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Abstract

ORC represents an effective challenge in the waste heat recovery from ICEs. In spite of technological aspects, its thermodynamic
design still deserves attention. Mixtures of pure fluids show interesting properties able to improve exergetic efficiency of the
Rankine cycle, thanks to the positive slope of the phase changing. They can reduce also ODP and GWP, helping the replacement
trends of working fluids. The paper optimizes cycle exergetic efficiency considering mixtures of pure fluids. The use of
hydrocarbons in mixtures is particularly suitable and when used in limited fractions with other organic fluids they loses the limits
related to the flammability. R245fa is a fluid that obtains a large net power increase when used in mixtures with hydrocarbons,
compared to pure fluid an optimized R245fa/benzene mixture, for instance, attains an 11% net power increase.

© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ATI 2016.

Keywords: Organic Rankine Cycle (ORC), Internal combustion engine (ICE), Waste heat recovery, Refrigerant mixtures, efficiency

1. Introduction

The internal combustion engines (ICEs) are the most used powertrains for road transport applications. Concerning
the energy balance, up to 60-65 % of the fuel energy of ICEs is lost to the environment ([1,2]). The major part of this
energy is lost in the exhaust gases (typical value of the loss is around 30-35 % of the fuel energy) and can be used
for energy recovery. The recovery of the heat on the exhaust gas and its conversion into mechanical energy is under
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a wide investigation [3] as a way to improve overall efficiency. The most considered technology is the recovery via
ORC. Organic fluids have lower critical temperatures (with respect to water) and allow their evaporation at low and
medium temperatures making possible the recovery from low and medium grade heat sources (like exhaust gases).
ORC technology is quite conventional for high power ranges and high and medium temperature sources. It shows
good results, in particular for steady or quasi-steady applications. On the other hand, for low thermal sources a
proven technology is not commercially ready, in spite of the very wide potential applications (solar power,
geothermal, conventional streams, medium and low temperature sources, etc.) [4]. More critical are the on-board
units vehicles, because of the variable conditions characterizing the hot and cold sources, often transients. Further
studies are needed in order to increase efficiency and net power recoverable as well as control strategies.

The problem of the fluid choice in the ORC-based units is one of the oldest issues found in literature [5,6]. It has
a great importance on the efficiency of the system, size and design of the components [7]. Safety, flammability,
GWP, ODP, oil miscibility, corrosion with metals and rubbers are important parameters but the temperature
difference between fluid critical temperature and inlet temperature of the heat source plays a key role in limiting the
performance of the thermodynamic cycle [8]. One of the most promising fluids is R245fa [9], as it has no ODP, it is
not flammable and nearly non-toxic. Furthermore, for ICEs heat recovery, it shows best performances for its ability
to work at higher temperature [10]. Other studies show that working fluids with high boiling temperature (pure
hydrocarbons) yielded better thermodynamic performance [11], but they are flammable.

The interest in mixtures of organic working fluids concerns thermodynamic efficiency [12, 13], components
optimization [14] and economic performance [15]. Mixtures, in fact, have variable temperature during changing
phase and this will make condensation and vaporization conditions closer to the heat sources during heat transfer,
improving exergetic efficiency and, definitively, net useful work [16]. Moreover, high GWP and flammability fluids,
which are banned as pure fluids, can be used in small fraction in blends with other fluids. When mixtures are used,
an important degree of freedom is gained being possible to choose the number of fluids of the mixtures and the
mass-ratios among pure fluids. This makes the prediction of thermal power recoverable, cycle efficiency and net
power much more complex. A real important issue not fully exploited in literature for on board recovery units, in
fact, is the design criterion of the power unit itself which still calls for a deeper thermodynamic analysis. In absence
of other constraints (cold source availability), the optimization criterion is the maximization of the net mechanical
power produced by the unit: this means that the product of the working fluid flow rate (produced at the evaporator)
and the cycle work must reach its maximum value.

