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ABSTRACT

The mixing of nanoparticles (NPs) with refrigerants introduces some favourable effects, with the main
being the heat transfer enhancement during boiling and condensation. However, the resulting effective
viscosity increases for higher NP loading, resulting to a larger pressure drop. Various nanorefrigerants
have been examined in refrigeration and heat pump units, demonstrating the heat transfer coefficient
increase. The present work provides some further insights of nanorefrigerants in an ORC supplied by a
low-temperature heat source of 100 °C, employing R245fa and R1234ze(Z) as the base fluids. For this
purpose, an existing thermodynamic model is extended to account for these particles, introducing their
effect in the energy balance, and the heat transfer and pressure drop correlations.

Two NP materials with different thermophysical properties are considered, already used in many
refrigeration cases, namely Al,O3; and Cu. The numerical model has been applied to simulate the ORC
with a variable NP mass fraction (from O up to 10% wt.), with the aim to identify the performance
improvement. Focus is given on the heat transfer coefficients in the evaporator and the condenser, as
well as the pressure drop in the different parts of the cycle.

The results show that the thermal efficiency slightly increases for higher NP mass fraction and
especially with the use of Al,Os. This is mostly attributed to the expansion process, in which the NPs
act as internal heat sources to the vapour organic fluid during this process. The effect of the NPs on the
heat transfer process in the two heat exchangers is minor, due to their low volume fraction in the vapour
phase, resulting to small changes in the thermal conductivity. The increase in the pressure drop is minor
even if the effective viscosity increases for higher NP mass fraction.

Finally, a preliminary cost analysis of the nanorefrigerants in an ORC has been conducted, showing that
their use results to a payback period of 12.8 years with Al,Os. The sensitivity analysis revealed that this
period can be reduced to half, assuming that they can sustain a long-term operation under cycling
conditions.

1. INTRODUCTION

There is a large interest in using nanoparticles (NPs) as additives to the refrigerant of a vapour
compression unit (Nair et al., 2016), resulting to the so-called nanorefrigerant. The latter possesses
several interesting features, the main of which is the increase of the heat transfer coefficient (HTC)
(Celen et al., 2014), as the result of the superior thermal conductivity of the nanorefrigerant compared
to the base fluid. The augmentation of heat transfer takes place at both liquid and vapour phases and the
two-phase region (Sun and Yang, 2014). However, the use of NPs induces a higher effective viscosity
compared to the base fluid, increasing the pressure drop and the compressor power in vapour
compression cycles (Alawi et al., 2015). There are many relevant experimental studies (Azmi et al.,
2017) supporting this performance increase with different pairs of base fluids and NPs (Sanukrishna et
al., 2018), but few theoretical works such as a very recent study (Kosmadakis and Neofytou, 2019),
include all related mechanisms towards a detailed thermodynamic analysis of the heat pump cycle.
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Similar studies for the ORC technology are limited, although the same advantages of the nanofluid
exist. The heat transfer augmentation from the heat source and to the heat sink can lead to either lower
surface of the heat exchangers (reduction of the capital cost) or lower pinch point temperature difference
(increase of the thermal efficiency). The use of nanofluids with silver nanoparticles have been examined
in a solar ORC (Saadatfar et al., 2014a), calculating a superior exergy efficiency. Similar conclusions
have been reached in another work by the same group (Saadatfar et al., 2014b). In a more recent work
(Mondejar et al., 2017), the effect of different nanoparticles on the heat exchanger surface and pump
power consumption was studied, resulting to a promising outcome for this unexplored field.

Although there are plenty of works focusing on the heat transfer and pressure drop effects of
nanorefrigerants, including the operating conditions of ORC units (Jiang et al., 2018), the complete
analysis of the ORC power cycle is not yet examined. The main aim of this work is to effectively cover
this gap, by conducting a detailed numerical analysis of the ORC operation using nanorefrigerants with
a variable NP mass fraction, and investigating their effect on the thermal efficiency. The most recent
and reliable heat transfer and pressure drop correlations are considered. Focus is given on the
thermodynamic expressions for the energy and mass balance at the cycle locations, by introducing the
effect of NPs. The cost-effectiveness of this solution is also examined, in order to identify the additional
cost due to NPs and related cost figures.

2. NUMERICAL MODEL

A simulation model is developed in ESS software (Klein, 2018), which has built-in libraries of the
properties of refrigerants and materials. This model includes the effect of NPs on the fluid’s properties,
adjusting the heat transfer and pressure drop (Kosmadakis and Neofytou, 2019). A low-temperature
heat source of about 100 kW at 100 °C is considered.

