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Abstract

Organic Flash Cycles (OFCs) can improve the overall efficiency of waste heat recovery or
geothermal systems due to a better match of the hot and cold heat transfer curves. However,
the lower mean temperature difference between the heat transfer curves implies larger
exchanger areas and therefore higher heat exchanger costs.

In order to reduce the exchanger size, a new cycle configurations is introduced in this paper,
consisting in a new type of organic flash regenerative cycle (OFRC) for heat source temperatures
in the range 80-170°C. The regeneration allows to recover part of the enthalpy of the liquid
phase from the flash evaporator increasing the temperature of the liquid at the exchanger inlet,
thus reducing the exchanger size. The thermodynamic performance of OFRCs are practically the
same as of the OFC, but the specific cost of the system can be 20% lower. A variety of working
fluids was tested and results have shown that long molecular chain alkanes provide the best
thermodynamic efficiency, but those fluids have the main drawback of a low vapor density,
resulting in very large expansion devices and condensers. R601a is the working fluid featuring
the best tradeoff between thermodynamic efficiency and components size in the heat source
temperature range between 80°C and 170°C. The comparison of the OFRC with conventional

ORCs has shown the thermodynamic superiority of the OFRC with every tested fluid. Finally the
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cost analysis has highlighted that OFRCs specific cost has the same magnitude as ORCs for mini

and micro scale plants.

Keywords: Organic Flash Cycle, Organic Flash Regenerative Cycle, Organic Rankine Cycle

1. Introduction

Recovering energy from heat at low temperature is necessary if we wish to increase energy
saving and exploit renewable sources which are currently scarcely used. In those applications
ORCs play a major role because of the proprieties of organic fluids, which allow to exploit low
temperature and variable temperature heat sources with compact and simple components
allowing to build them with a small size [1-10]. However the presence of a phase change zone,
while heating and superheating the fluid, implies that a fraction of the heat is transferred from
a variable temperature heat source to a constant temperature fluid, and that the highest
temperature the working fluid can reach is quite far from the source temperature [11], as well
as the lowest temperature reached by the heat source is normally much higher than the lowest
temperature of the cycle. These facts lead to exergy destruction in the heat transfer process and
exergy loss in the release of high temperature heat to the environment, especially in the cases
of geothermal or waste heat recovery systems.

Several different solutions have been presented in the literature to have a better match
between the heat transfer curves of the heat source and the heat recovery system.

Kalina cycles introduced in the 1980s and using a mixture of water and ammonia as working
fluid, tried to mitigate this problem by using a fluid featuring a a non-isothermal evaporation
thereby reducing the average temperature difference in the heat recovery system. The layout
of Kalina cycle is much more complex than the one of ORCs, because of additional separators
and heat exchangers. These cycles have been widely studied in literature: one of the first analysis

of Kalina cycles was carried by Stecco et al. in [12]: a model was developed to analyze advantage
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and disadvantage of these type of cycles with respect to other cycles. In further papers [13-14]
sizing criteria for heat recovery boiler design and for geothermal exploitation with water-
ammonia mixture were defined.

Nag et al. [15] showed that mass concentration at the turbine inlet has a strong influence on
the cycle efficiency and they found an optimum value to maximize the cycle second law
efficiency.

Bombarda et al. [16] compared the performance of a Kalina cycle with the one of an ORC with
MM (hexamethyldisiloxane) as working fluid which recovered heat from a Diesel Engine exhaust.
Despite the small advantage of the Kalina cycle respect to the ORC in terms of net mechanical
power, the high working pressure of water-ammonia mixture demonstrated that this cycle was
not applicable in the considered temperature range because of the high equipment costs.

Other authors analyzed the performance of ORCs with zeotropic mixtures. The mixture of
different fluids results in a fluid which presents a temperature change during evaporation and
condensation with a better matching of the exchange curves both in the evaporator and in the
condenser. Differently from the Kalina cycle the layout is the same of classic ORCs, without the
need of separators or additional heat exchanger. Wang et al. [17] analyzed a mixture of R245fa
and R152a searching for the optimum mass fraction composition to maximize the efficiency of
a solar ORC cycle. They stated that with zeotropic mixtures the use of a superheater coupled
with an internal heat exchanger increases the efficiency of the cycle. Victor et al. [18] carried
out an analysis with respect to the optimization of cycle efficiency among pure organic fluids,
mixed organic fluids, water-ammonia mixtures and water-alcohols mixtures.  They
demonstrated that, using pure fluids, cycle efficiency increases in the temperature range 100-
150°C, while the Kalina cycle provided the best results for temperature between 150°C and
250°C, despite the higher required pressure which would result in higher plant costs, while

mixed organic fluids provided a lower cycle efficiency than pure fluids. The improvement of
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geothermal and waste heat recovery systems using zeotropic organic mixtures was largely
studied in the literature [19-21], however few plant have been built.

