After the preheatehefore evaporat

C After the evaporatohefore turbin

d After the turbine actual

ds After the turbine ideal

e’ Probable beginning of the conder

e Organic fluid condensation st

f After thecondenser, befe the pump
wl in Engine block cooling water inl
wl out Engine block cooling water out
w2_in Water heated with exhaust gases
w2_out Water heated with exhaust gases o
w3 _in Water for internal heating inl
w3_out Waterfor internal heating outl

13



Engineering practice enforces to divide the aboeatroned heat transfer thermodynamic
processes into specific heat exchangers. Isobaat hddition should in practice be
divided into two heat exchangers. First one wouddtlbe pre-heater of the ORC. It is
shown on Figure 2-3 as a line between points “al’ ‘doi. Starts just after the pump (f-a)
and ends on the liquid saturation line at point “Bhis is the point where the first bubble
of vapor appears; the evaporation starts. Thisga®takes place at constant temperature at
associated saturation pressure. Point “b” is digostart of second heat exchanger of the
heat addition process. This exchanger is callectaporator. The evaporation ends when
all the fluid is vaporized and at that stage thpordeaves the evaporator and enters the
turbine. The expansion within the turbine occursMeen points “c” and “d”. In the ideal
case the expansion is from point “c” tos*dturbine efficiency 100%) but in the real life
the efficiency of the turbine is always smallerrnthe00% and some entropy is generated
therefore the expansion is in practice from “c™tfj. Due to the expansion the turbine
performances useful work which is transformed &xicity in a generator to which it is
connected through a shaft. All points a-b-b’-c atethe same pressure level called the
pressure of vaporization (boiling pressure). Thera 0,5 bar pressure drop on each heat
exchanger on the vaporization side of the cycle.

Points d(g)-e-e’-f are on the same pressure line. They artherlow pressure side of the
cycle (condensation side). In point “d”, after tiuebine, the steam is still is superheated..
As it was mentioned in paragraph 2.1.1 there isedrfor 3000 kW of heat for preheating
the fuel and heating the offices. This need casdisfied by the superheated steam after
the turbine, before the steam reaches the saturaapdr state at point “e”. The
optimization will show what part of the d — e’ lime required to sustain the system need.
Point d-e mark the heat exchanger used to preheduel and heat the offices. This heat
need will be called “process heating”.

1

At state “e’ " steam is reaching the saturationordme. The condensation is started. The
condenser is air cooled. Its working pressure mkeld to the air parameters. The
condensation ends at point “f” which is on the iijsaturation line. From there the

working fluid is being pumped to the pre-heater rehthe whole cycle starts again. During
the pumping (points f-a) the condensation pressiiecreased to vaporization pressure.
On the condensation side there are no pressurs drofhe heat exchangers included.

As mentioned in the last chapter the mathematicatieh consists of energy balance
equations on each heat exchanger. It also takesatount the isentropic efficiency of the
turbine equation and the work of the pump equatidimese equations and balances are
shown below:

The Pre-heater:
Qab = mNateli [Cp [(Twl_in _Twl_out) = m/vf [(hb - ha)

Where:

Qap— heating power of the heat exchanger [kW]
Mwateri— Mass flow rate of the water boiler 1 [kg/s]

Cp — specific heat of water at constant pressurd@y/
Tw1_in— temperature of water entering the pre-hed@r [

14



Tw1_out— temperature of water exiting the pre-heatet [

mys — mass flow rate of the working fluid of the ORKg/s]

h, - specific enthalpy of the working fluid beforeethre-heater [kJ/kg]

hy - specific enthalpy of the working fluid after tpee-heater (before vaporizer) [kJ/kg]

The Vaporizer:
ch = mNaIEIQ [Cp [(Twz_in _Twz_out) = m/vf [(hc - hb)

Where:

Qo heating power of the vaporizer [kW]

Mwaterz- Mass flow rate of the water in boiler2 [kg/s]

Tw2_in— temperature of water entering the vaporizéf [

Tw2_out— temperature of water exiting the vaporiZ€][

h. - specific enthalpy of the working fluid after tkiaporizer (before turbine) [kJ/kg]

The Turbine

,7 — hc B hd
turbine hc _ hds

Where:

Nwrbine- 1IS€Ntropic efficiency of the turbine
hq- specific enthalpy of the working fluid after thebine [kJ/kg]

h4s - specific enthalpy of the working fluid after therbine after ideal expansion
(efficiency 100%) [kJ/kg]

The Heat Exchanger for process heating
Qde = rnwatels [Cp [(TWS_out - TWS_in) = rnwf [(hd - he)

Where:

Que- heating power of the process heating heat ex@rdhyV/]

Mwaters- Mass flow rate of the water for process heatkggs]

Tws_in- temperature of the water entering the processriepC]l

Tws_out- temperature of the water exiting the processihg§iC]

he- specific enthalpy of the working fluid after theocess heating [kJ/kg]
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The Condenser

Qe =My, [C, 4 [(Tcz _Tcl) =My [(he - hf)

Where:

Qes- heating power of the condenser [kKW]

Mair- mass flow rate of the water for process heatkggs]

Tc1- temperature of the air entering the conden'sgr [

Tc2- temperature of the air exiting the conden&éi |

h: - specific enthalpy of the working fluid after thendenser [kJ/kg]

The Pump
Wpump: me [Vf [(Pa - Pf)

Where:

Wpump- power of the pump [KW]

vi— specific volume of the working fluid before therpp [nt/kg]
Pa- pressure after the pump [kPa]

P;— pressure before the pump [kPa]

The left side of the balance equation is given iansl a constraint of the system. And so
the know constraints of the set of the equation are

Table 2-5 The Constrains of the system (Blue NGoBeeroject Documentation,
2010)

Paramete Myater: Twl in Twl ou Qal: Mwater: Tw2 in TW2 ou

Value | 43kg/s 112C 60C 9300 kW 17 kg/s 260C 112C

Table 2-6 The Constrains of the system (continy8fl)e NG Becton Project
Documentation, 2010)

Paramete Qoc Nturbine Mwater3 Tw3_in Tw3_out Que

Value 10500 kW 0,8 32kg/s 40°C 85°C 3000 kW

Pinch Point and Logarithmic Mean Temperature Difference Analysis

The pinch analysis in the heat exchanger is caoigdn order to set the temperatures in
the heat exchanger in a way to not cross the thegynamic laws. Pinch point analysis
requires setting the minimum temperature differenéethe heat exchanger. (Bejan,
Tsatsaronis, & Moran, 1996) This is shown on fig2x4.
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After setting thdimit for the temperatures in the heat exchanger,TiManalysis can b
made. That analysis allowcalculating the heat exchange area needed for the
exchanger.

For the case studied in this thesis the minimumpgrature difference needs to
implemented in two elements of the system: the kiapoand the condens

After the examination of the vaporizerbecomes obvious that the minimum tempera
difference should be definebetween point “b” of the organicaRkine cycle which i
actually the bubble point of the cycle and the esponding to it point y; oyt - During the
optimization process the minimt temperature difference is changing but the impa!
iIssue is to have the temperatui oyt 2lways higher thanplppie -

Temperature ['C]

Exhaust
YR I

HT Ceoling Tz out
a2 W

"\Tmin

Iy
Teil out

a
T.. 20Ut :T‘.'.-l_‘in

Hecat transfer [MW]

Figure 2-4Pinch point set for the vaporiz

Optimization for thepinch pointpreventghe model from running in non thermodynami
way; makes sure iwill not transfer heatfrom lower temperature source to higl
temperature source. T min is set point of highest risk for tlviolation to appear, if it
is kept scecure in thabmt it is secure in every point in the elem

Pinch point is also set in the condenser of thdec In this case it is set between the ¢
point temperature of cooling air and corresponding to it temperatuof the working
fluid. The desuperheter is understood as a part of théeoser, but the heat will be us
for internal heating purposes. This issue is ingagtd more in the results part of -
thesis.This is shown on the figure-5.
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Figure 2-5Pinch point set for the conden

In the condenser it is important to keep the telemjpee of the working fluid always high
than the dew point temperature of the

After securing the temperatures of the heat exod@ngy the pich points the LMTLC
equations are made.

