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ARTICLE INFO ABSTRACT

Many practical cases with waste heat recovery potential such as exhaust gases of reciprocating engines, cement
kilns or heat-treating furnaces, are nowadays often integrated with organic Rankine cycle to convert waste heat
to the mechanical power. However, when dealing with high-temperature waste heat, organic Rankine cycle faces
efficiency limit due to the physical properties of the working and thermal fluids. That gives room for further
enhancement of the waste heat recovery technologies via the investigation of different non-conventional
schemes as one of the possible ways. In the present work, a system introducing the combined inverted Brayton
plus organic Rankine cycle is under investigation. Aspen Hysys models of both conventional organic Rankine
cycle and combined cycle were designed, orienting on waste heat recovery from the heavy-load gas-fueled
reciprocating engine exhaust. In this way, the performance of the combined scheme was benchmarked versus the
conventional organic Rankine cycle. An assessment of the organic Rankine cycle working fluids was provided,
and pentane has shown the best thermodynamic performance. The study on inverted Brayton cycle defined the
remarkable effect of the water condensation in the gas duct on the inverted Brayton cycle performance. Finally,
both thermodynamic and economic optimizations of the models were conducted, setting the stage for the
comparison of solutions. Results have shown the 10% advantage of the combined scheme over organic Rankine
cycle in generated power and system efficiency. The levelized-cost-of-energy-based optimization for variable
capacity factors has highlighted above 6% advantage of the investigated solution. The analysis of the sensitivity
from machines’ efficiencies and heat exchangers’ pinches has shown that with some sets of parameters, the
studied scheme may concede to the organic Rankine cycle.
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1. Introduction cycle, Thermoelectric generators (TEG), and other solutions and their

combinations, which are less studied in the scientific literature. Some of

The general trend of developed countries for decarbonization of
economy and pollution reduction continues increasing the pressure on
industry expressed in the growth of carbon dioxide (CO,, taxation and
strengthening regulations. Federal Energy Management Program in the
USA [1], Climate Change Agreement in the United Kingdom [2], not to
say, Paris agreement [3] set the direction of this trend and prescribe the
tightening changes. This economic pressure and targeted investment
became a driver for many new technical fields. One of them is waste
heat recovery (WHR) for power generation and technological processes.

Reach variety of technologies for WHR was scientifically studied:
steam Rankine cycle (SRC), organic Rankine cycle (ORC), organic Flash
cycle (OFC), conventional and inverted Brayton cycle (IBC), super-
critical and transcritical CO, (sCO, and tCO,), Kalina cycle, Stirling
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these technologies have already been applied in industrial practice. The
description and analysis of the majority of WHR technologies can be
found in the work of Jouhara (2018) [4]. Lecompte (2015) [5] has
reviewed the recent studies of ORC, which were conducted in the last
years for different areas of application, working fluids, and heat source
temperatures. For the on-road engines, ORC for the WHR was observed
by Lion (2017) [6]. Application of ORC for WHR from technological
processes was studied by Campana (2013) [7], who estimated the po-
tential of the large-scale realization of this technology in 20 000 GWh/
year of recovered thermal energy and 7.6 Mton of non-produced CO».
sCO, and tCO,, were investigated in several works, e.g., Wang X. (2016)
[8] or Marchionni (2018) [9]. Ref. [8] has compared tCO, and ORC for
the WHR from primary sCO, cycle, concluding that for a range of
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Nomenclature

D diameter, m

H enthalpy, J/kg

P pressure, Bar

P power, kKW

q heat flow, kW

r discount rate, %

Iy volume ratio, —

Re Reynolds number

v velocity, m/s

n efficiency, %

u dynamic viscosity, Pa X s
4 pressure ratio, —

:rc’ inverse pressure ratio, —
p density, kg/m?>

Subscripts

amb ambient

av available

BC refer to BC

b.c. base conditions

BM bare module

C refer to the Compressor
Con refer to the Condenser of the ORC
cond condensation

cr critical

evap evaporation

Ev refer to the Evaporator
Exp refer to the Expander of the ORC
g gas (exhaust gas from the primary engine)
gen refer to generator

gross gross parameter

IBC refer to IBC

in inlet

is isentropic

net net parameter

out outlet

s.h. superheating

T refer to the Turbine of the IBC
™ total module

w.f. working fluid

w.h. waste heat

Abbreviations

BC Brayton cycle

BSFC brake specific fuel consumption [g/(kWh)]
CS combined scheme (IBC plus ORC)
CS Reg  CS with regenerative ORC

HE heat exchanger

IBC inverted Brayton cycle

KC Kalina cycle

LCOE levelized cost of energy [$/MWh]
MCT module costing technique

n/a not applicable

OFC organic flash cycle

ORC organic Rankine cycle

ORC Reg regenerative ORC

R&D research and development
sCO, supercritical CO, cycle

SRC steam Rankine cycle

tCO, transcritical CO; cycle

TEG thermoelectric generator

TIT turbine inlet temperature

TOL thermal oil loop

TRC trilateral Rankine cycle

parameters tCO, is preferable than ORC; however, the second law ef-
ficiency is comparable, and the total product unit cost is slightly better
for the combination of sCO, with ORC. Ref. [9] has studied eight dif-
ferent configurations of sCO, for various high-temperature WHR ap-
plications, with the total cycle efficiency varying from 20 to 27.5%
approximately, and LCOE around 100 $/MW for the temperature cor-
responding to the nominal case of the present work. Yari (2015) [10]
compared Kalina cycle with ORC and its transformed version, so-called
trilateral Rankine cycle (TRC) characterized by triangle shape of T-S
diagram due to the expansion initialized from the saturation line. The
authors concluded that although ORC is losing TRC in maximum op-
timal obtained power (from 14 to 35 percent difference depending on
the assumed expander efficiency) but TRC superiority in optimized
system product cost depends on expander efficiency differently (from
3% lower values to 10% higher). KC has lost both in power and cost
optimizations. Finally, the authors concluded that ORC is the best op-
tion for low-temperature heat utilization. Interestingly, these conclu-
sions are less favorable for TRC than the results of the earlier works
about TRC, e.g. of Fischer (2011) [11]. Later, Nemati (2017) [12]
compared KC with ORC specifically for the WHR, reporting 22.5% su-
periority of the ORC over KC in generated power. IBC is a technology
which has not found a strong field of application yet; however, it has a
potential for high-temperature cases (Bianchi 2011 [13]). This tech-
nology will be discussed below in more details. At the same time, the
application of conventional Brayton cycle for WHR is a rare case.
However, it was just recently studied by Nader (2018) [14] who re-
ported 5.5% to 7% fuel economy for the intercooled configuration in
comparison with the base case. OFC technology is a relatively new field
of study and discussed in few works. E.g., Lee (2016) [15] compared

OFC in two configurations with ORC, concluding the advantage in
produced net power of the OFC with two-phase expander over ORC for
the evaporation temperature below 110 °C. Baccioli (2017) [16] de-
fined a new architecture to reduce OFC equipment cost for the tem-
perature of heat source in the range 80-170 °C. The Stirling cycle for
WHR was not so comprehensively investigated (e.g., reviewed by Wang
K. (2016) [17]). Both OFC and Stirling are reported as having a good
prospect but facing specific engineering problems of certain compo-
nents, that is why they do not have sufficient practical validation. Usage
of the non-mechanical ways of energy harvesting for WHR purpose has
also been studied (e.g., Zhang Y. (2015) [18]) (The results have shown
that this solution is suitable only for specific cases due to the essential
limitations of efficiency and heat transfer parameters (Jouhara (2018)
[4]). However, Jouhara expects sufficient growth of the efficiency of
TEGs in the nearest future. This small overview shows that a lot of
various WHR technologies are under the intent attention of the scien-
tific community. At the same time, ORC holds the leading position as
one of the most efficient, reliable, and cost-effective solutions for
temperatures below 400 °C.