Starting from these considerations, in this paper the Authors developed a comprehensive thermodynamic model
of the ORC plant, considering both hot and cold source available on board vehicle. The model provides an ORC
optimization analysis where both pure fluids and mixtures are considered as possible working fluids, aiming to
maximize the net ORC power output. The best candidates are evaluated based on: thermodynamic performance,
pressure levels, fluid hazard levels and GWP, critical temperature and the temperature glide. The reference made to
pure fluid mixtures opens also the way to non-conventional cycles whose thermodynamic performances have not
been exploited in literature. In this regard, the use of fluid mixtures can increase the degree of cycle regeneration and
strongly reduce the thermal power to be exchanged towards the cold source, with great benefit in on-board
application. Therefore, a wide comparison between pure fluids and mixtures has been done, detecting the principle
sources of irreversibility and individuating the benefits related to the use of hydrocarbon mixtures.

2. Description of the mathematical model

The analysis of the power recoverable from the exhaust gases of an ICE has been conducted with a
thermodynamic model, which is able evaluate the behavior of fluid mixtures in comparison with pure fluids. For
each working fluid (or mixture) considered, the model finds the highest mechanical power recovered optimizing
condensation and evaporation pressure as well as maximum cycle temperature.

2.1. The mathematical model

Energy and exergy mathematical models are based on preliminary assumptions: a) the cycle runs under steady
working conditions; b) there are no heat losses and pressure drops in heat exchangers and pipes; c) heat exchangers
are counter-flow type; d) zeotropic mixture behaviour is based on Lemmon — Jacobsen model [17]; e) for sake of
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simplicity, volumetric and mechanical efficiencies of pump and expander have been considered equal to 1. Making
reference to the sketch represented in Figure 1, each component of the ORC can be represented with specific
equations. The maximal uncertainties of the equation of state are 0.2% in density for the liquid, 0.4% for the vapour,
and 0.4% in vapour pressure concerning all the examined organic working fluids.

2.2. Evaporator
First, the working fluid mass flow rate can be written as in eq. 1, according a thermal balance in the evaporator.

ng _ mhs (h’hs,in - hhs,out)

My, = = 1)
Yo h—h, hy —h,
Considering an adiabatic system, the irreversibility of the evaporator can be written as in eq. 2:
Iev :Tref lmW'" (s3 - S2) - mhs(shs,in - shs,out)J (2)
2.3. Pump
Pump power is expressed as in eq. 3, irreversibility are in eq.4:
mWF (h2,ad,is - h‘l)
P, =my (b —h) = ——=="—— €))
ad,is,p
117:Pp_mhxl_h’l_hl_Tref(SZ_sl)J 4

2.4. Expander
The power delivered by the expander (which represents its exergy) and expander irreversibility are written
according to equations 5:

Pexp = mWF (h'i - h4) = mWF nexpﬂd,is (h3 - h4,ad,is)

(5)
Iexp = My [(h3 - h4) - Tref (S3 - S4)] B PgXP

2.5. Condenser
The thermal power exchanged in the condenser is calculated according to eq. 6, irreversibility according to eq. 7:

O.ong =My (hy — ) (6)
Loy =m (=) =T, (s, —5)] %)

2.6. Overall ORC performance
The useful power P, of the system is calculated as the difference between expander and pump power (eq. 8).

Fo=Fy—F, @®)
Next equations show the thermodynamic and exergetic efficiencies.
L,
77m = Qm, (9)

I, +1.+1,.,+1
ev exp cond P (10)

mhs lhhs,in - hhs.out - Tref (Shs,in - Shs.aut)J

N =1

2.7. Model integration and optimization procedure

The model aims to maximize power recovery, which may be defined as the product of flow rate and cycle net
work. The optimization procedure is summarized in the flow chart of Figure 2, where the free variables can be
identified: condensing and evaporating pressures and superheating value.

