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Preface

In the landscape of today’s energy conversion technologies, Organic Rankine Cycles
(ORC) play a key role in the increase of the efficiency of energy-intensive industrial
processes. Indeed, the adoption of ORC enables for the recovery of the available
waste heat and its conversion to useful power. In particular, this technology is
currently the most investigated one to convert the largest amount of available - and
otherwise lost - energy: low-temperature waste heat. Many applications of ORC exist
within the framework of waste heat recovery and this book aims to present some
noteworthy examples of studied and available low- and high-power applications.

The crucial difference between ORCs lies in the working fluid they employ. The
use of a specific working fluid imposes specific thermodynamic properties and,
thus, establishes cycle layout and types of components. The choice of the working
fluid mainly depends on the thermal characteristics of the available thermal source
(temperature profile and heat grade) and should ideally result from an optimisa-
tion process. The current limit of applied optimisation processes mainly lies in the
scarce flexibility and low accuracy of applied thermodynamic models and in the
declared lack of experimental data to validate calculations. The first section of this
book aims to provide researchers with proper tools to calculate and validate ther-
mophysical properties of ORC working fluids. This section contains two chapters.
The first one presents an accurate and predictive thermodynamic model to enable
the reliable calculation of thermodynamic properties of thousands of pure fluids
and their mixtures. The second chapter introduces a complete set of experimental
techniques for the measurement of thermophysical properties of ORC fluids. The
second section of the book introduces some theoretical and experimental studies
of ORCs: a review of different supercritical ORC (Chapter 3), ORC for waste heat
recovery from fossil-fired power plants (Chapter 4), and an experimental detailed
characterization of a small-scale ORC of 3 kW operating with either pure fluids or
mixtures (Chapter 5).

I wish to thank all the authors who contributed to the realisation of this book and
the members of the IntechOpen publishing process staff for their fruitful and
efficient cooperation.

Silvia Lasala
University of Lorraine,
France
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Chapter 1

A Predictive Equation of State to
Perform an Extending Screening
of Working Fluids for Power and
Refrigeration Cycles

Silvia Lasala, Andrés-Piia Martinez and Jean-Noél Jaubert

Abstract

This chapter presents the features of the Enhanced-Predictive-PR78 equation of
state (E-PPR78), a model highly suitable to perform “physical fluid screening” in
power and refrigeration cycles. It enables, in fact, the accurate and predictive (i.e.,
without the need for its preliminary optimization by the user) determination of the
thermodynamic properties of pure and multicomponent fluids usable in power and
refrigeration cycles: hydrocarbons (alkanes, alkenes, alkynes, cycloalkane, naph-
thenic compounds, and so on), permanent gases (such as CO,, Ny, H;, He, Ar, O,,
NH3, NO,/N,04, and so on), mercaptans, fluorocompounds, and water. The E-
PPR78 equation of state is a developed form of the Peng-Robinson equation of state,
which enables both the predictive determination of binary interaction parameters
and the accurate calculation of pure fluid and mixture thermodynamic properties
(saturation properties, enthalpies, heat capacities, volumes, and so on).

Keywords: thermodynamic cycle, pure working fluid, mixture,
thermodynamic models, translated-E-PPR78

1. Introduction

Performance and design of closed power and refrigeration cycles are basically
driven by the thermodynamic properties of their working fluids. This is the reason
why, since the early 1900s, many researchers have been stressing over the impor-
tance of optimizing the working fluid of these cycles and of selecting a proper
thermodynamic model to accurately calculate their properties.

Two approaches are currently applied to seek the optimal working fluid. The
first strategy consists in considering a limited number of existing pure fluids, the
“physical fluid screening.” Alternatively, authors apply a product design approach,
consisting in considering the molecular parameters of the working fluid as optimi-
zation variables; the resulting optimal fluid is thus fictive and is named here “fictive
fluid screening.”

The application of the “physical fluid screening” is preferably associated with
the use of equations of state whose accuracy has been properly validated over
experimental data of the considered set of existing fluids (see, e.g., [1-5]). The
preferred modeling option lies in the use of multi-parameter equations of state such
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as Helmholtz energy-based equations of state optimized by NIST (e.g., the GERG
[6], the Span and Wagner [7], and so on), m-Benedict-Webb-Rubin (BWR) [8],
Bender [9], and so on. Despite being highly accurate, these equations of state
require the availability of a huge number of fluid-specific parameters, and their
optimal values are thus provided by the model developer. An interesting chapter
[10] has been recently published by Bell and Lemmon to spread the use of multi-
parameter equations of state in the ORC community. However, at their current
state of development, these models are thus not sufficiently flexible to be used in a
screening approach extended to a population of hundreds of existing pure fluids
and mixtures. For the same reason, the use of these multi-parameter models in a
“fictive fluid screening” approach is inappropriate. To provide the reader with an
order of magnitude, more than 1000 of fluids could be considered in this physical
fluid screening procedure. The Design Institute for Physical Properties (DIPPR)
currently provides accurate experimental data in a database (DIPPR 801) for 2330
pure fluids. Refprop 10.0 (NIST) [11] currently allows for the accurate
representation of only 147 fluids.

To extend the range of considered fluids, studies present in the literature also
consider the use of more flexible equations of state, that is, models characterized by
a low number of parameters. If we focus on studies about closed power cycles, the
equations of state, which have mainly been applied, are as follows: PC-SAFT-based
model [12, 13] (which requires three molecule-specific parameters) in [14-16],
BACKONE equation of state [17] (with four molecule-specific parameters) in [18],
and the standard Peng-Robinson equations of state [19, 20] (with three parameters
for each pure fluid) in [21-23]. These authors considered a different number of
fluids. The one counting the highest considered number of fluids is the study by
Drescher and Briiggemann [21], with 700 pure fluids. To our knowledge, all the
other studies count less than 100 fluids (generally between 10 and 30). Peng-
Robinson equation of state is currently the most flexible model to perform an
extensive “physical fluid screening” of power and refrigeration working fluids. One
of the main conclusions of authors who applied and compared different thermody-
namic models (which is, unfortunately, rarely the case—we just found one study) is
that the use of the Peng-Robinson equation of state is reliable in comparison with
more accurate—but less flexible—multi-parameter equations of state [23].

Since 2004, Jaubert and co-workers have started publishing an improved version
of the Peng-Robinson equation of state (version of the year 1978, PR78), the
“Enhanced-Predictive-Peng-Robinson-78” (E-PPR78) [24-40]. Differently from
PR78, this model is entirely able to predict the properties of mixtures without the
need for its preliminary calibration over experimental data; moreover, the adjective
enhanced has been juxtaposed to its previous name (PPR78) in 2011 [41] to highlight
the improved accuracy in calculating mixing enthalpies and heat capacities
(with respect to the original PPR78 model).

This model is widely used in the Chemical Engineering community but, inexpli-
cably, remains unknown in the Energy Engineering one. The aims of this chapter
are thus to present this model, to outline the proper way to apply it according to
the latest advancements over pure fluid modeling [42-46], and to perform the
screening of pure and/or multicomponent working fluids for power and refrigera-
tion cycles.

2. From Peng-Robinson to E-PPR78 equation of state

The E-PPR78 model is an improved version of the equation of state published in
1978 by Peng and Robinson, the PR78 equation of state. This model has been
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developed to allow for the accurate and predictive (i.e., without the need for its
optimization over experimental data) application of the Peng-Robinson equation of
state to multi-component mixtures. We thus start with introducing the forerunner
PR78 equation of state:

RT a

Ly S A S W AT

1)

When applied to the ith pure component, 4 in Eq. (1) corresponds to the pure-
component cohesive parameter, a;, and b to its co-volume, b;. We will refer to a and
b to indicate the mixture cohesive and co-volume parameters. We will detail in the
following section how to calculate pure fluid 4; and b; (Section 2.1) and mixture a
and b (Section 2.2). Before continuing, it is worth warning the reader of the fact that
the original E-PPR78 model degenerates into the standard PR78 equation of state
when considering pure fluids.

2.1 PR78: the application to pure fluids

When applied to pure fluids, the standard Peng-Robinson equation of state
requires the definition of parameters a; and b;, calculated as reported in the
following:

R = 8.314472 ] mol 'K !
-1
X = [1 44— 22+ VAt 2\/5] ~ 0.253076587

RT,; X
b =Q % with: Q, = —— ~ 0.07780
" P, wi " X+3 77

R’T?, 8(5X +1)
i = Q% and Q, = S22 T 0 457235529
ai(T) = aca4(T) with { % P, 49— 37X

a;(T) is the so-called a — function

(2

The standard Peng-Robinson equation of state incorporates the Soave a-function
(19, 47]:

2
a(T) = [14+mi (1 /F)]
if ; <0.491 thenm; = 0.37464 + 1.54226w; — 0.269920?
if w; > 0.491 then m; = 0.379642 + 1.48503w; — 0.164423w? + 0.016666w?
(€)

However, in the last 4 years, two improved (i.e., thermodynamically consistent
[42, 48] and very accurate) a-functions have been developed and published
[44, 46]: a fluid-specific a-function and a generalized one, respectively, based on
the model Twu91 [49] and Twu88 [50]. The application of the fluid-specific a-
function Twu91 optimized in [46] guarantees the highest accuracy and requires
three parameters (L, M, and N) for each pure fluid (reported by Pina-Martinez et al.
[46] for 1721 molecules):

Ni(M;—1) M\ 72
a(T) = (TT ) - exp [Li <1— <TTA> )] (4)
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The generalized version of Twu88 [46] requires, similar to the Soave a-function,
the knowledge of the acentric factor of each pure fluid and takes the following form:

an= ()" o [u1- ()]

Li(w;) = 0.092507 + 0.6693w; + 0.0728
M;(w;) = 0.1695w7 — 0.2258w; + 0.8788

©)

The alternative use of the three a-functions recalled above leads to different
accuracies in the calculation of thermodynamic properties. A comparison is
reported in Table 1 between the PR equation of state incorporating the three
different a-functions and pseudo-experimental data made available by DIPPR [51].
Pifia-Martinez et al. also showed [46] that the modification of the a-function affects
in a very negligible way the accuracy on volume calculations. To improve volumes,
a further modification is required, as explained in Section 2.3.

2.2 From PR78 to E-PPR78: the application to mixtures

The application of the PR equation of state to a mixture requires the selection of
mixing rules for calculating mixture cohesive and co-volume parameters, @ and b.
Classical Van der Waals one-fluid mixing rules are used in the original PR78 model:

a(T,2) = 3° 5 2z /arTIa (T (1 — ky)

i=1j=1

N
b(z) = ) zib;
i=1

(6)

The k;; parameter is the so-called binary interaction parameter characterizing the
molecular interactions between molecules i and j. The most accurate application of
the original PR78 model requires the empirical optimization of the k;; parameter
over, at least, vapor-liquid equilibrium experimental data.

In 2004, Jaubert and Mutelet [24] proposed a model to predictively calculate the
kij parameter by means of the application of a group contribution method. This
method allows to estimate and predict the k;; parameter by combining the molecular
characteristics of elementary groups in which each molecule can be subdivided.
This model is the most physically grounded model to determine the k;; binary

a-Function Soave, Generalized TwuS88, Fluid-specific Twu91,
Eq. (3) Eq. (5) Eq. (4)

MAPE on P*** (1721 compounds) 2.8% 1.8% 1.0%

MAPE on A, H (1453 3.1% 2.7% 2.9%

compounds)

MAPE on ¢, " (829 7.1% 4.1% 2.0%

compounds)

Data have been collected from [46].

