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Abstract:

The selection of an optimal working fluid and the design of the system components for a small-scale (<100 kW)
high-temperature (250 — 400 °C) organic Rankine cycle (ORC) can be challenging owing to the possibility of sub-
atmospheric condensation pressures and high expander volume-ratios. The latter means that volumetric expanders
are not suitable, whilst a single-stage turbine would be characterised by supersonic flow and small blade heights.
Alternatively, a cascaded cycle can be considered, in which the heat-rejection from a topping cycle drives a
bottoming cycle. Through the proper selection of working fluids for the two cycles, sub-atmospheric condensation
pressures can be avoided, whilst the volume-ratio is divided across two separate expansions. Moreover, two-phase
expansion in the topping cycle can be considered to increase the power output from the system. At present, there
are limited guidelines for the selection of fluids for each cycle. In this paper, the development of a novel method to
identify the optimal pairing of fluids for cascaded ORC systems is discussed. The model is comprised of a cascaded
ORC thermodynamic model and the Peng-Robinson equation of state. Using this equation of state allows the fluid
parameters to be included within the optimisation, which allows the identification of optimal fluid parameters for both
the topping and bottoming cycles, alongside the optimal operating conditions. The model has been used to identify
optimal fluids for cascaded systems for heat-source temperatures ranging between 250 and 400 °C. The results
have been verified by separate optimisation studies completed using REFPROP. Finally, a comparative study has
shown that optimal cascaded systems can achieve similar power outputs to simple ORC systems and have lower
expander volumetric ratios. However, cascaded systems require larger heat exchangers. The performance of
cascaded systems could be further improved through two-phase expansion, and this should be studied in the future.
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1. Introduction

Organic Rankine cycles (ORC) are considered to be a suitable technology for the conversion of heat
sources at temperatures between 80 and 400 °C into mechanical power, and the technology has already
been commercialised across a range of power outputs [1]. Most of these systems operate a simple organic
Rankine cycle, which is comprised of a pump, evaporator, expander and condenser. Whilst this has the
advantage of simplicity, the use of this simple configuration can introduce challenges with regards to
working-fluid selection and component selection as the heat-source temperature increases.

Generally speaking, the optimal working fluid for a particular application is linked to the heat-source
temperature, with high-temperature heat sources requiring working fluids with high critical temperatures
[2]. However, a correlation between the normal-boiling temperature of a working fluid and its critical
temperature is also observed [3], and therefore the normal-boiling temperature can also be expected to
increase as the heat-source temperature increases. In this instance, either the thermodynamic performance
of the cycle is penalised by operating the system with a high condensation temperature to avoid sub-
atmospheric condensation pressures, or system costs are increased through the need to have a physically
large condenser owing to large volumetric-flow rates, which must also operate under a vacuum.

Another challenge when considering a simple ORC system for high-temperature applications is the
increased pressure ratio. This requires expanders capable of achieving high volume ratios. This means it
is not possible to accommodate volumetric expanders, such as screw expanders, without considering
multiple expansion stages, and even then, the relatively low volume ratio achievable within each
expansion stage may limit the overall volume ratio to be below 20 for a two-stage expansion [4]. On the



other hand, whilst turbo-expanders can accommodate much larger volume ratios across a single stage, the
significant change in the density through the turbine leads to small rotor-inlet blade heights, particularly
for small-scale applications [5], which can reduce turbine efficiency through increased secondary flow
and tip-clearance losses. Moreover, high expansion ratios mean that supersonic conditions are
experienced within the stator, further complicating the turbine design process. Arguably, the challenges
associated with a single-stage turbo-expander could be circumvented through a suitable two-stage design,
although the large volumetric flow-rate at the expander outlet may still lead to physically large systems.
It is also interesting to note that two-phase expansion presents an opportunity to produce higher power
outputs from waste-heat sources, compared to a superheated expansion [4,6]. However, turbo-expanders
cannot currently accommodate two-phase conditions at the expander inlet. In this instance, two-phase
expansion for high-temperature heat sources cannot be considered when using a simple ORC system.

