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Abstract

The reason of this research is to examine a Rankine cycle with carbon dioxide as working fluid,
at a supercritical state for electriciyoduction. The study starts with an introduction in the basic
configurations for cogeneration and trigeneration and how it is possible to produce three different
energiegelectric,thermal,cooling) simultaneously, based on supercritical carbon diog{d@§].

The main body of the research is divided to two fields, the thermodynamical analysis of the cycle
towards the maximization of the net energy and exergy outputs, and the design of the system
components for a medium scale setup along with the asseffrtbly layout in 3D drawing using
SOLIDWORKS. The detailed selection, sizing and final design of the involved components
allows the development of a detailed bill of materials required for one such setup and eventually
estimate with high accuracy the dapicosts for the development of one such system. The results

of the thermodynamic analysis are both implemented in the selection/sizing of the components as

well as in the estimation of the operational performance ofthesC®y st em. | nedt hi s w
economic analysis is conducted to evalwuate th
In fact, fora 2@year period of investment the LCOE of the system was estimated at 0.063

a/ kWhel , whil e the system mar gbetweed 0.060.08& e f or

U/ kWhe f or SMagrebvertinb amespdrilidgdpayback period was estimated at 15.69
years for 6570 operating hours per year.
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Surface

Height

Cost

Density
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Enthalpy

Internal rate of return
Length

Levelized cost of electricity
Marginal System Cost
Rotation speed

Net present value
Pressure

Payback period
Pressure ratio
Resistance

Radius

Entropy
Temperature
Thickness

Velocity

Power output
Velocity ratio
Number of rotor

Angles

pressure drop

Efficiency

Velocity coefficient of the rotor
Velocity coefficient of the stator
Degree of reaction

[my
[m]

[$]
[kg/my
[kW]
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Subscripts
BM

cond
CT
ex
F

h
HT
HX
is
LT
M
net

prod

SIC
st
Tcrit
th
TIT

component

Condenser

Constants for pressure factor
Exergy

Factor

Hub

High temperature

Heat exchanger
Isentropic
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Maintenance

Net output

Cost of material
Production

Rotor

Expense

Shroud
Specifidnvestment cost
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Thermal

Turbine inlet temperature
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1.Ly i NPYR dzO G A 2

1.1 Combined Heat and Power (CHP

Combined heat and power (CHP) is the use of a heat engine to create electricity and useful heat
at the same time. On the other hand, the term trigeneration is used when cooling production is
added to the other two processes.

The goal of combined heat and power is to use the waste heat to provide an additional useful
output, namely heat or electricitywhich is more efficient than the traditional standalone
facilities. Furthermore, CHP revitalizes the environment as it recycles the waste heat and
reduces the pollution. In fact, CHP is a procedure that is not limited to stationary power plants;
many aubmotive corporations try to enhance the efficiency of the vehicles by recapturing the
exhaust heat to cover auxiliary electrical or cooling loads.

As referred above, to create a trigeneration plant, it could only be realized by adding in a CHP
unit an absoption chiller unit to convert the heat to cold. Combining a CHP or cogeneration
plant with anabsorption refrigeration systerallows the utilization o6easonal excess heat for
cooling[1] The hot water from the cooling circuit of the plant serves as driving energy for the
absorption chiller. The hot exhaust gas from the gas engine can also be used as an energy source
for steam generationwhich can then be utilized for a highly efficient, doubféect steam

chiller. Up to 80% of the thermal output of the CHP plant is thereby converted to chilled water.
In this way, the yearound capacityutilization and the overall efficiency of the cogeneration
plant can be increased significantly.

1.1.1 CHP analysis

A fossil fuel, such as oil, coal, or natural gas, can be combusted in an engine realizing a steam
turbine plant, a gas turbine, an internal combustion engine or a Stirling engine. This engine
actuates an alternator (invertegenerator module) which generas eventually electrical power

[2]. The rotation of this alternator produces heat and a coolant is used therefore to prevent its
overheating. A heat exchanger recovers this heaachieve the preferable heating or cooling
effect. The main advantages and disadvantages of a CHP are listed below

Advantages
1 CHP can achieve 90% efficiency or even more while, at a conventional plant, the
corresponding combined efficiency rates 60%.

1 Hebs to reduce the global warming by reducing emissions afa@@® using part of
these emissions to drive a chiller in a trigeneration system

1 Reduces energy costs

October 2020
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1 Renewable heat incentives: the versatility of these systems allow for coupling with
renewable sources and thus exploit also the funding schemes to improve overall
economics

1 Replacing huge power plants with more CHP plants reduces the dependency on the
centralized energy network and, in theory, major system failures and outages

Disadvantags

1 The technology is currently more expensive and complex, so developing CHP plants
typically requires higher initial investment

1 Maintenance costs can also be higher for CHP
1 Smallerscale CHP plants produce electricity more expensively than laogds oes.

Trigeneration has the same benefits with the CHP systems but can also be used to produce
steam or hot water for in situ domestic use. Trigeneration finds commonly application in
hospitals and nursing/care facilities, food production factories as veeih druit and vegetable
growing facilitief3]. The only problem, which has to be mentioned is that trigeneration systems
limits available distance to transfer the energy due to the danger of excessive heas loss
through the pipe network. There are a number of different configurations of CHP units, on which
refrigeration can be produced. These include:

91 Absorption chillersi) Operation using hot water Z)peration using steam X)irect
heat via combustion

1 Compressiortype refrigeration machinest) Direct drive power 2glectrical drive

power.
Heat Ab:ﬁl“:;on Chilled water
(
<
Fliel Electricity ~ CHW

Supply

Heat | -
s _
load e Boilers

Fig.1.1. Schematic of a trigeneration system

Source: GIZ
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Some researchers argue that CHP is less efficient it is considéredite Cambridge physicist
David MacKay, for example, pointed out a theoretical flaw with the techndjgyHeat is not
wasted in conventional power plants in quite such an arbitrary way as we often assume: the
"lost" heat is actually a fundamental part of making electricity as efficiently as possible in a
conventional power plant and optimizing the process taecover that heat can reduce the
efficiency with which the electric power is produced. That's a problem, because electricity is a
much more useful form of energy than heat (we can do far more things with it).