Table 1.
Comparison of the mean average percentage errors (MAPEs) calculated with PR incorporating either the Soave
a-function or the generalized Twu88 a-function or fluid-specific Twug1 a-function.
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interaction parameters of PR-78 equation of state, and its use is extremely
recommended to predictively calculate thermodynamic properties of multi-
component mixtures. The expression provided by this model to predictively calcu-
late the binary interaction parameter is as follows:

By 2
N, N, (__1) (T (T
| S 0~ ) - () | - (57 )

ai(T)a(T)
b,‘h]‘

ki(T) =

2
@)

where a; and b; are the energy and co-volume parameters of the ith molecule,
given in Eq. (2); N, is the number of different groups defined by the method; and
ay, is the fraction of molecule i occupied by group k (occurrence of group k in
molecule i divided by the total number of groups present in molecule 7). A;; and By,
the group-interaction parameters, are symmetric, Ay = Ay, and By, = By, (where &
and [ are two different groups), and empirically determined by correlating experi-
mental data. Also, Ay, = By, = 0. The inclusion of this predictive expression for k;; in
the PR78 equation of state results in the Predictive-PR78 (PPR78).

It is worth recalling the historical development of the process of optimization
of Ay and By, provided by the model developers. These parameters have initially
been optimized over only vapor-liquid equilibrium data of binary mixtures. The
model resulting from the use of these so-optimized group contribution parameters
is called PPR78 (Predictive-Peng-Robinson equation of state). Lately, authors
recognized that the inclusion of enthalpy and heat capacity data in the optimiza-
tion process does not affect the accuracy in modeling VLE properties but improves
extraordinarily the accuracy in calculating enthalpies and heat capacities of mix-
tures. So, starting from the year 2011 [41], published A, and By; have been
obtained by minimizing the errors between model calculations and experimental
data relative to VLE, mixing enthalpy and heat capacity properties. The model
resulting from the inclusion of these group contribution parameters is called
Enhanced-Predictive-PR78 equation of state (E-PPR78). The last optimized
values of Ay, and of By, are reported in Table S1 of Supplementary Material of [39]
for 40 molecular groups.

The optimization of these parameters has been performed over more than
150,000 experimental data and developed over more than 15 years. Even if prefer-
able, that would be quite time-expensive if there was the need to re-optimize these
group contribution parameters when changing any feature of the cubic equation of
state (e.g., the a-function) or the cubic equation of state itself. Thankfully, it has
been demonstrated [52] that it is possible to rigorously determine k;; of any equation
of state, knowing those of the original E-PPR78. In particular, it is possible to easily
replace the Soave a-function, originally present in E-PPR78, with one of the
improved functions presented in Section 2.1 (Egs. (4) and (5)) and to use Ay, and
By, parameters of the Soave-based E-PPR78 by applying, instead of Eq. (7):

T/K

By 2
N N (—71) [amod (T /a™d(T)
_% D ko1 2l (aik - “jk)(ail - “jl)Akl (298'15) . ] - ( azbi e ]bj

ki(T) =

arod(T)ar(T)
bib;

(8)
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With respect to Eq. (7), this expression incorporates the pure component energy
parameters calculated from the modified a-function. If we consider Twu
mod given by:

a-function, we will thus use ]

a4 (T) = a.;a™(T) 9)
It is worth observing that for the systems for which the Soave a-function is
already very accurate (i.e., mean average percentage errors of the order of 1% for
saturation pressures and of 2% for vaporization enthalpies and liquid heat capaci-
ties), the k;; in Eq. (7) (i.e., the standard E-PPR78 model, with the Soave function) is
able to provide the best reproduction of mixture data. The alternative use of a more
accurate a-function (which thus improves pure fluid calculations) and Eq. (8), to
enable the use of original A, and By, group contribution parameters optimized with
the original Soave-based E-PPR78, slightly deteriorates the results on mixtures (e.g.,
in the case of mixtures of alkanes). Clearly, the best would consist in re-optimizing
all group contribution parameters using the best a-function directly in Eq. (7)
instead of using the less-time-consuming Eq. (8) to derive the modified k;;(T)
parameters. However, even adopting the simplified approach consisting in using
Eq. (8), the predictive capability of this model remains very accurate for modeling

xl

0.0 0.2 0.4 0.5 0B 1.0

Figure 1.

Isobar vapor-liquid equilibrium phase diagrams for the system n-butane (1)-n-hexane (2) (a) and isothermal
vapor-liquid equilibrium phase diagrams for the system 1-butene (1)-R610 (2) (b), CO, (1)-R134a (2) (c),
R116 (1)-ethylene (2) (d). Lines vepresent calculations with E-PPR78 with Twu91 alpha-function, Eq. (4)
(b). Bubble points are indicated in ved, dew points in blue. Black points represent calculated pure component
saturation pressuves. (a) P (bar) = 10.132 (continuous line), 25.855 (long-dashed line), 32.75 (long- and
short-dashed line), and 37.921 (short-dashed line); (b) T (K) = 312.92 (continuous line), 327.93 (long-
dashed line), and 342.93 (short-dashed line); (c) T (K) = 252.95 (continuous line), 329.60 (long-dashed
line), 339.10 (long- and short-dashed line), and 354.00 (shovt-dashed line); and (d) T (K) = 251.00
(continuous line) and 275.00 (short-dashed line).
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Figure 2.

Isothermal VLE diagrams of the benzene (1)—cyclohexane (2) system, at 298.15 K. Lines represent calculations
with standard E-PPR78 (a) and E-PPR78 with Twu91 alpha-function, Eq. (4) (b). Bubble points are
indicated in ved, dew points in blue. Green points represent calculated pure components saturation pressures.

closed power cycle working fluids and refrigerants (see the examples reported in
Figure 1).

However, there are systems for which the Soave model is very inaccurate and
the use of Twu a-function with Soave-based E-PPR78 A, and By, parameters highly
improves results. By way of example, we present a pivotal binary mixture, benzene-
cyclohexane, for which the standard PR equation of state (i.e., with the Soave a-
function) does predict in a very inaccurate way of pure component saturation
pressures. The original E-PPR78 equation of state, based on standard PR, is thus not
very accurate in predictively modeling mixture saturation pressures because of the
basic incapacity of the PR equation of state in modeling pure fluid properties (see in
Figure 2a). However, if the Soave a-function is replaced with a more accurate a-
function (given, e.g., by Eq. (4)) and if we then use Eq. (8) (with the Soave-based
E-PPR78 A, and By, parameters reported in [39]) to represent benzene (formed by
six groups CH,,,) and cyclohexane (formed by six groups CH, cyiic), we obtain the
graph as shown in Figure 2b. The accuracy is thus strongly improved without the
need of re-optimizing any parameter.

Considering the above remarks, we suggest the replacement of the Soave a-
function with the Twu one, in E-PPR78, thus applying Eq. (8) and Soave-based E-
PPR78 group contribution A;; and By, parameters.

2.3 Volume correction

It is well known that one of the main limitations of cubic equations of state is
their inaccuracy in high predicting liquid densities. Péneloux et al. [53] showed that
it was possible to come up with this problem by adding a translation term to the
volume. This translation consists in correcting the volume resulting from the reso-
lution of the cubic equation of state (Eq. (1)) as follows:

* In case of pure fluids:
(T, P) = v;(T,P) —¢; (10)
¢ In case of mixtures:

v (T,P,z) =v(T,P,z) — ¢

N, 11
c=Y ¢ -z (linear mixing ruleforc) (11)
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In a recent publication, some accurate generalized (i.e., predictive) expressions
for the translation term are optimized over 475 compounds, available in the DIPPR.
For the Peng-Robinson equation of state, it is provided as follows:

_ RT,;
B Pc,i

Ci

A databank of Rackett compressibility factors, zgra, for 1489 components is
available in Supplementary Material of [46]. The application of this translation has
been observed to greatly improve the mean average percentage errors on calculated
volumes. Considering the same 1489 pure fluids, the authors attested, in the same
work, that the error in calculating the volume of the liquid phase at saturation
condition is reduced from 8.7% (PR without translation) to 2.2% (PR with transla-
tion in Eq. (12)). If zg, is not available, authors suggested the use of the following
expression, where the translation term is only a function of the acentric factor.

_RT,,

(X}

(0.0096 + 0.0049 - ;) (13)

Ci

Jaubert et al. [45] were able to demonstrate that entropy (s), internal energy (u),
Helmbholtz energy (a), constant pressure and constant volume heat capacity (c, and
¢,), vapor pressure (P*), and all properties change of vaporization (AvapH, ApiyS,
ApapU, ApapA, AyapCp, and A,,,C,) of pure fluid properties are not influenced by a
temperature-independent volume translation.

It can be thus deduced that the addition of a translation term and the modifica-
tion of the a-function have unlinked effects: the utilization of a volume translation
improves volume calculations without affecting the abovementioned thermody-
namic properties, while the use of an improved a-function improves subcritical and
supercritical properties without deteriorating density calculations (see Conclusion
reported in Section 2.1).

The application of both the consistent-Twu a-function (either Eq. (4) or Eq. (5))
and the volume translation in Eq. (12) results in the most accurate generalized cubic
equation of state available in the literature.

For completeness, we would like to observe that, other than volume, also
enthalpy and speed of sound are affected by the inclusion of a temperature-
independent volume translation term (see [45]). However, the impact of such a
translation on the calculation of enthalpy differences and of speed of sound is really
negligible. In fact, it can be mathematically demonstrated from the use of relations
presented in [45] that the enthalpy variation calculated with the translated cubic
equation of state, Ah,, and the one calculated with the nontranslated form, Ahy, are
related by the following relation:

Ah;
ht(Tl,Pl)7ht(T2:P2):1_ci'(P17P2) (14)
ho(T1,P1) — ho(T2, P) Ahyg

Ahyg

So, first, it can be observed that isobar enthalpy variations are not affected by
the inclusion of a volume translation term. Moreover, it can be shown that, in
general, for temperature and pressure conditions relevant for power and refrigera-
tion cycle applications, the term ¢; - (P; — P,)/Ahg is much lower than 0.001 for
gaseous systems and lower than 0.005 for liquid systems. As regards the speed of
sound, it can be mathematically derived that ratio between the speed of sound

10



A Predictive Equation of State to Perform an Extending Screening of Working Fluids for Power...
DOI: http://dx.doi.org/10.5772/intechopen.92173

determined with the translated cubic equation of state, w;, and the one calculated
with the nontranslated EoS, wy, is given by:

w(T,P) 1 c
wo(T,P)  \|~ o(T,P)

(15)

which generally varies between 0.990 and 1.020 for liquid systems and is equal
to 1.000 for vapor systems. These quantifications have been performed considering
toluene, R134a, butane, propane, and ammonia.

3. Conclusion

Despite its simplicity and flexibility, E-PPR78 is a model that guarantees one of
the most reliable predictive determinations of the thermodynamic properties of
working fluids for power and refrigeration cycles. Being by definition a predictive
model, its use is highly suggested to look for the best working fluid candidate over
thousands of pure and multi-component fluids.

In this chapter, we presented the model and suggested to modify the Soave-
based-original-E-PPR78 model by using the Twu a-function, to allow for the more
precise representation of systems for which the Soave one is not sufficiently accu-
rate. Finally, we recalled that the inclusion of a volume translation term in the
E-PPR78 model highly improves the errors in the calculation of densities without
affecting the rest of the, already accurate, properties.
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Chapter 2

EXperimental Determination of

Thermophysical Properties of
Working Fluids for ORC
Applications

Christophe Coquelet, Alain Valtz and Pascal Théveneau

Abstract

The design and optimization of Organic Rankine Cycle (ORC) require
knowledge concerning the thermophysical properties of the working fluids:
pure components or mixtures. These properties are generally calculated by
thermodynamic and transport property models (thermodynamic or equation of
state or correlations). The parameters of these models are adjusted on accurate
experimental data. The main experimental data of interest concern phase equilib-
rium properties (noncritical and critical data), volumetric properties (density and
speed of sound), energetic properties (enthalpy, heat capacity), and transport
properties (dynamic viscosity and thermal conductivity). In this chapter, some
experimental techniques frequently used to obtain the experimental data are
presented. Also, we will present some models frequently used to correlate the data
and some results (comparison between experimental data and model predictions).

