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Abstract

Presented PhD thesis investigates teetwanomic perspectives of the-called inverted
Brayton cycle (IBC) for highemperature waste heat recovery (WHR) applications, looking for

the best configurations for the IBlfased systems.

The IBC is a modified version of the commonly known Brayton cycle (BC), which
determines the operation of conventional gas turbines. In IBC, unlike the BC, the incoming hot
gas goes immediately to the turbine blades with about atmospheric pressure, thiegpeassure
after the turbine is subatmospheric, and it is conditioned by the compressor standing downstream
from the turbine at the exit of the gas duct. A heat exchanger provides cooling of the gas between
the turbine and compressor to ensure therdiffee between the produced work of the turbine and
the consumed work of the compressor. This difference determines the useful work of the IBC

turbine and compressor system.

IBC wasinvestigated solely in different industrial applicati@ml as a part of different
combined schemes. In the field of WHR, IBC is beneficial in integration with-teigiperature
sourcedor WHR like reciprocating internal combustion engines (ICE) and some technological
processes as the working IBf2ased systems are feasible starting from a certain temperature of the
incoming flow. Looking for the advantageous WHR applications of the IBC, th@stlstudies
several advanced schemes with this cyeldach are not presented systematically in the scientific

literature.

The first scheme suggestsing the phase change of liquified natural gas (LNG) as an
additional cooling source for a system introduced aboard the-fusléd heawytransport truck.
The second is the combined inverted Braytoganic Rankine cycle (IBORC) scheme, which
has found the first systematic study in the publications associated with this thesis and is suggested

for use in stationary applications.

The methodology of the techhezonomic study of this thesis combines various conservative
approaches providing automated computation for the overall technical and economic assessment.
The technical e v al uadratduhload is based en-Dsthersnodgnardics b e h a
models of the system. The pdoad behaviar for the truckbased system is assessed utilizing

empirical trends for the system components and available raw data for a standard driving cycle.



Contributing to scientific literature, the thesis shows the optimized results for both studied
configurations in comparison with alternative baseline solutions, showing perspectives of IBC in

these configurations and directions for future works.
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CHAPTER1. THESIS OVERVIEW

Motivations and researchquestions

The general trend afmany countries for decarbonization ¢fieeconomy and pollution
reduction determined by the revealed dramatic role of rapidly grovaadgpon dioxide (Cg)
emission increases pressure on the industry. It is expressétegrowth of CO; taxation and
strengthening regulation of the industrial facilities operatidre International Pari®&\greement
[1] and many national governmental regulatiges the direction of this trend the worldand
prescribe the tightening chang€mne of the largest growing econm® the Chinese economy,
being a signatory of the Padgyreement, sticks to its Fivéear Plais, where the environmental
issues are consistently covered, including the late8tFivie-Year Plan[2], [3]. The Federal
Energy Management Program of the UBH also includes stricter measures for preventing

industrial environmental damage.

TheRussian Federati@gnalignment withthegoals of the Paris and some other international
environmentahgreementss proclaimed in the Government Orderl 9 4 @ated June 14, 2021
[5]. The overall strategy for the heat and power supply industry bydtle Government Order
" 15 2d8ted June 9, 202[B] has seta clear environmentally oriented pass for the sector
development. The positive discrimination of environmentally friendly projects is formalized in the
Government Order 1 5 8lated September 21, 20Z1. These restricting and stimulatingctors
of economic pressure became a driver for many new technicalifigttisny countriesvorldwide

In particular, the transport sector is one of the central topics in debates for the reduction of
greenhouse gases and polluting emissions aof, O, and soot. For instance, in Europe, heavy
vehicles, including trucks, buses, and coaches, are in charge of around 6 % of the iotal CO
emissions and about 25 % of the total.@missions generated by road transport in the European
Union [8]. With the new regulation (EU) 2019/1242, the target levels of @@formance of
modern heavy vehicles have been noreealiby the values of vehicle fleet average emissions
monitored in the 202020 period. In particular, a reduction is expected: by 15 % starting from
2025 and by 30 % starting from the year 2030 referencing the-ZOP® level. In regard

polluting emissions, Euro VI standards have been in force since 2014.

This regulatory framework relating to the transport sector has increased the interest in
improving the energy efficiency of internal combustion engines with a consequent reduction in

fuel consumption and the search for cleaner fuels with a lower conteathain, like liquefied
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natural gas (LNG). LNG is made up of-99 % methane and the remaining part consists of other
gases such as propane, ethane, nitrogen, and carbon dioxide. Liquefaction involves a reduction of
the specific volume of about 600 times, with advantages in terms of vehicle range in comparison
with othersolutions such as compressed natural gas (CNG). Among the advantages over traditional
diesel (EURO VI)LNG has lower C@ CO, NOy and particulate matter emissidss.

Given thee trendsin energyefficiency, decarbonization and pollution reduction the
technological landscape, appears timely and relevarat study technologiesvhich are grist to
this mill. Thus, one of sughromisingtechnologies, namelpeinverted Brayton cycl@BC), has
been chosen dkeresearch topitor this work with the following esearclgoal

A Defining better solutions for the application of the inverted Brayton cycle in- high
temperature waste heat recovery (WHR).
Relying on the research backgrounthosestudy is presented @HAPTERZ2, the following

researclguestionsvereformulatedto cope with this goal

A How much the usage of the LNG regasification process for the intermediate cooling in the
IBC can improve the IBC performance in terms of the fuel economy and payback period in
the heavytruck onboard application?

A Can the combination of the IBC with the organic Rankine cycle (ORC) overcome solo ORC
in terms of efficiacy and economic outcome ithe power reciprocating engine WHR
application, and how much is the difference?

Looking for the answen® these questions, this work has the outline presented below.

Thesis outline

CHAPTER 2 RESEARCHBACKGROUND givesathoroughobservation of historical and
stateof-the-art overview 6 the technical approach called waste heat recovery (WHR), and
technologies utilized for the realisation of this approach, focusing on the technologies and
industrial objects suitable for WHRand thus prospective for the I|Hfased systems
implementationin the first subsection of this chaptarmetailed explanation of the main studied

technology: inverted Brayton cycle (IBG3$ given.

IBC might be used as a figel thermodynamic cycle and as a cycle for WHR. This work is
focused on finding the best way of using IBC for WHR, investigating-b&€ed systems in two

principal configurations.
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In CHAPTER 3. STANDALONE IBC FOR HEAVY-DUTY TRUCK WASTE HEAT
RECOVERY, a heavyduty transport truck fueled with LNG was considered for WHR by a
standalone IBC irthe basic configuration and advanced one, where LNG regasification phase
change is involved in the IBC thermodynamic procdéss.the best of our knowledge, this
integrated scheme had no systematic study in scientific literature yet. Technical and economic
comparison of these configurations has shown the advantage of the integration with LNG.
However, with the conservative assuropg8 made in this work, the results ftandalone IBC for

the truck engine are fairly mild.

Contributing results of theKIAPTER 3 are the following:

A Methodology which allows performing automatic computation due to function and
approximatiororiented approaghwas applied for the search of an optimal system sizing
considering the system pdoladbehaviourin a truck standard driving cycle.

A Ranged cost and weight assessment of the IBC systems was performed.

A Comparative analysis of IBC with LNG employment for cooling versus better investigated
standalone IBC, utilizing the ihouse model for botldemonstratethe superiority of the
advanced configuration.

A Sensitivity analysis was performed to deterniretechnicallyoptimal system size for each
driving mode and for the entire standard driving cycle.

A Sensitivity analysis of economic outcomes for iB&ednvestment projects was conducted
to identify the economically optimal system size.

A Sensitivity analysis, ass#isg the influence of LNG price on the economic outcome of the
investment project featuring the most advantageous IBC system, revealed a threshold price
for achievingthe businessacceptable economic outcome.

Next, in thesearch for higher WHR efficiency, another techgglacombination was
investigated and reported @GHAPTER 4 If generally the use of bottoming IBC for reciprocating
internal combustion engines (ICE) is well covered in scientific literature, IBC integration with
another WHR technologythe Organic Rankine cycle (ORC), has mevbeen systematically

studiedin scientific literature (for the best of our knowledge)

Being the most deployed technology in the field of WHR, ORC has some drawbatties for
high-temperature application. Alsosingtheheat exchanger creates additional exhaust resistance
(backpressure) for the primary technology (e.g., engde)the contrarythe combined inverted
Braytoni organic Rankine cycle (IBORC) suggests to be a promising WHR solution. On the
one hand, IBC responds much bettehigh-temperature exhaust than ORC; on the other hand,
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ORC, bottoming the IBC, provides effective cooling before the IBC compressor. thiets,0o
cycles have a good thermodynamic majisiing room for scientific research.

Techneeconomic analysis dhe combinediBC-ORCin CHAPTER 4 givesthefollowing

contributing results:

A Comparative analysis versus the most deployed WHR technology: organic Rankine cycle,
utilizing thein-house model for both.

A Sensitivity analysion theturbine inlet temperature, and ambient temperature t{adélily
from model parameters), including observatioraoion-trivial condensation effect on the
IBC performance

A Economic assessment of the IBRIRG-based system for different capacity factors.

A Multiobjective optimisation for the technical and economic objectives.

The discussion of the thesis outcomes and suggestions for future work are given in
CHAPTER 5.

Contribution

Overall, the work is exploring the potential of IBC application in WHR, investigating two

principal configurations novel for the scientific literature, offering the following contribution:

A Finding technically and economically optimal parameters of theldB&d WHR system
withtheLNGphase hange fAcool i ng e rmkeavgdutytransparttruckz at i on
A Suggesting the patbad modelling methodology, which considéngtruck driving cycle
and is suitable for optimisation computation.
A Finding technically and economically optimal parameters ottimebinedBC-ORC WHR
system for large stationary reciprocating ICE.
A Suggesting several novel configurationghefcombined IBGORC for further studies.
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CHAPTER2. RESEARCH BACKGROUND

2.1 Chapter summary

In this chapter, a comprehensive historical and stétne-art overview of waste heat
recovery (WHR) technical approaches and technologi@®vided, with a focus on technologies

and industrial applications related to this thesis.

First, a detailed explanation of the primary technology being studied, the inverted Brayton
cycle (IBC), is presented. This is followed by a brief overviethetlternative fueled application
of the IBC, referencing in particular the previous work of the author. The main reviewed line of
the WHR IBC application is then fully presented, spotting diffesmircedor the WHR with a
separate section on WHR from ICE. The review also delves into the technologies used for this
purpose, with a special emphasisthe organic Rankine cycle (ORC). Finally, the chapter reveals
thepresence of IBC technology in scientific literature, covering the range from its historical origins

to current stat®f-the-art studies.

2.2 Concept otheinverted Brayton cycle in power generation

The nverted Brayton Cycle is another version of the conventional Brayton cycle but with a
turbine immediately in the inlet for the hgaseousnedium. Thegasmay be heaed up in a
combustion chambef the system is fuébd or it maybe thehot exhaust gas from an engine or
some technological processcase of the waste heat recovery applicatidre expansion in the
turbine occus from neatatmospheric pressure to subatmospheric pressure after the turbine. A
compressor creating this subatmospheric pressure is located downstream; between the turbine and
compressor, there is a heat exchanger, which removes heat from the gas,itcdolwngto the
lowest possible temperatur€igurel andFigure2 showa generalized scheme andsTiagram
of the cycle.The work consumed by the compressor is approximatehtroregesmaller (for the
nominal case) than the useful work produced by the turbine. The difference is the useful work of
the IBC part of the systenDuring the cooling process in the cooler (proces$),3water

condensation magccur.
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Figure2. T-sdiagram of IBC
In Figures 1andFigure 2, the hot gas performs useful work in the turbine (proce3f 2
where it loses temperature and pressure correspondingly. Then it goes to the cooler under already
subatmospheric pressure (pointBging cooled down tatemperature close to ambient (point 4),
the gas flow from the cooler recovers pressure back to the atmospheric level in the compressor
(process %) subsequently having the temperature growth; after that, the gas is released to the
atmosphere (point 6).

Subatmospheric pressuretweertheturbine and compressprovides both advantages and
disadvantages to the scheme, a summary of them in comparisothevithnventional Brayton
cycle (BC) may be found ifiablel (sourcing the authérwork of 2017[10]) . Additionally, for
the WHR application with the direct intake of exhaust gases, it can be underlined that no external
work is neededo pushheatcontaining medium through the system due to the compressor, which
drives this flow. In other words, the systemsteadystate conditionmay not be creating the

backpressuréor the primary engine or another gas source.
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Tablel. Specific features of the IBC in comparison with conventiona| B

Combustion chamber operates with pressure around atmospheric

- Compression of the gaseous fuel is not required fordmgsure sources
burning gas such as biogas facilities and gasifiells(Wilson, 2014
Disadvantages | -

Advantages

Leak-outs are replaced by leakns

- Leakins also decrease the efficiency of the system but princigdlynuch
Advantages lower rate than leakuts;

- POC cannot leave the working volume elsewhere than the system outl
Disadvantages | -

Working medium has several times lower densitythus, radial sizes of all components ar¢
relatively bigger)

- Potential for higher efficiency for the turbine and compressor ofdower
Advantages due to the rotation speed decrease, and lower tip losses caused by th
clearance

- Price of components potentially is higher;

- Kinematic inertia of rotors and heat inertia of HEs are higher;
Disadvantages | - Lager size of HEs;

- Higher kinematic viscosity increases friction losses. The topic discusg
the work of Henke (209)312].

The typcal optimal values of turbinmversepressure ratio (gpout = 1.75..3.5) forthe

majority of application cases allow radtarbomachineryto be considered. This animportant

note as the positive and negative features of IBC propose that the low capacity applications, where
the radial machinegsually are morsuitable,arethe most beneficial. Radial turbomachinery is
easyto produ®, cheaperandhas lower production and exploitation requiremeris$ the same

time, itslarger dimensionare not criticafor the lowmachine capacitjl3] (Dixon, 2010)

2.3 Fueled inverted Brayton cycle

The standalone operation of IBC is a fueled scenario of IBC usage, meaning that the system
is equipped witha combustim chamber and fuel supply. It might lagplied instead ofhe
conventional Brayton cycle (BC) in several specific applicatiovizere it has advantages in
comparison with BC, which, generally speaking, has higher efficiency than IBC. The fueled
application recently was studied in papers of Henke (2{113) Agelidou (2017)14], Val d®s
(2016) [15], and Abrosimov (2017)10]. Figure 3 shows a scheme dhe CHP regenerated
configuration of such a system frgi0]. Henke has analyzed the influence of temperatates

" Here and after a combined format of literature referencing is applied with a goal oftbaseagder experieredy
showingnot only a source number in the References list but also the first author and date of puplidetien
applicable.
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different points of the cycle and water condensation in the duct and concluded the unclear
prospects of the technology due to low efficiency and high capital cost. However, this work was
continued in the paper of Agelidou (201J24] with experimental datérom a small power
generating facility (about 1 kW). Valdes (20186] compared IBC with BC and sGQor
micropowergeneration (about 1 MW) and estindtbe IBC results as the worst because of its
lower efficiency.

To Residential

m, o ﬂ I Usage :
) e
® O

Figure3. Fueled IBC facility{10]

According toAbrosimov (2017)10], theresulting parameters of the system for the found
optimal parameter of components and cycle are presentdable 2. Figure 4 shows the
optimisation curve fot hiener s e pr e s stwrbinew ir tah ptitodl waldoedud ® 3.0.
The esulting shaft efficiency of the system is equal to Z&,1which, being multiplied by

heenOl. 694 =8¢ (electricgenerator and frequency convert@iyes the electric efficiency

hy= 25.4 %. As the last step of the calculation, all optimal system parameters, including

temperature and pressure in each point of the scheme, were appointed to the dynamic model as its
reference fulload state parameters. Unfortunately, the dynamic maktkl not have an

experimentabase so the resulteequire further validation

Table2. Main resulting parameters of the steatigte model of fueled IB{10]

Parameter Value Units

Pel 10 kw
Qheating 202 kW
Pt 3 T
P 353 1
Ny 254 %
Mot 833 %
n 1292  rps
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In the work of Abrosimov (2014)L6], a configuration different frorigure3 was studied,

where in the duct betweenhe turbine and compressor, the recuperator and gas cooler are

interchanged. In this case, with the same efficiency of the components and limitatidms for

coolants highest temperaturen electrical efficiency of 18.% was obtained. The scheme is

suitable for the cases of higher heating demand from residential usage.

2 4 Industrial waste heat asnenergy source

The direct enly of the hot medium into the turbine as the first step of the cycle makes the

WHR application without any thermal intermediator a prospectivecase for the IBCFinding

suitable waste heat sources for the IBC is essential for defining the best niche for its application.

Studies show that many industrial processes and endiselsargeenergy flows to the

atmosphere at a higher temperature. Hestting furnaces for a range of materials, drying and

baking ovens, cement kilns, and also gas turbineseagrocating ICEproduce exhaust gases at

temperatures from 400 to 6B0CT able3 represents the summary of the sources in the temperature

range of interest foihts study. For the United Statas an examp)ehe total heat (referenced to

25 A T contaired in industrial waste flows at medium temperature (830 A T exceed

1 3 2 %WHyear[17] (Thekdi, 2014

t hat

can

be

c 0 n v ¥ kwWh/year oft o

electrical energyassuming the average efficiency of conversion equal t%.1%his number,

which exceed$.5% of total annual US electricity consumptifd8], shows sufficient prospects

mor

for the utilizationof technologies specially sharpened to this temperature range. As the temperature
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limitation for the ORC, discussed in the previous paragraph, equals @ftis work has a focus

on the temperature range from 46B50A C

Table3. Exhaust temperature for different technological processes

Source Twn, A Reference

340620 GEE [19], CATE [20]
315600 Zeb (2017)21]

250650  Zhai (2016)[22]
370540  Zeb (2017)21]

Heat treating furnaces 425650 Zeb (2017)21]
Drying and baking ovens 230600 Zeb (2017)21]
250350 Bisulandu (2023)23]

Reciprocating ICE

Gas turbines

Cement kilns 450620  Zeb (2017)21]
Glass industry 400500 Dolianitis (2016)[24]
Petroleum coke production 480540 EPA*(2022)[25]
Catalytic crackers 425650 Zeb (2017)21]

Among all sources of waste heat, the pegenerating engines requspecialattention. In
contrast tatechnological facilities, their primary purpose is power production. It means that the
appearance of additional power capacity brings changes neither to the busirtessachnical
process. The same arguments are generally correct fivatisporiCEs and other prime movers,
e.g. gas turbines of gas compressor stations.

essentialnterest of the R&D and scientiststhe topic of WHR in this area.

LNGasthewast e fAcold energyo source

Although the idea aheLNG regasificatiorusagédor cooling may seem obvious, the studies
of it as a part of some thermodynamic cycle are quite limited. One of the first in the modern
scientific literature was Kaneko (20026] who investigatedhe application of this phase change
in the secalled mirror gas turbineThe nore recent work of He T. (201897] makes a review of
theapplication of the LNG fAcold ener dgspaentialThi s w

usage.

2.5 Technologies ofhewasteheatrecovery

Reach variety of technologies for WHR wsaentifically studied: steam Rankine cycle
(SRC), organic Rankine cycle (ORC), orgafiiash cycle (OFC), conventional and inverted

Brayton cycls, supercritical and transcritical GEGCQG and tCQ), Kalina cycle, Stirling cycle,

AThe U.S. Environmental Protection Agency
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Thermoelectric generators (TEG), and other solutions and their combinations, which are less
studied in the scientific literature. Some of these technologies have already been applied in
industrial practice. The description and analysis of the majoritytdRWéchnologies can be found

in the works of Jouhara (20123].

sCQ and tCQ were investigated in several works, e.g., Wang (202%) or Marchionni
(2018) [30]. [29] has compared tCQOand ORC for the WHR from the primary s€©ycle,
concluding that for a range of paramete®0; is preferabléo ORC; however, the second law
efficiency is comparable, and the total product unit cost is slightly better for the combination of
sCO with ORC. [30] has studied eight different configurations of sCiOr various high
temperature WHR applications, with the total cycle efficiency varying from 20 to%7.5
approximately, and LCOE around 18MW for the temperature corresponding to the nominal
case of the present workdowever, the high operation pressure, high simulation uncertainty for
the CQ critical and transcritical states, as well as dimensions of the expanders make the practical
application of these technologies doubtful on the current technological stage, especially for
low-power scenariodn comparison between tG@nd sCQ by Haqg (2022)31], an advanced
tCO, overcomes sCghy about 2 % (absolute), whigthe same time, the basic teiSlosingto
sCQO approximately by 3 % (absolute) fimehigh-temperature application scenario witlecycle
highesttemperature equal to 550.