CHP is most efficient when heat can be useesibe or very close to it. Overall efficiency is
reduced when the heat must be transported over longer distar{6¢sThis requires heavily
insulated pipes, which are expensive and inefficient; whereas electricity can be transmitted
along a comparatively simple wire, and over much longer distancethéoequivalent energy

loss. A car engine becomes a CHP plant in winter when the rejected heat is used for space
KSIFGAYy3 2F (GKS OSKAOtSQa AYyGSNA2NX® ¢KS SEI YL
depends on heat uses in the vicinity of the heatierg

Cogeneration Combined heat and power plant

Cogeneration
o e

100% fuel

Seperate power production Electricity in conventional powerplant, heat in a boiler

> [
> i 1t

71% total loss

0sses)

158% fuel

Fig.1.2. Difference between separate power production and cogeneration
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1.1.2 Micro CHP

Micro-generation relies to the same principles as larger CHP systems but these units are smaller

in scale/size and usually they are decentralized, so as to be close to the consumption, thus, the

efficiency will be high€j6].

The systems are usually powered by a small fuel cells or via a heat engine. The main purpose of
a micro CHP is the heat production, therefore the electricity which is not used can be skld ba

to the grid. The benefits of micro CHP are similar with the CHP systems, but the most significant

role of these units is the reduction of C@s it is expected the smaller scale and the adaptation

of the components technology results in a more compédadesign.

1.2 CQ cycles

1.2.1 SCQ_properties

When a C@stream is in a pressure and temperature above the critical point, then the fluid is in
a state called supercritical. The main characteristic is the coexistence of a gas and a liquid. The
dzy Alj dzS LINBLISNIASA 2F / hi I ¢KioQémmondaidgerantsi Ay
include:
1 At temperatures in the vicinity of the critical point, the enthalpy of vaporization is
reduced. This leads to a reduction in heating capacity and poor performance of the
system. To be more specific, a conventional heat psimpuld avoid operating at a
heat rejection temperature nearck. In a transcritical heat pump, heat rejection
pressures are greater than the supercritical pressure and heat delivery temperatures
are no longer limited byck. Because of the high worlgrnpressure to achieve the
demanding efficiency occur some design challenges, which with other refrigerant we
R2y Qi KI @S o
T /hi KFa | NBftFGA@Ste KAIK GFLI2N RSyaadae
OF LI OAGed ¢KAA | ff 20 abelyclel Yol achie®eNie g2né dzY S
heating demand which allows for smaller components and a more compact system
T /hi 0S02YSa | &adzZLSNONARGAOKE TFfdzAR |
conventional (subcritical) heat pump cycle, low critical temperaturg:)(1s a
disadvantage because it limits the operating temperature rgiige

1.2.2 CQ as a refrigerant

In an analysis from EMERSON climate technold8ie# is confirmed that the C&XR744) is
eligible to different conditions and criteria. As compared with the other conventional
refrigerants, the cooling capacity is much gthan the most common HFCs, HFOs and HCFCs.
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. SO0l dzaS 2F Ada F@LFLAtFoAtAGEYT [/ hi Oz2aid Aa 29
significant high so the materials of the components have to be resi$¢gntn addition, the

carbon dioxide is a low toxicity substance and has the ability not to be flammable. An important
characteristic that is created with the pressure flexibility (the use of different pressure states in

a single layout) is the opportunitio be implemented in both simple as well as complex
systemd10]

1.2.3 Subcritical cycle

The cycle that is realized between the triple and the critical point is called subcritical. The triple
pointoccurs ab.18barandp T ¢/ X 0SSt 26 GKAA LRAY(d GKSNB Aa
characteristic in subcritical cycles is that the-@@ys the role of a refrigerant for the low
temperature stage, thanks tds low temperature of the triple point and the corresponding

aF GdzNF GA2Y LINBaadaNBa d [RIFYLISNI GdzNBa ySEN | yR

1.2.4 Transcritical cycle

When parts of a cooling cycle take place above the critical pressure (but not the entire cycle),

the cycleis called transcritical. One main characteristic is that the gas cooler exit temperature
hastobeabove 31 = 6KSYy /hi A& O2Y&AARSNBR® hyS RATTFS
transcritical cycle is the cooling capacity (in the transcritical phase tlengds much less). This

is the reason why the heat rejection in a transcritical cycle is referred as gas cooling. Therefore,

the implementation of a system to control the high side pressure is necessary. The most
significant advantage of this type of ¢gds the opportunity of having different pressures in a

layout resulting in a good equilibrium between efficiency and cost investramaistenance of

the components.

Fig.1.3. Difference between subcriticalrad transcritical cooling cycle using CO

1.2.5 sCQ brayton cycle

Among various candidates, theC2 power cycle is considered as one of the most promising
alternatives to potentially provide high efficiency, higher stability with conventional structure
materials, and eventually improved safety and reliability of the power conversion system. The
s-CQ cycle combines the benefits of a Rankine cycle and the gas turbine system.