The most beneficial effect of using zeotropic mixtures is the temperature glide at the
condenser as demonstrated by Liu et al. in [22]. For this reason many authors have tried to
improve the cycles efficiency by adopting supercritical solutions with zeotropic mixture fluids
[23]. Supercritical cycles allow a better match of the heat transfer curves than fluid zeotropic
mixtures because of the lack of the two phase zone in the heating process. When using
supercritical cycles both the cycle efficiency and the heat transfer process are improved [24]:
many authors analyzed this technology using CO, as working fluid [25-30]. Although the
encouraging theoretical results, the high pressure and the problem concerning the design of a
proper cooling system, require further studies on this technology and a further search of an
optimal fluid [24].

The trilateral flash cycle is another technology designed to reduce entropy generation during
the heat transfer process [31- 33], but nowadays no efficient two phase expander is available.

A modification to the trilateral flash cycle is represented by the Organic Flash Cycle, presented
by Ho et al. in [34-36]. Differently from trilateral cycles, the OFC separates the vapor from the
liquid after the throttling process and only the vapor is sent to the turbine, without the need of
a two phase expander. The presence of a throttling process, however, introduced
irreversibilities, which reduce the benefits of the close match of the heat transfer curves, and a
second flash stage is needed to increase power output, above all when the temperature of the
heat source is low (<200°C) [35,36]. Another problem of the flash cycle is that the working fluid
has to be heated from condensing temperature up to the maximum temperature of the cycle,
and since exchange curves must be as close as possible, heat exchangers cost is significant.

In this paper, some modifications to the Organic Flash Cycle, presented in [36] for low

temperature waste heat recovery or geothermal system in the temperature range between 80
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and 170°C, have been considered in order to lower system costs. In addition, exergy analysis has
been carried out to compare the solutions proposed in the literature and in ORC systems,
highlighting the advantages and the disadvantages. This paper presents an extensive analysis of
OFRCs aiming at highlighting all benefits and drawbacks in comparison with ORCs both from a
technical and an economic point of view. Positive displacement expanders, which were widely
studied for organic fluids [37-43], are considered in this paper because of their relatively low
cost [42,43] and in order to reduce the complexity and the cost of systems using turbo expanders
as much as possible. The analysis has been carried out with both liquid and air cooled condenser.
Various fluids have been employed as working fluid in order to evaluate the most appropriate

fluid for OFRCs. Finally a comparison with conventional ORC system has been carried out.

Nomenclature Subscripts
0 Thermal Power [kW] exch exchanged
m Mass Flow rate [kg/s] HTF Heat Transfer Fluid
h Specific Enthalpy [kJ/kg] org Organic Fluid
C_p Average Specific Heat [kJ/kgK] av Available
T Temperature [K] in Inlet
W Mechanical Power [kKW] out Outlet
Ex Exergy [KW] 0 Ambient Reference State
s Specific Entropy [kJ/kgK] c Cycle
I Exergy destruction and loss [kW] N Net
X Vapor quality H.P. High Pressure Expander
P Pressure [Pa] L.P. Low Pressure Expander
BWR Back-Work Ratio lig Liquid phase
r Volume expansion ratio P Pressure
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is Isentropic
cond Condenser
exp Expander
Greeks Superscripts

£ Recovery Efficiency I First Law

n Efficiency 11 Second Law

p Density [kg/ m?] ‘ First Flash Evaporator
“ Second Flash Evaporator

2. Cycles description

The Organic Flash Cycle (OFC) reported by [36] for low temperature heat recovery is a double
flash cycle in order to deliver extra power with respect to the single flash cycle and it is shown
in fig. 1. The liquid is pumped into the heat exchanger, where the fluid is heated up to the
saturation temperature, in liquid phase (1-2), by the Heat Transfer Fluid (HTF), flashed in a
throttling valve (2-3) and then introduced into a flash evaporator where liquid and vapor are
separated. The vapor is then expanded in the high pressure expander (4-5), while the liquid is
throttled in a second valve (6-7) and then mixed with the vapor coming from the first expander
outlet (8). The two phase mixture is then separated in a second flash evaporator and the vapor
is sent to the low pressure turbine (9-10), while the liquid is throttled (11-12), mixed with the
vapor coming from the low pressure expander outlet and sent to the condenser (13-14). The
temperature entropy (T-s) diagram of this cycle is shown in figure 2. The advantage of the cycle
is that the temperature difference between the HTF and the working fluid is quite small and the
outlet temperature of the HTF can be very close to the lowest temperature of the cycle, reducing

the exergy loss associated to the HTF flow at the outlet of the system. However, the presence
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of three throttling valves causes reduction in the cycle efficiency and, in order to maximize the
overall efficiency of the system, the pinch point temperature difference in the heat exchanger
must be as small as possible [35]. This fact leads to the adoption of heat exchangers with larger
surface area and higher system cost.