One alternative to a simple ORC system is the cascaded ORC system, in which a high-temperature
topping cycle and a low-temperature bottoming cycle are coupled together. Kane ef al. [7] developed an
experimental setup of a cascaded ORC system, driven by solar energy and waste-heat, whilst Kosmadakis
et al. [8] assessed the use of a cascaded ORC system for reverse osmosis desalination. Both authors
comment on the potential promise of such systems, but consider relatively low temperatures (< 200 °C).
However, one the of the advantages of the cascaded system is that different working fluids can be used in
the topping and bottoming cycles, which means higher temperature heat-sources could be effectively
converted without introducing sub-atmospheric pressures. Furthermore, by optimising the working fluid
in each cycle respectively it may be possible to achieve a better thermodynamic performance than an
equivalent simple ORC system, and since the pressure ratio experienced by a single-stage system is
essentially divided across the two cycles, expander design is less challenging. Moreover, since the
expansion volume ratio is also reduced, it becomes possible to consider screw-expanders for one, or both,
of the expansion processes, which could mean two-phase expansion could be used in one of the cycles to
further improve the performance of the system [9,10].

Working-fluid selection for simple ORC systems has been the focus of many previous research studies;
as such selection guidelines are relatively well defined within the literature [11,12]. Moreover, the
application of computer-aided molecular design (CAMD) is becoming more widespread in the search for
new ORC working fluids [13-15]. In these studies, the molecular structure of the working fluid is
optimised alongside the cycle conditions, thus reducing the design process to a single optimisation.

In comparison, to the authors’ knowledge, the optimal selection of working fluids for a cascaded ORC
system has received limited attention. Hence, the aim of this paper is to apply principles taken from
CAMD to the study of cascaded ORC systems. More specifically, a cascaded ORC system model, coupled
to the Peng-Robinson equation of state, is described and applied to different heat-source temperatures.
For each heat-source temperature, the working-fluid parameters for both the topping and bottoming cycles
are optimised alongside the cycle operating conditions and optimal working fluids for cascaded ORC
systems are identified. Finally, these optimal systems are compared to simple ORC systems for the same
heat-source temperatures. Within this study, the method is demonstrated for superheated ORC cycles.
However, future extension to allow two-phase expansion will mean high-temperature, cascaded systems
with two-phase expansion can also be evaluated.

2. Description of the model

2.1. Peng-Robinson equation of state

To model the respective working fluids in the topping and bottoming cycles the Peng-Robinson equation
of state is used, which is defined as:

RT aa(T)
Vo—b VZ2+2bV, — b2’

where p is the pressure in Pa, R is the universal gas in constant with units J/(mol K), T is the temperature
in K and V},, is the molar volume in m*/mol. The parameters a and b are fluid-specific parameters, which

p= (1)
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depend on the critical temperature T.. and critical pressure p... The function a(T) introduces a
temperature dependence to the term on the right-hand side of (1), and this term is dependent on the acentric
factor w. For brevity, the full details of these parameters are not reported here but can be found in [16].

Alongside (1), a second-order polynomial function is used to describe the ideal specific-heat capacity as
a function of temperature:

¢pia(T) = A+ BT + CT?, )

where A, B and C are constants for a particular fluid. From (1) and (2) the enthalpy & in J/mol, and entropy
s in J/(mol K) can be determined after some further calculation.

Ultimately, combining the Peng-Robinson equation of state with a second-order polynomial means a
potential working fluid can be defined by six parameters, namely, T;., per, @, 4, B and C. Moreover,
by allowing these parameters to become variables during a cycle optimisation study, it is possible to
optimise the working fluid in addition to the thermodynamic cycle parameters. This is something that
cannot be completed using more advanced property-prediction methods, such as NIST REFPROP [17].
Previous studies have demonstrated the suitability of the Peng-Robinson equation of state for modelling
ORC systems [18,19].

2.2. Cascaded ORC thermodynamic model

In this study, the cascaded system is comprised of two sub-critical, non-recuperated cycles, and the
expansion processes are assumed to be in the superheated region (i.e., two-phase expansion is not
considered). Moreover, pressure drops and heat losses are neglected, and the pumps and expanders are
modelled with fixed isentropic efficiencies of 1, =70%, and 1, = 80% respectively. A temperature-
entropy (7-s) diagram of the system is shown in Fig. 1, in which the notation used to describe the system
is also defined.
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Fig. 1. Schematic of the cascaded ORC system and the notation used to describe it.