Advantages
1 One of the most important benefits of this cycle is its compacbomachinery.
Because of the minimum pressurde fluid remains dense throughout the entire
system. Therefore, the volumetric flow rate decreases as the fluid density is higher,
resulting in 10 times smaller turbomachinery compared with the turbomaclyioé

a steam Rankine cycle.
October 2020
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1 The thermal efficiency can be increased up to 5% point compared with the steam
Rankine cycle

14 GKS YAYAYdzY LINBaadzaNE Aa KAIKSNI GKFEy
purification system requirements are lower than thasfethe steam Rankine cycle to
prevent air ingress. Thus, the power conversion system can be much simpler. In the
steam cycle case, the low pressure in the condenser causes gas ingression and
complex purification systems are required

f Amongvarious fluid¢, hi A& NBf I GAG@Ste& OKSILSNI FyR 8§
ventilation system is installed.

1.3 Single flow layouts

According to recent studiesarious layouts can be utilized forthéshi L322 § SNJ O Of S RS
on the application. Thisis becausethe i O8Ot S A& AAYAT I NI G2 | ads
layout while the g h i OeOfS Aa AAYAfTIFINI G2 | 3l a Gdz2NDAYS
point of view.

One of the d h i . NFedz2y 0d0fS OKIF NI OGSNR A& GeMléndis A a GKI

two to three times higher than that of the hot side flow in recuperators. It is especially important
forthes/ hi O@O0fS fl&2dzi RSaA3aAy I yR | f BRLAHZ&LI | Ay a

have high efficiency.
Precooler
FI
| A: ® s,:())l\il'\tl Heater

Recompressing
compressor

1 Turbine

3
LowT HighT
recuperator recuperator

Fig.l4d. S/ hi NBO2YLINBaaiAy3a OeofS f1I &2dzi

Before starting the analysis of recompressing layout, it is significadistoiss other4 hi O& Of S
layouts, thus, we can yield in more specificresgit« S / hi Fft2¢ OFy 06S &aSLIJI N
the application. Therefore, the cycle can be categorized depending on whether the flow is split
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or not. Single (nosplit) flow layous can be distinguished into intercooling, reheating,
precompression, interecuperation and sphexpansion cycled 2].

Heater

Heater-2 Heater-1

Heater

Turbine

Recuperator RCP

Intercooling Reheating

Heater TVYYVY 1| ! m »
Heater
Precooler Precooler

MC li Pre-C

Turbine

VWAAMANA

A

VAN
VWA

L)
RC

AN
AN

Inter-RCP RCP

©

Interrecuperation Precompression Splitexpansion
Fig.1.5.s/ hi Oe@& Gffo codfiguyatibnsS

The main role ofintercoolingand reheating configurations is to minimize or maximize the
compression or expansion work, respectivélyda G KS SEKLF dzad / hi G SYLISNI
still high due to the low cycle pressure ratio, the heat can be recuperated in several ways. In
inter-recuperation precompressiomand split-expansionlayouts, the application is directly

dependent on the recuperation.

1.3.1 Intercooling

CKS YIFEAY OKIFNIOGSNRAGAO 2F GKS AYyuSNO22ftAy3 f
and between these stages there is a secqm@-cooler (the first is located before the
compressors). The influence of the intercooling is more visible in the reduction of the
compression work; however, inthe/lshi 0@ Of S (KS O2YLINBaairzy ¢2N]J
result is a small increase tine thermal efficiency. Another significant characteristic is that with

the second precooler, the temperature in the compressor outlet and in the recuperator drops,

which the main problem is the proximity to the critical point.
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1.3.2 Reheating

Inordertocreteas/ hi O8O0t S GAGK YlIye FSIFidaNBa fA1S GKE
an additional turbine (low pressure turbine mostly) can be introduced. The main difference is

that after the first heater, the working fluid flows to the turbine, but aftee turbine discharge

enters the second heater and then flows through the second turbine before the recuperator.

1.3.3 Inter-recuperation

Inter-recuperation is similar to the intercooling cycle, with a second recuperator in lieu of a
second precooler. Thater-recuperator has the function to drop the temperature so as to
prevent the stream reaches the critical point in the recuperator and to reduce the heat waste.
As a result, the thermal efficiency is higher and the heater performance is much better. It i
important to be mentioned, that the recuperator is responsible for the biggest amount of the
heat transfer.

1.3.4 Precompression

In this layout, the recuperator is divided to a high temperature recuperator and to a low
temperature recuperator, putting betweetihese two heat exchangers, a pcempressor. The
outlet of the main compressor flows through both recuperators and the working fluid returns
to the precompressor and reflows through LTR and HTR. The main purpose is to allow for
further regeneration, wheithe temperature difference is small so as to avoid the outlet turbine
pressure influences the inlet main compressor pressure

1.3.5 Splitexpansion

Split expansion is similar to the recuperation cycle with a turbine prior and after the heater. The
additional tubine is used to split the expansion and to reduce the stress of the hottest
component of the cycle(heater).

According tq12] the intercooling and reheating layouts are adopted to minimize or maximize
the compression or expansion work, respectively. One of the major characteristics of theis
cycle is itsdw pressure ratio because the limit of minimum pressure in the system is influenced
by the critical pressure (7.38 MPa), which is relatively high compared with the steam Rankine
cycle (~0.07 MPa) or air Brayton cycle(~0.1 MPa).

1.4 Split flow layouts

Apart from the two parameters with the highest sensitivity, namely turbine inlet temperature
(TIT) and the pressure ratio, the flow split ratio, as it is presentdegrl.6, has a significant
role. The best example about the split flow is the three turbine split flow layouts, which have
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the same components but the flow merges in different points. Each layoutaharsique
correlation between cycle efficiency and the split flow ratio to maximize the net output.

