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Abstract: The supercritical CO, power cycle (s-CO;) is receiving much interest in the utilization of
waste heat sources in the medium-to-high temperature range. The low compression work and highly
regenerative layout result in high thermal efficiencies, even at moderate turbine inlet temperatures.
The capability of heat extraction from the waste heat source is, however, limited because the heat input
takes place over a limited temperature range close to the maximum cycle temperature. Accordingly,
novel s-CO; layouts have been recently proposed, aimed at increasing the heat extraction from the
heat source while preserving as much as possible the inherently high thermal efficiency. Among these,
the most promising ones feature dual expansion, dual recuperation, and partial heating. This work
concentrates on the conceptual design of these novel s-CO; layouts using a systematic approach based
on the superimposition of elementary thermodynamic cycles. The overall structure of the single
flow split with dual expansion (also called cascade), partial heating, and dual recuperated cycles is
decomposed into elementary Brayton cycles to identify the building blocks for the achievement of a
high performance in the utilization of waste heat sources. A thermodynamic optimization is set up to
compare the performance of the three novel layouts for utilization of high temperature waste heat
at 600 °C. The results show that the single flow split with a dual expansion cycle provides 3% and
15% more power compared to the partial heating and dual recuperated cycles, respectively, and 40%
more power compared to the traditional single recuperated cycle used as the baseline. The separate
evaluation of thermal efficiency and heat recovery effectiveness shows the main reasons behind the
achievement of the highest performance, which are peculiar to each novel layout.

Keywords: supercritical CO, power cycles; waste heat recovery; partial heating; dual recuperated;
dual expansion; cascade

1. Introduction

1.1. The s-CO; Power Cycle for Recovery of High Temperature Waste Heat

The recovery of waste heat for mechanical and electrical power generation is among the key
strategies to reduce the consumption of fossil fuels and limit CO, emissions. The Paris Agreement
on climate change and the Special Report on global warming of 1.5 °C published in October 2018 by
the Intergovernmental Panel on Climate Change (IPCC) demonstrate the worldwide commitment to
control global warming. In this context, the EU recently revised upwards (from 27% to 32.5%) the target
for 2030 about the improvement in energy efficiency. Several recent studies assessed the amount and
quality of waste heat potential in several sectors and countries. Forman et al. [1] assessed the waste heat
potential in the electricity generation sector and in the most common sectors of end use. The authors
showed that, globally, 38% of the waste heat in the industrial sector, 36% in the commercial sector,
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and 54% in the transportation sector are available at temperatures higher than 300 °C. Focusing on the
industrial waste heat in the EU, Papapetrou et al. [2] found that the waste heat potential at temperatures
higher than 500 °C amounts to 124 TWh/year, which represents 41% of the total. Vance et al. [3]
estimated the potential and barriers for waste heat recovery (WHR) at temperatures higher than
650 °C in five industries (steel, aluminum, glass, cement, and lime). The authors pointed out that
reactive constituents, often present in the waste gases from these industries, may complicate the heat
recovery process and require new technologies. They estimated a potential for WHR from these high
temperature streams in the U.S. equal to 113.6 TWh/year. Firth et al. [4] forecasted the global waste
heat emissions in 2030 from the power generation, industry, transport, and building sectors. Their
analysis suggested an important need for effective medium and high temperature WHR technologies.

All these studies point to a huge amount of wasted heat at high temperatures that could be
conveniently converted into electricity with high thermal efficiencies. However, there appears to be a
lack of consensus about the best technology to accomplish this goal. The supercritical CO, (s-CO,)
power cycle represents a promising option due to the high thermal efficiency, scalability to low power
ranges (hundreds of kW), small footprint, and favorable economics. The s-CO, cycle was originally
proposed by Feher [5] and Angelino [6] to overcome the thermodynamic and technological limitations
of the Rankine and Brayton cycles. Both authors suggested nuclear power as the foremost application,
as also considered by Dostal [7] in his popular doctoral thesis, which still represents one of the most
comprehensive studies on “traditional” s-CO, power cycle layouts. In the meantime, the renewed
interest in concentrating solar power and, in particular, on the central receiver layout suggested the
s-CO, power cycle as a suitable power block substitute for the Rankine cycle due to its higher thermal
efficiency and compactness. Since the beginning of this last decade, many efforts have been devoted
to extending its range of application to other fields, especially in the recovery of waste heat, where
the maximization of net power output rather than of thermal efficiency is to be pursued. In this field,
three main approaches are considered. The first one simply takes the traditional s-CO; layouts and
optimizes their cycle parameters for maximum power. The second one considers a sequence of two
traditional s-CO, layouts in a cascade utilization of the waste heat. The third one suggests novel layouts
specifically developed to overcome the limitations of the traditional layouts in heat extraction from the
waste heat source. In the following, the main findings and results obtained from the applications of
these approaches in the literature are summarized, to ultimately focus on the third approach.

1.2. Traditional s-CO, Power Cycles for WHR

The traditional s-CO; layouts generally considered in the literature for WHR applications are
the single recuperated, recompression, and pre-compression layouts, and the objective function is
the net power output or, in relative terms, the ratio between the net power output and overall heat
available from the heat source from the inlet temperature to the ambient temperature, called the “total
heat recovery efficiency”. One of the most enlightening studies was performed by Mohagheghi and
Kapat [8], who optimized the net power output of the single recuperated and recompression s-CO,
power cycles for WHR in a wide temperature range between 230 and 830 °C. The authors showed that
the optimum recompression cycle reduces to the single recuperated layout for waste gas temperatures
lower than 450 °C, whereas it only marginally improves the power output at higher temperatures.
The authors highlighted the high gap between the waste gas inlet temperature and optimum turbine
inlet temperature (TIT), and the high outlet temperature of the waste heat source (stack temperature).
These drawbacks were found to be more pronounced at high waste gas temperatures and for the
recompression layout. A different finding was obtained by Khadse et al. [9] for a waste gas at 630 °C.
The authors showed that the recompression cycle improves by 22.9% the power output of the single
recuperated cycle. This result is probably ascribable to the different assumptions compared to the
previous study, in particular the higher maximum pressure (33 MPa). Moroz et al. [10] extended the
performance comparison to the pre-compression cycle and a wide set of gas turbines having exhaust
temperatures in the range 450-650 °C. For a gas temperature of 550 °C, the maximum total heat
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recovery efficiency of 21.3% reached by the single recuperated cycle exceeds by 2% that achieved by the
recompression and pre-compression layouts. The authors claimed that the lower CO, temperatures
at the inlet of the Heater of the single recuperated cycle imply, on the one hand, a lower thermal
efficiency but, on the other hand, a more effective heat extraction from the waste gas. Martinez et al. [11]
evaluated the same three traditional cycles for WHR from a gas turbine having an exhaust temperature
of 600 °C. They found that the single recuperated cycle improves by a few percentage points the
power output of the recompression cycle and by several percentage points that of the pre-compression
cycle. This is the outcome of the higher heat recovery effectiveness (called the WHR efficiency), which
prevails over the lower cycle thermal efficiency.

The majority of these studies share the main result that the single recuperated cycle is the best
choice among the traditional layouts for WHR applications. Contextually, they point out that the
application of traditional layouts for WHR generates a mismatch between the heat source and power
cycle at the higher temperature level, and the inability to acquire heat at the lower temperature level,
which results in significant exergy destruction and exergy losses, respectively.