For the practical reasons the vaporizer is divided two heat exchangers as mentio
above. The condenser is also divided into two bgehangers: the -supe-heater and the
condenser.

The logarithmic mean temrature difference analysis is based on formingebeations
for the heat transferred in the heat exchangert T&lae is a result of the multiplication
the total heat transfer coefficient U , heat exgfeamarea A and the logarithmic me
temperature ifference of the heat exchanger LMTD. Each heatharger has its ow
specific values of UA and LMTD. (Bejan, Tsatsaronis, & Moran, 19!

Value of the total heat coefficient is chosen beftire optimization and it is keconstant.
But choosing its value is not an easy issue. Tkerdd be made a whole new work

calculating the U value. In this study the U vaisiehosen from the literature and the v
of its calculation is only mentioneo calculate the total heatatrsfer coefficient th
convective resistance from both sides of the healhanging element is needed. Also

conductance and the thickness of the material giravhich the heat is conducted need
be know. For examplené equation for the total hetransferthrough the flat pla is

shown below.

B 1

U= 1 0 1
N T R
a, k a,

Where:

U —total heat transfer coefficient [W2K]
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as — internal convection coefficient [WA]

& — thickness of the heat exchanger wall [m]

k — conductance of heat exchanger wall [W/mK]
a, — external convection coefficient [WHi|

In short words it can be said that the total hestdfer coefficient is the inverse of the sum
of all heat resistances of the heat exchanger.eTtessstances are linked in series.

Internal and external convective resistances vapedding on the heat transfer conditions
on both sides of the heat exchanger. These conditare dependent on: velocity,
temperature and density of the working fluids. Ealculating these resistances complex
methods with using dimensionless numbers (Nussethber, Reynolds number) are
necessary.

On the other hand the conductance is only a funafdhe properties of the material of the
heat exchanger. So it can be taken from the prppabtes.

The chosen total heat transfer coefficients vargedeing on the configuration of the
system.

So as mentioned above the U values chosen frotitéh&ture are as follow.

Table 2-7 Total heat transfer coefficients (Valdisson, 2010)

Configuration Uat Upc Uge Uef

ORC 1000 [W/nfK] 1200 [W/nfK] 500 [W/nfK] 100 [W/nfK]

Steam 1000 [W/nfK] 100 [W/nfK] 100 [W/nfK] 100 [W/nfK]

The equations of heat transferred in the heat exgdra of the waste heat recovery system
are as follow. (Bejan, Tsatsaronis, & Moran, 1996)

The Pre-heater
Qu =U, LA, LLMTD,,

(Twz,out - Tb) - (Twl,out - Ta)

|n|: (Twz,out B Tb ) j|
(Tozou ~ Ta)

LMTD,, =

1out
The Evaporator
ch = ch Dobc |:L'\/I-I-Dbc

Tooin = To) = (Tasou = T,

LMTDbC — ( w2,in (_i_) (_W-IZ-,O;I b)
|n w2,in [
(TW _Tb)

2,0ut

The de-super-heater
Qde = U de Do\ie |:L'\/I-I-Dde
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T,-T.,)-(T.-T
LMTDde — ( d cz) ( e dewc)
|n|: (Td _Tcz) :|

(Te - Td

evv,c)

The condenser
Qe =Uq [A; [LMTD,

T, ~ Tyeuc) = (T =T,
LMTDef — ( e d(irw,c) T( f cl)
|n ( e dew,c)
Ty = Toy)

During the optimization the values of the area,theansferred and logarithmic mean
temperature difference are obtained.

Practical solution

The equations mentioned in the previous chaptetreenathematical models of the real
elements of the system. The scheme of the systesmoisn on figure 2-6. The important

issue is that the preheater (ab) and the evapditatpiare not linked to the engine directly.

The preheater is linked to the 10 bar water boikich cools the engine block. The

evaporator is linked to the 60 bar water boilerahhis heated directly by the exhaust gas.
The evaporator boiler is kept under such a higlssqunee to keep the water in the liquid
state. The water is used as a coolant becauses adnvironmental reasons. If heating oil
was used for cooling the exhaust gas or if orgéinid was used directly than in case of
leakage the potentially toxic and/or flammable $abse would get into the stack causing
major pollution. In the system aiming in being eonimental friendly that is not a good

situation. This is the reason for using such a lgggssure water boiler. Water will flash

into steam in case of the leakage not causing anyamental problems.
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Figure 2-6 Scheme of the ORC waste heat recévery s

Another issue worth discussi is the heat exchanger (de) after the turbine citigihe
heat from the supkeated stear During the optimization process it is examinechiie is
enough heat in the super heated stec heat the fuel and the offic. If not there is no
reason to us (de) heat exchangehan steam after the turbine goes directly to
condenser.

2.2.2 ORC with regeneration

The regeneration in the Organic Rankine Cycle isedby transferring the heat after
turbine to the préreater. This is done by the hexchanger. The maximal value of h
that can be transferred is the difference of titbapy after the turbine and the enthalpy
the saturated vapor line of the Ol

In this specific case maximal heat cannot be teansfl because of the heat requifor the
process heating. So the heat that could be trassfés the difference of the enthalpy
the working after the process heating heat exchaagd th: enthalpy on the saturat:
vapor line.

The energy balance of the regenerator is as fis:
m/vf |lha_reg - ha) = rnwf mhe - he')

Where:
ha_reg €nthalpy in the pr&eater after regenerati
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he- enthalpy of the working fluid at the saturaticaper line

Because of using of the regeneration the energgnbalequations of the preheater and the
vaporizer are changing.

In the studied case was examined in first phasehefresearch. It was decided not to
implement the regenerator to the system becauseutd not influence the system in a
major way. But investigating the possibility forgemeration in this system would be a
great study in the future.

2.2.3 Steam Cycle

Thermodynamic analysis

Steam cycle is a Rankine Cycle of the heat engkFrem the point of view of
thermodynamics it consists of the same processemn aSrganic Rankine cycle. These
processes are mentioned in the chapter about Si@ganic Rankine cycle. The major
difference between these two cycles lies not inpttoeesses themselves but it the way they
progress. That is caused by differences in thegitigs of the water steam from organic
fluids. The thermodynamic processes of Steam Rankicle are as follows:

» Isobaric heat addition (point a-c)
» Isentropic expansion (point g:dncluding the efficiency of the turbine c-d)
» Isobaric heat rejection (point d-f)

e Isentropic compression (pumping, point f-a)

The Steam Rankine cycle is shown on figure 2-7.
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Figure 2-7Steam Rankine Cycle on T(s) diag

Entropy

It can be seen #t the only difference between Onic Rankine and t8am Rankine cycle
is in the condensation proce The working fluid in the steam cycle lands in thet\stean
region. That means that the steam is not supeiheatel has navailable heat to be used
for heating purposesom that sourc. Therefore while using steam cycle another sourc
heat for heating the fuel and offices must be founht researched if the exhaust gas
be cooled more for extracting more heat out ofit is examined in chapter 2.1

Another issue is that éne cannot be too much liquid in the turbine beedhbat decreast
the vitality of the turbine. To control the levdl the liquid in the turbine at the sufficie
level it was assumed that during the optimizatioa quality of th wel steam exiting the
turbine cannot be lower than 0,

Practical solution

From the practical point of view there are two majdferences betweeSimple Organic
Rankine Cycle and Stea@ycle.

Firstly the evaporator of the system is mounteddly on the stack. So the hexchange
in the evaporator is between gas and st That simplifies thesystem one less heat
exchanger is used.