—=— Recompression
—e— Modified recompression|
50 4 —A— Preheating
—w— Turbine split flow 1
—— Turbine split flow 2
»— Turbine split flow 3
=
> 40
o
o
S
£
L
Q
°
>
© 304
20 T T T T T
20 25 30

Flow split ratio

Fig.1.6. The efficiencies of-6 h i

AL AG Ft246

fl @2dziSa hT2NJ O N

Recompression Modified recompression Preheating
Precooler Heater Precooler Heater Precooler

Heater

Turbine split flow 1 Turbine split flow 2

Turbine split flow 3

Fig.l7.s/ hi 0O&80OfS aLXAlG Ft2¢ €I &2dzia

The difference between theecompressiotayout and the others is the recuperation process. In

the recompression layout, the flow is split and the high specific heat in the coldtstdensis
YFtOKSR ¢gAGK (GKS K2 aiARSQa tINBS Fft2g oA0K
recuperator (LTR) to maximize the cycle efficiency. Inntlodified recompressiolayout, the
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turbine expands the flow below the critical pressure to producerenaork. Compressor 1
O2YLINK&daasSa /hi ySIN G§GKS ONARGAOIE LRAYy(Gd FyR
recompression layout.

The other layouts, such as tipeeheatingand turbine split flow 1, 2and 3 layouts, maximize

the temperature difference in the intermediate heat exchanger. Thus, these layouts can be
implemented in cegeneration or trigeneration plant systems because of the proportional
temperature change in the heat source and the heat flowinigp the conventional power
system. Thereforenore power can be achieved with a lower efficiency if the absorbed heat is
large.

1.4.1 Modified recompression

The main difference is the existence (i) of a third compressor between the second precooler and
the HR and (ii) the precooler before the first compressor. The operation of this layout is the
same with the recompression cycle; the working fluid flows through the precooler before going
to the first and second compressor. Then, the flow splits before therskprecooler to go
through the third compressor without dropping the temperature. The flow merges after the LTR
and the third compressor (before HTR)

1.4.2 Preheating

The flow splits so as to go through the recuperator and the first preheater. Then merges afte
the increase of the temperature of the one flow (after the heater) so as to go together to the
main heater and finally go to the state where occurs the lowest pressure of the cycle. The basic
principle is to annihilate the temperature glide between therking fluid and the hot source so

as to exploit greater heat transfer.

1.4.3 Turbine split flow 1,2,3

This layout has two turbines and their operation is like the spigansion of the single flow
layouts. The flow splits in the same state in these them@uts but the difference is where the
flow goes after the split. In the first two layouts goes to the LTR and HTR and the third to the
LTR and the heater. In each layout the working fluid goes to other component and the flow
merges before the precoolen ithe first two configurations and before the LTR in the third. The
distinctive feature of these architectures is the maximization of the waste heat utilization of the
hot source and hence of the electrical net power output.

The differences between the biassplit flow recompression layout and the other layouts are
small but not negligible. In the modified compression, the turbine expands below the critical
pressure to produce more work. All the above layouts have as main principle the maximization
of the temperature difference in the intermediate heat exchan{Ez]
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It is important to point that as the layout becomes more complex, the cycle efficiency is higher
but also the cost of this operation increases.

1.5 s/ h ippli¢ation

The s/ haycle is coupled with many nuclear heat sources, because it can replace the steam
Rankine cycle with a number benefits by the substitution. Depending on the utilization of the s

/ hi 0@80ftSx Al OFy 08 cytlefor Fossil BeNpoivaredl Plénts laril a | § 2 L
bottoming cycle of gas combined cycle plaftsere are also promising heat sources soon to be

coupled with the § h i OO0t S YKAOK AyOfdzZRS aASOSNJI f NB y
temperature fuel cells, comntrated solar power, and geothermal powds3].

1.5.1 Nuclear application

Extensive research has taken place about the replacement of the malevolent water reactors

from the mildsodium/ hi Fl ad NBIFIOG2NE® 5SaLAGS GKS T O
eliminate the chemical reaction between sodium aihé nitrogen Brayton cycle can achieve
performance competitive to the superheated steam Rankine cycle, it can only becliilitiee
sodiumcooled fast reactor application and unfortunately outside the nuclear application no
immediate application field can be founkh contrast,thed hi L2 6 SNJ 0@ Ot S Ol y L
utilized for small and medium sized Reactors (SMR) suBMa4RT14], large size conventional
water-cooled reactors, and fusion reactor applications, as well as other energy sources such as

coal, natural gas, and renewable energies.
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1.5.2 Coal power application

Thes/ haycle is also considered to be a promising candidate for thefzed| power plant a

a topping cycle to improve thermal efficiency. After some researches, the results show that this
innovative s/ hi (1 2LIIAYy 3 Oe0fS OFy LINRPRdAzZOS GHS%ial YS
capturing steam power plant while, as expected, is reducingtie C& YA 8 A A 2 Y[A5. A A Ay A T

1.5.3 Exhaust/waste heat recovery application

The exhaust gas temperature from a gas turbine or general toppiddc$ A & dzadzl f £ & B
the conventional steam Rankine cycle utilizes this exhaust gas to improve its thermal efficiency.
Thes hi . Nredzy OeofsS OFry LRGSYOGAlIffe NBLIIOS i
thermal efficiency and can be uriéd to recover waste heat from a small gas turbine as well,

which is not practically feasible with the steam Rankine cycle. Udings LJ2 ¢ SNJ O& Of Sa 1
heat recovery, it is very important to maximize the net output power by incorporating the
utilization efficiency of the waste heat along with the thermal efficiency of the cycle

1.6 s/ hRankine cycle

Three types of Rankine cyclesnfple, cascade, and spliwill be discussed in this section,
comparing the characteristics in the upper pressures ofdpele. In order to optimize their
performance, it is very significant to maximize the net output power by combining the utilization
efficiency of the waste heat and the thermal efficiency. To improve the thermal efficiency of the
cycle, the turbine inletemperature must be increased

Because of the convenience of the G@reach the critical temperature (31°C) and the critical
pressure(7.38MPa), low and medium temperature heat sources can be exploited, which will
reduce the temperaturalifference and promote the overall efficiency.

