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Abstract: This study investigates the use of pure and hydrocarbons binary mixtures as potential
alternatives working fluids in a usual biomass powered organic Rankine cycle (ORC). A typical
biomass combined heat and power plant installed in Cremona (Italy) is considered as the benchmark.
Eight pure hydrocarbons (linear and cyclic) and four binary mixtures of linear hydrocarbons were
selected. The critical points of the binary mixtures at different composition were calculated using
an in-house code developed in MATLAB® (R2018b) environment. Based on the critical point of
a working fluid, supercritical and subcritical cycle configurations of ORC were analysed. A detailed
thermodynamic comparison with benchmark cycle was carried out in view of cycle efficiency,
maximum operating pressure, size of the turbine and heat exchangers. The supercritical cycles
showed 0.02 to 0.03 points lower efficiency, whereas, subcritical cycles showed comparable efficiencies
than that of the benchmark cycle. The cycles operating with hydrocarbons (pure and mixtures)
exhibited considerably lower volume flow ratios in turbine which indicates lower turbine size.
Also, size parameter of regenerator is comparatively lower due to the lower molecular complexity
of the hydrocarbons. A noticeable increase in turbine power output was observed with change in
composition of the iso-octane/n-octane binary mixture at the same thermodynamic efficiency.

Keywords: Rankine cycle; ORC; biomass; fluid mixtures; hydrocarbons

1. Introduction

Biomass is largely used today for electricity and heat production. According to many analysts,
as biomass can be easily stored, it could balance and regulate the different demands and the availability
of the variable renewable energies in a context of high renewable energies uses. Other recognised
positive characteristics of the biomass are its source diversification and the possibility of its local
provision [1].

In 2013 the biomass energy consumption in the EU28 was about 105 Mtoe (the 2/3 of the total
renewable energy production), the 75% of which used for the heat generation, the 13% for the electricity
generation and the remaining 12% reserved to the transport fuels ([2], p. 33).

A sustainable future use of biomass for energy purposes has certainly to consider, among other
things, the greenhouse gas emissions (direct and indirect) and has to explore the improving of the
conversion efficiencies, with an increasing combined heat and electrical power production.

Anyway, in the future years the consumption of biomass for energy production is expected to
grow, in different measure, according to the different policy options that will be adopted [2].
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Today, in Europe about 290-300 biomass power plants are working, many of them in CHP
configurations. Typically they are based on Rankine thermodynamic engines and the heat from the
combustion of solid biomass is transferred to the working fluids by heat transfer oils. The Rankine
cycle, at least for electrical power sizes less than 10 MW to 20 MW, employs usually an organic fluid,
mostly siloxanes today [3-5]. Siloxanes are generally considered benign fluids, with a good thermal
stability [6-8].

Generally, in addition to the favourable thermodynamic properties, to a low environmental impact
and to a low toxicity, the cost of the working fluid is in any case an important economic parameter for
the evaluation of the investment. As, for example, according to [9], 4000 L to 7000 L of working fluid
are in an engine, according to its power.

As for any organic fluids a decomposition is unavoidable when the fluid works at relatively high
temperatures, with serious consequences on the performances of the engine, (see, for example [10-12]),
and when “contaminants” are present (water, oxygen or, mainly, lubrication oils), periodically,
in a plant, a removing of the degradation products and a refilling are required. Beyond the first
charge then, the cost of the new filling fluid, despite a partial recycle, could be very high [9].

The continuous investigation of different working fluids is so generally justifiable [13-16]. In this
work we considered some hydrocarbons (pure or in mixtures) as potential alternative working fluids
in biomass power plants.

Among the many possible working fluids available, hydrocarbons are the less expensive ones,
they are flammable but most of them are considered mildly toxic. From the environmental point of
view, they are considered “natural” fluids.

From the assumption to use—without any hypothetical modifications—a typical biomass
boiler available today on the market, in this paper we explored—although quite preliminarly—the
thermodynamic performances of supercritical and subcritical thermodynamic cycles with some
hydrocarbons and mixtures of hydrocarbons as working fluids. As a comparison, we considered the
performances and the design conditions of a biomass plant in Cremona (Italy) [17].

The furnace in Cremona has a design thermal outlet power of 6034kW and the boiler has
two circuits (see Figure 1): the high temperature circuit supplies 5503 kW to a heat transfer oil at
310 °C, the low temperature circuit provides 531 kW to a second mass flow of heat transfer oil at 252 °C.
The working fluid in the associated thermodynamic cycles has then a maximum operative temperature
of about 250 °C to 300 °C. The thermodynamic engines operates in CHP mode with a condensation
temperature of about 100 °C.