Secondly the turbine in the steam cycle has to dé@hl much less dense fluid so it | to
be larger in size tha®RC turbine to produce theame amount of electricity. TTORC
cycle deals with dense organic flu The research in turbine prices showed that ¢
though the steam turbine is lar its price per kW is smaller than the organic tuet
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Figure 2-8Scheme of the stei waste heat recovery system

2.2.4 Different cooling conditions

Air cooling was chosen to be used iiis application. That solution is less complex tl
water cooling. The cooling can also take plat lower tempratures than in water coolil
case because water freezes’C. The problem with air cooling is the variatiorfstioe air
temperatureduring the year. That has influence on the condenser parameters anc
affect the electricity production of the we heat recovery system. Therefore it
necessary to examine the work of the optimizedesyat different temperature conditiol
during the yearThe temperature data is presented on the duraticve cThis curve show
for how many hours a year the sie temperature appears. The flattex curve is th more
stable theemperature condition
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Figure 2-9 Duration of the dry bulb temperature liondon (U.S Department of

Energy, 2010)

Fifteen different single temperatures from the tlaracurve are chosen for the evaluation.
The results are shown on figures 2-10 and 2-11.

As it can be seen on figure 2-10 while the tempeeabf cooling air is dropping the
system improves: the net work output. Also perfaroeof the cycle improves from the
economical point of view which is visible in figuell. The maximal obtained parameters
are for the lowest possible cooling air temperatémed comparing them to the objective
function values at the highest temperatures; thB0% growth in their value is observed.

In studying the waste heat recovery system air e&gatpre was assumed at constants level:
9°C. As it can be seen the cooling air temperature &amajor influence on the
performance of the system.

This influence is made by changing the condensgbi@ssure with the temperature of
cooling air. While the temperature drops the cosdéon pressure drops too that enables
the expansion in the turbine to go further. Therimore work is produced and because of
that net present value grows.

Important issue to notice is that isopentane a@sdhie highest performance during whole
of the year. Economically the steam cycle is vdoge in performance to the isopentane
even though it produces less electricity than isae during most of the year.
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2.3 The working fluids of the system

In this paper the following organic working fluidse examined: isobutene, isopentane,
steam. Isobutane and isopentane are used as wdtlidg in Organic Rankine Cycle.
Steam is used as a working fluid in the Steam RenKlycle.

2.3.1 Isobutene R600a

R600A is a natural substance; it is formed during biodegradation of mainly
plants (Ruaiski, Pluta, Rusowicz, & Grzebielec, 2009).

General Characteristics

Table 2-8 Basic Properties of Isobutane(Rigki, Pluta, Rusowicz, & Grzebielec,

2009)
Parameter Value Unit
Chemical equation CH(CHg)3 -
Molar mass 58,13 kg/kmol
Critical temperature 135,0 °C
Critical pressure 36,45 bar
Specific critical volume 0,004526 m/kg
Ozone depletion potential ODP 0 -
Global warming potential GWP 3 -
Flammability flammable -
Colour colourless -
Smell sweetish -

Solubility with oils

It is recommended to use low viscous additive naheils with R600a (Ruéski,
Pluta, Rusowicz, & Grzebielec, 2009). Isobutensaliges easily in these oils and leads to
a further decrease in oils viscosity.

Solubility with water
Solubility with water at atmospheric pressure is BW/l (Ruchski, Pluta,
Rusowicz, & Grzebielec, 2009).

Reacting with metals

Compatible with all metals used as piping in thdustrial solutions (Rugski,
Pluta, Rusowicz, & Grzebielec, 2009). However idebe is never pure, there is a
probability that the corrosion will appear.

It is visible on the isobutene property figure FgR-12 that it has specifically
tilted the saturation line. That property of thigid is used in the Simple Organic Rankine
Cycle. The steam after the turbine is still supatbé therefore its heat can be utilized
further. Another positive issue of such a shapehef saturation line is that there is no
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liquid in the turbine therefore it could work forleng time. Droplets of liquid are deadly
for the turbines.
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Figure 2-12 Isobutene T-s diagram

Reacting with the plastics
Isobutene can work with most of the plastics despdtural rubber , silicon and
EPDM rubber. (Rudski, Pluta, Rusowicz, & Grzebielec, 2009)

Combustibility and explosiveness

Combustibility and the explosiveness are the problevith isobutene. Minimum
ignition temperature is 461, lower explosive limit is 1,8% and the upper @gple limit
is 8,5%. Isobutene has A3 class as to the ASRARdatas. That means it is inflammable
and nontoxic. (Rudski, Pluta, Rusowicz, & Grzebielec, 2009)

Reacting with human organism

Can cause burns if the stream is of gas is direotedincovered skin or eyes.
Breathing R600a in high concentrations could leathe strangulation. At first breathing
causes disability of movement, then loss of consmess and then after further breathing
death. The symptoms of inhalation of isobutenehagelache, nausea, salivation, vomiting.
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2.3.2 Isopentane

Isopentane has very similar properties to isobutiihe main difference is the
higher temperature of the critical point. Thatmsigportant issue which distinguishes
between these two fluids and influences the resiltse optimization process.

General Characteristics

Table 2-9 Basic Properties of Isopantane (Reki, Pluta, Rusowicz, & Grzebielec,

2009)
Parameter Value Unit
Chemical equation (CH3)2-CH-CH2-CH3]| -
Molar mass 72,2 kg/kmol
Critical temperature 187,2 °C
Critical pressure 33,7 bar
Specific critical volume 0,004237 m/kg
Ozone depletion potential ODP 0 -
Global warming potential GWP 11 -
Flammability Highly flammable -
Colour colourless -
Smell sweetish -
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Figure 2-13 shows the T(s) diagram of isopentamaldgical conclusions as for isobutene

are made.
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Figure 2-13 Isopentene T-s diagram

2.3.3 Steam

0,5

Steam is characterized by much higher critical fsothan organic fluids. But its specific
critical volume even at 10 times bigger pressurBlisimes smaller than in Organic fluids.

Table 2-10 Basic properties of Steam

Parameter Value Unit
Chemical equation H20 -

Molar mass 18 kg/kmol
Critical temperature 374 °C
Critical pressure 220,6 bar
Specific critical volume 0,003106 m>/kg
Ozone depletion potential ODP 0 -

Global warming potential GWP

Flammability Not flammable -
Colour colourless -
Smell No smell -
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There is a substantial difference in the water @{agram and organic fluids figures. The
saturation line for water has an opposite tilt ampared to the organic fluids. It is like a
symmetrical hill. Therefore after exiting the turbiin the case of Simple Steam cycle (no
superheating) the steam is saturated with quadigg than one. That means that there is no
possibility for regeneration in the steam cycle.

700 Watler

600 -
500+

400+~

T[°C]

300+

200}

100~

10,0 12,5

s [kJ/kg-K]

Figure 2-14 Water T-s diagram

2.4 Definition of objective functions of the ORC optimization

The optimization can be realized by using differebjective functions. These functions
can have engineering, economical or ecological attar. Depending on the chosen
objective function the optimized cycles can diffar.this work the following objective
functions will be used: net work of the ORC systemergy efficiency and net present
value of the investment of the ORC. All the objeetfunctions will be maximized.

* Net work of the ORC system

This objective function is defined as follows:
W, =W, W,

net urbine Pump

Where
Whurbine= M, [(hd - hc)

mys- Mss flow rate of the working fluid [kg/s]
h.- specific enthalpy before the turbine
hy¢- specific enthalpy after the turbine
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* Exergy Efficiency

Exergy efficiency, which is often called Second lefficiency, is an indication of how
well the system performs as compared to the thieatehaximum. The Exergy efficiency
is used as an objective function to optimize th&teay in the pure thermo-dynamical way,
maximizing the efficiency but not looking on thest®side of the optimization. (Kotas,
1985)

wW

net

,7 Exer =
)] _ —_
(EExhaust_in EExhaust_out) + (EHT_cooIing_in EHT_cooIing_out)

Exergy efficiency is introduced in details in chap2.5.1

* Net Present Value

The net present value is used to show the diffanent on the optimization. This
parameter only sees the economic side of the syist@lementation. The NPV is a
powerful tool also because it combines the investruest analysis with the benefits
analysis. And actually it is a function on the netrk of the ORC.