1.6.1 Simples-CO Rankine cycle

To improve the thermal efficiency of the cycle, the turbine inlet temperature must be increased

as much as possible using a recuperalttowever, a higher turbine inlet temperature results in

a lower utilization (heat recovery) efficiency of the exhaust gas waste[h6hT.he reason for

this is that theworking fluid is preheated by the recuperator to a higher temperature. Because

of this tradeoff between the thermal efficiency and the utilization efficiency, it is impossible for
asimpled hi wkyl1AyS OeodftS (2 ¥Fdzf t dinedziAf ATS GKS 41t
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1.6.2 Cascadeupercritical CO2 Rankine cycle

An additonal 9 hi wl yl1AyS 0e0ftS OFy 06S dzaSR (G2 NBO2O
previous simple cycléAs mentioned before, it is impossible to fully utilize the waste heat of the

exhaust gas of a gas turbine with a simpleBi NI y]1AyS 080fSd ¢KSNBF2I
loop is introduced to the high temperature loophe thermakfficiency of the cycle is lower than

that of the simple cycle at a given turbine inlet temperature because it is the average of the
efficiencies of the LT and HT loops. However, the heat recovery efficiency of the cycle is much
higher than that of the siple cycle and decreases very slightly as the turbine inlet temperature
increases.
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Fig.1.10. Layout of cascade-Shi O& Of S F2NJ 21w FNRBY I 3l ¢
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Because the cascade cycle is composed of two cyclesimipmtant to highlight the main
difference between the topping and the bottoming cycle. In the topping cycle, the fuel is used
in a gas turbine and the main heat source generates-bighalpy and electricity. The hot
exhaust afterwards is used for pattizeating, cooling or other utility. As it pointed in the study
[16], there are some subcategories about the topping cycle plant such as Steam electric plant
with steamextraction from a condensing turbine. On the other hand, the bottoming cycle is not
only more expensive than the topping cycle but also not so efficient. Thehbkalpy waste

heat is used to drive the power generation cycle via a heat exchanger, retoipera boiler.

This cycle finds application in function with high temperature energy production and high
temperature heat rejectiofl17].

1.6.3 Splitsupercritical C@QRankine cycle

Another way to recover the remaining waste heat from the previous simple cycle is to ukte a sp

s/ hi wl y{IAtfepredodislyidésepibed simpléshi  wlk y{1AyS 080t Sz (GKS
GKS [/ hi F FGSNI (KS -piEs€uozlS8dds dohditkeradly” lowierktgan ek 3 K
GSYLISNI GdzZNE 2F GKS [/ hi 0 SHeaN®d sid) &en witiSathighJS NI § 2 |
STTAOASYO& NBOdzLISNI (12NX¥ ¢KAa A& o0SOlpesuse G§KS A
side is much higher than that on the lgwessure sideTherefore, in the split-§ h Rankine

cycle shown irFig.1.11, it is possible to utilize the remaining waste heat from the simplels i

Rankine cycle to make up the difference in the isobaric specific heat df théetween the

high- and lowpressure sides for a maximum temperature oh after the recuperator (state 3).

The flow that is split after the pump is preheated by the recuparaind the LT heater to the

same temperature.

TEG‘m TFG‘nul
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Fig.1.11 Layoutofsplitg hi O Of S F2NJ 21w FNRY | 3l a
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1.6.4 Poly-generation systems usingGO

Polygeneration has had many meanings, however, has beirfmete as a thermochemical
process which simultaneously produces at least two different products and at least one product
is chemical or fuel and one at least electridit}]. Nowadays, pobgeneration has develau

to be a multiinput and multioutput energy system that is assumed as the most promising
G§SOKy2ft238 (2 4GoNAR3IS:e¢ GKS 3IIL)I oSGteSSy G4KS
At the beginning, these systems utilized as feedstock coal, but in order to save enersgphand

the environmental problem, started to exploit renewable energy sources such as biomass or CO
based systems. Below are listed the key principles of agemeration system:

1 Utilization of different types of fuelsAccording to the characteristics and the
advantages of the fuels, a muftiel feedstock input could be used to succeed high
energy clemical efficiency.

1 Step by step conversion of effective componeritsstead of complex composition
adjustment processes, step by step conversion is implemented so as to achieve the
requirements of different chemical production processes.

1 Cascade utilizadn of both chemical and thermal energiedeat produced in the
chemical production can be utilized in power generation according to its energy level
and at the same time a power subsystem can provide heat to the chemical
production with a matching enerdgvel

1 Enerqy utilization and pollutant controA major problem of the systems which
create electricity or chemical fuels is the environmental pollution. elyeration
systems can bring a solution to energy production and reduction of the
environmentalproblems. The pollutants can be concentrated without extra energy
consumption accompanied with products.

Coupling between different carbonaceous fuels
Step-by-step conversion of effective components
Fuels

Light Fractions

| 7 S,

Power generation system - - « =« = =« = <« = Fresh Gas Preparation
]
— Subsystem
Power - <

co, Pollutants Fresh Gas Chemical Energy

Fuel Gas
| eeeee { sesfecccccnped »| Synthesis Subsystem
! {

R A L Thermal | Cascade utilization of

‘ ‘ CO; Separation | Fuels& * Unconverted Integrations | | energy according to

o e ~/  chemicals ! Gas v : $ energy level
’ ) Power -

T CO; - \/ ) : High Temp
: \ er :
Thermal Integrations - i . v
Co, Y . . ' Middie and Low
1‘ ) ' Temp

HRSG&ST o e et
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Fig.1.12 Basic principles of a pofgeneration system
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In Fig.1.12 is presentedhe primary function of the fresh gas preparation subsystem and the
syngas which will not be converted can be used as fuel to power generatae. importantly,
CQ can be ecovered with less energy penalty from synthesis subsystem and flu€@asan
recycle from fresh gas preparation subsystémmm power generation and also can be converted
by electricity photocatalytic conversion and hydrogeneratiggduction.

