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ABSTRACT

Efficient and resilient reverse cycles at MW-scale are needed in industry and energy communities for
pursuing the ambitious targets of electrification of industrial processes and thermal generation via
renewable power.

This work evaluates the optimal thermodynamic performance features of heat pump cycles comparing
conventional layouts with those adopting a Tesla turboexpander, for recovering pressure drop in high
temperature applications. The paper focuses on n-pentane (R601), a natural refrigerant, being a
favorable substitute of synthetic refrigerants thanks to its low global warming potential (GWP) and
adequate thermophysical properties that could allow to reach high temperature thermal outputs
(>150°C), thus, being suitable for some specific industrial processes. Tesla or bladeless turboexpanders
are a promising technology for small volumetric flows and two-phase fluids, featuring low sensitivity
to downscaling effects, while retaining high rotor efficiency, which is being investigated for energy-
harvesting solutions. The benefit of introducing such expansion device in place of a conventional 723
lamination valve is assessed, in different layout configurations. Simulations were conducted using an
improved version of WTEMP-EVO modeling tool, proprietary to University of Genoa.

Results show that the use of Tesla expander improves significantly the overall thermal efficiency in
terms of coefficient of performance (COP), thanks to power recovered, depending on the cycle layout.

1 INTRODUCTION

The continuous increase of GHG emissions, in particular carbon dioxide that reached a world record in
2022, is encouraging many sectors to adopt new strategies to reduce emissions. Transport, buildings,
and industry are the most relevant sectors in terms of final energy consumption, about 2.9 Gtoe each
for a total of 60% (IPCC, 2021).

The course of action to abate pollutant substances and GHG emission includes the electrification of
heating systems, both industrial and DHNs, which together account for roughly 30% the total emission
(IPCC, 2021). However, a benefit from electrification is only obtained if electricity is produced mostly
from renewable sources (e.g., solar photovoltaic, concentrated solar power, wind power, hydro,
biomass) or carbon-free energy carriers (green hydrogen and green ammonia).

From this point of view, heat pumps are a promising solution. The latest research has focused mainly
on three aspects of heat pump plants, namely plant design and machinery optimization, expander
introduction, high temperature heat pumps (HTHP) applications and the use of low-GWP natural
refrigerants. Recent literature contains numerous studies on heat pumps performance assessment and
the replacement of inefficient heating systems with such technology (Adamson et al., 2022) (Chen et
al., 2022) (Pan et al., 2021) (Dai et al., 2020) (Jibran et al., 2022).. Working fluids for reverse cycles
typically feature high specific heat, high latent heat of vaporization. Halogenated hydrocarbons, such
as hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (HCFCs) are employed at present in
many heat pump plants. In accordance with Montreal Protocol (Montreal Protocol, 1987), Kyoto
Protocol (Kyoto Protocol, 1997) and the successive Kigali Amendment (Kigali Amendment, 2019)
there is an evident need for reducing their usage.
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Organic working fluids are a promising alternative to of synthetic refrigerants since they have low
GWPs while showing comparable thermophysical properties. Besides, some of them allow to achieve
high heat sink temperatures thanks to their high critical temperature, interesting for a variety of different
industrial application. The recent scientific research focused on natural and low-GWP refrigerants
performance (Meinel, Wieland and Spliethoff, 2014) (Kumar Saini et al., 2021) as well as comparative
reviews (Bamigbetan et al., 2017) (Frate, Ferrari and Desideri, 2019). A promising example is n-pentane
(R601): in accordance with several literature sources (Arpagaus et al., 2018) (Wu et al., 2020), with the
relevant exception of water (R718), it has the highest expected COP in the typical temperature range of
HTHPs. Some authors (Arpagaus et al., 2018) perform a widespread analysis on several heat pump
working fluids, including n-pentane, to evaluate the most suitable ones for high heat sink temperatures.
They found that such hydrocarbon is outperformed in terms of optimal temperature range by water and
R1336mzz(Z) only. Their results show that R601 is among the most efficient fluids in the range 130-
160°C of heat sink temperatures, topping out at a COP of 3.27 for a temperature lift of 70 K. Other
authors (Sulaiman et al., 2022) compare different low-GWP refrigerants for HTHP application, showing
that R601 has 4% to 18% lower power consumption compared to R245fa. Besides, TEWI for R601 is
around 27% lower. Very little literature is available specifically on n-pentane heat pumps. In an old
work (Yamazaki and Kubo, 1985), researchers evaluated a 400 kw R601 layout supplying steam at
130°C from waste heat at 90°C. They obtained a COP of 4.5 for source and sink temperatures of 80°C
and 135°C, respectively.