These relatively low maximum temperatures and high condensation temperature combined
with the relatively low thermal power available exclude the possibility to consider as alternative
working fluid carbon dioxide (another “natural” fluid) or, for example, mixture of carbon dioxide and
hydrocarbons. As a matter of fact, carbon dioxide should be reserved to power plants with very high
power densities and to greater maximum to minimum temperatures ratio [18-21].

Some new refrigerants now available, have acceptable thermodynamic properties, good environmental
parameters and a sufficient expectable thermal stability [22,23]. But unfortunately they are still very expensive.

In the past years many authors examined and proposed different approaches to the optimal
working fluid selection, for low and high source temperatures. See, for example [24-32], in which,
in many cases, advanced numerical multi-objective methods are used with the aim to select fluids
optimising thermodynamic efficiencies and plant costs.

In this work we considered only some hydrocarbons suitable for this specific application,
with the aim (1) to analyse supercritical and subcritical (with saturated vapour) thermodynamic cycles
condensing at high temperature (70 °C to 100 °C), (2) to compare the results with a “conventional”
option and (3) to explore and to show the potentialities of some mixtures.

Evidently, supercritical cycles could be anyway a valid option also in different situations, but,
today, only a limited number of plants use this configuration. As an example, one supercritical
geothermal ORC plant (the first in Europe) was in 2012 started up in Italy [33].
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Figure 1. The reference plant scheme assumed as a reference case. Adapted from [17].
2. The Selection of The Working Fluids

In Table 1 are reported some design data for the biomass plant in Cremona (Italy). Assuming
for the main cycle design parameters the values in Table 2 and MDM (octamethyltrisiloxane) as
working fluid, we have simulated the thermodynamic cycle, obtaining so the reference case. All the
thermodynamic calculations were carried out by Aspen Plus v9.0 using the PR EoS. For MDM cycle
we obtained a gross efficiency of about 0.18: greater than the value in Table 1 (16.6%), but without
considering the pressure losses. The available thermal power from the HT oil and its temperatures are
fixed, according to the data in Table 1.

Table 1. Design data for the ORC plant in Cremona. The data are from [17].

Parameter Reference Value

Thermal oil power-HT; loop (kW) 5503

Thermal oil temperature-HT; loop (inlet, T4 /outlet, Tg) (°C) 310/252
Thermal oil power-HT, loop (split loop) (kW) 531

Thermal oil temperature-HT loop (inlet, T /outlet, Tp) (°C) 252/130
Overall thermal power to ORC (kW) 6034

Cooling water temperature (inlet/outlet) (°C) 65/105
Generator power (kW) 999
Gross efficiency (%) 16.6

In Figure 2 there are the critical temperatures of the two hydrocarbon families here considered as
a function of the parameter of molecular complexity o.

The parameter o, connected with the slope of the dew line in the T — S diagram, depends primarily
of the molar heat capacity Cp of the working fluids and increases basically with it ([34], p. 109).
An increasing of o produces generally an isentropic expansion in the superheated vapour and,
fixed a pressure expansion ratio, a reduction of the cooling of the expanding vapour (As a matter
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of fact, for example, for a perfect gas, an increasing of ¢ is strictly correlated with a reduction of
the v = Cp/Cy and, fixed a dP/P, greater is o, less is the cooling during an isentropic expansion
(@T/T = (0P/P) (1 —1/9))).

Table 2. Design parameters assumed for the calculations.

Parameter Assumed Value
pressure losses none
minimum internal temperature approach in the recuperator, MITAg (°C) 30
turbine efficiency (@) 77 0.8
pump efficiency () y1p 0.75
evaporation pressure for MDM (bar) 10
condensation temperature (°C) 100
cooling water temperature (inlet/outlet) (°C) 60/90
approach temperature difference in HT; oil heat exchanger (b) (°C) 50

(@) including the mechanical efficiency; (*) for the considered super-critical cycles.
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Figure 2. Critical temperature as a function of the molecular complexity parameter for linear (normal)
hydrocarbons and cyclic hydrocarbons.