Yari (2015)[32] comparedheKalina cyclewith ORC and its transformed versidhe so
called trilateral Rankine cycle (TRC) characterizedhstriangle shape dhe T-sdiagram due to
the expansion initialized from the saturation lwéh the twephase expandefThe authors
concluded that although ORC is losiagainstTRC in maximum optimaobtained power (from
14 to 35% difference depending on the assumed expandeciezflly) the resulting TRC
optimised system cost depamgl on expander efficiencghows values from 36 lower to 10%
higher.The Kalina cyclehas lost both iterms ofpower and cost. Finally, theuthorsconcluded
that ORC is the best option flmw-temperatureheat utilizationfrom the economic poirdf view;,
whereas earlier works (e.g. Fischer (20]33]) reportedtheadvantage of TRGor the low
temperature WHRwhile considering only the technical aspektater, Nemati (2017)34]
comparedheKalina cyclewith ORC specifically for the WHR, reportira22.5% superiority of
the ORC ovetheKalina cyclein generated poweAlso, it should be noted that duethe physical
properties of the working medium, unlike the ORI Kalina cycle can operate withhigher

temperature of heat sourbaving high pressure of the working medi(astbove 100 bay)and for
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this application, overcomes the OIRZ5]. However, for smalscale applications like, for example,
engine WHRtheKalina cycle camunlikely be used due tibs working pressurandthe complexity
of the system.

OFC technology is eelatively new field of study ands discussed iriew works. E.g., Lee
(2016) [36] compared OFC in two configurations with ORC, concluding the advantage in
produced net power of the OFC withtwo-phase expander over ORC for the evaporation
temperature below 116C. Baccioli (2017)[37] defined a new architecture to reduce OFC
equipment cost for the temperature of heat source in the 08B80eL70”C. In the work of Wang
(2022), a combined organic Flash Ranking c{@&RC)is compared with ORC and OFC for
low-temperature WHR (10040“C), overcoming them in the system efficiendy the same time,

ORC overperforra OFC and OFRC from the economic viewpoiBesides, the OFC might be
useful for the lower temperature of the utilized heat in comparison with ORC due to the difference
in the g/cle shape.

The Stirling cycle for WHRwas not so comprehensively investigated., reviewed by
Wang (2016)[38] ). Both OFC and Stirlingare reportedas having a good prospect but facing
specific engineering problems oértaincomponentswhich is why they do not have sufficient

practical validation.

IBC is a technology that hast found a strong field of application yet; however, it has a
potential for hightemperatur&V/HR case$39] (Bianchi, 201). This technology will be discussed
below in more detail. At the same time, the application of the conventional Brayton cycle with
external heating for WHR is a rare case. For example, it was studied by Nader[2)1@&)o

reported 5.%6 to 7% fuel economy for thantercooledconfiguration.

Usage of the nemechanical ways of energy harvest{ngainly TEG)for theWHR purpose
hasalso been studie@.g., Zhang (2019%1] or Burnete (2022)[42]). Schock (2013)43] has
studiedthe WHR application of TEG for heavyduty vehicles (Class 8) and concluded that
potential commercialization is possible after significant development p@fformance
improvements in thermoelectric materials, exhaust system/combustion chamber insulation and
overall system design, including required electrorj&2] reported basically the same conclusion

a decade later.
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Organic Rankine Cycle

As the most widely deployed solution, the organic Rankine cycle requires special attention.
Lecompte (201544] has reviewed the studies of ORC, which were conducted for different areas
of application, working fluids, and heat source temperatures. For the automotive engines, ORC for
the WHR was observed by Lion (20145] and Sprouse (201336], both reviewed and studied
not only thermodynamics and economics but also thdqadtundertypical operation schedule
for a heavyload truck. In the review, Lion reports ORC as the most applicable technology for this
purpose with achievable fuel econowfyup to 10% at full load.[46] has a similar conclusicio

the review, also underlining that there is no ideal working medium for all cases.

Summarizing théargescope of research, Lecompte (20[s)] has studied a group of works
dedicated to the higtemperature ORC: in the range of about-2B0 A Cthis is a lowmiddle
temperature waste heat according to Zhai (2(28] classification.In the observation report of
the EPA CHP Partnership (202225], a similar temperature range for the ORC application
(150425A C) i s Tweenpam fattoesdyovern the upper boundary of this temperature range.
One is the physical properties of available organic fluids suitable for this purpose with attention to
the critical temperaturetemperaturesof stability, flammability, and condensation pressure.
Another one, driven by operational requirements from the beginning, is the practical infeasibility
of the schemes without an intermediate thermal oil loop (T[@T) (Shi, 2018) The maximum
working temperature of fourtthermaloil is below 400A Ge.g., TherminolVP-1[48]). Thus, the
connection between efficiency and maximum temperature of a thermodynamic cycle reveals the

incomplete use of heat potential when ORC utilizes the exhaush teithperature above 4G0C

Effect of the ORC-induced backpressure onthe reciprocating ICE

In the work of Yue (2014]49], the influence of the ORC integration on the performance of
a2 MW Diesel engine was studied. The results showed that not only the efficiency of the ORC
module but also the corresponding efficiency drop of the topping cycle appearing due to
backpressure growth shoubg considered=igure5 shows the effects on thesldiagram of the

ICE cycle due to the backpressure caused by the bottoming ORC cycle.
Xu (2019)[50] also has noted the importance of this factor. In the work of Zhao (ER1y)

the result is different with almost negligible reported effect of the backpressure on the fuel
consumption, but delays of acceleration time of the engine. Michos (ER]7eports around
10% of the ORC positive contribution reduction due to backpressure.
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Di Batista (2020)53] in his analysis of the IBC WHR from a Diesel engine experimentally
assessed the impact of the backpressure on the engine with automatic adjustment of the engine
settings in response to the backpressure change. For the backpressure variation between 80 and
160mbar, the reported decrease of the system (engine+IBC) efficiency approximately amounted
to 0.1% (absolute) for the full load at the nominal engine rotation speed. Also, previously, studying
the effect of the OR@nhduced backpressure, Di Battista 180[54] reported thatvith the engine
speed below 50 % of the maximum one (approximately), the backpressure causes an increase in

fuel consumption equal to the economy gained by the ORC.

4
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Figureb. T-s diagram ofhethermal process of the IGBRC systenj49]
2.6 IBC in wasteheatrecovery

Inverted Brayton cycle got a detailed analy#i$VHR application in the work of Wilson
and Duntemai1973 [55] based on Dunteman's thesis previously (1970) defended 3t[S8]T
However, IBC is not so widely known nowadays &elen less studied in the scientific literature
as, on the one handhe advantageousichesfor IBC: micro combined heat and power (CHP)
generation and WHR, hagotten such a high interest relativelcently.On the other hand,
previous #empts of the IBC studying and implemenation did not demonstrate sufficient

prospects.

Interesting research on finding a better configuration of the IBC was conducted by

ChagnorLessard (2020)57], who compared five configurations of IBC, three of them first time

¥ Massachusetts Institute of Technology
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presented according to the authors These configurations work on the condensed water utilization
and additional cooling of exhaust gas before the compressor by an auxiliary cycle with an organic
working fluid. The lastone differs from the presented work in the direction of the cycle used,

which operates ifi57] asa refrigerating cycle but not as generating one (ORC) utilizetthen
presentwork. In the results of57], the most complex configuration has shown kighest
efficiency, then demonstrated certain Odéareas
scheme outperforms the ORC and steam Rankine cycle.

IBC as a bottoming cycle forthe Brayton cycle

One part of the research worls dedicated to the bottoming application of IBC with
conventional BC in different configurations: Venkata (20123], Matviienko (2016)[59],
Bianchi (2005)[60], for instance. In Venkata (201[58], the focus lies mostly on exploring the
use of teachingearningbased technigge al so adopting artificial #fAbD
optimisation ofthe combined BGIBC systen|59] has investigated the BIBC combination for
the marine propulsion system, claiming the positive results of the system-lagoantgimes due
to the variable area nozz[€0] studied this combination from the point of view of the existing BC

repowering, being at the forefront of the modern study of IBC.

IBC as the WHR system for reciprocatinglCE

As a powergenerating or repowering solution going after reciprocai@tg the IBC was
studied mostly as an addition or an alternative to tadrapounding. Copeland (201f1] and
Hu (2016)[62] investigated the thermodynamic potentiaiketlifferent versions. In his later work,
Bianchi (2011)[39] in the review of bottoming cycles for electricity generation emphasized the
potential of IBC for CHP application with the temperature of primary exhaust higher th@n@00
Chen (2017)[61] declared the maximum resulting average brake specific fuel consumption
(BSFC) improvemenf about3 % for the singlestage IBC also discussing the optimal choice of
pressure ratio for the conditionstbeWLTP”standard driving cyclelhis work does not consider

theeconomic aspedf IBC exploitation

Specifically, the application of IBC for theeciprocating ICEbottoming is studied by
Kennedy(2018)[63] and Di Battistg2020) [53] for light vehicles, or Di Battisté2019)[64] for
heavy vehicles whose models show good results from thermodynamic point of view. Kennedy

AWLTP - worldwide harmonizetight vehicles test procedures
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repors abouta 5 % decrease ibrake specific fuel consumption. Di Battista demonstrateda.5
brake mechanical power recovd6g], anda 3.4 % net efficiency increase thelater work[53]
underlining the operability of the system onlyden the engine load above 7§

Other applications of IBC for WHR

Several norconventional applications of the cycle were analyzed; Weber and Straub (2010
[65] studied a combined scheme of IBC and steam Brayton cycle applied with the chemical looping
combustion reactor applied for carbon capture. In the other work with the ezapture objective,
Facchinetti (201)0[66] studied IBC applied after botheanode and cathode sides of SOFC with
1.5% higher firstlaw efficiency in comparison with a stadé-the-art solution.Later, Li (2022)

[67] continued this study, also getting promising redudttsn this combination.

2.7 Conclusion

This literature and technical landscape review for the IBC revealed pronounced interest in
the WHR technologies, in particular, the technologies for the WHR for ICEs, on the one hand. On
the other hand, a significant variety of technologies for WHR arerusalentific investigation
nowadays, with the most deployed technoldigging theorganic Rankine cycle. Some other
systemsdemonstrate better results than ORC for some applications but for the reasons of high
complexity or technological difficulties (e.g., supercritical 4®haviourcontrol), they losehe
technological race to the ORC, especially for sreadllehigh-temperatureapplications At the
same time, the OR@self leavesthe unused thermodynamic potential for the higmperature

WHR due to the physical limitations of the cycle working medium.

The IBC-based systemwere studied and demonstrated potential for higgmperature
(400650 ) WHR; however,previouslyobtainedresultsare notimpressiveenough tonitiate
further advanced studies and consequent industrial implementatipves room for the search
for a better matchof the technology and primary waste heat seuidooking for the optimal

IBC-based system configuration and implementation
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CHAPTERS. STANDALONE IBC FOR HEAVY-DUTY TRUCK
WASTE HEAT RECOVERY

3.1 Chapter summary

Aiming for the better environmental and economic performance of tradifiossil-fueled
internal combustiomngines, waste heat recovery (WHR) technologiesnéeasivelystudied to
find their most beneficial applications. In thihapter the inverted Brayton cycle (IBC) is
investigated as a potential WHR solution #oliquefied natural gas (LNGiueled heavyduty
transport truck. LNG is the leapblluting fossil fuelin terms of CQ, NOx, particulate matter,
volatile organic compoundstc. Besides, ING is an instrument for diversification of the energy
mix of countries, as it does not require CAPEX for the pipe infrastructure UDNKG, thus,
makingtheenergy system more flexible. These are the main reasons why LNG is widely spreading
nowadays in different industries headed by the rapid development of the LNG supply Sain.
fueled cargo transportatio(e.g., heavy transport truckgpllows this prevailing trendlnverted
Brayton cycle is a prospective technology of WHR and teguomomic analysisf IBC in several
configurations onboara heavyduty LNG-fueledtransport truckhasbeenperformed in this work
IBC is integrated into the engine cooling system in the first configuration (conf. 1), and
additionally, it incorporateshe LNG regasification process into cooling the alternative
configuration (conf. 2).

This chapter introduces, first, the studied system and the case study of altigeawck
where the IBC system is integrated. Thalh aspects of the methodologgedto calculate the
techneeconomicperformance of thetudiedsystem considering the patbad operation of the
truck engine at its test driving cycle routge shownThe result section includeke technical
performanceof the IBC systenexpresseasfuel economyandeconomicoutcomes of the IBC
integration giving the optimal size of th IBC system, and ssitivity analyse of the best result

on the LNG market price.

3.2 Studied system configurations

Two configurations are studiedgardingthe LNG supply systenOne configuration uses
only the engine coolant as the cooling medfar IBC; another one also exploithe LNG
regasification process as cooling source for IBCFigure 6 schematicdy shows both

configurationsas part of the engine energy system
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Figure®6. Integrated shemesngine+IBC a) configuration 1no LNG involved in cooling, b)
configuration 2LNG involved in cooling of exhaust gas before the compressor.
There are several assumptions on this integration:

A No new aircooled radiators arbeingintroduced to avoidhe increase in the trutkair
resistance or electric consumption.

A The maximum capacity of the original radiator is higher than thealdoad capacity by at
least 286 because it is sized for full engine power and atypically hot ambient conditions. It
allows using the coolant of the main cooling circuit of the truck as a coolant for the IBC. For
the cases of maximal engine lo#ttk coolant flow can avettie IBC duct(points &7 D

A The gas duct also contains a bypass, which directs exhaust to the atmaslidiregIBC.

A The ninimum coolant temperature for normal operation is 868].

A The maximum coolant temperature for normal operation is 9568].

A LNG storage and regagifition conditiongay near the LNG saturation curve (8 bar).

These conservative assumptions allithe assessient ofthe real prospect of IBC system
integration in the existing truck energy scheme without any violation cktfpeoducer operation
mode.Specific types of the components of the IBC sysaeatisted in.

Table4.

Table4. Types of the components of the IBC system

Component | Turbine Compressor Generator HEL HE2
Tvpe Radial, Centrifugal Permanent Platefin / Platefin
yp in-flow 9 magnet DC shellandtube

Specifically for the case of this chapter, it should be mentioned that radial type of
turbomachinery is common for automotive applications. The choice petineanent magnet type
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of theelectrical generator is reasoned with the high optimal rotation speed of the turbomachinery

of this size and type. The choice of heat exchangers is presented further in the text of the chapter.

3.3Case study

As a casestudy, the Iveco Stralis NPOO was chosen as an example of a modern heavy

transport truck fueled with LNG (s&egure?). Table5 showsthemain parameters of this vehicle.

Figure7. lveco Starlis N”100
Table5. Iveco Stralis NRA00 characteristics

General information

Vehicletype N3

LNG tank capacity 2x598 |
LNG storage pressure 8 bar
Tractor weight 7760 kg
Trailer weight 7400 kg
Max transpaiableweight 28840 kg
Engine characteristics

Model Cursor 9
Displacement 8.721
Combustion type Stoichiometric
Rated power 294 kW
Supercharging Present
Valve number of each cylinde 4
Compression ratio 15.9:1
After-treatment EGR+SCR

™ Exhaust Gas RecirculationSelective Catalytic Reduction
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Chemical composition of the exhaust gas

With an assumption of the clean natural gag.(Urengoy gas field) of anassfraction of
CHsabove 98%69], the composition of the exhaust gas obtained in the combustion for the excess

ai r r @& adoringdothk engine specificaticand 60% air relative humidity is the following:

Table6. Exhaust gas composition

Compound: N2 CO. H20 Ar
Mass fraction: 73.83% 13.41% 11.85% 0.85%

For simplicity, heexcess air ratio is kept constdot the parioad as well

3.4 Methodology

To provideatechneeconomigperformance assessment for tBE onboardthe casestudy
heavyduty truck, consideringthe partload of the IBC system in the truck drivimgcle several
modeling environments were useBower balance based time Aspen Hysys model enables
uni-parametersystem optimisation and gives preliminary design parameters of the system
componentsAll further calculations are provided by joint application of Matlab and EXded.
effect of the WHR system operation is evaluated as the reduced fuel consumption of the main
engine due to additional power generated by IBC.

The system consists of the components preseémteidure6, and the following approaches
were used to provide propersults of the system simulation. These approaches are listed below
to make the overall picturd the methodologygachof its aspectis described in detail in further
chapter sections.

A Optimal values othe turbineinversepressure ratio for each configuratioenefound by

sensitivity analysis ithesteadystate fultload parametric calculation of the systenAspen
Hysys:

- Thermodynami@quationf energy and mass balaree used
- Design parameter§relative pressure losses, effectiveness of HEs, efficiencies of
turbomachinerygre fixed and similar for each point of sensitivity anialys
A IBC pat-load behaviour assessment, whifites the set of possible pdoad states:
- Empirical approximation of the turbomachinery characteristic map

- HEs pressure lossempirical approximation from literature for the state different from

the design one.
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A IBC performance in a certain pdoiad state:

- Fluid properties fronthe Aspen Hysys database

- HEs performance assessment by Aspen Hy¢gghted Model(finite volume)

- IBC systemperformance assessméma certain operation poirity Aspen Hysys
A IBC weight and cost

- Components weight assessment

- Components cost assessment usnainly the module costing technique

- Simple nordiscounted cash flow approagiO].
A Truck performance:

- Engine performance assessment with a standtarohg cycle for a heavyduty truck
and experimental data from the literattoethe exhaust gas temperature

- The truck weight effect on the engine fuel consumption.
A LNG price

- The analysis concludes by examining the sensitivity of the resule toarket LNG
price
For the convenience of the readbedurrent sectio®.4Methodologyincludes some results
of intermediate execution of the presented methodology, which are not of the final interest of this
chapter In the end, the sectiaa concludedwith two summarizing graphical elements. Fithe
computationschemeis presentedshowing thesoftware being used for themodel and the
interaction betweeh h e  moothpoheditsSecond, thescenariotree shows the overall set of

computed scenarios.

None ofthe equations in the secti@how transformations required to provide proper

conversion of measurement units.
3.4.1 Engine performance

According to the European Transient Cycle (ETQ)], there are three main modes, or
phases, of truck operation: Urban, Rueadd Motorway. The limiting values of the vehicle speed
and time duration in each mode are presentdciie?.
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Table7. Standard test phases of ETC for heavy truck (categghy (WE) N.582/201171]

Phase Velocity, km/h  Duration (share of time),%
Urban 050 N5 20 KNS5
Rural 5075 N5 25 N5
Motorway >75 N5 55 N5
1005 ‘
=
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Figure8. Speed map for three operation modes of X}

Although formulated in Regulation (EU) No 582/20171] and developed in later
documents, ETC originates from the Directive 1999/9G/BTbased on the FIGBreport, where
chassis and engine dynamometer tests were introduced. The chassis part is a dependence of the
vehicle speed from time; one can see ifFigure8 [72]. The engine dynamometer test is a set of
engine operation points presented by engine rotation speed and torque. Directive 1999/96/EC
accommodated from FIGE report only the engine dynamometer test, presenting the raw data for
the engine performance opergfiin the test cycle. It consists of 1800 working points (1 second
long) of the engine (600 points for each operation mode) showing relative values of the engine
rotation speed and torque ($dgure9). From tleseraw data, the values of average parameters of
the particular operation mode (fuel consumption per hour, useful power of the IBC) are calculated.

Then, the overall average parameters of truck operation are defined based on the time distribution
for each diving phase of the test cycle frgml] (Table9).

A’Category N: vehicles with a maximum technicalbermissible mass exceeding 16 tonfrds

¥ JForschungs Institut Gerausche und ErschutterungResearch Institute Noises anibkations Germany
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Figure9. Relative engine rotation speed and torque for three modes of the te§78jcle
Another important parameter of the engine performance is the temperature of the exhaust
and fuel consumption in each moment of operation, which were assessed basad@r(2016)
[74]. This work contains the performance report of a similar helany truck engine fueled with
natural gasTable8 shows the parameters of both engines.

Table8. Specifications of the test engines frérd] and[74]

Endine P i Endine 1[74 Engine 2[75]
ngine Farameters ngine 1[74] - studied in this work
Engine type Sparkignition, 6-cylinder, inline, 4-stroke
Charged method Turbocharged and intercooler

Valve number of each cylinc 4

After-treatment TWC

Bore/Stroke 126/155 mm 117/135 mm
Displacement 116L 8.7L
Maxr ot at i O0#Ra) S| 1800 rpm 2400 rpm
Rated power 260 kW 294 kW

|l dl e sapeed (c 700 rpm 600 rpm
Max torque 1600 Nnf A 1700 Nm

The work ofZhang contains a graphical representation of the engine performanEe(see
10) related to engine rotation speed and brake mean effective pressure (BMEP). BMEP is
calculated from the available engine parameters according to Eq(Btion

AA  Approximate value based on the data for similar parameters engine from
https://www.dieselhub.com/specs/detréitseries.html
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(1)

BMEP=2 ®i r oraue  MPa
displacement

where rev is thepecificrevolution number equal to 2 fdrstroke engines.
Relative torque (given in % of maximum torque) for each operation point is extracted from
[73] and converted into a specific value of torqueNim) by multiplication on the maximum
torque of the studied engine. Similarly, the rotation speed was obtained but it was corrected as
shown inEquation(2) to overcome the difference of both idle and maximum rotation speeds for
the studied and referenced engir@n.the contrary, BMEP was not corrected, being an absolute

parameter in this cas€he otation speed below idlé ( @e1) was not corrected.

