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H I G H L I G H T S

• A chemical kinetics method for
evaluating the thermal stability of
ORC working fluids.

• An experimental system to obtain
the apparent kinetic parameters.

• An apparent chemical kinetics
model to predict the thermal
stability.

• The n-pentane pre-exponential
factor was 7.5275 × 1012 s−1 and the
activation energy was
227.57 kJ/mol.
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A B S T R A C T

Organic Rankine Cycle (ORC) systems are widely used to generate electricity with industrial waste heat
and renewable energy. Transcritical ORCs with high temperature heat sources are more attractive than
subcritical ORCs due to their lower exergy losses, higher thermal efficiencies and higher work outputs.
The working fluid thermal stability is the primary consideration in the working fluid selection due to
decomposition at high temperatures. This paper presents a chemical kinetics method for evaluating the
thermal stability of ORC working fluids. A chemical kinetics experimental system was built with n-pentane
as the test working fluid. The influences of pressure and temperature were analyzed experimentally and
theoretically. An apparent chemical kinetics model was established to predict the thermal stability with
the apparent kinetic parameters of n-pentane measured experimentally. This apparent chemical kinet-
ics model gives significant guidance for the working fluid selection and ORC system design.

© 2016 Elsevier Ltd. All rights reserved.

* Corresponding author. Tel.: +86 10 62787613; fax: +86 10 62787613.
E-mail address: rnxsl@mail.tsinghua.edu.cn (L. Shi).

http://dx.doi.org/10.1016/j.applthermaleng.2016.02.091
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

Applied Thermal Engineering 100 (2016) 708–713

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/ locate /apthermeng

mailto:rnxsl@mail.tsinghua.edu.cn
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2016.02.091&domain=pdf


1. Introduction

The Organic Rankine Cycle (ORC) is a promising technology for
industrial waste heat recovery and renewable energy utilization.
Subcritical ORCs have been widely used in the geothermal power,
solar power, biomass power and industrial waste heat recovery
systems [1–4]. Subcritical ORC heat source temperatures are usually
less than 150 °C, which limits their thermal efficiencies and leads
to high costs. Transcritical ORCs, which use high temperature heat
sources (150–350 °C), are more efficient and less expensive. The
literature suggests that transcritical ORCs have much better effi-
ciencies than subcritical ORCs with the same working fluids and
heat source temperatures. Karellas and Schuster [5] calculated the
thermal efficiencies of transcritical ORCs with R134a and R245fa
to show that the thermal efficiencies were 10–20% higher than
subcritical ORCs. Similar results were obtained by Chen et al. [6]
for transcritical ORCs with mixture working fluids with 10~30%
improvements. Transcritical ORC temperatures match better with
the heat sources, so they have lower exergy losses. Higher thermal
efficiencies and work outputs are then obtained because of the
higher temperature heat sources, and the system costs are reduced
by smaller heat exchanger areas.

However, some new problems have not been addressed in the
studies of transcritical ORCs. The primary problem is the thermal
stability of the ORC working fluids at high temperatures. All organ-
ics decompose at high temperatures. If decomposition occurs in the
ORC system, the thermal efficiency and work output will decrease
because of the different working conditions. Decomposition prod-
ucts like non-condensable gases and deposits can seriously damage
the components and compromise safety. Thus, thermal stability is
the primary consideration for working fluid selection and ORC system
design. Studies of working fluid thermal stability have been con-
ducted since the early 1970s [7]. However, the heat source
temperatures were usually less than 150 °C and the working fluids
were found to be stable in early ORC studies. Working fluid thermal
stability has attracted much interest recently because of the higher
temperature heat sources. Andersen and Bruno [8] presented a
method for rapid screening of the working fluid thermal stability
for ORCs. The reaction rate constants of some hydrocarbon working
fluids were measured. Ginosar et al. [9] measured the thermo-
chemical decomposition of cyclopentane at 240, 300, and 350 °C at
4.3 MPa in a glass-lined heated tube. Air was found to have a large
effect on the decomposition. Pasetti et al. [10] used pressure changes
to imply decomposition to identify safe temperatures for
cyclopentane, iso-pentane and n-butane. However, previous studies
have not considered the relationships between thermal stability and
temperature or time. Previous studies only considered special
working conditions and cannot be applied to other general condi-
tions. Thus, more thermal stability experimental data and a universal
evaluation method are needed.

This paper presents a chemical kinetics method for thermal
stability to evaluate the ORC working fluids. A chemical kinetics
measurement system was used to get the data for an apparent
chemical kinetics model. The model could predict the thermal
stability at different temperatures and times. N-pentane was used
as the test fluid because it was one of the most desirable ORC
working fluids.

2. Theory

Thermochemical decomposition of a simple substance is a
unimolecular reaction in terms of the chemical kinetics. Unimolecular
reactions are usually first order reactions except in some extreme
conditions. The reaction rate of a first order reaction is proportion-
al to the reactant concentration as

dC
dt

kCA
A= − (1)

where CA is the reactant concentration, t is the time and k is the
reaction rate constant which is only related to the reaction tem-
perature. Equation 1 can also be written as
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where C0 is the original reactant concentration, T is the reaction time,
CA is the concentration at time t, C is the concentration ratio and x is
the reactant decomposition concentration. Equation 2 shows that lnC
is related linear with t because k is constant at a given temperature.
Thus, the reaction rate constant, k, can be calculated from lnC-t curves
if the reactant concentrations are measured at different times at a given
temperature. The reaction rate constant can then be used to predict the
reactant decomposition concentration at different times at the same
temperature. The decomposition products may also decompose and the
reaction mechanism becomes more complex when the reactant is mixed
with products. The product influence is ignored in this paper because
the reactant decomposition rate is very slow in the measured temper-
ature range. The assumption that the decomposition is a first order
reaction is accurate enough for stability studies.

The Arrhenius Equation is used to describe the reaction ratio at
different temperatures.

k Ae E RTa= − (3)

where k is the reaction rate constant, A is the pre-exponential factor,
Ea is the activation energy, R is the gas constant and T is the tem-
perature. The pre-exponential factor, A, and the activation energy,
Ea, are normally assumed to be constants in the Arrhenius Equa-
tion, and they are independent of any environmental condition. The
Arrhenius Equation is a classical equation in chemical kinetics and
can be used in most practical environmental conditions. The
Arrhenius Equation can also be written as

ln lnk
Ea
R T

A= − +1 (4)

Equation 4 shows that lnk is linearly related with 1/T because
the pre-exponential factor, A, and activation energy, Ea, are con-
stant for given reactant. Thus, the pre-exponential factor and the
activation energy can be calculated from the lnk-1/T curve if the re-
action rate constants are measured at different temperatures. The
apparent chemical kinetics model can then be obtained by com-
bining Equations 2 and 4.

ln 1−( ) = − −x Ate E RTa (5)

This apparent chemical kinetics model can be used for all the
ORC working fluids because the derivational process in theory is suit-
able for any organic. The model is accurate enough when the
experimental temperature is not very high (to ensure the condi-
tion of the Arrhenius Equation) and the decomposition concentration
is not very big (to ensure the condition of first order reactions). Equa-
tion 5 shows that the variables in the model are the reactant
decomposition concentration, time and temperature. Thus, the re-
actant decomposition concentration at any time and temperature
conditions can be calculated once the pre-exponential factor and
the activation energy are measured.

3. Experiment

3.1. Chemicals

N-pentane was chosen as the working fluid because it is one of
the most promising ORC working fluids. The n-pentane samples were
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