On the other hand, the study of reviews and dedicated technical
papers mentioned above has shown that in the range of exhaust tem-
perature between 400 °C and 650 °C there is a gap in available, efficient
WHR technologies as ORC has specific limitations on reaching higher
efficiencies for the higher temperatures. Summarizing the large scope of
researches in the field of WHR generating facilities based on ORC,
Lecompte (2015) [5] has studied a group of works dedicated to the
high-temperature ORC: in the range of about 250-400 °C; this is a low-
middle temperature waste heat according to Zhai (2016) [19] classifi-
cation. Two main factors govern the upper boundary of this
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temperature range. One is the physical properties of available organic
fluids suitable for this purpose with attention to the critical tempera-
ture, temperatures of stability, flammability, and condensation pres-
sure. Another one, driven by operational requirements from the be-
ginning, is the practical infeasibility of the schemes without an
intermediate thermal oil loop (TOL) (Shi (2018) [20]). The maximum
working temperature of found thermal oil is below 400 °C (e.g., Ther-
minol VP-1 [21]). Thus, the connection between efficiency and max-
imum temperature of a thermodynamic cycle reveals the incomplete
use of heat potential when ORC utilizes the exhaust with the tem-
perature above 400 °C. Bianchi (2011) [13] derives the work with a
similar conclusion.

However, studies show that many industrial processes and engines
release energy flows to the atmosphere at a higher temperature. Heat
treating furnaces for a range of materials, drying and baking ovens,
cement kilns, and also gas turbines and reciprocating engines produce
exhaust gases at temperatures from 400 °C to 650 °C. Table 1 represents
the summary of the sources in the temperature range of interest for this
study. For the United States, the total heat (referenced to 25 °C) con-
taining in industrial waste flows at medium temperature (230-650 °C)
exceed 132:10° kWh/year ([22]) that can be converted to more than
19.8-10° kWh/year of electrical energy assuming the average efficiency
of conversion equal to 15%. This number, which exceeds 0.5% of total
annual US electricity consumption [23], show sufficient prospects for
the utilization technologies specially sharpened to this temperature
range. As the temperature limitation for the ORC, discussed in the
previous paragraph, equals to 400 °C, this work has a focus on the
temperature range from 400 °C to 650 °C.

Among all sources of waste heat, the power-generating engines re-
quire separate attention. In opposite with technological facilities, their
primary purpose is power production. It means that the appearance of
additional power capacity does not brings changes neither to the
business neither technical process. The same arguments are generally
correct for the vehicle engines and other prime movers like gas turbines
of gas compressor stations. In the authors’ opinion, this is the main
reason for the essential interest of the R&D and scientists to the topic of
WHR in this area. Optimizations and techno-economic assessments of
ORC for WHR after different kinds of engines are widespread in sci-
entific literature and public industrial reports. Examples of detailed
studies of such cases are reported in the study of Lion (2017) [6] and
Sprouse (2013) [32], both reviewed and studied not only thermo-
dynamics and economics but also the part-load under typical operation
schedule for a heavy-load truck. In the review, Lion [6] reports ORC as
the most applicable technology for this purpose with achievable fuel
economy up to 10% at full load. Sprouse [32] has a similar conclusion
of the review, also underlining that there is no ideal working medium
optimal for all cases. In the work of Yue (2014) [33], the influence of
the ORC integration to the performance of 2 MW Diesel engine was
studied. The results showed that not only the efficiency of the ORC
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module but the corresponding efficiency drop of the topping cycle ap-
pearing due to backpressure growth should be considered. Xu (2019)
[34] also has noted the importance of this factor.

IBC is a technology, which is more suitable for high-temperature
WHR than ORC from the perspective of the usage of high-temperature
gases. In the scientific literature, it is studied in different configurations
for a variety of applications. The standalone operation of IBC as a power
generating unit was studied in papers of Henke (2013) [35], Agelidou
(2017) [36], and Valdés (2016) [37]. Henke [35] has analyzed the
influence of temperatures in 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 (2017) [36] with ex-
perimental data of small power-generating facility (about 1 kW). Valdes
(2016) [37] compared IBC with BC and sCO2 for the micropower
generation (about 1 MW) and estimate the IBC results as the worst
because of its lower efficiency. Another group of researches is dedicated
to the bottoming application of IBC with conventional BC in different
configurations: Venkata (2012) [38], Matviienko (2016) [39], Chen
(2017) [40], for instance. In Venkata (2012) [38], the focus lies mostly
on the exploring the use of teaching-learning-based technique, also
adopting artificial “bee colony” algorithms, for the optimization of
combined BC-IBC system. Matviinko (2012) [39] has investigated the
BC-IBC combination for the marine propulsion system, claiming the
positive results of the system at part-load regimes due to the variable
area nozzle. Chen (2017) [40] declared the maximum resulting average
brake specific fuel consumption (BSFC) improvement equal to 3.02%,
also discussing the optimal choice of pressure ratio for the conditions of
standard driving cycle. Bianchi (2005) [29] studied this combination
from the point of view of the base BC repowering, standing in the origin
of the modern study of IBC. As a power-generating or repowering so-
lution going after reciprocating engine, the IBC was studied mostly as
an addition or an alternative to turbo-compounding. Copeland (2016)
[40] and Hu (2016) [41] investigated the thermodynamic potential of
different versions of this scheme. In his later work, Bianchi (2011) [13]
in the review of bottoming cycles for electricity generation emphasized
the potential of IBC for CHP application with the temperature of pri-
mary exhaust higher than 400 °C. Also, several non-conventional ap-
plications of the cycle were analyzed; Weber (2010) [42] studied a
combined scheme of IBC and steam Brayton cycle applied with the
chemical looping combustion reactor. All mentioned works report the
presence of both the advantages and disadvantages of the IBC for WHR
or power generation. One of the main questions to IBC is a high unused
energy potential of the utilized exhaust gas.

Concluding this overview, it may be underlined that, on the one
hand, there is a group of technologies producing high-temperature
exhaust (400-650 °C) and suitable for WHR. Specifically, WHR from
exhaust gases of the power and automotive internal combustion engines
(ICE) worth attention. On the other hand, existing technologies in this

Table 1
Exhaust temperature for different technological processes.
Source Tw.h, C Reference Comments
Reciprocating engines 340-620 GE™ [24], CAT™ [25]
550-660 Elfasakhany (2016) [26] Acetone-gasoline mix.
500-750 Masum (2014) [27] Alcohol-gasoline mix.
315-600 Zeb (2017) [28]
Gas turbines 440-625 Bianchi (2005) [29] Elec. power < 10 MW
370-540 Zeb (2017) [28]
Heat treating furnaces 425-650 Zeb (2017) [28]
Drying and baking ovens 230-600 Zeb (2017) [28]
Cement kilns 280-450 Shabana (2013) [30]
450-620 Zeb (2017) [28]
Glass industry 500 Campana (2013) [7]
Petroleum coke production 480-540 Neeharika (2012) [31]
Catalytic crackers 425-650 Zeb (2017) [28]
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field show low efficiency and high cost because of some essential ob-
stacles for being used for high temperatures. To cope with this chal-
lenge, a solution based on the combination of ORC and IBC is being
suggested; it brings the growth of WHR system efficiency and attrac-
tiveness of the investment into WHR projects.