The modified flash cycle studied in this paper is an Organic Flash Regenerative Cycle (OFRC)
and it is shown in fig. 3. The layout is very similar to the OFC: the fluid is heated up, in liquid
phase, to the saturation temperature by the HTF fluid in the principal heat exchanger (1-2),
laminated by a throttling valve (2-3) and flashed. The vapor, from the flash separator is sent to
the high-pressure expander (4-5), while the liquid is laminated in a second throttling valve (6-7)
and then re-mixed with the vapor from the expander (8). The two phase mixture is then
separated in a second separator and the vapor driven to the low pressure expander (9-10) and
therefore to the condenser (10-12). The liquid of the second flash evaporator is used to
recuperate heat at the inlet of the heat exchanger (14), thus eliminating a throttling process.
The T-s diagram of the modified cycle is plotted in fig.4.

FIGURE 1 ABOUT HERE

FIGURE 2 ABOUT HERE

FIGURE 3 ABOUT HERE

FIGURE 4 ABOUT HERE

As a result of regeneration, the outlet temperature of the HTF in the regenerative cycle is
higher than in the simple cycle and both the heat transferred and the heat recovery efficiency
are lower. However, in this case, since the amount of heat introduced in the regenerative cycle
is smaller than in the simple cycle, and the enthalpy drop available for the expansion is almost
the same, for a given fluid, the cycle efficiency results to be higher. For this reason, the overall

efficiency (recovery and thermal cycle) will not be so different between the two solutions.
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Moreover, without the regeneration, the HTF has to warm up the working fluid from the
condensing temperature up to the higher temperature of the cycle, requiring larger heat
transfer surface areas and increasing the system costs.

In the case of OFRC, regeneration is completely different from ORCs. In fact, in this last the
heat of the superheated vapor, at the expander outlet, is transferred to the liquid at the outlet
of the pump by means of a surface heat exchanger; in OFRCs, the enthalpy stream of the liquid
from the low pressure flash evaporator is mixed with the liquid from the condenser to
regenerate the cycle. In the case of ORCs therefore a surface heat exchanger is needed to
regenerate. This device increases the complexity of the system and introduces two further
pressure drops, on the liquid side and on the vapor side, reducing the net power output of the
cycle, but increasing the cycle efficiency. In many cases, the regenerator can increase the global
efficiency of the system, but in the case of WHR applications, if there are no constraints on the
discharge temperature of the HTF, the regenerator reduces the system power output and
therefore the efficiency of the system due to the pressure drops it causes. The use of this device
is not recommended, due to the increase of system complexity, cost and to the performance
reduction [44,45].

In the case of OFRC, instead the mixer and therefore the pressure drop caused by it, is just
moved from the vapor side (typical of OFC) to the liquid side to operate the regeneration. The
absence of a surface heat exchanger does not add any further cost to the system, with the

exception of an extra pump and aims to reduce the main exchanger surface.

3. Methodology

The main equations, used to calculate the thermodynamic processes occurring in the OFRC,
are reported in this section. Hot water in the range 80-170°C is assumed as HTF, in order to

simulate a low temperature geothermal or waste heat recovery system. Similar considerations
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could be done for a heat recovery from exhaust gases or any other sensible heat source. The
working fluids considered in this study allow a dry expansion and fluids properties were
calculated by using the CoolProp library [46]. Exchangers heat loss to the surroundings was
considered negligible.

For both the OFC and OFRC cycles, according to figs. 2 and 4, the heat exchanged between the

HTF and the working fluid is calculated as:

Qexch = Myrr(hin — hout) = mHTFEpHTp(Ti = Tout) = morg (hy —hy) (1)

Where h;, is the specific enthalpy of the HTF at the system inlet and h,,,; the specific enthalpy
at the plant outlet.

The available heat is defined as:

Qav = Myrr(hin — ho) (2)

Where h is the specific enthalpy of the HTF fluid at ambient conditions.
The recovery efficiency was defined as the ratio between the exchanged heat and the available

heat:

Qexr:h
& =— 3
Qav ( )

The global first law efficiency of the recovery system was obtained multiplying the cycle

thermodynamic efficiency by the recovery efficiency:

_ Wy

=1, =<
e Qav

where 1. is the cycle efficiency and Wy is the net-power output of the system.

The exergy entering the system was computed as:

. . . ~ Tin
Exqy = myre[(hin — ho) — To(Sin — S0)] = MyrrCpyypp [(Tin — Tout) — TolnT_0 (5)
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Where s;, is the specific entropy of the HTF at the exchanger inlet and s is the specific entropy
of the HTF at ambient condition.

The exergydestruction in the generic n component of the systems can be computed as:
Iy = To(Ximys; — X iys;) (6)

where the index i refers to the component inlets and the index j to the component outlets.