As shown in Fig. 1, the waste-heat source is used to preheat, evaporate and superheat the working fluid
in the topping cycle. Since the temperature of the heat-source at the outlet of the topping-cycle preheater
will be higher than the evaporation temperature of bottoming cycle, it is assumed that the waste heat can
also be used to preheat the working fluid in the bottoming cycle. The evaporation and superheating of the
fluid in the bottoming cycle is achieved via the heat rejection from the topping cycle.

For this system, seven cycle variables are defined. Firstly, the bottoming-cycle condensation temperature
T, 1, defines the condensation pressure and the pump inlet conditions for the bottoming cycle (h4 p, 1 p).
Moreover, the bottoming-cycle reduced evaporation pressure p,}, defines the evaporation temperature
T, and the preheater outlet conditions (i.e., hyr y,, S,/ 1), whilst the pump outlet conditions (hyp, S 1)
are found from the imposed pump efficiency. The topping-cycle condensation temperature T ; is defined
by a defined saturation temperature difference:



ATy = Tl,t - Tz,b ’ 3)

whilst the topping-cycle reduced evaporation pressure p, . is also defined as an input. The topping-cycle
amount of superheat ATy, . then means the expander inlet conditions can be determined (h34, S3¢), and
the imposed pump and expander efficiencies mean the pump outlet conditions (h,+, S+) and expander
outlet conditions (h4, S4¢) can be determined.

The working-fluid mass-flow rate in the topping-cycle m, is found by applying an energy balance to the
evaporator:

_ (ricp), (Toi = Topa)

, “4)
h3,t - h2’,t

my

where (Thcp)h is the heat-source heat-capacity rate in KW/K, Ty; is the heat-source inlet temperature in

K, and T,p; is the heat-source temperature at the start of evaporation, and is defined by the pinch-point
temperature difference, which is defined as a model input:

PP, = Thpl - T2',t . )

The working-fluid mass-flow rate in the bottoming-cycle m,, is found by applying an energy balance to
the bottoming-cycle preheater:

_ (mcp)h(ThpZ - Tho)
B hz’,b - hz,b

1My, , (6)

where Ty, is the heat-source outlet temperature, which is final of the seven cycle variables, and Ty, is
the heat-source temperature at the outlet of the topping-cycle preheater, which is found by applying a
similar energy balance to (6) to the topping-cycle preheater.

The expander inlet conditions for the bottoming-cycle (h3 , S31,) are found by applying an energy balance
to the topping-cycle desuperheating/condensation process, and the bottoming-cycle
evaporation/superheating process:

n mt(h@ - hl,t) ’
my

()

h3,b = hz’,b

and the expander outlet conditions (h, )}, S4p) are found using the imposed expander efficiency.

A final energy balance is then applied to the bottoming-cycle condenser to determine the heat-sink outlet
temperature:

ity (Rap = h1p)
(i) c
where T,; is the heat-sink temperature in K and (Thcp)c is the heat-sink heat-capacity rate in kW/K. The

condenser pinch point is an output from the model, but a constraint is applied during optimisation to
ensure this is not below a minimum allowable value.

TCO = TC] + ] (8)

The thermodynamic performance of the cycle can be evaluated from the net power output:
Wn = Wn,t + Wn,b = mt[(hS,t - h4,t) - (hz,t - hl,t)] + Thb[(h3,b - h4-,b) - (hz,b - h1,b)] )

2.3. Optimisation

The aim of the optimisation process is to simultaneously optimise the topping-cycle working fluid, the
bottoming-cycle working fluid and the cycle conditions within the cascaded system to obtain the best
thermodynamic performance. For a waste-heat recovery application, this corresponds to maximising the
power output from the system. The optimisation process follows the method described in [20], but with
additional optimisation variables, and can be summarised as:
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max W, = f(xy,2), (10)

where X, y and z are vectors that represent the bottoming-cycle working fluid, the topping-cycle working
fluid and the cycle operating conditions respectively:

X=[Terp DPerp wWn Ap By Gpl; (11)
Y= [Tert Pery @ Ac Be CGi]; (12)
Z = [Tl,b Prb ATsat Prt ATsh,t PPh Tho] . (13)

From (11) to (13) it can be seen that the optimisation contains a total of 19 variables. However, two of the
most important working-fluid properties that impact the cycle performance are T, and the normal-boiling
temperature T}, (i.e., the saturation temperature 1 bar), and T},, is very closely linked to p.. and w.
Moreover, as shown in Fig. 2, the relationship between T, and Ty, for common ORC working fluids can
be well modelled by setting p..= 30 bar, and w = 0.3. Therefore, four variables can be removed from the
optimisation, thus simplifying the optimisation.
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Fig. 2. Relationship between critical temperature and boiling temperature for real fluids (circles) and
using the Peng-Robinson equation of state with w = 0.3 and p = 30 bar.