Previously, the author worked with IBC, which has a separate in-
troduction in the paper as IBC is not so commonly known. The idea to
improve IBC with ORC integration is not completely new (e.g., IP dis-
closure in [43]), but was not studied in the scientific literature. This
work demonstrates a comparative analysis of this scheme bench-
marking it versus the conventional ORC. The realization of the model
was performed in Aspen Hysys 9 software with usage of its standard 1-D
components. As a target case, the Internal Combustion Engine of sui-
table capacity was chosen. Additionally, an authentic approach to the
estimation of the IBC turbomachines’ efficiency was introduced. The
negative influence of the ORC to the primary engine emphasized in Yue
(2014) [33] is not taken into account to keep the work simpler. How-
ever, the introduction of IBC compensates this influence and gives one
more advantage for the proposed scheme, so it is a conservative as-
sumption of the comparison.

In this work, the investigated combined IBC-ORC scheme, which, to
the authors’ best knowledge, was never systematically studied before, is
compared with the ORC-based solution with orientation on the case-
study of a stationary gas-fired reciprocating engine. To define the best
result on the in-house simulator, the ORC model was designed and
optimized for three different fluids, considering cycle limitations from
Quoilin 2012 [44]. This approach provides preliminary techno-eco-
nomic feasibility assessment of the ORC and differs from pure ther-
modynamic estimations. The fluids correspond to three levels of critical
temperature. The ORC was built in two configurations: regenerative
and non-regenerative ORC and optimized for the properties of inlet
exhaust gas corresponding to the nominal case (temperature 520 °C).
The next step was the comparison of the efficiency-optimized combined
scheme in two configurations: with regenerative ORC and without re-
generation, and two configurations of the conventional ORC. The effi-
ciency of the IBC turbomachinery was assessed by a simplified tech-
nique based on Reynolds number adapted for this specific case (see
Section 2.2.5 and Appendix C). The inlet temperature of the exhaust gas
was varied from 470 to 570 °C. The working medium for all cases is
pentane, as it was defined in the previous step as the best option. The
sensitivity analysis for the most important parameters was performed to
estimate the influence of assumptions of the components’ parameters on
the results. Additionally, the optimal characteristics of IBC for different
temperatures are shown, as well as the condensation rate in the sub-
atmospheric duct and its influence on the IBC performance under dif-
ferent turbine pressure ratios. The third part of the results is dedicated
to the LCOE evaluation for four potential investment projects based on
the investigated schemes. LCOE is shown for the different capacity
factor' (CF) values of the potential facility at the nominal inlet para-
meters. These results are obtained after LCOE-based optimization.

Summarizing, the contribution of this work is to provide the first
systematic study of the combined IBC-ORC scheme. It includes a com-
parative analysis versus the most deployed WHR technology — the ORC,
a sensitivity analysis from external parameters (inlet temperature) and
model assumptions, and an LCOE calculation for different CF of the
facility. The methodology used in this first assessment is based on mass
and energy balance to define an optimal design of the scheme, by
considering actual limitations for ORC (adopted from the literature),
flue gas dewpoint, and a method for the estimation of IBC turbo-
machinery efficiency. Applied reliable commercial software enables not
to be focused on the components’ models but to get a credible assess-
ment of the whole new system. This work gives the first estimation both

! Capacity factor — a unitless ratio of the generated power output to the
maximum possible output (8760 h of operation for one year period)
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thermodynamic and economic of the operation of such a scheme, and
its potential for further research. It suggests an optimized configuration
for the advanced WHR system by providing useful information for the
design of numerical or physical models of this high-efficiency and cost-
effective high-temperature WHR scheme.

2. Model description

In this paragraph, the model of the WHR system is reported, with a
focus on the description of the IBC.

2.1. Inverted Brayton cycle

Inverted Brayton Cycle is another version of the conventional
Brayton cycle but with a turbine immediately in the inlet for the hot
medium. The medium may heat up in the combustion chamber, in the
heat exchanger (HE) from a source of waste heat; or the system may
directly receive exhaust gases from an engine or some technological
process. Fig. 1a and b show T-S diagram and generalized scheme of the
cycle. The hot gas performs useful work in the turbine (process 2-3),
where it is cooled down correspondingly with the pressure decrease and
goes to the cooler under subatmospheric pressure (point 3). Being
cooled down to the temperature close to ambient (point 4), the gas flow
from the cooler recovers pressure back to the atmospheric level in the
compressor (process 4-5) subsequently having the temperature growth
during this process; after that, the gas is released to the atmosphere
(point 6 at the T-S diagram).

Subatmospheric pressure provides both advantages and dis-
advantages to the scheme, which were summarized in the previous
work Abrosimov (2017) [45]. Additionally, for the WHR application
with the direct intake of exhaust gases, it can be underlined that no
external work is needed for pushing heat-containing medium through
the system due to the compressor, which drives this flow. In other
words, the system does not create back-pressure for the primary engine
or another gas source.

T, K 2

\

= 4 Heat Out
S, J/kg-K

Fig. 1a. T-S diagram of IBC. (1-2) - heat addition; (2-3) - turbine expansion;
(3-4) - cooling; (4-5) — compression; (5-6) — release to atmosphere.

o
[e]
A
n
(&)
=
o
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Sourcel \cooling medium

1 .
Gas in

Fig. 1b. Basic scheme of IBC for WHR.
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2.2. Case study technical description

This chapter presents the technical aspects of the work. In the be-
ginning, the targeted case-study is described. Further, the investigated
scheme receives a detailed introduction, as well as the ORC, which was
studied to provide the benchmark for the comparison. Then, the si-
mulation assumptions and adopted limitations are listed. Finally, a
specific methodology for estimation of efficiency of bladed machines in
conditions of IBC is presented.

2.2.1. Targeted application

The present work orients to the heat utilization from the re-
ciprocating engine exhaust. Study of Diesel and gas-fired power and
driving engines enables to define a range of exhaust temperature on
nominal load (GE™ [24] and CAT™ [25]). Reciprocating internal com-
bustion engines up to 1400 kW capacity (e.g., Waukesha VHP L7044GSI
S5) have exhaust temperatures that can reach up to 620 °C. This ob-
servation motivates authors to assess the proposed technology for the
primary engine from the capacity range of 500-1400 kW and exhaust
temperatures from 400 °C to 600 °C. And the focus is on gas-fired en-
gines, which have been becoming more and more important in power
production and propulsion systems. Summarizing, the supposed nom-
inal case of the source of the waste heat in this study is a gas-fired
reciprocating engine with the power of about 1 MW with the nominal
exhaust temperature 520 °C and gas flow rate 1.47 kg/s. Its chemical
composition presented in Appendix A corresponds to the natural gas
burning at air combustion coefficient a = 1.2 [46], and air humidity
equals 60%.

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

2.2.2. Investigated combined schemes

The layout and T-S diagram of the combined IBC-ORC scheme with
non-regenerative ORC (CS) is shown in Fig. 2a and b. Fig. 3 presents the
combined scheme with regenerative ORC (CS Reg); the difference in the

Turbine

1

Exhaust [11 XYMV

Outlet
Inlet Thermal-oil loop
LL AN
Evaporator|
SOV
1 -oil pump
II -ORC pump

Fig. 2a. Scheme of the combined cycle.

T/ K 1

/44/ \
¢ Heat Out\
S, J/kg-K

Fig. 2b. T-S diagram of the combined cycle.
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operation of these two configurations is described below. In the fol-
lowing paragraph, the processes that occur in the first configuration are
illuminated.