Keywords: working fluid design, experimental techniques, transport properties,
thermodynamic properties, equations of state

1. Introduction

The utilization of energy available at low, average, and high temperature can
be one solution to reduce the energy consumption particularly the fossil energy and
to reduce emission of CO; in the atmosphere. Closed power cycle (Brayton cycle
and ORC) proves to be the solution to convert heat sources into energy. Heat source
can come from geothermal, solar, and biomass energy or from processes and energy
systems. In general, the conditions of the heat source are fixed, and a tempera-
ture glide may be observed. In consequence, it is necessary to design the most
suitable cycle architecture and to select the best working fluid in order to obtain the
best performance and design of each component of the system. The selection of
fluid requires thermodynamic models, and these models currently need experi-
mental data in order to optimize their parameters. The knowledge of experimental
techniques is very important to measure the thermophysical properties and to
estimate their experimental uncertainties. The choice of the most suitable technique
depends on the type of data to be determined, the range of pressure and tempera-
ture, the precision required, and the composition of the mixture if necessary.
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In the literature several studies published concerning the investigation of

working fluid for ORC applications exist. We will not present and described all

the working fluid investigation. In 1985, Badr et al. [1] have examined around 68
pure working fluids (including natural fluid and hydrofluorocarbons) and given the
main characteristic of the working fluids and their impacts on heat exchangers and
turbine design. We can notice that in 1985, chlorofluorocarbon were not defini-
tively banned. More recently, Saleh et al. [2] made a screening of 31 pure working
fluids. They concluded that the thermal efficiency is better if the critical tempera-
ture of the working fluid is higher as possible. To increase the performance of heat
exchangers and so reduce their size, Maizza and Maizza [3] suggest to use fluid with
high density and high heat of vaporization. In 2012, Liu et al. [4], in the context of
power generation, presented a two-stage Rankine cycle for electricity power plants.
Ten pure working fluids from different chemical families (aromatics,
hydrofluoroolefin, hydrofluorocarbons, hydrocarbons, ammonia) were tested.
They concluded that the performance was not affected by the fluid selected.

They concluded that selection would be realized on installation volume, size of

the different components in the cycle, environmental protection, and operator
safety. In 2017, Rahbar et al. [5] published a complete review of ORC for
small-scale applications. In their paper, they present some main characteristic of
the working fluid.

2. Description of Organic Rankine Cycle

An Organic Rankine Cycle is composed of a boiler/evaporator, a condenser, a
pump, and a turbine (expander). The main application of ORC concerns the trans-
formation/utilization of heat source at low or intermediate temperature (around
80°C). Figure 1 reminds the schematic diagram of ORC. The pump compresses the
liquid state working fluid until its desired pressure (and so temperature). The liquid
is heated and vaporized in the boiler/evaporator which is also called the generator of
vapor (the heat source). The vapor state working fluid is expanded in the turbine.
During this operation electricity can be produced thanks to a generator. At low
pressure, the working fluid is cooled in the condenser.

The cycle performance depends on the architecture of the system but also on the
chosen working fluid and the operating conditions. The Figure 2 presents a typical
T-s diagram of an ORC with a heating and cooling medium.

Evaporator
Pump

=1 )

Generator

Condenser Expander

Figure 1.
Schematic diagram of ORC.
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Figure 2.
Temperature-entropy diagram of the simple ORC. In green, working fluid; in red, heating medium; in blue,
cooling medium.

3. Working fluid selection: characteristics

The choice of a working fluid is very crucial in the ORC systems. The working
fluid should guarantee the cycle performance and system efficiency and must be
adapted to the operating conditions of the system (temperature, pressure). Also
hygiene, safety, and environment (HSE) aspects of the fluid have to be taken into
account: the working fluid should satisfy the environment protection standards and
ensure the safety of the operators. Moreover, the thermophysical properties of the
working fluids impact strongly on component’s size.

As the efficiency of the cycle is better for fluids with high critical temperature
value [6], the working fluids are often heavy compounds with important molecular
weight and low boiling point. Three types of organic fluids exist: dry, isentropic,
and wet fluids. Figure 3 presents the T-S diagrams of these fluids. For dry fluid, dT/
dS > 0, and for isentropic fluid, dT/dS = 0. It signifies that during expansion, there is
no formation of liquid droplet. For wet fluid, dT/dS < O (like water). During
expansion, liquid droplets are formed and can damage the equipment. So, it can be
necessary to add a superheating equipment.

In general, fluorinated components are used as working fluids. It is important to
note that in 2014, European F-gas directive plans the prohibition of fluorinated
working fluids with GWP of 2500 or more from 2020. The 2009 F-gas regulation
fixes the limits of GWP for each year (Bolaji [7]). In 2018, the objective was to use
fluids with GWP < 1300 close to the GWP of R134A (GWP = 1300). In 2020, the
objective is to use fluids with GWP < 1000. In order to reach the objectives in terms
of GWP, two solutions exist: the first one consists of the development of new fluids
with low GWP values, such as hydrofluoroolefins (HFOs). The second one consists
in developing new blends of refrigerants, less than four components [6]. With the
existing equipment retrofit aspects are also very important. For all the cases, it is
important to consider the thermophysical properties for the selection of the organic
working fluid.

3.1 Chemical properties
Critical temperature: In order to guarantee ORC efficiency, the critical tem-

perature of the chosen fluid should be as high as possible and close to the maximum
temperature of the heat source.
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Figure 3.

Types of organic fluids (dry, isentropic, and wet) (Liu [6]).
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Triple point temperature: As low as possible, the working fluid should not be
freezing in ORC under low temperature condition (cold source).

Molecular weight: The larger is the molecular weight, the smaller is the specific
enthalpy drop, and the lower is the number of stages required for the expander.

Thermal stability: The working fluid should not have the possibility to decom-
pose itself under high pressure and high temperature conditions.

Safety and environment impacts: Nontoxic and non-flammable organic fluid is
required to protect the personnel in case of fluid leakage. Also, the working fluid
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should have zero ozone depletion potential (ODP), minimal global warming poten-
tial (GWP), and low atmospheric lifetime (ALT).

Material compatibility: The working fluid should be non-corrosive and should
have a non-eroding characteristic in order to guarantee the integrity of the compo-
nents of the ORC.

3.2 Thermodynamic properties

Phase diagram: The knowledge of pure component phase diagram (mainly the
pure component vapor pressure) is very important in order to know the physical
state of the fluid. Concerning mixtures, the phase diagrams are more complex.
Recently, Privat and Jaubert [8] have revisited the Scott and van Konynenburg [9]
(Figure 4) classification of binary systems. Depending on the temperature and
pressures conditions, vapor-liquid equilibrium but also vapor-liquid-liquid equilib-
rium (VLLE) and liquid-liquid equilibrium (LLE) can appear.

Density and specific volume: Working fluids with low specific volume lead to
low volume flow rates and so have a non-negligible impact on the sizing of heat
exchangers and expanders (low volume of vapor at the outlet).

Latent heat: In general, a working fluid with high heat of vaporization is pref-
erable as more heat is absorbed during the evaporation step. But in case of the
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Figure 4.
Scott and van Konynenburg classification [9].
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utilization of low-grade waste heat, it is better to use fluids with low latent heat of
vaporization [5].

Speed of sound: The speed of the sound of the fluid limits the flow of fluid
flowing in the expander. This parameter directly influences the size and therefore
the cost of an ORC turbine.

The other thermodynamic properties are also useful but not crucial for the
selection for the working fluid (heat capacity, surface tension).

3.3 Transport properties

Dynamic viscosity: Low dynamic viscosity for both liquid and vapor phases is
preferable in order to reduce the friction losses and to maximize the heat transfer
(reduction of the size of the heat exchangers, particularly heat surface exchange).

Thermal conductivity: High values of thermal conductivity are preferable in
order to reduce the size of the heat exchangers (mainly surface of exchange).

4. Experimental techniques for the estimation of thermophysical
properties

In this section, we will present several experimental techniques used for the
experimental determination of thermodynamic and transport properties. Experi-
mental methods for the investigation of thermophysical properties belong either to
closed or open circuit methods.

Closed circuit methods: They can be divided into two main classes, depending
on the method considered to determine the composition: static-analytic methods
and static-synthetic methods. For the analytic methods, the composition of each
phase is obtained by analyses after sampling (direct sampling method). For the
synthetic methods, the global composition of the mixture is known a priori. No
sampling is necessary.

Open circuit methods: There are several different techniques based on this
principle. The mixture circulates through an equipment composed of sensitive
element where the measurement of the thermophysical properties is realized. We
can cite critical point measurement as an example of utilization of this technique.
Also the densitometer technique developed by Galicia-Luna et al. [10] and Bouchot
and Richon [11] which is a synthetic method can be classified as an open circuit
method. A mixture with known composition circulates through a vibrating U-tube.
Dynamic viscosity measurement can be also classified in this rubric.

4.1 Equilibrium properties and critical point

Synthetic or analytic methods can be considered for the determination of equi-
librium properties. Vapor-liquid equilibrium properties can be obtained using the
“static-analytic” method. Herein, the mixture is enclosed in an equilibrium cell
equipped with a mixing mechanism to get fast equilibrium conditions. When the
equilibrium is reached, small quantities of the phases are sampled and analyzed
through chromatographic analyzers. A complete description of the setup is available
in Wang et al.’s [12] paper. The apparatus is similar to the one present on Figure 5.
Capillary samplers like ROLSI™ (Armines’s patent) can be used to take samples.

The variable volume cell technique (Figure 6) can be cited as a static-synthetic
method [13, 14]. The components of the mixture are introduced separately, and the
composition is known by weighing procedure or after analysis. The volume of the cell
is modified with a piston to study bubble points. At fixed temperature, saturating
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LB

Figure 5.

chel’lmatic diagram of the static-analytic apparatus. EC, equilibrium cell; LV, loading valve; MS, magnetic
stirver; PP, platinum resistance thermometer probe; PT, pressure transducer; RT, temperature regulator; LB,
liquid bath; TP, thermal press; C1, more volatile compound; C2, less volatile compound; V, valve; GC, gas
chromatograph; LS, liquid sampler; VS, vapor sampler; SC, sample controlling; PC, personal computer; VP,
vacuum pump.

properties (pressure and saturated molar volume) of the mixture are determined
through the pressure vs. volume curve recorded that displays a break point.
Isochoric method (Figure 7) can be used also to measure the dew point of
multicomponent system. The components of the mixture are introduced separately,
and the composition is known by weighing procedure or after analysis. The mixture is
introduced at its vapor state, and then the temperature slowly decreases. The pressure
and temperature are recorded. When the first drop of liquid appears, a break in the
P-T curve is observed. The break point corresponds to the dew point. This technique
is identical to the technique used to determine gas hydrate dissociation points [15].
Concerning critical point measurement, it is necessary to use a special device.
The technique is based on dynamic-synthetic method where the mixture is
circulating through the equilibrium cell (Figure 8) under specific conditions of
temperature and pressure. A critical point can be determined by visually observing
the critical opalescence and the simultaneous disappearance and reappearance of
the meniscus, i.e., of the liquid-vapor interface from the middle of the view cell.