1.3. Cascade of Two Traditional s-CO, Power Cycles for WHR

The combination of two traditional cycles in a cascaded system is considered by many authors as
the best solution to solve the two aforementioned main limitations of the single cycle. In the cascaded
system, the higher temperature waste heat usually feeds the recompression cycle, whereas the residual
waste heat is used to generate additional power in a single recuperated cycle, as also proposed by one
of the authors [12] for the recovery of flue gas from biomass combustion. Hou et al. [13] evaluated
the performance of a combined s-CO, system composed of the sequence of a recompression cycle
and a single recuperated cycle that share the same compressor for WHR from a marine gas turbine
having an exhaust temperature of 534 °C. The optimum solution obtained from a multi-objective
optimization showed that the cascaded system enables a contextually high maximum temperature
of the recompression cycle and a quite low gas outlet temperature to be reached, which ultimately
results in a significant increment of power output (approximately 30%) compared to a single cycle.
Zhang et al. [14] optimized the performance of a similar cascaded system for WHR from the exhaust
gases at 490 °C of an offshore gas turbine, which basically differs from the previous one by allowing
two different maximum cycle pressures. The solution obtained from a multi-objective optimization
using the net power output and levelized energy cost as objective functions showed that the optimum
cycle pressures reach the upper bounds (15 and 20 MPa). Moroz et al. [15] used the single recuperated,
recompression, and basic non-recuperated cycles as building blocks to propose new configurations
of cascaded s-CO, power cycles. In the “composite” schemes devised by the authors, the different
cycles share some equipment (e.g., compressor, cooler, recuperator) to reduce the number of plant
components. The authors show that the composite cycles improve by 24.7% to 31.7% the power
output of the single recuperated cycle in the WHR of exhaust gases at 471 °C. This is due to the
better capability of heat extraction from the exhaust gases, as demonstrated by the much lower stack
temperature (90-130 °C in the novel schemes versus 210 °C of the single recuperated cycle). Different
combinations were also explored in the literature, where the organic Rankine cycle (ORC) substitutes
for the second s-CO; cycle in the cascaded system. For instance, Hou et al. [16] proposed a novel system
composed of the sequence of a single recuperated s-CO; cycle and an ORC using zeotropic mixtures of
cyclopentane (cC5) and refrigerant R365mfc for WHR from a regenerative gas turbine. The authors
carried out multi-objective optimization using the exergy efficiency and cost of electricity of the entire
system as objective functions. They showed that the replacement of the single recuperated cycle
with a recompression or a basic non-recuperated s-CO, cycle would worsen both the thermodynamic
and economic performance. Cao et al. [17] proposed a combined system composed of the sequence
of a basic non-recuperated s-CO, cycle and a transcritical CO, cycle for WHR from a gas turbine.
The transcritical cycle receives heat from the exhaust of the s-CO, cycle and from the residual heat
of the flue gases and uses the liquefied natural gas as a heat sink. The results of the thermodynamic
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optimization obtained for a small gas turbine having an exhaust temperature of 510 °C showed that
the basic s-CO, cycle already enables an effective cooling of the flue gases, hence the main function of
the transcritical CO, cycle is the recovery of the heat available at the discharge of the s-CO, cycle.

These studies clearly show the thermodynamic advantage of a cascaded system composed of
traditional cycles, which can improve by up to 30% the net power output of a single s-CO, cycle in
WHR applications. On the other hand, they also highlight their major criticality, namely the high
number of required components, in spite of the very recent efforts to address this point, as shown by
the cascaded layouts with shared equipment.

1.4. Novel s-CO, Power Cycles for WHR

The novel s-CO, power cycle layouts devised in the last decade for WHR applications provide
a high performance with a comparatively lower number of components compared to the cascaded
systems described in the previous section. The most relevant ones are here referred to as the “single
flow split with dual expansion”, “dual flow split with dual expansion”, and “dual recuperated” s-CO,
power cycles. They apparently resemble a traditional s-CO, cycle but differ from the latter by including
two turbines. Among the s-CO, layouts specifically developed for WHR applications, it is the “partial
heating cycle” that can still provide a high performance using a single turbine.

One of the first studies published about novel s-CO, power cycles for WHR was an EPRI (Electric
Power Research Institute) report by Kimzey [18], who presented and optimized the performance of
three novel s-CO, power cycles for WHR from gas turbines, selected out of nearly 30 configurations
initially conceived. The first one is the single flow split with dual expansion (called baseline Cascade
Cycle 1), which was first presented during a conference by a cutting-edge company [19]. The other
two cycles were proposed by the author as an advancement on the baseline cycle and include the
more complex layout with dual flow split and dual expansion. Focusing on the first novel cycle, the
author showed that it can provide a 1.5% to 3% gain in power output compared to a two-pressure
level steam bottoming cycle, whereas it is outperformed by the triple pressure with reheat steam cycle
commonly used for larger heavy duty gas turbines. The authors showed that its main drawback
is the poor thermal profile match in the low temperature recuperator, which implies an incomplete
recovery of the heat at the exhaust of the CO, turbines. Another early study on advanced s-CO,
layouts was that by Walnum et al. [20], who, referring to a patent by Held et al. [21], compared the
performance of the novel dual recuperated (called “dual stage”) s-CO, power cycle against that of a
single recuperated cycle for WHR from a 32 MW gas turbine installed in an offshore platform. At the
design point, the authors found that the dual recuperated cycle improves the power output of the
single recuperated cycle by 10.1%. This is mainly a result of the enhanced heat extraction from the heat
source, as demonstrated by the lower flue gas outlet temperature (125 versus 170 °C), and the higher
cycle maximum temperature (426 versus 365 °C) attained by the dual recuperated cycle. In the latter,
approximately 40% of the total CO; mass flow rate is heated by the exhaust of the high temperature
turbine (HTT) in a high temperature recuperator (HTR), and directly expanded in the low temperature
turbine (LTT). The partial heating (often called “preheating”) cycle completes the picture of the most
relevant novel layouts and was selected by Wright et al. [22] as one of the most promising s-CO, power
cycles for WHR applications. The authors maximized the net annual revenue by searching for the
optimum cycle parameters, in particular the turbine inlet temperature and split flow fraction, and
the optimum heat exchanger approach temperatures. For each cycle, they evaluated the separate
contributions of the cycle thermal efficiency and heat recovery effectiveness at the optimum point.
They found that the 17.1% to 22.6% gain in the net power output of the novel cycles over the single
recuperated cycle is accompanied by a 10.1% to 17.6% increment in the specific investment cost. Among
the novel cycles, the highest rate of return (15.6%) was achieved by the dual recuperated cycle.

These first promising results paved the way for further studies aimed at comparing the performance
of the novel s-CO, power cycles against that attainable by single or cascaded layouts of traditional
s-CO; cycles or multi-pressure steam cycles. In this context, one of the earliest and most comprehensive
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study is by Cho et al. [23], who compared the performance of the novel s-CO, power cycles proposed
by Kimzey [18] against that attainable by cascaded systems composed of the sequence of recompression
or pre-compression and partial heating cycles. In the WHR from a gas turbine having an exhaust
temperature of 580 °C, the authors found that the dual flow split with a dual expansion cycle improves
by 6.6% to 8.5% the power generated by the cascaded s-CO; systems, and even improves by 3.6% the
power output of a triple pressure with a reheat steam cycle. Even though the single flow split with
dual expansion provided only 85% of the power output of the dual flow split cycle, it was considered
a promising option due to the lower number of heat exchangers and turbomachinery. Also based
on these findings, Huck et al. [24] exclusively focused on the dual flow split with a dual expansion
layout and compared its performance against that achievable by state-of-the-art steam bottoming
cycles for heavy-duty and aeroderivative gas turbines. The author found that this advanced s-CO,
power cycle can perform even better than a three-pressure reheat steam cycle provided that maximum
CO; pressures exceeding 30 MPa are allowed, and considering very high efficiencies (95%) for CO,
turbomachinery. Instead, a 0.5% gain in the combined cycle efficiency is attainable when this s-CO,
layout replaces the dual pressure non-reheat steam cycle also using the more accessible assumptions
of a near-term design. Kim M.S. et al. [25] extended the comparison to a wider set of s-CO, power
cycle layouts for WHR from a 5.0 MW gas turbine. Besides the traditional layouts (single recuperated,
recompression, and pre-compression), they considered the partial heating cycle, three novel layouts
with dual expansion proposed by Kimzey [18], and three original concepts. They found that the partial
heating cycle improves by 23.3% to 26.2% the power output generated by the traditional layouts and
even marginally improves by 2.6% the power generated by the single flow split with a dual expansion
cycle. The power output of the latter was found to be equal to 83% to 86% of that achievable by the
dual flow split with a dual expansion cycle, which is consistent with Cho et al. [23]. On the other hand,
the new concepts devised by the authors could not exceed the power output achieved by the partial
heating cycle, which was finally considered the most promising option for a megawatt scale due to the
simpler layout, smaller number of components, and simpler operational scheme. A more focused study
on this layout was carried out by Kim Y.M. et al. [26], who compared the performance of the partial
heating cycle (called “split flow”) against that of the single recuperated cycle for WHR from a 25 MW
gas turbine. The authors evaluated the separate contributions of the cycle thermal efficiency and heat
recovery effectiveness in the calculation of the total heat recovery efficiency (called the “system thermal
efficiency”). They showed that the maximum total heat recovery efficiency reaches 26.0% for the partial
heating cycle, which is 6% higher than the maximum attained by the single recuperated cycle. This is
mainly the result of the higher heat recovery effectiveness (89.6% versus 69.2%), with the cycle thermal
efficiency remaining almost unaltered. The authors showed that in both cycles, the optimum TIT (in
the range 390-400 °C) is much lower than the exhaust gas temperature (538 °C), which implies high
exergy losses in the heater. The performance of the partial heating cycle was found to be even better
than that of a cascaded system composed of the sequence of two single recuperated cycles, in spite of
the lower number of components. Marchionni et al. [27] carried out a techno-economic comparison
between four traditional s-CO, power cycle layouts against four layouts specifically developed for
WHR applications. The latter included the partial heating s-CO; cycle (called preheating) and one
novel layout proposed by the authors, which differs from the partial heating cycle by including a
pre-compressor. In the utilization of flue gas at 650 °C, the authors found that the novel layouts
outperform the traditional ones. Even though the comparison between novel layouts may be partially
biased by the assumption a fixed flue gas outlet temperature (150 °C), the maximum power output
was achieved by the partial heating cycle with or without the pre-compressor plant modification.