The lower and upper bounds for the remaining 15 optimisation variables are summarised in Tab. 1. Since
a sub-critical, superheated cycle is being considered, the reduced pressures have an upper bound of 0.85,
and the topping-cycle degree of superheat has a lower bound of 5 K. Within both the topping and
bottoming cycles, it is assumed that the minimum allowable heat-exchanger temperature difference is
10 K, hence the lower bounds for the saturation temperature difference AT,; and pinch-point temperature
difference are both set to 10 K. The bounds for the polynomial coefficients can be set by evaluating these
coefficients for physical working fluids, and these can be determined by fitting a second-order polynomial
to data from NIST REFPROP.

Alongside the optimisation variable bounds, it is also necessary to define a number of constraints, and
these are summarised in Tab. 2. As mentioned previously, the minimum allowable temperature difference
within each heat exchanger is set to 10 K. In addition to the pinch constraints listed in Tab. 2, the two
preheating processes, and the heat-transfer process between the topping cycle and the bottoming cycle,
are further discretised to obtain the full temperature profiles within these heat-exchange processes; this
ensures the pinch constraint is not violated at any point within the system. Alongside the pinch constraints,
the condensation pressures within both the topping and bottoming cycles are constrained to be above
atmospheric pressure, thus avoiding the need to operate the system under a vacuum. Moreover, to avoid
two-phase expansion in the bottoming cycle, the expander inlet quality is constrained to be greater than 1
(i.e., h3p = hgry). The first constraint placed on the polynomial coefficients ensures that cp,iq(T =
273 K) =0, whilst the second ensures that c,;q(T) increases with temperature for the range of
temperatures for which enthalpy values are required, namely 273 K < T < 623 K. The final constraint
restricts the maximum pressure ratio within both the topping and bottoming cycles to be less than 10.
Within this study, a value of 10 has been selected arbitrarily as the primary purpose of this paper is to
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demonstrate the methodology. However, this constraint allows technological constraints, such as the
maximum achievable volume ratio using a single-stage volumetric expander, to be accounted for.

Table 1. Lower and upper bounds for the cascaded ORC system optimisation.

Variable Lower bound  Upper bound Units Variable Lower bound  Upper bound  Units

Terb Tert 373 623 K Dr.b Drt 0.1 0.85 -

Ay, At 50 200 J/mol JLY 10 100 K

By, Bt 0.10 0.40 J/(mol K) | ATgp ¢ 5 100 K

Cp, Cy —-1x1073 —-1x107* J/(molK? | PPy 10 100 K

Ti b 288 363 K Tho 288 Thi K
Table 2. Constraints for the cascaded ORC system optimisation.

Type Constraint Type Constraint

Pinch constraints Ty — T3 =2 10K Vapour quality constraint qQsp =1

Tho — Tor = 10K
Typ — Tey = 10K

Polynomial constraints

A= 273B + C(273)?
C >—B/(2x623)

Typ—Tep 210K Pressure ratio constraints PR, <10
Tap —Teo = 10K PR, <10
Condensation pressure p1p = 1 bar
constraints p1t = 1bar

3. Identification of optimal cascaded systems

The cascaded model can now be used to identify optimal working fluids and cycle operating conditions
for cascaded systems intended for different heat-source temperatures. Since cascaded systems are more
suited to higher-temperature applications, owing to the fact that high pressure ratios can be effectively
divided across the topping and bottoming cycles, heat-source temperatures ranging between 250 and
400 °C will be considered. Moreover, since, from a thermodynamic perspective, the optimal cycle and
working fluids are all independent of the heat-source heat-capacity rate, this is arbitrarily defied as
1 kW/K. The heat-sink is defined by T,; = 288 K, with heat-sink heat-capacity rate of 4.2 kW/K.

For each heat-source temperature, the optimisation procedure outlined in Section 2.3 is applied to identify
the optimal working fluids and cycle operating conditions. The key results from the optimisation are
summarised in Fig. 3. It is observed that the optimal critical temperature for both the bottoming and
topping cycle increase with increasing heat-source temperature, and these relationships are linear. The
topping requires a working fluid with a higher critical temperature than the bottoming cycle.