The introduction of a dynamic expander in reverse cycles as an energy harvesting device is covered in
literature (Zhang et al., 2013) (Nickl et al., 2005) and the performance improvements are registered
between 10% and 30% with respect to the base cycle, depending on the layout characteristics (Murthy
et al., 2019). Multidisc bladeless friction turboexpanders, also known as Tesla turbines (Tesla, 1913),
represent a promising technology as small-scale machinery due to their low sensitivity to downscaling
effects, retaining high rotor efficiency. Some authors performed a systematic loss characterization
(Renuke et al, 2022), showing that the largest contributions reside in stator-rotor interaction (40%) and
ventilation (15%) losses, followed by leakages. Nowadays, its ability to handle low volumetric flows,
including two-phase fluids, may pave the way towards Tesla expander adoption in heat pumps as COP
booster. In general, this paper aims to widen the knowledge on such an innovative and effective solution
to emissions reduction.

2 METHODS

2.1 Layouts analysed

This work assesses different layouts of n-pentane reverse cycles, firstly comparing performance of
simple expansion cycle with a novel layout featuring a Tesla turboexpander, and secondly evaluating
to what extent two stage compression is beneficial.

Figures 1la-1d describe the investigated layouts: for each of them, models of physical components are
created and interfaced with each other to assemble complete cycles.
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Figure la-1d — Schematics of investigated layouts

2.2 Thermodynamic Modelling

This section describes the underlying principles behind the M physical component models constituting
the system. The simulation program WTEMP-EVO has been devised to assess and enhance the techno-
economic effectiveness of various cycle arrangements and can evaluate several pure fluids with a two-
phase or real-gas nature via the utilization of CoolProp (Bell et al., 2014) thermodynamic libraries. This
is, in essence, an expansion of WTEMP (Traverso et al., 2004) retaining its modular approach, implying
that every component is depicted by a subroutine that calculates parameters based solely on basic
thermal evaluations performed within each component, independently of the other constituents. This
numerical approach permits the components to be interlinked to obtain the evaluation of any preferred
layout. Most component models are lumped representations of real components, with the exception of
heat exchangers, which are modelled as 1D components, discretized in 30 computation sections. All
components are adiabatic, thus, heat losses towards the environment are neglected.

The compressor reproduces the real component in the plant configuration. Equation (1) reports the
definition of polytropic efficiency used in this work for such component. Here, B is the compression
ratio, k is the specific heat ratio (k = c,/cy) and m the exponent of the polytropic transformation. Equation
(2) highlights the link between isentropic efficiency and polytropic exponent.

m k-1 1)
ool = =1 Tk
k-1
1-BF
Ne = —m=1 2)
1-fm
hout,turb = hin,turb - (hin,turb - hout,s,turb) *Ns,turb (3)

The turboexpander operates an expansion of the working fluid, generating power at the shaft. This
component was assessed by means of equation (3).

The modelling of the expansion valve simply considers an isoenthalpic process between inlet and outlet.
The heat exchanger model refers to a shell and tube heat exchanger. The modeling is based on a counter-
flow rationale, with the user setting a primary temperature or quality and other parameters such as
approach, pinch point temperature difference, and pressure losses. The results of the thermodynamic
cycle are then used to determine the geometrical characteristics of the heat exchanger, for which inputs
include the velocities of the working and source fluids (Unuia and Usource), @s Well as the internal and
external diameters of the pipes (Dint and Dex). The heat transfer is computed by use of the ¢-NTU
criterion, as suggested by notable works (Incropera et al., 2010).