As, in general, for the organic molecules, an increase in the molecular complexity is accompanied
by a parallel increase in the molecular weight, an increase of ¢ is also associated to a reduction of the
isentropic enthalpy drop in turbine (with a significant reduction of the number of stage of the turbine).
On the other hand, an excessive reduction of the isentropic temperature drop in turbine, requires the
use of large heat recovery exchangers (the regenerator) after the turbine, before the condenser. So it is
not granted working fluids with high ¢ are always the best option.

From this point of view, MDM is indeed, with ¢ = 48.8, a good example. In Figure 3a,
in the T — S plane, the thermodynamic cycle assumed as reference is reported. The ratio between the
recovered thermal power and the input thermal power (from the heat transfer oil) Qr/Qin is about
0.6 and the ratio 2AT/ (T5 + Tj) of the corresponding isentropic expansion results equal to about 0.2
(with a pressure expansion ratio Ps/ P, of about fifty). In Figure 3b the same thermodynamic cycles
and the assumed heat sources are reported just for a clarification of the process.
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Figure 3. (a) Reference thermodynamic cycle with MDM as working fluid ina T — S plane. (b) The heat
sources (thermal oil in HT; and in HT; loops and the cooling water) and the thermodynamic cycle in
a temperature—dimensionless power plane.

In Figure 4a, for the system using MDM as working fluid in the thermodynamic cycle, the
heat transfer diagram for the oil heat exchangers HT; and HT; is reported. In Figure 4b there is the
corresponding diagram for the condenser.
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Figure 4. T — Q diagrams for the reference case. (a) T — Q diagram for the oil heat exchangers HT;
and HT,. The mass flow rates of the hot oil are different in the two heat exchangers HT; and HT,.
So, from the point C on, the slope of the temperature changes. (b) T — Q diagram for the condenser.

Fixed a critical temperature, the parameter ¢ for cyclic hydrocarbons results appreciably lower
than that of the corresponding normal (linear) hydrocarbons. For example, at T., ~ 200 °C, cyclo-butane
has o = —1.1 and n-pentane has ¢ equal to about 7.0 (see Figure 2).

On the other hand, fixed the number of carbon in the molecule, the molecular mass for cyclic and
linear hydrocarbons is basically the same, and lower than that of MDM (236.53).

With the design parameters in Tables 1 and 2, the maximum, T4y, and the minimum T operating
temperatures of the (pure) working fluid in the engine result equal to 260 °C and to 100 °C respectively.
As the reference cycle operates in a CHP mode, in the following we assumed cooling water available
between 60 and 90 Celsius degree.

For supercritical cycles, the maximum operating temperature has to be higher than the critical
one; working fluids with a critical temperature greater than the assumed maximum temperature
are suitable for sub-critical (with saturated vapour) thermodynamic cycles. The working fluids we
preliminarily considered are then those in Table 3.

In case of mixtures in sub-critical thermodynamic cycles, Tyax = Tgge, and Te = T¢ gerw:
the maximum temperature equals the dew temperature at the evaporation pressure and T¢ equals the
dew condensation temperature.
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The critical pressures P, of the cyclical hydrocarbons are appreciably greater than that of the
linear hydrocarbons. For this reason, in this work, the mixtures we considered are mixture of linear
hydrocarbons only (see Table 3).

The mixture n-butane/n-hexane is representative of a mixture thermodynamic suitable for
supercritical cycles (given the maximum and the minimum temperatures here considered); the mixtures
of iso- and n-octane, that of n-butane and n-octane and that of n-hexane and n-octane are suitable
for sub-critical cycles. For these mixtures, the chosen components are those typically considered as
the main constituents of commercial petrol (iso-octane, in particular, is produced and largely used to
reduce the detonation of the standard petrol).

In Figure 5a,b the critical loci of the mixtures here considered are reported. In the Figure are also
some P — T envelops relative to some different composition.
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Figure 5. Critical loci for some mixtures (dotted lines). The white circle are from experimental
literature data [35]. (a) Critical loci and some P — T envelops for mixtures of n-C4/n-C6 and n-C4/n-C8.
(b) Critical loci and P — T envelops for mixtures of n-C6/n-C8 and n-C8/i-C8. (c) P — T envelops for
two mixtures around a dew temperature of 100 °C.

The critical loci are computed using an in-house code developed in MATLAB® (ver R2018b)
environment with the help of INTLAB toolbox [36]. In particular, the critical point model given in [37]
is used in conjunction with the PR EoS (Peng-Robinson Equation of State) [38], expressed the model in
the form of non-linear system of equations with intensive variables; the roots of these equations are
critical point(s) of a mixture.