2.1 Description of the numerical model

The model is based on the energy balance of each main component. The heat transfer at the evaporator
and condenser is calculated by the expressions of Equations (1a) and (1b) respectively, equal to the sum
of the heat flow of the base fluid and the particles.

Qev = mR (hev,R,out - hev,R,in) + mNP (hev,NP,out - hev,NP,in) (18.)

Qcq = Mg (hcd,R,in - hcd,R,out) + myp (hcd,NP,in - hcd,NP,out) (1b)
where my, is the refrigerant mass flow rate, myp is the NP mass flow rate, heyrourin IS the refrigerant
enthalpy at the evaporator outlet and inlet respectively, hevnpouwin IS the NPs enthalpy at the evaporator
outlet and inlet respectively, hearouwin iS the refrigerant enthalpy at the condenser outlet and inlet
respectively, and heane.ourin iS the NPs enthalpy at the condenser outlet and inlet respectively.

The pumping process is simulated based on a constant isentropic efficiency equal to 60%, with the NPs
having a negligible effect on this process except from the increased pressure drop, as shown later.

The expansion process considers the heating effect of the NPs, given by Equation (2) (Kosmadakis and
Neofytou, 2019), which slightly increases the power production (the subscript Ex denotes the expander).
This process resembles the oil-flooded expansion, in which the hot oil assists in maintaining a higher
temperature and approaching isothermal process. The main difference here is that these solid particles
are incompressible and do not affect the volumetric expansion of the working fluid (they do not
participate in the expansion process). A constant isentropic efficiency (nexis) equal to 70% is used to
model the power production process of the superheated vapour. The nanorefrigerant at the end of the
expansion has a temperature higher by few degrees compared to the case of base fluid only. However,
this approach entails uncertainties and should therefore be validated through experiments.

WEx = mR (hEx,R,in - hEx,R,out,is)nEx,is + mNP (hEx,NP,in - hEx,NP,out) (2)
where hexrouis IS the enthalpy for isentropic expansion, without considering the heating effect of NPs.
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2.2 Heat transfer and pressure drop correlations

The heat transfer analysis is based on the LMTD method, dividing the heat exchanger (HEX) into liquid,
two-phase, and vapour zones (Kosmadakis and Neofytou, 2019). The heat transfer coefficients and
pressure drop are calculated from the proposed correlations of Table 1. The thermophysical properties
of the nanorefrigerant are included in these expressions, provided in the next section.

Table 1: Heat transfer coefficients and pressure drop correlations

Heat transfer correlation Pressure drop correlation
Single phase (liquid or vapour) Martin, 1996
Boiling Amalfi et al., 2016
Condensation Longo et al., 2015 Kuo et al., 2005
Piping - Darcy-Weisbhach (Romeo et al., 2002)

2.3 Thermophysical properties of nanorefrigerants

The NP mass fraction (w) is in the range of 0-10%, with the volume fraction (p) given by Equation (3).
The volume fraction changes at the different parts of the cycle and is required, since the thermophysical
properties are expressed as functions of this fraction, as shown in Table 2.

= oo 3)

] ) ) wpp+(1-w)pnp
where pr is the refrigerant density and pne is the NP density.

Table 2: Thermophysical properties of nanorefrigerants

Nanorefrigerant property Correlation Reference

Density (pnr) Pyvr = @ pyp + (1 — @)pr Alawi et al., 2015

__ @ pnp Cpnp T (1 —@)pr cpr

Specific heat capacity (Cpnr) CpNR = Alawi et al., 2015
' PNR
Effective viscosity () ’Lﬂ = 14250 + 6.5¢2 Batchelor, 1977
R
. kyg  kyp+(n—1kg — (n— Dp(kg — kyp) | Hamilton and Crosser
Thermal conductivity (k — = ’
y( NR) kR kNP + (n _ 1)kR + <p(kR — kNP) 1962

2.4 Cost parameters

The cost analysis provides an indication of the cost-effectiveness of the ORC with nanorefrigerants and
is based on the additional cost due to the NPs, related to the initial cost and the running costs, without
considering any ORC efficiency degradation over time. The cost depends on the NP cost, using
commercial prices from Sigma Aldrich, and the required gquantities based on the refrigerant quantity
calculated from the volume of the HEXs, piping and receiver. The preparation cost of the
nanorefrigerant is assumed 50% of the NP cost, which has a high uncertainty and subjected to a
sensitivity analysis. For estimating the running costs, the whole working fluid (including the NPs) is
assumed to be replaced every 10 years. The result is the calculation of the discounted payback period
(PBP), using a discount rate (r) of 3%, given by Equation (4) (Bhandari, 2009).