In point 1 of Fig. 2, hot exhaust gas, assumed to be at atmospheric
pressure, enters the duct of the WHR system expanding in a gas turbine
to the point 2 of the sub-atmospheric pressure and lower temperature.
The usual values for the case studied are the pressure from 45 to 55 kPa
what corresponds to the turbine inverse pressure ratio 7z, = 1.8-2.4
easily achievable by one stage radial machines, where 7, = pr.;./Pr.ou-
After the Turbine, the gas goes through the gas-to-thermal-oil heat
exchanger (HE-1), which is the pass of the heat to the ORC part of the
cycle, and finally, it is cooled down in the air Cooler to 35 °C — point 4.
Condensation takes place in the Cooler, so a separator was introduced
to the scheme after the Cooler. The separator is not presented on the
scheme. The cooled gas is compressed up to the atmospheric pressure in
the compressor and directed to the outlet. The compressor pressure
ratio (7r¢) is slightly higher than the turbine one, where 7¢c = p. ., /Pc ip-
Thermal oil from the HE-1 (point 11) goes to the Evaporator arriving to
the oil pump (II) at point 12.

Working fluid heated up in the Evaporator with the super-heating
not less than 5 °C for the sake of the process stability (point 21) goes to
the Expander, which in the studied case is assumed to be a radial tur-
bine, where the pressure and temperature decrease. Then, the low-
pressure vapor in point 22 is cooled down in the air-cooled Condenser.
Cooling air temperature is supposed to be 20 °C. Hence, the lowest
possible temperature of working fluid considering the pinch limit 5°C
may go a little below 30 °C. The observed range of the pressure after the
Condenser is above 70 kPa, which fulfills the lowest technically feasible
limit of 20 kPa set by (Quoilin (2012) [44]). After the Compressor, a
pump (I) increases the pressure of the medium to the 2500-3000 kPa
and directs the working fluid to the Evaporator.

The combined scheme (Fig. 3) equipped with regenerative ORC (CS
Reg) differs from the basic one in the values of temperatures in some of
the key points of ORC. Temperature before the Condenser is higher as
well as before the Evaporator due to heat exchange of flows in the re-
generator (Regen. — in Fig. 3). It leads to an increase of the lowest
temperature of the oil loop and, thus, gas temperature after HE-1. The
cooling power of the Cooler must be increased to ensure that the
temperature of the gas entering the compressor is equal to referenced
35°C.

2 2
8 g
E -
<
= , P ,l;atm \ 8
' AN —{Cooled s
HE-1 —
Exhaust |11 ANV Ot
Inlet  YThermal-oil loop
AN
Evaporator|
AV
1 -oil pump
11 -ORC pump

Fig. 3. Scheme of the combined cycle with regenerative ORC part.

2.2.3. Organic Rankine cycle
The above mentioned combined scheme was studied and bench-
marked against an ORC-based solution, which is currently the
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technology with higher deployment. The non-regenerative cycle was
also considered to make the comparison inclusive. The scheme of the
non-regenerative ORC is presented in Fig. 4. In this system, the heat
from the exhaust gas flow is transmitted in the HE-1 to the working
medium of the cycle through the TOL with similar parametric as-
sumptions.

I 5
Exhaust HE-1 Outlet
infet [ DAY, _
Y7hermat-oil loop I -oil pump
II -ORC pump
Evaporator
Sl AAAAYE
éxpande\;lﬁ

2 23

Fig. 4. Scheme of ORC.

2.2.4. Assumptions and limitations

Assumptions for equipment type, losses, efficiencies, some fixed
temperatures, and heat transfer parameters are presented in Table 2
and commented below.

Equipment type. The type of heat exchangers was chosen from the list
available in Turton (2008) [47] based on the fluids, pressure, heat flow,
and practices established in this technical area. Turton’s book was used
for economic assessment (see chapter 2.4). Radial compressor and
turbine for IBC part are suitable for the investigated range of flow rate,
pressure ratio, and temperature (Dixon (2010) [48]). ORC expander
type was chosen based on data in Quoilin (2012) [44].

Losses. Here, the relative drops of pressure in the HEs caused by
mechanical losses are listed. Relative pressure drop is defined as:
Ap = Ap/p,,.

Isentropic efficiencies of bladed machines. Efficiencies of the bladed
machines in the IBC part are discussed in chapter 2.2.5. ORC expander
efficiency corresponds to values in literature.

Heat transfer coefficient. The parameter was defined, relying on the
data in Sinnott (2005) [49]. The Evaporator was simulated as a group of
three different HEs representing pre-heating, evaporation, and super-
heating processes in the evaporator. An own separate value of Ugyeran
corresponds for each of these HE. The resulting value for the whole
Evaporator lies in the range indicated in Table 2 and depends on other
design parameters of the system.

Cooling air temperature and the temperature of cooled gas before the
Compressor correspond to an assumed temperature of the coolant in the
Condenser and the Cooler, and an assumed temperature before the
compressor, respectively. The second value is fixed to reduce the
number of variables in the simulation, and it is higher than the lowest
temperature of the working fluid in the condenser because of worse
heat-exchange conditions: the phase transition occurs in the Condenser,
but, in the Cooler, an only small fraction of water has phase change.

Additional specificities are listed below:

- The negative impact of ORC on the primary ICE caused by the back-
pressure was not considered. The back-pressure appears due to the
resistance of the heat exchanger located in the exhaust gas duct (Yue
(2014) [33]). For the investigated CS, in the opposite, a conservative
assumption was made to consider this resistance been compensated
by the Compressor. The validity of the assumption conforms to the
practical absence of the affecting on the primary engine due to the
Compressor, which provides atmospheric pressure in the cross-sec-
tion engine-CS.

- Heat losses to the atmosphere are neglected for all components of
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Table 2
Assumed values for the parameters of the three schemes.

Line ORC, ORC Reg CS, CS Reg

Equipment type

- HE-1 Cross-flow shell Cross-flow shell and fined
and finned tube tube with cylindrical
housing
- Evaporator Bayonet shell and tube
- Condenser Air cooled finned tubes
- Regenerator “Multiple pipe” shell and tube
- Cooler n/a* Air cooled finned tubes
- Turbine, compressor, Radial bladed machines
expander
Losses (relative pressure losses)
- HE-1 0 0.035
- Evaporator, fluid side (non- 0.03/0.025
Reg|Reg)
- 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 96%

Heat transfer coefficient
(Uoveran), W/(m’K)
- HE-1 130
- Evaporator (heating- 400-500 (550-680-100)
evaporation-superheating)

- Condenser 550
- Regenerator 150
Cooling air temp/ambient 20
temperature, °C
Temperature of cooled gas before n/a 35

the Compressor, °C

* n/a — not applicable.

the schemes.

Power consumption of the heat removal process in Condenser and

gas Cooler (F.ing) is subtracted from the power of the turbine based

on the assumption of 17 W per kW of removed thermal power cor-

responding to the air heat sink (Antonelli (2016) [50]).

Subcooling in the Condenser is 1°C to guarantee the absence of

vapor in the Pump.

Maximum evaporation temperature is at least 15 °C below the cri-

tical temperature of the working medium to guarantee stable op-

eration.

- Minimal superheating temperature is equal to 5°C with the same
purpose.

- To consider the presence of the generator, the on-the-shaft power of

the turbine-compressor unit of IBC and expander of ORC were

multiplied on the efficiency of the generator equal to 96%.

Mechanical losses are also included in this coefficient.

In Aspen HYSYS, Peng-Robinson equation of state for flue gas,

RefProp equation of state for organic fluids, UNIQUAC - for thermal

oil, are chosen (Baccioli (2018) [51]).