In terms of power output, it is observed that the bottoming cycle produces a larger amount of power than
the topping cycle, but the fraction of the total power produced by the topping cycle increases as the heat-
source temperature increases. By way of example, for the 523 K heat source, the bottoming and topping
cycles produce 24.4 kW and 2.5 kW, corresponding to 91% and 9% of the total power output respectively.
In contrast, for the 673 K heat source, the bottoming and topping cycles produce 45.9 kW and 21.1 kW,
corresponding to 69% and 31% of the total power output respectively. Referring to Fig. 3(c), it is observed
that the optimal system always results in the maximum allowable pressure ratio for the bottoming cycle.
On the other hand, the topping cycle pressure ratio is found to increase as the heat-source temperature is
increased, and for the highest heat-source temperature the topping cycle pressure ratio is also at the
maximum. Ultimately, considering the low power output, and low pressure ratio, for the 523 K heat
source, it can be inferred that lower temperature heat-sources than 523 K would result in a negligible
power output from the topping cycle; in other words, these heat sources could be effectively utilised using
a simple ORC system. On the other hand, increasing the heat-source temperature above 673 K would
result in the bottoming and topping cycle pressure ratios to be at their maximum, which could result in a
penalised thermodynamic performance compared to an unconstrained system.
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Fig. 3. Optimal cascaded ORC systems for different heat-source temperatures identified using the Peng-
Robinson cascaded model. a) critical temperatures; b) net power output; c) pressure ratio;
d) condensation temperature and evaporator pinch point.

The results shown in Fig. 3(d) are those for the bottoming-cycle condensation temperature, and the
topping-cycle evaporator pinch point, which both increase as the heat-source temperature increases. The
relatively high bottoming-cycle condensation temperatures are due to the heat-sink heat-capacity rate
being fixed at 4.2 kW/K, and future studies should consider how this parameter affects the optimisation
results in more detail. The saturation temperature difference, and the topping-cycle degree of superheat,
were found to always remain on the respective lower bounds of 10 K and 5 K.

In summary, the results in Fig. 3 are helpful to identify the theoretically optimal working fluids and cycle
conditions that result in the highest power output from a cascaded system. However, for these results to
be applied to real-world applications it is necessary to map these optimal conditions to real working fluids.
Referring to Fig. 3(a), there is a linear trend between heat-source temperature and the optimal critical
temperatures. Therefore, working backwards, these results can be used to identify potential working fluids
by finding existing fluids with similar critical temperatures. This is done by applying a linear regression
to the results. The resulting correlations, and R? values, are shown for both the topping and bottoming
cycles in Fig. 3(a). Using these correlations, potential working fluids for each heat-source temperature
have been identified (Tab. 3).

Having identified physical working fluids for each heat-source temperature the same optimisation process
can be repeated, this time using NIST REFPROP to calculate the fluid properties. In this case, the model
of the cascaded ORC system is exactly the same, however, since the working fluid is fixed, there are only
seven optimisation variables (i.e., X in (10)) in the optimisation. The relevant constraints listed in Tab. 2
area also applied. The results from this optimisation are compared to the theoretically optimal cycles,
identified using the Peng-Robinson equation of state, in Figs. 4 and 5 respectively.



Table 3. Optimal working fluids for different heat-source temperatures identified using the results from
the cascaded ORC optimisation using the Peng-Robinson equation of state.

Bottoming cycle Topping cycle
Ter [K] Ter [K]

Tyi [K]  Fluid name Physical Theoretical Fluid name Physical Theoretical
523 R245ca 447.6 4433 iso-hexane 497.7 49522
548 R245ca 447.6 454 4 cyclo-pentane 511.7 5120
573 iso-pentane 460.4 460.1 n-heptane 540.1 5339
598 n-pentane 469.7 471.1 cyclo-hexane 553.6 5513
623 n-pentane 469.7 473.1 n-octane 569.3 575.6
648 n-pentane 469.7 4763 toluene 591.8 599.5
673 iso-hexane 497.7 4814 pxylene 616.2 623.1

70 ———— 1 —
I cubic I cubic
60 | ]REFPROP [__REFPROP

PEL LSS
ﬂli [K} E}i [K}

Fig. 4. Comparison between the power output produced from the theoretically optimal cascaded ORC
systems identified using the Peng-Robinson model, and those obtained for a cascaded cycle optimised for
real, predefined working fluids, using NIST REFPROP.