1— mn
PBP = — Es=Cr/

In(1+r) (4)
where Ci, is the additional initial cost of the NPs and nanorefrigerant preparation, C; is the additional
annual running cost, and E; is the annual electricity value (in €/year).
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3. OPERATING AND DESIGN CONDITIONS AND NANOREFRIGERANTS

3.1 Operating and design conditions

The heat source of the ORC is hot water at 100 °C with a mass flow rate of 3 kg/s (heat input about 100
kW). The condenser heat is rejected to the cold water at 20 °C with the same mass flow rate. Both
evaporator and condenser are plate heat exchangers with a pinch point temperature difference of 5 K
(with a superheating and subcooling imposed to 5 K). The swept volume of the expander is 165 cm®/rev,
operating at a rotational speed of 3000 rpm and with a constant filling factor of 1.2, for calculating the
refrigerant mass flow rate, according to the inlet volume flow rate.

3.2 Nanorefrigerants

The screening of the refrigerants is based on the fluids commonly used in ORC for a heat source
temperature of 100 °C. A common HFC refrigerant in ORC units is R245fa, examined in the current
work. However, R245fa has a high GWP of 1030 and will be phased-out in the next years. Therefore,
its HFO replacement, R1234ze(Z), with a low GWP below 10 is also included in the calculations. The
selection of NPs is based on the ones that have demonstrated a significant heat transfer increase in the
literature. Cu and Al,Os3 are selected (Cheng and Liu, 2013) with the main properties given in Table 3.

Table 3: Properties of the selected NPs at a temperature of 25 °C

Nanoparticle | Thermal conductivity (W/m-K) | Density (kg/m®) | Specific heat capacity (kJ/kg-K)
Cu 396.5 8958 0.389
Al,O3 38.7 3970 0.765

4. RESULTS AND DISCUSSION

4.1 Effect of NPs on the ORC performance

The simulations are conducted for a variable NP mass fraction in the range of 0-10% with the two
refrigerants and the two NPs. For the operating and design conditions presented in the previous section,
the resulting thermal efficiency and power production as a function of the NP mass fraction is shown
in Fig. 1 for all organic fluids and NPs.
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Figure 1: ORC thermal efficiency (left) and power production (right) as a function of the NPs mass fraction

The efficiency increases for higher NP mass fraction for both working fluids with similar trend. The
largest increase is observed with Al,O3 by up to 20%, due to its higher specific heat capacity than Cu
(see Table 3), approaching even more the isentropic expansion, according to Equation (2). For this set
of conditions, the ORC with R1234ze(Z) shows a slight higher efficiency. But the power production is
similar, since the heat input of R1234ze(Z) is 8 kW lower (96 kW instead of 104 kW with R245fa).

4.2 Effect of NPs on the heat transfer and pressure drop processes

The enhancement of heat transfer by the nanorefrigerant is clear in Fig. 2, showing the HTC during
boiling and condensation for all working fluids as a function of the NP mass fraction.
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Figure 2: Heat transfer coefficients for boiling and condensation as a function of the NPs mass fraction

In general, the HTCs with R245fa are higher than with R1234ze(Z), especially during boiling. Both
NPs introduce a similar increase of the HTC during condensation, while during boiling the use of Al,O3
brings an even higher increase, due to its higher volume fraction, increasing to a larger extent the
thermal conductivity and effective viscosity. The HTC increase is also attributed to the higher density
and mass flux (up to 3-4%) of the nanorefrigerant compared to the base fluid.

The total pressure drop is divided into the drop in the condenser, the evaporator, and the piping. The
relative pressure drop compared to the pressure drop without NPs with R245fa and the two NPs is
shown in Fig. 3. Similar trend is also applied with R1234ze(Z), and thus not shown here. The total
pressure drop is also presented in Fig. 3 (bottom) as a function of the NP mass fraction.
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Figure 3: Top: Relative pressure drop in the condenser, evaporator, piping and the total one with Cu (left) and
Al,O3 (right) as a function of NPs mass fraction; Bottom: Total pressure drop as a function of NPs mass fraction

The highest effect of NPs on the pressure drop is observed in the piping. However, this drop in absolute

numbers is low compared to the ones in the HEXSs, with the pressure drop in the evaporator being 3-4
times higher than in the condenser. The total pressure drop increases by up to 4.5%, with the pump
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consuming more power to compensate for this loss (up to 2%, corresponding to 5 kPa in absolute
values). This pump power increase is negligible, as also concluded by Mondejar et al. (2017).