1.6.5 Utilization of CQrecycle in polygeneration systems

1
il

CQrecycle as a gasifying agent at a eoased polygeneration system

In order to increase the carbon efficiency, Z®oduced during the process as a
gasifying agent into the gasifier can be reused, without increasing the level of C but
keeping cycling from high to loj&9].

Because of the high tempexae of the gasifier, we have the opportunity to increase
the amount of CO so as to exploit the downstream chemical outputré&9cling

into the gasifier has great potential, but the key challenge is the control of the
recycling ratio; too much recyclingass flow yields low gasification temperature
reducing the efficiency and the chemical output.

CQ as feedstock in polgeneration systems

CQ s nontoxic and economic as a feedstock. One of the most important research is
to replace the phosgene with G@r synthesis of various chemicals. This conversion
has provided huge potential on the @@cycle and the coal reduction. Theich
produced in chemical production and power plant can both serve as raw material to
produce new fuels or chemicals.

CQ recycle in multfeedstock energy potgeneration system

CQ produced from energy system can be converted in fuels by hydrogeneration,
electrochemical and photochemical processes. These sources could be energy zero
carbon footprint (solar, geothermal, nd etc.).if we could control the use of €0
recycle and the conversion technologies, the MFEPS will provide the opportunity to
have higher efficiency lower investment and lower environmental im 2@}t

1.6.6 Barriers for polygeneration systems with C£yecycle

T
1
1

Costs of Cg&rapture, purification and transportation to user site
Energy requirements of GOhemical conversion

Lack of industrial commitments for gased chemicals; because the technologies

of CQ are in laboratory research and uncertainties exist. Especially energy poly
generation systems that integrate different sources and processes lack of design and
operational experience
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1 Without supporting policies, the financial investment and the technalalgiesearch
is difficult to be understood

1.7 Scientific question

/| 2Y&ARSNAY3I GKS 1020Ss AlG A& ONMHzOALFE G2 Fylfe
systems for power generation, mainly driven by the exhaust gases of gas tutoimeatch the
tSYLISNF G dzNE t S@Sta 27F Ispedifitalls ik Scleificfquegtibons O& Of
to be answered on this thesis are listed below:
f 2KAOK N8B GKS Yz2aid 02YY2y adzZISNONRGAOF £
such cycle further optimized?
f HowOly | &dzLJISNONRGAOIE [/ hi aeads
components required for this procedure?
1 Which are the total costs for the development of the system and how competitive
can it be based on the local electricity prices?

Y 0SS RS,
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2./ 2YLRYSYyimhRg TWEKBAES Oe Of S

2.1 Heat Exchanger

As heat exchanger (HX) is defined the component which facilitates ae heat transfer process. It is
composed of two streams with different temperatures. In most applications, the two streams
are kept sepaate (no mixing) to achieve the heat transfer.

2.1.1 Main characteristics of HX

[.  Fluid allocation
One key categorization between the heat exchangers is in how the hot and the cold flow are
flowing inside the tubes and annulus. When these flows have the sameidirettte HX is called
parallel; on the contrary is called counterflow (the hot flow and the cold flow have opposite
direction). The temperature difference before the parallel heat exchanger is big allowing to be
used in layouts with temperature flexible a@ands, as shown iRig.2.1.

L5 - - 4
T —C ) =
P S— -

(a) Counterflow; fluids flow
T T, in opposite directions
'\ T
12 Pl.
\M&
t
T.
A\\ 2
ez —f MMulys fluig &
0 L

2 — —1;
T, —= ) =
— = —
x (b) Parallel flow; fluids flow
Tt T in the same direction

T,
/"""—’-‘-—_ t
t'/' Anpulus fluid %

0 L

Fig.2.1. Diagram of Temperaturéength of counterflow and paralleflow HX
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[I.  Compactness
The term of area density is the appropriate fraction between HX surface and volume to calculate
how compact a heat exchanger is. When this fraction is above 700 then the HX can be called
compact (car radiator is close to 1000).

[ll.  Crosflow HX
The crossflow is composed of two perpendicular streams which can be either mixed (can move
G2 GKS GNIXyaFSNI RANBOGUAZ2Y 06SOFdzaS 2F GKS (GSYL
transfer direction), as shown fig. 2.2.

Cross-flow
(mixed)

Cross-flow

(unmixed)

. \ . s oo o '?“\
Tube flow Tube flow
(unmixed) (unmixed)

(a) Both fluids unmixed (b) One fluid mixed, one fluid unmixed

Fig.2.2. (a) Unmixed and (b) mixed crossflow HX

2.1.2 Types of HX

Prior to the analysis of the shell and tube heat exchanger and the reasons why it is specifically
selected, the other types of heat exchangers will be discussed. Helaaiegers can be classified
based on three different categorizations, according to:

I.  Nature of heat exchanger process
Regenerative heat exchanger

Direct contact heat exchanger
Recuperator

Condenser

Boiler

Evaporator

=4 =4 =4 4 A -2
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1 Radiator
II.  Flow arrangement

M1 Parallel flow
1 Counter flow

1 Cross flow
. Geometry

1 Shell and tube heat exchanger
Plate heat exchanger

Plate and fin heat exchanger
Finned tube heat exchanger
Plate and shell heat exchanger
1 Tubein-tube heat exchanger