Aspen HYSYS components are standard and have basic thermo-

dynamic models; the basic equations for turbomachinery and heat

exchangers are given in Appendix B.

2.2.5. Efficiency of bladed machines in sub-atmospheric conditions

The efficiency of Turbine and Compressor were assigned based on
the specific simplified approach. First, the efficiency of the machines for
the case of BC application was chosen from engineering practice. Then,
BC and IBC machines of the equal gas flow rate were compared, and the
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values of efficiency were corrected for the IBC application. Henke
(2013) [35] has considered the following correlation based on Reynolds
number as the most suitable for the case (Eq. (1)).

1=m _ (Reryny 006 - 02
1-mn, Re, (@]
where n depends on Raynolds number.

However, while Henke applies the formula with n = 0.06, in this
work, a higher value (n = 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 the correlation
between 7 and Reynolds number (Eq. (1)), is the following:

Mpe =1 — 1% X (1 = nye) 2

Appendix C contains the full derivation of this equation. Table 3
provides data about efficiency values for BC and IBC taken as an initial
assumption and calculated based on it correspondingly.

Table 3
Assumed efficiency of turbomachines in BC and IBC conditions.
BC IBC Parameter
Turbine 87% (2.1) 86% (2.1) nr(r'r)
Compressor 85% (2.25) 83.7% (2.25) e (7rc)

2.3. System and cycle efficiency introduction

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:

B I;;ross X ﬁgen - E‘ooling - Ppump

Qav - (I_Il - Hamb) X mg (3)
Pgross corresponds to the sum of shaft powers of the turbine-com-

pressor unit and the ORC expander. The cycle efficiency, which is used
for the analysis of ORC performance is standard:

Ngys =

PORCAnet
(Hw in T H

7')ORCAcycle = ) X 1 ;
wj

wf.out
PExp X Ugen - PORC.cooling - PORC,pump

(Pwam - wa,out) X mf @

The sum of power consumed for cooling (Pcooling) and pumping of
ORC working fluid and oil in TOL (Ppump) is named as the ancillary
consumption or Utilities.

2.4. Economics assessment methodology

An economic evaluation of the proposed scheme and its comparison
with ORC based facility were provided with the use of LCOE approach.
It estimates the electricity market price, which makes the project
profitable with minimum acceptable parameters of investment return
on the period of project life. The formula for calculation of this factor is
following (Pili (2017) [52]):

C .
Ctot + ZE=1 (?idy)ll
LCOE = —5
i=1 (14 r) %)

where Cj, is total capital investment cost, Cpg )y is operation and
maintenance cost (3% of Cyy), t is run-time of the plant in years
(20 years), r stands for the discount rate (7%), AE is net energy gener-
ated by the system over one year. For simplicity, single-tranche capital
investments from own funds are considered. Taxation, year-by-year
growth of Cpg v, decrease of capacity, as well as insurance payments,
are not included in the model. As so, AE and Cpg y from the Eq. (5) are
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constant. The interest rate is assumed based on typical values for this
field of interest Gant Thornton LLP (2018) [53].

The capital cost of components was calculated following the module
costing technique (MCT) briefly but exhaustively described in Toffolo
(2014) [54], for instance. Mostly, the cost-functions are taken from
Turton (2008) [47] besides the condenser, generators, and separator,
which are not presented in this book. Sufficient formulas for the Con-
denser and the Generator were taken from Smith (2005) [55] and
Toffolo (2014) [54] respectively following Lemmens (2016) [56] in
these approximations. The separator was assessed with an assumption
from Garrett (2012) [57]. Cost-functions for all components, as well as
the coefficients of these functions, are summarized in Appendix D. To
bring all values to current prices in the same currency ($ 2017 year),
the official open historical data for CEPCI (CEPClyy,7; = 567.5) [58]
and $/€ exchange rate [59] were used. The final total cost is derived
from the sum of the components cost with multiplication over 1.18
corresponding to the system mounting costs, including the cost of TOL
(Turton (2008) [47]).

2.5. Optimization details

The optimization applied to the studied combined scheme and ORC
enabled finding the best combinations of variable parameters for them.
In the first part, the objective function was the system efficiency, and in
the second, economic part, it was LCOE. The constraints for the opti-
mization were similar for both cases, but for the second one, resulting
value of parameters usually laid aside from the limiting values as they
give high costs of components. Table 4 presents the constraints applied
in the optimizations. Minimal pinches were dictated by the technical
feasibility of such HEs, minimum temperature till T, limits the eva-
poration temperature in ORC and determine the operational stability of
the system (Delgado-Torres (2007) [60]). The limit for the superheating
is chosen by relying on the commonly known technical practice.

For the optimization, a standard Aspen Hysys optimizer was used
with the BOX scheme and 2e-5 tolerance. “Maximum change per
iteration” parameter was varied in the range 0.5-3 to obtain global
extrema with higher precision.

Table 4

Constraints for the objective functions of the optimization.
Constraint Value
Minimum pinch HE-1, °C 30
Minimum pinch Evap, °C 15
Minimum pinch Condenser, °C 5
Minimum pinch Regen, °C 15
Minimum temperature till T,,, °C 15
Maximum oil temperature, °C 380
Maximum superheating, °C 40

3. Results, sensitivity, and discussions

This section presents the results. Firstly, the best working fluid for
ORC is identified based on the achieved system efficiency. Then, the
results of the system efficiency optimization are presented together
with LCOE optimization. The sensitivity analysis of the results is also
demonstrated.

3.1. Choice of the working fluid for the organic Rankine cycle

The comparison of the suggested combined scheme with ORC was
started by defining the optimal features of the ORC-based system si-
mulated on a domestic model. Two configurations have been studied:
regenerative and non-regenerative ORC. For the targeted application,
the power of the ORC lies in the range suitable for the radial inflow
turbines as an expander (Quoilin (2012) [44]). In his work, Quoilin has
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also formulated the parametric limits for different types of ORC ex-
panders, including radial turbines, for several working fluids. Three
fluids with different level of critical temperatures (T.,) were chosen,
distinguished as low T, fluid — R245fa, medium T, fluid — pentane, and
high T, fluid - toluene. Built model of the ORC considers Quoilin’s
limits to define the possible ranges of evaporation and condensation
temperatures. Fig. 5 shows obtained results for these three fluids with
the employment of regenerative (ORC Reg) and non-regenerative
(ORC) cycles.
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Fig. 5. Power and system efficiency of ORC and ORC Reg with different
working fluids employed.

Table 5 shows the resulting parameters of the 7, ,-optimized systems
with three studied fluids. The maximum generated power is demon-
strated by regenerative ORC with pentane as the working fluid, al-
though its critical temperature is far below the maximum available
temperature of the cycle (380 °C). 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 energy density it carries (see Share of utilities in Table 5). The
explanation of this fact is following: according to the Quoillin limita-
tions the lowest condensation temperature acceptable for toluene
(63 °C) is higher than the lowest available temperature of the system
(around 25 °C); this implies that a lower amount of energy is received
from the exhaust gas flow in comparison with the lower-temperature

Table 5
Parameters of ORC of two configurations with different working fluids.