The code developed in this study used the formulation of ref [38] and computes the critical points
of the considered binary mixtures using interval analysis root finding technique available in INTLAB
toolbox. The code requires pure fluid properties including critical points, molar composition, acentric
factors and binary interaction parameter (k2) corresponding to PR EoS as an input information to
compute the critical points of a binary mixture. In addition, the initial interval which covers the
minimum and maximum range in which the root can occur is also required.
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Table 3. Some parameters for the considered fluids (pure fluids and mixtures) suitable for super-critical
and sub-critical thermodynamic cycles. MDM is reported as a comparison.

Fluid Critical Temperature  Critical Pressure  Vapour Pressure  Binary Interaction
(Pure Fluid or Mixture) T, (°C) P, (bar) at 100 °C (bar) Parameter, k1
n-butane, n-C4 151.97 37.96 15.33
n-pentane, n-C5 196.55 33.7 591
n-hexane, n-C6 234.45 30.25 2.45
cyclo-propane, c-C3 125.1 55.75 36.68
cyclo-butane, c-C4 186.85 49.8 11.27
cyclo-pentane, c-C5 238.45 45.08 4.15
n-C4 (0.5)/n-C6 (0.5) @) 203.6 37.06 4.4 ) —0.0056
n-octane, n-C8 295.54 249 0.466
iso-octane, i-C8 270.65 25.7 1.04
i-C8 (0.5)/n-C8 (0.5) (@) 284.91 25.51 0.635 () —0.00570
n-C4 (0.05)/n-C8 (0.95) (©) 292.02 262 0.505 (&) 0.00660
n-Cé6 (0.5)/n-C8 (0.5) 272.34 (@) 28.74 (@) 0.775 () —0.01675
MDM (@) 291.25 14.6 0.2061
@) at an equi-molar composition (z; = z = 0.5); ®) at the dew point; (©) molar composition:

z1 = 0.05,zp = 0.95; (@) octamethylcyclotriloxane.

In the selection of the mixtures composition we enjoined a dew temperature of around 100 °C and
a “temperature glide” of about 30 °C, having us cooling water available between 60 °C and 90 °C.

Finally, a crucial parameter for the choice of a working fluid is its thermal stability. About the
hydrocarbons here considered, it seems reasonable to assume a safe operative maximum temperature
of 250 °C to 280 °C [39—-42], according to the fixed approach temperature difference of 50 °C in the heat
exchanger HT;.

As a general rule [26,43], fixed the maximum temperature T4 of a finite thermal capacity heat
source, the best thermodynamic cycle is for a working fluid with a critical temperature roughly
equal to T4. However, in our case, the source thermal power is fixed and we imposed instead the
maximum cycle temperature Tj;4y, S0 better is the thermodynamic efficiency, greater will be the useful
mechanical power.

3. The Thermodynamic Results

The thermodynamic cycle efficiencies as a function of the maximum pressure Py, for pure linear,
cyclic and for some hydrocarbon mixtures are reported in Figure 6. The efficiency value of MDM is
reported as a comparison.

The super-critical cycles have generally (with the design constraints here assumed) a low
thermodynamic efficiency. As a general trend, the efficiency increases with the critical temperature of
the working fluid. For example, c-C3 (with a T¢, /T4 ratio of 0.68) has an optimal efficiency of 0.115,
n-C6 (with a T,/ T4 ratio of 0.87) has an optimal efficiency of 0.160.

In Figure 7a, in the T — S thermodynamic plane, there are some of the considered super-critical
cycles with pure working fluids. Fixed the maximum temperature Tj4y, increasing the critical
temperature of the working fluid, the optimal maximum pressure approaches the critical one and the
ratio W* between the pump power Wp and the sum Wp + Wr decreases. This is, for the super-critical
cycles, the primary reason of their relatively poor efficiency. For example, set W = 1 for the reference
MDM cycle, the cycle with c-C3 has W* /Wy ~ 7 (1 = 0.115) and the cycle with n-C6 has W* /Wy ~ 2
(n = 0.160).
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Figure 7. (a) Configuration of some (supercritical) thermodynamic cycles in the T — S plane (pure
fluids); (b) Configuration of some thermodynamic cycles in the T — S plane for hydrocarbon mixtures.