The heat exchanger is discretized into a number of cells (N=30 for this work) assuming a constant
overall heat transfer coefficient for each cell. The convective heat transfer coefficient is calculated for
each cell. The product UA is then calculated by assessing the effectiveness ¢ for each cell. This involves
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assuming equal thermal power exchange for each cell and comparing the actual enthalpy drop of the
fluid to the enthalpy drop experienced by the fluid with the lowest heat capacity. The heat transfer
surface area is then determined for each cell and summed up to calculate the total surface area of the
heat exchanger. It should be noted that thermal conduction along the axial coordinate within the piping
material is disregarded in the analysis.
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Figure 2: Scheme of counter-flow heat exchanger (cooler)

3 SIMULATION AND RESULTS

3.1 Model Inputs and Constraints

This section describes the model inputs and main constraints. A size of 1 MWhea heating power was
chosen as a reference of a sizeable heat pump plant. Table 1 contains the boundary conditions and the
general assumptions for each component of the cycle.

Table 1: Boundary conditions and general assumptions

BCs and General Assumptions

Working fluid R601
Reference size (Qneat) 1 MWheat 726
Heat exchanger pressure loss 3%
Thermal loss towards ambient Neglected
Max compressor outlet temperature 180 °C
AT superheating (compressor inlet) 50 °C

AT subcooling (expander inlet) 30°C
Condensation pressure (reference) 20 bar
Evaporation pressure (reference) 0.8 bar
Minimum AT at HXS 5K
Mechanical efficiency 0.85
Electrical efficiency 0.9
Compressor polytropic efficiency 0.91
Tesla turbine isentropic efficiency 0.44

It is worth noting that a polytropic compressor efficiency was assumed, according to the assumptions
in Table 1. In addition, a maximum temperature of the cycle, that is the compressor outlet temperature,
was chosen (Table 1). The justification for this choice is two-fold. On the one hand, high temperatures
lead to thermal decomposition of the compressor lubricant, which should be avoided. On the other hand,
operation near the critical temperature of R601 (196°C) should be avoided for thermodynamic reasons,
such as high variability of the specific heat around the critical point. In addition, such temperature is
adequate to ensure sufficient heat transfer even at very high heat sink temperatures. This choice is in
line with previous studies (Frate, Ferrari and Desideri, 2019) (Ommen et al., 2015).

3.2  Parametric analysis
The COP is defined as usual for heat pumps, that is, by the following equations:
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COP,p = Leat 3
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A parametric analysis exploring different key parameters was conducted, both for the simple cycle
(Figures 3a-3c) and for the Tesla modified cycle (Figures 4a-4c).
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Figure 4a-4c: COP sensitivity against a) Pcond/Peva, ) Tsn/Peond @nd €) Tsn/Peva for Tesla cycle

Figure 3a demonstrates that COP of the heat pump is scarcely sensitive to condensation pressure, while
highly depends on evaporation pressure. Figure 3b depicts an increasing heat pump performance with
increasing superheating temperature (i.e., compressor inlet temperature) at low condensation pressures,
and Figure 3c show that evaporation pressure have a negligible influence on the COP value. For the
Tesla modified cycle, trends depicted are similar, with performance values varying less but in
accordance with a narrower pressure range on horizontal axis.

It should be noted that the superheating temperatures are consistently higher than the saturation
temperatures at evaporating pressures, confirming that dry refrigerants require high degree of
superheating before compressor inlet. In addition, dry refrigerant may not benefit from two-stage
compression, or the efficiency gain is very marginal, as shown in previous literature (Meinel, Wieland
and Spliethoff, 2014).

Figures 5ato 5c display the required compressor thermodynamic power. With reference to equation (4),
the trends are in line with the COP plots.
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Figure 5a-5c: Compressor power against a) Peond/Peva, 0) Tsh/Peond aNd €) Tsh/Peva

With the purpose of addressing energy harvesting, the available expansion power for the Tesla expander
is depicted in Figures 6a-6¢. It may be observed that such power is slightly dependent on condensation
pressure, while increases with decreasing evaporation pressure and superheating temperature.

