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This paper analyses two non-conventional thermodynamic cycles designed to work with finite heat sources,
which are suitable for maximum temperatures of about 400 °C. The Hybrid Rankine-Brayton (HRB) cycle fits
well to closed heat sources and, in the paper, it is analysed considering its exergy efficiency and some re-
quirements for the maximum and minimum temperature of the heat transfer fluid that feeds the cycle, obtaining
promising results. The other one is a new proposal called Recuperated and Double Expanded (RDE) cycle, aimed
to translate the good features of HRB from closed heat sources to open ones, where the performance of HRB is

Both cycles are compared to some reference ones. Results show that the HRB cycle is a good candidate for
finite closed heat sources, particularly with maximum temperature around 400 °C and with temperature changes
of the heat transfer fluid from 100 °C to 150 °C. The RDE cycle exhibits good performance for finite open heat
sources with maximum temperatures between 200 °C and 400 °C, and it behaves similarly to tri-lateral cycles.

1. Introduction and background

Thermal power systems for electricity production based on renew-
able energies or on waste heat recovery will involve technologies that
must cope with certain limitations in the temperature of the heat
source. Among the different technologies, solar thermal power plants
(STPP) fed by a heat transfer fluid (HTF), geothermal systems fed by
brines and plants based in heat recovery from renewable or waste en-
ergy will play an important role in the future.

As it is known, when the heat source is finite, the heat transfer re-
quires a change in the temperature of the HTF. These finite sources can
be categorised into two groups, namely closed and open heat sources
[1], which may present some differences in the temperature variation
requirements.

For example, in STPPs (closed heat sources), the HTF that feeds the
heater of the thermodynamic cycle is sent back to the solar field, so its
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residual thermal energy is not wasted. Furthermore, its temperature at
this point is usually constrained (for example, due to limitations of the
fluid, or due to the thermal storage system design or even because of the
thermodynamic optimization). Therefore, the HTF works in a well-de-
fined range of temperatures, between a maximum temperature that
depends on several factors (among them the fluid characteristics) and a
minimum temperature, with the limitations mentioned above.

On the other side, in heat recovery systems (open heat sources), the
residual thermal energy of the heat carrier is lost (i.e. the exhaust gas of
a gas turbine or geothermal brines unless the reinjection to the well has
a significant contribution to the ground temperature [1]), so the HTF
temperature at the exit of the heat recovery system must be as low as
possible (although, in practise, there is some weak limitation, for ex-
ample, to avoid the acid dew point in the equipment or mineral pre-
cipitation in brines).

In the technical literature there are many works focused on the use
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Nomenclature

Symbols

[ specific heat at constant pressure (J kg~! K™1)
DRDE double recuperated and double expanded

HTF heat transfer fluid
HRB hybrid Rankine-Brayton

HRSG heat recovery steam generator

m mass flow rate (kg s7H

ORC organic Rankine cycle

r pressure ratio (-)

RDE recuperated and double expanded
s entropy (J kg ' K1)

STPP solar thermal power plant

T temperature (K)

tORC transcritical organic Rankine cycle
w specific work (J kg’l)

w power (W)

x Mass fraction (-)
2P dual pressure level
3PR TRIPLE pressure level with reheat

Greek letters

n Efficiency, thermal efficiency (-)
e exergy efficiency (-)

Subscripts

bal balancing

C compressor

max maximum

min minimum

P pump

sec secondary

T turbine

and management of low to medium grade finite thermal sources [2-4].
Organic Rankine Cycles (ORCs), either subcritical or transcritical, are
considered a good solution for such applications with limited power
rate [5,6] as they are implemented in smaller and simpler facilities than
conventional steam cycles, because the densities of the organic fluids
are high and the use of extraction lines from the turbine is avoided. The
maximum temperature in ORCs ranges from 80 °C to 400 °C. They have
been proposed for concentrating [7,8] and non-concentrating [9] solar
power plants, biomass, geothermal systems [10] and high grade waste
heat recovery [11,12] (including the exhaust gas of gas turbines in
combined cycles and internal combustion engines) and even as alter-
natives for low grade heat recovery, such as the Misselhorn cycle
[13,14].

There are also works that study or propose Brayton cycles for low or
moderate maximum temperatures [15,16], which are also simpler than
conventional Rankine cycles and can work with unattended operation,
but their efficiency is usually low at the considered range of tempera-
ture. In fact, to achieve a more competitive efficiency, the maximum
temperature required from the source should be extended from about
400 °C to 1000 °C. For that reason, they usually are proposed for high
concentrating solar power systems [17,18] and for waste energy re-
covery [19].

Another option for Brayton cycles is the use CO,, for example, for
solar applications [3,7,20]. Recently, great attention has been put on
the use of supercritical CO5 (sCO,) cycles, particularly the re-com-
pression cycle or Feher cycle, which includes two compressors and two
recuperators [21,22]. The maximum temperature range advisable for
this cycle is moderate-to-high, ranging from 500 °C to 1000 °C, and it
has been proposed mainly for high concentrating solar power [23-26],
nuclear power plants [27,28], high grade waste heat recovery systems
[29], and even geothermal and fuel cells [30].

There are other proposals of non-conventional thermodynamic cy-
cles [3,31,32] and cycles combining several heat sources with different
temperature requirements in only one system [33], integrating geo-
thermal and concentrating solar power [34,35], waste and solar energy
[36] or solar and biomass [37,38].

Particularly, Rovira et al. [39] proposed a non-conventional ther-
modynamic power cycle for applications of moderate heat source
temperatures (below 500 °C), that was referred as Hybrid Rankine-
Brayton (HRB) cycle with balanced recuperator (B-HRB). Among other
favourable characteristics, this cycle allows constant temperature heat
rejection and low irreversibility in the heat exchangers, especially in the
recuperator, which is well balanced, and it may lead to high effi-
ciencies. The cycle works at supercritical pressure, while other solutions

aiming similar features have been proposed for sub-critical working
pressures [40].