The mixture n-C4 (0.5)/n-C6 (0.5) (see Figure 5c) at a condensing pressure Pr of 4.4 bar has a dew
temperature of about 100 °C and a temperature “glide” of about 30 °C. So, this particular composition
results useful, in our case, to reduce the thermodynamic losses in the condenser. The corresponding
thermodynamic cycles (in Figure 7b in the T — S plane) has an efficiency # of about 0.164 at Pyax
of 45bar (see Figure 6). In Figure 8a,b there are the heat transfer T — Q diagrams for the oil heat
exchangers and for the condenser, respectively. The heat transfer diagram in the condenser results
actually better than that of the MDM cycle, but the high temperature heat transfer diagram results
worse. This fact, combined with the relatively high W* /W =~ 3, gives an efficiency 7 anyway lower
than that of the benchmarked cycle.

In Figure 6 there are also the efficiencies for two sub-critical (saturated) cycles using the mixture
i-C8 /(0.5)/n-C8 (0.5) and the mixture n-C4 (0.05)/n-C8 (0.95) as working fluids. The highlighted
points are those with a maximum temperature Tf 4., of 260 °C. The corresponding cycles are reported
in Figure 7b in the T — S plane.

The resulting efficiencies are good (as a matter of fact comparable with that of the cycle with
MDM as working fluid). The temperature profiles in the T — Q diagrams (see Figures 9 and 10) are
also satisfying.
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The mixture n-C6/n-C8 has a critical temperature greater than T}, only for a molar fraction of
n-C6 lower than 0.5 and the equi-molar mixture (T, = 272 °C) gives a thermodynamic cycle efficiency
of 0.18 at Pf 40, = 23 bar and at Pc 4., = 0.775bar.

The mixture i-C8/n-C8 seems particularly interesting. At every composition it is like
a quasi-azeotropic mixture (see Figures 5b, 9 and 11). It is a good example of the variations of
thermodynamic behaviours of a mixture with two similar constituents and an example on how the
main features of the thermodynamic cycles can be changed by the composition of the working fluid.
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Figure 11. T — xy diagrams for the mixture i-C8 (0.5)/n-C8 (0.5) at different pressures. The white circles
are from experimental literature data [44], and are reported as a comparison with the calculated values.

As explicative results, in Figure 12 the thermodynamic cycle efficiency for different mixture
compositions is reported. The efficiency increases from 0.167 (z; = 0, pure iso-octane) to 0.18 (z; =1,
pure n-octane). From z; equal to 0 to 1, the efficiency 7 changes of about 7 per cent; in the interval 0.5
to 1 the variation is less than 1 per cent.
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Figure 12. Thermodynamic cycle efficiency for the mixture iso-octane/n-octane as a function of the
molar fraction of n-octane. The considered cycles are all subcritical with saturated vapour.

3.1. Some Results for the Heat Exchangers

For the condenser, the ratio UA/ (WT — Wp), between UA and the net power Wr — Wp,
results (for the cycles with the mixture i-C8 (0.5)/n-C8 (0.5)) equal to 0.192K~!, as against a value of
0.170K~! in the case of MDM cycle (+13 per cent).

For the oil—working fluid heat exchangers (HT; and HT5), the ratio UA/ (WT — Wp) results
0.009 16 K~! and 0.111 K~ 1, respectively, as against values of 0.0114 K~ (—20 per cent) and 0.137 K~!
(—20 per cent) for MDM.

Owing to the smaller parameter o, the ratio UA/ (W — Wp) for the recuperator heat exchanger
(the regenerator) results, for the thermodynamic cycle with mixture i-C8 (0.5)/n-C8 (0.5)), lower than
about 40 percent compared to that of the MDM cycle (0.0666 K~!, against 0.108 K~1).

3.2. Turbomachinery Considerations

In Figure 13a the condensation pressure (at Tc 4., equal to 100°C) and the evaporation
temperature (at Tf 4., equal to 260 °C) are reoprted as a function of the molar fraction of n-octane.
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Figure 13. For a mixture of iso-octane/n-octane: (a) The trend of the evaporation and of the
condensation pressures with the molar fraction of n-octane. (b) The variation of the isentropic enthalpy
drop in turbine and of the isentropic volume flow ratio with the molar fraction of n-octane.

Strictly correlated with the turbine expansion pressure ratio (Pg 4o,/ Pc 4ery) are the turbine
volumetric flow ratio VFR = V,,;/V;, and the turbine isentropic enthalpy drop AHjg, see Figure 13b.
The enthalpy drop and the VFR (by means of the so called size parameter SP) are closely connected
with the number of turbine stages and with its rotational speed [45].