In summary, these studies agree about the unrivalled performance of the dual flow split with a
dual expansion cycle but, virtually, suggest the partial heating cycle and the single flow split with a dual
expansion cycle as the most promising layouts due to their relevant performance and simpler layouts.

With the only exception of Wright et al. [22], the performance assessment of the dual recuperated
layout is limited to a comparison against traditional s-CO, cycles. One of the most relevant studies
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on this novel layout is by Wu et al. [28], who optimized the performance of dual recuperated cycles
(called “dual stage”) for WHR from exhaust gases with inlet temperatures in the range 250-500 °C.
For the highest exhaust temperature of 500 °C, the dual recuperated cycle was found to improve by
4.5% the total heat recovery efficiency of the single recuperated cycle (i.e., 23.22% versus 18.77%).
Furthermore, the highest performance was obtained at maximum pressures that were a few MPa
lower than the corresponding ones for the single recuperated cycle. The authors showed that the
performance of the dual recuperated cycle could be only marginally improved (less than 0.5%) by
the addition of a third turbine and third recuperator. The performance comparison was extended
to economic aspects in the recent study by Wang et al. [29], who carried out a thermodynamic and
exergoeconomic optimization of a dual recuperated s-CO, power cycle for WHR from a 2.9 MW
internal combustion engine. The significant improvement in the net power output (22.2%) and the
almost negligible increase in the cost compared to the single recuperated cycle obtained after the
multi-objective optimization made the dual recuperated cycle the recommended choice. Instead,
the addition of a third turbine and recuperator stage was found to be detrimental from both aspects.
Astolfi et al. [30] recently evaluated the performance of the dual recuperated cycle (called “cascade
recuperative”) for WHR in a wide temperature range between 200 and 600 °C. The authors showed
that this layout always provides a higher power output than the single recuperated and recompression
cycles for the utilization of waste heat sources having a high cooling grade. In particular, in the absence
of any constraint on the minimum heat source outlet temperature, the total heat recovery efficiency
was found to reach approximately 25% for a waste heat source at 550 °C.

Thus, it clearly appears from these studies that the dual recuperated cycle has a high potential to
improve the performance of traditional s-CO; layouts in WHR applications. The claimed 22% to 24%
gain in power compared to the single recuperated cycle closely matches that attainable by the single
flow split with dual expansion and partial heating layouts having a similar complexity. So, an important
need stands out for a systematic comparison between these three novel layouts based on a common
basis to extend the study by Wright et al. [22]. A prerequisite to that is a deeper understanding of the
topology of each power system, i.e., the way in which constituent parts (equipment) are interrelated
or arranged.

1.5. Decomposition of Complex Plants into Elementary Thermodynamic Cycles

Advanced layouts of power cycles are not easily comprehensible. The rationale behind the
sequence of basic plant components and the design of heat transfer network within the system is not
within everyone’s reach. The inventors of novel plant layouts often conceal the basic idea leading to a
new plant proposal. To make the comprehension of advanced layouts easier, a method was conceived
within the research group of the present first author, which traces the origin of the new layouts to
the well-known Rankine and Brayton cycles. At the beginning, the method was merely applied to
understand the genesis of advanced layouts based on the gas turbine. More recently, it has been
codified in an algorithm to automatically generate new layouts of power cycles. The main development
stages are briefly summarized in the following. In the proposal and application of the Heatsep method,
Lazzaretto and Toffolo [31] showed that the synthesis of energy system configurations can be considered
as an operation in which one or more thermodynamic cycles are composed into a single system. These
cycles may be open or closed and the working fluids may be different. The different cycles may be
separated, as in a combined gas/steam combined cycle, or partially superimposed, as in a steam gas
injected gas turbine (STIG) or humid air turbine cycle (HAT). They share common transformations after
their working fluids are merged (e.g., using mixers) and their common paths end when the streams are
separated in other components (e.g., in splitters or condensers). In a further study, Lazzaretto and
Manente [32] showed that the advanced oxy-combustion cycles, like the S-Graz or the Hy/O, power
cycles, can be thought of as the superimposition of Brayton cycles operated by steam and/or CO, and
steam Rankine cycles with high temperature reheat and three expansion stages. Even though the
analysis remained at a descriptive level, the authors could identify a clear evolution of the layouts of
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the elementary thermodynamic cycles, which goes in the direction of improving the thermal efficiency
of both the Brayton and Rankine cycles composing the overall system. However, the improvement of
the thermal efficiency does not suffice, and should be accompanied by the enhanced capability of heat
recovery from the hot streams available within the system. This point was addressed by Morandin et
al. [33], who analyzed the steam injected gas turbine (STIG) cycle as the combination of two partially
superimposed cycles, namely an air Brayton cycle and a steam Rankine cycle. The authors first
calculated the thermal efficiency of each elementary cycle disregarding any thermal interaction between
them, as if the heat input to the elementary steam cycle was entirely provided by a fictitious external heat
source. In this way, they could introduce the “baseline” thermal efficiency concept, as the mass flow rate
weighted average of the thermal efficiencies of the two elementary cycles. The real thermal efficiency of
the STIG cycle was then calculated as the sum of the baseline thermal efficiency and an efficiency gain
(mainly) related to the internal heat recovery. The authors showed that the main effect in the evolution
towards more advanced STIG plant configurations featuring high and low pressure steam turbines is the
increase of the baseline thermal efficiency. More recently Lazzaretto et al. [34] developed an automatic
procedure for the synthesis of energy system configurations (called “Synthsep”), which consists in
two steps. In the first step, all meaningful system configurations are generated by combining two or
more elementary Rankine cycles by sharing (partially or totally) one or more of their thermodynamic
processes using a comprehensive and rigorous set of rules. In the second step, a two-level optimization
is performed to select the system configuration and the associated design parameters leading to the
highest value of the objective function. The authors applied this method for the synthesis/design
optimization of a dual pressure ORC system using iC4 and R245fa. They found that the optimum
system layout is obtained when the two elementary Rankine cycles have shared expansion and cooling
processes. While the algorithm has been developed so far by Toffolo [35] for Rankine cycle-based
energy systems only, yet this general approach could be extended to Brayton cycle-based energy
systems as well.

These studies show that the decomposition of advanced power cycles in elementary
thermodynamic cycles could be a useful tool not only to identify the building blocks of the system but
also for its preliminary assessment. Indeed, the calculation of the thermal efficiency of each elementary
cycle could provide a first indication about the overall performance of the system, though the latter is
highly affected by the thermal interactions between elementary cycles.

1.6. Aim and Main Novelty of This Work

This work deals with a systematic analysis and thermodynamic optimization of three novel s-CO,
power cycles for waste heat recovery, which are selected as the most promising due to their high
performance and low number of components. They are referred to in this work as single flow split
with dual expansion, partial heating, and dual recuperated cycles, even though they might be known
to the reader under different names (cascade, preheating, and dual stage or split cycles, respectively).
The thermodynamic performance of the power cycles is optimized using the power output as the
objective function and a coherent set of assumptions to allow for a fair comparison. The heat source is
assumed available at an inlet temperature of 600 °C, which is considered as a benchmark temperature
for recovery of high temperature waste heat in the industrial sector (steel industry, etc.) as well as
in the electricity sector (gas turbines, fuel cells, etc.). Each advanced layout is decomposed into two
elementary thermodynamic cycles, which are partially superimposed. The two cycles join after the
mixer, follow a common path, and separate after the splitter. To the authors” knowledge, such a
decomposition of advanced s-CO, power cycle layouts into elementary Brayton cycles has never been
explored in the literature. An attempt is made to identify in them the features of a topping cycle, which
receives heat from the waste heat source, and a bottoming cycle, fed by the exhaust of the topping cycle.
The thermal efficiency of each elementary cycle is calculated to quantify the separate contribution of
each elementary cycle composing the system to the output power in the cascade utilization of the
waste heat.
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With the only exception of the work by Wright et al. [22], these three layouts have never been
compared to each other in a single study, and this is done for the first time on the basis of a pure
thermodynamic objective. Moreover, unlike [22] and almost all studies in the literature, which focus
on the optimum point, this work shows a wider spectrum of design options that include the optimum
one as a particular solution. The overall performance is explained based on two metrics, namely the
“cycle thermal efficiency” and the “heat recovery effectiveness”, following the approach recently used
by one of the current authors in the comparison of traditional s-CO, layouts and two novel s-CO,
layouts with dual expansion [36]. The former represents the capability of the novel power cycles in
heat to power conversion, and the latter quantifies their ability in extracting heat from the waste heat
source. This decomposition of the overall performance into two metrics highlights the strengths and
weaknesses of each layout and helps understand the trend of the variation of the power output with
the decision variables, which is peculiar to each layout.