4.2 Volumetric properties or densities

It is well known that density is required for the development of equations of
state and the development of models for mass and heat transfers. Several techniques
which can be used to measure the density exist. We can cite the hydrostatic balance
densitometer coupling with magnetic suspension (single-sinker method from
Wagner et al. [16]), density measurement with vibrating bodies, bellows [17], and
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Figure 6.

Example of equipment which can be used for bubble point measurement. DAU, data acquisition unit; DDD,
digital displacement display; DT, displacement transducer; GC, gas cylinder; LB, liquid bath; LVi, loading
valve; P, piston; PM, piston monitoring; PN, pressurized nitrogen; PP, platinum probe; PT, pressure
transducer; PV (VP), vacuum pump; R, gas rveservoir; SD, stirring device; SB, stirring bar; ST, sapphire tube;
TR, thermal regulator; Vi, valve; VVCM, variable volume cell.

isochoric method [18]. More details concerning these techniques of measurements
(and others) are detailed in the IUPAC book dedicated to experimental thermody-
namics [19]. Herein, we will only describe the technique based on vibrating tube
densitometer.

A mixture with known composition can circulate through a vibrating U-tube
(static or dynamic mode). Density is deduced from careful calibration using refer-
ence fluids. This apparatus can be used to obtain (PpT) data of compressed phases.
A complete description of this technique is available in the papers of Coquelet et al.
[20]. This technique is not very recommended close to the critical point. In effect,
vibration of the tube may provoke a phase transition. Other techniques based on
isochoric method can be used also to determine the volumetric properties at the
vicinity of the critical point [21] (Figure 9).

4.3 Speed of sound

The speed of sound data is also very important to determine the equation of state,
and it is linked to other thermodynamic properties. In effect, the isothermal compress-
ibility kr is related to the isentropic compressibility ks via Maxwells relations (Eq. (1)):

T
KT = Ks + ava'—p (1)

InEq. (2),v [m>/mol] is the molar volume of the compound, Cp is the heat
capacity [J/mol], and ks is the isentropic compressibility ks = —2 (%), [Pa™'] and is
determined thanks to the measurements of speed of sound ¢ [m/s] and density
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Example of equipment which can be used for dew point measurement. DW, degassed water; DAU, data
acquisition unit; EC, equilibrium cell; GC, gas cylinder; LPT, low pressure transducer; LPT, high pressure
transducer; LB, liquid bath; PP, platinum probe; SD, stirving device; TR, temperature regulator; VP, vacuum
pump; VVC, variable volume cell; PF, pressurizing fluid; DT, displacement transducer.

LB

p [kg/m’] reached in this work. Indeed, these three properties are linked in the liquid
phase viac =/ é. Like with density measurement, several techniques which were

developed to obtain the value of speed of sound exist. The spherical resonator devel-
oped by Mehl and Moldover [22] (with high accuracy in gases), Trusler and Zarari
[23], and Benedetto et al. [24] can be cited as example. For liquid and dense fluid,
pulse-echo techniques are preferred for measuring the speed of sound particularly at
high pressure. More details concerning these techniques of measurements (and
others) are detailed in the IUPAC book dedicated to experimental thermodynamics
[19]. Herein, we will describe one technique used at Heriot-Watt University [25].
Figure 10 describes the cell of measurement. A cylindrical acoustic cell with well-
known dimension is considered to measure the sound speed in the fluid using through-
transmission method of ultrasonic testing. In this method, a transducer is located on
one side of the cell, and a detector is placed on the opposite side of the acoustic cell
(electric signal is converted into ultrasound waves and vice versa). An oscilloscope is
used to observe the waves. Speed of sound is obtained by dividing the period of the
waves by the distance between the speed of sound transducer and detector.

4.4 Heat capacity

The determination of isobaric heat capacity is done using a differential scanning
calorimeter (DSC). The equipment is composed of two cells: one is the measurement
cell, and one is the reference cell. A sample is introduced into the measurement cell,
and a temperature ramp is applied. Knowing the heat flux transferred (absorbed or
released, ¢ = (%)) and the ramp, it is possible to estimate the heat capacity (Eq. (2)):
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Figure 8.

Schematic diagram of the critical point measurement apparatus. DAU, data acquisition unit; FV, flow
regulation valve; HE, heat exchanger; MR, magnetic rode, O, oven; PN, pressurized nitrogen; PP, platinum
probe; PT, pressure transducer; ST, sapphire tube; SP, syringe pump; TR, temperature vegulator; Vi, valve;
VVC, variable volume cell; VP, vacuum pump; W, waste.

®

Figure 9.

Flow diagram of the vibrating tube densimeter [20]. (1) loading cell, (2a and 2b) vegulating and shutoff
valves, (3) DMA-512P densimeter, (4) heat exchanger, (5) bursting disk, (6) inlet of the temperature
regulating fluid, (7a and 7b) vegulating and shutoff valves, (8) pressure transducers, (9) vacuum pump,
(10) vent, (11) vibrating cell temperature probe, (12) HP 53131A data acquisition unit, (13) HP34970A
data acquisition unit, (14) bath temperature probe, (15) principal liquid bath.

Cr=o¢ / (g) @)

In Eq. (4), H is the enthalpy, T is the temperature, and t is the time. A complete
description of this technique is available in the paper of Al Ghafri et al. [26].
Figure 11 presents a short description of the technique.
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View of the acoustic cell of equipment designed by Ahmadi et al. [25].
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Differential scanning calorimeter used for measurements of the isobaric heat capacities of liquid refrigerant
mixtures from Al Ghafri et al. [26].

4.5 Transport properties
4.5.1 Interest of transport properties in engineering

Chemical and mechanical engineers use correlations with nondimensional num-
bers (Eq. (3)) to estimate heat transfer coefficient (k) essential for the estimation of

global heat transfer coefficient of the heat exchanger and so the design of heat
exchangers:

Nu = ARe*Pr’ (3)
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In Eq. (1), Nu is the Nusselt number Nu = hl—L, Re is the Reynolds number
Re = ’%L, and Pr is the Prandtl number Pr = % with h being the heat transfer

coefficient [J.m 2], L a characteristic length [m], A the thermal conductivity [].
m '], p the density [kg.rn3 1, p the viscosity [Pa.s], Cp the heat capacity [J.mol %
K '], and v the speed of the fluid [m.s™']. The correlation can be modified with the

_plv?

utilization of Weber number (We Y is the surface tension) taking into

account the effect of interfacial tension during the formation of the bubble of gas in
the evaporator or drop of liquids in the condenser.

We remind that for a heat exchanger, global heat transfer coefficient (U)
depends on the local heat transfers (h) of the two fluids and the thermal conduc-
tivity of the material of the heat exchanger.

4.5.2 Dynamic viscosity

Like density measurements, several techniques to determine viscosity of fluids
exist. For example, we can cite the falling ball technique [27], capillary technique,
vibration quartz [28], and vibrating bodies [29, 30]. We invite the reader to have a
look in the paper from Le Neindre [31] for a complete overview of the techniques of
measurement. Herein we will only describe the viscometer used to measure
dynamic viscosities using the capillary tube viscosity method. A schematic view of
the setup used at Heriot-Watt University is shown in Figure 12. The apparatus is
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Figure 12.
Schematic diagram of the setup used for dynamic viscosity measurement [32].
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comprised of two small cylinders connected to each other through a capillary tube
and a temperature-dependent calibrated internal diameter. A complete description
of this technique is available in the paper of Kashefi et al. [32]. The temperature of
the system was set to the desired condition, and the desired pressure was set using
the hand pump. Poiseuille equation (Eq. (4)) (in laminar flow conditions) can relate
the pressure drop across the capillary tube to the viscosity, tube characteristics, and
also flow rate for laminar flow:

 128LQu

AP ="t “

In Eq. (3), AP is the differential pressure across the capillary tube viscometer in
psi, Q represents the flow rate in cm*/sec, L is the length of the capillary tube in cm,
D refers to the internal diameter of the capillary tube in cm, p is the dynamic
viscosity of the flown fluid in cP, and C is the unit conversion factor equal to
6,894,757 if the above units are used.

4.5.3 Thermal conductivity

Several techniques exist to measure the thermal conductivity of fluids [33].
Among those methods, the transient hot-wire method is considered to be the most
used technique and to be a very accurate and reliable technique to measure this
thermophysical property. The basic theory of the transient hot-wire method is
presented in Healy’s paper [34], and procedure of measurement is fully described in
the paper of Marsh et al. [35]. Generally, a transient hot-wire apparatus consists of
one highly pure platinum wire, a current source, a voltage meter, a data acquisition
system, and a computer (Figure 13). The current source provides a constant current
for the platinum wire, which is embedded in the tested fluid. Then the temperature
of the wire will rise because of the Joule effect. Subsequently, the temperature of the

to SM M
o pw

T

_SD

Figure 13.
View of the thermal conductivity cell (hot-wire method). LB, liquid bath; C, cell; LV, loading valve; M, motor;
PW, platinum wire; MR, magnetic rod; SD, stivring device; to SM, to SourceMeter.
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fluid will also change as a result of the heat conduction between the wire and the
fluid (heat radiation and convection are in general neglected). The temperature rise
of the platinum wire as a function of the duration t is given by Eq. (5):

_ 9 g, (At
AT = <r2 C) ©)

In Eq. (5), A is the thermal conductivity of the sample, q is the constant power
provided to the wire, W/m. k is the thermal diffusivity of the fluid, r is the radius of
the hot wire, and C is Euler’s constant, whose value is 1.781. As the relation between
the AT and In(t) can be determined through the experiments, the thermal conduc-
tivity of the tested fluid can be calculated using this equation. Compared with other
methods, the convenience, accuracy, and the short duration of transient hot-wire
method make it a widely used method nowadays.

5. Data treatment

Process or system simulator required models or correlation in order to define the
best operating conditions (T, P, flow, compositions) with the maximum of effi-
ciency and the best coefficient of performance (COP) but also to design each
component (heat exchangers, expanders, valves, expander). In this section we will
just present few models which can be used with the experimental data in order to
predict the phase diagrams and thermodynamic and transport properties.

5.1 Thermodynamic models

In this section, we propose a presentation of three types of thermodynamic
models. These models are briefly described. The main difference concerns the
number of parameters we have to adjust and so the quantity and type of experi-
mental data we have to acquire in order to adjust the parameters.

The thermodynamic properties are obtained by using equations of state (EoSs).
In the process simulators, the most famous EoSs are of cubic type, such as Eq. (6):

p_ RT aa(T)

= — 6
v—b V24 uvbh+wh? ©)

In Eq. (6), R is the ideal gas constant, a and b are the parameters of the EoS
calculated using the critical temperature (Tc) and pressure (Pc) of each component,
and o(T) is a function of temperature, acentric factor, Tc, and Pc. u and w are other
parameters.

Another type of equation of state of the molecular type can be used. The Helm-
holtz energy is calculated by considering all the molecular interactions like disper-
sion, polarity, H bonding (association), etc. Equation (7) describes the method of
calculation of the Helmholtz energy A:

A A Ideal ASegment A Chain AAssociation
= + + -
Nk,T ~ Nk,T ' Nk,T ' Nk,T ' Nk,T

@)

In Eq. (7), ky, is the Boltzmann constant, T is the temperature, and N is the mole
number. The most known molecular EoSs of this type are SAFT type. Based on the
Wertheim'’s statistical theory of associative fluids (1984), Chapman et al. [36]
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developed the first EoS SAFT (statistical associating fluid theory) called SAFT-O.
Many versions exist today, such as SAFT-VR [37], PC-SAFT [38], and SAFT Mie
[39]. The various versions differ mainly in the choice of the reference fluid, the
radial distribution function, and explicit expressions of the terms of perturbation.
The last type of equation of state which can be used to estimate the thermody-
namic properties is based on multi-fluid approximation. It is well known that from
the knowledge of Helmholtz energy, all thermodynamic properties can be calcu-
lated. This equation of state is explained in terms of reduced molar Helmholtz free
energy (Eq. (8)). Temperature and density are expressed in the dimensionless vari-
ables § =~ and 7 =
A(Tﬁ /)779?)