The exergy loss due to the release of the HTF at the exchanger outlet is computed as:
: . , = Tou
Iout = Myrr[(hour — ho) — To(Sout — So)] = mHTFCpHTF [(Tout —To) — TolnT_ot] (7)

The second law recovery efficiency €'/, i.e. the ratio between the exchanged exergy and the

available exergy is:

el — EXexcn _ _Morgl(hz—h1)—To(sz=51)] (8)
EXap myrr[(Rin—ho)—To(Sin—S0)]

The second law efficiency of the systems was then calculated according to the following

expression:

174 Exqy—Ynin—1
Il = _ N — av .n n—fout — nél . 8” (9)
Exgy Exgy

n

3.1. Thermodynamic relations for OFCs

According to figs. 1 and 2, the main equations used in the thermodynamic analysis of the OFC
are reported in this section.
The throttling processes were supposed to be isenthalpic: i.e. the enthalpy of point 3 is the

same of point 2. The working fluid mass flow rate across the high pressure expander is:

Myp, = morg " X3 (10)
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Where x5 is the vapor quality at point 3 at the end of the throttling process. The range of this
value is strongly dependent on the shape of the two-phase zone and the first flash pressure. The

liguid mass flow rate separated inside the flash evaporator is:
m,liq = morg (1- X3) (11)

At the outlet of the flash evaporator a throttling valve reduces the pressure of the liquid to the
pressure of the vapor at the HP expander outlet, keeping the specific enthalpy constant. The
two streams coming from the flash evaporator and from the HP expander are then mixed

together in a mixing chamber according to the enthalpy balance:
morghB = My phs + m,liqh6 (12)

The two-phase mixture resulting from the mixing process is then separated in a second flash
drum. This separation is mandatory when operating with low temperature heat sources (<170-
180°C) because of the low quality of the vapor at the mixer outlet, which does not allow an
efficient expansion, neither when a positive displacement expander is used.

The vapor mass flow rate to the LP expander is:
myp = morg T Xg (13)

The calculation of the vapor quality at point 8 was carried out in a similar way as for the point
3, i.e. assuming the conservation of enthalpy during the throttling process (6-7).

The liquid fraction at the outlet of the second flash evaporator is:
m”liq = morg (1 —xg) (14)

The liquid is then throttled in a third valve and then mixed with the vapor coming from the LP

expander according to the following enthalpy balance:

Morghis = My p hig + M ;igh11 (15)
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The fluid at point 13 is then sent to the condenser. For low temperature applications, the point
13 is always located inside the two-phase region. From the condenser, the fluid is pumped into

the heat exchanger. The feed pump work is calculated as:

: . AP
Wy = — 16
P Morg P1aNp ( )
Where 1p is the pump efficiency, p14 is the density of saturated liquid at point 14 and AP is
the pressure difference between the condensing pressure and the cycle maximum pressure.

The work output of the HP expander was calculated as:

Wy p. = iy p.* (hg — hsis) * s (17)

And in the LP expander:

Wy p. =1y p. - (hg — Rygis) * s (18)

Where hs;s and hqy;s are the specific enthalpies along an isentropic process and 7; is the
isentropic efficiency of the expanders. The value of the isentropic efficiency depends on the
expander type. As stated above, since the Organic Flash Cycle provides good efficiencies only if
two or more flash stages are used when recovering heat from low temperature heat sources,
the cost of the expander should be the lowest possible, in order to have low overall costs.
Positive displacement expanders can be the solution which allows to keep costs at low values.
For this reason, the value of the isentropic efficiency was set constant at 0.7, typical value at
design point, for positive displacement expanders with a built-in ratio under 5, as reported in
[47]. The choice of this value is plausible for double flash systems since the volume ratio is very
low and similar to the value of the maximum built in ratio.

The heat rejected at the condenser was calculated as:
Qcond = Qexch - (WH.P. + WL.P.) + WP (19)

3.2. Thermodynamic Relations for OFRCs
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The equations used for the high-pressure section of the OFRCs are the same used for OFCs.
Differences are found downstream the second flash evaporator. In fact, the liquid from the
second flash evaporator is not throttled in a valve but it is sent to a mixer to regenerate the
liquid after the condenser, in order to increase the heat exchanger inlet temperature.

Referring to fig. 3 and 4 the mixer enthalpy balance is represented by the equation:
Morghia = My p hyz + 1M 00 (20)

A further pump is needed to raise the fluid pressure from the value at the condenser to the
one at the second flash evaporator.

The global pumping work is calculated as:

H 3 (P11_Pcond) 3 (PZ_P1)
Wp=m; p ————+m
P LP. piymp "9 piamp

(21)

Where p4, is the density of the saturated liquid at the condensing temperature and p,, is the
density at the mixer outlet, evaluated at the second flash evaporator pressure and at the specific

enthalpy resulting from the mixing process.