Firstly, fixed input parameters are defined: among these the hot source fluid, its pressure, evaporator inlet and
outlet temperatures and flow rates, cold source fluid, pressure and inlet temperature in heat exchanger. Then,
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thermodynamic cycle can be evaluated: for each working fluid (or mixture) considered, the optimal tern of values
composed by condensing temperature, evaporating pressure and superheating degree is searched (Figure 2). The
software changes possible evaporation temperature combining for each of them several superheating steps. Adopting
zeotropic mixture as working fluid, the model refers to liquid saturation point 3’ (Figure 3). Then, the model strategy
increases maximum temperature till hot source inlet temperature in the heat exchanger decreased of the difference of
temperature specified for the pinch point. The results are energy and exergy analysis of thermodynamic cycle
characterized by highest power recovered among possible ones.
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Figure 1: ORC bottoming ICE sketch
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Figure 3: optimal evaporation temperature and pressure evaluation Figure 2: flow chart

3. Definition of the case study

The model described previous has been applied on a case study representing a waste heat recovery from ICE. The
following characteristics have been considered:

a) concerning ORC machines, pump efficiency was set at 0.8, while expander adiabatic-isentropic one is 0.75
[19]. When volumetric and mechanical efficiencies are taken into account the overall expander efficiency
decreases. The two effects are very complex to be estimated especially for rotary vane machines. Considering
that the overall expander efficiency is in the range of 0.5-0.55 [20], the product of volumetric and mechanical
efficiency is in the range of 0.70-0.75;

b) some assumptions have been made on cold source available on board: it has been represented by
environmental air at 35°C having a mass flow rate of about 1 kg/s: considering the condenser as an air cooled
radiator, this is an average value of the air flow that cross the front end of a passenger car [21, 22]. With such
heat exchanger technology, the pinch point temperature can be set at 5 K;
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c) expander technology considered is the sliding vane rotary one, which is suitable for its flexibility and easy
to manage different kind of fluids in several thermodynamic conditions. For technological and economic reasons
(components safety and sealing) maximum working fluid pressure has been limited to 20 bar and maximum
temperature to 130°C. Expansion ratio can not be higher than 7;

d) the hot source is represented by the exhaust gases of an internal combustion engine propelling a light duty
vehicle. The engine considered is an IVECO F1C 3.0L, whose exhaust temperature and mass flow rate have
already been known from previous experimental activity (Figure 4, [20, 23]). A typical working point
characteristic of this engine has been chosen (130 Nm@?2250 RPM) where exhaust mass flow rate is 0.07 kg/s
and temperature is 330°C (magenta star in Figure 4). Considering a discharge temperature of 100°C, the
available thermal power is about 17 kW. At current stage the model does not consider the off design conditions
in the optimization procedure;
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Figure 4: exhaust gas characterization of the ICE
e) the working fluid selection takes in consideration safety information and environmental issue related to
fluorinated gases regulations. Some fluids have good thermodynamic properties but at the same time have
undesirable environmental and safety constraints. Safety criteria includes the flammability level and safety
classification. Environmental and safety criteria consider ODP and GWP which are nowadays phasing out many
fluids [18]. Therefore, fluids having GWP < 1500, low toxicity and low flammability (< A2L) have been
selected. Pure hydrocarbons have been considered, in spite of their flammability, because of their high critical
temperature which can lead to a thermodynamic cycle closer to the hot thermal source. In fact, they can be
suitable for mixtures with HFCs: when they are present in small fractions in mixture, the flammability can be
neglected, critical temperature is higher and GWP is lower than the pure HFC.
Zeotropic mixtures have been considered to better follow external sources glide during evaporation and
condensation, so reducing irreversibility and enhancing exergy efficiency of the ORC. An important parameter
for zeotropic mixtures is, therefore, the temperature glide in phase changing. In this work, only binary zeotropic
mixture have been considered. Several mixtures have been considered, the most promising ones have been
individuated among those of R245fa and hydrocarbons.