Line R245fa Pentane Toluene

ORC ORCReg ORC ORCReg ORC ORCReg

Net power, kW 99.7 109.8 119.8 137.3 112.2 118.0
Nsyss %0 8.20 9.05 9.84 11.30 9.23 9.70
Neyeles %0 13.0 16.47 15.5 21.2 15.7 19.4
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

Pcond> bar 1.67 1.71 0.77 0.78 0.22 0.22
Tevaps 'C 138.9 139 181.9 181.9 210.1 210.1
Teond> 'C 290.1 29.8 28.3 28.8 64 64

Tsn, '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
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pentane case. The cycle efficiency for toluene could be potentially
higher, but the smaller amount of energy transmitted to the cycle makes
the system efficiency of the toluene cycle lower than the pentane one. In
Table 5, this difference in cycle efficiency is not observed because the
optimization has the overall system efficiency as the objective function
but not cycle efficiency. In the work of Lecompte (2015) [5], the effi-
ciency 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 condensation and evaporation temperatures
for toluene are at the lower boundary of the prescribed range corre-
sponding to the lower evaporation pressure. Meanwhile, this boundary
is determined by an acceptable condensation pressure (20 kPa) [44].
Therefore, regenerative ORC with pentane as the working fluid is the
best competitor for the studied system due to its higher system effi-
ciency and larger net output power.

3.2. Results of the efficiency optimization

Fig. 6 presents the performance of compared schemes operating in
conditions of the exhaust in the temperature range around the nominal
temperature (520 °C). These results are obtained after 7, optimization
following the parameters and constrains mentioned in previous chap-
ters. The left axis corresponds to the column-chat of system power, the
right upper one - to the lines of efficiency in the top half of the figure,
the right bottom one - to the relative difference in power for each
temperature related versus non-regenerative ORC. On the column-chat
of the power, the useful power is presented by the blue column (for
ORC) or the sum of the OBC (blue) and IRC (orange) column (for CS).
The utilities are subtracted from 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 corre-
spond to CS Reg with the P, = 151.7 kW and Nys = 12.49%, whereas
ORC Reg has P, = 137.0kW and Nys = 11.3%. Relatively, CS Reg
overcomes ORC Reg on 10.6% and ORC without regeneration on
28.2%.
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Fig. 6. System efficiency optimization results for ORC, ORC Reg, CS, and CS
Reg for three different temperatures: 470 °C, 520 °C, and 570 °C.

One may see that for all three temperatures the growth of efficiency
and power goes in the sequence: ORC, ORC Reg, CS, CS Reg.
Additionally, with growing temperature, both absolute and relative
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advantage of the CS schemes are increasing. It can be observed at the
column-chart for power and the black stepped line in the bottom of chat
for relative power as well as at the comparison of slope coefficients of
the linear approximation. It means that higher temperature is prefer-
able for combined scheme mostly as a result of the growing efficiency of
IBC part. Performance data for the nominal temperature is presented in
Table 6.

Table 6
Calculated parameters of the four schemes (nominal conditions).

Parameter ORC ORC Reg Cs CS Reg
Pyrosss kw 142.70 158.50 170.30 175.80
Biet, kKW 119.50 137.0 147.8 151.7
Thyss % 9.84 11.30 12.16 12.49
Neyele.ORC> % 15.54 21.52 15.58 19.36
I’y n/a n/a 2.13 1.94
Pr, kW n/a n/a 210.4 186.9
T n/a n/a 2.23 2.07
Pc, kW n/a n/a 143.8 124.4
Ty Exp 43.93 34.8 43.35 39.7
Ppyp, KW 142.7 158.5 103.7 113.3
Ppump.orc, kKW 6.69 6.52 4.75 5.27
DPcon.out» KPa 77.1 78.5 76.1 78.5
Ppump.out> kPa 2685.0 2688.0 2685.0 2688.0
iw.f., Kg/s 1.26 1.24 0.90 1.00
Hioil, kg/s 1.36 1.11 1.02 0.95
Teond, °C 28.3 28.8 27.9 28.8
Tevaps °C 181.8 181.8 181.8 181.8
Texp.out, “C 124 145.3 99.7 107.8
Teon.in, °C 124 44.3 99.7 449
Ty.h., °C 23 40 9 9.3
Texh.g.out> “C 73.6 153.8 128.2 116.9
Agy, °C 15 15 15 15
UAEy, kJ/(K X s) 10.8 10.9 12.5 9.41
Acon, °C 5 5 5 5
UAcon, kJ/(K X s) 77.5 70.56 56.7 56.9
Apegens °C n/a 15 n/a 15
UARegen, kJ/(K X s) n/a 9.9 n/a 5.7
Ayg1, °C 30 30 30 30
UAgg-1, kJ/(K X s) 12.7 9.6 13.2 12.5
Acoolers ‘C n/a n/a 15 15
UAcooler, KJ/(K X s) n/a n/a 9.3 11.7

3.2.1. Inverted Brayton cycle performance

One interesting aspect of IBC behavior should be articulated sepa-
rately. The influence of condensation of water before the compressor
have two opposite effects on the cycle performance. Due to the se-
parator introduced before the compressor, the flow rate decreases for
the compressor and its work goes down. But on the other hand, en-
thalpy of the gas decreases with the fall of the concentration of water
vapor in the gas flow. These contrary impacts presented in more details
in the next paragraph define non-trivial resulting dependence of IBC
operation from pressure ratio (see Fig. 7). Also, the size and the pres-
sure drop of the cooler are depending on the condensation rate, but this
effect was not considered in the present study.

In Fig. 7, the effect of condensation on the gross power of IBC can be
observed. Typical view of such 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 value of
pressure (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 maximums at the graph. For different TIT temperature, the ratio
between maximums changes. For TIT = 570 °C, the maximum in the
no-condensation area prevails over the second maximum, in opposite
with the cases with the lower TIT temperatures. This fact does not affect
the optimal values of the pressure ratio in the optimizations of the
studied combined schemes. That is because of the domination of the
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Fig. 7. IBC performance. Influence of water condensation.

ORC over IBC in power generation. However, for the studies of IBC
without any bottoming cycle, this result is essential.

Relating to the right axis of Fig. 7, the line of the condensed water
mass fraction for 35 °C temperature before the compressor shows that
the critical value of pressure ratio is equal to about 2.9. It corresponds
to the bend-point of the power curves. As the temperature before the
compressor does not vary in this study, only one line of condensed
water mass fraction is presented. Kennedy (2017) [61] discussed this
issue showing the results conform to ours. In this study, the pressure
ratio of a turbine (s’t) is an originally variable parameter, but not the
compressor pressure ratio (;tc) as in some other works. As so, the second
horizontal axis was added to Fig. 7 to ease the comparison with the
works of other researchers.

3.3. Sensitivity assessment for the nominal case

This section has the aim of studying the impact of assumed para-
meters on the simulation results because, on the one hand, the as-
sumptions in this work have been made based mostly on the general
engineering knowledge and values adopted in scientific papers so are
not very precise. On the other hand, the sensitivity is another aspect of
comparison of combined scheme versus ORC. Fig. 8 presents the in-
fluence of the change of different system parameters on system effi-
ciency. The range of the analysis for each parameter is determined by
the reasonable possibility of such a range, so the ranges are different.
First, Fig. 8 shows the effects of the change of the single component
parameter:

e CS Reg

- Compressor efficiency

- Evaporator pinch

- ORC Expander efficiency.
® 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:

e CS Reg:

- Evaporator pinch and HE-1 pinch

- Efficiency of IBC turbine and efficiency of ORC expander
® ORC Reg:

- Evaporator pinch and HE-1 pinch
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Fig. 8. Effect of change in assumed parameters of the scheme on the system efficiency for ORC Reg and CS Reg.

The dependence of the system efficiency from components para-
meters is mostly linear, as it can be observed in Fig. 8, 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 dif-
ferent nature of these parameters.