In Ref. [39], the proposed HRB cycle was compared with other
conventional and non-conventional thermodynamic cycles, among
them, sCO,, ORCs and regenerative steam Rankine cycles. That study
was a preliminary conceptual approach for the application to solar
power plants but with no reference to any plant site that may determine
operational aspects. Instead, a thermodynamic optimization was per-
formed to investigate the maximum efficiency achievable, considering
some boundary conditions, namely, the ratio of maximum temperature
of the heat source to minimum temperature of the heat sink (equal to
2.2) and a fixed variation (100 °C) in the HTF temperature along the
heater. The results showed that the balanced HRB cycle achieved higher
efficiency than sCO, cycles and ORCs, and similar to steam Rankine
cycles, but with a remarkable advantage of simplicity, as it employs a
single recuperative heat exchanger rather than several extraction lines
from the turbine and the corresponding preheaters.

In Ref. [41], another step was taken in the definition and analysis of
the HRB cycle, studying its performance at off-design operation in the
particular case of a Solar Thermal Power Plant (STPP) that receives the
heat source from a solar field of parabolic trough collectors, with a
maximum temperature of the heat carrier (oil in that case) of 395 °C,
and evaluating the annual performance in a particular site (Almeria).
Also, the work compares different possible working fluids, among
which propane stood up as a good option. As a conclusion, the HRB
showed its potential as a good alternative for finite close heat sources
working at moderate temperatures, up to 400 °C.

The key aspect of the research line is the development of non-con-
ventional thermodynamic cycles conveying high efficiency. HRB cycle
was proposed for pure STPP plants, obtaining promising results, but its
extension to hybrid power plants with heat recovery was not successful
due to the different nature of the heat source: while STPP uses a closed
heat source, heat recovery from hybrid systems is an open one. Thus,
some modifications to the HRB cycle were done resulting in the RDE
cycle.

In the paper, the suitability of both cycles is studied for a range of
temperatures typical for conventional solar collectors and exhaust
gases. It is emphasized that the type of source has a decisive impact on
the type of cycle to be used and its optimization.

To that aim, in the first stage, a parametric study was carried out to
evaluate the influence of three main design parameters of the HRB
cycle, namely maximum heat source temperature, pressure ratio and
balancing mass flow fraction, comparing its behaviour with that of two
other types of thermodynamic cycles: Steam Rankine and ORCs,
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working with identical values of maximum heat source and minimum
heat sink temperatures. The analysis also studies the value of the
minimum temperature of the HTF (differing this approach from that
followed in previous works [39]). This allows identify the HRB cycle as
a very good candidate when minimum temperature for the HTF is
moderate (typical of closed heat sources) but, on the contrary, the cycle
is not adequate to work with open heat sources that imply low HTF
temperatures at the exit of the heat recovery system (in the range of
100 °C). Thus, some modifications are required, as it will be latter ex-
plained, which leads to the proposal of another configuration, named
Recuperative and Double Expanded (RDE) cycle.

Therefore, another objective of the paper is the introduction and a
first evaluation of this second configuration, more appropriate for open
heat sources, at a determined range of temperatures. This proposal
preserves the main features of the HRB cycle: heat rejection at constant
temperature and low irreversibility in the heat exchangers, with ba-
lanced recuperator (as it will be explained) but it is optimised to enlarge
the heat recovery from the heat source.

Since the technological readiness level of both cycles (HRB and
RDE) is low, the study is not focused in a determined power rate or in
the detailed analysis of a power plant for a specific use and site. As
mentioned, the work aims to study these unconventional cycles in a
certain range of temperatures, at which they can convey some ad-
vantages over other solutions, and it is done regardless the power rates.
Among their possible uses, stand out concentrating solar power systems
(closed sources) and solar hybrid plants (open sources using heat re-
covery form a fossil or biomass application, for example). Power rates
of these applications can go from a few MW (i.e. 20 MW to 200 MW), so
conventional ORCs and dual and triple HRSG are possible competitors.

This fact limits the analysis to the use of figures of merit that do not
depend on the size or power rates. Also, yearly operation and economic
aspects are out of the scope of this work.

Sections 2 and 3 present the configurations proposed for the two
types of sources: HRB for closed heat sources and RDE for open heat
sources. The reference cycles that are introduced for comparative pur-
poses are also presented in these respective sections. The methodology
and simulation models are presented in Section 4. The main results of
the analysis of the HRB performance under different design scenarios,
that led to the proposal of the RDE configuration, are shown in Section
5.1. Section 5.2 present the analysis of the RDE cycle. The suitability of
both cycles is studied for a range of temperatures typical for conven-
tional solar collectors and exhaust gases, each one using the respective
type of heat source and with a maximum cycle temperature up to
400 °C. The main conclusions are summarized in Section 6.

2. Closed heat source applications: HRB cycle

Closed heat sources [1] work with HTF having a well-defined
maximum and minimum temperatures. The HTF is heated up to the
maximum allowed temperature by the heat source. Then, it is sent to
the heater of the thermodynamic cycle, where it transfers its thermal
power to the working fluid of the cycle. Finally, it is sent back to the
heat source at a well-defined return temperature. The HTF temperature
change selected at design conditions (usually kept nearly constant at
off-design operation) depends on various factors, some of them related
to the optimization of the thermodynamic cycle (efficiency increases as
the mean heating temperature increases), the heat source features (for
example, thermal efficiency of solar collectors is dependent on HTF
average temperature), the thermal storage system design and on the
properties of the HTF (for example, crystallisation of a molten salt), that
in turn impose certain limitation in the adequate minimum temperature
of the HTF.