In terms of the net power output, the optimal cascaded systems operating with real working fluids have
lower power outputs than the theoretically optimal systems. The reduction in the power output ranges
between 4% and 11%, with the highest value being obtained for the highest heat-source temperature.
Regarding the distribution of the power output, the optimisation considering real working fluids also
results in the bottoming cycle producing the largest proportion of the power, and this again reduces as the
heat-source temperature increases, as indicated by the right-hand plot in Fig. 4.

In terms of the pressure ratio, there is also reasonable agreement between the theoretically optimal
systems, and those identified for real working fluids, with the bottoming cycle having a higher pressure
ratio, and the topping-cycle pressure ratio increasing as the heat-source temperature increases. However,
there are more noticeable discrepancies, particularly for the 623 K and 648 K heat sources. This could be
partly attributed to it not always being possible to find a working fluid with a critical temperature that
equals the critical temperature identified from the correlations shown in the top-right plot of Fig. 3.
Alternatively, referring back to Fig. 2, there is a larger discrepancy between the trend in the boiling
temperature of real fluids, and the boiling temperature for a generic fluid with p.. = 30 bar and w = 0.3,
as the critical temperature is increased; this could also account for some of the differences observed.

Despite the slight discrepancies, it appears that using the results from the system optimisation using the
Peng-Robinson equation of state to identify optimal working fluids for cascaded systems results in
systems that obtain reasonable performance. In this sense, the Peng-Robinson cascaded model is an
effective tool to identify working fluids for high-temperature cascaded ORC systems.
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Fig. 5. Comparison between bottoming (lefi) and topping (right) pressure ratios of for the theoretically
optimal cascaded ORC systems identified using the Peng-Robinson model, and those obtained for a
cascaded cycle optimised for real, predefined working fluids, using NIST REFPROP.

4. Comparison to a simple ORC system

To conclude this paper, it is useful to compare the optimal cascaded systems identified in the previous
section, to simple ORC systems designed for the same heat-source and heat-sink conditions. For this
comparison, only systems operating with real working fluids are considered, and therefore the cascaded
systems considered are the optimal systems identified when NIST REPFROP was used to calculate the
fluid properties. The optimal simple ORC systems are identified by conducting a parametric investigation
of different working fluids for each heat-source temperature, and in each case optimising the condensation
temperature, reduced evaporation pressure, degree of superheat and evaporator pinch point to obtain the
maximum power output. This optimisation is completed with variable bounds and constraints that are in-
line with those described in Tabs. 1 and 2; the most notable of these is that the minimum pressure is
constrained to be above atmospheric pressure.

The simple and cascaded ORC systems are compared in Fig. 6, in terms of the power output, the heat-
exchanger requirements, the system pressure ratio and the expander volume ratio. The heat-exchanger
requirements are evaluated by considering the product of the overall heat-transfer coefficient U, and the
heat-exchanger area A, and this is easily evaluated based on the known heat-transfer rates and the log-
mean temperature differences within each heat-transfer region (i.e., UA = Q /A Tiog). The volume ratio is
defined as the ratio of the expander inlet density to the expander outlet density (i.e., p3/p4).

From Fig. 6(a) it is observed that both the simple and cascaded ORC systems generate a very similar
power output. More specifically, for a 573 K heat source, the cascaded cycle generates 4% less power
compared to the simple ORC. On the other hand, for the 648 K heat source the cascaded ORC system
generates 2% more power than the simple ORC system. However, when evaluating the heat-exchanger
and expander requirements, there is a clear difference between the two different systems. Due to the
additional heat-exchange processes, the cascaded systems all have a much larger UA requirement, which
is, on average, twice as large as a comparative simple ORC system. On the other hand, the system pressure
ratio, and expander volume ratio, is significantly lower for the cascaded ORC systems, compared to the
simple ORC system. Whilst this has advantages with regards to simplifying the expander design, and
could also mean screw expanders could be considered as the expansion machine, it could be argued that
a similar effect could be achieved by a simple ORC system operating with a two-stage turbo-expander,
without a significant change in the power output.