The effect of the simultaneous change of turbomachinery effi-
ciencies is substantial, especially for the combined scheme. For in-
stance, a simultaneous 12.5% reduction of turbine and expander effi-
ciency (the expander efficiency decreases from nominal 80% down to
70%) leads to the about 20% drop in system efficiency. The addition of
the effect from a similar decrease in compressor efficiency gives a drop
of about 33%. The last statement can be implicitly observed in Fig. 8.
One may add the drop from the compressor to the reduction from the
simultaneous decrease of turbine and expander efficiencies, what is
possible due to their additivity under the assumption of their linearity,
which one may apply for this approximate estimation. ORC Reg does
not have a parameter, which can influence it in such a way. Extreme
values of the graph in Fig. 8 are presented in Table 7.

Sensitivity analysis of system behavior shows that with a certain
distribution of parameters of the components (mainly to say about ef-
ficiencies of bladed machines) the advantage of CS Reg may be leveled
with ORC Reg or even turned opposite regarding system efficiency and
LCOE.

Table 7
Sensitivity study data.
Parameter Nominal ~ Range of = ORC Reg Range of CS Reg Range of ngy
value parameter Neys (Nsys.nom = 12.49%)
(Nsys.nom = 11.3%)
Ncomps % 83.6 73.3-89.0 n/a* 9.09-13.24
Npumps %0 80 40.0-90.0 10.79-11.36 -
Agyap, °C 15 5-20 11.67-11.13 12.77-12.32
+  Apgp1, °C 15 5-20 12.31-10.85 13.38-12.02
Agyap, °C 30 10-40
NExps % 80 65.0-87.5 9.15-12.31 10.79-13.35
+  Mexpy % 80 70.0-85.0 n/a 9.92-13.69
Nrurbs % 86 75.2-91.4

*n/a — not applicable.
3.4. Results of the economic optimization
To show the high-level comparative economic analysis, the LCOE-

based optimization for potential investment projects based on the in-
vestigated systems was performed for nominal inlet parameters. The

10

methodology of this approach and the assumptions of the model are
presented in chapter 3.3. Here, in Fig. 9, the obtained values of LCOE
are presented as a function of CF of the facility. Table 8 shows the
parameters of the optimized system for CF = 90%. For other capacity
factors, the optimization gave approximately the same values of varied
parameters; so they are not presented in the table. The combined
schemes show an advantage over the ORC schemes in LCOE and the
efficiency simultaneously, what to be explained with a high share of the
cost of heat exchangers in the capital cost of the systems. The dis-
tribution of expenses between system components is presented in
Fig. 10.
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Fig. 9. LCOE of four investigated schemes as a function of CF.

In Table 8, the LCOE and system efficiency values are presented
among other parameters of the LCOE-optimized results. System effi-
ciency is expectedly lower than in case of the efficiency-optimization.
Interestingly, CS Reg system shows the best LCOE, having the system
efficiency practically equal to the CS one. For ORS systems, the relation
of LCOE and 1y is not the same: the scheme with higher efficiency
(ORC Reg) has better LCOE value. More than that, the ORC Reg scheme
has LCOE minimum with the parameters close to the efficiency-optimal
ones; the efficiency is 0.36 absolute percent lower, whereas the effi-
ciency of CS Reg lower at 1.4%, having a decrease from 12.49% to
11.09%. These variations are connected with the balance between sizes
of heat exchangers; hence, their costs and power production of the
system. The values of pinches of heat exchangers, which implicitly
connected with size: smaller pinch gives larger HE, are presented in
Table 8. 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
presented in Table 8 gives more details of the system operation, en-
abling to reproduce or compare the results.
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Table 8
Parameters of schemes LCOE-optimized 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
Pyross, kW 141.3 154.1 152.8 152.9
Biet, KW 118.2 132.9 134.7 134.8
Thgs» % 9.73 10.94 11.08 11.09
ot n/a n/a 2.87 2.90
Pr, kW n/a n/a 281.2 282.7
T n/a n/a 3.07 3.09
Pc, kW n/a n/a 213.6 215.2
TyExp 46.4 35.1 44.3 39.8
PExp, KW 141.3 154.1 85.2 85.4
Ppump.orc, kW 6.61 6.32 3.96 3.92
DPcon.out» kP2 75.8 78.0 76.2 77.3
Pump.out» kP2 2700 2687 2687 2687
titw.s, kg/s 1.25 1.10 0.75 0.74
Hoil, Kg/S 1.08 1.20 0.97 0.96
Toond, °C 28.0 28.5 28.0 28.3
Tevap, °C 181.9 181.9 181.9 181.9
Texp.outs “C 101.4 145.0 101.7 110.2
Tcon.in, °C 101.4 59.8 101.7 71.6
Ts.n, °C 5 40 6.3 11.2
Texh.g.out> C 78.0 144.5 189.8 166.1
Agy, °C 19.6 16.6 30.6 29.2
UAEy, kJ/(K X s) 10.81 10.83 10.03 10.89
Acon, °C 5 S5 5 5
UAcon, kJ/(K X s) 78.06 70.83 46.9 44.72
Apegens °C n/a 30.92 n/a 44.1
UARegen, kJ/(K X s) n/a 5.33 n/a 1.22
Apg1, °C 30 30 30 30
UAgg-1, kKJ/(K X s) 12.7 10.08 10.89 10.28
Acoolers °C n/a n/a 15 15
UAcooler, kJ/(K X s) n/a n/a 3.1 3.31
[kS] :
Turbine, 137.7
Generators,
106.2 Compressor,
49.2
Condenser,
274.4 HEI,
161.8
Cooler+
Regenerator+ Evaporator,
Pump+ 195.2
Separator,
107.2
ORC turbine,
166.3
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exhaust temperature reaches 600 °C. The suggested combined scheme
was studied in two configurations: with regenerative ORC (CS Reg), and
without regeneration (CS), for the number of temperatures in the range
470-570°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
non-regenerative (ORC). The comparison of three common ORC
working fluids of different critical temperature levels: R-245fa, pentane,
and toluene, has shown pentane as a better working fluid for the stu-
died nominal case. Pentane has demonstrated an advantage in the
system efficiency under limitations adopted from literature, which en-
able to consider not only thermodynamics but the technical aspect as
well. The outcome of the work is the comparison of all above-men-
tioned schemes after optimization of their system efficiency and after
LCOE-based (levelized cost of energy) optimization. The sensitivity of
the results to the applied assumptions has been checked. Besides, the
analysis IBC has revealed a remarkable two-extremum dependence of
generated power from the pressure ratio caused by water condensation
occurring before the IBC compressor.

Efficiency optimization has shown around 10% advantage of CS Reg
over the ORC Reg with absolute values equal to 12.49% and 11.3%
correspondingly. This relative difference grows with the increase of
turbine inlet temperature. In the same time, the comparison of the
LCOE-optimized scheme also demonstrates the 6.4% (for capacity
factor equals 0.9) advantage of CS Reg scheme but on the lower level of
efficiency (11.09% for CS Reg versus 10.94% for ORC Reg). The ob-
tained value of LCOE for CS Reg equals 159.5 $/MWh versus 169.8 $/
MWh for ORC Reg. That can be explained by the major role of heat
exchangers in the capital cost formation in comparison with the cost of
machines. Note that the sensitivity analysis has shown that obtained
values are considerably affected by the parameters of components,
especially, by efficiencies of turbomachinery, which may considerably
affect the performance of both systems. However, the outcomes of the

[k$] Generators, HEL
o’ 166.4
Evaporator,
Condenser, 221.5
385.5
Regenerator. ORC turbine,
83.6 ' 2749

Fig. 10. Capital cost distribution between system components for CS Reg (left) and ORC Reg (right) optimized for CF = 90%.