2. Materials and Methods

The methodology used in this work consists of the following four steps: (1) Selection of the most
suitable s-CO, power cycles for the WHR application; (2) analysis of their layouts to understand their
genesis and building blocks; (3) setting of a common and sound basis for thermodynamic optimization
and comparison; and (4) breakdown of the overall performance into meaningful elementary sub-metrics.
The final goal was to gain a deeper insight into the underlying reasons leading to high performance
and provide new directions of development for advanced s-CO; power cycles for WHR.

2.1. Selection and Analysis of s-CO, Power Cycles for WHR: Layouts and Decomposition into Elementary
Thermodynamic Cycles

Following a thorough literature survey on s-CO, power cycles for WHR briefly outlined in the
introduction, three layouts were selected, which combine a high potential with a relatively simple
configuration and low number of components. The single flow split with dual expansion cycle
was already selected by one of the present authors in [36], whereas the partial heating and dual
recuperated cycles were first selected by the authors in this study. For each layout, an effort was
made to disaggregate the overall structure into elementary thermodynamic cycles, which helps to
understand the genesis of these advanced systems.

2.1.1. Single Flow Split with Dual Expansion s-CO, Power Cycle

Figure 1 shows the layout of the single flow split with dual expansion s-CO; cycle [36]. The total
CO; flow at the outlet of the compressor (state 2) is split into two streams. The first stream (m;) is
heated to the maximum cycle temperature (state 3) in the heater and expanded in the high temperature
turbine, HTT (3—4). The second stream (m,) is heated to the inlet temperature of the low temperature
turbine, LTT (state 7), in two recuperators (LTR and HTR) in sequence. The CO; flow leaving the HTT
is cooled in the HTR (4-5) and mixed with the exhaust from LTT. The total CO, flow is cooled in the
LTR (9-10) and cooler (10-1) down to the desired compressor inlet state.

This highly integrated system can be thought of as being composed of two partially superimposed
elementary Brayton cycles: A topping non-recuperated cycle (Figure 2a) and a bottoming recuperated
cycle (Figure 2b). The two elementary thermodynamic cycles share the cooler and the compressor and
interact through the HTR and LTR. In the topping cycle, CO; is heated from the compressor outlet
to the inlet of the HTT by the external heat source. In the bottoming cycle, CO, is heated from the
compressor outlet to the inlet of the LTT primarily by recovering the exhaust heat from the HTT (in
HTR and LTR) and, partially, by recovering the exhaust heat from the LTT (in LTR). Thus, the LTR has
a double function: Not only does it recover the low temperature exhaust heat from the topping cycle
but it also recovers internally the exhaust heat within the bottoming cycle.
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X=m1/Myco2 TIT=T;
Compressor 3
LT 17 HT
Turbine Heater Turbine
Splitter
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1 HTR
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Cooler

Figure 1. Single flow split with dual expansion s-CO, cycle [36].

T T
HTT

HT HTR LT

LTR/LTR

LTR LTR

CL

(@) (b)

Figure 2. Decomposition of the single flow split with a dual expansion s-CO; cycle into two elementary
thermodynamic cycles: (a) First elementary cycle (topping); (b) Second elementary cycle (bottoming).

In the schematic representation of the elementary cycles in Figure 2, the thermodynamic processes
are drawn using different colors. The red color refers to the heat input from the external heat source,
the blue to the heat rejection to the environment, the green to the regenerative heat transfer within each
elementary thermodynamic cycle, and the violet to the heat transfer from the topping to the bottoming
elementary cycle.

2.1.2. Partial Heating s-CO, Power Cycle

Figure 3 shows the layout of the partial heating s-CO, cycle. The total CO, flow at the outlet of
the compressor is split into two streams that are heated in parallel to an intermediate temperature.
The first stream (111) is heated to state 3 by the external heat source in heater 1, whereas the second
stream (1m,) is heated to state 4 in the recuperator by recovering internally the heat at the turbine
exhaust. After mixing (state 5), the total CO, flow is heated by the external heat source in the heater 2
(5-6) up to the turbine inlet temperature. The turbine exhaust is cooled in the recuperator (7-8) and in
the cooler (8-1) in sequence down to the desired compressor inlet state.
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Heater 1 Heater 2

X=m1/Mycoz TIT=Ts
my
Msco2 )
Recuperator
] +6
Y
Compressor Turbine
1 7

Figure 3. Partial heating s-CO, cycle.

The partial heating cycle can still be thought of as being composed of two elementary Brayton
cycles, both operating between the minimum and maximum cycle temperature and sharing most of
the equipment. The first elementary thermodynamic cycle (Figure 4a) is a non-recuperated cycle and
fully acts as a topping cycle because it receives heat from the external heat source in heater 1 and
heater 2 and makes the heat at the turbine exhaust available for recovery. The second elementary cycle
(Figure 4b) is a recuperated cycle (see the green processes) that only partially acts as a bottoming cycle.
Indeed, besides recovering heat from the topping cycle in the recuperator (at the lower temperature
level, violet process), it also receives heat directly from the external heat source in the heater 2 (at the
higher temperature level, red process).

REC/REC

(a) (b)

Figure 4. Decomposition of the partial heating s-CO, cycle into two elementary thermodynamic cycles:
(a) First elementary cycle (topping); (b) Second elementary cycle.

2.1.3. Dual Recuperated s-CO;, Power Cycle

Figure 5 shows the layout of the dual recuperated s-CO; cycle. The CO, flow at the outlet of
the compressor is split into two streams that are sent to two recuperators in parallel (LTR and HTR).
The first stream (1717) is heated in the LTR by the exhaust of the LTT and, subsequently, in the heater by
the external heat source before expansion in the HTT. The second stream (1,) is heated in the HTR by
the exhaust of the HTT before expansion in the LTT. After heat recovery in the HTR (5-6) and in the
LTR (8-9), the two heat depleted exhaust streams are mixed, and the residual heat is rejected to the
environment in the cooler (10-1) down to the desired compressor inlet state.
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Figure 5. Dual recuperated s-CO, cycle.

Even though the distinct features of a topping and bottoming cycle cannot be strictly identified,
the dual recuperated s-CO, cycle can still be thought of as being composed of two elementary Brayton
cycles operated by m; and m;,. The first cycle (Figure 6a) acts only partially as a topping cycle because
it receives heat not only from the external heat source in the heater (at the upper temperature) but
also from the second elementary cycle in the LTR (at the lower temperature). In addition, the second
elementary cycle (Figure 6b) acts only partially as a bottoming cycle because, besides receiving heat
from the first cycle in the HTR, it also provides heat to the latter in the LTR.

T T
HTT

HT

LTT
HTR HTR

LTR

CL CL

(a) (b)

Figure 6. Decomposition of the dual recuperated s-CO; cycle into two elementary thermodynamic
cycles: (a) First elementary cycle; (b) Second elementary cycle.

In Figure 6, the heat transfer from the first cycle to the second cycle is shown using a violet color,
like in the previous cases, whereas the heat transfer from the second cycle to the first one is shown
in orange. Both the HTR and the LTR are actually the plant components that enable the interaction
between the two elementary cycles and do not act as traditional recuperators.
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2.2. Modeling and Thermodynamic Optimization

The s-CO, power cycles were modeled in the Engineering Equation Solver (EES) environment
using a consistent set of assumptions for a fair comparison. A thermodynamic optimization was
performed to find the optimum parameters of each s-CO, power cycle layout for utilization of a waste
heat source with an inlet temperature of 600 °C. The steady-state mass and energy balances for each
plant component are not shown for brevity.

2.2.1. Objective Function and Other Performance Metrics

The aim of the thermodynamic optimization set up in this study was the maximization of the
“total heat recovery efficiency” (tor), which is the ratio between the net power output (Wnet) and
the heat available from the waste heat source (th’av) from the inlet temperature (Tj,) to the ambient
temperature (T mp):

Wnet Wnet

NToT = = = = . 1)
hs,av mhs'Cp'(Tin - Tamb)

In this study, the net power output of all layouts was set to equal 1 MW and the mass flow rate of
the heat source (my) was calculated accordingly. Thus, the maximization of the net power output
from a given waste heat source translates to the minimization of the mass flow rate of the heat source
required to generate such a fixed amount of power.

The total heat recovery efficiency can be interpreted as the product of two more elementary
performance metrics, namely the “thermal efficiency” of the power cycle (y,) and the “heat recovery
effectiveness” (¢) in the heat transfer process between the heat source and the power cycle:

NToT = Neh * $- ()

Indeed, 1y, is the ratio between the net power and the heat transferred from the heat source to the

power cycle (th’av);
Nth = ‘.Nnet = - Waet , 3)
th,in th'CP'(Tin - Tout)

whereas ¢ is the ratio between the heat transferred to the power cycle and the heat available from the
heat source from the inlet temperature to the ambient temperature:

_ th,in o (Tin_Tout)

) - = .
Qhs av (Tin - Tamb)

4)

From Equation (2), it is clearly apparent that both elementary performance metrics have the same
weight in determining the final value of ntgr. Thus, in the search of the maximum power output from
a given heat source, it is important to maximize both of them. The improvement in ny, is obtained by
increasing the average temperature of the heat input from the heat source and decreasing the average
temperature of the heat rejection to the environment. Instead, the improvement in ¢ is obtained by
cooling down the heat source to the highest extent in the heat transfer process to the power cycle. These
two requirements are generally antithetic because the cooling of the heat source in the heat transfer
process implies heat input at lower temperatures. The target of the thermodynamic optimization is to
identify those conditions (i.e., the values of the optimum decision variables), which represent a balance
between high 1y, and high ¢ that yields the highest ntor.