The HRB cycle [39,41] is proposed for the case of closed heat
sources with fixed temperature change and a maximum temperature of
the heat source up to 400 °C. The cycle is shown in Fig. 1 and its
temperature-entropy diagram in Fig. 2.
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HRB cycle consists of two thermo-hydraulic circuits partially in-
tegrated, one of them following a transcritical Rankine cycle and the
other following a Brayton cycle, in such a way that the complete cycle is
composed of a Rankine cycle coupled in parallel to a Brayton cycle. The
heating process and the fluid expansion are common for both in-
tegrating cycles, so they take place in the same equipment and there are
only a heater and a turbine. However, the compressor of the Brayton
cycle bypasses the condensing and pumping processes of the Rankine
cycle. The HRB cycle includes a recuperator in which the total stream
that comes from the turbine outlet heats up the mass flow fraction
coming from the pump. This fraction is mixed at the exit of the re-
cuperator with the other fraction that comes from the compressor.

As it was commented in Ref. [39], selection of the mass flow frac-
tion that goes through the compressor is a critical aspect. Provided that
the specific heat of the liquid fluid is higher than that of the vapour, a
possible criterion is to equal the heat capacities of both the hot and cold
streams in the recuperator, so the product ri-c, is the same for both
streams, liquid and vapour. This selection makes the recuperator well
balanced, which leads to low irreversibility in the recuperator. For that
reason, the mass flow fraction to the compressor was called balancing
mass fraction in this previous work. This idealized solution is the best
one if all the components have not any irreversibility, although real
inefficiencies in the different equipment can modify the optimal bal-
ancing mass fraction and its value should be analysed in each design.

To consider the balancing mass flow fraction (xpq) as a design
parameter of the system, it can be defined as below:

Xpal = Mpat! Wheater (€9)

where Myeqs, is the total mass flow that is heated by the heat source.
The maximum and minimum working fluid temperatures are spe-
cified, the latter corresponding to nominal ambient condition of 25 °C
plus 10 °C. Once the temperatures, the fluid and the balancing mass
flow rate have been defined, the main design parameter of the cycle is
the pressure ratio, which relates the heating pressure to the cooling one.
Fluid selection is a key issue to guarantee that the special char-
acteristics of the HRB cycle are preserved (even at off-design condi-
tions): ensuring a supercritical heating pressure, condensation of the
working fluid in the heat sink and a compression process of the bypass

Fig. 1. Layout of the HRB cycle.
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Fig. 2. Temperature-entropy diagram of the HRB cycle.

flow well away from the two-phase region to avoid wet compression.
On the other hand, operation at high temperature may cause the
working fluid degradation.

As it was studied previously [41], propane is a good candidate for
the cycle due to its good performance, the low pressure ratio required in
the compressor and its chemical stability for the maximum temperature
of the heat source considered. Thermal-physical properties are taken
from Lemmon et al. [42].

The reference cycles that allow the comparison of the proposed ones
are two. Given the range of working temperatures (up to 400 °C),
conventional steam Rankine cycles are probably not the best solution
due to the complexity of the facilities, but these cycles can provide high
thermal efficiency and its comparison could be considered mandatory.
Water steam properties are taken from the IAPWS formulation [43]. To
approach a realistic Rankine cycle, five regenerative preheaters are
included, which are fed by steam extraction lines from the turbine
placed at constant enthalpy variation along the expansion (Fig. 3).

On the other side, recuperative ORCs (Fig. 4) are also selected for
comparative purposes as they are cycles simpler than conventional
Rankine ones that are being considered for these kinds of applications.
The selected fluids for ORCs are toluene and ethanol, which can be used
at the proposed range of temperatures. The first one is one of the best
fluids for ORC due to its high critical temperature and high heat ca-
pacity of the vapour (the influence of the specific heat of the vapour is
analysed, for example, in [6]). On the other hand, the use of ethanol
allows the comparison of a transcritical Rankine cycle, and it is a good
candidate due to its high critical temperature. Their properties are
taken from Lemmon and Span [44] and Dillon and Penoncello [45] and
the ranges of applicability specified in relation to the maximum tem-
peratures (426 °C for toluene and 377 °C for ethanol) fit well to the
maximum temperature fixed in this work.

3. Heat recovery applications: RDE cycle

Open heat sources should be designed to recover as much thermal
energy as possible, reducing the exhaust temperature of the HTF at
maximum. As in the previous case, the heat source heats the HTF up to
the maximum temperature. Then, it is sent to the heater of the ther-
modynamic cycle. Finally, the it is wasted to the environment at low
temperature (eventually limited by the acid dew point or mineral pre-
cipitation).

The cycle proposed for these applications is based on the HRB cycle,
but several modifications are introduced. Firstly, as it is depicted in
Fig. 5a, the compressor is removed, and a secondary expander is in-
cluded instead. Secondly, the condensed flow is divided into two
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streams after it is pumped. The main one goes to the heater and the
secondary one is directed to a recuperator that is fed by the vapour
exiting from the main expander. The temperature-entropy diagram is
represented in Fig. 6a. Due to the existence of the recuperative process
and two expansion processes the cycle is named Recuperated and
Double Expanded (RDE) cycle.

Even, a secondary recuperator could be included to preheat the
main stream using the vapour exiting the secondary expander before it
enters in the heater (Figs. 5b and 6b), configuring a double recuperated
and double expanded cycle (DRDE).

Thus, the cycle contains two heating lines, the main one that is
heated by the heat source (this line can be slightly pre-heated by the
secondary stream in case of including a secondary recuperator, DRDE
configuration), which allows a high heat recovery from the heat source;
and a secondary line, which is strongly heated within the recuperator
by the vapour coming from the main expander. As the fluid at the exit
of this recuperator is at supercritical state, a secondary expander is
introduced to increase the mechanical power, which increases the en-
ergy conversion.

A fluid that fits well to this cycle is, again, propane. For the same
reasons as previously, the maximum considered temperature is 400 °C.