2
_ - VMeZ g
N = ————— @ Wy - ) iy TPM
Wmax2 - MZ
where 1 and nir are variable rotation speedspm]: initial from [74] and corrected (conforms to subscript
626) correspondingly; q is various specific

BMEP andncor give engine exhaust temperature and Bg®€kespecific carbon dioxide)
based on the graphs from Zhang presented bekigure 10). BSCQ transforms in fuel

consumption, following EquatiofB).

Tailpipe BSCO,(g/kW-h)

TWC inlet temperature 15
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Figure10. Engineexhaust temperatu(keft) andBSCO2(right) from enginerpm and BMEP[74]
(©)
MCH4

fCH4 = I:)engcuBS(:Q ! g/S

CO2

where Mus and Meo2 are the molar masses of corresponding chemical molecules

™ Idling refers to running a vehicle's engine when the vehicle is not in motion.
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Engine power in each operation point is calculated following Equédjon
(4)
Py =2 B nQ toree, kw

Equation(5) describes the connection between fuel consumption and exhaust flow rate.
Thus, via this dependence, the IBC useful power is directly connected to the fuel flow rate as will

be clear from the further description of the methodology.
©)
My = fons BFRyir , kg/h
where AFRuichis the stoichiomeit air-fuel ratio
In addition, it is important to note two assumptions made in this work riegale: engine

performance assessment:

A The airfuel equivalence ratio is assumed to be equal to 1 in this kind of €8jjrs® the
stoichiometric AFR is used in Equati@¢h), which gives the exhaust gas flow rati:)
value used in the further IBC system performance assessment.

A Engine operation does not charfgel second between the measurements of the operation
modes data frorf¥ 3].

Al dl e engine performance is not considered a
operation. Thus, for all operation points where the engine taseagial to zero, IBC useful
powerisequal to zero (which follows from the m

usage, introduced further). This limitation befalls dutheabsence of reliable data on this
matter. In the results section, the effect of this assumption is roughly estimated based on the
evaluation of the idle (mechanical lossesd aunxiliaries operation MER,,, ) torque in 25

% of the maximal engine torque (supported#8]) with corresponding correction of BMEP
to IMEP (Indicated mean effective pressure) Fagure 10, connected with the equation:
IMEP = BMEP +MEP,..

3.4.2 System sizing by nominal exhaust flow rate

Each particular turbine and compressor system with a fixed design has a nominal, or
Adesi gnodo operation point, corresponding to th
best system performance. A unique characteristic map should also lgatassavith this
particular system. The nominal inverse pressure ratio is conditioned by the optimal inverse
pressure ratio (.opy Of the IBC system (from the system power balance); nominal gas conditions

are the nominal conditions of the prime enginkaasst; the gas flow rate of the best performance
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of the designed turbine and compandiscoonsideresly st e m

as the sizassessing parameter associated with system dimensions and capacity.

To optimise the turbine and compressor system size for the chosen truck operation schedule,
a mesh of the nominal flow rate values was chosen laying in the range of the primary engine
minimum and maximum exhaust in usual operation conditions. Valuesearotiminal exhaust

flow rate can be found ifiable9.

Table9. Values for thenominal gas flow rate for six IBC system sizes
# 1 2 3 4 5 6
4 nom, kg/h 197 394 591 788 98 1182

3.4.31BC full-load performane

As the first stepof the IBC system performance assessment, steadystate fultload
calculations wreperformed inacommercial software Aspen Hysys VEquationg6) - (8) are
the standard basic equatiomghich have been uden the Aspen model with the Perigobinson

[52, 53] asthe equation of state.

Turbine pweroutput

(6)
R=m, O?.in Rowis) /1 (bnech kW

Compressor power consumption:

()
Rr]:mgm.fr]i h f)/o(Jht b 9, kw
s ,s are the isentropic (adiabatic) efficieesof the component defined as:

s S S T I G B G BN , Which are the main assigned parameters for turbomachinery

The HEs' simulatioin Aspencorresponds to the "Simple weighted madéB] of about
30 intervals of equal enthalpy step. The equation for each interval is the following:
)
Gier = Mr. Men Res) kW

wheredie is heat flow in the HEq w.«. - mass flow rate of certain working fluidrough the HE

For the heat exchangethe main assigned parameters m@kative pressure lossefy) and

effectiveness 03D Julosgqy d & dAisog temperatures

Nos 8 8

of additional fluids (cooling oil and LNQG)ereassigneased on typical values ftine heavy
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duty engines cooling system performance and standard physical conditions pfdfBi@&ncedn
section3.2 Studied system configuratioabove

Table10 lists the values ofomponenparaméersappliedin the stage of steadstate fult
load calculation discussed in this section. The paramégme been assigned as reasonably

achievable for the particular typef componerg

Table10. Nominal parameters of IBC components

Component Characteristics
. d=0.8

Turbine tpmecn= 0.99
d:=0.8

Compressor Gpnecn= 0.99

Electric generator  dgen=0.9[80] (Benlamine, 2017)
lOJHEl =0.95
o pe1=0.035

HE1 Toilin = 85 A C
Toil.out= 95 A C
CIHEZ <0.19

HE?2 P REe2= 0.015

Tinein=-128 AC
Tingot= 60 AC

Theeffectiveness of HEZ2 is not fixebeing determined bihetemperatures of the mediums

and the flow rates of exhaust and LNG, which are strictly conndetecany of the cases, it does
not exceed 0.82 for the cold side and 0.19 for the hot Bideemperature before the compressor
takesavalue between 60 and 85 for the second configuratioft was checketh water saturation
curvesthat condensationogs notoccurunder thispressure and temperaty@l] (Abrosimov,

2020) For the firstconfiguration, the temperature before the compressor is always slightly above

100A Cwhile for the scond one, it does not go below

Aspen Hysyanodel of the IBC system has provided sensitivity analysis of the produced
power from the pressure aftthe turbingpz=ptou), assuming the IBC inlet pressure (as well as
IBC outlet) equal tohe amospherimne(1.013 bar). It resulted in a certain value of turlimverse
and compressor pressure ratios calculated as:

9

- Pin
Pt.out
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(10

Pc = pg.c(.)ilr,l]t, )
Where'tand’ c are connected as:
11
=g O Psid -
Where
12

(1' Ipsyst) é— '_pl—uQ) (1 @-IEZ)

Figure 11 presented ir{82] shows the results of this simulation, where one can see the
optimal values of thenain design variable The second value of HE effectiveness (0.9) was

associated ifB2] with the HE of a different type, taken for comparison.
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Conf. 2, 6=0.95
= .
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Figurell Sensitivity analysis of IBC power versus the lowpstssure of IBGor different effectiveness
of HE1(PR- inverse pressure rati§2]

3.4.3 Part-load performance dBC system components
Basic assumptions

A Heat losses (transmission, conduction, radiation), including heat exchange between turbine
and compressor, are neglectéd

AAS&eparated twoutboard configurationf rotor is assumed, as well as suitable isolation.
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A Gas/air leakage® the atmospherare neglected;

A Mass flow rates are equal along the whole duct of the system in eacisigtiasiary state;
A Relative pressure losses in HEs are not fixed:;

A The dfectiveness of HEs is not fixed.

Building turbine and compressor characteristics

In this work, when building system characteristic maps for each particular turbine and
compressor system withcertain nominal gas flow rate, it is considered that simplgparameter
scaling is a satisfactory approximation, as the calculations generally stay highiteveler for
deeper calculations and design, this assumption would not work, as the flow rate could be explicitly
connected with geometric turbomachinery parameters, whidts turn, affect efficiency and
performance not in the implicivay, thus requiring thorough recalculation. Therefore, as this
aspect is neglected, it is considered thelharacteristic map of the system with different nominal
flow rates can be built by proportional extension along the gas flow rate axis. The introduction of
this approach enables the systgptimisat i on computati on, Cném(BO S i ng
the size) for the chosen truck operation schedule.

To considerthe partload behaviour othe turbine and compressoted patternof their
characteristicoriginatingfrom Ailer [83] was usedThe shape of these equations was validated
experimentally if83]. The coefficients in the characteristic equations were adjusted to satisfy the

following claims

A The maximum efficiency corresponds tiee pressure ratioptimal for the nominal values of
temperature and facertain system configuration
A The rominal operationpoint correspondsipproximately to the middle of thgurgeto-
chocking opeationrange.
Therefore, each particular point of the calculatithull load corresponds to turbomachines

specifically designed for the conditions of that point.

The functional representation of turbomachinery characterisicprovided by the

equationspresented belowThese equations are thiansformedversion of the characteristic
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equations from thevork of Ailer [83]. Equation(13) shows the basic view of the equatioom
that work
(13
a=q@ &) Do (+%)Ot+¢z©© A B -
tin

tin tin
whereq, - dimensionless gaflow rate through the turbingy, - inverseturbine pressure ratiow, , rad/s
- rotation speed of turbine ancompress;T, ., K - temperature at turbine inlet;, K°°&- turbine

velocity coefficient, 0.02807|‘t§]|i - coefficients ofheapproximation

=1..6

To fit performancecurves to the actual operatianea for the particular studieass, the
equation vastransformed to the following view
(14
ai=adr &) B ¢ ¥ (+%5ot. A i =4 Q@ Q.-
t.in

tin tin

whereGi=¢ K, pi= pd, - L wi=w - O
The introduced transformations reshapegtaphics in the wathat working points move to
the required area, whiclas the reference poirtias the pressure rataptimal for thestudied
systemat full load In the initial work of Ailer[83], both nominal values of PR and dimensionless
flow rate were different from the cases studied in this weokthe assumption is that it is possible
to design a turbine and compressor witlte required fullload operation point with the

characteristic map conformable to the one

For the compressor, theitial equation with the similar newly introduced changes of the
variables may be se@ém Equation(15)
(19

o Wi »y _— W . o s Wi
—al®—_"r -
q=2a T/Tamb)@ i & F i+ S L@ . a e 1§ Da,

c.in c.n

Where g; - corrected dimensionless gas flow rate through the compregisanq, QC; pi- compressor
pressure ratiopg = /@ - Mysp: Tam=288.15- designated ambient temperagur

Coefficientsa1-|i and fra|i are presented iable 11 Other coefficientof Equatiors

=1..6 =1..6

(13) and(15) arepresented iTablel2.
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Tablell. Turbomachine characteristics coefficients

a f
1 0.00026257 0.50085
2 -0.22273 0.3687
3 -0.00076179 -2.0632
4 0.49936 1.5469
5 0.0022535 2.0335
6 -0.84134 -1.345
Tablel2. Characteristic curves adjusting coefficients
kqt kpt Dpt DM/r ch Dqt
1.43 0.385 -0.5185 950 0.3775 0.0694
Connection of the gas flow rate adithensionless gas flow rate
(16)
g = Pein C?c.in & kgls
c.In
17)
Ptin (in q , kg/s

m =m
VTtin
wherem = iy 9.404184 J / ( k gpAAit gas constaifd3], Sin and S.n are the areaof the inlet cut
of the turbine and compressor correspondingly.

The inlet area calculation follows equatidr®):

(18)
. _/lin Ofh.nom, nf
Sin Mom
wherevnranchaye speed and density in the inlet of t hi

corresponds to the design operatipgrametersvein= Viin= 140 m/s
For the padoad IBC useful powecalculation, dditionally to basic equatior(§)-(12), the

changingisentropic efficiency of turbomachinery was introduteatonsider the operation with

thepressure ratidifferent from the nominal on&quationg19) - (20) present formulas for that.

Turbine isentropic efficiency is equal to:

50



(19

(%-D %V
4 -1
(%-y '
p /A1

w h e ¢-adiabatic exponentftheturbine,d:.,i=0.7865- polytrophic efficiency of the turbine

(20)
907
pe /%-1

h.= QC/ -
Pe 908 pol _ 1

w h e e-@adiabatic exponent dhec 0 mp r e $.:s0812; polgtrophic efficiency of the compressor

A _ Pt

Values ford.poi @and depol @are chosen to have values feentropicefficiency according to
Equationg19) and(20) equal to 80%Adiabatic exponeris calculated as:
21

= Cp y
¢p- Rnd

where Ryq is theindividual gas constar{tl/(kg®)]. q_,.is thespeci fic heat capacity o
[J/(kg&)]

Speci fic beadi mialparciftyncti on of temperature
as gas composition is nottoth@agalngBrhaytwer nc y
combustion is pl aceesd DbAdtswe e nwitthettthéee@bmdamnti c
tempebgteoel ant circut h&PAdn daintdi aarhse (rmaon Hleo voer |
stubdgl dw one ,adbmwsaplker egocnsdiames Aw epinf e@adhs case
cal culaastveedr aagse val ue according to the equatior
(22)
Tout .
cp= £ cp(T)dT/(Tin -Toux, J/(kg®)
Tin
The xample ofthe resultingurbine and compressoharacterigcs for 550 is presented
in Figure12 as a dependence of flow rate framversepressure raticAs for eachnominal flow
ratethe characteristics are similar muamnstead of numericalalues of the parametengriables
4 nom and " topt Were used in théigure to present the shape of curvésep: correspondgo the

optimal value otheinversepressure ratio for the particular scheme configuration.
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Figure12. 550 A @haracteristic mapAn increasein the line thckness corresponds to growiaggular

velocity (from 1587 to 1670 rps)

Values of the operation point of the miap the 394 kg/H#2 nominal flow rate iMable9)

flow rateare presented ihable13as an example.

Table 13. Characteristic maps operation poirftr two configurationsand 550 A Cexhatst

temperature
4 exn, kg/h
“t-confl-6no LN
“¢-conf.27 NG§G -
n, rps

Chocking of the turbine

The dosen approach of turbomachinery characteristic building does not include the turbine

194

1.29
1.63
1587

244

1.41
1.77
1599

294

1.54
1.94
1613

344

1.72
2.16
1628

394

1.97
2.47
1645

444

2.56
3.22%

1670

* Nominalgas flow rate for #2 system siZeable9)
** The value is beyond the turbine chimg limitation, the discussion on the cking is presented ithe

subsectiorbelow

chocking limitations, being based ontvao-parametemathematical approximation. Thenot

overpassing these limits waslditionally checked.

Turbine chockingoriginated from the naze nature of the turbine blade passagsingle

stage turbine conssbf a singlepassagef nozzle apparatus blades amgassagef working

blades. Each of theggassages in a crasectioncan be considered as a standard model of a
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compressible flow nozzlgl3]. Depending on the flow conditions, there isecific limit for
pressure drop in a single nozzle determinedh®speed otthe sound barrieat the end of the
nozzle. This limit could be overpasiin thesupersoni©ozzle andsoin supersoniturbines with
supersonic blade passag3], but in this work, a subsonic turbine is assumed due to its simplicity
in design, manufacturingand controlin comparison with supersonic turbing4]. So, to
determine the limiting values of chockirf§todola equation in various forms is widely used, e.g.
i n Co ok 8]stis preaspnéed in the following representation:

(23

A = \/1 _( Pout st - pintot/ptchock)Z -
Bin ot ~ pm.tot/pt.chock

Wheren is a ratio ofactualmass flow coefficientsA =/ m andA chock s Phchock
is theoverall turbindnversepressure ratio of chockiragsociateavith the nozzle critical pressure
ratio (0o, it = Pin/ Pow) as defined by Equatiof24):
(24
pt.chock = ( HOZ crit/ |o§§) nn, -

where nn is the number of turbine stageg,.i s a fi-ptiodosssactor slightly less than unity85].

Another important parameter for defining the chocking liofithe turbinds the degree of
reaction (R) of the turbine, which is taken equal to 0.5 in this work, being a common value for
radial turbinesR represents the distribution of enthalpy drop betwberworking and nozzle
blades. When R is equal to one, the whole enthalpyairdgas expansion happgon the working
bladeqreactiveturbine stageyandwhen R is equal to zermn the blades dhenozzleapparatus

(active turbine stage) of the particular stage.

Based on the graphical representation of the above equati®2,iit can be stated that the
chocking limitof inverse PRor the onestage turbine with R=0.i8 around 2.7Therefore when
the characteristic curves give the value of 3.22, it is already in the zone of chocking; however, due
to the bypas®peration, these values are not to be reachedth@daximum value ofnverse
pressure ratio in the simulation does not exceed 2ah0 chockingoccuss.

Heat Exchangers

The following equationwereimplemented fotherelative pressurdropof a heat exchanger
for both side:
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(29
DB, _Pin - Pout _

According to[86], it is equal to

(26)
. 25 5 . 23 % 3
_ a eo% adm. 0 afing.0aTayg ..
Dp,_ = ae%F 5 &0 §—00 & —0, -
HE = M0 ERe 9 ¢ 2(; An §ae‘|;,“,§D

Equation(26) is transformednto Equation(27) using the followingdependenes
Re= n®

- Reynolds numberwherev - gas velocityim/s], D - characteristic diameter

[m], 1 - density[kg/m?], € - dynamic viscositf Pa. L s ]

Tamb

LT
Dynamic viscosity for airs taken from[86]: /7= &b @—)0'68, wh e ran@=17¢16 In
this work, the effect of fuel combustignoductsonthedynamic viscosity otheworking body is
neglected.

Density corresponds tihe ideal gasdw: p=r Bpng T, where R is the individual gas
constant.

The esultingsubstitutedequationfor relative pressure lossisthe following

(27)
. . 175 s 225 4 142
a 16 ap ATqyg 9
Db, =My @0 6 O g B0 -
HE HEO ¢ + &hn 2 geTavgo 0
where T is theaverage tempetare of the particular HE side
HE effectivenesss defined as Ye Yo Yoe Y according to[86] is
equal to

(28)
3 _

In equations(27) and (28), thein d e x

6 0 6 naomenalrvalue bfhithe parameter,
corresponding to theominal @esigr conditions.
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3.3.4ResultingBC systenperformance

Following the methodology presented above, the IBC system performance wasedsisnat
anarray of working pointgresenting generated useful power versus exhaust gas flow rate and
temperatureThe 2D representation dfe original results might be observedkigure 13-Figure
16, which as an example shethe chartsfor the 33t kg/h nominal exhaust flow rate for-hdNG
ando L NG& c o rsftdrrgspondinglyOree can see thatithoutthe bypassthe useful power
drops after the gas flow rate passes the nominal vafigmce,the bypassvas introduced to the

system to avoid that dropesides, the system could reachcktiog without the bypass.

It should be notedhat in this sukchapteyIBC useful power is presented befgrgotraction

of thepower generatdosses, which arassumed equal tt0 % (efficiency90 %) (Tablel0).

As there is no actual mathematical simulation of the control system in this work, bypass
presence is considered i nthaghseflowf ratdntreasesnrthg Hf or r
computati on pr oces s(getstopemvhdnyhe reext wluesoithetusefl eaverii o n 0
is smaller than the previous one. Then, instead of the smaller value, the previous value of useful
power is taken, reflecting the opening of the bypass and passing of the excessive exhaust gas
through it.

2.5
—4— 400 °C

500 °C
—8— 550 °C

g
=)

—— 600 °C

no by-pass

—
wn

IBC useful power, kW
=

e
n

0.0
0 100 200 300 400

Exhaust flow rate, kg/h

Figure13. IBC useful power for thé n o L bb&iguration case #2rom Table9

55



4.0
—4—400°C

3.5 500eC
——a— 550°C \

> 30 —e—600°C \
v ~ .
e 25 no by-pass
o
=
=)
£20
B
2
=15
o)
2

=]

o
wn

0.0

400.0

200.0 300.0
Exhaust flow rate, kg/h

0.0 100.0

Figurel4. IBC useful power for thd NG configuration case #2
As the flow rate computation step was relatively sparse (50 kiMb)approaclygives an

effect one may sei@ Figure15. Thisfigure showsthe dependence of the useful power frime

turbinés inversepressure ratio. It underlines thesmaller computation step is needed for the

proper prediction athe bypassptimal performance, as the dissimilafyshapes of the right end

of thelines (550A @s. all otherssuggestshatthe actual maximum value of the useful povier

slightly different. It means that the correct moment of the byfiagich-ond was not captured.
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o h o

IBC useful power, kW

o
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Figurel15. Dependence of IBC usefpbwerand turbnePRf o r
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Figurel6. Dependence of IBC usefpbwer and turinePRf o r t h eonf castl#206
As for the powerdrop observed irFigure 13 andFigure 14, its main reasois the growing
pressure losses in HEs undatensified exhaust flow rate relative to the nominal condit(ses
Figurel?). At the same timehe effect of the effectiveness change is not so significant. To avoid
that power drop in IBC operatipthe IBC system lpass wasntroduced to the modellhe
position ofthe bypas# the system is presentedrigure6; it directly connects point 1 and point
4. The lypassallowsthe excessive exhaust flow (above the nomiahlg to passhroughthe gas

ductparallel to the IBC system.