While this approach based on the decomposition of the overall performance metric (Ntor) into
two elementary sub-metrics (i.e., ny,, ¢) has been widely applied in the field of organic Rankine cycles
(see, e.g., [37]), it has been seldom used in the field of s-CO, power cycles and almost exclusively for
the optimum point (see, e.g., Wright et al. [22]). Thus, one of the goals of this work was to apply this
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approach, introduced in [36], to explore the potential of the advanced s-CO, power cycle layouts in
both converting heat into power and extracting heat from the heat source. The response surfaces of ny,,
¢, and npor were explored in a wide range of decision variables to verify the flatness of the objective
function in the neighborhood of the optimum and the main reasons behind the trend of nror.

2.2.2. Decision Variables and Main Assumptions

The heat source is composed of flue gases having an inlet temperature of 600 °C and a specific heat
typical of the exhausts from a gas turbine [38] or an internal combustion engine [39]. The assumption
of a constant specific heat makes the application of the results obtained to different waste heat
sources straightforward.

For each cycle layout, the decision variables in the optimization of nyor are the mass flow fraction
(%) in the splitter at the outlet of the compressor and the maximum cycle temperature (TIT), shown
within the green labels in Figures 1, 3 and 5. There are three other cycle parameters with a significant
impact on the final performance, namely the maximum cycle pressure, limited to 20 MPa, and the
minimum cycle pressure and temperature that were taken to equal 7.63 MPa and 32 °C, respectively,
following [12,36].

Furthermore, the performance of the equipment (heat exchangers, turbomachinery, etc.) strongly
affects the performance of the overall system and was set carefully to ultimately obtain a reliable
performance prediction and comparison. Following the literature, the effectiveness of the recuperator/s
was fixed at 95% (see, e.g., [7]). Shiferaw et al. [40] discussed the design features of printed circuit
heat exchangers’ (PCHESs) recuperators and the relationship between the effectiveness and cost in the
search for an efficient power cycle and cost-effective design. They showed that a heat exchanger with
an effectiveness of up to 95% provides a significant gain in cycle efficiency at a moderate cost. Also,
the compact recuperator based on a different design based on the microchannel technology tested
in [41] reached values of effectiveness of up to 97%.

The minimum temperature difference between the heat source and the CO; in the heater/s (AT);;,)
was fixed at 50 °C as suggested in the design of gas-to-gas heat exchangers [42]. The new heat exchanger
between waste gases and supercritical CO, based on the plate-type design, rather than on the more
common finned tube design, built and tested in [43] reached an effectiveness in the range 77%-87%,
which is consistent with the assumed temperature difference assumed in this study:.

The pressure losses in all heaters and recuperators were neglected for an easier comparison against
other studies on s-CO, power cycles, or different waste heat-to-power technologies, where pressure
losses are often neglected at the conceptual stage of the design. The reader is referred to a previous
study of the first current author [36] for the impact of pressure losses on the performance of s-CO,
power cycles.

The isentropic efficiencies of the compressor and turbine/s were fixed at 80% and 85%, respectively,
taking into account both the small size of the system (which implies higher losses and lower efficiencies)
and the recent advancements in the design of CO, turbomachinery. Cich et al. [44] report a design
turbine efficiency of 85% and compressor efficiencies of 78% to 82% for a 10 MW recompression s-CO,
cycle. A maximum total-to-static efficiency of about 70% was measured for a 50 kW radial compressor
tested at Sandia National Laboratories [45], which, however, was designed starting from traditional
design tools adjusted for the real gas behavior of CO,. Noall and Pasch [46] estimated a realistically
achievable compressor isentropic efficiency of 83% to 85% for a 50 MW plant. The total-to-static
efficiency of the 1.16 MW s-CO, turbine modelled in [47] was 85.4%, which is consistent with the size
and efficiency of the present study. The partial heating layout includes a single larger CO, turbine
rather than two smaller turbines, which is beneficial in terms of the turbine efficiency. However,
a detailed evaluation of the turbine efficiency that considers the impact of the turbine architecture
(radial, single axial, multistage axial, etc. [48]), size, and expansion ratio [49] is left to a further stage of
the design process.
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The thermodynamic properties of carbon dioxide were obtained using the equation of state
developed by Span and Wagner [50], which is embedded in EES and provides an accurate calculation of
the real gas behavior of CO; in a wide range of pressures and temperatures. The precise description of
the thermodynamic properties, especially in the vicinity of the critical point ensured by [50], is crucial
for the accurate analysis and performance prediction of the s-CO, power cycles. Table 1 summarizes
all the main assumptions, which are consistent with [36], for a direct comparison with the traditional
s-CO, power cycles.

Table 1. Main assumptions in the simulation models of s-CO; cycle layouts.

Parameter Value

Heat source inlet temperature, T, (°C) 600

Heat source specific heat, ¢y (kJ/kg-K) 1.17
Ambient temperature, T, (°C) 20

Compressor inlet pressure, p; (MPa) 7.63

Compressor inlet temperature, T; (°C) 32.0

Maximum cycle pressure, p, (MPa) 20.0

Recuperator/s effectiveness, ¢ (%) 95.0
Minimum temperature difference in the heater/s, AT,,;, (°C) 50
Pressure drops in recuperators and heaters, Ap (bar) -
Isentropic efficiency turbine/s, n;s v (%) 85
Isentropic efficiency compressor, 1;5,c (%) 80
Mechanical/generator efficiency turbine/s, 1,1 (%) 95
Mechanical efficiency compressor, 1, ¢ (%) 98

2.2.3. Thermal Efficiency of Elementary Thermodynamic Cycles

While the decomposition of s-CO, power cycles into elementary Brayton cycles is already
meaningful at a qualitative level to understand the genesis of such advanced cycle layouts (see
Section 2.1), further insights could be provided by a quantitative analysis that evaluates the thermal
efficiency of each elementary cycle.

The thermal efficiency of the first elementary thermodynamic cycle (topping cycle) was

calculated as: .
Whet1
Mg = = 5)
th,l

where Wnet,l is the net power generated by the mass flow rate, m;, operating in the first elementary
thermodynamic cycle and Qy 5 is the heat transferred from the external heat source to m;.
Instead, the thermal efficiency of the second elementary thermodynamic cycle (bottoming cycle) is:

Whet2
Ntho = — net , 6)

rec,1—-2

where Wnet,Z is the net power generated by the mass flow rate, m,, operating in the second elementary
thermodynamic cycle, and Qrec,1—>2 is the heat recovered from the exhaust of the first elementary cycle
and transferred to m.

The analysis in Section 2.1 showed that the decomposition into a pure topping cycle and a pure
bottoming cycle strictly applies only to the dual flow split with a dual expansion s-CO, power cycle.
Nevertheless, the calculation of the thermal efficiencies of elementary cycles can still be theoretically
carried out for the remaining layouts. In particular, the additional term th,Z was added at the
denominator of Equation (6) to take into account the heat transferred from the external heat source
to m; in the partial heating layout. Instead, the heat transferred from cycle 2 to cycle 1 in the dual
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recuperated layout (orange process in Figure 6) was not added at the denominator of Equation (5),
being treated in the same way as a regenerative heat transfer.

The achievement of high thermal efficiencies in both elementary cycles is a prerequisite to reach a
high nror, but not sufficient. Indeed, it must be accompanied by a high heat recovery from the external
heat source (which is quantified by ¢) and a high heat recovery from the turbine exhausts of both
elementary cycles. While the heat of the turbine exhaust of the first elementary cycle is recovered
by the second elementary cycle, the heat of the turbine exhaust of the latter is recovered by internal
regeneration within the elementary cycle itself (single flow split with dual expansion and partial
heating layouts) or heat transfer back to the first elementary cycle (dual recuperated layout).

3. Results

3.1. Single Flow Split with Dual Expansion s-CO, Power Cycle

Figure 7 shows the variation of nror for the single flow split with dual expansion cycle in a wide
range of variation of the decision variables. The trend of variation of ny, (not shown for brevity) is the
same as Mtor, but its values are just scaled up by the reciprocal of ¢, with the latter being constant
(¢ = 0.8377) over the entire domain of the decision variables. The maximum 1ot (22.3%) is obtained
at the maximum TIT of 550 °C and x = 0.35. However, a region of high nror occurs at TIT higher than
450 °C and x in the range 0.32-0.5 that is asymmetrical to the optimum. Note that a wider domain of x
was considered compared to [36] to explore the rapid decay of nyor at low x values.