Volume flow ratios greater than about 20-30 are difficult to realise with a single turbine (axial)
stage: supersonic (absolute and relative) velocities and high flaring angles increase shock and profile
losses and one has to resort to a multi-stage solution. High VFR associated with low SP (less than
0.1) require multi-stages turbine at high rotating speed and, as a general trend, the result is a turbine
difficult to design. For each pair of SP and VFR, exist an optimal value of the specific speed 75 and,
consequently, an optimal number of revolutions N and an optimal specific diameter d.

For the mixture i-C8/n-C8 the VFR increases from 39 to 46, with a corresponding AHg increasing
from 94 kJ kg~ ! to 112kJ kg ~!. As a comparison, for the reference cycle with MDM, one obtains VFR
equal to about 75 and AHs equal to about 63 k] kg~!.

To summarise the results, in Table 4 are reported some significant data relating to optimal
thermodynamic cycles. The considered super-critical cycles have an efficiency from 0.02 to 0.03 points
lower than that of the MDM cycle. On the other hand, the turbine volume flow ratios result significantly
lower than that of the MDM. Therefore an efficient single stage turbine could be designed, but, owing to
the very high operating pressures, with a net power of tens of MW.

The sub-critical cycles, have thermodynamic efficiencies comparable with that of the benchmarked
cycle with turbine volume flow ratios of about 30 per cent lower.

Assuming a rotating speed of 3000 rpm and an isentropic power of about 1333 kW, we estimated
the approximate main characteristics of the MDM turbine. The used approximated method,
assuming ideal turbines stages and real gas effects, is briefly described in [46]. Some results are
in Table 5. The turbine, due to its high overall VFR, has two stages, with a rotor mean diameter of
about 90 cm. The first stage is with total admission even if its i1/ D ratio reaches its lower limit value.

Accepting the similitude, the turbines with n-octane and iso-octane (at the same rotating speed)
have roughly an isentropic power of about 5600 kW and of 7500 kW, respectively. Their main estimated
geometrical data are in Table 5.

Mixtures of i-C8 and n-C8, in different composition, allow so to design turbines with significant
different useful powers with practically the same thermodynamic efficiency (see Figures 12 and 13).
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Table 4. Some results for supercritical and subcritical thermodynamic cycles. The results for MDM are reported as a comparison.

Working Maximum Condensation Thermodynamic Turbine Isentropic Turbine Volume
Fluid Pressure, Py (bar) Pressure, Pc (bar) Cycle Efficiency, # Enthalpy Drop, AHs (k] kg™1)  Flow Ratio, V,y/ Vi,

n-C4 70 15.6 0.128 84.77 5.12
n-C5 40 5.99 0.145 90.59 8.28

Super-Critical Cycles n-Cé6 30 2.49 0.160 99.83 16.94
c«C3 110 36.8 0.115 84.56 3.01
c-C4 60 11.35 0.142 98.42 6.04

c-C5 40 4.16 0.158 87.13 12.262

n-C4 (0.5)/n-Cé6 (0.5) 45 4.4 0.164 108.62 13.36

Sub-Critical Cycles n-C8 15 0.47 0.180 1122 46.00
i-C8 (0.5)/n-C8 (0.5) 18 0.63 0.178 105.88 42,50

n-C4 (0.05)/n-C8 (0.95) 16 0.52 0.180 112.99 43.01

MDM 10 0.208 0.180 62.73 74.80
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Table 5. Some roughly estimated design parameters for turbines at 3000 rpm. The results for MDM are
assumed as a reference.

First Stage  Second Stage

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 12.0 6.23

MDM Isentropic work (k] kg 1) 31.3 31.3
Isentropic power per stage (kW) 667 667
Rotor tip diameter (cm) 0.455 0.487

Rotor mean diameter (cm) 0.445 0.445

h/D @ 0.023 0.093
SP 0.121 0.300

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 8.83 521

n-Octane Isentropic work (k] 1<g’1 ) 56.1 56.1
Isentropic power per stage (kW) 2800 2800
Rotor tip diameter (cm) 0.611 0.648
Rotor mean diameter (cm) 0.596 0.596
h/D @ 0.025 0.087

SP 0.170 0.385

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 9.15 4.20

iso-Octane Isentropic work (k] kg 1) 46.8 46.8
Isentropic power per stage (kW) 3750 3750
Rotor tip diameter (cm) 0.561 0.590
Rotor mean diameter (cm) 0.545 0.545
h/D @ 0.029 0.083
SP 0.167 0.340

(@) Mean rotor blade height to mean diameter ratio.