4, Thermodynamic analysis

In this section a thermodynamic comparison between the two cycles is carried out, in order to
evaluate pros e cons of each cycle. Eight different organic fluids were tested on both cycles to
define the optimum fluid to use in these cycles. A constant thermal input power of 900 kW was
considered in all the analyzed cases. From the thermodynamic point of view, the performance
of the system is independent from this last variable, being the isentropic efficiency of the device
considered constant, as well as the exchanger inlet and outlet conditions. The choice of a
constant thermal power input was due to the need of comparing the exchange surface of OFCs

and OFRCs.
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4.1. The maximum temperature of the cycles was set 10°C below the temperature of the
HTF. For the non-regenerative cycle, the outlet temperature of the HTF was set at 35°C, i.e. at
8°C above the condensing temperature. The HTF outlet temperature of the regenerative cycle
was also set at 8°C above the mixing temperature. Those values were chosen to ensure an
optimal overall efficiency while keeping the costs of the heat exchangers at reasonable levels.
A sensitivity analysis on the performances of both the two cycles related to different exchange

conditions was reported at the end of the first section of this paragraph.Cycles comparison

The two cycles were compared, using N-Heptane as working fluid.

The second law efficiency of the two cycles was compared, by assuming 10 and 8°C for the
approach and the pinch point, respectively. The two cycles showed the same trend (fig. 5) since
the decrease in heat recovery efficiency (fig. 6) was practically counterbalanced by the increase
in cycle efficiency (fig. 7). As reported in eq. 9, the global second law efficiency is given by the
product of the recovery efficiency to the cycle efficiency. The first parameter is defined as the
ratio between the actual exergy transferred to the working fluid and the available exergy from
the heat source. The regeneration causes an increase of the HTF discharge temperature and
therefore an increase of the exergy loss which reduces the recovery efficiency. Conversely, the
cycle efficiency increases when operating the regeneration, due to the reduction of the effect
of the multiplicity of the heat sources. The global effect is that the product of the recovery
efficiency to the cycle efficiency is very similar. At temperatures lower than 110°C the OFRC
presents a better efficiency than the OFC: in fact, due to the small temperature difference
between the heat source and the lowest cycle temperature, the benefic effect of the reduction
of the multiplicity of the heat sources on the cycle efficiency is dominant respect to the decrease
of the recovery efficiency. At higher temperatures, instead, due to the larger temperature
between the heat source and the lowest cycle temperature, the effect of the reduction of the

recovery efficiency has a larger influence than the reduction of the multiplicity of the heat
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sources and therefore of the cycle efficiency. Due to this consideration, the OFC has a slight
advantage with respect to the OFRC.

FIGURE 5 ABOUT HERE

FIGURE 6 ABOUT HERE

FIGURE 7 ABOUT HERE

A comparison between the exergy loss and destructions for the two cycles is shown in fig. 8 at
the HTF inlet temperature of 80, 120 and 170°C. Exergy loss and destruction increase with the
exergy content of the heat source, even if not proportionally: in fact, the second law efficiency
increases with the temperature of the heat source.

FIGURE 8 ABOUT HERE

As expected the larger exergy loss in the regenerative system occurs when the HTF discharge
temperature at the outlet of the heat exchanger is higher in comparison with the solution
without regeneration.

All the other losses were smaller or comparable with those of the solution without
regeneration.

In particular, the OFCs has the major losses in the condenser, in the throttling valves and in the
heat exchangers:

. Condenser: the condenser of the OFCs has to exchange a larger thermal power than in
the regenerative solution (fig. 9) and the whole mass flow rate of the cycle circulates in it;

. Throttling valves: the OFCs present three throttling process, one more than the
regenerative cycle; the higher is the HTF inlet temperature the larger are these losses because
of the higher maximum pressure of the cycle and of the larger pressure loss during the throttling

processes;
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. Heat exchanger: the temperature difference between the inlet and the outlet of the
heat exchanger is larger in the OFCs than in the OFRCs and therefore the entropy production is
larger.

The exergy analysis confirms that the two cycles have almost the same performance in the
temperature range 80-170°C in terms of global efficiency and the larger loss in heat recovery
efficiency of the regenerative cycle are compensated by the smaller losses in the cycles
component. The regenerative cycle, however, provides the same power output but it requires
smaller heat exchangers. The smaller size of the principal heat exchanger results from the lower
maximum temperature difference between the inlet and the outlet of the exchanger (fig. 10),
or, in other words, from the smaller amount of exchanged heat; The smaller size of the
condenser, instead, is determined by the smaller amount of vapor to condensate because of the
OFRC higher cycle efficiency. Table 1-4 reports the exchanger sizes and costs for the two
considered cycles: exchangers were designed with the software Aspen Exchanger Design and
Rating by minimizing the device cost, compatibly with the process requirements and avoiding
dangerous working conditions (as an example tubes vibration). Shell and tube heat exchangers
were considered.