Total heat recovery efficiency

0.22

o
©

0.20

o
@

0.18

my/m coo
o
~

1

Mass fraction x

l350 400 450 500 550
TIT ¢C)

Figure 7. Variation of nyor with TIT and x for the single flow split with a dual expansion cycle.

Table 2 shows the values of the performance metrics and cycle parameters at the optimum point
and at four sub-optimum points forming a parallelogram on the left of the optimum. At the optimum
point, the temperature at the inlet of the LTT (T7) is moderately high, the temperatures of the two
streams at the mixing point are similar (T5 ~ Ts), and the heat at the exhaust from both the HTT and
the LTT is fully recovered (i.e., T;p—T>). However, it must be noted that the temperature at the inlet of
the LTT is much lower than the temperature at the exhaust of the HTT (T7 << T4) due to a mismatch
between the mass flow rates and the thermal flow capacities in the HTR, inherent to this cycle layout.



Energies 2020, 13, 370 16 of 31

Table 2. Performance metrics and cycle parameters at the optimum and four sub-optimum points for
the single flow split with a dual expansion cycle. All temperatures are in °C.

TiT x nror M d T, Ty T5 T T Tg Ty Tip  Tour

5501 0351 2230 2662 8377 641 4414 2362 2254 3249 2327 2339 738 1141
500 0.30 1418 1693 8377 641 3953 80.7 641 1319 553 621 621 1141
500 0.50 1876 2239 8377 641 3953 2745 2682 3792 2833 2789 1246 1141
400 0.40 1633 1950 83.77 641 3026 1062 959 1783 955 99.7 659 1141
400 0.60 1576  18.82 8377 641 3026 2441 2214 2986 208.0 229.7 128.0 1141

1 Optimum values of the decision variables.

If the mass flow fraction, x, is decreased from the optimum (x = 0.30), the CO, temperature at the
outlet of HTR and entering the LTT is markedly reduced. This results in a temperature at the outlet
of LTT lower than the compressor outlet temperature (Tg < T) and the consequent exclusion of LTR.
Conversely, if x is increased (x = 0.50), the temperature at the inlet of LTT increases and approaches
the temperature at the outlet of HTT (T — T4). On the other hand, the heat at the exhaust from both
HTT and LTT is only partially recovered, as demonstrated by the high temperature at the inlet of the
cooler (T7p > 120 °C). The penalty in ny, and nror deriving from the low x is much higher than that
at the high x. Indeed, the slope of the response surface is much steeper for decrements of x from the
optimum rather than for increments, as clearly shown by the distance between the contour lines at
constant ot in Figure 7.

The decrease of TIT (TIT = 400 °C in Table 2) implies a contextual decrease of the maximum cycle
temperature and inlet temperature to LTT, without involving any gain in heat extraction from the heat
source. Thus, the overall effect is the decrease of g, and Ntor-

Figure 8 shows the T—s diagram of the single flow split with a dual expansion cycle at the optimum
point. The power cycle is actually composed of two partially superimposed Brayton cycles: The first
elementary cycle (in blue) operates between the minimum and maximum temperatures and receives
heat from the heat source; the second elementary cycle (in pink) recovers heat from the exhaust of the
first cycle and therefore reaches a lower maximum temperature. Accordingly, the thermal efficiency of
elementary topping cycle 1 is the ratio between the net power produced by the mass flow rate, m, and
the heat input from the external heat source (as per Equation (5)). Instead, the thermal efficiency of the
elementary bottoming cycle 2 is the ratio between the net power produced by m; and the heat input
from the exhaust of topping cycle 1 (as per Equation (6)).

800} ‘ ‘ T T s
Tin = 600°C
550}

TITopt = 550°C
5001 x=0.5
450]

400}

HTT

Heater

HTR

Cooler

-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50
s (kJ/(kg K))

Figure 8. Single flow split with dual expansion layout: T-s diagram of the optimum thermodynamic
cycle maximizing npor. The cooling profile of the heat source is superimposed.
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Table 3 shows that despite the lower TIT, the thermal efficiency of elementary cycle 2 is almost 10%
higher than that of elementary cycle 1 due to the recuperative layout. While the topping elementary
cycle enables an effective heat extraction from the external heat source (¢ = 83.77%), the bottoming
cycle enables an effective heat recovery from the exhaust of the high temperature CO, turbine.

Table 3. Thermal efficiency of the two elementary thermodynamic cycles that compose the single flow
split with dual expansion s-CO, power cycle.

Elementary Cycle 1 Elementary Cycle 2

Parameter (Topping, Figure 2a)  (Bottoming, Figure 2b)
Heat input from the external heat source (kW) 3756 -
Heat recovered from the exhaust of the first cycle (kW) - 2308
Net power output (kW) 477.3 522.7
Thermal efficiency of elementary cycles (%) 12.71 22.65

Figure 9 shows that the net power output is the useful product of a chain of efficiencies, where the
thermal efficiencies of the elementary thermodynamic cycles play a key role.

th’gv = 4,484 kW

¢=83.77%

Qusin=3,756 kW

T = 12.71% /\

/
HT /w
- aw Wnet =

= 2
L i 477.3 kW

s

Qrec=2,308 kW

T

| 170 = 22.65%

Wet=
522.7 kW

Figure 9. Single flow split with a dual expansion cycle. Breakdown of the overall performance into a
chain of efficiencies, which include the thermal efficiencies of the elementary cycles.

3.2. Partial Heating s-CO, Power Cycle

The trend of the variation of nyot for the partial heating cycle in a wide range of TIT and x is
shown in Figure 10a. The maximum nror is obtained at a moderate TIT (=390 °C) and low x (=0.30).
The lines at constant nyor form a series of non-regular rectangles around the optimum point, which
implies a higher flatness of the objective function with TIT than with x. While the maximum r, is
achieved at the highest TIT and low x in the right low corner of Figure 10b, the maximum ¢ is obtained
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in the opposite corner in a wide region roughly above the bisector of Figure 10c. The trend of nyor is
the product of the two opposed metrics according to Equation (2).

Total heat recovery efficiency
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Figure 10. Variation of the performance metrics with TIT and x for the partial heating cycle: (a) Total

heat recovery efficiency; (b) Cycle thermal efficiency; (c) Heat recovery effectiveness.

Table 4 shows the values of the performance metrics and cycle parameters at the optimum point
and at four sub-optimum points forming a rhombus around the optimum.

Table 4. Performance metrics and cycle parameters at the optimum and four sub-optimum points for
the partial heating cycle. All temperatures are in °C.

TIT x Ntor Mt P T, T3 Ty Ts T7 Tg Tinter  Tout

3001 030! 2163 2582 8377 641 276.0 280.1 2789 2933 756 3289 1141
400 050 16.79 20.05 8377 641 169.1 2907 2272 3026 135.0 2772 1141
400 010 16.69 2623 63.62 64.1 2251 2251 2251 3026 761 2751 2310
500 030 16.11 2746 58.67 64.1 3787 3787 3787 3953 97.8 4287 259.7
300 030 18.02 2152 8377 641 1333 1850 1683 2093 714 2183 1141

T Optimum values of the decision variables.
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At the optimum nygr, the temperature of the two parallel branches entering the mixing point is
almost equal (i.e., T3 = Ty), the outlet temperature of the heat source is the minimum allowed, and the
exhaust heat at the outlet of the CO, turbine is fully recovered (Ts — T>).

The increase of the mass flow fraction above the optimum point (x = 0.5) results in a marked
decrease of the outlet temperature in the upper branch (T3), a temperature mismatch at the mixing
point (T4 >> T3), and the incomplete recovery of the turbine exhaust (Ts >> T5). On the other hand,
the decrease of the mass flow fraction below the optimum point (x = 0.1) implies an incomplete
utilization of the external heat source, which leaves the plant at a temperature much higher than the
minimum allowed. The former sub-optimum condition (high x) results in a marked decrease of 1,
and unvaried ¢, whereas the latter (low x) results in a marked decrease of ¢ and almost unvaried ny,.

The increase of TIT above the optimum point (e.g., 500 °C in Table 4) implies a marked increase of
the CO, temperature at the inlet of heater 2 (T5) and the incomplete utilization of the external heat
source. In addition, the exhaust temperature at the outlet of the recuperator (Tg) turns out to be higher
than the minimum. Thus, the moderate improvement in 1y, is totally overcome by the marked decrease
in ¢. Instead, a decrease of TIT below the optimum (e.g., 300 °C) results in a poor ny, dictated by the
low maximum cycle temperature.