NPV =l +2[ 1=
dl= @+d)

Net present value is introduced in details in cea@t6.2

2.5 Exergy analysis of the ORC system

The analysis of the waste heat recovery systemireymeasuring the usefulness of the
wasted heat. It is also important to know is thesteeheat utilized in the efficient way.
These are the reasons for defining the notion efgxand providing the exergy analysis
of the system.

2.5.1 Exergy introduction

Exergy is defined as a useful work done by oneesydb reach the equilibrium with the
other system. In thermodynamics that interactiobasveen the studied system and the
system that surrounds that system. The surrourglisatgm is called the environment. The
properties of the environment are so called deai# giroperties and they by definition are
uniform. That means that if the system reachedl#desl state parameters than there is no
useful work to be done. In other words if the systand the environment are in the
equilibrium state no work can be done (the systeas ho exergetic value). (Bejan,
Tsatsaronis, & Moran, 1996)

There are four different types of exergynEphysical exergy, & chemical exergy, k&
kinetic exergy, kr potential exergy. Their sum givesok total exergy:
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Erotar = Epn + Ecn + B + oy

The kinetic exergy and the potential exergy in shedied case can be neglected. That is
because their value influences the total exergg marginal way. There are no chemical

reactions which could lead to the exergy generaimithat the chemical exergy is also not
taken into account. Therefore the only exergy comept is the physical exergy. Physical

exergy can be defined as follows:

EPH =(H - Ho)_To(S_Sb)

Where:

h - enthalpy of the system state [kJ]
ho - enthalpy of the dead state [kJ]
To— temperature of the dead state [K]
s — entropy of the system [kJ/K]

S — entropy of the dead state [kJ/K]

For practical purposes the notion of specific exeigused. All the parameters of the
equation above are presented per mass unit (kg).

&y =(h=hy) -Ty(s— )

Where:

h — specific enthalpy of the system state [kJ/kg]
ho— specific enthalpy of the dead state [kJ/kg]
To— temperature of the dead state [K]

s — specific entropy of the system [kJ/kgK]

S — specific entropy of the dead state [kJ/kgK]

After introducing the exergy notion the analysis ¢gegin. At first the boundaries of the
system will be defined. The system is shown onrég26 for Organic Rankine Cycle and
figure 2-8 for Steam Cycle.

In the case where the waste heat recovery systars iru subcritical conditions the
elements of the system are as mentioned in chaRet.
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For each point of the ORC cycle the exergy is dafinAlso the parameters of the dead
state are introduced:

To=9°C

po=1 bar

S0 =5(To, o)

ho = h(To, po)

The fluid of the environment is air.

The pre-heater
e, =(h, —h,) —T,(s, —s,) - exergy before the pre-heater

e, =(h,—h)) -Ty(s, —s,) - exergy after the pre-heater

The vaporizer
e. =(h,—hy))-T,(s. —s,) - exergy after the vaporizer

Exergy before the vaporizer is the same as exdtgythe pre-heater.

The turbine
e, =(hy —hy) —Ty(s, —s,) - exergy after the turbine

Exergy before the turbine is the same as exergy #fe vaporizer.

The internal heating

e, =(h,—h)) -T,(s,—s,) - exergy after the internal heating heat exchanger

Exergy before the internal heating heat exchargyra same as exergy after the turbine.

The condenser
e =(h; —h)) —T,(s; —s)) - exergy after the condenser

Exergy before condenser is the same as exergythétenternal heating.

The pump
The exergy before the pump istlee exergy after the pump ig e

Two types of exergy analysis will be produces is thork. Firstly the exergy efficiency of
the ORC will be calculated. It will be one of thbjective functions of the optimization.
Secondly the exergy destruction will be calculatedeach element of the ORC system.
For that part of the study also the exergy valueth® steam side of the cycle need to be
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defined. It will be recognized which element of tBgstem causes most losses. By
optimizing the exergy efficiency the losses shdagdminimized.

Exergy efficiency is defined as following:
W

net

)+ (E

,7 Exergy = (E

Exhaust in - EExhaust_ou HT _cooling_in - EHT_cooIing_out)

Where:

Wet— net work of the system defined in the chaptér 2.
Eexnaust i €xergy of the exhaust boiler water in

Ent cooling in— €Xergy of the HT cooling boiler in

Eexnaust our €Xergy of the exhaust boiler water out

Ent cooling out— €Xergy of the HT cooling boiler out

For the analysis of the exergy destruction also dékergy values of the fluids on the
opposite to the working fluid side of the heat extufpers needs to be defined.

The exergy of the exhaust boiler water enteringvéqeorizer:

EExhaust_in = m/vaterz [((hExhaust_in - hO) _TO(SExhaust_in - SO))

The exergy of the HT cooling entering the pre-heate

EHT_cooIing_in = m/vatetl [((hHT_cooIing_in - ho) _TO(S-IT_cooling_in - SO))

The exergy of the exhaust boiler water exitinguaporizer:

EExhaust_out = m/vater’z [((hExhaust_out - hO) _TO(SExhaust_out - SO))

The exergy of the HT cooling exiting the pre-heater

EHT_cooIing_out = mNaten. [((hHT_cooling_out - hO) _TO(S-IT_cooling_out - SO))

The exergy of the internal heating water entetirgheat exchanger:

Elntemal_heating_in = mNateB [((hlnternal_heating_in - ho) _TO(SIntemaI_heating_in - S)))

The exergy of the internal heating water exiting lieat exchanger:

Elntemal_heating_out = mNateB [((hlnternal_heating_out - ho) _TO(SIntemaI_heating_out - SO))
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The exergy of the condenser cooling air enterirgctbndenser:
Eair in = Ma LNy 10 =) = To(Syr 10 = %))

The exergy of the condenser cooling air exitingdbedenser:
Eair_out = M H(hair_out =16) = To (S _out =)

2.5.2 Exergy destruction definition

When exergy is defined in every point of the ORCleythen it is possible how much
useful work is lost due to the processes in thdecyfo obtain the exergy losses in the
elements of the ORC cycle the exergy balance oh e@m® of the elements should be
carried out. (Bejan, Tsatsaronis, & Moran, 1996)

« Exegy balance — Pre-heater

Eloss_preheater: me [(ea - eu) + EHT_cooIing_in - EHT_cooIing_out

* Exergy balance — Vaporizer

Eloss_vaporizer: m/vf [(eo - ec) + EExhaust_in - EExhaust_out

e Exergy balance — Turbine

EIoss_turbine = me [(ec - ed) _Vvturbine

* Exergy balance — Internal heating

Eloss_intemal_heating = rnwf [(ed - ee) + EIntemal_heating_in - Elntemal_heating_out

* Exergy balance — Condenser

Eloss_condenser: me [(ee - ef ) + Eair_in - Eair_out

e Exergy balance — Pump

EIoss_ pump = me [(ef - ea) +Wpump

2.6 Economical analysis of the ORC system

To evaluate the waste heat recovery system fromettenomical point of view, the

analysis will be done. The analysis will not ordke into account the investment costs of
the system but also the income from selling thevered electricity. To provide such a
analysis the net present value of the investmenalisulated. Net present value combines
the investment cost analysis with the assumed duiticome from selling the produced
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electricity. It takes also into consideration theeging values of the money by using the
discount rate.

Net present value will be used as one of the olbedtinctions of the optimization.

2.6.1 Investment cost of WHR system

The investment cost of the waste heat recoveryesyss a sum of costs of all of its
components. These components are as mentioned ewiops analysis: pre-heater,
vaporizer, turbine, internal heating heat exchangendenser and pump. The costs of
piping will be also added. The costs of all heath@ngers are based on the heat exchange
area and the price of the heat exchanger gefThe costs of the turbine and the pump are
based on their power and the price per kW.