1.00 0.08
—eo—HE effectiveness W

0.99 Relative pressure losses

0.98 0.06 o
o 2
2097 s
=] [0}
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= 0.96 1 0.04 2
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:] 0.95 ?3':
:]:: ——

094 | 1002 3
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093
0.92 & . : 0

1
O S m l‘nnom
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Exhaust flow rate, -

Figurel7. Relative pressure losses andlHiectivenessor the variable flow ratén thed n o L 8bG£.0
for 550A @xhaust temperature
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The sparse array of IBC system performance apgsoximated witla polynomial function
to allow easyuse of theseintermediateresults for further calculations and optimisatitfsing
Matlab embedded functidni t ( 6 pnvbichypudlds & polynomial function for the approximation
with a degree of two for the x terms and degree of three for the y term and demonstrates a suitable
accuracythe approximationfunction was definedvith the 95% confidence boundargnd R2
errorequal to 0.994The general view of this function is presented in Equad) and values
for the codficients in the example case (82 Table9) may be found iTable31 of Appendix A
Theresulting performance of the systénpresented ifrigurel8. Thecolouredsurface inFigure
18 corresponds tohe approximatiorfunction, andthe dots conformto the initial array of the

calculatedvalues.

(29
) _ .. L e 2 L o
PIBC (Texn in' mexh) - pOD + p10 Qxh,in p‘al mexho p20 -Frexh, in Op 11 Tex;{-in mexp p 02 m exh
+ p21 Qxh. in2 meg p12+Texh in d:nexhz ¢D3 mex-}f- pZZOTexh. i: +mexs O ’ kW
. 3 . s 2 . 3 . . v . 5
p13 C]—exh.in rme)h + p04 map p23 +-rexh|i| Onexh + @4 Qxh. in n'g p05+ mexh
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~4 135
5 3.0
o .
% 3.0
;- 2.0 2:5
“g 2.0
5 1.0 1.5
Q
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Figure18. Part-load performance map of IBlorthe6 L NG6 c ondasegfir at i on
As it was noted before, the ofl atdé part of
determined by the work of the bypass system, which allows for keeping produced power at the
maximal level. It means that the stability of the gas flow rate valierdaetes the reliable work
of the system and may require an enlargement of the exhaust manifold to smooth the fluctuations
determined by engine load variati¢®i7]. Another type of flow fluctuation is determined by

discontinuous cylinder contribution, or in other words, by the reciprocatingsfoake mode
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cylinder operation. These fluctuatiobsing smoothed by the engine manifdwnot considerably

affect turbine operation, so we expect it also does not affect the bypass system operation.
3.4.5IBC componentveight and cost

The main components of the system are turbomachines and heat exchangers (HESs). Different
approaches i weight and cost assessnsnere appliedo them The turbinecompressqrand
generator costare assumed to be taken from the cataegf heavy trak turbecompressor
producers. Assumptions turbomachinerynit and generataossfor the cas@resented ifable
14 arebased on the study of available sppagts on the American internet marké®-73] with
someassumedadditional cost associated with rarrangement. Thaveight of the highspeed
permanentnagnet generator is assumed based tetlanical pape[90]. For each system size
(case numbers from 1 to 6), the weight of the turbomachines and generator is in square root

dependence fromelativeflow rate, based on the simple consideratiolinegfarconnection of flow

rate andthe required crossection areaf these componentan.,. = m, .., Gprom

r:ng.nom#Z ,

Myen = Myereo G nom// . A similar approachwas applied fotthe costassessment of these

.nom#2

components for different nominal flow rates: C;..=Cy Gprom

mg.nom#z ’

Cyen = Coemz Gp-rom/ . The industrial catalogues data supporting this assumption is

Ifr'g.nom#z

presentedn AppendixB. The values presented Triable14 correspond to theeference case ##
Table9.

Table14. Cost and weight of IBC componeifito r t h eonfigutatibGdase #2

Component Cost, $ Weight, kg

Turbine

1000 [72] 10[72]
Compressor
Generator 1000 [73] 21[90]
HE1 41437 28209 7.6- 38
HE2 37311 25405 2.9
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Cost of heat exchangef.

The gas cooling heat exchanger after the turbine ([HEIgure6) is an important part of
the system, witla significant contribution to both efficiency and cost. For choosing the HE1 type,

the following had to be contemplated:

A One side of HE1 is under vacuum conditionsssitablecasing should be applied

A The highest temperature is above 40@so some materials (e.g. aluminium) and HE types
(e.g., plateandframe due tsealing issues) cannot be used;

A To provide reasonable system efficiency, considetiegelatively high temperature of the
coolantthe effectiveness of the HEdhould be the highest possible;

A To provide higher efficiency of the WHR unit, pressure losses in HEs should be the lowest
possible. Relative pressure losdds are used for this assessment

These considerations bring out two types of heat exchangers, whishitigle forthis

application platefin type and shelandtube type.
As this HE isrelatively small(from 20 to 110 kW of heat dulyit is challenging to apply

the usualkost functionassessment technique (e.g., basef®ai for the type and size of HEs
considered Besides, this method is subjected to criticism in the literature [@2§). as the
30-yearold data may not consider progress in manufacturing technol@gidshe CEPCY y y

approach(see methodology belowdpes not resolve the issue.

For example, if taompare the cost of plafin HE based on ESDV* (1995)[93] and Xie
(2008)[94], the result based on the firsference isarge by about five timesBesidesa studyof
the Chinesenarket[95] has demonstrated that the available costs of some components are much
lower than they are accordinig the cost function methods. A quotation from Dongfang Boiler
Co., Itd™ on the platdin HEs with similar inlet conditions has shown that the cost of {iiate
HE of 119 kW heat flow is 2.4 times lower than ESDU result, and of 4.5 kW is 5.8 times lower.
Although ESDU cost functions presumably consider the installation, cudéamance, shipping,
and contingenies the differencan the results is still remarkable enough to bring doabisut
thereliability of suggested cost functigrespecially for smalscale HEs. Thus, ianattempt to

¥ ¥ CEPCI- Chemical Engineering Plant Cost Index

AAESDU - an engineering advisory organisat based in the United Kingdoror{ginally an acronym of
"Engineering Sciences Data Unittitnow used on its own account)

™ https://www.dbc.com.cn/
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give apractically valid assessment of the technolddyg, cost of HEs was assessed as a range

betweerlow to highcost boundariebased on several literature souraeslescribed below.

As the low bound of the range, tastimdion based omewitt & Pugh (2007)96] is made.
Firstly, there was an assessment of the cost of-ptaddrame HE in the range of the effective
, . - o
area (Aw [m?]) 0.1-1000 nt. Then, the obtained value is multiplied by= —F=%L (1,54 8),
HE. pl& fr
obtainedfor the different HE sizes frorthe same sourc®6]. Both approximations based on

thegraphical data of the pap@6] are presented iAppendix C

Conversion from UA [W/K] which is one of the parametasailable in Aspeninto the
effective heatransfer area of HE is based on the assumption of U = 753y/for the effective

overall heat conductance in case of heat exchange betwegmdesure gas and brins].

For the assessment of thegh-cost bound of théHE1, theplatefin HE graphicalcost
functionfrom ESDU (1995)93] was used relying on the active volumed)/of thisHE. The
Vact= 5 QirdiicAfrom[96] gives an approximate assessment of this parameter foifipl&t&

based on the # available fronthe Aspen Hysys model.

Hewitt & Pugh[96] reference a source in British pounds of 1985d[93] operates with
British pounds of 1997Poundsre converted to US dollao$ 2021, using the currency exchange
rate for 1995 and 19988] and CEPCivhich is equal to 708.8 for 20284, 85].

Tablel5., Cost and weight of heat exchangers O6LNGSHO

Component Cost, $ 2018 Weight, kg

HE1 414371 28209 7.67 38
HE2 37311 25405 2.97 14.4

Cost of heat exchanger 2 (LNG evaporator)

For HE2(seeFigure6), which is a gas cooler froome side, andnLNG regasifieffrom the
other,variousHE types are in usd-or example, Dorosz (201801] mention brazed plate and
shellandtube HEs as possible types. However, in many other literature sourgaisaigechange
HE is described as quite a complex system, usually consisting of seaeiiahsand combining
HEs of different typesTherefore the cost of HEZ2 is also given as a rargee lowboundof this
range is assessed as the cost of sraltube HE based of96] in the same way adE1. As for
the highbound the samapproach based ahe ESDU[93] assesnent doesiot work astheHE2
size goes below the range presented there, giving unrealistic results. Instead, the proportional
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approach was used. The proportion between high and low bounds for HE2 was equalized to the

HE2.high _ BhEL high

o
similar proportion for HE1 for the particular system-@taf Table9):
HHEZJOW bk—IEl.Iow

Weight of heat exchangers

The assessment of HEgeightis based on industrial catalogué-or shetantube HE, the
weightissour ced from a techni call[l02].daheadgurgddatais of " I
summarizedn Appendix D An approximation equatiofAAE = 2 %)* A 4br thesedata is the
following:

(30
m.=-46 @ ¢O 39 10@. +0.7630 18.9, kg

where (e is theheat flow of the HE [kW]m,. - weight of the HEKg].

The weight of the platdin HE is calculated considering the difference in weighslodll

n’]HE.sheIl& tube —

andtube and platéin HEs equal tofive: 5. This value ismentioned inthe non

E. platefin
peerreviewed sourcg¢l03]. To get more confidence in this value, a comparison of the results
obtained fromEquation(30) for shellandtube HEandweight of the platdin HE from a research
work with particular values of HE heat capacity and wejfyg4] was performed, giving the ratio
value equal to 5.3. Consideritige numberof assumptions in this approach, the ratio value equal

to five was kept.

As the additional system increases the overall mass of the truck, it is important to consider

this effect on the fuel consumption described in the following subsection.
3.4.6 Effect of IBC systemeightonthefuel monsumption

As this work assesses range but tia specific value of the cost, a similar approach is
applied for the weight, and the system weight is aeshy/ two boundaries of HEs of the shell
andtubeandplaté i n t ypes, correspondingly named as O
configurations of each system size (nominal flow ratexonsidered in these two versioiifie

weight of other componenttherthan the HEsloesnot vay between them.

AAANAE - average approximation error
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The effectof thelBC system weight on the truck fuel consumption is linearly approximated
basedn literature dat§l05]. The assessment presented in this publicaiverified forasimilar
vehicle fueled with diesel for three phasdéghe standard driving cycl=IGE). Equation (31)
presents the formula of the approximation for the diesel flow rate per kiofehe truck ride.
LNG consumption per kilometis assessed msimilar proportion relative to its basic value (LNG
rate without IBC mass consideratioiable16 contains the values of the coefficients A and B of
Equation (31) for three phases of the cycle. Al$mmm [105]:

(31
"QQa g >—— h—
whered "Q'As thetruck weightd 0 ¢& L QNa is the CQ emission factor per lie of
diesel fuel

Tablel6. Interpolation coefficients and average velocity for different phases of i8]

Drive cvcle Urban Rural Motorway
y phase 1 phase 2 phase 3

Gradient AA | 0.0367 0.0216 0.0143

ConstantBB | 273.6 329.4 488.6

3.4.7 IBC systenmeconomiceffect

For the calculation of the benefit coming from the IBC WHR system, the power recovered
is simply added to the ICE power to satisfy the entire load, assuming all mechanical snergy
converted into electrienergy giving the consequent fuel saving. Saved fuel enathles
compuation ofthe cash flow(Castr) in $/km. The price pekilogramof LNG is considereequal
to 1.350 /g KLNG price at fuel stations in Germany in September 20Q4]) andconverted to
dollars of Septembe2021 (conversion rate 1.188]).

The final economic assessment is performed by ubegmple payback period (SPP) from
Equation(32):
(32

Spp= mvestments, K
CashE

net annual

Cash flow discounting is not accounted for in the economic analysis of thisagarkhe
case othe fuel-savinginvestmenproject, two effects influence the final value of the payback
opposite directios partially compensating each otharterest rate antuel pricegrowth[107].

Both values are difficult to assign (interest rate) and forecast (price growth), so it was decided to
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consider them compensating each other complet®lyeration and maintenance (O&M)

expenditures are neglectexs they do not affetheoverall truck O&Mcost significantly
3.4.8 Generalcomputationschemeand scenarieree

The overall computational scheme is presentedrigure 20. It reports that the grt-load
engine performance in the test driving cycle is processed using a linkage of Matlab scripts and
Microsoft Excel sheets, giving an arraytbé engine output pameters in each operation point
The IBC system as sudlith the engine outlet gas paramstas an input) is modéled in the
commercial software Aspen Hysys. Each calculation results iiBe&seful power as an output
of the Aspen model. Again, in Matlab, based on the matrix d¢iie engineoutlet/IBGinlet
parameters, an IBC performance map is built. It is further used for the assessment of the overall
system (engine plus IBC) performance in the sesmtdardiriving cycle. Economiassessmelig

computedoy joint operation of Matlab and Excel as well.

Following the presented computational sequence, the set of cases/scenarios was processed.
For a better understanding of the scales and boundaries of the process, it is summarized in the

scenario tree ifrigure19. Every point of a lower level is calculated for each point of the higher

level.
- ~
FIGE
Engine test cycle: 1800 points

\
's N\ ™

IBC configuration: LNG noLNG
A S h J
4 ™ 'd )

IBC system weight: ‘light ‘heavy’
\ / L% S
N

LNG price: 0.6 €/kg 11 points 25 €’/kg
e 0 e
'SR
IBC system size [kg/h]: Moy 6.p0ints M0 6
e o

Figure19. Overall scenario tree of the computations

Simple multiplication of the presented numbers gives an overall number of computed points

equal to 475 thousand.
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Figure20. Computational schenwhere FIGE stands for dabé [73] and Zhang of [74]
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3.5Techneeconomiaesults considering the pddad performance

The final techneeconomiaesults of the simulation are shown as fuel economy and payback
period depending otine IBC systemsizing(nominal flow rate)The last gives an optimal system
size, which shows the shortest payback period. For the optimah&sensitivity analys on the

LNG market price is presented.
3.5.1 Technical result inperation points

Figure21-Figure23 showthedistribution of operation points on the torguem plane with
thez-axis corresponding to the obtained IBC useful paéne systenin the LNG configuration
of #4 nominal sizdor three operation modes of the ETC cydleediameteiof each dot represents
exhaust gas flonsizedin quadratic scaleDot colour is responsible for the temperature of the
exhaust gasGraphs foothersystemsizesa nd o6 no L NGO am presénied ippendixi 0 n
E.

‘ - 1301 kg/h
600

-0kg/h

550
6

500

450

i 400

2250

IBC useful power, [kW]

~1
w
(=

1500
1250
7, 1000
»
Yuse, /. 750
7 500

Figure21. Operation point map for the Urban mqi®&G conf.,#4 nominal size)

66



@ v41ken

. -0kgh 500
7
550
s 6
Z s
5% 500
24
2
—='3
& <
2 P 450
Q
a1
0 N ' 400

1500

1250
1000
%,
Que . 750 = 1500
; 1250
my 500 0 4 trpm)
74 1000 “Spcbd,\_?

2250
_ 2000
1750

Figure22. Operation point map for the Rural mad&lG conf.,#4 nominal size)

@ -712kgn
. -0kgh 600
8
550
= O
E
= D
5 50
5 4 500
2.
33
2 9 450
Z 2
2 1
0 I 400
1750

1500
1250

1000
e 750

L ’\’1;;/ 500

2000
1750

150 1500
A 1000, -oeed, O™
750, ation SP

500 gpgine

250
250

Figure23. Operation point map for the Motorway mddi&\G conf.,#4 nominal size)

In the Motorway modehedistribution of the operation points is less sparse, and the engine
operates in a more stable regime without reacthedorders of its operation rang€hus, the
obtained IBC useful power [zelowthe values of other modeBesides, for the Motorway mode,
maximum power reachdbe maximum value fothe #5 system sizéof Table9) and decrases
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for the #6 case asthe majority of the operation point in this moded in the range of RPM and
torque where the largetBC systems have low efficiency. One may see iEigure 24, which
presentghe maximum (among all operation points) obtained IBC useful power for three driving
modes, depending on the nominal size of the IBC system

12
Motorway, noLNG
Rural, noLNG
Urban, noLNG

R Urban, LNG
Rural, LNG
Urban, LNG

—
(=]

Maximum IBC power, kW
=)

200 400 600 800 1000 1200
Nominal IBC gas flow rate, kg/h

Figure24. Maximum useful IBC power

3.52 Technical result fothedriving cycle

Figure25andFigure26 showthefueleconomy f t he &6 | i6gnhotLON Gsée rasnido nd Lo
configurations correspondingfgr each ofthethree drivng modeseparatelyand for the overall
performance in the test driving cycl@vith time distribution of cycle modes accordinghe ETC
-Table7) , shown by the fiAver a@seanfb®eaasilphedicted fromv i n g
Section 3.5.1, e maximum value of the fuel economy variéetweendriving modes. For the
overall cycle themaximum economis reachedor the #4 cas(788kg/h) for both cafigurations
with about 1.2 %of thefuel economy n t he o6 n oL N@énl 2 &warmhedgQdonat i o n
For Motorway mode, the maximum value corresponds to the #3 case, Ruralshodse, Urban
mode #5 case, meaning that for the most stagerationmode(Motorway), the smaller size of
theIBC system igreferable

As Figure25 andFigure26 show, the technically optimal size of the IBC system is different
for the different modes of the driving cycle. Thus, it is important to consider the driving cycle for

the particular truck for making technically optimal decisions on the IBC system size.
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3.5.3 Economic resudt

Figure 28 showsthe economic performance of the system of two configuratiansvo
versions: 0 | ,ifog differént systeoh sizeh €he bagid assessment of the economic
performance is in thousands of kilomestof the truckrun before investments reach the moment

of payback.Thousands of kilometers of the truokn are converted to years of operation,

69



considering the value of D0 miles (1484th km’ ¥ ¥ 8f the average truekun for Class 8 trucks
[108]. Figure28considers theow cost bound, so thainimal level of investmentsf the observed
equipment costange.
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Figure27. Payback period of the IBC sgm for different system sizegsricanc=1.35Euro/kg

In Figure28, the optimal (minimurvalue corresponds to the #3 cagstem sizgof Table
9). The #4 case hasvery close but slightly higher valud payback especi ally for
configuration;however, as the #4 case corresponds to larger initial investments, there is no reason
to consider it as recommendethedi g ht 6 vteevd NG @ fo nghowg thaeast i o n
value ofthe payback period equ to 12& th.km (versus 136@h.km for #4 case)of truckrun or
approximately8.9 years of truck exploitationT he b e st result o f AnoL NGC
years payback period for the o6lighté version
the OLNGO cdhei goweesmmInamvslightly worse resdfor the obvious reason
of the additional fuel consumption due to extra weight aboard.

It is interesting to note thathe #4 case is optimal from the point of view fafel economy,
but dueto larger investmentst shows worse economic ressthanthe #3 caseAll other cases

have significantly longer payback persodCases witha lower nominal flow rate hava lower

¥ ¥ ¥Phousand kilometres
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value of obtained useful power wittot much lower required investments, whetlier the cases
with higher nominal flow rate, investments are growing faster than obtained useful pbwer.

balance of these two factors determines the slopthe curves irFigure28.
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A particular case of the cash flow for the LNG and o L bb@&figurations othe#3 case
system sizés shown inFigure28. The cash flowfuel cost economy due to the IBS represented
by uptrending lines. The solid and dashed lines correspoddl i ght 6 and 6éheavyd
the lines and space between them show the possible range of fuel cost economy. Investments are
represented by horizontal linesmdthe space between theemphasized by theolid fill rectangle

showsthepossible range of investmentsth@ IBC system.

Crossingbetweerthe low boundary of investments and thehcow line corresponsito the
bestcase scenario of the payback per{@@8 th.km or 887 yearswith a 13046 $ minimal
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investment cojtmarkedf or t he

spot for the

with 283590 $ minimal investment cost

6noLNGO

0 L N Qwith acredrirtle igRigure28. The amilar

configuration

correspond:

Althoughthe 6 n o L bb@figuration does not reach the payback period in the considered

lifetime of the vehicle, it might be observed that in terms of investment uncertaiméyn o L N G 6

configuration is aduwatageous due to the loweumber of key components.

3.5.4 Sensitivity analysis of economic results

Sersitivity analysis of the bestase scenario resulhthe fuel station LNG price is presented

in Figure 29. On this graph, there are reference marks of the particular prices in two countries:

Italy and Germany, in different moments of time. Italy and Germany were chosen as these are the

countieswith the largest LNG fuel station coveraigeeurope(1063 and 868 statiomespectivey

[106]). The chosen reference point of this chapgtef.3 5

a/ kg of

S-elipst e mber

approximately in the nddle of the studied range aedualto verycurrent pricesn Germanyat
the moment of writing (October 2023). The data for the found LNG pricethamdethodology

of the searclarepresented i\ppendixF.
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Figure29. Sensitivity analysis resulting graph: dependence of the payback periothbbMG market

price

Possibleconclusiondrom Figure29 are presented further in the Discussion section.