The mass flow rate of the secondary stream can be determined using
a secondary mass fraction, defined as the ratio of the secondary mass
flow rate to the main mass flow rate (which is heated by the heat
source):

Xsee = Mgee/ Mpeater (2

The total mass flow rate that is condensed and pumped is the sum of
both streams, main and secondary ones. Again, a possible criterion to
select this secondary mass fraction is to balance the secondary re-
cuperator, making the ri1-c, equal for both streams (vapour coming from
the main expander and secondary stream coming from the pump).

Once the maximum and minimum temperatures, the fluid and the
secondary mass flow rate are defined (whatever the criterion), the main
design parameter of the RDE cycle to be selected is the pressure ratio.

In this case, the reference cycles that allow the comparative eva-
luation of the proposed one are steam cycles fed by dual (2P) and triple
pressure (3P + R) level heat recovery steam generators (HRSG), largely
used in combined cycles (Fig. 7). As it is usual in combined cycles, the
3P + Rincludes steam reheating at the intermediate pressure level. The
RDE cycle is also compared to simpler facilities consisting in ORC (see
Fig. 4) using ethanol, R11 (properties from Jacobsen et al. [46] with
range of applicability of the correlations up to 377 °C), propane and

Fig. 3. Layout of a Steam Rankine cycle with five regenerative pre-heaters.
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Fig. 4. Layout of a recuperative Organic Rankine Cycle.

toluene. Beyond the specified temperature limits, the correlations have
not been verified, and chemical stability has not been confirmed. The
two first fluids (ethanol and R11) configure quasi-triangular tran-
scritical ORCs or trilateral cycles [1,32] that should lead to quite good
performance. Transcritical ORC using propane and subcritical ORC
using toluene are also analysed for comparative purposes.

4. Methodology
4.1. Boundary conditions

In all cases, two scenarios for the heat source are considered. Firstly,
The HTF is assumed to operate at a maximum temperature of 400 °C

(typical of a parabolic trough solar thermal power plant). In this sce-
nario and for the cases of closed heat sources, the minimum

a) Single recuperated
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temperature is set to 290 °C, while the exiting HTF temperature is a
result for the open heat source cases.

The maximum temperature of the working fluid of the thermo-
dynamic cycles is as high as possible considering a pinch point in the
heater of 5 °C [47], unless this temperature exceeds the limit that im-
pose correlations used to determine the properties of the fluid (see
Table 1).

Secondly, to analyse the suitability of the proposed cycles at lower
heat source temperatures, the first scenario was varied, and the ana-
lyses were repeated reducing the maximum and minimum HTF tem-
peratures 100 °C. Thus, the second scenario considers a maximum HTF
temperature of 300 °C. In the cases of closed heat sources, the minimum
temperature is also modified and set to 190 °C.

Ambient temperature is always set to 25 °C and the condensation
temperature to 35 °C, corresponding to different condensation pressures
depending on the working fluid of the thermodynamic cycle (Table 1).
In the case of propane, the condensation pressure takes a value of
12.2 bar, which is well above the ambient pressure.

4.2. Processes simulation

The thermodynamic cycles consist, basically, in a concatenation of
processes that can be classified into polytropic ones, heat transfer ones
and processes of stream splitting and mixture. For all the processes the
mass and energy balances must be accomplished.

The energy balances of equipment different from turbomachinery
can be calculated with the following equation:

Z rhl--hi = Z n"l,--hl-

inlet outlet (1)

The pumping, compression and expansion processes have been si-
mulated considering a polytropic efficiency for the different turbo-
machinery of 90% (similarly to Ref. [48]), that leads to an isentropic
turbine efficiency slightly higher than 90% and compressor one slightly
lower than this value (as proposed in Ref. [47]). These processes are
formulated as below:

b) Double recuperated

Fig. 5. Layout of the RDE and DRDE cycles.
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a) Single recuperated
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b) Double recuperated

Fig. 6. Temperature-entropy diagram of the RDE and DRDR cycles.

Sh = Shy/np = v-Op/np
Sh = Shy/n. = v-6p/n.
Sh = Shyny = v-8pny 3)

Due to the possible supercritical state of the working fluid and, thus,
to the high variability of properties, particularly the specific heat, the
numerical integration was carried out considering 20 steps between the
inlet and outlet pressures in all cases.

Regarding the heat transfer processes, the pinch points in the heater
and the recuperator were set to 5 °C [47]. Again, due to the supercritical
nature of the fluid, the specific heat at constant pressure depends on
temperature and pressure, so the pinch point in all heat exchangers
were assessed calculating the corresponding temperature difference in
25 different sections along the heat exchanger.

The mass and energy balances, together with the definition of the
design parameters and the mentioned technological parameters allows
the complete simulation of the cycles. These parameters are sum-
marised in Table 2.

The code of simulation model was developed in Visual Basic.

4.3. Figures of merit

As mentioned previously, from a thermodynamic point of view, the
objective of a thermal power system should be to maximise energy
conversion from the thermal energy available in the heat source to
mechanical power:

Table 1
Maximum temperatures for the fluids, condensation pressure at 35 °C and re-
ferences for properties.