RT :a(Tﬁpr_c) :aid(Tﬁpw)_C) +aws(Tﬁpra‘9_C) (8)

In Eq. (8), the exponent “id” stands for the ideal gas contribution, and exponent
“res” is the residual contribution. p, and T, are the reduced density and tempera-
ture, respectively. Concerning the development of equation of state for the mix-
tures, the first possibility is to consider mixing rules for each parameter like in the
cubic equation of state. The best approach is to consider the multi-fluid approxi-
mation. This approach was introduced by Tillner-Roth in 1993 [40]. It applies
mixing rules to the Helmholtz free energy of the mixture of components (Eq. (9)):

a(Tyop, %) = 200D 5 (0T, ) + (T, 0,)) 310,
! (9)
+2 X xpqupqafq
p=1g=p+1
In Eq. (9), superscript “E” is for excess properties, and subscripts “p,” “q,” and
“” are the component index. An excess property is defined to calculate the

. . . . res __ E .
deviation from ideal mixture. Aays = ¥ ¥, xpxFpqa,, is called departure

function from the ideal solution. It is an empirical function, like Eq. (10), fitted to
experimental binary mixture data, mainly densities, speed of sound, or heat of
mixing. In this departure function, the F,, parameters take into account the
behavior of one binary pair with another. If only vapor-liquid equilibrium
properties are available, a}’fq can be considered to be equal to zero [41]:

Ag(?,}py) = In(6) + Y o7 + ¥ o7 5% exp (—yd"*) (10)
i k

Equation (10) contains several adjustable parameters o, o, ti, di, and Ij.
Experimental data is required to adjust these parameters. Moreover, if I = 0, then
y = 0 and if I; # O, then y =1.

With the multi-fluid approximation, it is important to calculate the new critical
properties corresponding to the mixture studied (superscript “mix”) because
reduced parameters are used in Eq. (8).

. 0. .
For example, we can use T¢™ = X1 ¥, kr, pgxpxq (Tp Tey) > and v =
3
1/3 1/3 .
2ot 2p—1 ko, PaXpXg % ((vcp) o (vey) / ) where kr, ,; and k,, », are adjustable
binary interaction parameters. VLE data should be used to fit k7, ,, parameters,

and if experimental data concerning densities of mixture are available, it is possible
to fit k,, p,.
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5.2 Transport property models

Concerning the transport properties, different approaches exist. One consists in
using the corresponding state method. The most famous approach is the TRAPP
method developed by the NIST. Huber et al. [42] and Klein et al. [43] have developed
a series of equations adapted to the prediction of viscosities and thermal conductivi-
ties of pure components and mixtures. The approach consists in modifying the
transport properties in the ideal dilute gas state taking into account the molecular
interactions (and so the density of the fluid with temperature and pressure).

The viscosity of a dilute gas can be determined as a function of temperature by
Eq. (11). A dilute gas is composed by noninteractive rigid spheres of diameter o:

T:M:
" =C— (1)

In Eq. (11), T is temperature in K, M is the molar mass in g/mol, o is the
diameter of the rigid sphere in nm, and C is a constant depending of the molecule
considered. Chapman-Enskog cited in Poling and Prausnitz [44] have introduced an
additional term called “collision integral” which takes into account the collision
between the molecules (Eq. (12)):

(12)

In Eq. (12), In(2) = Y. 4 ( In (g))l, and ?/k is an empirical factor link to the

potential of interaction.
Concerning thermal conductivity, Ao(T) represents the dilute gas thermal
conductivity and can be calculated by Eq. (13):

do = A1+ Ay(T/Tc) + As(T/T¢)? (13)

When the pressure and so the density of the fluid increases, molecular interac-
tion between molecules cannot be neglected, and so it is necessary to apply a
correction (like a residual term for equation of state). Equations (14) and (15) lead
to calculate dynamic viscosity and thermal conductivity:

n=n"+A4n (14)
In Eq. (14), An is the residual viscosity:

In Eq. (15), A, (p, T) is the residual thermal conductivity, and Aic(p, T) is the
empirical critical enhancement.

The R134a is the reference fluid for the refrigerants [42], but for the hydrocar-
bons, it is better to consider propane or methane [45]. The viscosity and thermal
conductivity of the other fluids are calculated from the properties of reference
fluids. Critical properties of the fluid are required. Equation (16) presents the
equation for the dynamic viscosity:

n(T) =n°(T) +AURGaPh>Fn (16)

MR
presents the equation for the thermal conductivity:

1
In Eq. (16),f = %, h = ‘;}—f, and F, :f%l'f% (M)Z reduction ratio. Equation (17)
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MT) = 2°(T) + AR G : ph)Fg (17)

1
R 1 2 2 . . .
InEq. 17),f = %, h = Z—”[, and F) =3 (%ey reduction ratio. For mixtures,

mixing rules have to be considered [46].

6. Presentation of some results

In this section, we will present some results obtained for pure component
(transport properties) and multicomponent systems (equilibrium properties) on
working fluids already published.

6.1 Phase diagram

We will present the results obtained for three binary systems. The first one
concerns a mixture of CO, and R1234ze(e) published by Wang et al. [12]).

Figure 14 presents the phase diagram. The system presents no azeotropic behavior.
We can notice that with the experimental data, we can also predict a critical point
using asymptotic laws of behavior [12]. Figure 15 presents a comparison with the
critical point measured by Juntaratchat et al. [50] using a critical point setup similar
to the equipment already presented in Section 4.

The binary system R245fa + isopentane is presented on Figure 16 at 392.87 K.
Measurement was done using static-analytic method [51]. We have used
REFPROP 10.0 to correlate the data (REFPROP 10.0 [52] uses Fundamental
Helmholtz equation). We can observe a good agreement between REFPROP
prediction and the experimental data (we have one comment concerning this
point: the reference of the data used in the data treatment by REFPROP is not
clearly mentioned).

Pressure / MPa

K1

Figure 14.

Pressure as a function of CO, mole fraction in the CO,. (1)—R-1234ze(E) and (2) mixture at different
temperatures. A, 283.32 K; 0, 293.15 K; [0, 298.15 K; A, 308.13 K; @, 318.11 K; m, 333.01 K; X, 353.02 K.
Solid lines: calculated with Peng-Robinson EoS [47], Wong-Sandler mixing rules [48], and NRTL [49]
activity coefficient model [12].
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Figure 15.

Critical pressure of the binary system CO2 (1) +R-1234ze(E) (2) [12]. Solid line: calculated using PR EoS,
Wong-Sandler mixing rules, and NRTL activity coefficient model. A, experimental data from Juntaratchat
etal. [50]; A, predicted using power laws with asymptotic behavior at critical point.
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Figure 16.

Pressure as a function of CO2 mole fraction in the isopentane. (1) —R245fa and (2) mixture at 392.87 K.
Comparison between experimental data [51] and modeling using REFPROP 10.0.

6.2 Bubble point

Variable volume cell was used to determine bubble pressure of the ternary
system composed with R32 + R290 + R227ea [53]. Figure 17 presents the results
obtained. The data were correlated by a cubic equation of state (Redlich-Kwong-
Soave EoS [54], MHV1 [55] mixing rules, and NRTL [49] activity coefficient
model).

6.3 Densities
Vibrating tube densitometer technique was used to measure the densities of the

R1216 [20]. The results are presented on Figure 18. The same technique is used to
obtain density data of R1234yf (Figure 19) at saturation [56]. Density at the vicinity
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Figure 17.
The system R32 (1) +R290 (2) +R227ea (3) [53]. Pressure versus temperature diagram for each composition.
Mixture 1: X1 = 0.322, X2 = 0.123, (0) experimental bubble points. Mixture 2: X1 = 0.135, X2 = 0.174, (0)

experimental bubble points. Mixture 3: X1 = 0.493, X2 = 0.127, (A) experimental bubble points.

P [MPa

Figure 18.
Pressure density phase diagram of hexafluoropropene (R1216). (A), experimental densities at saturation; out of
saturation; (x) 362.90 K; (¢) 355.18 Kand (0) 303.28 K; O, critical point [20].

of the critical point was obtained by an isochoric method used by Tanaka and
Higashi [21].

6.4 Dynamic viscosity
Capillary viscometer was used by Laesecke et al. [57] to determine the dynamic

viscosity of liquid R245fa at saturation. Figure 20 presents the results and compar-
ison with prediction using REFPROP 10.0. A good agreement is observed.

6.5 Thermal conductivity

Marrucho et al. [58] have used the transient hot-wire technique to measure the
thermal conductivity of R365mfc. Figure 21 presents the results obtained at 336.85
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Pressure /MPa
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Figure 19.
Pressure density phase diagram of R1234yf at saturation. (4) data from Tanaka and Higashi [X], (A )
Coquelet et al. [56], (x) critical point from REFPROP. Solid line, correlation presented in Coquelet et al. [20];

(—-), Peng-Robinson EoS.
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Figure 20.
Dynamic viscosity of R245fa at saturation. Symbol: experimental data from Laesecke et al. [57]. Solid line:
prediction using REFPROP 10.0.

and 377.4 K for several pressures from 1 to 4.5 bar. Comparison was done with
prediction from REFPROP 10.0. A good agreement is observed.

7. Conclusion

The optimization of ORC depends strongly on the capability of models to predict
the thermophysical properties of working fluids for their selection and retrofit in
existing ORC equipment. The main thermophysical properties include phase equi-
libria (and so critical point), densities, speed of sound, dynamic viscosity, and
thermal conductivity. Through this book chapter, the reader can easily understand
that several experimental techniques developed to measure the thermophysical
properties exist. Some of them were presented and described. In general, these
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Figure 21.

Thermal conductivity of R365mfc as a function of pressure. Symbol: experimental data from Marrucho et al.
[58] at (A) 336.85 K and (A ) 377.40 K. Solid line: prediction using REFPROP 10.0.

techniques are very accurate, and we recommend to use the experimental technique
with which the operator/engineer is the most familiar with. It is obvious to see that
we have the capability to determine all the thermophysical properties of interest for
the design and optimization of ORC. In our opinion, there are two main challenges
for the future. The first one concerns the development of equipment which permits
the determination of several thermophysical properties together and particularly
thermophysical properties at equilibrium. The second one concerns the develop-
ment of equipment which require a small quantity of sample and so the utilization
of in situ analysis techniques. In effect, it is difficult to have important quantity of
new synthesis molecules (with high purity) to realize the measurement of accurate
thermophysical properties of pure components and mixtures. The experimental
data will be used to adjust parameters on models or correlations. Data acquisition is
an essential step for a good working fluid design. In the literature an optimal
selection (Figure 22) of working fluids as a function of the temperature of the
heating medium exists [59]. This classification does not concern mixtures, and in
the case of the utilization of mixtures, experimental characterization has to be done.

Temperature /K
320 365 395
R134a R22 R152a R&00a R&00 R123
R32 R290 R124 R142b R254fa R3I6Smfc
R134a CF3l R236a Méopentene RE01a
R236fa Isobutens R245ca RE01
Butene R141b
Figure 22.