Except from the effective viscosity ratio, which is similar for both NPs (slightly higher for Al,Os), there
are other properties that affect the pressure drop, such as the density. Cu is about two times more dense
than Al,Os3, increasing the nanorefrigerant density, and the relative pressure drop. The pressure drop in
absolute values is 30% higher with R245fa as with R1234ze(Z) due to the higher R245fa mass flow
rate, which increases accordingly the mass flux and the pressure drop (Zhang et al., 2017).

4.3 Cost analysis

Based on the previous results, the discounted payback period is calculated, shown in Fig. 5 for three NP
mass fractions as a function of the capacity factor (equivalent to operational hours per year). The results
are shown only with Al,Os, since with Cu this period is always higher than 60 years (with both
refrigerants), much higher than the ORC lifetime.

50 50
7.0 T .0 R1234ze(Z) - Al,0,
@ ©
< R245fa - Al,O, g
g 30 830
1 1
20 20
e -+-2% wt. E -+-2% wt.
j% 10 —e—5% wt. % 10 —*—5%wt.
o - & -10% wt. o - & -10% wt.
0 0
0 20 100 0 20 80 100

40 60 40 60
Capacity factor (%) Capacity factor (%)

Figure 5: Payback period of the ORC with nanorefrigerant for different Al,O3 mass fraction

The PBP is shorter with R1234ze(Z), as a result of its superior performance. Moreover, the use of Al,Os
makes it possible to reach a PBP of slightly less than 10 years for the highest NP mass fraction and a
100% capacity factor. In any case, the NP mass fraction and capacity factor have the decisive role on
the resulting PBP, and mostly the latter parameter. High capacity factors are needed, more than 80%,
in order to utilize this configuration as much as possible, and make it possible to achieve a short payback
period.

4.4 Sensitivity analysis of cost effectiveness

A sensitivity analysis is included in this work, due to the large uncertainty of some parameters given in
Table 4 that includes their minimum and maximum values, except from the ones used above (standard
values).

Table 4: Parameters of the sensitivity analysis and their range

Parameter Minimum Standard Maximum
Refrigerant charging (kg) 20 30 40
Al,O3 cost (€/kg) 900 1800 3600
Cost increase of nanorefrigerant preparation (%) 25 50 100
Electricity price (€/kWh) 0.05 0.10 0.15
Discount rate (%) 2 3 5

The case of R1234ze(Z) is selected due to its superior economic performance over R245fa, as revealed
in Fig. 5, and its low GWP value. Al,Os is selected with a reasonable mass fraction of 5%. The capacity
factor is 80%, corresponding to almost continuous operation, such as for waste heat recovery, but not
solar thermal energy. The discounted PBP of this analysis is shown in Fig. 6 with the standard case
having a PBP of 12.8 years.
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Figure 6: Sensitivity analysis of the payback period

By reducing the refrigerant charge, the NP amount is reduced accordingly, which is highly beneficial
for the nanorefrigerant’s cost-effectiveness. A similar effect is introduced with the NP cost reduction,
reaching a PBP of 4.5 years. The nanorefrigerant’s preparation cost has a very large uncertainty, since
it is unknown how this could evolve in industrial scale, having although a moderate effect on the PBP.
Moreover, the electricity price is directly related to the annual income, with the PBP increasing to over
60 years for low prices. Finally, the discount rate has a small effect on PBP. In most of the cases, the
PBP remains in the range of 4.5-24 years. However, there are further steps to be conducted before a
commercial ORC with nanorefrigerants becomes available, and this progress is highly related to the
materials stability and long-term operation under continuous cycling conditions, as well as a more
detailed investigation of the nanorefrigerant cost.

5. CONCLUSIONS

A detailed numerical model including the pressure drop is developed and applied for the simulation of
an ORC with the use of two NPs of variable mass fraction and two refrigerants. The effect of the NPs
has been introduced in the energy balance of the thermodynamic analysis and on the correlations of
heat transfer and pressure drop.

The results initially concern the ORC performance, showing its increase by up to 20% for higher NP
mass fraction. The use of Al.O3; over Cu is preferred in terms of performance, with the main driver the
higher power production in the expander. The heat transfer and pressure drop were also examined,
revealing that the effect of both NPs is rather small. The overall outcome is that the Al,Os introduces a
higher performance and enhanced HTCs, making it possible to decrease the HEX surface area.

Finally, the preliminary cost analysis indicated that the use of a nanorefrigerant could be a sustainable
solution for the ORC technology, with a standard PBP of 12.8 years for Al,O3 that can be reduced to
even 4.5 years in favourable conditions. However, this cost analysis should be enriched with a more
reliable expression/correlation of the nanorefrigerant’s preparation cost. Except from that, the
verification of the nanorefrigerant’s stability for a long-term operation is crucial, which is an unexplored
activity.
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