4. Conclusion

This study investigated a combined inverted Brayton plus organic
Rankine cycle (IBC-ORC), which, to the best of authors’ knowledge, has
never been studied. As a bright example, heavy-duty internal combus-
tion engines may be mentioned as, up to certain capacity, their nominal
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scheme assessment are favorable enough to give room for further re-
search of this technology.
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Appendix A Chemical composition of the exhaust gas

With an assumption of the clean natural gas (e.g., Urengoy gas field) of a mass fraction of methane above 98% [62], the composition of the
exhaust gas obtained in the combustion for the excess air ratio o = 1.2 and 60% air relative humidity is presented in Table A.1:

Table A.1

Exhaust gas composition.
Compound: Ny CO, H,0 0, Ar
Mass fraction: 71.44% 12.59% 11.11% 3.65% 1.2%

Appendix B Basic equations of components

The power output from the Turbine and Expander was computed as:
Pr= mg X (HT.in - HT.ou[.is) XNy X Uggn (Bl)
PExp = mwf X (HExp.in - HEprou[.is) X Nexp X Ngen (B2)

The power consumption of the Compressor was computed as:

. 7),
Fo= mg X (He.in — Heoutis) X =2

Ne (B3)
The power consumption of pumps was computed as:

Myyid X (ppump.in - ppump.out)

Poump =

Puid X 1, (B4

01> Nexps Nes Npump @re the isentropic (adiabatic) efficiency of the component.
The heat exchangers are simulated based on the “Simple weighted model” with about 30 intervals of equal enthalpy step with the following
equation for each interval:

Gy = My, X (Hugiv1 — Hue) (B5)

Appendix C Efficiency of turbomachines

The formula for the dependence between the efficiency of turbomachines in BC and IBC is derived in the following manner:

L2}
P2

o~ = % — for the ideal gas at equal temperature.
1

where p — density (kg/m3), p - pressure (Pa).

e Now BC and IBC turbomachines are compared with assumptions of equal inverse pressure ratio 7't = PLin ahove (BC) and below (IBC) atmo-
out
spheric pressure and equal gas flow rate.

Pisc.our _ Prsc.our _ p/7r _ 1
PBC.out Psc.out P, T (C].)

® Sigc X P X Vipe = Spe X Ppe X Vpe - for a turbomachine of BC and IBC scheme with equal mass flow rate. Where S — square of the cross-section
(m?), v - the mean flow velocity (m/s).
e For equal velocities of the flow: Ss’ﬂ = fBc
BC PIBC

eS=f (sz) - for round-shape cross-sections of turbo-machines, where D’ - characteristic dimension (diameter). Considering Eq. (C.1):

D _ [Snc _ [Pae _ [
D'pe V Spc Prpc (C2)

® Re = UXDTXF - Reynolds number, where i — dynamic viscosity (Pa's). u — may be considered as independent from pressure in the considered range
of pressures and temperatures (Kadoya (1985) [63]).
e From the definition of Reynolds number and Egs. (C.1) and (C.2):

12
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Regc _ Vipe X Dpc X Prc , Vee X Dpc X pge _ Dmc Xppe _ Nmr _ 1

Repc Hipc Mpc Dpe X Prc Ty N (C3)

® According to Henke (2013) [35], the following correlation can be observed:
1-n & n

1-n, Re, (C4)
where
n Re
0.06 1.21 x 10°-3.03 x 10°
0.09 0.43 x 10°-1.21 x 10°
0.2 0.34 x 10°-0.43 x 10°

According to the preliminary calculations, for this case, Re lays in the second range. However, n = 0.2 was used to avoid overestimation of the
performance of the scheme.

e Combining Egs. (C.3) and (C.4) the following results are obtained:

Nge =1 — 7TIT0'1 x (1 - 7)3c) (C5)

Appendix D Description of the cost-functions

The equipment cost for different types of equipment according to applied MCT (Turton (2008) [47]) is considered either in the way of purchase
cost with several factors or only bare module cost. The purchase cost may be defined as:

Cgm = Cp.c. X Fam (D.1)
where the G, .. — “base conditions” cost calculated as:

1g(C, . )=Ki + Ky x 1g(A) + K; x (Ig(A)) (D.2)
and A is a capacity or size parameter of equipment, Fgy; — bare module factor equals to:

Fem = By + By XFp X Fy (D.3)
where FM - “material factor” peculiar for each material different from the basic one; Fp — “pressure factor” equals to:

1g(§)=C; + C; X 1g(p) + C; x (Ig(p))* (D.4)

For some equipment, the bare module factor is given, and the bare module equipment cost should be calculated with the Eq. (D.1).
To calculate total module cost which conceder mounting and axillary devices including TOL, the following formula from Turton (2008) [47] is
applied:

Ctm = 1.18 X Cam (D.5)

Table D.1 presents all applied coefficient and alternative equations been used in some cases.

Table D.1
Coefficients for the components cost-functions.
Component Function argument K, B, Fum C; Fem
Ks B Cy
Ks Cs

IBC Turbine P (kW) 2.2476 - - - 3.5
® Turton (2008) [47]: radial turbine 1.4965 - -
® $ 2001 —-0.1618 -

ORC expander P (kW) 2.2476 - - - 3.5
® Turton (2008) [47]: radial turbine 1.4965 - -
® $ 2001 -0.1618 -

Compressor P (kW) Cpm = 91562 X (Pcomp/445)70.67 -
® Calise (2007) [76]: radial compressor
® € 2003

HE-1 A (m?) 4.3247 1.63 1.81 F, =1.25 -
® Turton (2008) [47]: fixed tube -0.303 1.66
® $ 2001 0.1634

Condenser Heat flow (kW) Ch.e. = 12300 X (PHE.hcat)0_75 0.96 1.81 F, =1.25 -
® Lemmens (2016) [56] 50 1.21
® $ 2000

(continued on next page)
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Table D.1 (continued)

Energy Conversion and Management: X 3 (2019) 100014

Component Function argument K, B Fum C; Fem
Ka B, Cy
K3 Cs

Evaporator A (m?) 4.2768 1.63 1.81 0.03881 -
® Turton (2008) [47]: bayonet -0.0495 1.66 -0.11272
® $ 2001 0.1431 0.08183

Cooler A (m?) 2.7652 1.74 1.81 F,=1.25 -
® Turton (2008) [47]: air cooled 0.7282 1.55
® $ 2001 0.0783

ORC pump P (kW) 3.3892 1.89 1.6 -0.3935 -
® Turton (2008) [47]: centrifugal pump 0.0536 1.35 0.3957
® $ 2001 0.1538 -0.00226

Oil pump P (kW) 3.3892 1.89 1.6 -0.3935 -
® Turton (2008) [47]: centrifugal pump 0.0536 1.35 0.3957
® $ 2001 0.1538 -0.00226

Regenerator Am?» 2.7652 1.74 1.81 F, = 1.25 (for subatmospheric conditions)
® Turton (2008) [47]: air cooled 0.7282 1.55
® $ 2001 0.0783

Electrical generator P (kW) C, = 1850000 X (P/11800)*** 1.5
® Lemmens (2016) [56] Power factor' = 1.2
® € 1993

Separator m (m3/h) Constant value based on the type of separator, volumetric flow rate and material (equal to 23.0 k$)

® Garrett (2012) [57]
® $1997

! power factor stands for the additional capacity of a generator above the nominal value of the prime mover power
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