Figure 11 shows the T-s diagram of the partial heating cycle at the optimum point. The power
cycle is actually composed of two superimposed Brayton cycles operating between the same minimum
and maximum temperatures. The thermal efficiency of the first elementary cycle (Figure 4a) is the ratio
between the net power output obtained by the mass flow rate, 17, and heat input from the external
heat source in heaters 1 and 2 needed to heat CO; from the compressor outlet to the turbine inlet
(as per Equation (5)). The thermal efficiency of the second elementary cycle (Figure 4b) is the ratio
between the net power output obtained by 1, and the sum of the heat recovered from the exhaust
of elementary cycle 1 and heat input from the external heat source in heater 2, (i.e., the term Qp; > in
Equation 6 is added). The thermal efficiency of elementary cycle 2 is approximately two times higher
than that of elementary cycle 1 due to the recuperated layout (Table 5). The elementary cycle 1 enables
an effective heat extraction from the heat source (¢ = 83.77%), whereas the elementary cycle 2 enables
an effective heat recovery from the exhaust of the CO, turbine.

600 -
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550" TITye = 390°C
500 x =0.30
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0 L L L L L L
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Figure 11. Partial heating layout: T-s diagram of the optimum thermodynamic cycle maximizing nror.
The cooling profile of the heat source is superimposed.
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Table 5. Thermal efficiency of the two elementary thermodynamic cycles that compose the partial
heating s-CO, power cycle.

Elementary Cycle 1 Elementary Cycle 2

Parameter (Figure 4a) (Figure 4b)
Heat input from the external heat source (kW) 2377 1496
Heat recovered from the exhaust of the first cycle (kW) - 1215
Net power output (kW) 300 700
Thermal efficiency of elementary cycles (%) 12.62 25.82

Figure 12 shows that the net power output is the useful product of a chain of efficiencies. The heat
input from the external heat source is shared between the first and second elementary cycles. While
the heat input to the first cycle produces power twice (in its original form in the first cycle and in a
degraded form, degraded in temperature and amount, in the second thermodynamic cycle), the heat
input to the second cycle produces power once. The thermal efficiency of the second elementary cycle
in the partial heating layout cannot be directly compared against the corresponding efficiency in the
single flow split with the dual expansion layout because the former benefits from the higher quality
heat input.

‘ Qhs.av=4,624 KW

$=83.77%

Qhsin=2,377 KW

" n=12.62%

Qs,n = 1,496 KW

Qec=1,215 kW \ 4
1en = 25.82%

HT2

=

m/net=
= . ) 700 kw

Figure 12. Partial heating cycle. Breakdown of the overall performance into a chain of efficiencies,
which include the thermal efficiencies of the elementary cycles.

3.3. Dual Recuperated s-CO;, Power Cycle

The trend of the variation of nror for the dual recuperated cycle in a wide range of TIT and x
is shown in Figure 13a. The maximum 1oy is obtained at a TIT = 520 °C, which is lower than the
maximum temperature, and at x = 0.56. A region of high nror is attained in a rather wide range of TIT
between 450 and 550 °C and a narrow interval of the mass flow fraction x between 0.50 and 0.60. It is
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interesting to note that the region of the highest n, (Figure 13b) roughly corresponds to the region of
the lowest ¢ (Figure 13c), which still remains above 65.5%. The overall effect is the extension of the
high ot region to wider intervals of TIT and x than those maximizing 1y,.
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Figure 13. Variation of the performance metrics with TIT and x for the dual recuperated cycle: (a) Total
heat recovery efficiency; (b) cycle thermal efficiency; (c) heat recovery effectiveness.

Table 6 shows the values of the performance metrics and cycle parameters at the optimum point
and at four sub-optimum points forming a rectangle just to the left of the optimum.

Table 6. Performance metrics and cycle parameters at the optimum and four sub-optimum points for
the dual recuperated cycle. All temperatures are in °C.

TIT x Ntor M ) T, T3 T5 Te 17 Tg Ty Ti9o  Tout

5201 0561 1939 2840 6827 641 1540 4137 81.6 3804 2844 752 787 204
500 0.40 16.77 2138 7843 641 951 3953 80.7 1867 1032 66.1 717 1451
500 0.70 1545 2020 7651 641 1063 3953 2103 3787 2828 751 166.8 156.3
400 0.40 1426 17.05 83.63 641 650 3026 761 1439 650 642 688 1150
400 0.70 15.07 19.03 7920 641 90.7 3026 1582 290.7 2006 71.0 129.8 140.7

1 Optimum values of the decision variables.
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At the optimum point, the temperature increase of CO, in LTR is moderate (i.e., Tg >> T3) so that
a major fraction of the heat available from the external heat source can be recovered by the power cycle.
Conversely, the temperature of the CO; stream at the outlet of HTR and entering the LTT is high and
close to the exhaust temperature from the HTT (i.e., Ty — T5). The heat at the outlet of both HTT and
LTT is fully recovered and the temperatures of the streams entering the mixing point are close to the
compressor outlet temperature (Tg, T9, T19 — T5). The high ny, is partially abated by the poor ¢ but
finally results in the highest nror.

A reduction of x from the optimum (x = 0.40) implies a significant reduction of the CO, temperature
at the outlet of HTR and that entering the LTT. This, in turn, results in a decrease of the CO, temperature
entering the heater. The marked reduction of 1y, prevails on the moderate improvement of ¢ and
finally results in a reduction of nror. These effects are even exacerbated by the reduction of TIT (e.g.,
TIT = 400 °C) that may even require the exclusion of LTR due to the low temperature at the LTT outlet
(Ts = T). An increase of x (x = 0.70) results in an incomplete recovery of the exhaust heat at the outlet
of the HTT (T4 >> T) to the detriment of ny,. The reduction of ny, is more pronounced in the presence
of alower TIT in spite of the lower CO, temperature at the inlet of the cooler.

Figure 14 shows the T-s diagram of the dual recuperated cycle at the optimum point. The power
cycle is actually composed of two partially superimposed Brayton cycles: The first elementary cycle (in
blue) operates between the minimum and maximum temperature and mainly receives heat from the
external heat source, and the second elementary cycle (in pink) recovers heat from the exhaust of the
first cycle and therefore reaches a lower maximum temperature. Accordingly, the thermal efficiency
of the first elementary cycle is the ratio between the net power output obtained by m; and the heat
input from the external heat source (as per Equation (5)). Instead, the thermal efficiency of the second
elementary cycle is the ratio between the net power output obtained by the mass flow rate, m;,, and the
heat recovered from the exhaust of the first elementary cycle (according to Equation (6)).

6800} '
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5501 TIT pe=520°C
500 x =0.56
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300}
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Figure 14. Dual recuperated layout: T-s diagram of the optimum thermodynamic cycle maximizing
nror- The cooling profile of the heat source is superimposed.

Table 7 shows that the thermal efficiency of the first elementary cycle is higher than the
corresponding cycles in the previous layouts due to CO, preheating by heat regeneration (orange
process in Figure 6). The first elementary cycle enables a moderate heat extraction from the heat source
(¢ = 68.27), whereas the second elementary cycle enables an effective heat recovery from the exhaust
of the higher temperature CO, turbine.
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Table 7. Thermal efficiency of the two elementary thermodynamic cycles that compose the dual
recuperated s-CO, power cycle.

Elementary Cycle 1 Elementary Cycle 2

Parameter (Figure 6a) (Figure 6b)
Heat input from the external heat source (kW) 3521 -
Heat recovered from the exhaust of cycle 1 (kW) - 2905
Net power output (kW) 634.1 365.9
Thermal efficiency of elementary cycles (%) 18.01 12.60

Figure 15 shows that the net power output is the useful product of a chain of efficiencies, where
the thermal efficiencies of the elementary thermodynamic cycles play a key role.

th,av =5,158 kW

¢=68.27%

th,in =3,521 kW

T = 18.01% il

Whet =
== 634.1 kW

s

Qroc=2,905 kW

e = 12.60%

HTR

/~ Woet=
oL 365.9 kW

Figure 15. Dual recuperated cycle. Breakdown of the overall performance into a chain of efficiencies,
which include the thermal efficiencies of the elementary cycles.

3.4. Performance Comparison

Table 8 shows the optimum values of the decision variables and performance metrics for the three
s-CO; cycles considered in this work obtained for a Tj, equal to 600 °C. The last column includes
the optimum values obtained for the traditional single recuperated s-CO2 cycle, used as the baseline
(see [36]). Among the novel layouts, the highest nyor is achieved by the single flow split with a
dual expansion cycle, and the lowest by the dual recuperated cycle. Both the single flow split with
dual expansion and the partial heating cycles reach the highest ¢ (dictated by the compressor outlet
temperature and ATy, in the heater), but the 1y, of the former is 0.8% higher than that of the latter.
The dual recuperated cycle shows the lowest ¢ but the highest ng,.
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Table 8. Optimum values of the decision variables and performance metrics for the three novel s-CO,
cycles considered in this study compared to those of the single recuperated cycle used as the baseline.