Some working fluid for several level of temperature of heating medium [59].
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Chapter 3

Waste Heat Recovery from
Fossil-Fired Power Plants by
Organic Rankine Cycles

Qiang Liu

Abstract

More than 60% of the world’s electricity is still produced from fossil-fired power
plants. Recovering heat from flue gas, drained water, and exhaust steam which are
discharged in power plants by organic Rankine cycles (ORCs) to generate power is
an efficient approach to reduce fossil fuel consumption and greenhouse gas emis-
sions. This chapter proposes conceptual ORC systems for heat recovery of drain
from continuous blowdown systems, exhaust flue gas from boilers, and exhaust
steam from turbines. The waste heat source temperatures range from 30 to 200°C.
Environmentally friendly and nonflammable working fluids including R134a,
R1234ze, R236ea, R245fa, R1233zd, and R123 were selected as the working fluids.
The parameters of ORC systems were optimized, and the thermodynamic perfor-
mance was analyzed. The suitable ORC layouts for various kinds of heat sources
including drained water, flue gas, and steam were discussed with selecting the
proper working fluids. The gross power output of a coal-fired power plant can be
increased up to 0.4% by an ORC using the waste heat from the boiler flue gas. The
ORC:s using turbine exhaust steam with the cooling water as low as 5°C can generate
2-3% more power for a power unit.

Keywords: coal-fired power plant, waste heat recovery, organic Rankine cycle,
parametric optimization, working fluid, thermodynamic analysis

1. Introduction

In 2018, the total world electricity generation reached 26,672 TWh [1]. About
64.15% of the total world electricity generation is still from fossil fuels (coal, natural
gas, and oil) [1], especially in China, the USA, Japan, Russia, and India. China
accounted for 26.2% of the world electricity generation [2]. The installed fossil-fired
power capacity is now increased to 1143.67 GW in China which accounts for about
60% of the total installed power capacity; however, 70.4% of electricity was gener-
ated from fossil fuels [2]. Now, China is also the world’s greatest emitter of green-
house gases from the burning of fossil fuels.

The development of large-capacity and high-temperature ultra-supercritical
fossil-fired power unit is the trend in the world. However, a large number of waste
heat are discharge in a power plant. Figure 1 shows waste heat sources in a typical
coal-fired power unit. Therefore, recovering the waste heat is a main approach to
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Figure 1.
Schematic of the waste heat sources can be recovered by ORCs in a typical coal-fived power unit.

further improve thermal efficiencies and reduce greenhouse gas emissions for
fossil-fired power plants [3].

Continuous blowdown systems are used to purify the steam by removing
suspended solids in drum boilers for subcritical power plants as shown in Figure 1.
A part of the boiler water with temperatures up to 360°C from the drum is dis-
charge to the flash tank. In the flash tank, some of the water flashes to the steam,
and then the steam enters into a deaerator or a feedwater heater for feedwater
preheating, while the drain is generally discharge to the sewer. The drain tempera-
ture is higher than 150°C; however, the heat in the drained water is lost through
direct discharge. The waste heat in the drained water can be recovered by an
organic Rankine cycle to generate electric power [4].

A modern power station boiler produces large quantities of flue gas. The exhaust
flue gas temperatures generally range from 120-140°C for power station boilers.
Heat loss due to the exhaust flue gas is the largest heat loss in a power station boiler
which significantly affects the boiler thermal efficiency. For large- and medium-
capacity boilers, the exhaust flue gas heat loss accounts for 4-8% of the total boiler
heat input from fossil burning [3]. In actual operation, the flue gas temperature may
be higher than the design value which results in a lower boiler thermal efficiency
and a higher fuel consumption. The heat in the exhaust flue gas can be used to
preheat feedwater by a low-pressure economizer [5-7] and pre-dry brown coal
[8-11]. The waste heat of exhaust flue gas can also be used to drive an organic
Rankine cycle to produce electric power [5, 12-14].

The latent heat of the exhaust steam from a condensing turbine is released to the
cooling water at the condenser as shown in Figure 1. Even for a modern steam
turbine, 50-60% of the heat input is discharge to the heat sink. Seawater is generally
used as the cooling water for the offshore power plants. The seawater at high-
latitude regions or at deep sea (depth down to 1000 m) has a temperature as low as
5°C. However, the condensing turbine exhaust pressures are generally higher than
3.5kPa with condensation temperatures not less than 26.7°C due to the limits from
the wetness loss, last-stage blade length, and droplet erosion. Thus, the temperature
difference between the exhaust steam and seawater can be used to drive an ORC to
produce electricity. An ORC can also use a part of the extracted steam from low-
pressure turbine and boiler flue gas [14] or only the coldest extraction steam [15] to
generate additional electricity.

In coal-fired power plants, there are different kinds of heat sources which can be
utilized by ORCs. The waste heat sources involve different heat transfer fluids (gas,
water, and steam) and large scales of capacity and temperature. The exhaust flue
gas with temperatures up to 140°C from a supercritical boiler which contains
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10-30 MW heat can be recovered. The turbine exhaust steam at 30°C contains more
than 300 MW heat for a large-capacity power unit. Therefore, this chapter focuses
on the thermodynamic performance of ORCs using the waste heat from coal-fired
power plants. The suitable cycle layouts are discussed with considering the waste
heat source characteristics. The evaporation temperature and pressure of the work-
ing fluid will be optimized to maximize the cycle net power output. The proper
working fluid is selected according to the thermodynamic performance. The power
generation potentials are also evaluated for various kinds of waste heat sources.

2. ORC model

The ORCs using low-boiling organic working fluids are the unequaled technol-
ogy for producing electricity from medium-low-temperature heat sources [16]. The
ORCs have distinctive features of being simple layouts, being efficient for off-
design conditions, and being reasonable cost-effectiveness. Therefore, ORC systems
have been widely used to convert geothermal, solar, biomass, waste heat, and ocean
thermal energy to electricity. The theoretical basis for ORCs has been described
elsewhere [16-22]. This section briefly describes the cycle layouts and working
fluids selection.

2.1 Cycle layouts

The ORCs can be classified into subcritical and supercritical cycles according to
the working fluid evaporation pressure. Considering the saturated vapor line shapes
of working fluids, the subcritical ORC with saturated vapor at the turbine inlet is
called 02 cycle, and that with superheated vapor at the turbine inlet is called 03 cycle
which uses a dry working fluid or b3 cycle which uses a wet working fluid, and the
supercritical ORC is called s2 cycle [17]. The cycle layouts are selected according to
the heat source characteristics and the working fluid critical temperature. Figure 2(a)
shows a typical ORC system with a wet cooling system with the T-s diagrams for 02,
03, b3, and s2 cycles shown in Figure 3. The working fluid is heated to a saturated or a
superheated vapor from a subcooled liquid by the heat source fluid in heat
exchangers. Thus, the energy balance for working fluid evaporation can be uniformly
expressed as

i (hain — hhout) = Mo (ho — h3) 1)

where / is the specific enthalpy, the subscript H represents the heat source, and
the subscript O represents the organic fluid.
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Figure 2.
Schematics of (a) a typical ORC and (b) an ORC with an IHE.

49



Organic Rankine Cycles for Waste Heat Recovery - Analysis and Applications

(n) 160 o2 cycle ]
Heai sourcefuid
140 | #
; 120
¥
5 [LLIY S
a
g- B
&
ol 353
@ RI233ad
a0} 1
wny
0 Coalimg waler
Ll 12 13 1.4 15 16 L7 LB
Entrogiy
{e) 160 b3 cycle
[ Hean source (haid
140
= 120
£ 7]
E 1oof
= .
E. £
5] i
=
Gl =
4t 3
20 :' Cooling water
I 12 13 14 ] L6 1.7 1.8 L%
Entropy
Figure 3.

Temperanane ("C)

Tempernture (*C )

160 o3 cycle

Hem soamee (haid

[LLY g

RIXidze

-

Cooling waler

L1 12 13 1.4 L5 16
Entropy

=2 oycle

Hest sowree Dlsid

CAESH]

Coolimg water

N | 12 13 1.4 1.5 16
Entrogry

Temperature-entropy diagrams for basic ORCs: (a) o2 cycle, (b) 03 cycle, (c) b3 cycle, and (d) s2 cycle.

The power generated by the turbine was

Wr = o (ho — 1)

The power consumed by the working fluid feed pump was

Wep = 1o (hs — hy)

(2)

(3

The net power output by the ORC system was defined as the turbine power output
which subtracts the parasitic power consumed by the working fluid feed pump:

Wnet - WTﬂmng - WFP

The cycle thermal efficiency is defined as

Nh =

Whet

Qin

(4)

(5)

The turbine exhaust vapor temperature could still be relative high; the super-

heated vapor could be worth preheating the working fluid in an internal heat

exchanger (IHE), also referred to as a recuperator or regenerator, before the pre-
heater [16-18] as shown in Figure 2(b). Eq. (1) for an ORC with an IHE can be

rewritten as

i (hain — Buout) = Mo (ho — h3a)
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The use of an THE can improve the preheater inlet temperature by the turbine
exhaust vapor. For the heat source without the limitation of the outlet temperature
[18, 23], the heat source fluid outlet temperature increases because the working
fluid is preheated as shown in Figure 4(a) and the cycle net power output will
maintain constant or increase slightly [24]. For the heat source with a limited outlet
temperature as shown in Figure 4(b), the increase in the preheater inlet tempera-
ture results in an increase in the working fluid mass flow rate or the optimal
evaporation temperature; thus, the net power output increases.

2.2 Systematic parameters

The matching characteristics between the heat source fluid and the working
fluid affect the ORC net power output. In subsequent sections, the working fluid
evaporation temperature or pressure will be optimized to maximize the cycle net
power output. The operating parameters and boundary conditions for the ORCs are
listed in Table 1. The parametric optimization and thermodynamic analyses are
based on the parameters listed in Table 1 except the ORC in Section 5.2. The heat
losses and pressure drops are neglected except instructions.

The pinch point temperature difference is an important parameter for system
design and optimization [25, 26]. During the working fluid evaporation, the pinch
point may locate at the bubble point, a subcooled liquid state near the critical point
and a superheated state [26] which depends on the heat source temperature drop
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Figure 4.

Temperature-entropy diagrams of ORCs with an IHE for heat source fluids: (a) without outlet temperature
limitation and (b) with limited outlet temperature.

Parameters Values Unit
ORC turbine isentropic efficiency 85 %
Working fluid pump efficiency 80 %
Generator efficiency 98 %
Turbine mechanical efficiency 98 %
Evaporator pinch point temperature difference 10 °C
IHE pinch point temperature difference 10 °C
Condenser pinch point temperature difference 5 °C
Condensation temperature 30 °C
Table 1.

Parameters and boundary conditions for the ORC systems.
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Working fluid T../°C Po/MPa Safety class oDP GWP
R134a 101.06 4.059 Al 0 1430
R1234ze(E) 109.36 3.635 A2L 0 6
R236ea 139.29 3.420 n.a 0 1410
R245fa 154.01 3.651 Bl 0 1030
R1233zd(E) 165.60 3.572 A1 0.003 1
R123 183.68 3.662 B1 0.01 77
Table 2.

Physical and environmental properties of the six working fluids [29].

and heat capacity and the working fluid thermophysical properties. Thus, each heat
exchanger is divided into 100 sections with equal heat-flow interval [25, 27] for
determining the pinch point during the parameter optimization.