Additionally, the assessment of thi#eet of the zero idle torquassumptiorgivesa 15.6 %

decreasén the besttasescenario payback period fa5 % idle torque and 6.1 % decrease faa

2 % idle toque The potential effects othefi e n dgorakingd

u s argnet assessed.
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3.6 Discussion andonclusions

Discussionon the acceptablepayback period

To draw a conclusion abouthe economicprospectof the systemthe expected payback
period inthe particular field of industry should b&sgssed Such project asthe IBC system
instdlationatthe heavyload truckarein the category of sma#icale energygaving projects, which
are in the scope of the decisioraking of the business entitidemselveswhile governments can
affect that only through regulations and stimulating measures. Besides, for this category, scientific
publications or economic reports dot givesystematiadata.Thus, we had to rely on relevant

examples and common knowledge.

For instance, German officials consider projects on hgaeiimprovements with maximal
payback time from 3 to 6 yed09] and assessing electric vehicles projdats)] consider frames
of 3-5 yearsFrom common knowledge,two-yearpayback period ia normal expected payback
time for businesso-businessenterprises (supported py11]); five years are normal in case of
governmentally supported or socially approyeojects; 10 years for projects of academic
interestor social importangebut not deployable from the private business side unless strict

environment al constraints befal!ll

Finally, setting five years as a benchmarka summary of these observations, one may
concludefrom the sensitivity analysig-{gure29) that only with the LNG price above4h U / k ¢
payback timan the bestcase scenaridecreasgbelow five years (725 th.km). Besides, if for the
HEs five years and higher values ekploitation timecould be consideredsreachablevalues,
both in thousand®f kilometres and in years of operatiorit looks problematicfor the
turbomachineryNo statistical scientific reports were found or #xploitation time of mini gas
turbines but for turbochargerswhich could be considered as compardielehnical dewes,
engineering forums lik§l12] report values whiclldo not exceed 500 th.km (about 3.5 years of
operation).On the other hand, maintenance manuals suclilB3] suggestjust checkng
turbocharger bearing clearance every 240 th.km for the considered engine class and load,
additionally testing the vibratiolevel in the regular checkups, so no requirements on turbocharger
replacement in some poefined period are givert providesa base for the positivexpectations

of the five+ years projects IBC installation.
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Discussion on the furtherimprovement of the system resuls

One of the key assumptions of this study isGhesting system integratidapproach of the
IBC system design. It affects results in opposite directions, so thesre$uhe alternative

approach of thoint component desigrare notpredictable and further study is needed.

On the one hand, if to decouple the cooling systems of the main engine and the IBC system,
t hus, reducing the 85 AC |limit for the cool an
system by deeper cooling of the exhaust gas after the IBC eu@imthe other hand, from the
technical viewpoint, it may require increasing the surface of the radiators, thus, increasing the air
resistance of the truck. Economically, the overall system cost may increase, although, all
componentosts may differ sigficantly from what was considered due to the r@ssluction

ef ect, as the Ojoint componenbyveldideplioduces. i s def i

Also, as it was mentioned ihe results section, specifically for the applied methodology,
consideration of idle torque may give a decreasine payback periodf 6-15 %. Oppositely,
consideration of i e aanggdative effdctr oa khé valyes inrtha yconbmid n g

results.

Another assumption, which may affect the overall reswdigativey, is the basic value of
HEL1 effectiveness equal to 95 %, which at the stage of the detailed design, might be challenging,

especially for the shedntube heat exchanger

Discussion on the applied methodology

The ombination of the modkng approaches applied in this work allowed to consider part
load regimes of the system operation in the ngystem techn@conomic analysis ke applying
no advanced CFD software packages or experimental stulighe same time, all of the
assumptions could be considered conservative and the overall methodology structure is complete
and solid, thus, the obtained results are consequently expected tacoemBbl@accuracy for the

preliminarytechneeconomicassesment.

Marine application

Another interesting group of transport engines for heat utilization by IBC systems is marine
enginesThe @pacity of these engines variesaitarger range thathatof heavy trucks andds
between dozens of kilowatts and several megawatthie same time, the weight limitation is not
importantin this case, and space limitation is less important, although engine rooms are usually

fairly congestedAnother advantage dhe marine application is unlimited access to outboard
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water, even the option of mixing heat exchangers might be considered, promising higher efficiency
of the system due tihe lower temperature of working gas before the compressor. Althtiegh
challenges of the subatmospheric pressure gas mixed with outboard atmospheric pressure water
and damage due tbe direct interaction of equipment, water and flue gas should be overcome.
For closed heat exchangers, these problems are less viable, but the system efficiency is to be lower.
Overall, the marine applicatiorsuggests both opportunities and challengesteriBC WHR

system application in comparison with the application for heavy trucks.

Conclusion

IBC application asmintegratedVHR systemfor anLNG-fueled truck was studied in this
chapter. The study focused on two configurations of the systemusng only engine coolant
for the exhaust gas temperature decreasing after the IBC tudnidéhe other,usng the LNG
phase chang®r cooling as wellPartload engine operation duringree standard truck driving
phases: Motorway, Rural, and Urbamas consideredTwo suitabletypes of heat exchangers
(HEs), namely shethindtube and platéin, andradial turbomachinery were considered to set the
technicall 61 i ght 6 an d andl bBcermmighigh amddowsoundaniesfyames Finally,
thesensitivity study on the system size allowed defirtimgoptimal capacity of IBC components.

Observation of thduel economy for different modes the driving cycle separately has
demonstratethatthe maximum valuecorresponds to the different nominal sizes of the syiem
different modesthus showing that consideration of the driving cycle for the particular truck is
i mportant for making techni c ®Maximymfoepetonombiod de fi
the overall driving cycleigbout 1.2% n t he &é no L N@énd2.8%nthedNGéan&t i o n
demonstrating almost twiold superority of the last It was reached for the ##asewhich
corresponded to a nominal flow rate of 788 kg/h (the studied engindamximum exhaust
flow rate equal to 1300 kg/h) for both configurations.

Case #3(591 kg/h nominal flow ratedf the 'light' version of the 'LNG' configuration
demonstrates a faumable economic outcome with the lowest payback period 8% il2ousand
kilometres of truck operation orroughly8y ear s of truck expl oitation
The best result of fAnoLNGO c anliyeay payback peaad wi t h
(1588 th. km) for the whithisg28#4 % worse resuit thaineonebf t he #
the OLNGO despife thgfdicasaeingadeamed superior from a technical standpoint,
its slightly higher payback period, coupled with larger initial investments, does not justify its

recommendation.
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The sensitivity analysis of the economic results in dependanicG prices has indicated
that only with the LNG price above4du / k g, pay b ac kcase scemario decreases e b e
below five years (725 th.km). Although the fiyear benchmark could be doubted, the Discussion
section is concluded with positive expectations of the IBC system implemented for this condition

with anumber of further questions to be answered to support the confidence.

Further studies in the framework of the he#anyck onboard application are to be directed
towards the analysis of the 6joint component
production, and technical feasibility of heat exchangers. As for tleenative prospective
application, the marinene should beanalyzed as small and middle tonnage boatgeration
schedule, exhaust gas temperatures and conditions of cooling make the potential of the IBC

promising for this application.

Despitethereported results being satisfactory dhdapplication of the LNG phasghange
in the IBC intermediate cooling ging anadvantage for the system in comparison with the baseline
one, with the conservative assumptions made, the results for standalone IBC for the truck engine
are fairly mild. The principal direction for the system improvement, besides those suggested in
previous paragraphs, could be the further usage of the heat evacuated from the system after the

turbine. The next chapter intraces and investigates one of the implementations of this idea.
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CHAPTER 4 WHR BY COMBINED IBCi ORC FOR POWER
GENERATING ENGINE

4.1 Chapter summary and introduction

The chapter describes a study of a combined WHR scheme consisting of two thermodynamic
cycles:theinverted Brayton cycle and organic Rankine cycle (ORC), applied for heat utilization
from the hightemperature waste heat source: a stationarjiigasreciprocating ICE. To the best
of thea u t hkoowlédge, integration of IBC with ORC has never been systematically studied in
scientific literature, although the idea of this integration isembirelynew .g., IP disclosure in
[114]).

The investigated combined IBORC scheme is compared with the OB&sed solution
studied to provide a benchmark for the comparison.

At the beginning of the chapter, the targeted case study is described. Further, the investigated
scheme receives a detailed introductibimen, the simulation assumptions and adopted limitations
are listed For the estimation of the efficiency of bladed machines in conditions ofaB@ecific
methodologyis presented. Moding was performed in Aspen Hysys software with the usage of

its standaranoddling components.

To define the best resitiit the fin-hous® simulaion, the ORC model was also designed and
optimized there for three different fluids, considering cycle limitations from Quoilin POI5).
This approach provides a preliminary tectetmnomic feasibility assessment of the ORC and
differs from pure thermodynamic estimations. The fluids refer to three critical temperature levels.
The ORC was built in two configurations: regenerative andragenerative ORC and optimised

for the properties of inlet exhaust gas corresponding to the nominal case (temper&tye 520

The next step was the comparison of the efficiemgymised combined scheme in two
configurations: with regenerative ORC and without regeneration, and two configurations of the
conventional ORC. The efficiency of the IBC turbomachinery was assessed itmpldiexi
technique based on the Reynolds number adapted for this specific case. The inlet temperature of
the exhaust gas was varied from 470 to &70The working medium for all cases is pentane, as it
was defined in the previous step as the best opfiba.negative influence of the OR@duced
back pressuren the primary engine emphasized in Yue (2J%8)] and analyzed in detail by
Di Batista (2020)53] is not taken into account to keep the wenkpler, being a conservative
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assumption of the comparison thg introduction of IBC additionally to ORC compensates this

effect.

The sensitivity analysis for the mastportantparameters was performed to estimate the
influence of the assumptions for the components on the results. Additionally, the optimal
parameters of IBC for different ambient temperatures are shown, as well as the condensation rate
in the subatmospheric duand its influence on the IBC performance under different turbine

pressure ratios.

The economic part of the chapter shows the results of LCOE optimiatifmur potential
investment projects based on the investigated schemes. Then, the minimum (the best) LCOE is
analyzed on the influence of the capacity fdcfo(€F) of the potential facility at the nominal
inlet parameters. Then, the mudidjective optimisation introduces the best choice of the system
parameters, considering the competing nature of economic and technical objectives. These

recommendations conae the chapter.

4.2 Schemes of the combined IBEIRC and opposed regenerative ORC

The layout of the combined IBORC scheme with neregenerative ORC (CS) is shown in
Figure30. Figure31 presents the combined scheme with regenerative ORC (CSHRgge 32
shows the Is diagram of this cycle. In the following paragraph, the processtitatrredin the
first configuration is illuminated, and the difference in the operation of the two configurations is

described further.

In point 1 of Figure30, hot exhaust gas, assumed to be at atmospheric pressure, enters the
duct of the WHR system expanding in a gas turbine to point 2 of thatswspheric pressure and
lower temperature. For the studied case, the usual values of pressure are from 4&ajovhickP
corresponds to the turbine inverse pressure ratie 1.81 2.4 easily achievable by one stage
radial machines, wherg Nsgjn g 8After the turbine, the gas proceeds to the-tgas
thermatoil heat exchanger (HE), facilitating the transfer of heat through an intermediate
thermatoil loop to the ORC segment of the cycle. Finallyisitoded down in the air cooler to
35A G point 4.

AAABapacity factoii a unitless ratio of the generated power output to the maximum possible @&®pQt (
hours of operation for ongear period)
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Condensation of water in the combustion gd®s$ place in the cooler, so a separator was
introduced to the scheme after the cooler. The cooled gas is compressed up to the atmospheric
pressure in the compressor and directed to the olitletcompressor takes back the flow to the
atmospheric pressure (point 5). The work consumed by the compressor is approximatgiglone
smaller (for the nominal case) than the useful work produced by the turbine. The difference is the
useful work of the BC part of the systenThe compressor pressure rato X is slightly higher

than the turbine oneyheren Ng JNs -

The mentionedintermediate loop transfers heat to the ORC part of the scheme. The loop
itself enables the operation of hitgmperature ORC with sufficient reliability and controllability
and, thus, it is compulsory from the engineering point of v@@aording toShi (2018 [47].
Thermal oil from the HEL (point 11) goes to the evaporator arriviagthe oil pump (ll) at
point12.

Working fluid heated up in the evaporator with the sthp=ating not less than 5 K for the
sake of the processability (point 21) goes to the expander, which in the studied case is assumed
to be the radial machine, where the pressure and temperature decrease. Tibenpitegsure
vapaur in point 22 is cooled down in the aooled condenser. The cooling air temperature is
supposed to be 2AT. Hence, théowest possible temperature of working fluid considering the
pinch limit of 5 K may go a little below 3. The observed range of the pressure after the
condenser is above 70 kPa, which fulfils the lowest tiealiy feasible limit of 20 kPa set by
Quoilin (2012)[115]. After the compressor, a pump (1) increasespitessureof the medium to
25003000 kPa and directs the working fluid to the evaporator.

Power generators are mounted on the shafts of both the tadrmgressor unit of IBC and

the expander of ORC.

The combined scheme equipped with regenerative ORC (CS Req) is préasémngede31,
andFigure32 shows its Tsdiagram. Different from the basic scheme, in CS Repgopint 22 the
flow goes through the regenerator and transfers heat to the fluid from -teoked condenser,
where the temperature of the working medium comes close to the ambient and condensation occurs
(point 23). The ORC pump (Il) increases the pressure ofthking fluid and directs it through

the regenerator to the evaporator (point 24r).

Effectively, the regenerative scheme differs from the basic one in the values of temperatures

in some of th&key points of ORC, the main parameters of the working fluids in this scheme are
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presented iTablel7. Temperature before the condenser is higher as well as before the evaporator
due totheheat exchange of flows in the regenerator (RegenFigure31). It leads to an increase

of the lowest temperature of the oil loop and, thus, gas temperature afferTHE cooling power

of the cooler must be increased to ensure that the temperature of the gas entering the compressor

is equal tathereferenced 35C.

Tablel7. Nominal parameters dfie CS Reg scheme

# 1 2 3 4 5
T, °C 520.0 381.0 1195 35.0 1475
p, kPa 101.3 40.0 38.7 379 375 101.3
O, kgls 1.47

# 21 22 23 24 24r
T,°C 196.0 114.0 58.5 29.5 74.5
p, kPa 2598.0 83.0 80.5 2688.0 2631
0, kgls 0.95

ORC and Regenerative ORC

The abovementioned combined scheme was studied and benchmarked against-an ORC
based solution, which is currently the technology with higher deployment. Theegenerative
cycle was also considered to make the comparison inclusive. The scheme oftbgamanative

ORC and regenerative ORC are presented in

Figure33. In this system, the heat from the exhaust gas flow is transmitted in tietélE

the working medium of the cycle through the TOL with similar parametric assumptions.
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Figure33. Scheme of ORC and regenerative ORC
4.3 Modelling methodology

The methodology suggested for preliminary tecknonomic study of the technology is

aimed at getting the assessment in the conditions of absence of experimental data and atypicality
81



of some of the scheme components.-B Inodel of the IBGORC was designed in the Aspen

Hysys environment and simulated in steathte in the assumption of design conditions operation.

At the same time, the adjustment of component design parameters ideoeshsmeaning that

during optimisations, the design of the components is assumed to be not fixed. The commercial
software Aspen Hysys enables to be focused on the system performance enhancement rather than
component description. However, basic compoegunations are provided. Economic assessment

is based on the levelized cost of energy approach with the capital cost calculation following the
module costing technic fromurton (2008)[91]. Such an approach enables the results to be

reasonably accurate without buildindphoratoryprototype of the scheme.

For assessing the tradéf between the thermodynamic performance of the studied system
and the economic attractiveness of the investment project based on it, sohjadtive
optimisation was performed, and corresponding Pareto fronts werdbeioc a | lcenstraitit
method[116] (Fazlollahi 2012 enabled finding Pareto front points, and for choosing the best one
among themthe TOPSIS method was employed.

4.3.1 Cassstudy

Targeted application

The present work orients to the heat utilization from the reciprocating ICE exhaust. The
study of Diesel and g&aged power and driving engines enables to define a rangeexhaust
temperatureat full load nominal load (GE [19] and CATE [20]). Reciprocating internal
combustion engines up to 1400 kW capacity (e.g., Waukesha VHP L7044GSI S5 (GE) have
exhaust temperatures that c ahasmotieated th assepstheo 6 2 (
proposed technology for the primary engine from the capacity range -d48@0kW and exhaust
temperatures from 400 to 660. The focus is on ge#ed engines, which have been becoming
more and moramportantin power production and propulsion systems. Summarizing, the
supposediominalcase of the sourad the waste heat in this study is a-§jasd reciprocating ICE
with a power of about 1 MW, a nominal exhaust temperature ofG2and a gas flow rate of
1.47kgls.

The useful power is employed by an electric generator. In this first stage, useful application
of heat was not considered, leaving the CHP solution investigation for the next steps.
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Chemical composition of the exhaust gas

With an assumption of the clean natural gag.(Urengoy gas field) of anassfraction of
CHsabove 98%69], the composition of the exhaust gas obtained in the combustion for the excess
ai r r afl17pandl69% airZelative humidity is presented able18.

Table18. Exhaust gas composition
Compound: N2 CC. H-0 0, Ar
Mass fraction: 71.44% 12.59% 11.11% 3.65% 1.2%

4.3.2 Mathematical model of components

A The powemnutput from the turbine and expander was computed as:

(33
0 & 005 ™Og g 33 ,kw
(34
0 a g89( s ( 88 B I kW
A Thepower consumption of the compressor was computed as:
(39
0 & 005 Og g O—,kw
The power consumption of pumps was computed as:
(36)
= 3 8 8
0 5 , kW
s,s ,s,s are the isentropic (adiabatic) efficiency of the component.

The heat exchangers are simulated based on
intervals of equal enthalpy step with the following equation for the heat flow for each interval:

(37
R & 300 g O g ,kW

4.3.3Componenthoice and limitations

Assumptions for equipment type, losses, efficiencies, some fixed temperatures, and heat

transfer parameters are presente@iable19 and commented after.
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Table19. Assumed values for the parameters of the three schemes.

Line ORC, ORC Reg CS, CS Reg
Equipment type
HE-1 Crossflow shell and  Crossflow shell and fined
finned tube tube withcylindrical housing
Evaporator Bayonet shell and tube
Condenser Air-cooled finned tubes
Regenerator AMul ti ple pipeo sh
Cooler n/a* Air-cooled finned tubes
Turbine, compressoexpander Radial bladed machines
Separator Venturi scrubber
Losses (relative pressure losses)
HE-1 0 0.035
Evaporator, fluid side  (neReg | Reg) 0.03 | 0.025
Evaporator, oil side 0.005
Condenser 0.035
Regenerator, HP side 0.02
Regenerator, LP side 0.03
Cooler n/a 0.02
Separator n/a 0.01
Isentropic efficiencies of bladed machines
Turbine n/a 86%
Compressor n/a 83.8%
Expander 80%
Efficiency of generator (incl. mchanical losses) 96%
Heat transfer coefficientSpverar), W/(m?K)
HE-1 130
Evaporator (heatingvaporatiorsuperheating) 400500 (550680-100)
Condenser 550
Regenerator 150
Cooling air temp/ambient temperatut€, 20
Temperaturef cooled gas before the compres&or]| n/a 35

*n/ai not applicable

Equipment typeThe type of heat exchanger was chosen from the list available in Turton

(2008)[91] based on the fluids, pressure, heat flow, and practices established in this technical area.

Turtonds book was used for

economi

c

assessmen

partaresuitablefor the investigated range of flow rate, pressure ratio, and temp€gRii(Bixon,

2010. ORC expander type was chosen based on data from Quoilin (205Rvho recommends

usingradial turbinegor a capacity above 75 kW

LossesHere, the relative drops of pressure in the HEs caused by mechanical losses are listed.

Relative pressure drop is defined ¥§: Y/
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Isentropic efficienciesf bladed machine£fficiencies of the bladed machines in the IBC
part are discussed section4.34. ORC expander efficiency correspondsthe values inthe

literature.

Heat transfer coefficienfThe parameter was defined, relying on the datginnott(2005)
[97]. The evaporator was simulated as a group of three different HEs representinegtong,
evaporation, and supéeating processes in the evaporator. An own separate valug,di
correspond$or each of these HES he resulting value for the evaporator lies in the range indicated

in Table19 and depends on other design parameters of the system.

Cooling air temperatur@and theemperature of cooled gas before the Compressoabie
19 corresponds to the assumed temperature of the coolant in the condenser and the cooler, and an
assumed temperature before the compressor, respectively. Both of the values are fixed. The second
one is fixed to reduce the number of variables in the simulatias higher than the lowest
temperature of the working fluid in the condenser because of worsexwange conditions: the
phase transition of the organic working fluid occurs in the condenser, but, in the cooler, only a
small fraction of water in thiue gas has the phase transition.

Additional specificities are listed below:

A The negative impact of ORC on the primary ICE caused by the backpressure was not
considered. The backpressure appears due to the resistance of the heat exchanger located in
the exhaust gas dud¢#9] (Yue, 2014. For the investigated CS, on the opposite, a
conservative assumption was made to consider this resistance being compensated by the
Compressor. The validity of the assumption conforms to the practical absence of the
affecting on the primary engine due e ttcompressor, which provides atmospheric pressure
in the crosssectionenginel B C 6

A Heat losses to the atmosphere are neglected for all components of the schemes.