Fluid Maximum temperature  Condensation pressure at 35 °C  Reference
Ethanol 377 °C 0.14 bar [41]
Propane 377 °C 12.2 bar [39]
R11 352 °C 1.49 bar [43]
Toluene 427 °C 0.062 bar [42]
Water Without limitation 0.056 bar [40]

W = rigre-Cp - (Tnax, a1 — Tnin,HTF) ) 4

In the case of a closed heat source with fixed HTF temperature
variation and thermal power supply, the maximisation of power leads
to the maximisation of the thermal efficiency. Then, the figure of merit
for application using closed heat sources can be the thermodynamic
efficiency of the cycle:

n= (z mi W — Z mz’ “We — Z mi'WP)/(mheater'Ahheater) (5)

Besides, the exergy efficiency is the ratio of the power to the exergy
transferred from the HTF to the working fluid:

N = (Z W -Wr — Z m;-we — Z 1 -wp)/ (Vg Aeprr) (6)

However, in the case of an open thermal source (heat recovery), the
thermodynamic efficiency of the cycle is not the only parameter to
consider because the reduction of the HTF temperature to the lowest

Fig. 7. Layout of 2P and 3P + R HRSGs (including the gas turbine and steam turbine).
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Table 2
Design parameters and technological parameters.
Design parameters
Maximum T of the HTF 400 °C (1st scenario), 300 °C (2nd
scenario)
Minimum T of the HTF (closed sources) 290 °C (1st scenario), 190 °C (2nd
scenario)
Ambient temperature 25°C
Condensation temperature 35°C
Pressure ratio Variable
Balancing mass fraction Variable
Secondary mass fraction Variable
Technological parameters
Polytropic efficiency of compressors (17¢c) 90%
Polytropic efficiency of pumps (17¢c) 90%
Polytropic efficiency of turbines (17¢c) 90%
Pinch point in the heater 5°C
Pinch points in the recuperators 5°C
Approach points in subcritical HRSGs 5°C
Pressure drop, high pressure isobar [48] 2%
Pressure drop, low pressure isobar [48] 5%

allowed value plays an important role. Therefore, the most adequate
parameter to measure the performance in both cases is the exergy ef-
ficiency.

In this case, the exergy input is the exergy of the HTF coming from
the heat source:

= (5 iewn = B w3 iy ) ?

where eyry is the specific exergy of the HTF at the inlet of the heater.
Specific exergy is calculated as below:

e=(h—ho) — To(s — 50) (€]
In some circumstances the specific heat of the HTF can be con-

sidered as constant (i.e. molten salts). In this case, Eq. (7) can be sim-
plified assuming null pressure drops:

e = ¢y [(T = T) — Teln(T/Ty)] ©

5. Results

5.1. Results of the HRB cycles in applications with fixed HTF temperature
change.

As it was commented above, in applications with closed heat
sources the maximum and minimum temperatures of the HTF are fixed.
As the working fluid of the HRB cycle is selected, the parameters to be
studied are the balancing mass fraction and the pressure ratio.

a) Maximum HTF temperature of 400 °C

Applied Thermal Engineering 167 (2020) 114805

Fig. 8a and b show, respectively, the efficiencies of the HRB cycle
for the two defined scenarios, considering different thermodynamic
designs with different balancing mass fraction and pressure ratio. Per-
formance of the reference cycles is also shown. As it is observed, the
exergy efficiency of the HRB cycle increases as the pressure ratio (r)
rises, approaching a maximum at a pressure ratio of about 14:1 for
maximum HTF temperature of 400 °C (Fig. 8a) and about 10:1 for
300 °C (Fig. 8b). The corresponding heating pressures for these pressure
ratios are 170 bar and 120 bar, respectively.

Besides, Fig. 8 shows that the efficiency increases with the balancing
mass fraction, although results has been represented for balancing mass
flows lower than those that exactly balance the recuperator. This ana-
lysis is completed with Fig. 9 that shows the thermal efficiency of the
HRB cycle when the balancing mass flow is varied for different pressure
ratios. As it is observed, for each pressure ratio, there is a change in the
slope of the curves that corresponds with the design of completely
balanced recuperator, and this point corresponds to the maximum ex-
ergy efficiency. Besides, Fig. 9b shows that at this point irreversibility is
reduced at maximum, and that the trend is strongly influenced by the
recuperator irreversibility.

Moreover, for a maximum HTF temperature of 400 °C (Fig. 8a), the
HRB cycle reaches higher efficiencies than steam Rankine cycles (water
5-ext in Fig. 8) or ORCs, and it is reached at significantly lower pressure
ratios (r). Particularly, efficiency of HRB is much higher than ORC’s one
using ethanol, and it is even higher than those reached by conventional
water Rankine cycles and recuperative ORCs working with toluene,
provided that the balancing mass rate is above a threshold placed
roughly at 20%.

It is remarkable that conventional Rankine cycles are complex fa-
cilities due to the use of bleedings from the turbine to the regenerative
preheaters and due to the low density of the steam at the final stages of
the turbine and the condenser. Furthermore, the expansion ratio in the
turbine is very high (usually above 2000:1), which leads to non-com-
pact equipment. In the case of toluene, the facility is simpler than in the
cases of Rankine and HRB cycles, although the efficiency is lower.
Additionally, the expansion ratio in the expander is high (up to 500:1)
and the condensation pressure low (about 0.06 bar for 35 °C, Table 1),
which leads to non-compact equipment. Besides, there is the possibility
of introduction of air inside the circuit (through the turbine seals or the
condenser) due to the vacuum conditions, which becomes a risk due to
the mixture of toluene and air.

Fig. 10 shows show the irreversibility breakdown for all the con-
sidered cycles for a maximum HTF temperature of 400 °C at the op-
timum pressure ratio (maximum efficiencies of Fig. 8a). As it is ob-
served, the proposed HRB cycle reaches a reduced irreversibility in all
the equipment avoiding components with large exergy losses, which

b) Maximum HTF temperature of 300 °C

Fig. 8. Efficiencies of the HRB and reference cycles.
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a) Efficiency
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b) Irreversibility (Tmax = 400 °C)

Fig. 9. Influence of the balancing mass fraction on the thermal efficiency and irreversibility of HRB cycle.

Fig. 10. Irreversibility for the considered cycles for closed heat sources.

make possible a high exergy efficiency for the whole plant.