4. Conclusions

In the paper was investigated the possibility to use hydrocarbons (pure fluids or mixtures) in
Rankine cycles recovering heat from biomass furnaces. As working hypothesis, we assume a standard
biomass oil furnace and, as a reference thermodynamic cycle, a saturated Rankine one with MDM as
working fluid. Super-critical and sub-critical thermodynamic cycles were investigated.

Notwithstanding the adopted simplifications, from the previous presented results the following
conclusions can be drawn:

e the super-critical cycles, mainly owing to their high pumping power relative to the expansion
useful power, have basically lower thermodynamic efficiencies than the reference cycle. In the
better cases, for example, 0.16 against 0.18. The use of mixtures, allowing in principle an
optimisation of the T — Q diagram in condensation, performs a bit better than the pure fluids.
But, at least in the considered cases, always worse of about 1.5 points percent than the reference
thermodynamic efficiency;

e the considered saturated cycles have thermodynamic efficiencies completely comparable with the
reference value.

Among the many conceivable different mixtures of hydrocarbons we identifyied here mixtures of
iso-octane and n-octane. These mixtures have modest temperatures “glides” at every composition and
the corresponding mixture critical temperatures result always greater than the maximum assumed
working temperature (260 °C). So, saturated cycles are always possible for every composition.

An interesting result is that, varying the composition the thermodynamic efficiency results in
practice constant (at least starting from an n-octane molar fraction greater than 0.5). Whereas, fixed
the minimum and the maximum temperatures, because of the condensation and the evaporation
pressures variation, the turbine power (fixed the number of revolution) change noticeably with the
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composition. For example, at 3000 rpm, a two optimised stage turbine giving about 1000 kW with
MDM, could produce about 4200 kW and 5600 kW with n-octane and with iso-octane respectively.
The mixture composition results so an additional degree of freedom in the design of Rankine engines
using organic fluids.

As for the dimension of the heat exchangers, we evaluated some results of UA per unit of
produced power. Without the values of the overall heat transfer coefficients it is impossible determine
the true total area A. Anyway, due to the smaller molecular complexity of the hydrocarbons compared
to that of MDM, the regenerator should results with less surface.

In short, hydrocarbons as working fluids (pure or in mixtures), at least for the specific considered
application, from the thermodynamic point of view, seem a good option.
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Abbreviations

The following abbreviations, symbols and subscripts are used in this manuscript:

A total heat transfer area, (m2)
CHP Combined and Heat Power
e AHY®  p
ds specific diameter ( = D o5 =3
out,!
D mean turbine diameter (m)

MITAR Minimum Internal Temperature Approach in the recuperator (°C)
MITAgr  Minimum Internal Temperature Approach in the HT heat exchanger (°C)

MDM Octamethyltrisiloxane
705
ns specific speed <: 2N 3 ‘P’;‘So'jfs — 2 AIS-IIé-S >
N speed revolution (rpm)
Pc condensation pressure (bar)
P, critical pressure (bar)
Poiax maximum cycle pressure (bar)
PR EoS Peng-Robinson Equation of State
Qin inlet thermal power (kW)
Or recovered thermal power (kW)
R gas constant (k] l<g‘1 K1)
S entropy (k] kg1 K1)
SpP size parameter for a stage of axial turbine (V;’ﬁls /AHY? ) (m)
T temperature (°C or K)
Ty maximum temperature of the heat source (thermal oil) (°C or K)
Ter critical temperature (°C or K)
T, reduced temperature (= T/T,,)
u overall heat transfer coefficient (Wm=2K~1)
%4 volumetric flow rate (m®s—1)
VER isentropic flow ratio (= Vout,s/ Vin = pin/ Pout)
W mechanical or electrical power (kW)
Ws isentropic power (kW)
z molar fraction
AHg isentropic turbine work (k] kg™!)
AT temperature difference (°C)
nr turbine efficiency
7p pump efficiency
0 density (kgm~3)

o parameter of molecular complexity <: % [d;;.”] _ 7)
+=0.]
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subscripts

C condensation

dew dew conditions

E evaporation

in inlet

max maximum

out outlet

P pump

S isentropic conditions
sV saturated vapour

T turbine
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