= =4 4 =2

2.1.3 Shell and tube heat exchanger

The most cormon HX with the most applications in industries (especially in industrial processes
in scale of kWs or MWSs) is the shell and tube HX. Due to its weight and large dimensions, it is
not suitable for transport. Their most significant characteristic is thatadbmbination of quality,
efficiency and value is the best compared to all the above heat exchangers. It is a counterflow
like HX and the name shows that the main components is a shell and many tubes. Depending on
the direction of the flow in the shell, }hHX is called onghellpass, tweshellpasses HX etc.
Furthermore, the addition of a baffle converts the counterflow HX to a crossflow resulting to an
enhanced efficiency. If the flow is diverted by inserting a semicircular pattern in the end of the
tube, the heat exchanger is called tviobe-pass or ktype shell and tube heat exchanger, as
shown inFig. 2.3

Fig.2.3. Semicircular pattern in a #ype shell and tube heat exchanger
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The tube sheet is a very puartant subcomponent of this type of HX because their
implementation holds the tubes in position and establish the pressure boundary for the shell
fluid. Apart from the assistance that gives the baffle to the fluid to change direction, it also helps
keeping the tubes in alignment. This turbulent flow increases the heat transfer capacity of HX.
In a comparison with the plate heat exchanger, the second most common HX in the industries,
it is easier to find the advantages and disadvantages of the shetuaedceat exchanger.

Table2.1. Advantages and disadvantages of shell and tube heat exchanger

Easy to maintain Less efficient than the plate he;i
exchanger

Best fraction between price ang Requires more space

efficiency

Higher pressures and temperatures |/ | Y QUi @ NB O22f Ay
Lower pressure drops
Easy to find leaks

2.1.4 Gas cooler

A gas cooleis an essential component of any refrigeration cycle. It is a heat rejection unit and
inside it the change of phase from gas to liquid takes place.

The most important requirement so as to harness the condensing ability, is to have an outdoor
temperature bwer than the condensation temperature. As a secondary fluid can be another
substance or another refrigerant not necessarily the air. The required design characteristics are
the same with the shell and tube heat exchanger.

2.1.5 Turbine

Turbine is a rotary mechanical device which extracts energy from a fluid flow so as to create
useful work. A turbine is composed of a wheel and the blades (stator and rotor) which are
attached to the wheel. The two main types of turbines areithpulseand thereactionturbines.

In the impulse turbine, the pressure drop is significant. As the steam passes through the nozzles
and the velocity is increased. when the flow goes though the rotor, the velocity is decreased but
the pressure remains the same. Thighe main principle which distinguishes impulse from a
reaction turbine. The velocity profile through the fixed and the moving blades is the same with
the impulse turbine Kig. 2.4. On the other hand, the pressure drops as the stream flows from
the entrance (stator) to the turbine until the exit (rotof21].
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The differences between these two types are many, as listedable 2.2 but the main
characteristic that plays the most important role for teelectionis the control of the pressure
and velocitywhich is much easr in the impulse turbineThe geometry ofthe moving blades is
the main problem not only for the high cost and maintenance but also to the turbulent flow of
the steam[22].

Impulse Turbine Reaction Turbine

(E  \o\

~ Moving Blades S
(Rotor)

Steam Velocity

Fig.2.4. Impulse and reaction turbine operation

Table2.2. Difference between reaction and impulse turbine

Reaction turbine Impulse turbine

Not as easy as impulse Easy

High Low
Space requirement High footprint Very less size

Figher than mpulss Cow

In order to design a specific turbine for the Rankine ¢yti®u and Jan[23] tried to optimize
the s/ hi O0eO0ftS I'yR O2yRdzO0 | NIRAFE AyTFt2g (dzND
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analysisBased orthis researchthe design parameters of the turbirere the sameas’2K 2 dzQ a
researchbecause the turbine issed for a similas/ hi O& Of S @

Table2.3. Basic parameters and their values for the turbine

s e B 0 Wl s |

0.900.97|0.80.9 |0.60.7 |0.40.55 |0.350.5

where X, is the velocity ratio,

m NBEFSNE (2 GKS RSINBS 2F NBIOGAz2Yy X
€ is the diameter ratio,

U is the absolute flow angle of rotor inlet,

bs is the outlet relative flow angle of rotor,

y andd are the velocity coefficient of the nozzle and the rotor, respesy.

2.1.6 Rotor
The number of rotor blades is estimated using Glassman empirical correfadpn
o o s e (21)
5 np PTTW O W®
Radius and blade thickness at rotolet and outlet are given by:
R L1
o 2Ty (22)
¢V
i “ (2.3)
0O T18tad (24)
0 Tm8tdg (25)
The blade heights at the inlet and outlet of the rotor candx@ressed as
- 0 (26)
W —
S ao
. 0
& _ (2.7)
S ao
The blade surface area is given by the equafiftj:
5 1 1 o i i - (28)
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The tip and hub wall areas are determined as the surfaces of revolution of the tip and hub curves
around the turbineaxis.
The rotor outlet radius at hub and shroud can be given as

i i o (29)

i i mhw (210

The axial length can lhben defined as
a phwi i (211)

2.1.7 Stator

It is obvious that the geometry of the nozzle is directly linked with the geometry of the rotor.
The nozzle outlet height is assumed to be equal with the blade inlet height.

~ ~
¥ ¥

w (212
The chord length and the relative span of nozzie lea obtained by

0

o 2 (213)
a
“Q

§ — (219
Qo

The nozzle inlet radius and the nozzle outlet radius can be given by

(2.15)

i i Wwa i @

i i cwi "G (2.16)
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3.¢CKSNXY2ReylI YAO lylfteara 2F GK

In this chapteywill be discussedhe thermodynamic modeling of the selected simpié & i

layout for WHR with a single recuperator, as showhRiq 3.1

TEGJn TEG.aul

Y Exhaust Gas A

>
QEO& 3

4 6
HT Recuperator #

@ {2
Heat Sink (Ty)

E [ > we
Expa$

Condenser

-
QR%

Fig.3.1. Schematic of the simples hi  f | & 2 dzi

3.1 Assumptions

FT2NJ 21w (2

A

0S

At first, below are presented the assumptions made in order to conduct the energetic analysis.
1 The kinetic and potential energies of the flow, as well as the heat and friction losses

were assumed to be negligible.
Ambient temperature was set at 6.