4. Analyses and results

Firstly, the pure fluids were considered. The mathematical model described in section 2 has been used for each
single fluid to find the thermodynamic cycle which give the higher value of useful power (product between mass
flow rate and cycle work). As shown in Figure 5 and Figure 6, pure hydrocarbons shows very good performances,
overcoming the value of 2 kW recovered. These cases, however, have two critical aspects: flammability and high
expansion ratio, that is not actually realizable with conventional machines and with a 0.75 efficiency. They have
been considered for mixtures. Among the other fluids, the best ones are R245fa and R1233zdE: the first one has 1.7
kW of mechanical power recoverable, thermodynamic efficiency of about 10%, exergy efficiency of about 28% and



D. Di Battista et al. / Energy Procedia 101 (2016) 1264 — 1271

expansion ratio is 5; the second one has a slightly higher power recovered, but also higher expansion ratio (not
suitable for being mixed with hydrocarbons). Then, with these similar performances, R245fa has been chosen for its
market availability and higher affordability and it has been taken as the reference fluid for new proposed mixtures.
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Figure 5: useful power and expansion ratio for pure fluids Figure 6: thermodynamic and exergy efficiency for pure fluids

In Figure 7-10 several mixtures of R245fa with hydrocarbons in different mass fractions have been investigated.
Hydrocarbons considered were toluene, benzene, heptane, hexane, isohexane, octane. Useful power reaches values
very close to 2 kW with small fractions of hydrocarbons (<10%) with a thermodynamic efficiency over 11% (Figure
9). The expansion ratio is slightly increased but still manageable by the expander. The best case is the mixture
R245fa-benzene 0.95/0.05 with P,=1.9 kW, ,=11.5%, #.,=31%.
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In Figure 11 and 12, finally, the T-s diagrams of the pure fluid (R245fa) and that of the best mixture (5% of
benzene in R245fa) are shown. The distance between the hot source and the vaporization curve are evident. This is
due to the imposed choice of maximum pressure and temperature. Removing these constraints, the cycle could be
transcritical and it is possible to increase the performances, but the plant could not be realizable with actual
components. The improvement reached with the mixture is 10-12% of mechanical power recovered. Comparing the
two cycles, the most relevant improvement seems to be the closeness during the condensation phase obtained
through the glide effect of the zeotropic mixture.
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Figure 11: thermodynamic cycle for R245fa Figure 12: thermodynamic cycle for R245fa/benzene 0.95/0.05

5. Conclusion

In this work, a mathematical model and a procedure of optimization has been presented for ORC bottoming ICEs,
under technological constraints of actual proven and reliable components. The model has been used in a case study
regarding a hot source of 17 kW at 330°C. Technological constraints are 20 bar as maximum pressure, 130°C as
maximum temperature and expansion ratio not higher than 7. The cooling of the condenser is realized in an air
cooled radiator. Under these constraints, R245fa is proved to be the optimal fluid leading to a recovered power of 1.7
kW with an overall thermodynamic and exergetic efficiency of 10% and 30%. Using this as reference fluid, many
possible mixtures have been investigated: the optimal one is the R245fa-benzene 0.95/0.05 leading to a net power
output of 1.9, #,=11.5%, 7.,=31%.

The procedure proposed is of a general purpose and can be used in several cases, varying hot source fluid and
cooling technologies. A further model extension will regard the cycle performance in off-design conditions which
constitute a common working conditions in ICEs for propulsive applications. Results shown are, however, a good
reference for the ORC sizing bottoming ICE, especially for quasi-steady state applications.
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Nomenclature exp expander
hs,in hot source inlet
h specific enthalpy [kJ.kg"'] hs,out  hot source outlet
I irreversibility [kW] P pump
m mass flow rate [kg.s'] ref reference state
P power [kW] th thermodynamic
Q thermal power recovered from hot source [kW] u useful
S specific entropy [kJ.kg'1 .K'l] wf working fluid
S entropy [kJ.K™']
T temperature [K] Abbreviations
AT temperature difference [T]
n efficiency [%] GWP  global warming potential
HC hydrocarbon
Subscripts HFC  hydrofluorocarbon
HFO  hydrofluoroolefin
1,2,3,4 cycle point ICE internal combustion engine
ad,is  adiabatic-isentropic ODP  ozone depletion potential
cond  condenser OEM  Original Equipment Manufacturer
ev evaporator ORC  Organic Rankine Cycle
ex exergy