2.3 Working fluids

Considering the operating safety, nonflammable working fluids are selected for
the ORCs using the waste heat in coal-fired power plants. Moreover, the working
fluids should be environmentally friendly with a lower ozone depletion potential
(ODP) and global working potential (GWP). The critical temperature has been
regarded as a criterion for working fluid selection [17, 28]; thus, the studied fluids
should cover a wide range of critical temperatures. The selected working fluids here
are R134a (1,1,1,2-tetrafluoroethane), R1234ze (1,3,3,3-tetrafluoropropene),
R236ea (1,1,1,2,3,3-hexafluoropropane), R245fa (1,1,1,3,3-pentafluoropropane),
R1233zd (trans-1-chloro-3,3,3-trifluoropropene), and R123 (2,2-dichloro-1,1,1-
trifluoroethane). The physical and environmental properties of the selected work-
ing fluids are listed in Table 2. The thermophysical properties for the working
fluids were calculated using REFPROP 9.1 [29].

3. Waste heat recovery from a boiler blowdown system
3.1 System description

A continuous blowdown system is generally used to purify the steam to maintain
acceptable levels of total dissolved solids for a subcritical drum boiler. Part of the
saturated boiler water at a higher salt concentration is discharge from the drum to
the flash tank [3, 30]. The pressure decreases as the saturated boiler water enters the
flash tank. The excess energy in the boiler water is given up as some of the saturated
water flashes to the saturated steam. The steam then enters into the deaerator to
preheat the boiler feedwater, and the drain is generally discharge to the sewer. The
energy in the drained liquid is lost through direct discharge.

The drain temperature is generally higher than 150°C. Here, an organic Rankine
cycle (ORC) is designed to recover the waste heat of the drained water from a
continuous blowdown system for power generation and then to improve the overall
thermal efficiency of the power plant [4]. The organic working fluid is heated by
the waste heat in the discharged drain and then generates power by expansion
through a turbine as shown in Figure 5.
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Figure 5.
Schematic of an ORC power generation system using the blowdown waste heat from a subcritical boiler [4].

The energy balance for the flash tank can be expressed as
mpihving = meh + mahg @)

where 7y, is the boiler water flow rate, &y, is the specific enthalpy of the boiler
water, #; is the flash tank efficiency which is set to be 0.98, #i; is the saturated steam
flow rate, 714 is the drained water flow rate, /{ is the specific enthalpy of the
saturated steam, and /4 is the specific enthalpy of the drained water.

The mass balance for the flash tank can be expressed as

My = Mg + Mg (8)

The flow rate of the saturated steam flashed from the boiler water increases as
the flash tank pressure, py, decreases. The flash tank pressure generally is set to be
the deaerator pressure which ranges from 0.8 to 1.1 MPa for subcritical steam
turbines. Thus, 40-50% of the boiler water is flashed into saturated steam.

The main-steam flow rates of typical subcritical 600 MW power units range
from 1600 to 2000 t/h for the BRL (boiler rated load) condition. About 13-16 t/h
boiler water enters the flash tank if the blowdown rate is 0.8% which means that the
drained water flow rate can reach 6-10 t/h. A power plant generally has 2-8 power
units; thus, the drain water from the continuous blown down systems can be
collected, and the flow rate may be reached 80 t/h.

A typical subcritical 600 MW boiler is analyzed in this section. The boiler
parameters for the BRL condition are listed in Table 3. The boiler water flow rate in
a blowdown system is set to be 17.1 t/h. At the flash tank outlet, the drain flow rate
is 9 t/h according to Egs. (7) and (8). Assume a power plant has same four power
units; thus, the total drain flow rate is 10 kg/s (36 t/h). The collected drain is used to
drive an ORC as shown in Figure 5. Considering the heat loss, the drain tempera-
ture to the ORC system is set to be 180°C.

3.2 Thermodynamic performance

The turbine inlet temperatures (pressure) were optimized to maximize the cycle
net power output for the ORCs with saturated vapor at the turbine inlet (02 cycle)
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Parameters Values Unit
Main-steam flow rate 2011 t/h
Steam drum pressure 18.5 MPa
Boiler water temperature in drum 359.3 °C
Flash tank pressure 1.03 MPa
Drain temperature 181.2 °C
Flash tank efficiency 98 %
Drain flow rate 10 kg/s
Drain pressure 1.03 MPa
Drain temperature at the evaporator inlet 180 °C
Table 3.

Blowdown system parameters of a 600 MW boiler for the BRL condition.

Working fluid Cycle Tr1;,/°C Pri,/MPa  Power output/kW  Heat utilization ratio/%

R245fa 02 116.3 1.79 660 70.99
R1233zd(E) o2 109.8 1.28 622 68.08
R123 02 106.4 0.90 599 65.88
R134a b1 169.6 3.06 548 75.81
R1234ze o3 153.0 2.63 567 76.47
R236ea o3 121.4 2.06 677 77.81
R134a S2 163.4 8.57 749 77.10
R1234ze S2 163.7 7.48 746 77.10
R236ea S2 160.7 4.95 764 77.10
Table 4.

Parameters of the ORC for waste heat recovery from a blowdown system.

using R245fa, R1233zd(E), and R123. The optimized turbine inlet temperatures and
the maximum net cycle power outputs are listed in Table 4. The results show that
the optimal turbine inlet temperature decreases as the critical temperature of the
working fluid increases. The net power output as well as the waste heat utilization
rate decreases for working fluids with higher critical temperatures. The net cycle
power output is 660 kW for the 02 cycle using R245fa, while the net cycle power
output is only 599 kW for the 02 cycle with R123.

Here, the superheated ORC uses a working fluid with a lower critical tempera-
ture (R134a, R1234ze, and R236ea) for recovering the waste heat from the drained
water. The turbine inlet temperature and pressure are optimized simultaneously to
obtain the maximum cycle net power output using the generalized reduced gradient
(GRG) method which has been successfully used in previous work [4, 27]. Both the
optimized turbine inlet temperature and pressure are higher for the working fluid
with lower critical temperature as shown in Table 4. However, the working fluid
with higher critical temperature generates a higher net power due to the higher
working fluid flow rate. The net cycle power output with R236ea is higher than that
with R134a or R1234ze.

A supercritical ORC provides a better match between the working fluid and the
heat source fluid temperature profiles. The working fluids with much lower critical
temperatures, such as R134a, R1234ze, and R236ea, are considered here for
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supercritical ORCs. The turbine inlet temperature and pressure are optimized
simultaneously to maximize the cycle net power output considering the pinch point
temperature difference limit. Compared with subcritical ORCs, a supercritical ORC
produces 13-37% more net cycle power as shown in Table 4. The optimal turbine
inlet temperatures for supercritical ORCs with the selected working fluids are very
close; however, the working fluid with a lower critical temperature has a higher
optimal turbine inlet pressure. The high operating pressure and heat transfer dete-
rioration due to the large specific heat near the critical point must be considered in
the system design [4]. The supercritical ORC using R236ea generates the highest net
power (764 kW) among the considered ORCs with the selected working fluids.

4. Waste heat recovery from boiler exhaust flue gas

The heat loss in the exhaust flue gas is the largest heat loss in a power station
boiler which typically accounts 70-80% of the total boiler heat losses [30]. The
temperature of the exhaust flue gas from a power station boiler generally ranges
from 120-140°C. Unfortunately, the flue gas temperature may be higher than the
design value in operation which results in more heat losses and lower boiler thermal
efficiencies. The exhaust flue gas can be cooled by a low-boiling organic working
fluid with the fluid then passing through a turbine to generate power. The potential
decrease in the exhaust flue gas temperature is 10-30°C. Supercritical 1000 MW
boilers for power plants consume about 350 tons of bituminous coal and generate
about 3 x 10° Nm? flue gas per hour for the BRL condition. More than 10 MW
waste heat can be recovered to drive an ORC when the flue gas temperature is
reduced by 10°C. This section discusses the thermodynamic performance of ORCs
using the flue gas waste heat from a supercritical boiler.

4.1 Coal-fired boiler

More than 90 supercritical 1000 MW coal-fired power units are being operated
in China with more 1000 MW power units planned to replace many current small-
capacity and low-efficiency power units [31]. Therefore, a modern supercritical
1000 MW power unit is taken here as a case study. The boiler operating parameters
for the BRL condition are listed in Table 5. The main-steam temperature is 605°C
with a flow rate of 800.5kg/s. The exhaust steam from the high-pressure steam
turbine is then reheated to 603°C in the reheater with a flow rate of 649kg/s. The
feedwater temperature at the economizer inlet is 299.4°C with no water and steam
assumed to be lost in the boiler. The exhaust flue gas temperature is 135°C, and the
boiler thermal efficiency is 92.57%.

The ultimate analysis (UA) of the fuel is useful for the calculation of air and flue
gas quantities and other combustion calculations [3, 30]. The coal consists of five
elements (carbon, hydrogen, nitrogen, oxygen, and sulfur), moisture, and ash. A
typical bituminous coal is used here as the boiler fuel. The elemental weights of the
coal are determined on as-received basis: C,, = 61.7%, H,, = 3.67%, O,, = 8.56%,

N., = 1.12%, S,, = 0.6%, A,, = 8.8%, and M,, = 15.55%. The lower calorific value (LCV)
of the bituminous coal is 23.47 MJ/kg. The boiler consumes 353.5 tons of bituminous
coal and generates 3.055 x 10° Nm? flue gas per hour for the BRL condition.

Sulfur in the coal on combustion forms SO, and partly SOs. Sulfuric acid will be
formed because of the reaction between SO; and H,O in the flue gas at lower tem-
peratures, which then condenses on the tube surface below the acid dew point and
leads to the corrosion of the tubes [3, 30]. Therefore, the flue gas was assumed to be
cooled to 110°C by the organic working fluids to avoid low-temperature corrosion.
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Parameters Values Unit
Main-steam temperature at superheater outlet 605 °C
Main-steam pressure at superheater outlet 26.13 MPa
Main-steam flow rate 800.49 kg/s
Steam temperature at reheater outlet 603 °C
Reheated steam pressure at reheater outlet 4.57 MPa
Steam temperature at reheater inlet 3477 °C
Reheated steam pressure at reheater inlet 4.80 MPa
Reheated steam flow rate 648.96 kg/s
Feedwater temperature 299.4 °C
Boiler thermal efficiency 92.57 %
Exhaust flue gas temperature 135 °C
Lower calorific value (LCV) of coal 23469.7 kJ/kg
Table 5.

Operating parameters of a supercritical 1000 MW boiler for the BRL condition.

4.2 ORC system driven by waste heat from boiler flue gas

Figure 6 shows an ORC system using waste heat of flue gas from a boiler for
power generation. A counterflow heat exchanger is used here to recover the waste
heat because the flue gas temperature is much lower. The heat exchanger tubes are
placed in an in-line arrangement for a lower flue gas pressure drop. The flue gas
longitudinal flows outside the tubes. The working fluid is heated to a vapor from a
subcooled liquid in the tubes of the heat exchanger.

The heat source temperature is a key parameter which influences the choice of
cycle types and working fluids [16-19, 23]. The flue gas temperature should be
higher than the acidic dew point to avoid low-temperature external corrosion; thus,
the temperature drop of the exhaust flue gas from power station boiler is much
lower. Considering the lower temperature drop and the higher flue gas temperature
at the preheater outlet, an internal heat exchanger (IHE) is used in the ORC system
to improve the working fluid temperature at the preheater inlet by the turbine
exhaust vapor and then decrease the temperature difference between the flue gas
and the working fluid.

The energy balance in the heat exchanger can be expressed as

vig( lfg - ?g“t)nHE =mo(ho — hza) 9)

where B is the coal consumption rate, Vi, is the specific volume flue gas based on

1 kg coal (unit flue gas volume), lfg is the flue gas enthalpy at the heat exchanger
&
exchanger efficiency which considering the heat loss, 7, is the organic working
fluid flow rate, % is the working fluid specific enthalpy at the heat exchanger
outlet, and /3, is the specific enthalpy at the IHE outlet.