== =2

considered 1 bampnear)

Pump: 0.80
Turbine: 0.90

= =4 4 A

The pressure drop in the heat exchangers (heater, recuperatorgasdcooley is

The temperature in staté4) is investigated within the range of 450°C[25]
With respect to the isentropic efficiencies, the following values were considered:
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1 Turbine pessure ratio is being investigated at the range of 4 t¢2& 27]
The exit of thegas coolers & supercritical state.

1 Lower pressure of the supercritical cycle is set at least higher than the critical
pressure.(state 1)

1 The third altenating parameter is a temperature that calle@gsfwhich is the
diferrence between ditand T (how much above theckis the lowest temperature
of the cycle)

1 Pinch point on recuperator is equal to 40

1 Mechanical efficiencies:
i.  Turbine:0.95
ii. Spindle:098
1 Recuperator effectiveness: 0.95

=

At this point it has to be mentioned that the fluid properties calculations were conducted using
Cooprop library.

3.2 Thermodynamic model of cycle

The equations used for the pressure calculations of the cycle are listed bel

n n o 3.1
n n o B2
oD (33)
n n o (34)
n o n o 35)

At the initial scenario for thejgthe low pressure of the cycle) it was selected to be equal to the
critical one, thus p=73.7 bar and the test temperature is also set at 0, thus equal to the critical
GSYLISNF GdzNE 2F omdn x/ @
Using the equations (3.4B.5) the pressure at all states cae determined.The isentropic
efficiency of the pump can be determined as follows:

0y Q (3.6)

IS
In this way, the enthalpy of state 2 can be determined and with the already determined
pressure, all thermodynamic properties at state 2 are estimated.
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Qr Q (3.7

0 9

Within the optimization solver, T4 is an independent variable, therefossgtiemperatures are

set in the solver and therefore on each execution of the code pressure and temperature of state
4 are easily determined, along with enthalpy and entropy via Coolprop.

In a similar way to the pump, the enthalpy at the discharge of tmbihe (state 5) can be
RSGSNNY¥AYSR 06& (GKS RSTFAYAUAZ2Y 2F (GKS Gdz2NDAYySQa

Q Q (3.9
Qr  Q

Consequentlythe temperature and the entropgan be also determined byoGlprop. Given the
predefined pinch point at the recuperatahe temperature at state 6 will be equal to:

YUY Y 3.9

Once the temperature at state 6 is determined and given that the pressure is already estimated,
enthalpy and entropy can also be determined via Coolprop.
Finally, state 3 can badetermined by applying an energy balance in the recuperator.

0 ¢ Q0 4 Q0 (3.10

Given theknown pressure and enthalpy by (3.10) at state 3, the rest thermodynamic properties
can be also determined.

3.2.1 Performance indicators

For the specification of theheaterQ &  Fhdzéqdafionderived fromthe energy balancés the
following [28]:

0 a Qn O a QO Q (3.12)
On the other handthe thermal power at the turbine is given by
W a M Q (3.12
Consequently, the electrical production of the turbine is equal to:
W p Wi - - (3.13

With the mechanical efficiency to be equal to 98% and the generator efficiency to be equal to
95%.
The pump consumption is equal to:
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a Q0 (3.19)

&)

With the motor efficiency to be equal to 95%.
Eventually, he netpower output is equal to:

W W W (3.15
The heatejectionat the gas coolefs equal to:

0 a Q Q (3.1
Hence, the thermal efficiency of the cycle is equal to:

w (3.17

€ =
V]

On the other hand, the exergfficiency is equal to:

.o (3.18
O
With,
O & Q Q Y i i (3.19

Eventually, the results for the base case can be found below in Table 3.1.

Table3.1. Thermodynamical properties of the-s hi O& Of S

| sae H 2 I 201 5 0 <« 5 0 6|

Density (kg/m Q) 534.03 727.46 213.24 146.15 47.46 133.09

Temperature 31.0 85.7 451.7 750 563.3 95.7

31791 |361.29 |904.13 |1284.3 |1060.9 |518.7
(kJ/kg)

1.386 1.410 2.489 2.929 2.959 2.010
(kJ/kgK)
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Table3.2. Performance results ofthe-s hi O& Of §

Performance Indcaior

9505
5562
1148
1059
5003
2

Nox (% 65.18
1635

3.3 Sensitivity analysis

In the followingsection, a sensitivity analysis is conducted to identify the key parameters that
influence the performance ofthe/shi 0O& Of S @

3.3.1 Influence of turbine inlet temperature

The two figuresbelow, show the influence of two parameters(Ttest, ) on the thermal
efficiencyz . ‘At first, it is important tomentionthat the further the temperatureriseshigher
than the Teit, the smaller the thermal efficienag calculatedThe reason for this result is that
the temperature in state 1 has significant role in the patput of the pump.On the opposite,
as the turbine inletemperature increases, consequently the enthalpy in state 4 becdmger
andhence the turbine power output as well #se efficiencytends to increaseThe acceptable
levelfor the thermal effciencyiswhen the difference from the critical temperature is neaf@0
The same crossvaluation of the above parameters is noticed with the exergy effici@rigyres
3.4-3.5). The results are similar, #se heat has the same effect to the thermaldato the exergy
efficiency Againthe/ h i & at Aldbpereritical state has to be at leasP Zabovethe Terit in
order to achieve a requisite number of exergy.
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Fig.3.2. 3D plot of thermalefficiency(z), Temperature above Tcrit(x) and TIT(y)

Fig.3.3. 2D plot of thermal efficiency(x)Temperature above Tcrit(y)[IT(legend)
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