+C +C T C

turbine pump piping

| ot = Coreneater* Conporzert C.

total preheater vaporizer condenser

Cpreheater_ Cpreheater[ Abreheater

C =cC

vaporizer vapourizer A/aporizer

condenser CcondenserDA%ondenser

(W,

turbine

C
Cturblne turbine

C (W

pump — Cpump ! VVpump

Where:
liotal — tOtal investment cost
Ci — cost of the element in Euro

— price of the element in Eurofrfor the preheater, evaporator and the condenskman
Euro/kW for the pump and the turbine

A — heat exchanger area
Wiurbine — NOMinal power of the turbine in kW
Wpump— Nominal power of the pump in kW

The prices are taken from Chemical Engineering lHao® by Perry. Their values are
increased by the inflation of 3% from the base yi&#7.
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Table 2-11 Prices of the elements of the ORC sy@?emy, 1997)

Element of the system Price/unit
Pre-heater 400 Euro/r
Evaporator 400 Euro/m
Internal heating heat exchanger 400 Euro/r
Condenser 400 Euro/m
Turbine 600 Euro/kW
Pump 600 Euro/kW

The areas of the heat exchangers and the powére airbine and the pump will be
optimized. Therefore the investment cost will disooptimized.

2.6.2 NPV analysis

Net present value analysis which is done in thigis showing how well the investing in
the waste heat recovery system does pay.

The formula for the Net Present Value is as follows

B
(L+d)"

NPV = _Itotal +Z
i=0

Where

liotal — total investment cost

B — yearly benefits of the ORC system [Euro]
d — discount rate

n — number of years

The total investment cost was defined in the previohapter. The yearly benefits of the
ORC system come from selling the produced eletyrigihe price of electricity is assumed
9 € cents.

In the model the simplified equation for the NP\hsafter “n” years will be used.

NPV:_ItotaI +E 1- L
dl™ @+d)"

The value of the discount rate is taken from anabdgase studies. It has assumed value
of 5%. (International Energy Agency, 2011)
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2.7 EES Model Explanation

In the study Engineering Equation Solver is usedptimize the waste heat recovery
system.
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Figure 2-15 EES interface

The EES uses the iteration methods to solve thefsuations. This set of equations was
introduced in chapter 2.2. They are energy andggXealance equations, pump and turbine
equations, heat transfer equations with logarithmméan temperature difference.

But the optimization process is more than only sgvthe set of these equations. It
requires solving the equations with loops check#agh time are the restriction of the
system not crossed.

For solving the optimization problem every thermynamical point of the cycle was
defined. Three optimization procedures were credteripreheater, the evaporator and the
condenser procedure. Detailed procedures descrigipresented below.

Pre-heater procedure

This procedure calculates how much of availablet lvsaa be utilized in the pre-heater
without breaking the barriers set by the pinch pairthe heat exchanger. The procedure is
a “repeat until” loop. The inputs of the procedare: vaporizer pressure, pre-heater area,
working fluid type, maximal heat utilized by theepneater, minimal heat utilized by the
pre-heater, and the temperature of the water flgvadnt of the pre-heater{J ). This
temperature point corresponds to the bubble pdititeoorganic Rankine cycle.

Puaporizer aNd Apreneaterare assumed. After knowing th@arizer, Toubble IS calculated. Qe
heaterlS defined as a mean arithmetic value gfQnd Quin. Than the pinch point constrain
is checked. If Tuppieis higher than 0. that means that f.neateriS to high because the
heated stream has higher temperature than heatiegns That is a validation of
thermodynamic law. @ is assumed equal t0 Qeneater The loop starts from the
beginning. This action lowers the,&neatercalculated in the next step. That should lower
Twz0ut DUt in this particular casewd oyt is fixed. That means that the vaporizer pressure
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must be chosen in a way fopunpie to be lower than J; ou: . Otherwise the model does r
work properly. If the Riporize IS chosen properly andhbeis smaller than wp ot than the
loop goes by the “right branch” of the scheme shdwetow. The logarithmic mee
temperature difference is calculated than. Cornedimg to that LMTD and to the preneater
the area of the heat exchangAcay) is calculated. Afterwards the calculated arecq) is
compared to the assumed arepreneatd- If the calculated area is higher than area asst
that mean that too much heat is being transfeineaugh the heat exchanger. Than
present QeneaterlS S€t @S (max . This actually decreases thg,&kaercalculated in the nes
loop. The loop is repeated. If the area calculagesinaller than the assumed area of
pre-heater that means that more heat can be transfédmredgh the pi-heater. Than the
present Qeneater!S S€t AS min . This actually increases thg,Geatercalculated in the ne:
loop. The loop is repeate The loop is repeated until the value afQis close enough to
the Quin . This condition is defined as follows. The diffecenof Gnaxand Cquin divided by
Qmaxshould be smaller the0,001.

Below the scheme of the procedure is shi
Evaporator procedure

The procedure for calculating the evaporator idagieal as the pr-heater procedure. Tt
only difference is in setting the initialnax , Qmin @and set evaporator area is differthan
pre-heater area.

The mass flow rate of the system is calculatedyadiiding the sum of evaporation a
pre-heater heat by the enthalpy difference of enthaffsr the evaporator and the enthe

before the pre-heater.
| Repeat] Pvaporizer.

Apraheater
Fluid type
Qumax
anin

Tw2,0ut

Inputs

Calculat Il
alculated

Thubble,

Qpre\'neatcr: (Qnmx"‘QminJ/z

Checked

if Toubble —-Tw?_,out if Thubble < Ts'.f?.,out
' Checked
Qmatzo,preheater

LMTD,

Acalc Calculated

[:Euw(ked [f Acalc *Apreheater J If Ata\c <Apreheater ?C hecked

Qmax-Qpreheater Qmin—Qpreheater

Until (Qma.('o_mill }/Qmax<0,00 1

Figure 2-16 The block scheme of the freater procedut
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Condenser procedure

Condenser procedure is also analogical as to thieatié¢o the evaporator and pre-heater
procedures. It used different parameters so itxiglatned separately. The condenser
procedure optimizes the condensation pressure ¢ovidiue which will be able to
condensate all of the working fluid at calculatecevously mass flow rate. This
optimization has a barrier set by the pinch poirtte saturation temperature must be
always higher than the corresponding dew point eratpre of the air.

The procedure starts by assuming minimal and mdxomadensation pressures and the
area of the condenser. In the next step the coatlenspressure is calculated as an
arithmetic mean of the minimal and maximal pressassumed. When this pressure is
know all of the enthalpies of the condenser areutated. To calculate the enthalpy just
before the condenser the turbine equation is uaédr knowing the enthalpies in the
condenser, the condenser is divided into two heethangers: the desuperheater and the
condenser. This is done for practical reasons faking possible calculating the LMTD of
each heat exchanger separately. The heat of thleneation and superheat are calculated.
Knowing the condensation and evaporation heat thssnflow rate of the cooling air is
calculated using the energy balance equation fe& whole condenser. Than the
temperature of the air corresponding to the dewntpoi the working fluid is calculated
using the energy balance equation only on the amidg part of the condenser.

After the calculating part the pinch point is chedkIf the dew point temperature of air
corresponding to the saturation temperature of tbat exchanger is higher than the
saturation temperature that means that the seteosation pressure is too low. The actual
condensation pressurecff) is set as 8nd min in the next iteration. This increases the
condensation pressure calculated in the next iberat

If the dew point temperature is higher than theesponding to it air temperature than the
LMTD of both desuperheater and the condenser dcelated. Knowing the LMTD of the
heat exchangers and the heat exchanged the alemtéxchange is calculated. The sum
of the area of the desuperheater and the condeneamed Ay That value is compared
to the condenser area assumed at the beginnimg dketation.

If the calculated area is higher than assumedeabdginning than the actual condensation
pressure is set as minimal condensation pressuheinext step. This move decreases the
heat exchange area in the next iteration.

If the calculated area is lower than assumed ab#gnning than the actual condensation
pressure is set as maximal condensation pressiine imext step. This move increases the
heat exchange area in the next iteration.