A Power consumption of the heat removal process in condenser and gastooler ( is
subtracted from the power of the turbine based on the assumption of 17 W per kW of
removed thermal power corresponding to the air heaf k8 (Antonelli, 2016)

ASubcooling in the condenser duriathebump.C t o guar

A To consider the presence of the generator, thd@shaft power of the turbireompressor
unit of IBC and the expander of ORC were multiplied by the efficiency of the generator.

A In Aspen Hsys PengRobinson equation of state for flue gas, RefProp equation of state for
organic fluids, and UNIQUAG for thermal oil, are chosgi19] (Baccioli, 2018)

A Water condensation in the flue gas was evaluated by the Rasigson equation of state.

The gadiquid separator ensured the complete removal of water before the compressor.
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Possible corrosion is negligible, considering the low sulfur concentration in the natural gas
[120] (Kass 2005.

Optimisation and Variable Parameters

The optimisatiorapplied to the studied combined scheme and ORC enabled finding the best
combinations of variable parameters for them. In the first partpbfective function was the
system efficiency, and in the second, the economic part, it was LCOE. The constraints for the
optimisation were similar for both cases, but for the second one, the resulting value of parameters
usually les asidefrom the limiting values as they give high coststhecomponentsTable 20

presents the constraints applied in the optimisations and the technical motivation of each of them.

Table20. Constraintdor the objective functions of theptimisation.

Constraint Value Motivation
Minimum pinch of HE1, °C 30 Reliability of highT HE
Minimum pinch of evaporatofC 15 Reliability and controllability of midl' HE
Minimum pinch of condensetC 5 Controllability of lowT HE
Minimum pinch of regeneratotC 15 Stability of midT HE operation

Stability of midT HE operation, reliability
of compressor operation
Operability ofthe evaporator near tHeuid

Minimum pinch of cooler?C 15

Minimum gp uto a critical point,°C 15

critical point
Maximum oil temperaturéC 380 Stability of the thermal fluid
Maximum superheatingC 40 Heat transfer surface, evaporator reliabil
Minimum superheatingC 5 Controllability of the evaporator operatiol

Elaborating the motivation of the constraints more, it is to be added that minimal pinches
were dictated by the technical feasibility of such HEgimumtemperature until &i: limits the
evaporation temperature in ORC and detersithe operational stability of the systeiti21]
(DelgadaTorres, 2007.)The maximum oil temperature was taken from the product documentation
for the thermal oil (Therminol VR [48]). The limit for the superheating is choskey relyingon

the commonly known technical practice.

Variables of the optimisation are chosen to be sufficient for finding the power balance of the
system and the optimal distribution of energy flows withimble 21 presents the list of
optimisation variable parameters. Although all variables and constraints of the system are
interconnected, the constraints directly influencing the variables are listed in the last column of the
table.
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Table21. List of optimization variables

Variable Units  Range Related constraining parameter
ORC fluid
-mass flow ¢ g9 kg/ls 0515 Pinches of the regenerator and evaporator
- max pressure (p.24) bar 20-27 g utill thecritical temperature
- min temperature (p.23) °C 2532 Coolant temperature; pinch of the condense
- superheating °C 5-40 Min and max values of superheating
TOL fluid
Pinches of HEL and evaporator, ma
-mass flow@ ) kg/s 0515 temperature of thermaiil
GT unit
-PR - 1.54.1 Reasonable limits for orgtage radial turbine

For the optimisationa standard Aspen Hysys optimiser was used with the B@¥od
based on the sequential search technique suitable for solving problems wiitheaombjective
functions[122], and 25 tolerance.The "maximum change per iteration" parameter was varied

in the range 08 to obtain global extrema with higher precision.
4.3.4 Efficiency of bladed machines in sattmospheric conditions

The efficiencief the turbine and compressor were assigned based on high typical values
of the turbomachinery efficiency corrected on the IBC conditions of the exploitBt®and IBC
machines with equal gas flow rates were compared, and the values of efficiency were corrected
for the IBC. Henke (2013)12] has considered the following correlation based on the Reynolds
number as the most suitable for the case (Equé&@in

(38)

1-h _ (E)“l, nl=0.06 0.2, -
€

where nl depends @¢he Raynolds number
However, while Henkapplies thdormula with n1=0.06 (from the range 0.06.2), in this
work, ahighervalue (n1=0.2) for the efficiency was assigned to avoid being too optimistic in the
conditions of methodological uncertainty. Finally, the formula applied in this work, considering

8
8

the correlation betwednversepressure rati6 and Reynolds number (Equati{#0), is

the following:
(39
Mee =1 00" (O Ke), -
The next section contains the full derivation of this equaiiable 22 provides efficiency

values for BC and IBC taken as animiassimption and calculated based on it correspondingly.
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Table22. Assumed efficiency durbomachines in BC and IBC conditions.

BC IBC Parameter
Turbine 87% (2.1) 86% (2.1) - (e
Compressor 85% (2.25) 83.7% (2.25) -

Derivation of IBC turbomachinery efficiency

The formulafor the dependence between #ficiency of turbomachines in BC and IB€

derivedin the following manner:

A — —1 for the ideal gasvith a constantemperatureWhere” i density (kg/m), p i
pressure (Pa).

Now BC and IBC turbomachines are compared with assumpticeguad inversg@ressure

8

ratio*” above (BC) and below (IBC) atmospheric pressure and equal gas flow rate.
(40)
8 n s ni* P
8 N s n a
Ay V] Y 0 - for a turbomachine of BC and IBC scheme with
equal mass flow rate. Wheré Square of the crossection (m), U - the mean flow velocity
(m/s).

A For equal velocities of the flows— —

A Y QO i for roundshape crossections of turbana ¢ hi n e s ,- charhcteniséc D 0
dimension (diameter). Considering Equat{df):

(41)
Ce Y " _
Oee Y
Avo ana - Reynolds number, whetei dynamic viscosity (Pg)." T may be considered

as independent from pressure in the considered range of pressures and tempE2&jures
(Kadoya 1985.
A From the definition of Reynolds number and Equa(i) and(41):
(42)

T — -,

A According to Henke (2013)12], the following correlation can be observed
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(43

where nl corresponds ftable23.
Table23. n parameter for Equatio(®3)

nl Re

0.06 1.2%8B1®@8L1C
0.09 0.4811@%tL1cC
0.2 0.34-01@8L1C

According to the preliminarycalculations,for this case,Re lays in the second range

However,nl = 0.2 was used to avoid overestimation ofptdormancef the scheme.

A Combining Equatiorf42) and(43), the following results are obtained:
(44)

4.3.5 System and cycle efficiency

This study orients on the final results of the system performance in the exploiting of available
heat, so the main parameter used is net system efficiency:

(49)

Pgrosscorresponds to the sum of shaft powers of the turbimepressor unit and the ORC
expander. The cycle efficiency, which is used for the analysis of ORC performance is standard:
(46)

8 8 8
— 8 Ll
8 8 8 8

The sum of power consumed for coolifi6ing and pumping of ORC working fluid and

oil in TOL (Poump is named as the ancillary consumption or utilities.
4.3.6 Economics assessment methodology

The main parameter of the economic assessment of the system performance caliled so
levelized cost of energy (LCOE). LCOE calculatisnbasedon the standardimple formula,

applied in many works, e.g. Rili (2017 [124].
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(47)
B Q8
, # %——B v , $IMW

Whered s total capital investment cogt,o is operation and maintenance cost (3 % of
0 ), tis the runtime of the plant in years (20 years)ktands for the discounttea(7 %)[125]
(Freyman & Tran (2018)ee Hs the net energy generated by the system over one year (considered

F*kkkk

capacity factor = (CF) is equal to 0.9). Singkeanche capital investments are assumed. Taxation,
yearby-year growth ofd o , performance reductiorss well as insurance payments, were not

considered. As s@g Eand6 o from Equation(47) are constants.

For the capital cost, the module costing technique (MCT) was app26§l(Toffolo, 2014,
its formulas are presented in the next subsection, and coefficients may be féyptnmdix G
Cost functions fronTurton (2008)[91] were used for all componertgsides generatof$27]
(Lemmens 2016 and compressofl28] (Calise (200). The separatowas assessedith an
assumption fromGarrett (2012)[129]. According to Lemmens (2016)[127], due to the
overestimation of the co$tinction approach based dfl], the expenditures at the system
mounting, including the cost of the intermediate Hemtsfer loop may be considered as included
in the cost of the main ORC components. Additionally, multiplication over 1.18, corresponding to
contingencies and fees, ig finalize the cost assessment for the system installation within an
existing planf91]. To bring all values to current prices in the same currency ($ 2017 year), we
used the official open historical data for CEPCI (CER@#567.5)[100] and currency exchange
rate[130].

Module costing technique

The equipment cost for different types of equipment according to applied®AC{Turton
2008 is considered eithen the way ofpurchase cost with several factors or only bare module
cost. The purchase cost may be defined as:

(48)
6 6gg O ,$

where theCpc. T A b acscen d i tostcaloutatzdas:

™ Capacity factor a unitless ratio of the generated power output to the maximum possible evtduated
at 8760 hours of operation for opear period)
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(49)
O®gg U UV A® O a®
whereA is acapacity or size parameter of equipmefdy I bare modulefactor equalsto:
(50)
O 6 6 O 0,-

whereFyi imat d micalor 60 peculiar for each niditperisalurdadi f f
factoro equals to:

(51
a’m™ 6 6 a'® o6 a'Q
For someequipmentthe bare module factor is giveamdthe bare module equipment cost
should be calculated with Equati¢B).

To calculate total module costhich considesthecost of the system installation within an
existing plant axillary devices including TOL, the following formula from Turton (2098) is
applied:

(52
0 PP Yo ,$
Table37in Appendix Gpresens all applied coefficients and alternative equations used in

some cases.
4.3.7 Multrobjective optimisation methodology

For assessing the tradéf between the thermodynamic performance of the studied system
and the economic attractiveness of the investment project based on it, sohjadtive
optimisation was performed, and corresponding Pareto fronts were built. Bbe framt is a quite
common visualisation technique for mudibjective assessment of energy investment projects
(e.g.,in Imran (2019 [131] or Astolfi (2017 [132]). Thermodynamic performance is assessed
with system efficiency, and LCOE indicates the project investment attractiveness.-ddikedo
Uconstraint method116] (Fazlollahi 2012 enabled finding Paretoptimal points, utilising
Aspen Hysys BOX optimiser. The essence of the method is to minimize (or maximize) one
objective function while adopting another objective function as a constraint. By changing the

limiting value put on theonstrained objective, the whole line of the Pareto front is being built.

While the Pareto front approach provides a range of possible solutions for a detgemn
various methods suggest algorithms for choosing the final single solution at the Pareto front. In
this work, the TOPSIS method is employed, as it is very wideg tar different decisioimaking

tasks, including power system projects. For instance, Mehrpooya ([A@B])discuses
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regenerative twstage ORC for the solar application, adopting TOPSIS optimisdtienoptimal

point is defined in this method as t hsgand | oses:
lowest LCOE), and the most remote from the negatieal solution (NIS); in our case, lowest

dsys and highest LCOE)134] (Behzadian2012. The method requires an assumption on the
weights of the optimisation criteria, and in this work, they were chosen to be equal. It allows
recommending a point on the Pareto fraansidering the equivalency of system efficiency and

LCOE for decisioAmaking.

4.4 Technical analysis

4.4.1 Choice of the working fluid for the ORC

The comparison of the suggested combined scheme with ORC was started by defining the
optimal features of the ORRBased system simulated on a domestic model. Two configurations
have been studied: regenerative andregenerative ORC. For the targeted aglon, the power
of the ORC lies in the range suitable for the radial inflow turbines as an expab8EiQuoilin,

2012. In his work, Quoilin has also formulated the parametric limits for different types of ORC
expanders, including radial turbines, for several working fluids. Three fifithe different level

of critical temperatures ¢l) were chosen, distinguished as low: Tluid T R245fa, medium it

fluid 7 pentane, and high¢k fludit ol uene. The built model of t
limits to define the possible ranges of evaporation and condensation tempeFagure84 shows

the obtained results for these three fluids with the employment of regenerative (ORC Reg) and

nonregenerative (ORC) cycles.

Table 24 shows the resulting parameters of the - optimised systems with three studied
fluids. The maximum generated power is demonstrated by regenerative ORC with pentane as the
working fluid, although its critical temperature is far below the maximum available temperature
of the cycle (38050). Interestingly, the use of toluene yields a lower performance level, even
though it has a much higher critical temperature which defines higher evaporation temperature and
also permits a lower relative auxiliary consumption because of the higher eleaddty it carries
(see Share of utilities iable 24). The explanation of this fact is following: according to the
Quoilin limitations the lowest condensation temperature acceptable for toluef@) §zhigher
than the lowest available temperature of the system (armfﬁ?d;:tﬁis implies that a lower amount
of energy is received from the exhaust gas flow in comparison with thelemperature pentane

case. The cycle efficiency for toluene could be potentially higher, but the smaller amount of energy
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transmitted to the cycle makes the system efficiency of the toluene cycle lower than the pentane
one. InTable24, this difference in cycle efficiency is not observed because the optimisation has
the overall system efficiency as the objective function but not cycle efficiency. In the work of
Lecompte (2015[44], the efficiency of the external irreversible Carnot cycle is introduced instead

of the standard Carnot efficiency to make the preliminary estimation of such WHR systems. For
the same reason of the small amount of energy transmitted, the optimal coodeasati
evaporation temperatures for toluene are at the lower boundary of the prescribed range
corresponding to the lower evaporation pressure. Meanwhile, this boundary is determined by an
acceptable condensation pressure (20 kPEj]. Therefore, regenerative ORC with pentane as

the working fluid is the best competitor for the studied system due to its higher system efficiency

and larger net output power.
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Figure34. Power and system efficiency of ORC and ORC Reg with different working tuigdéoyed.
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Table24. Parameters of ORC of two configurations with different working fluids.

_ R245fa Pentane Toluene
Hine ORC ORCReg ORC ORC Reg ORC ORC Reg
Net power, KW 99.7 109.8 119.8  137.3 112.2  118.0
dsys, % 8.20 9.05 9.84 11.30 9.23 9.70
Oeycle, % 13.0 16.47 15.5 21.2 15.7 194
Share of utilities, % 18.4 16.2 16.3 13.38 13.0 11.3
Pevap, bar 28.1 27.73 26.85 26.88 8.92 8.9
Peond, bar 1.67 1.71 0.77 0.78 0.22 0.22
Tevap °C 138.9 139 181.9 1819 210.1 2101
Tecond, °C 29.1 29.8 28.3 28.8 64 64
Ten, °C 25.6 40 6.1 40.0 5 29.2
Tout (Ts), °C 74.6 134.2 74.5 153.8 108.7 172.3

4.4.2 IBC performance

Oneinterestingaspect of IBCbehaviourshould be articulated separately. The influence of
condensation of water before the compressor has two opposite effects on the cycle performance.
Due to the separator introduced before the compressor, the flow rate decreases for the compressor
and its wok goes down. On the other hand, the enthalpy of the gas decreases with the fall of the
concentration of water vappin the gas flow. These contrary impacts presented in more detail in
the next paragraph define ntnvial resulting dependence of IBC opgoa fromturbine inverse
pressure ratio (sdeigure 35 and Figure 39). Also, the size and the pressure drop of the cooler
depend on the condensation rate, but this effect was not considered in the present study.

In Figure 35, the effect of condensation on the gross power of IBC fofC2@mbient
temperature (3&: of the gas before the compressor) can be observed. A typical view of such a
power curve for IBC (and BC, in fact) is the convex curve with one absolute maximum. The high
concentration of water in exhaust gases, as well as the presence of critical pabssafe (where
the condensation ceases to occur according to the physical properties of the particular mixture of
exhaust gases) in the considered range of pressure ratio, are causing an appearance of two local
maxima at the graph. For different TITniperatures, the ratio between maxima changes. For
TIT =570 “C, the maximum in the noondensation area prevails over the second maximum,
opposite to the cases with lower TIT temperatures. However, this fact does not affect the optimal
values of the pressure ratio in optimisations of studied combined schemes. Bdtatuse of the
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domination of the ORC over IBC e power generation of the combination. However, for the

studies of IBC without any bottoming cycle, this result is essential.

Relating to the right axis dfigure35, the line of the condensed water mass fraction shows
that the critical value of the pressure rasiequal to about 2.9. It corresponds to the beoidt of
the power curves. Kennedy (201I35] discussing this issue has shown the results conforming to
our s. In this study, ihanoriginally sasable garameget, bubnoto f
t he compr es s ok aspnrsens Sther works. @herefare, the second horizontal axis

was added t&igure35to ease the comparison with the works of other researchers.
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Figure35. IBC performancelependence on the inverse turbine PR and compressémflience of
water condensation.

4.4.3 Combined IB@ORC efficiency optimisation

Figure 36 presents the performance of compared schemes operating in conditions of the
exhaust in the temperature range around the nominal temperaturéCQSZthese results are
obtained afte-  optimisationfollowing the parameters armbnstraintanentioned in previous
chapters. The left axis corresponds to the colahat of system power, the right upper éni@
the lines of efficiency in the top half of tHgure, and the right bottom onie to the relative
difference in power for each temperatuedatedto thenonregenerative ORC. On the column
chat of the power, the blue column (for ORC) or the sum of the ORC (blue) and IBC (orange)
columns (for CSpresent the useful power. The utilities are subtcafitam the generated (gross)
power of ORC and IBC in correspondence with the source of auxiliary consumption (ORC or

IBC). For the nominal case, maximum observed values correspond to CS Reg with the
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0 pUHQ® and — p & d», whereas ORC Reg has p oK Qw and
- p @ P . Relatively, CS Reg overcomes ORC Reg at 10.6% and ORC without regeneration

at 28.2%.
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Figure36. System efficiencyptimisation results for ORC, ORC Reg, CS, and CS Reg for three different
temperatures: 47, 520°C, and570°C.

One may see that for all three temperatures, the growth of efficiency and power goes in the
sequence: ORC, ORC Reg, 0SS Reg Additionally, with the temperaturegrowth both the
absolute and relative advantages of the CS schemes are increasing. It can be observed in the
columnchart for power and the black stepped line at the bottom of the chart for relative power as
well as comparng slope coefficients of the linear approximation. It means that a higher
temperature is preferable for the combined schewstlynas a result of the growing efficiency of

the IBC part. Performance data for the nominal temperature is preseiitgule5.
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Table25. Calculated parameters of the four schemes (nominal conditions).

Parameter ORC ORC Reg CS CS Reg
||.| Y 142.70 158.50 170.30 175.80
8 oW 119.50 137.0 147.8 151.7
by, 9 9.84 11.30 12.16 12.49
iy gl % 15.54 21.52 15.58 19.36
) n/a n/a 2.13 1.94
||_4| kW n/a n/a 210.4 186.9
o n/a n/a 2.23 2.07
||_F, KW n/a n/a 143.8 124.4
M.Exp 43.93 34.8 43.35 39.7
”’qu(W 142.7 158.5 103.7 113.3
||'|F<> Dded p KW 6.69 6.52 4.75 5.27
- o, kPa 77.1 78.5 76.1 78.5
-t 0 0200, kP2 2685.0 2688.0 2685.0 2688.0
O a8 Kg/s 1.26 1.24 0.90 1.00
O7 1, Kg/s 1.36 1.11 1.02 0.95
a8 28.3 28.8 27.9 28.8
4|-O+r 181.8 181.8 181.8 181.8
‘I|W-&<>1£C 124 145.3 99.7 107.8
JI| Fé:-AC 124 44.3 99.7 44.9
J||!3|SAC 23 40 9 9.3
J||.-1|s 0. ic 73.6 153.8 128.2 116.9
&y, 'C 15 15 15 15
T=. kJ/ (K 10.8 10.9 12.5 9.41
&, "'C 5 5 5 5
T=.kJ/ (KLs 77.5 70.56 56.7 56.9
Bregen C n/a 15 n/a 15
TS alm KI/( n/a 9.9 n/a 5.7
®E1, 'C 30 30 30 30
T=.. kJ/ (1l 12.7 9.6 13.2 12.5
Eooler 'C n/a n/a 15 15

== ik I/ (A n/a 9.3 11.7




4.4.4 Sensitivity analysis

Sensitivity from assumed parameters of the model

This section has the aim of studying the impact of assumed parameters on the simulation
results because, on the one hand, the assumptions in this work have been made based mostly on
the general engineering knowledge and values adopted in scientific pajagesnot very precise.

On the other hand, sensitivity is another aspect of comparison of the combined scheme versus
ORC. Figure 37 presents the influence of the change of different system parameters on system
efficiency. The range of the analysis for each parameter is determined by the reasonable possibility
of such a range, so the ranges are different. The following parametersaniecefor CS Reg:
efficiency of the turbinegfficiency of the compressor, simultaneous change of efficiency of
turbine and expandepjnch of the evaporator, simultaneous change of pinch of evaporator, and
HE-1. ORC Reg has fewer parameters: the efficiency of the expandeffitiencyof the pump,
thepinchof the evaporator, the simultaneous change of pinch of the evaporator, dndriése
parameters have a different influence on the system efficiency and allow understanding and

comparison of the saitivities of both systems.