For maximum HTF temperatures to 300 °C (Fig. 8b) the HRB cycle
achieve higher exergy efficiency than the ethanol ORC but lower than
the toluene ORC and conventional steam cycles with five steam
bleedings.

On the other side, Fig. 11 shows the same series of results as in Fig. 8
but plotting the efficiency versus the temperature of the HTF exiting the
heater. As it was commented, in this kind of applications, the minimum
HTF temperature can be limited, and this can introduce important
constraints to the cycle design. In each series the different lines re-
present the minimum possible HTF temperature as the pressure ratio of
the cycle is modified. Therefore, the plotted temperature should be
understood as precisely the minimum HTF temperature required by the

a) Maximum HTF temperature of 400 °C

Table 3
Representative points for a HRB cycle with maximum HTF temperature of
400 °C, pressure ratio of 14:1 and mass balancing mass fraction of 25%.

Point M/Mpeater T (°C) p (bar) h (kJ/kg) s (kJ/kg K)
1 0.75 35 12.1 292.4 1.313
2 0.75 47.1 170 328.2 1.324
3 0.75 258.4 170 994.9 2.904
4 1 243.6 170 945.3 2.809
5 1 377 166.5 1392.6 3.583
6 1 265.4 12.7 1149.4 3.626
7 1 53.4 12.1 649.4 2.469
8 0.25 199.8 170 796.2 2.508

cycle to operate with a pinch point of at least 5 °C. If the actual HTF
minimum temperature is above this plotted limit, the cycle is suitable
for the application. Thus, in the cases of the steam cycle and ORCs,
every point in the plotted line corresponds to a different pressure ratio,
which in turn leads to a cycle efficiency and a minimum HTF tem-
perature that must be higher than the value that corresponds in ab-
scissas. In the case of the HRB cycle, a set of curves are presented, each
for a specific value of the balancing mass fraction.

This minimum HTF temperature was calculated assuming a pinch
point of 5 °C in the heater (Section 3). It is important to highlight that
due to the different nature of the cycles and the supercritical conditions
of the fluids in some cases, the pinch point can be placed either at the
hot-end of the heater, or at the-cold end or even delocalized, which
avoid a clear trend for all cases.

For example, provided a maximum HTF temperature of 400 °C and a

b) Maximum HTF temperature of 300 °C

Fig. 11. Efficiency vs minimum HTF temperature of HRB and reference cycles.
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Fig. 12. Q-T diagram for the heater and recuperator of the HRB cycle.

limitation of the minimum HTF temperature of 290 °C, typical in con-
ventional parabolic trough plants, Fig. 11 shows that the steam cycles
with highest efficiency (around 38-40%) cannot be implemented, as
they require higher minimum HTF temperatures than 290 °C, while all
the HRB and ORC cycles can be used, and the highest efficiency is
reached by the HRB cycle. If the limitation is set to 240 °C, which is
close to the freezing point foreseen for future molten salts, not all the
HRB designs are suitable but only those with balancing mass fractions
below 20%. In this case, the most advisable choices, considering only
the efficiency, are the HRB cycles and the ORC using toluene, while
steam cycle designs have again limited performance. Finally, for
minimum HTF temperatures of 200 °C and lower, the HRB cycle is not
suitable, because the minimum HTF temperature is above 200 °C. Thus,
this proposal is not advisable for heat recovery applications, since the
exhaust temperature of the HTF that is required in this cycle is not low
enough.

In the case of maximum HTF temperatures of 300 °C, the HRB cycle
has better performance than water Rankine cycles, ethanol ORCs and
toluene ORCs when the minimum HTF temperature ranges from 100 °C
to 150 °C.

As an example, Table 3 shows the thermodynamic states of the re-
presentative points of a HRB cycle working with maximum HTF tem-
perature of 400 °C, minimum HTF temperature of 290 °C, pressure ratio
of 14:1 and balancing mass flow of 25%. In this case the pinch point
within the heater is 23 °C (higher than 5 °C) due to the temperature
limitation of propane (377 °C, far from the 400 °C of the HTF). The
efficiency reached in this case is 40.1%.

Fig. 12 shows the Q-T diagrams for the same case of the HRB cycle
of Table 3.

To sum up, the HRB cycle is a good candidate for finite heat sources,
particularly with maximum HTF temperature around 400 °C. The
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performance is better than that reached by ORCs and conventional
steam cycles and, due to the working pressure and pressure ratios, the
equipment is expected to be more compact than using toluene or water,
fluids that lead to efficiencies close to the maximum reached by the
HRB cycle.

5.2. Results of the RDE cycles in applications of heat recovery.

As it has been discussed, the HRB cycle is not suitable for heat re-
covery applications due to the high minimum HTF temperature re-
quired. Conversely, heat recovery applications require low exhaust
temperatures to recover as much thermal energy as possible. For that
reason, some modifications to the HRB cycle were proposed that leads
to the RDE cycle.

In a first step, the effect of the pressure ratio and the secondary mass
fraction on the specific power of a RDE cycle using propane were in-
vestigated for two defined scenarios (maximum HTF temperatures of
400 °C and 300 °C, respectively).

Fig. 13 shows the exergy efficiency of the RDE cycle as the pressure
ratio changes for different secondary mass fractions and the two sce-
narios. At low pressure ratios and low secondary mass fractions, the
efficiency increases with increasing pressure ratios and increasing sec-
ondary mass fractions until a maximum. The optimum pressure ratio is
higher at low secondary mass fractions and high maximum HTF tem-
peratures.

The optimum secondary mass fraction is analysed with Fig. 14,
which presents the exergy efficiency as the secondary mass flow
changes for different pressure ratios and the same maximum HTF
temperatures as before. Fig. 14 shows that the optimum secondary mass
fraction is close to the balancing value in all cases, which takes place at
the point where the slope of the curve changes. Fig. 14b shows that, at
this point, the recuperator irreversibility is small despite the high mass
fraction.