The iteration takes place until the maximal condéps pressure and the minimal
condensation pressure are close enough. This isedethat the difference between
maximal and minimal condensation pressure dividgdninimal condensation pressure
should be smaller than 0,001.
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Figure 2-17The block scheme of tbendenser procedu

The outputsof the whole optimization procedure are: condepsagiressul, all points of
the cycle. The whole optimization work in a waysket the condensation pressure anc
the points of the cycle in a way best fit assumed vapzation pressure and the -
heater, evaporator and condenser aTherefore for finding the optimal value of t
vaporization pressure the table is made in whigboviaation pressure in change in so
range. For each vaporization pressure the whccle is optimized. For each vaporizati
pressure thelgective function is calculate The optimal pressure is the pressure for wl
the objective function reaches its minimum or maxim(depending on the type of t
function). The areas assumed are lconstant during the optimization of the vaporizat
pressure. Ker choosing the optimal vaporization pressuredteas of the heat exchang
are optimized. It is also done in the table. Thiset the vaporization pressure is ki
constant. The first gp is changing the g-heater area to reach the optimal values of
objective function. The evaporator and the condeasea are kept constant. When
optimal value of the predates area is chosen, it ieing fixed and the evaporator arei
being changedAfter choosing the optimal value of the evaporat@a it is also fixed ar
the area of the condenser is being changed. Affteosing the optimal condenser area
loop starts again. If the areas of the heat exal@ando not change the next manual
iteration steps the actual areas are chosen asal|

2.8 Optimization Results
The ORC with isopentangas chosen as a most efficient solution for a whstg recover
system for bioliquid diesel power plaiThe detailed optimization results eshown and

discussed in th@ext subchapter. On trFigure 2-18the Sankey diagram of the whc
optimized system is show Sankey diagram represents the energy ba of the system.
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As it can be seen 48,4% of the energy input aehtéuthe engine is lost. It is convert
into the reat of the engine block low temperature and highperature ar the heat of
exhaust gases. The low tempera heat from the engine blkdn not used in the was
heat recovery system because it is used for othgroges. The heat which is recove
from the engine comes frohigh temperature engine cooling and the exhaustsgd®,4%
of the fuel energy is converted into the heat efexhaust gases, 17,4% of total fuel in
heats the block of the engi So the waste heat recovery input in 36,7 % of tliteal fuel
input is running the recovery system. As it is bvigi on the figure almost 90 %
recovered heat is dumped in the ccnser or the recovery cycle. Because of low |
value that heat cannot be used. But that lossllisietessary for the worof the recovery
system. About 7 to 9% of recovered heat is turned intceetricity. That means thahe
recovery system increastdal electricaoutput of the system by 3%.

1

Condenser
of the
recovery system
32,3%

Recavery system
input 36,7%

Electricity T I

prOdUCtion gas cooling Cooling
51 6% 19,3% 17,4% 11,7%
’

Legend
1 - work of the turbine 3,17%

2 — net work of the recovery system 3,1%
3 - pump work 0,07%

Energy Loss
48,4%

Fuel Input 100%

Figure 2-18Sankey diagram of t optimized bioliquicengine with waste he
recovery system
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2.8.1 Simple ORC and Steam Cycle results comparison

The results of the optimization of the Organic RarkCycle with isobutane, isopentane as
working fluid and Steam Cycle are shown below. Fegu2-19 and 2-20 show the optimal
objective function values as a function of differeaporization pressures. As mentioned in
chapter 2.7 this optimization was done with theaaref the heat exchangers assumed
constant. These areas were as follows: evaporagar 300 i, preheater area 1500°m
condenser area 5000°n80 the results shown below do not have mosteftesttive areas.
The optimal values of the objective functions ahé bptimized cycle parameters are
shown in the tables 2-12, 2-13 and 2-14, 2-15 .

Table 2-12 The optimal values of the objective tions

Objective function Value
Isopentane Isopentane Isobutane Isobutane
adjusted area adjusted area
Net work of the system 1756 kw 1741 kW 1648 kW 1880
Exergetic efficiency 27,9 % 27,6 % 26,2% 25,9%
Net present value after 5| -1,3mlIn € -0,99min € -1,8min € -1,8 min €
years

Table 2-13 The optimal values of objective fundifmontinued)

Objective function Value
Steam Steam adjusted
area
Net work of the system 1520 kW 1573 kw
Exergetic efficiency 24,2% 25,1%
Net present value after 5 1.4min € 11min€

years
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Table 2-14 The optimal values of the parameteth®fvaste heat recovery system

Paramete Pyag Peonc Myt
Isobutane 22,5bar 7,2bar 55,4 kg/s
Isobutane 22,5 bar 7,3 bar 56,7 kg/s
adjusted area
Isopentane 8,4 bar 2,1 bar 48,4kg/s
Value Isopentane 8,3 bar 2,2 bar 47,9 kg/s
adjusted area
Steam 1,422 bar 0,063 bar 4,5 kg/s
Steam 1,422 bar 0,066 bar 4,7 kgls
adjusted area
Paramete Te Teo Mair
Isobutane 9°C 24C 1178 kgls
Isobutane 9°C 24°C 1197 kgls
adjusted are:
Isopentane 9°C 24C 1191 kg/s
Value Isopentane  9°C 24°C 1177 kgls
adjusted are:
Steam 9°C 24C 645,7 kg/s
Steam 9°C 24°C 676,5 kg/s

adjusted are:
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Table 2-15 The optimal values of the parameteth®fwvaste heat recovery system

(continiued)

Parameter Qconc Qdesul Ty Tden
Value Isobutane 16396 kW 1355 kW 63,9C 52°C
Isobutane 16683 kW 1366 kW 64,3C 52,6C
adjusted
area
Isopentane 15650 kW 2307 kW  76,1°C 51,4C
Isopentane 15478 kW 2268 kW 76,4C 51,9C
adjusted
area
Steam 9734 kW - 36,92C S
Steam 10198 kW - 37,82C -
adjusted
area
Parameter Qevaporatc Qpreheate T ltotal
Value Isobutane 10490 kW 9005 kW106,9C 7,2min€
Isobutane 10249 kW 9291 kW 106,9C 7,2min€
adjusted
area
Isopentane 10490 kW 9291 kW 107,3C 7,1 min€
Isopentane 10490 kW 9059 kW 107,3C 6,7 min €
adjusted
area
Steam 2011 kwW 9291 kW 109,8C 6,4 min €
Steam 2638 kW 9182 kW 109,8C 6,2min€
adjusted
area
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Figure 2-19 Net work and exergetic efficiency & thrbine as a function of
vaporizer pressure ( heat exchange areas assur@dpiiski, 2011)
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Figure 2-20 Net present value of the whole investrafter 5 years as a function of
vaporizer pressure ( heat exchange areas assur@dpiiski, 2011)
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All objective functions give the same value of th@imal vaporization pressure. All the
objective functions have the same curve shape. i$Hagical. Net present value is a direct
function of the investment cost and the net eleityri generation. In this type of

optimization the investment cost concerning thet leeahangers is fixed. So the only
influence on the NPV is because of the turbine gr@dpump costs and net work of the
system. Basically it can be said that in this tgbeoptimization objective functions are

functions of each other.

Further optimization of the system can be doneatyjysting the heat exchanger area at
constant selected previously optimal vaporizatiogspure. This final part of optimization
is done only according to net present value ashgective function. This is done in a way
mentioned at the end of chapter 2.7. The adjustealsaof the heat exchangers are shown
in the table 2-16.

Table 2-16 Heat exchanger adjusted areas

Isobutene Isopentane Steam
Preheater 1648 nf 1479 nf 1052 nf
Evaporator 206,9 nf 213,8 M 655,2 ni
Condenser 5000 nf 4869 nf 5000 nf

It can be concluded from tables 2.12 and 2.13 Hdjusting the areas of the heat
exchangers decreases the performance of the OR@nrsyset work of the system and
exergetic efficiency is getting lower. But at tterse time net present value after 5 years is
increased. This increase in net present valuedause of the decrease in investment costs
of heat exchangers. And that is caused by the tul@rg of the heat exchangers area. The
main conclusion is that adjusting of the area & kieat exchangers leads to increased
economical profitability even when the performanftem the point of view of
thermodynamics is decreased.