As can be observed Figure37, the dependence of the system efficiency from component
parameters is mostly linear besides the pump whose influence on the system efficiency drop
accelerates with the decreasing pump efficiency. Efficiencies of the working machines are more
influential than pinches of heat exchangers; however, it should be noticed that this comparison is
not representative because of the different nature of these paramigiers37 shows the effects

of the change of the single component parameter:

A CSReg
- Compressor efficiengy
- Evaporator pinch
- ORC Expander efficiency.
A ORC Reg:
- Pump efficiency
- Evaporator pinch
- ORC Expander efficiency.

In addition, it shows the resulting changes in the system efficiency caused by the

simultaneous change of two parameters:
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A CSReg:
- Evaporator pinch and HE pinch

- Efficiency of IBC turbine and efficiency of ORC expander

A ORC Reg:
- Evaporatopinch and HEL pinch
14 -
13 4
=
> -
P R e
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Relative change of parameter, -

Figure37. Effect of change in assumed parameters of the scheme on the system efficiency for ORC Reg

and CS Reg.

The effect of the simultaneous change of turbomachinery efficiencies is substantial,

especially for the combined scheme. For instance, a simultaneou¥ t@dbiction of turbine and

expander efficiency (the expander efficiency decreasestiiemominal 80 % to 70 Ydeads to

an about 20 % drop in system efficiency. The addition of the effect from a similar decrease in

compressor efficiency gives a drop of abouf@3The last statement can be implicitly observed

in Figure37. One may add the drop from the compressor to the reduction from the simultaneous

decrease of turbine and expander efficiencies, which is possible due to their additivity under the

assumption of their linearity, which one may apply for this approximateasin. ORC Reg does

not have a parametarhich can influence it in such a way. Extreme values of the grajpigure

37 are presented ihable26.

Sensitivity analysis of systebehaviourshows that with a certain distribution of parameters

of the components (mainly efficiencies of bladed machines), the advantage of CS Reg may be

levdled with ORC Reg or even turned opposite.
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Table26. Sensitivity study data.

Parameter  \ominal - Range of ORC Reg RanCS Reg Rap
value parameter ( gsnon=11.3%) ( fsnon=12.49%)
dcomp, % 83.6 73.37 89.0 n/a* 9.097 13.24
dpump, % 80 40.01 90.0 10.797 11.36 T
&Vap,’SC 15 51 20 11.671 11.13 12.771 12.32
®e1,’C 15 51 20 i} y
a&vap,AC 30 107 40 12.317 10.85 13.38i 12.02
Jexp, %0 80 65.01 87.5 9.1571 12.31 10.791 13.35
Jexp, %0 80 70.01 85.0 N
+ drurs, % 86 5.9 91.4 n/a 9.921 13.69

*n/a’l not applicable
Ambient temperature affecting useful power and systenefficiency

Technical systems may be optimised for the different conditions of operation depending on
the average climatic parameters of the territory of application. A study on the deviation of the best
reachable performance under the changing reference ambientaéumpevas performed for the

scheme investigated in this work. The temperature was varied in the range between &and 35

Figure38 shows changes in the system performance under different ambient temperatures.
The gas temperature of the heat source for this figure is nominal and 82@40s The ambient
temperature affects the system because of the usage of air as the system coolant. For each
temperature, the system was optimised for maximum system efficiency. With the increase of
ambient temperature in the range from 5 td'G5the efficiency of the system goes down from
14.6 % to 10.3 %, as both parts of the cycle demonstrate worse performance under higher ambient
temperatures. However, this decrease is not proportional; the share of the IBC part is depreciating
as may be seen Figure38 at the black curve corresponding to the right vertical lower axis and
on the bar charts of the system gross power linked to the left vertical axis. From 45 % of the total
generated power with A ambient temperature, the IBC contribution decreases down to 32.5 %
for the 35”C. The condensation issue mentioned above causes the trend changes of this
dependence. It should also be noticed that due to the same cause, the decrease in system efficiency
is slightly nonlinear as may be seen on the upper curveéiguire38. Table27 presents the main

values of the figure.
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Figure38. Power and electric efficiency of the system for different ambient temperatures

Table27. System parameters under different design ambient temperature

5 LCOE, PIBC.grOSSa PORC.gross

Tamb, AC d,sys, % Pnet, kw $/MW KW KW PR, - Tevap, AC
5 14.6 177.6 155.3 93.1 109.5 251 163.5
10 14.0 170.4 161.6 82.6 113.3 2.28 176.8
15 13.3 162.0 165.9 73.4 1134 2.15 181.8
20 125 151.7 171.7 62.2 113.3 1.97 181.8
25 11.7 141.7 175.0 54.8 108.8 1.95 181.8
30 10.9 132.6 178.2 49.9 103.2 1.97 181.8
35 10.3 125.6 184.6 47.4 98.6 1.96 181.8

Ambient temperature effect on the watercondensation in IBC

As observed earlieF{gure35), water condensation before the compressor causes unsmooth
dependence of IBC performance from pressure ratio. This effect is preseifiguina39 for
various ambient temperatures to expldiacomplex curvatures of the lines kiigure38. There,
gross and net power generated by the IBC part of the system is shown together with the water
condensation rate in the cooler before the compressor as a function of the turbine pressure ratio.
The peak values of power and PR are presentealilte27. Also, the table shows the actual values
of these parameters in the ovegtimised scheme. Max1 and Max2 in the table refer to the left
and right parts of the curves. The ambient temperature defines the temperature of the gas before

the compressor aBé ambient air is used as the coolant for the gas flow in the cbaer€30).
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Figure39. IBC power and water condensation rate before the compiassgpendence on inverse
turbine PR

In studied ranges of minimal pressure and temperature in the gas duct (pdtidure30),
the system is balancing on the edge of water condensation, which starts to occur with the ambient
temperature below 3€C (temperature of the gas in point 4 equals td'@5 For the ambient
temperature below 15C, condensation takes place at all pressures of the studied range.
Condensation causes changes in the shape of the optimality curve for the IBC, which for the
intermediate zone (see lines for 15, 20, and3%has a convexoncave profile with the folds of
the curves. IrFigure 39, these folds are linked by dash lines with the points of the beginning of
nonzero water fraction on the water condensation curves. The power curve Aoraptbient

temperature even has a local minimum at that point (PR is about 2.9).

Table28. IBC performance under different design ambient temperatures and optimal vatlies of
scheme

i PIBC.gross PRmaxx [/ Opt P|Bc,gross,
T, C Max1/Max2, KW  PRmax, - kW PRo -
5 102.3 /- 3.5/- 93.1 251
10 92.0/- 3.2/- 82.6 2.28
15 81.0/- 29/- 73.4 2.15
20 69.6 /68.0 25/32 622 1.97
25 57.6/64.2 22132 548 1.96
30 -/60.5 -/13.0 49.9 1.96
35 -/157.0 -12.9 47.4 1.95
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4.5 Economic analysis and mudibjective optimisation

4.5.1 LCOE optimisation results

To show the highevel comparative economic analysis, the LCRH#Sedptimisationfor
potential investment projects based on the investigated systems was performed for nominal inlet
parameters. The methodology of this approach and the assumptions of the model are presented in
sectiond.3. Here, inFigure40, the obtained values of LCOE are presented as a function of the CF
of the facility. Table 29 shows the parameters of the optimised system for CF = 90%. For other
capacity factors, theptimisation gave approximately the same values of varied paranssiers;
they are not presented in the table. The combined schemes show an advantage over the ORC
schemes in LCOE and the efficiency simultaneously, which to be explained by a high share of the
cost of heat exchangers in the capital cost of the systems. Thbulistriof expenses between

system components is presenteétigure4l.

e et ORC

-~ Sag 34 ]
§ 250.00 T ~~~~~ =+ = ORCReg

~ o RS cs
2 - =] -~ = ~‘~~
S -~ - Seo
& S~ T = il . ~_~~~‘ = == sCSReg

-~ . Seao
& 200.00 S s 1
U o = X . e T
— =~ - i i £ B -~
150.00
60 65 70 75 80 85 90

Capacity Factor, %

Figure40. LCOE of four investigated schemas a function o€F.

[k$] . [k$] Generators, HEI
Turbine, 137.7 2. 1
Generators, B i
106.2 Compressor, 13.5%
8.9% 49.2 y
| & ondenser, > Evaporator,
274.4 5 HEI, Condenser, o
13.5% 161.8 385.5
Cooler+
Regenerator+ 9 Evaporator,
5 Pump+ 195.2 T —— ORC turbine,
e{,ggatzor, 83.6 2749
: ORC turbine,
166.3

Figure4l. Capital cost distribution between system components for CSI&gaOd ORC Reg (right)
optimised for CF=90x%.
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In Table29, the LCOE and system efficiency values are presented among other parameters
of the LCOEoptimised results. System efficiency is expectedly lower than in the case of efficiency
optimisation. Interestingly, the CS Reg system shows the best LCOE, havaygtira efficiency
practically equal to the CS o0ne.gysiFnotthe S RE syst
the scheme with higher efficiency (ORC Reg) has a better LCOE value. More than that, the ORC
Reg scheme has an LCOE minimum with the parameters close to the effiopimgl ones; the
efficiency is 0.36 absolute percent lower, wherbasfficiency of CS Reg lower at 194, having
a decrease from 12.48 to 11.09%. These variations are connected with the balance between
sizes of heat exchgers; hence, their costs and power production of the system. The values of
pinches of heat exchangers, whenteimplicitly connected with sizea smaller pinch giveshe
larger HE, are presentedTiable29. It can be noticed that all schemes besides the ORC Reg have
higher values of pinches than in the maximum efficiency case; this also correlates with the scheme
efficiency trend itself. Other parameters presentedahble 29 give more details of the system

operation, enabling to reproduce or compare the results.

Table29. Parameters of schemes LCORtimised for 90% CF.

Parameter ORC ORC Reg CS CS Reg
LCOE, $/MWt 181.0 169.8 166.0 159.5
Cap.cost, $/kw 1215 1140 1115 1065
||.| o wkW 141.3 154.1 152.8 152.9
b kW 118.2 132.9 134.7 134.8
Ly, % 9.73 10.94 11.08 11.09
) n/a n/a 2.87 2.90
||.4| KW n/a n/a 281.2 282.7
e n/a n/a 3.07 3.09
||.F, KW n/a n/a 213.6 215.2
MvExp 46.4 35.1 44.3 39.8
b o kW 141.3 154.1 85.2 85.4
”’IPO Dekd F KW 6.61 6.32 3.96 3.92
- 0. kPa 75.8 78.0 76.2 77.3
-t o Oao. kPa 2700 2687 2687 2687
O ag kKg/s 1.25 1.10 0.75 0.74
0. . kals 1.08 1.20 0.97 0.96
Alu. . 4C 28.0 28.5 28.0 28.3
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Table 29- Continuation

Parameter ORC ORC Reg CSs CS Reg
J||.o+fr 181.9 181.9 181.9 181.9
J||W-a.<>,fc 101.4 145.0 101.7 110.2
a FG:i-AC 101.4 59.8 101.7 71.6
J||B|8AC 5 40 6.3 11.2
4|-.€“8 6,3C 78.0 144.5 189.8 166.1
&y, 'C 19.6 16.6 30.6 29.2
T=o. kJ/ (K 10.81 10.83 10.03 10.89
&, 'C 5 5 5 5
=, kJ/ (K 78.06 70.83 46.9 44.72
Bregen 'C n/a 30.92 n/a 44.1
TS alm KI7( n/a 5.33 n/a 1.22
&, 'C 30 30 30 30
T=.. kJ/( 12.7 10.08 10.89 10.28
Eooler, 'C n/a n/a 15 15

<o k 3/ (DA n/a 3.1 3.31

Separate optimisation of such contradictory objective functions as efficiency and LCOE does
not provide clearness for the practical choice of the best system configuration. The desirable
maximum efficiency leads to the higher capital cost of the project@amsequently, higher LCOE.

The desirable low LCOE provided by lower capital cost, in turn, brings low efficiency. This
linkage is mainly driven by the cost of heat exchangers. Higher efficiency requires more complete
heat transfer between fluids that uees the larger surface of the equipment. Besides, the power
decrease caused by the smaller surface of heat exchangers leadietvéhe®f the generating
machinery capital cogollowing the used cost functions. The shares of the system components

within the overall project capital cost are depicte#igure4l.

This section presents the mudibjective optimisation of two mentioned objective functions
by showing the Paretfivont graphs for the system at three temperatures of exhaust: 470, 520, and
570°C Tamb= 20C, and CF= 90 % In Figure42, the Pareto fronts lay between colouceal

marks. The left orange one corresponds to the minimum LCOE point, and the green right mark is
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on the maximum efficiency point. Bladgkamed circles correspond to TOPSiftimal system

settings.

All three Pareto fronts have a similar convex shape with one relatively sharp change of the
slope in the middle. Upward the Parétont line from this middle point, the slower growth of the
efficiency is provided by faster growth of LCOE. In other wordsying to the right along the
Pareto fronts, slower positive change (growth of efficiency) is determined by the faster negative
change (growth of LCOE). Meanwhile, downward, the relatively significant positive change gives
minor negative change. As so, theea of the Pareto front folding can be recommended to the
potential decisiomrmaker as the most suitable. The conclusion of this primary analysis was checked
with a robust TOPSIS decisianaking methodology. The results of this approach correspond to
the preliminary conclusion, and the Pardtont folds mentioned above coincide with the point
calculated in TOPSIS. However, decisimakers may have their own objectives, different from
theTOPSISdefined; for this reasofrigure43 suggests an expanded decisioaking perspective
discussed in the next paragrapfisble 30 shows the main parameters of TORS[&imal
configurations and also the parameters of configurations corresponding to the boundary points of

the Pareto fronts.

- 3.50
190 \____,J |
— 180 - 3.00 S
2 170 \-\\\\ BDE g
o Y A
5160 \\\ ‘ 2.50 %
o i o
O 150 \ ‘- 2
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—=[==|PR|470C = =1 PR,520C PR, 570C
130 1.50
9 10 11 12 13 14

Efficiency, [%]

Figure42. Pareto front for LCOEefficiency pair and corresponding optimal inverse pressure ratio of the
IBC turbine

Besides the Pareto frontsigure 42 shows plots of the optimal turbine pressure ratio. By
observing these graphs together with power generation curves of IBC under different pressure
ratios Figure35), the correlation of the shapes of the curves may be noticed. Bends of the IBC
power curves under 2¢ ambient correspond to the curvatures on the Pareto front IBC pressure

ratio lines ofFigure42. It shows the agreement between overall system optimisation results and
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turbinecompressor unit sensitivity analysis under consideration of water condensation and

underlines the importance of this consideration for the optimisation tasks.

Table30. Optimal and recommended system parameters

Parameter 470°C  520°C 570C
System efficiency optimisation
d % 11.13 12.49 13.74
LCOE, $/MWh 191.5 172.7 156.8
Cap.cost, M$ 1.61 1.76 1.89
PR, - 1.93 1.97 2.11
QRvap, °C 15.0 15.0 15.0
LCOE optimisation
d % 9.63 11.43 10.9
LCOE, $/MWh 182.1 159.3 142.8
Cap.cost, M$ 1.33 1.49 1.37
PR, - 2.72 2.9 3.42
Qvap, C 30.4 19.3 63.5
TOPSIS-optimal configuration
d % 10.93 12.11 13.3
LCOE, $/MWh 185.3 162.4 146.1
Cap.cost, M$ 1.53 1.61 1.70
PR, - 2.20 2.53 2.71
Ovap, °C 15.0 15.1 15.0

In Figure43, the Pareto fronts presentedrigure42 are supplemented with an additional
segment on the left from the minimal LCOE mark. The points of this extra part are close to the

weakly Pareteront solutions, and for the 570 exhaust, it could be considered as weakly Pareto

opti mal within the

Pareteoptimal, system configurations presented on this line may be of interest for the decision

accuracy

of

NO. 06

%.

Al

maker, due to dditional assessment critario be used. Project capital cost may serve as this

criterion. Hereupon, the second axisFijure 43 corresponds to the capital cost of the projects

presented at the lines of Parétonts and their nofPareteoptimal supplements. From the graph,
one may find a project for certain, initially available assets. For instance, for the exhaust

temperature 0520“C and available 1.3 M$, the system with an efficiency equal & 19giving

approximately the same investment result of about 160 $/MWh LCOE as the system wit%h11.43
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efficiency. In other words, if available initial investments are limited, the configurations with lower
power capacity (due to the lower system efficiency) and slightly higher LCOE but the lower capital

cost may also get a positive assessment.
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Figure43. Pareto front for the LCOEfficiency pair and correspondisgstemcapital cost

4.6 Conclusions

This study investigated a combination of thermodynamic cycles: inverted Brayton cycle and
organic Rankine cycle IBORC) , whi ch, to the best of the
studied systematically. As a bright example of its application as a \8fldem, heawduty
internal combustion engines were chosenugsto a certain capacity, their nominal exhaust
temperature is sufficiently high. The suggested combined scheme was studied in two
configurations: with regenerative ORC (CS Reg), and with@emeration (CS), for the number
of temperatures in the range 4300 “C with the temperature considered as nominal equal to
520°C. As a benchmark for these schemes, a conventional ORC was considered, also in two

configurations: regenerative (ORC Reg) and-negenerative (ORC).

The comparison of three common ORC working fluids of different critical temperature
levels: R245fa, pentane, and toluene, has shown pentane as a better working fluid for the studied
nominal case. Pentane has demonstrated an advantage in system effio@eicyimitations
adopted from literature, which enables considering not only thermodynamics but the technical
restrictions as well.

The results of the optimization were followed by a sensitivity analysis on ambient
temperature, system capacity factor, and main assumed model parameters.

Finally, two-parameter optimization revealed recommendations on system parameters for

the tradeoff between system efficiency and investment parameters of the combined cycle system.
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1)

2)

3)

4)

5)

6)

The outcome of the work can be listed as follows:

The analysis of IBC system behaviour has revealed a remarkabixtweoma dependence

of generated power from the pressure ratio caused by water condensation occurring before
the IBCcompressor.

Efficiency optimisation has shown around %0advantage of CS Reg over the ORC Reg
with absolute values equal to 12%Pand 11.3% correspondingly. This relative difference
grows with the increase of turbine inlet temperature. At the same time, the onpafr

the LCOEoptimised scheme also demonstrates the/6 @or capacity factor equals 0.9)
advantage of the CS Reg scheme but on the lower level of efficiency (p¥@9CS Reg
versus 10.94% for ORC Reg). The obtained value of LCOE for CS Reg &§adsp/MWh

versus 169.8 $/MWh for ORC Reg. i$hcan be explained by the major role of heat
exchangers in capital cost formatim comparsonwith the cost of machines.

Sensitivity analysis has shown that obtained values are considerably affected by the
parameters of components, especially, by efficiencies of turbomachinery for both compared
systems.

The scheme has been modelled under different reference ambient temperatures, showing a
30 % reduction of electric system efficiency (from 14.6% to 10.3%) with the increase of
ambient temperature from 5 to 45. The dependence is affected by water condensation
occurring in the zone of minimal temperature and pressure in the duct of the inverted Brayton
cycle. For a number of ambient temperatures, the condensation effect causagpacabn
two-maxima profile mationed above. From the optimization perspaxtithis specificity
changes the behaviour of the objective function.

The optimal distribution of the IBC and ORC generated power also changes with the ambient
temperature, starting from 4% share of IBC at &C, ending up with 32.56 for 35°C, as

with lowering of this parameter, IBC improves performance more intensively than ORC.
The Pareto fronts plotted for the proposed system at the capacity factor &fLiditentify

the tradeoff between the electric efficiency and levelized cost of energy (LCOE) under three
temperatures of the incoming exhaust gas (470, 520°G7®ased on these results and
using TOPSIS decisiemaking methodology, a recommended set of system parameters was
formulated. For instance, for the 52 exhaust temperature, the recommended
configuration has 12.11 % system electric efficiency with the LCOHE ¢gu#&2.4 $/MWh

and 1.6 M$ capital cost, whereas the maximal achievable efficiency equals 12.49 %, and
minimal LCOE is 159.5 $/MWh. However, in the casehd initial investment shortage,
configurations out of the Pareto fronts may be chosen as they correspond to projects with a
lower capital cost. For example, for 5¥Dexhaust temperature, the LCOE may be equal to
160 $/MWh, the system efficiency about 10 %, ttnet capital cost equals 1.3 M$.
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CHAPTERS. PROSPECTS, CONCLUSIONS AND FUTURE
WORK

5.1 Conclusions

As the analysis of the research background has revealed, there is room for improvement of
the inverted Brayton cycle (IBC) technology, targeting the sswale hightemperature heat

utilization, to reach results suitable for the industry both techniaatiiyeconomically.