In a second step, the comparison of the RDE cycle with the reference
ones was carried out. In the all cases the pressure ratio was optimized
for each HTF maximum temperature, limiting the maximum pressure to
200 bar. For the RDE cycle, the secondary mass fraction was selected
with the criterion of balancing the recuperator (equal temperature
change in both streams, hot and cold). Both RDE and DRDE cycles were
analysed, considering the type of configuration as another degree of
freedom during the optimization process. For the ORCs (subcritical and
transcritical) both non-recuperative and recuperative ORC were studied
(again, the type of configuration is a degree of freedom), in the latter
case, limiting the pinch points within the recuperator to 5 °C (as de-
scribed in Section 3). Finally, for the 2P and 3P + R steam cycles, the
approach points and the pinch points in the HRSG were set to 5 °C for
all the pressure levels, and the high and intermediate pressure level
were also optimised (the high pressure ones were also limited to
200 bar), while the low pressure level was set to 5 bar in both cases (2P

Fig. 13. Exergy efficiency of the RDE cycle.
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a) Exergy efficiency b) Irreversibility (Tmax = 400 °C)

Fig. 14. Influence of the secondary mass fraction on the exergy efficiency and irreversibility of the RDE cycle.

a) Exergy efficiency b) Irreversibility (Tmax = 400 °C)

Fig. 15. Exergy efficiency and irreversibility of the RDE and the reference cycles.

Table 4 Table 5
Pressure levels, minimum temperature of the heat source, efficiency and sec- Representative points for a RDE cycle with maximum HTF temperature of
ondary mass fraction for the RDE and reference cycles. 400 °C, pressure ratio of 14:1 and mass balancing mass fraction of 25%.
Tmaxre [°Cl 227 277 327 377 427 Point 1M/ heater T (°C) p (bar) h (kJ/kg) s (kJ/kg K)
Pressure [bar] 2P HP 18.4 16.0 21.4 38.6 57.9 1 1.752 35 12.1 292.4 1.313
LP 5.0 5.0 5.0 5.0 5.0 2 1.752 47.1 170 328.2 1.324
3PR HP 14.5 25.7 41.6 63.6 92.6 3 1 377 166.5 1392.6 3.583
1P 8.9 12.5 16.6 22.0 27.7 4 1 265.4 12.7 1149.4 3.626
LP 5.0 5.0 5.0 5.0 5.0 5 1 59.3 12.1 661.7 2.506
tORC-R11 126.8 200.0 200.0 200.0 175.6* 6 0.752 253.1 170 977.3 2.871
tORC-ethanol - 62.9 200.0 200.0 200.0 7 0.752 128.1 12.1 809.3 2.909
tORC-propane 175.7  200.0 200.0 200.0 200.0* 8 1.752 89.5 12.1 725.1 2.689
ORC-toluene 11.5 24.3 7.3 13.6 40.1
RDE 89.1 112.2 168.4 175.7 200
Trminute [°Cl 2P 147.7 1416 136.0 130.7 125.8
3PR 147.7 141.8 136.4 1315 127.0
tORC-R11 34.9 52.8 63.8 50.3 84.8*
tORC-ethanol - 175.1 76.5 95.6 57.6
tORC-propane 67.9 70.3 71.0 75.0 212.6*
ORC-toluene 71.3 97.8 126.6  135.8 142.6
RDE 59.9 59.7 65.8 68.9 56.0
Efficiency 2P 26.7% 28.5% 30.7% 32.4% 34.0%
3PR 28.2% 30.2% 32.1% 34.0% 35.8%
tORC-R11 16.8% 22.7% 27.4% 28.8% 32.1%*
tORC-ethanol - 25.3% 29.2% 32.5% 32.8%
tORC-propane 19.1% 20.5% 20.6% 20.4% 37.3%*
ORC-toluene 16.7% 24.4% 23.1% 25.1% 28.4%
RDE 20.0% 23.7% 27.2% 28.9% 29.6%
Xse RDE 66.7% 67.5% 73.6% 75.3% 76.6%

* Recuperative ORCs.

Fig. 16. Q-T diagram for the heater and recuperator of RDE cycle.
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Table 6
Optimized parameters with minimum HTF temperature of 90 °C.

Applied Thermal Engineering 167 (2020) 114805

Tmaxute [*C]

227 277 327 377 427
Pressure [bar] 2P 18.4 16.0 21.4 38.6 57.9 57.9
5.0 5.0 5.0 5.0 5.0 5.0
3PR 14.5 25.7 41.6 63.6 92.6 92.6
8.9 12.5 16.6 22.0 27.7 27.7
5.0 5.0 5.0 5.0 5.0 5.0
tORC-R11 78.0 102.4 143.0* 159.4* 151.2*
tORC-ethanol - 62.9 178.3 200.0 113.4*
tORC-propane 175.7% 200.0* 200.0* 200.0* 200.0*
ORC-toluene 11.5 24.3 7.3 13.6 40.1
RDE 112.2 144.0 144.0* 175.7+ 200.0*
§vp— e} 2P 147.7 141.6 136.0 130.7 125.8
3PR 147.7 141.8 136.4 1315 127.0
tORC-R11 90.0 90.5 91.1* 90.0* 90.9*
tORC-ethanol - 175.1 90.0 95.6 90.0*
tORC-propane 90.2* 90.5* 90.6* 90.8* 200.1*
ORC-toluene 90.0 90.0 90.0 103.7 92.3
RDE 90.0 90.0 90.0* 100.8* 90.2*
Efficiency 2P 26.7% 28.5% 30.7% 32.4% 34.0%
3PR 28.2% 30.2% 32.1% 34.0% 35.8%
tORC-R11 18.5% 25.0% 29.9%* 32.5%* 32.7%*
tORC-ethanol - 27.7% 26.9% 32.4% 34.7%*
tORC-propane 22.2%* 22.7% 22.3%* 21.5%* 34.8%*
ORC-toluene 16.7% 24.4% 23.1% 25.1% 28.4%
RDE 20.1% 23.9% 28.2%* 32.20* 32.6%*
Xsec RDE 72.1% 72.4% 71.7%* 75.3% 76.6%"*

* Recuperative ORC or RDE with two recuperators.

and 3P + R).