Figure 7 highlights the COP improvement for three values of evaporation pressure, assuming constant
condensation pressure (20 bar). The percentage difference is defined as the difference between Tesla
cycle COP and simple cycle COP, divided by the simple cycle COP. The evaporation pressures reported
in Figure 7 correspond to R601 saturation temperatures of 16.8 °C, 29.8 °C and 35.7 °C, respectively.
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Figure 6a-6¢: Tesla expander available power against a) Peond/Peva, b) Tsh/Peond and €) Tsn/Peva
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Figure 7: COP comparison between simple and Tesla modified cycle (pcond = 20 bar)
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4 PROPOSED CASE STUDY

Despite being a very promising energy recovery option, low-temperature waste heat has major
challenges associated with its recovery. Moreover, heat pump performance is always reduced when heat
upgrade requires high temperature lifts. To further improve the knowledge of HTHP technology, a real
industrial case study is presented below. These results might indicate the suitability of HTHP for various
industrial applications and justify further detailed research and experimental activities.

4.1 Case Study Description

A manufacturer of laminate products for the building and furniture industry disposes of a hot water tank
from the pressing process, that is to be evaluated as a thermal source for the production of pressurized
hot water at 160°C and 20 bar for a different process.

Since a consistent temperature glide is involved (around 100 °C, Table 2), R601 was evaluated due to
its favourable properties. Machinery efficiencies are the same reported in Table 1.

Table 2: Boundary conditions for the case study

BCs and General Assumptions

Source water inlet temperature ~60°C
Source water outlet temperature ~35°C
Process water inlet temperature ~ 120 °C
Process water outlet temperature 160 °C

4.2 Case Study Results
Table 3 delivers briefly the results of the simulation for the aforementioned industrial case study.

Table 3: Performance comparison for R601 HTHP according to the case study 729
COP comparison
COP simple cycle 1.54
COP Tesla modified cycle 1.73

As expected, the heat pump performance benefits from the presence of a Tesla expander by matter of
13%, in good accordance with numerous literature sources. To complete the analysis, Figures 8a-8b
report p-h charts for the two cases and Figures 9a and 9b show examples of T-Q chart along the
discretization coordinate x relative to two relevant heat exchange processes for the case study
conditions. Figure 8a refers to the de-superheating process of the refrigerant prior to its condensation.
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Figure 8a-8b: Semi-logarithmic p-h comparison for R601 HTHP according to the case study
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Figure 9a-9b: T-x chart for the a) de-superheating and b) evaporation according to the case study
(x represents the axial coordinate of the external heat transfer fluid)

5 CONCLUSIONS

In this paper, techno performance of n-pentane HTHP have been analysed. A MW-sized plant was
investigated as reference for an industrial application. The updated WTEMP-EVO software was
adopted to model and simulate the cycle. Performance was assessed under on-design conditions and a
sensitivity analysis on relevant parameters was performed.

The results confirm the promising use of expanders to harvest a significant amount of energy and to
improve the COP of the cycle. Optimal conditions for turboexpander cycle are obtained in a narrower
range of operating conditions. A 13% COP improvement was achieved in the industrial case study
simulation. In addition, Tesla turbines have further advantages concerning almost size-independent
efficiency and reduced cost with respect to traditional turboexpanders, and potentially can better
manage two-phase flows, without the risk of erosion. Dual stage compression cycles were not assessed,
since R601 is a dry refrigerant and, having a very sloped saturation curve, compression “follows” that
curve quite solidly (Figures 6a-6b), so fluid intercooling may not improve significantly cycle
performance, considering also the added plant complexity and costs.

NOMENCLATURE
COP Coefficient of Performance
GHG Greenhouse Gas
GWP Global Warming Potential
HP Heat Pump
HTHP High Temperature Heat Pump
IPCC Intergovernmental Panel on Climate Change
NTU Number of Transfer Units
TEWI Total Equivalent Warming Impact
UNFCC United Nations Framework Convention on Climate Change
Symbols
P Pressure [bar]
T Temperature [°C, K]
h Enthalpy [kJ/kg]
S Entropy [kd/kg K]
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m Mass flow [ka/s]
X HX discretization coordinate  [-]
AT Temperature gradient [K]
B Pressure ratio [-]
k Heat capacity ratio [-]
Subscript
in Inlet
out Outlet
int Internal
ext External
elect Electrical
S Isentropic
pol Polytropic
cond condenser
eva evaporator
sh Superheating
subc Subcooling
fluid Working fluid
source Source fluid
heat Heating power
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