The adjustment of the heat exchanger areas oftd@nSCycle increases the performance
but not enough to make it competitive with ORC @gcl

It can be also concluded that with changing thekimgy fluid in the ORC for the fluid with
higher critical point the system is becoming maifecient and more financially feasible.
Going from isobutene to isopentane the system aekibigher net work output, exergetic
efficiency and net present value after 5 years.

It also needs to be admitted that the ORC does uset fully its potential. The
desuperheater heat could be used for the purpossgeheration. That would improve the
efficiency of the cycle and make it even more damnirfor the Steam Cycle.
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Figure 2-21 Net present value changes in yearsafoworking fluids (Grab#ski,
2011)

The net present value changes in years are shoigure 2-21. As it can be seen the
investing in waste heat recovery system pays back-7 years. The isopentane ORC
system pays back most rapidly almost in 6 years.

2.8.2 Further heat recovery from the flue gases

As mentioned previously there is a need for 3000dfWeat. This heat would be used to
preheat the fuel entering the diesel engine antirtiehe offices. The fuel needs to be

heated to 8%C. The heat needed for heating the offices shoaldtlthe same temperature
level. As it is seen in
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Table 2-15 there is some heat available for thgbqees. It is the heat of the superheated
steam exiting the turbine in the Organic Rankinel€y. But it is not at sufficient level to
meet the demand of the heating purposes. The iméa¢ isuperheated steam in the
isobutene ORC is 1544 kW and for isopantane 2557 AMb the temperatures of these
steams are too low to support the heating systém.td@mperature of isobutene
superheated steam is 4%2and for isopentane 63(. It is still valuable heat to be used
for regeneration. It would be a great study forfititere to examine that option.

There is no superheated steam in the water steaha tty be used for heating purposes.
The condensation is in to low temperature to suppeating.

Because of these reason another solution is exdminghe studied system the exhaust
gas is cooled to 12Q to heat the evaporator of the recovery systentiBuexhaust gases
could be exploited further. Heat from them couldused to preheat the fuel and heat the
offices. The factor limiting the temperature to elhthe exhaust gas can be exploited is the
dew point of the moist air in the exhaust gasethdfexhaust gases are cooled to too low
temperature than moisture in the air condensest thases the good conditions for
corrosion to start.

At first it is examined how much of moisture is ready combusting the bioliquid. It is
assumed the combustion is total and complete. Tedns that all carbon atoms are
oxidized and are oxidized only to GOAs fuel a fat triglyceride is assumed. It is a
chemical name for plant oil. Its structural cherhimguation is as follows: §gHgg05.

The stoichiometric combustion is written below.
CeeH o0, +49(0, + 37N,) = 275CO, +49H,0 +1813N,
The ratio of water and the air is known.
49H.,0 _ 329_H20
490, + 37N,) g_air

Humidity _ratio =

The humidity of the air which reacts in the combars{process is also taken into account.
It has a humidity ratio of 0,0072 at atmospherioperature. Therefore the total humidity
ratio of gases is 0,139. Using the Mollier diagrdra dew point temperature of the moist
air in the exhaust gas is obtained. The dew psifiiund in the point where humidity ratio

crosses the relative humidity line of 1. The dewnptemperature is 5€.
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Figure 2-22 Choosing the dew point temperature hid €xhaust gases on the
Molier diagram (Grabi#ski, 2011)

Now knowing the dew point, the exhaust gases nlassrhte 60 kg/s. The heat available
for further utilization can be calculated.

Qextra_exhaust: exhaust[cp [(Tez _Tes)

Where

Te=120C
Te=69°C (10C added to the dew temperature to be sure dewt iached)

Cp=1,005 kJ/kgK

The extra heat from the exhaust is 3,08 MW. Thahisugh to preheat the fuel and heat
the offices. It is also at the sufficient temperatlevel.
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3 FEASIBILITY STUDY POLAND

It was concluded that the optimized bioliquid diesagine with waste heat recovery
system is a feasible solution for electricity protion purposes. Such applications are
presently being built in England.

The reason of making this chapter is to investightsuch an application could be
implemented in different country in different cotidins. Because of EEA grand
requirements under which this thesis is made Polaad chosen for the investigated
country.

The function of the studied bioliquid power planasvto support the whole district with
electricity. It could be also used to support feWlages with electricity. The other
application of this system would be the industi@ilities and factories.

The issue is if Poland has enough potential andlidons in oil plants to support the fuel
at a reasonable price for a bioliquid system. Offireblem is the support for biofuels in
Poland. It is examined if the level of the suppsdufficient.

3.1 Polish conditions

Rapeseed is a main polish oil plant. In the lasiryethe acreage of rapeseed varied
between 95-97% of oil plants in Poland. The maglatof the production of rapeseed in
Poland characterizes with large variations. They Gaused by the changing of the yield
because of rapeseed sensitivity for atmospheriditons.
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Figure 3-1 Changes in the harvest of rapeseed arsyfthousands tons] (Krajowe
Zrzeszenie Producentow Rzepaku, 2011)

The other issue is that the rapeseed must be corgpatprice with wheat. The farmers
will not plant rapeseed if they will receive moneome for planting wheat. The problem in
producing rapeseed oil for the purpose of eletyriproduction lies also in the other way
of using the plant oil. The main usage of oil iS@sd oil. So if there is a high demand for
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food oils all rapeseed are used for making food. dilhe oil companies are buying the
rapeseed oil as contracted, and when there is mwa higher yield than the oil site
contracted there is some extra rapeseed to be fosezhergy purposes. But as it was
mentioned it is hard to predict the yield of rapmse

So as it can be seen the field of oils used diydotl making the electricity is complex and
unpredictable. These could be changed if a propepat from the government and the
EU would be set.

3.2 Policy Support on Bio-liquid applications

Poland has a governmental program for promotingbib&uels. It is called: “Long-term

program for the promotion of biofuels and otheremgable fuels for years 2008-2014"
(Government, 2007). The program main goal is tahiethe EU directive (2003/30/WE)
requirements about the amount of biofuels in thedportation sector.

Table 3-1 The minimal EU requirements for the % bodfuels in Poland’s
transportation market (Government, 2007)

Year 2007 2008 2009 2010 2011 2012 2013 2014

% of biofuel in the 23 345 46 557 62 665 71 755
transportation market

The requirements of this directive were implementiadPoland in theact about
biocomponents and liquid biofuels and about the itndng and control of the quality of
the fuel systenfrom 25 August 2006. (Government, 2007) This acplemented three
important issues concerning biofuels:

1. It creates the possibility for farmers to prodémetheir own use all kinds of liquid
biofuels and plant oils. His not paying the excse does not have to pay excise
security. Biofuel produced for own purposes shoybdeserve minimal
environmental requirements. The limit of the pradut is 100 I/ha of the
agricultural land.

2. From 1 January 2008 the obligation was put orctimepanies which are producing
or importing liquid fuels. This obligation sets thminimal requirements for
biocomponents and biofuels in the transportatiatoses in 2003/30/WE directive

3. Implementing into polish law the notion of “seledtfleet” which enabled the
usage of the fuel with increased biofuel content

Of course implementing these issues to the lawisalving the biofuels problem. Certain
help mechanisms must be implemented. The governfimamicial help for the biofuels
according to polish and EU law must not be too higie level of financial support by law
should not be higher than the difference of thelpotion of the biocomponents
(bioethanol and biodiesel) and the whole salespraf gasoline and diesel oil without
taxes.

That difference was calculated according to EU irequents and concerning the fact that
the lower heating value of the biofuels is lowarthn gasoline and traditional diesel.
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The maximal amounts of financial support for bidfimePoland are: 647,48 €frof
produced bioethanol and 397,4 €ffor the production of biodiesel.

Implementing mechanisms which will support the be&$ at the calculated above level is
necessary to make the development of biofuels plessi Poland. These mechanisms will
support the biofuels at each stage of their lifel@yrom the production and to the use.