Thepresenteavork explored the potential of the IBC for waste heat recovery (WHR) in two
poorly studied onfigurations, comparing them withe basic configuration and main competing
technologies. One is the configuration where the LNG fuel regasification is utilized to provide
better efficiency of the cycle. The second is the combination of IBC thvtlorganic Rankine
cycle. Both facilities are applied as bottoming systems for reciprocating dCdifferent size

and purpose

In the study ofthe IBC application as th&/HR system for an LNGueled truck
(CHAPTERS3), two system configurationsereconsideredone using engine coolant for exhaust
gas temperature reduction after the IBC turbine, and the other utilizing LNG phase change for
cooling. The operation of the system during different driving phases of the truck was analyzed,

and various technical and@aomic parameters were taken into account.

The analysis showed that the fuel economy varied for different driving modes, emphasizing
the importance of considering the specific driving cycle of the truck when determining the optimal
system size. The maximum fuel economy achieved was approxima2etp 1or the 'noLNG'
configuration and 2.3 % for the LNG configuration, demonstrating almostdldsuperiorityof
the last. These results were obtained for the #4 case, corresponding to a nominal flow rate of
788kg/h (the studied engine has a maximurhast flow rate equal to 1300 kg/h), for both

configurations.

At the same time, among all cases and configurationsaewith 591 kg/h nominal flow
rate (case #3) of the 'light' version of the 'LNG' configuration demonstrated the most favourable
economic outcome, with the lowest payback period of 1285 thoudanuekies of truck operation
or roughly 8.9 years of truck expl oidoldNGIG on at
configuration with the same fuel priceisanfl ar payback period (1588
version of the #3 case, whicha 23.4 % worse result thaheone of t he OLNGO <co
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Although the #4 case may be superior from the maximal power standpoint, its slightly higher

payback period, coupled with larger initial investments, did not justify its recommendation.

The sensitivity analysis on LNG prices indicated that a payback time below five years (725
th.km) in the bestase scenario would only be feasible if the LNG price exceedé&di2l k g .
Although the fiveyear benchmark could be doubted, the Discussion section is concluded with
positive expectations of the IBC system implemented for this condition with a number of further

guestions to be answered to support the confidence.

Overall, findings suggest that implementing the IBC system in{fddBed trucks with LNG
regasification used for cooling before the IBC compressor can give certain economic benefits.
Additionally, the sensitivity analysis on LNG prickas showrthat the payback time for such a
project could be within a feasible range in conditions of highgtieés

With anintention toimprovefurtherIBC results, an advanced scheawoenbining IBC with
organic Rankine cycle (ORC) was investigated (CHAPTER 4). This part of the resdantisesl
on the potential application of the combined EBRC system as a WHR solution f@heavy
duty stdionary powergenerating engine The study explored two configurations: with
regenerative ORC (CS Reg) and with wregenerative ORC (CS). Beforehand, different ORC
working fluids were compared, with pentane emerging as the prdfehoice due to its superior
thermodynamic efficiency with adherence to technical constraints.

Comparing the two system configurations, the CS Reg system exhibited a significant 10 %
performance advantage over the ORC Reg system, with respective efficiency values of 12.49 %
and 11.3 %. This efficiency difference became more pronounced at higharetuntet
temperatures. When considering the levelized cost of electricity (LCOE), the CS Reg system
demonstrated a 6.4 % cost advantage, albeit with slightly lower efficiency compared to the
ORCReg system.

A sensitivity analysis was conducted to evaluate the influence of component parameters and
ambient temperature on system performance. Turbomachinery efficiencies were found to have a
substantial effect on overall system performance for both the CS Ré&Rah&eg configurations.
Moreover, variations in ambient temperature significantly affected system efficiency, with a 30%

reduction observed in electric system efficiency as the ambient temperature increased from 5 to
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35 A CAdditionally, the optimal power distribution between the IBC and ORC components varied

with changes in ambient temperature.

Using Pareto fronts and TOPSIS decisinaking methodology, the study assessed the
tradeoff between electric efficiency and the levelized cost of energy (LCOE) for different exhaust
gas temperatures. Based on the results, recommended system parametetentiéed for an
exhaust temperature of 528 C achieving an electric efficiency of 12.11%, an LCOE of
162.4$/MWh, and a capital cost of 1.6 M$. The analysis also determined the maximum achievable

efficiency and minimum LCOE values.

Overall, thestudy underscored the potential of the combined 4BRC system for waste
heat recovery in stationary powgenerating engines. It provided valuable insights into system
performance, optimization, and the impact of various factors on efficiency and economics.
Although the efficiency of turbomachinery is crucial in affecting the overall system efficiency, the
minimum (and possibly downgrading) recommendation for technology use is to apply cheap
standard turbomachinery components of turbochargerbuilding the IBC system around the
ORC facility. This approach at least helps to minimize the negative impact of backpressure from

the ORC heat exchanger on the primary engine.

The ®onducted study of these two advanced systems based on the IBC revealed their
technical and economic superiority over the baseline technical systems, rg@wialiyectiors for

future research.

For both IBCbased systems#he applied methodology isomplete and authentic, enabling
the system calculation and optimization without manual operations, although utilizing empirical
dependenes. In particular, the methodology considers the operation schedule of the primary
energy source and the part load of the studied systems. Overall, it could be suggested for the

research of other authors.

5.2 Futureworks

Further studies in the framework of the he#énck onboard application are to be directed
towards the analysis of the 6joint component
production, and technical feasibility of heat exchangers. As fortémmative prospect application,
the marine application should bealyzedas small and middle tonnagieips operation schedule,
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engineexhaust gas temperature and conditions of cooling mak@&@eotential promising for

this application.

Additionally, from an economic standpoint, a simplified configuration utilizing only LNG
forcod i ng mi ght be i nt er e s tHigaregdd).(Thisconfiguratibh@dtailes o n f i ¢
utilizing only a portion of the exhaust gas flow, as employing the entire flow would result in
inappropriately low or even negative power output due to insufficient gas cooling before the
compressor. In essence, the LNG dieddio regasification and then combustion is insufficient to
adequately cool the entire resndf exhaust gas stream. Asresult of the partial usage of the
exhaust gas, the power output of the IBC system in this configuration would be lower compared
to a system utilizing the entire gas flow. However, the economic result might be better, due to the
elimination of one heat ekanger, reducing system complexity and cost. Therefore, the simplified
configuration might béhe subject of future studies with thesearch focus on finding the optimal

flow rate reduction, as well as the optimal degree of cooling before the compressor.

on
- : 8
compressor : °
HE2 P : g
gas — LNG L 1 4 o g
\3' : S 8
' o wm
: =)
: m @«
o y
3+ 8
o,
5 |
i| truck
‘| engine
/! S 1]
2 i E

Figure4dd. 6 On | y EbAs€dBWHR BoGfiguration

As for the combined IBEORC configuration, there are seveuditections for further
improvementFigure45 andFigure46 show the novel schemes for the combined-IBRC
potentially providing higher efficiency for the cycle. Preliminary Aspen Hysys stadyshown
anefficiency of 14.3% for the scheme with thréw HE (Figure45) with pentane working fluid
for ORC while the original scheme studied IHERPTER 4 demonstrateanefficiency of 12.5 %.
The scheme with th@ual loop thermabil circuit (Figure46) has revealed higher efficiency with
the different ORC working fluig: a mixture of cyclopentane and butane in 2:3 proportion. It
reveals the second direction of the efficiency growth for the cycle besides advancing the

configuration, which isthe simultaneous selection of the fluid optimal for the particular
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configuration. Both directions require further study, particularly the presented values for the novel
schemes require stricter assessment. Besides, as it was shown in both Chapters, the highest
efficiency does not mean the best economic outcomes, so dgested schemes also require

economic assessment.

=
o
L 72}
= HEAT 2
= |
s :
= P < patm S
| 5 24 3 [cooler| 4| ‘ Shaft Power
HE1 L — I3
Hot gas in I.,_
Thermal-oil S~
Iggp Econ
Evap. J 6
d \J
c
Cold gas out

-;

Shaft Power i @

HEAT

Condenser

Figure45. Novel IBC-ORC scheme with trefow heat exchanger

/ P
v 2
£ g
ﬁ P <patm * ‘l E Sh ftP
T 2 2a L Cooler| 4| U yr rower
)
HE1-1 HE1-2[ 15
Hot gas in b D R I ~

HE-

loop

| Evap2 |, Evapl 6
d

CF

Thermal-oil I— T-0 loop?2 )

[

Cold gas out

1 Condenser

Shaft Power 1 i
HEAT

Figure46. Novel IBC-ORC scheme witdual laop thermaloil circuit

114



5.3 Market prospects of IBC as a WHR technology

To finalizethedrawingof prospects of the facilities based on IBC in its WHR application, a
brief potential markets overview is presented below, showing a depiction of four potential end

users for the technology.

I. Small power generation stations

Small power generation might be associated whéhdevelopment oflistributed power
generation trending all over the world in the last few decHdd$3 (Melnikov, 2018) As a market

perspective fothe IBC heatutilizing facility, the following main actors might be listed:

A Industrial plants;

A Oil extraction stations with the associated-ased generation;

A Townhase areas.

Power plants afemote villages might be added to this list butgboample, in Russia, where

such poweconsumers are many, their financing model and lack of qualified personnel make this
market doubtful for the technology application. As for the otherummds listed above, their
motivation might be in need of additional electric power. At the same tiree,business model
is entirely suitable for such a generating facility upgrade. The additional power demand may be
driven by an expanding enterprise capacity, risgsgdential energy consumption, or new business

prospects related to selling electricity to the grédpractice incentivized by existing policies.

In this market segmenthére are two basic technologies of interest:fgad reciprocating
ICEs andsmall powergas turbines. Diesel and gasoline engines have second poiecayse of
theirmore polluted exhaust

Russian market

The estimate ofhe total installed capacity of gaswered reciprocating ICEs in 2020 is
around 6 GWrom 825 power generatingtations[137] (Petrushchenkov (2020)Jhe average
capacity of the engines was 1.5 MW in 2018 according to public sources.

European market in comparison with a Russian one

One contrasting feature of Russian and European markets to be ribtadifferent system

targets. Russian generating facilities aim for electric power and Eurogesat production.

A rough assessment tifenumber ofgenerating unitsn Europe providea value between
15 and 20 thousand units of different capacity in 2[1BB]. More upto-date ad reliable data
was not found.
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Il. Gas pumping (compressor) stations

In the case of standalone stations, their interest is not high as their first need is cathode
protection of metal constructions along the pipeline, not additional power production, especially
considering that theyre usel for selfpowering with the cheapest gas possibla. case of
thepresence of any residential sector or industrial facilities nearby, the interest isasigiedl as
in thecase of the gridonnected stations. However, it is not clear if the business model of these
objects stimulates the commercial interest for this kind ofeamarked activity. In case of
additional internal consumption nearby, like local service or company reseates, the interest
may be the highest.

Russian market

Amount of gaspumping stations excee@50 in Russia with about 4000 gamping gas
turbine unitsof a capacity from 6 to 32 MW139] (Alifirova, 2021), [140]. 80 %of them are gas
turbineg[141] (Rudachenko, 2011Yhe distribution of the capacities was not found, so it requires
further study of the segment. Nevertheless, gas turbines of smaller sizes are the majority of this
turbine fleet[141].

European market
Amount of gagpumping stations excee®50 according to the data of 2013 for main

European countrield42] (Campana, 2013)ith over 20thousands ofompressors and pressure

reduction stations overdtL43].

[ll. Heavy-duty transport truck reciprocating ICE

Heavytrucks might be considered agotential market for the studied facilities, although
the results reported ICTHAPTER 3. STANDALONE IBC FOR HEAVY-DUTY TRUCK
WASTE HEAT RECOVERYunderline a threshold of LNG prices thie economic attractiveness
of the studied system. Besides,&dmor e advantageous OLNGO6 confi gu
fueledby LNG but not CNG, which cannot provide additional cooling. It makes analysis of this

market segment less certain, as the differentiatioftés missing in reports.
Russianmarket

Statistics orthe Russian markethow that in 2022 there were over 280 gasfueled heavy
trucks [144], and as the distribution between LNG and CNG trucks is equal to [3.44],

thenumber of LNGfueled trucks exceeds D®0.
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European market

Based on the report of the European CommisgidBg], the number of LNGueled N2/N3
trucks is over 9,500 (and over 24,000 G@led), and the market continues to grow. Leaders
the LNG infrastructureare Italy and Germany with over 1,400 and 800 Lflfthg stations
respectively. The third place is held by the Czech Republic with over 200 stations.

Chinese market

According to Smajla(2018)[146], the most actively developing market of LNG&led
trucks is the Chinese one with over ZBID trucks and 3000 filling stations in 2017, avith the
official planto quadrupé thenumberof stations by 2020.

I\V. Marine reciprocating drive engines

The maritime sector worldwide is increasingly undergoing stringent emissions regulations,
so reduced fuel consumption for a given power, as well as the need for additional power for new

facilities onboard, are of high interest
Russianmarket

There arel2.5thousandnedium and large cargo and passenger vesktis river typeand
vessels of mixed type. The Russian transport maritimeifleebund 825 vessels and 93 maritime

passenger shi$47].
European market

European companies own about 39% of the Werderchant fleet, which is 118,928

merchant vessels, and oV thousandhips of medium siz&* # 8ditable for the consideration
of IBC heat utilisation unit to be install¢48].

This brief market overview shovike potential implementation scope of the studied cycle,
which could find its place in the actively growing market of distributed power generation and
LNG-fueledtransportation. Although the competition with other technologies is expected to be
strict, as the studied solution did not show outstanding advantages over competing technologies
unless further studies suggested above will draw new perspectives fartthelogy.

AAAQross tonnage between 500 anddPB grt (gross registered tonnage)
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Appendix A Coefficients forEquation(29)

Table31 Coefficients of the polynomial of the Equati{29) for the case #2 system

Coeff. Poo P1o Po1 P20 P11 Po2 P21
Value 8.821e2 -3.782¢e4 -4.29e3 3.89e07 1.50e05 4.12e6 -5.71e9

Confidence | (-0.8492, (-4.216e3, (-2.436e2, (-3.469e6, (-6.603e5, (-1.125e4, -8.679e8,
bounds 95%| 1.026)  3.46e3) 1.578e2) 4.246e6) 9.596e5) 1.207e4)  7.537e8)

P12 Pos P22 P13 Poa P23 P14 Pos

-6.84e8 -1.34e9 5.67ell  2.70el0 -1.06el0 1.82e13 -8.17el3 4.39el3

(-5.148e7, (-2.461e7, (-3.839el0, (-4.466€10, (-4.195e10, (-4.7e13, (-1.16el2, (2.057el3,
3.779e7) 2.434e7) 4.974e10) 9.858e10) 2.078e10) 8.333e13) -4.741el3) 6.72e13)
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AppendixB. Electric generator weight and cost assessment

An €ectric generator is a very similar type of equipmeant &n electric motor
manufacturingwise, so the trends of price and weight from capacity were consithersaime for
them. Therefore, as exampleistbese trends, two industrial catalogues of electric mdtars
beenstudied.[149] gives list prices for HINDUSTAN IE2 electric motors in rupee, actual for
December 2018, converted to US dollar, 2018, using available ha#tdata [150]. [151]

represents Taco IE2 electric motors, providing data for their weights for electric motors of close
values of rotation speed.

Table32 shows the numerical data for these figures.
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Table32. Weight and price of generator series

Power, kW | Weight, kg | List price, $
0.18 n.d. 60.5
0.25 n.d. 66.6
0.55 n.d. 91.2
0.75 17.0 94.0
1.1 195 101.5
15 24.5 117.5
2.2 28.0 150.9
3.0 37.6 n.d.
4.0 49.0 n.d.
5.5 68.0 319.4
7.5 72.5 347.0
11.0 110.0 602.6
15.0 120.0 647.9
18.5 137.0 832.5
30.0 276.0 1373.3
45.0 333.0 2145.7
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Appendix C Cost assessmeat the pate-andframe andshell-andtubeHE

Approximations of the cost of the plaae-frame HE in dependence fromeAbasedon
Figure3 of the work ofHewitt & Pugh (2007]96] have the following form

(53
log(C.e) =cG 10g(Aq) c& logbA Y cf tog( AD) ¢
Table33. Coefficients for Equatio(b0)
CQ cC cC CCs Max relative | Applicable
error, % range Aei, Mm?

Boiling/conde | 25289 | -0.3425 | 0.0577 |-0.0007 | 3.1

nsing  cases
(HE2)

Other cases 2.3682 | -0.4314 |0.0807 |-0.0073 |3.3
(HE1)

Approximation of the proportion between the cost of ptatdframe and shelindtube
types of HE in dependence fromsfased orFigure4 of the work oHewitt & Pugh (2007]96]

have the following form:

(54
b=bb @’ by AO bb+y @
Table34. Coefficients for Equatio(b4)
bhy bb, bb, bbs Max relative | Applicable
error, % range Aerr, M?

Boiling 0.1931 |0.0394 -0.0005 |0 0.1 2-120
water/condensing
steam (HE1)

Boiling 0.1026 |0.1169 -0.0099 |0.0004 2.69E06 1-12
organic/condensing
steam (HE2)
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Appendix D Assessmertf the $iell-antube HEweight

Table35. Summary from a product t ec|[hO2]i forsHelladat al ogu
tube HE

HE heat flow, kW 21.0 40.2 78.6 1244 | 252.4 | 360.5 | 4315 | 750.0
HE weight, kg 29 40 66 100 180 230 263 340
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Appendix E. Distribution of operation points for the systems of different
nominal sizes for three operation modes ofEA€ cycle
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AppendixF. LNG price statistics

Using the data from the Internet archiviéps://web.archive.orgthe historical data of the

LNG prices were collected frofd52] for Italy and from[153] for GermanyFigure54 shows the

price trends, an@lable36 contains the corresponding values.
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Figure54. LNG prices in Italy and Germany from February 2018une2024
Table36. LNG prices in Italy and Germany

Date LNG price, Italy, 0 / k Date LNG price, Germany, U / k ¢
Apr.19 1.01 Feb.18 1.05
Apr.20 0.99 Oct.20 0.83
Oct.20 0.96 Jan.21 0.882
Aug.20 0.99 Apr.21 0.953
Feb.21 0.99 Jun.21 1.069
Jun.21 0.99 Sep.21 1.349
Sep.21 1.06 Jan.22 2.40
Jan.22 1.84 Jun.22 2.08
Feb.22 1.79 Sep.22 4.34
Mar.22 1.91 Feb.23 1.72
Mar.22 2.25 May.23 1.42
Aug.22 2.41 Aug.23 1.25
Sep.22 2.92 Sep23 1.33
Nov.22 2.19 Mar. 24 1.38
Feb.23 2.03 Jun. 24 1.37
Apr.23 1.70

Aug.23 1.43

Oct.23 1.47

Jan.24 1.46

May.24 1.33
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Appendix G Coefficientsfor the module costing technique equation

Table37. Coefficients for the components cost functions.

Component Function K, B, C1 Fawm
argument Ko B> C
Ks Cs
IBC Turbine P (kW) 2.2476 T T 3.5
Turton (2008) [91]: 1.4965 i i
radial turbine -0.1618 T
$ 2001
ORC expander P(kw) 2.2476 T T 3.5
Turton (2008) [91]: 1.4965 i i
radial turbine 10.1618 T
$ 2001
Compressor P (kW) L
Calise (2007)[128]: . " N
radial compressor Oem = 91562Pcom445)70.67
a 2003
HE-1 A (m?) 4.3247 1.63 1.81 F=1.25 i
Turton (2008) [91]: 710.303 1.66
fixed tube 0.1634
$ 2001
Condenser Heat " 0.96 1.81 |
Lemmens (2016 flow (k O 88 5 1.21 F =195
[127] W) pCom Ao 8 P
$ 2000 LTt
Evaporator A (m?) 4.2768 1.63 1.81 0.03881 |
Turton (2008) [91]: 10.0495 1.66 10.11272
bayonet 0.1431 0.08183
$ 2001
Cooler A (m?) 2.7652 1.74 1.81 F=1.25 i
Turton (2008) [91]: 0.7282 1.55
air cooled 0.0783
$ 2001

140



Component Function K; B Fu C =

argument K, B> C
Ks Cs

ORC pump P (kw) 3.3892 1.89 1.6 10.3935 |
Turton (2008) [91]: 0.0536 1.35 0.3957
centrifugal pump 0.1538 10.00226
$ 2001
Oil pump P (kw) 3.3892 1.89 1.6 10.3935 |
Turton (2008) [91]: 0.0536 1.35 0.3957
centrifugal pump 0.1538 10.00226
$ 2001
Regenerator A (m?) 2.7652 1.74 1.81 F=1.25 (for
Turton (2008) [91]: 0.7282 1.55 subatmosphet
air cooled 0.0783 ¢ conditions)
$ 2001

Electrical generator P(kwW) Cy=1, 850, 00Q°##( P/ 11, 800) 1.5

Lemmens (2016)127] Power factot¥ ¥ 9.2

a 1993

Separator & (m¥h) Constant value based on tiype of separator, volumetri
Garrett (2012)129] flow rate and material (equal to 23.0 k$)

$ 1997

¥y ¥ pdwer factor stands for the additional capacity of a generator above the nominal value of the prime mover
power
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