The choice between a simple or cascaded ORC system is driven by design choices at the component level,
rather than from a thermodynamic performance perspective. To evaluate this further it is therefore
necessary to consider the trade-off between the additional costs associated with larger heat exchangers,
but reduced volume ratios which could potentially be achieved using volumetric expanders, or the
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alternative of a more sophisticated turbo-expander design. Alongside this, future studies should consider
whether two-phase expansion could have a role in increasing the power output from a high-temperature
cascaded ORC system, thus achieving better thermodynamic performance than a simple ORC system.

40

60 | I simple ] B simople M
[ Jcascade [ Jcascaded - M
50 + 30 L
10 < .
= i 20 | |
. 30t 3
<
20 + D
10 + 1
10 +
0 L1 0 L] ]
o) ) o ) > ¥l %l N Se) )
& F LS F S & F L& ¥
ﬂli [K] ﬂli [K}
(a) (b)
50 : " . . 70 : : : .
I simple I simple
[ cascade (bot) 60 || [ cascade (bot)
40 H ] cascade (top) [ ]cascade (top)
50 +
307 10}
N &
~ ~

20 L 30 +

20

10 +
10 +

&P LS P &P LS P P
j—ili [K] ﬂxi [K]
© (d)

Fig. 6. Comparison between optimal simple and cascaded ORC systems for different heat-source
temperatures. The optimisations compared are for cycles operating with existing working fluids, using
NIST REFPROP to obtain fluid properties. a) power output, b) heat-exchanger requirements, c) pressure
ratio,; d) expansion volumetric ratio.

5. Conclusions

In this paper, the use of cascaded ORC systems to exploit relatively high-temperature waste-heat source
has been investigated. Unlike simple ORC systems, the selection of optimal working fluids for cascaded
systems has not been explored in detail. Therefore, a system model has been developed which couples
the Peng-Robinson equation of state with a thermodynamic model of a cascaded ORC system, and this
model can be used to identify theoretically optimal working fluids for both the topping and bottoming
cycles in addition to the optimal operating conditions. The results for the case study considered show that
a linear correlation exists between the heat-source temperature and the critical temperature of the optimal
working fluids for the topping and bottoming cycle. Moreover, it is found that the bottoming cycle
produces a large fraction of the total power output, ranging between 91% and 69% for heat-source
temperatures of 523 K and 673 K respectively. Using the linear correlations that are obtained, it is possible
to translate the results obtained using the Peng-Robinson cascaded ORC model to physical working fluids.
Conducting another system optimisation, this time using NIST REFPROP to model the working-fluid
properties, cascaded ORC systems are identified with power outputs that are between 4% and 11% lower
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than the power outputs identified as being the theoretical maximum. This demonstrates how the developed
Peng-Robinson cascaded ORC model can be used as an effective tool during working-fluid selection.
Finally, the optimal cascaded systems operating with real working fluids, are compared to equivalent
simple ORC systems. Ultimately, from this preliminary comparison, it is observed that the power outputs
from the two different systems are similar, but the cascaded system has on average twice the UA
requirement than the simple system. The cascaded system also operates with lower system pressures
ratios, and expander volume ratios, which means that volumetric expanders could be considered for the
expansion stages. Future research should implement techno-economic optimisation and evaluate the
potential of two-phase expansion within a cascaded system to further improve performance.
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Nomenclature

a,b Peng-Robinson parameters
A B,C polynomial coefficients

Cp specific-heat capacity at constant pressure, J/(kg K)
h enthalpy, J/mol

m mass-flow rate, kg/s

p pressure, Pa

Pr reduced pressure, p/per

PP, pinch point (start of evaporation in topping cycle), K
PR pressure ratio

q vapour quality

On heat transfer rate, J/s

R universal gas constant, J/(mol K)

S entropy, J/(mol K)

T temperature, K

UA product of overall heat-transfer coefficient and heat transfer area, J/(s K)
VR volume ratio

Vin molar volume, m?/mol

w power, J/s

a Peng-Robinson parameter

n efficiency

W acentric factor

ATgat saturation temperature difference, K

ATy degree of superheat, K

Subscripts and superscripts

b bottoming cycle

bo boiling

C cold

ci,cp,co  heat sink conditions (inlet, pinch and outlet)
cr critical

e expander

h hot

hi, ho heat-source conditions (inlet, outlet)

hpl, hp2  heat-source conditions (pinch 1, pinch 2)

id ideal
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n net

p pump
t topping cycle
1-4 orc state points

saturation conditions
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