Parameter Sln]gjllelalilg)v(\;:rl::;’:):lth Partial Heating  Dual Recuperated Recst:;f::te d
Tin (°C) 600 600 600 600
x 0.35 0.30 0.56 -
TIT (°C) 550 390 520 370
Mth 26.62 25.82 28.40 24.96
¢ 83.77 83.77 68.27 63.40
nToT 22.30 21.63 19.39 15.83

The optimum TIT of the single flow split with dual expansion is the highest allowed, whereas
the optimum TIT of the partial heating cycle is 210 °C lower than T},. The optimum TIT of the dual
recuperated cycle deviates from the maximum by a few tens of degrees. The optimum mass fraction, x,
is the highest in the dual recuperated cycle, whereas it is in the range 30%-35% for the other two cycles.
All three novel s-CO; cycles outperform the baseline single recuperated cycle, both in terms of ny, and
¢, providing an incremental power of 22.5% to 40.9% in the utilization of the same waste heat source
at 600 °C.

3.5. Exergy-Based Performance Comparison

Table 9 shows the results of the exergy analysis of the three novel s-CO, power cycles at the
thermodynamic optimum. The highest exergy efficiency is reached by the single flow split with a dual
expansion cycle and approaches 50%. The exergy efficiency of the partial heating cycle is only 1.5%
lower than the maximum, whereas the penalty is 6.5% for the dual recuperated cycle. The exergy of the
waste heat source required to generate the same fixed amount of electric power (1 MW) is 2 to 2.3 MW,
with the overall exergy destructions/losses being in the range 1-1.3 MW depending on the cycle layout.

Table 9. Exergy of the waste heat source, net power output, and exergy efficiency of the three advanced
s-CO, power cycles for WHR.

Single Flow Sph.t with Partial Heating  Dual Recuperated
Dual Expansion
Waste heat source (kW) 2010 2073 2312
Net power (kW) 1000 1000 1000
Total exergy
destruction/loss (kW) 1010 1073 1312
Exergy efficiency (%) 49.75 48.24 43.24

The breakdown of the overall exergy destruction/loss into exergy losses occurring in the separate
pieces of plant equipment is important to identify the source of these losses and understand any
limitation of the s-CO, power cycle layouts. It can be easily seen from Table 10 and Figure 16 that the
slight penalty in exergy efficiency of the partial heating cycle compared to the best cycle is mainly due
to the higher exergy losses in the heaters. On the other hand, the penalty in exergy efficiency of the
dual recuperated cycle is due to the relevant exergy loss in the stack and the exergy destruction in
the recuperators.
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Table 10. Breakdown of the exergy losses/destructions for the three advanced s-CO, power cycles for
WHR. All values are in kW.

Single Flow Spl%t with Partial Heating Dual Recuperated
Dual Expansion
Compressor 63.1 64.8 55.3
153.7 331.4
Recuperator 67.4(HTR)/86.3(LTR) 1533 164.7(HTR)/166.7(LTR)
3433
Heater 302.0 166(HEATER1)/ 188.6
177.3(HEATER?)
. 130.0 115.7
Turbine 46.8(HTT)/83.2(LTT) 134.3 65.5(HTT)/50.3(LTT)
Cooler 185.6 197.5 178.7
Mixer 0.03 0.04 0.24
Mech/Electr 79.5 80.2 76.1
Stack 96.7 99.7 366.5
Total 1010 1073 1312
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Figure 16. Exergy losses/destructions in plant components for the s-CO, power cycles: Single flow
split with dual expansion (blue bars), partial heating (orange), and dual recuperated (green).

The thermal profiles in the heaters (Figure 17) of the three s-CO, power cycles contain the
information about the exergy destruction in the heat transfer between the external heat source and
the high-pressure supercritical CO, and about the exergy loss in the stack. The dual recuperated
cycle shows the minimum average temperature difference between supercritical CO, and waste heat
source, which, however, leave the heater at the highest temperature (Figure 17c). The high specific heat
of the high-pressure supercritical CO; at temperatures lower than 150 °C implies an increase of the
temperature difference within the heater of the single flow split with a dual expansion cycle compared
to the minimum of 50 °C reached at the two ends (Figure 17a). In the partial heating cycle, the staging
of the heater improves the thermal match at lower temperatures (heater 1), but the moderate optimum

turbine inlet temperature implies a divergence of the two thermal profiles at higher temperatures
(heater 2) (Figure 17b).
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Figure 17. Temperature-heat load diagram in the heater/s of the s-CO, power cycles: (a) Single flow
split with dual expansion; (b) partial heating; (c) dual recuperated.

The thermal profiles in the recuperators are shown in Figure 18. There is a high mismatch in
both recuperators of the dual recuperated cycle due to the difference in the heat capacity flowrates
between the hot and cold side, which is more pronounced in the LTR (Figure 18c). The thermal match
is improved in the recuperator of the partial heating cycle (Figure 18b) and in the LTR of the single
flow split with a dual expansion cycle (Figure 18a), where the entire mass flow rate of CO, on the
hot side compensates for the lower specific heat. It is noteworthy that in all layouts, the heat of CO,
at the turbine/s exhaust is completely recovered so that the exergy loss in the cooler is minimized.
This demonstrates that the heat recovery from the waste heat source at low temperatures does not
jeopardize the internal (regenerative) heat transfer and, ultimately, the thermal efficiency of these
advanced cycles.

500 : 500
450 | HTR i LTR 450
400 | E 400 |
sso [0 ™ : 350 |
300 |
2 250 | m,
" 200 [
150 |
100
50 |
P P 0 L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
rec (KW) Orec (kW)
(a) (b)

Figure 18. Cont.
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Figure 18. Temperature heat-load diagrams of the heat transfer between hot and cold CO; in the
recuperator/s of the s-CO, power cycles: (a) Single flow split with dual expansion; (b) partial heating;
(c) dual recuperated.

4. Discussion

This work shows that the most promising novel configurations of advanced s-CO, power cycle
layouts proposed in the recent literature can be simply generated by the combination of two elementary
Brayton cycles, which are superimposed (i.e., joined) at lower temperatures but physically separated
at higher temperatures. The distinct features of a topping and bottoming elementary cycle were
strictly identified only in the single flow split with a dual expansion s-CO, power cycle, whereas the
elementary cycles in the remaining layouts hold some peculiar aspects; hence, they are simply called
the “first” and “second” elementary cycle. All three power cycles share the basic idea of cascade
utilization of the waste heat that produces power twice, namely, in the first and second cycles. This idea
is strictly implemented in the single flow split with dual expansion cycle, where the waste heat is
entirely recovered and converted into power in the topping non-recuperated cycle, whose exhaust is,
in turn, fully recovered and converted into power by the bottoming recuperated cycle. This strategy is
relaxed in the partial heating s-CO, power cycle, where a fraction of waste heat produces power only
once in the second cycle, though to the advantage of a higher thermal efficiency of the latter. Instead,
it is even exacerbated in the dual recuperated layout, where a fraction of the exhaust heat from the
second cycle substitutes for a fraction of the waste heat, yet to the detriment of heat extraction from the
waste heat source.

The results obtained from the thermodynamic optimization show that the single flow split with a
dual expansion cycle attains the highest total heat recovery efficiency, which reaches the remarkable
value of 22.3% for WHR from waste gas at 600 °C, also considering the moderate size of the system.
The net power output attainable by the single flow split with the dual expansion layout is 3.1% higher
than the partial heating layout, 15% higher than the dual recuperated layout, and 40.9% higher than
the single recuperated layout used as the baseline. For the best layout, the analysis of the objective
function around the optimum showed that the region of the highest power output is obtained in a quite
narrow range of turbine inlet temperatures approaching the maximum (550 °C). Indeed, a reduction of
the inlet temperature from 550 to 400 °C implies a net loss of 4% in the total heat recovery efficiency.
Instead, the region of the highest performance for the partial heating layout occurs in a wider range of
temperatures centered on a much lower value around 390 to 400 °C compared to the other layouts.
The high thermodynamic performance, which is only slightly lower than that attainable by the best
layout, the moderate optimum cycle maximum temperatures, and the lowest number of components
certainly place the partial heating cycle in a leading position for the recovery of high temperature waste
heat. Finally, the traditional single recuperated layout shows all its limitations in WHR applications.
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Nomenclature

Acronyms

C Compressor

CL Cooler

LT Low temperature

LTR Low temperature recuperator
LTT Low temperature turbine
HT Heater or high temperature
HTR High temperature recuperator
HTT High temperature turbine
REC Recuperator

sCO, Supercritical CO,

s-CO2 Supercritical CO,

T Turbine

TIT Turbine inlet temperature
WHR Waste heat recovery
Parameters/Variables

Cp specific heat, kJ/kg-K

m mass flow rate, kg/s

m mass flow rate, kg/s

p pressure, MPa

Q heat transfer rate, kKW

s specific entropy, kJ/kg-K
X mass fraction

T temperature, °C

1% power, kW

W power, kW

A difference

€ recuperator effectiveness
n efficiency, %

¢ heat recovery effectiveness
Subscripts

amb ambient

av available

C compressor

hs heat source

in inlet

inter intermediate

is isentropic

m mechanical

mg mechanical/generator
min minimum

net net

opt optimum

out outlet

rec recovered
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T turbine

th thermal

TOT total
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