Fig. 15 shows the results obtained for maximum HTF temperatures
from 227 °C to 427 °C and the irreversibility breakdown for all cycles
for a maximum temperature of the heat source of 400 °C, while Table 4
shows the value of the optimized pressures, the exhaust temperature of
the HTF, the efficiency of the cycle and the secondary mass fraction for
the RDE cycle.

Results show that the RDE cycle achieves good performance for the
range of temperature considered (and that the DRDE cycle is not ad-
visable) and low irreversibility in all the equipment. Only transcritical
ORCs using R11 and ethanol can compete with the RDE cycle perfor-
mance or improve it because these fluids implement quasi-triangular or
trilateral thermodynamic cycles. In fact, the DRE cycle, thanks to the
well balanced recuperator, can be understood as equivalent to a tri-
lateral cycle despite the superheated state at the exit of the expander,
because the heat corresponding to the de-superheating process in the
recuperator is used to obtain additional power without affecting the
temperature at the heater inlet. Moreover, in Fig. 15b one can observe
that the irreversibility of trilateral cycles (R11 and ethanol) are very
similar to DRE’s, which is slightly higher due to the recuperator one. In
these cases, the advantage of the RDE cycle is the use of a more fa-
vourable fluid. In fact, R11 is a forbidden fluid. Regarding ethanol, its
condensation pressure is below the ambient pressure (Table 1), which
convey potential risk of air introduction.

Transcritical ORCs using propane, subcritical ORCs using toluene
and steam cycles using 2P and 3P + R heat recovery steam generators
cannot reach as much exergy efficiency as the RDE cycle.

For temperatures higher than 423 °C, 2P and 3P + R steam cycles
become the best (not represented in the figure). These results indicate
the favourable behaviour of the RDE cycle until the working fluid
(propane) reaches the maximum allowed temperature (377 °C). From
there, RDE cycle cannot get benefit from the high temperature of the
HTF and it begins to loss its advantage in favour of the steam cycles.

As an example, Table 5 shows the thermodynamic states of the re-
presentative points of a RDE cycle working with maximum HTF

11

temperature of 400 °C, pressure ratio of 14:1 and balanced secondary
mass flow. For a pinch point in the heater of 5 °C, the minimum HTF
temperature is 59.2 °C. As the temperature differences at the hot- and
cold-end of the heater are 23 °C and 12.1, respectively, the pinch point
is reached in an intermediate position of the heat exchanger. The same
circumstance occurs in the recuperator, where the temperature differ-
ences at the hot- and cold-end are 12.3 °C and 12.2 °C, respectively,
while the pinch point is 5 °C. The secondary mass fraction is 0.752,
which allows a well-balanced recuperator with quite similar tempera-
ture differences at both hot- and cold-ends. The thermal efficiency in
this case is 28.8% (a low value because it is not optimised) and the
exergy efficiency of 74.3%.

Fig. 16 shows the Q-T diagrams for the RDE cycle shown in table 5.

Finally, the same analysis was repeated considering a slight lim-
itation of the HTF temperature of 90 °C at the exit of the heater (typical
to avoid acid dew points). Table 6 summarizes the results. As it was
expected, the exergy efficiency is lower and, due to the minimum HTF
limitation, the recuperative cycles become the best option in more cases
than before (including the DRDE configuration). Despite these differ-
ences, in all cases the trends are the same for all fluids and cycles.

To sum up, the RDE cycle exhibits good performance for heat re-
covery using sources from moderate to high temperatures (200-400 °C)
and this performance is limited at higher HTF temperatures due to the
temperature limitation imposed to working fluid of the cycle.

6. Conclusions

The paper presents and studies two thermodynamic cycles designed
to work with finite heat sources, which are particularly suitable for
maximum temperatures of about 400 °C. One of them, namely the HRB
cycle, is aimed to work with open heat sources having limited tem-
perature variation (i.e. solar thermal power plants). The other one,
namely the RDE cycle, is based on the HRB but introduces some mod-
ifications to work in heat recovery applications or open heat sources.
Regarding the closed heat sources, the HRB cycle using propane as
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working fluid presents higher exergy efficiency than ORCs and con-
ventional steam cycles. The efficiency increase over ORCs is significant.
When it is compared with conventional steam cycles and toluene ORC,
the efficiency increase is lower, but HRB cycle should also lead to more
compact equipment (for example, condenser and expander do not work
at vacuum conditions and the expansion ratio is lower). These features
make the HRB cycle a good candidate for this kind of heat sources,
particularly at the temperature range of 400 °C.

Regarding the open heat sources, for temperatures up to 400 °C, the
RDE cycle using propane allows higher exergy efficiency than con-
ventional Rankine cycles with conventional heat recovery steam gen-
erators of two and three pressure levels, and better than some sub-
critical and transcritical ORCs. Only transcritical ORCs that configure
quasi-triangular or trilateral cycles (for example, using R11 or ethanol)
reach or even improve the performance over the RDE cycle, but the
latter allows the use of a more favourable fluid (propane).

Future works should involve aspects like the study of the cycles in
specific sites, the design of the different equipment (turbomachinery
and heat exchangers, particularly the recuperators that can be very
large) and the yearly operation of the systems or the analysis of the
power plant behaviour under real operation scenarios. Additionally,
economic aspects should also be addressed as well as the prospection of
different fluids or the study of the fluid degradation at the working
conditions to investigate the extension of the good performance toward
higher temperatures.
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