FIGURE 9 ABOUT HERE

TABLE 1 ABOUT HERE

TABLE 2 ABOUT HERE

TABLE 3 ABOUT HERE

TABLE 4 ABOUT HERE

The specific cost of heat exchangers for unit power output is reported in fig. 10 for both OFCs
and OFRCs, referring to an available thermal power of 900 kW, for each temperature.

FIGURE 10 ABOUT HERE

FIGURE 11 ABOUT HERE
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Both cycles exhibit a high pump power consumption, since the maximum pressure is much
higher than the expander inlet pressure.
Similarly to [48], the “Back-Work Ratio” (BWR) parameter, which accounts for the pump power

consumption of the cycle, was introduced:

Zi Wpl

BWR =
Zj Wexp]-

(22)

where ¥;; W}, is the sum of all pumps power consumption and };; Wexpj is the sum of all

expanders power output. This parameter strongly depends on the fluid properties. In this
section n-Heptane was considered as working fluid. This fluid has a high critical temperature and
is characterized by small saturation pressure variation at low temperature. Therefore, as long as
the HTF temperature is low, the variation of the maximum pressure of the cycle is negligible and
the BWR decreases, as a consequence of the increase of the optimal flash pressure. Increasing
the HTF temperature, the saturation pressure of n-Heptane quickly increase, leading to a larger
pump power consumption and to an increase of the cack-work ratio.

The BWR of the regenerative cycle is lower than the non-regenerative one at the maximum
thermodynamic efficiency point (fig. 11). In the first case in fact, the compression is divided in
two stages:

° the circulating pump increases the pressure of the cycle from the condensing pressure
to the second flash evaporator pressure, and the mass flow rate in the pump is the same as the
vapor fraction separated in the low-pressure flash evaporator;

° the feed pump increases the pressure of the whole mass flow rate of the cycle from the
pressure of the second flash evaporator to the maximum pressure of the cycle.

. at the design point the first expander inlet pressure is higher in the OFRC than in the
OFC: in fact the expander outlet temperature is higher in the OFRC than in the OFC, in order to

increase the enthalpy of the second flash evaporator.
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° In the OFCs the feed pump has to increase the whole mass flow rate of the cycle from
the condensing pressure to the maximum pressure of the cycle.

Even though the OFRCs requires two pumps, the lower values of the Back Work Ratio can be
achieved in smaller units, keeping costs similar to the ones of OFCs, as reported further in the
work.

A sensitivity analysis on the effect of the temperature difference between the working fluid
and the HTF at the heat exchanger outlet was carried out to evaluate the effect of the heat
transfer curve distance on the system performances. The temperature difference between the
HTF and the working fluid at the exchanger outlet modifies the exchanged thermal power and
consequently the system efficiency, as reported in fig. 12 for both the OFRC and OFC cycles.

The results showed that the trend is almost the same for both cycles, however the efficiency
decrease is larger for the OFRC at low temperature because of the higher temperature of the
HTF at exchanger outlet.

These results, obtained with n-Heptane, can be considered a benchmark also for other fluids:
in fact, the increase of the logarithmic mean temperature difference always causes a reduction
of the system performance, due to the increase of the exergy destruction in the thermal
exchange process and exergy loss in the higher HTF discharge temperature.

FIGURE 12 ABOUT HERE

4.2. Fluid comparison.

In this work, eight different fluids were tested as working fluid both for OFRCs and OFCs. The
main properties of these fluids are reported in table 5. This analysis was performed assuming an
approach temperature of 10 °C and a pinch point temperature of 8°C.

INSERT TABLE 5 ABOUT HERE
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The differences in terms of second law efficiency are negligible for all the tested fluids (fig. 13),
due to the reason discussed in the previous paragraphs regarding the trend of the recovery
efficiency and the cycle efficiency. At higher temperatures, the second law efficiency with
R245fa has a different trend with respect to that of all other fluids in both the analyzed cycles.
This behavior is due to the critical point of R245fa, which is 154.1°C: increasing the temperature
of the heat source above this value, the approach increases to avoid supercritical operation. In
this way the exergy destruction in the heat transfer process increase due to the largest distance
between the heat transfer curves. Alkane hydrocarbons with high molecular weight are the
fluids which gave the best values of the second law efficiency. This fact is due to the close
distance between the isobaric curves typical of these fluids: for a given pressure loss during the
throttling process, the quality of the vapor is higher and it is demonstrated that the higher the
quality of the vapor after the first throttling, the lower the exergy destruction in the throttling
process, and the higher the efficiency of the flash cycle [35]. It is worth to notice that the fluids
which present a high second law efficiency are those with a low value of the BWR.