There are five six mechanisms of support for biafsenentioned in the program
(Government, 2007).

1. The support of biocomponents in the tax systemtheduel charge
2. The support for the plantations of plants usedhegroduction of biofuel

3. The financial support for the production of biocampnts and liquid biofuels from
the EU funds and public funding

4. Actions that increase the demand side of liquafuzls
5. R&D studies on liquid biofuels
6. The information and education activities on ligbid fuels

Concerning the topic of the thesis only the mecsrasiwhich support directly the oil
plants as a fuel will be discussed in detail.

Firstly the changes in tax system will be discus3éd producer of biocomponents which
can be used directly as a fuel (plant oils) wi&a&o pay a symbolic excise of 0,026 €/liter
of made fuel. Another financial incentive for bioeponent producers will be lowering the
income tax by 19% of additional biocomponent prdauccosts above the costs of
traditional fuels production. The fuel charge W canceled for biocomponents that can
be used directly as fuel.

Secondly the support for the plantations of plarsiesd as a biofuel is examined. The new
funds from the EU became possible. The funding &lavel of 45 €/ha of the cultivation
land for plants that are used for making the biggonents. That EU funding is
additionally supported by the government at a le¥el5 €/ha and it is specially connected
to rapeseed plantation. Also the governmental fugpdit 50% of costs of creating the long
term plantation became a law.

Thirdly there is a governmental program called “Ppinegram for the development of rural
areas for years 2007-2013". It supports individualects concerning inter alia the
production of refined plant oils. The minimal siaglupport level is set as 26 thousand €
and the maximal value of the single support is Bidvi €.

The support for oil plants cultivation seems hilghs hard to check if it has any real
influence on the oil plants market. There was aalyais done by the government itself. It
seems that the analysis is objective because wshot only positive aspects of the act.

The report states that the amount of biofuels usé&land increased in 2008 and it was
659 thousand tones. Their prices were compatibile the traditional fuel prices. The
report sees also major disadvantages of the pragrhenbiofuel sold comes mainly from
import. Also there is no major growth in plants Bofuels cultivation. No new biofuels
production facilities are open. Even regressioreappin that field.

The polish support for biofuels requires furthevelepment. The good biofuels support
law could also make the implementation of biodiesajines with recovery system more
feasible. Under some conditions and scale theydcbalimplemented even now.
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3.3 Future development of Bio-liquid Power Plants with WHR

As it was mentioned above polish conditions are fnieindly for the development «
biodiesel power plants. But that could change ater law is improved. As for curre
conditions the bioliquid power plants can be sidatlose to the current source of
plant oil: the refineries. They could be supportedh overproduction oil fromthe
refineries.The power plants could supply the refineries théweseand the nearby villag
with electricity. OnFigure 3-2 there are shown polish rapeseed oilduction sites. Each
of these sitesould be the place of implementing the biodieselgroplant with waste he:
recovery system.

ZT "Kruszwica" S.A. zaklad w Gdansku

Elstar Oils S.A.

ZT ,Kruszwica” S.A.

ADM Szamotuty Sp. z 0.0.
ZT "Kruszwica" S.A. Zaklad w Warszawie

PPHU , Kamex"” Henryk Kramski Komagra Sp. z 0.0
Bastik Sp. z 0.0.

PPHU WILMAR Marek Wilczyniski
ZT "Kruszwica" S.A. Zaktad w Brzegu ZT w Bodaczowde Sp. z 0.0.

Zaktady Chemiczne "Organika-Azot" S.A.
Komagra Sp. z 0.0. Zaklad Olejow Roslinnych

ZT ,Bielmar” Sp. z 0.0.

Figure 3-2 Rapeseed oil production sites in Poli (Polskie Stowarzyszer
Producentow Oleju, 201

It is examinedf one of these facilities could a place for future bioliquid power pla
Firstly it is evaluated how much of rapeseed oil is needed tpastuphe 28 MW diese
engine for a year.

quel {kg}
m,., = =146 —
fuel LHV :L s

fuel

_ Woutput — 55MW

fuel —

engine
Where:

Mrel [KG/S] —mass flow rate of theuel supplying the engine

Qruel [KW]— power input with the fu

Nengine= 55,5% -electrical efficiency of the engine with waste hestovery syste
Woupue= 30,5 MW —electricity generated in the power pl

LHV 1= 37620 kJ/kg Hower heating value of the rapesee(
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The mass flow rate needed to for the engine is kgd6. When assuming that the engine
runs 8400 hours a year (which was assumed alsdh@énetonomical analysis) it is
conducted that a yearly need for the rapeseedothe 30,5 MW bioliquid power plant is
44,15 thousand tones.

It was examined what are the production of thgpowers of companies located in Poland.
The polish biggest plant oil company, Kruszwicaeae in a report for year 2009,that in
that year 116,5 thousand tons of oil were soldugwica, 2009) That means that in order
to support one bioliquid power plant almost 40 %tsfoil should be used only for that
purpose. That is currently not a realistic scenationcluding polish oil market is still not
ready for bioliquid power plants.
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4  CONCLUSIONS

Recovering waste heat and converting it to elatgricom the 28 MW bioliquid diesel
power plant is economically and thermodynamicadigsible. Waste heat recovery system
when optimized properly can increase the elecyrimittput of the engine by 3,17 %. When
operated with the optimal parameters of the systenwaste heat recovery pays back after
6 to 7 years, given the assumptions made in thidystThe optimization was based on
meteorological data from London, and would need ificadion if application to other
locations is of interest. Each case should be ttledi separately.

Organic Rankine Cycle with isopentane as workingdflwas found to be the optimal
solution for this specific case. This solution givile highest electricity output with the
lowest associated cost and the investment pays latke shortest time. It was also
concluded that there are no possibilities of furtheat recovery from the Steam Rankine
Cycle. Therefore in this configuration the fueltbe engine and the surrounding offices
should be heated from different source. It was emaththat the exhaust gas can be the
source of that heat. It can be cooled more thaptanned to be cooled by the waste heat
recovery system. The lower temperature limit ofosbsg the heat from the exhaust gas is
the dew point in the flue gas.

The Simple Organic Rankine Cycles could be evenemdwminant over the Steam
Rankine Cycle than what the models show here. Tinaye the heat that could be
recovered from them: the heat of the superheatatrstfter the turbine. It was evaluated
that in cases of both working fluids (isobutene &ughentane) that steam is not valuable to
be used for the preheating the fuel and heatingffies. As it was mentioned exhaust gas
can be use for those purposes. Even if the hetiteafuperheated steam does not have the
capacity nor a sufficient temperature to be usedctoeve this goal, it is valuable enough
to be regenerated and used to preheat the workiidyifh the boiler. That would improve
the recovery system efficiency and could increasedominancy over the Steam Cycle
configuration.

In the Poland case study it was concluded that evban possessing the optimised
solution (28 MW biodiesel power plants with heataeery system) it is still not enough to
implement it as an actual investment. That is bgeapolitical and geographical
circumstances influence the result more than ecacadmand financial feasibility. Polish

rapeseed oil production capacity is not large ehaogsupport such large bioliquid diesel
plants. The political support is not sufficientdieange that situation.
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5 FURTHER STUDIES

The most important future study would be to includgeneration in the Organic Rankine
Cycle system, and examine how that will affect eéffeciency and economy of the system.
Also other working fluids could be examined. Intgtheg issue would be examining
different mixtures of the working fluids. Thirdly could be examined if adding of the
superheater would influence the ORC and the Stegete@ a positive way. Supercritical
cycle could be the solution which could competéiite isopentane ORC solution in term
of electricity production. More detailed exergy Bseé could be performed, it could be
examined which element of the cycle cases the Bigieergy destruction and how can that
be improved. Also the possibilities of using diéiat fuels could be investigated. Another
country could be studied on the possibilities ahgssuch an application. It would be a
good solution to choose the country with differeahditions than Poland with higher oil
plants potential.
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