In fact, exergy destruction during the first throttling process is proportional to the BWR: fluids
with the highest efficiency values presents low values of pump power consumption. The value
of BWR is much higher for OFCs with every used fluid (fig. 14), and from fluid to fluid the trend
is different due to the different properties.

FIGURE 13 ABOUT HERE

FIGURE 14 ABOUT HERE

From the above analysis, high molecular weight alkanes are the fluids providing the best
efficiency with both cycles. However, with the Double Flash Cycle, the presence of two
expanders requires high accuracy in fluid selection in order to keep the size of the expanders as
small as possible. Positive displacement expanders are the best choice for small heat recovery

system with flash cycles. In fact, their cost is much lower than that of turbines. The size of these
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devices is influenced by the volume flow rate. The lower is the volume flow rate the lower is the
cost of the expander [48]. For this sake, the volume flow rate for the high pressure and low
pressure OFRC expanders was calculated, as shown in Fig. 15.

FIGURE 15 ABOUT HERE

As shown in fig. 15, the volume flow rate through the expander reaches very high values for
high molecular weight alkanes, which makes their use practically impossible for this type of
cycle. R601a, R245fa and R365mfc, in this order, are the fluids which present the lowest values
of volume flow rate through the expanders. The trend in the cycles without regeneration is
similar, but values are larger for each fluid. The bump in the figure at 90°C is due to the small
variation of optimal flash temperature, and therefore of density, when the HTF varied from 80
to 90°C.

Another important device which can increase the cost of these cycles is the condenser. In fact,
flash cycles introduce a larger amount of heat than traditional ORCs since they generally present
a lower cycle efficiency. This results in a larger condenser than in ORC systems and therefore
higher costs. For this reason, the working fluid should be selected to minimize the condenser
size. In order to take into account the condenser size the ratio between the condensing latent
heat and the vapor specific volume was used as a figure of merit, according to [49]. This figure
of merit indicates approximately the amount of heat transferred by the condenser per unit
hardware cost. The higher is its value, the larger is the amount of heat transferred per unit of
volume, and the smaller is the condenser. The value for the various fluids is reported in table 6.

TABLE 6 ABOUT HERE

Alkanes with high molecular weight have a very low value of the figure of merit and therefore
will require a large condenser. R245fa, i-Pentane and R365mfc are the fluids which minimize the

condenser size.
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In the considered temperature range, i-Pentane presents a low volume flow rate, requires a
small condenser and does not require a too high pump power input, allowing smaller exchangers
and expansion devices, although it has a lower cycle efficiency than other fluids: for these
reasons this fluid might be the optimal working fluid for double OFRCs coupled with waste heat

recovery or geothermal heat source in the temperature range between 80-170°C.

4.3. Cost Analysis

In this section the cost analysis of the main components of OFCs and OFRCs, operating with
R601a is described, for various HTF temperature and for available amounts of heat.

Tables 7-10 reports the exchangers and condensers sizes for both OFCs and OFRCs when R601a
is used, with 900 kW4, as input heat. Also in this case, the sizing of heat exchangers was carried
out by using the software Aspen Exchanger Design and Rating. Both main exchanger and
condenser required smaller exchanger area and therefore lower costs in the case of OFRCs than
in the case of OFCs, and as demonstrated above, with this fluid, their sizes were smaller than
the ones evaluated with N-Heptane.

TABLE 7 ABOUT HERE

TABLE 8 ABOUT HERE

TABLE 9 ABOUT HERE

TABLE 10 ABOUT HERE

As reported in the above tables, despite the small external diameter, heat exchangers for flash
cycles can be very long, because of the large temperature difference between inlet and outlet.
This results in transportation and layout problems which must be evaluated before the
installation. A simpler and more compact plate heat exchanger however may be the solution to

this problem.
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The evaluation of pump costs was performed according the following relation, presented in

[50]:
C, =900 W™ (23)

where W is the pump power consumption and n has the value of 0.25 if W<0.3 kW or 0.45 if
W >0.3 kW.

Pumps costs are reported in table 11 for both cycle configurations.

TABLE 11 ABOUT HERE
Screw expanders were chosen because of their capacity of elaborating a high volume flow rate
and for their limited costs. The costs of these expanders were evaluated from screw
compressors in [51], referring to the Kore compressor manufacturer, as reported in fig. 16. To
take into account of the different utilization of the device, i.e. the operation as an expander is
the reverse of the operation of the compressor, the volume flow rate at the expander input

was multiplied by the volume expansion ratio:

Coxp = 21.57- (V1) + 3479 (24)

where V is the expander flow rate.

FIGURE 16 ABOUT HERE

TABLE 12 ABOUT HERE

Expanders costs for OFCs and OFRCs are reported in tab. 12, for an available thermal power of
900kW:+h. OFRCs requires smaller units than OFCs since the design flash pressure are normally
higher than the ones of OFCs, because of the presence of the regenerator.

The comparison of the specific costs of the main component for both cycles is reported in fig17.

FIGURE 17 ABOUT HERE

4.4. Comparison with ORC systems
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In this paragraph the regenerative flash cycle is compared with a conventional ORC for heat
recovery or geothermal system. In the analysis, neither superheater nor recuperator was used
in the ORC system.

FIGURE 18 ABOUT HERE

FIGURE 19 ABOUT HERE

Second law heat recovery efficiency is calculated according to the (3.9) always assuming a
pinch point of 8 °C(fig. 18).

If we compare the efficiency of OFRC and ORC, the first cycle exhibited a better capability in
the heat recovering process (fig. 19), thus entailing a lower HTF temperature at the outlet of the
heat exchanger. Moreover, the exergy destruction during the heat transfer phase were lower
than the ORC, because both fluids were at the liquid state, so that the heat transfer curves of
both the fluids had a similar slope, on the contrary of an ORC plant in which the working fluid
receives the heat partly at variable and partly at constant temperature.

Conversely, the ORC cycle presents smaller losses at the condenser because of the smaller
amount of heat rejected, at the expander (ORCs just need a single expansion device), at the
pump, because of the lower maximum pressure of the cycle, and because they do not require
any throttling valve.

These facts are clearly counter-acting and the balance between advantages and disadvantages
of both cycles depends on many factors, the main of which are the operating temperature of
the cycle. In the analyzed temperature range, OFRCs provided better thermodynamic
performance than ORCs.

The economic comparison between OFRCs and ORCs in this temperature range and for
different available heat amounts was carried out using R601a for OFRCs and R245fa for ORCs,

since this latter gave the best results in the thermodynamic analysis.
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The ORC evaporators and condensers details are reported in table 13 and 14, for an available
thermal power input of 900 kW:h. Similarly to OFRCs, a pinch point of 8 °C was used in the
evaporator design.

TABLE 13 ABOUT HERE

TABLE 14 ABOUT HERE

ORC evaporators are more compact than the OFRCs ones, but the presence of vapor requires
higher crossing areas and therefore exchangers have larger diameters.

Pump and expander costs are evaluated through the 5.1 and 5.2 respectively and are reported
in table 15.

TABLE 15 ABOUT HERE

Specific costs, at optimal thermodynamic conditions, are reported in fig. 20 for OFRCs and for
ORCs for various available heat.

FIGURE 20 ABOUT HERE

The two cycles presented almost the same main components specific costs in the heat source
temperature range between 120 and 170°C and for available thermal power lower than 600 kW.
For larger available thermal power OFRC cost increased more than the ORC cost, because of the
need of an extra expander unit in the second stage, because of the increase of the volume flow
rate which goes outside the range of the screw expanders costs.

This result is highly influenced by the future behavior of screw expanders cost. This analysis
was carried out, in the favorable case of a growth of the positive displacement expanders
market, in order that their cost will be similar to compressor ones.

Moreover, in this work shell and tube heat exchangers were analyzed: for flash cycle these
devices are very long, and they can produce layout and transportation problems. Plate heat
exchangers can be more compact and economic, and therefore more suitable for these

applications and allowing a further costs reduction.
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5. Conclusions

In this work, a new type of Organic Flash Regenerative Cycle (OFRC) has been studied for low
temperature waste heat recovery and geothermal applications. Since two flash stages are
needed with low temperature heat sources, positive displacement expanders were assumed to
be used because of their cost lower than that of turbines. With respect to the conventional
Organic Flash Cycle (OFC), the OFRC presented almost the same thermodynamic performances
for heat sources in the temperature range between 80°C and 170°C: in fact, if from one hand
the recovery efficiency of the OFRC was lower than the OFC, from the other the higher cycle
efficiency compensated the recovery efficiency, resulting in the same cycle efficiency. The
regenerator increased the working fluid temperature at the exchanger inlet, reducing the size
and the cost of the heat exchangers. Moreover, due to the increase in cycle efficiency and to the
smaller amount of exchanged heat, OFRCs condenser is smaller and cheaper than OFCs.

Different organic fluids have been tested both in the OFRC and the OFC. With the same fluid,
the two cycles provided the same thermodynamic performance. High molecular weight alkanes
gave the best results in terms of second law efficiency both in the OFRC and the OFC, due to the
small distance between the isobaric lines and therefore to the low exergy destruction during the
throttling process. However, the high volume flow rate through the two stage expanders made
the use of these fluids unfeasible if positive displacement expanders are adopted. Among the
tested fluids, R601a was the best option in terms of thermo-economic performances. Finally, a
comparison with ORC cycles has been carried out and OFRCs demonstrated a better
thermodynamic performance for all the tested fluids, because of the lower losses across the
heat exchanger and to the lower HTF discharge temperature. The economic analysis highlighted
the equality between those two technologies, for mini and micro scale plants, in the case of a

future growth of the positive displacement market.
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