The unit gas weights (volumes) for the BRL condition were calculated using the
ultimate analysis [3, 30]. The excess air coefficient in the flue gas was assumed to be
1.3. The heat-flow rate is 29.26 MW when the flue gas temperature is reduced from
135 to 110°C. The total heat loss is assumed to be 5% during the heat transfer due to
the radiation and convection; thus, 27.8 MW heat is transferred to the organic

inlet, and IZ" is the flue gas enthalpy at the heat exchanger outlet, 7y is the heat
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Figure 6.
Schematic of an ORC system using waste heat of flue gas from a boiler.

working fluids. The heat losses and pressure drops in the ORC system are neglected
to simplify the calculations.

4.3 Thermodynamic performance

Both the 02 cycle and the 03 cycle are studied with the working fluids of R123,
R1233zd, R245fa, and R236ea. The evaporation temperatures (pressures) of the
selected working fluids were optimized for the 02 cycle to maximize the net cycle
power output. The optimized parameters and system performance are listed in
Table 6. Figure 7(a) shows the T-Q diagrams of the selected working fluids for 02
cycle. The optimal evaporation temperature of the 02 cycle is lower for the working
fluid with a higher critical temperature which results in a higher heat load for the
isothermal evaporation process and a better match between the working fluid and
the flue gas temperatures as shown in Figure 7(a). The working fluid with a higher
critical temperature also has a lower evaporation pressure which leads to a lower
working fluid pump power consumption. For example, 61.7% of the total heat flow
is used for R123 boiling process, while 54.3% of the total heat flow is needed for
R236fa preheating which process has a large temperature difference. Therefore, the
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Working fluid Cycle Tr,in/°C Pr;in/MPa Power out/kW Thermal efficiency/%

R236ea 02 113.67 2.09 3783.0 13.61
R245fa 02 111.84 1.63 3845.9 13.84
R1233zd(E) 02 110.69 131 3876.9 13.95
R123 02 109.60 0.97 3937.7 14.17
R134a b3 125 3.85 3502.0 12.60
R1234ze o3 125 2.74 3570.6 12.85
R236ea 03 125 1.97 4025.5 14.48
R245fa 03 125 1.55 4070.6 14.65
R1233zd(E) o3 125 1.25 4074.6 14.66
R123 03 125 0.93 4118.6 14.82
R134a s2 125 4.26 3484.8 12.54
R1234ze s2 125 3.82 3576.5 12.87
Table 6.

Comparison of ORCs using flue gas waste heat from a 1000 MW boiler.
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T-Q diagrams for (a) the 02 cycles and (b) the cycles with superheated vapor or supercritical fluid at the
turbine inlet.

02 cycle using a working fluid with a higher critical temperature produces more net
power as shown in Table 6. The 02 cycle using R123 generates about 4% more net
power than that using R236ea.

Increasing the heat load of the isothermal evaporation process can better match
the temperature profiles between the flue gas and the working fluid due to the
lower temperature drop of the flue gas. The subcritical cycle using superheating
process can further improve the temperature matching between the flue gas and the
working fluid. The turbine inlet temperatures of the selected working fluids were
set here to be 125°C for the subcritical cycles, and then the evaporation pressures
were optimized to obtain the maximum net cycle power with the minimum tem-
perature difference between the flue gas and the working fluid not less than 10°C.
Compared to the 02 cycle, the use of superheating results in a slight decrease in the
evaporation pressure and then reduces the power consumption of the working fluid
pump. The turbine exhaust vapor temperature increases about 18°C due to the
superheat degree at the turbine inlet; however, the working fluid temperature in the
IHE can be increased by 12-13°C by the waste heat from the turbine exhaust vapor.
Therefore, the average heat transfer temperature difference between the flue gas
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and the working fluid decreases, and the 03 cycle produces more power than the 02
cycle as shown in Table 6.

In this case study, the working fluid with a higher critical temperature needs a
lower heat load for superheating and a higher heat load for boiling as shown in
Figure 7(b). For instance, the heat load for R123 superheating accounts for 7.4%,
and the heat load for R123 boiling accounts for 61.8% of the total heat load; how-
ever, the heat load for R134a superheating accounts for 28.8%, and the heat load for
R134a boiling only accounts for 22.4% of the total heat load because the boiling
temperature is close to its critical temperature. The working fluids with lower
critical temperatures have higher optimal evaporation pressures which also results
in more power consumed by the working fluid pump. The ORC with superheating
using R123 as the working fluid can generate 17.6% more power than that using
R134a.

The supercritical ORCs using R1234ze and R134a which has a lower critical
temperature are analyzed and compared here. The turbine inlet temperature is also
set to be 125°C with the turbine inlet pressure of 1.05 p., because the turbine inlet
temperature is very close to the critical temperature. The supercritical ORCs with
R134a and R1234ze give a better matching of the temperature profiles between the
working fluid and the flue gas compared to the subcritical ORCs as shown in
Figure 7(b) which results in a higher turbine power output; however, the power
consumed by the working fluid pump increases with increasing evaporation pres-
sure which offsets the advantages of the supercritical ORCs. For example, the net
power output of the supercritical ORC with R134a is even lower than the subcritical
ORC for this case study. The subcritical ORC with superheating (03 cycle) shows a
better thermodynamic performance for lower temperature drop heat sources. The
maximum power is produced by 03 cycle with R123 for waste heat recovery from
the flue gas at a temperature of 135 °C, followed by 03 cycle with R1233zd and
R245fa in this case study.

The volume flow rate at the turbine inlet as well as the turbine outlet/inlet
volumetric flow ratio is important for the turbine design [17, 26]. Figure 8(a)
shows the thermal efficiencies as a function of the turbine inlet volume flow rates of
the working fluids for the optimal conditions. The mass flow rates of the selected
working fluids are very close which range from 119 to 146 kg/s. However, a lower
turbine inlet pressure leads to a lower density; thus, the working fluids evaporated
at lower pressures have a much higher volume flow rates. The volume flow rate of
R123 is the highest for the 02 cycle among the working fluids. Compared to the 02
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Thermal efficiencies versus (a) volume flow rate, V,, at the turbine inlet and (b) turbine outlet/inlet volumetric
flow rate ratios for the optimal condition: @ saturated vapor, O superheated vapor, and ® supercritical fluid.
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cycle, the volume flow rate is increased by 10-20% for the 03 cycle due to the lower
turbine inlet pressure as shown in Figure 8(a), while the thermal efficiency can be
increased by 4.6-6.4%. Both the R134a and R1234ze have lower volume flow rates
with lower thermal efficiencies. The working fluid has a higher volume flow rate

at the turbine inlet, also somewhat has a higher thermal efficiency as shown in
Figure 8(a).

Figure 8(b) shows the thermal efficiencies as a function of the VR (turbine
outlet/inlet volumetric flow rate ratios, V1/Vy) at the optimum turbine parameters
for the maximum power output. Compared to the 02 cycle, the expansion ratio in
the turbine decreases for the 03 cycle with the same condensation pressure which
also leads to a decrease in the VR. Both the expansion ratios of R134a and R1234ze
are much lower in the subcritical ORC because of the higher condensation pressures
which also results in lower VRs. The VRs of R134a and R1234ze are increased in the
supercritical ORC. Among the selected working fluids, R123, R1233zd, and R245fa
have high thermal efficiencies with high-turbine-inlet volume flow rates and tur-
bine outlet/inlet volumetric flow rate ratios. R1233zd is considered to be the most
suitable working fluid for the ORC which recovers waste heat from the boiler flue
gas with taking the safety and environment protection into account.

5. Heat recovery from turbine exhaust steam
5.1 ORCs driven by exhaust steam from a back-pressure turbine

Back-pressure steam turbines supply not only electricity but also the steam and
heat for processes. The exhaust steam of the back-pressure steam turbine is directly
used to supply heat or steam to the facilities without condensation. Ideally, the
exhaust steam and the electricity from the back-pressure steam turbine are supplied
to the same users [32]. The back-pressure steam turbine does not have any cold
source loss (heat loss released directly to the environment). Therefore, the back-
pressure steam turbines are efficient and have been widely used in industrial appli-
cations such as oil refineries, petrochemical plants, and cogeneration [33].

The exhaust steam pressure generally is set to be the demand pressure from the
facility or outside needs [33]; thus, a lower expansion ratio results in a lower
enthalpy drop and small power output in a back-pressure steam turbine. Only fewer
turbine stages are used due to the lower enthalpy drop which leads to a simple
structure and a lower cost for a back-pressure steam turbine.

Process steam/heat demand and electricity demand change independently
according to the season or facility production demand [33]. An imbalance between
process steam/heat and electricity demands is one of the most common problems in
actual operation. The steam/heat demand is the primary requirement with electric-
ity demand a secondary consideration to solve the imbalance demands because the
steam and heat cannot economically and conveniently be transported over a long
distance. Adjusting the main-steam flow rate of a back-pressure turbine is the major
solution to meet the steam/heat demand. Thus, the back-pressure turbine power
(electricity) output varies with the steam/heat demand. However, the thermal
efficiency of the back-pressure steam turbine is significantly decreased with
decreasing electricity output at partial loads due to the lower enthalpy drop. For
example, the turbine isentropic efficiency (relative internal efficiency) can be
decreased from 85 to 60% for lower steam flow rates which leads to an increase in
the heat consumption of power generation [34].

The imbalance between steam/heat and electricity demands reduces the eco-
nomic performance of back-pressure steam turbines. Part of this risk will be
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mitigated if the back-pressure steam turbine can be operated at the optimum
condition (design condition) and the excess steam which beyond the steam/heat
demand is used to generate electricity by an ORC which exports electricity directly
into the grid [32]. The back-pressure turbine will operate with constant steam flow
rate, but the steam flow rate to the ORC system varies with the steam/heat demand.
The ORCs have the distinctive features of being simple cycle layouts, being low cost
and especially being efficient for partial loads. Therefore, an ORC can generate
power using the excess steam with high thermal efficiency and availability for
complex operating conditions. In this conceptual system, the back-pressure steam
turbine is operating efficiently at the optimal condition, and the extra electricity
generated from the ORC system is sold to the grid which improves the economics
considerably.

A typical B25-8.83/1.5 extraction back-pressure turbine is taken as a case study.
The parameters for typical conditions of the back-pressure turbine are listed in
Table 7, and the schematic is shown in Figure 9. The superheated steam from the
boiler enters the back-pressure steam turbine to generate power. One stage steam is
extracted from the steam turbine for the feedwater heater 1 (FWH1) to preheat the
feedwater. In the original system, the exhaust steam of the back-pressure turbine is
divided into four stages of steam flow: one stage extracted from the exhaust steam
for FWH2 to preheat the feedwater, one stage extracted for the deaerator after
throttling, one stage extracted for the mixer after throttling to a lower pressure to

Parameters THA 75%THA 50%THA 30%THA
Main-steam temperature/°C 535 535 535 535
Main-steam pressure/MPa 8.83 8.83 8.83 8.83
Main-steam flow rate/t-h™* 245 195 148 109
Power output/kW 25,203 18,862 12,637 7545
Exhaust steam temperature/°C 316.2 327 345.3 370.6
Exhaust steam pressure/MPa 15 15 15 15
Steam demand/t-h™* 174.5 140.9 108.6 81.0
Isentropic efficiency/% 79.5 74.77 66.77 55.87
Table 7.

Operating parameters for a B25-8.83/1.5 back-pressure turbine [34].
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preheat the makeup water, and the rest most of exhaust steam transported to the
heat consumer. The heat consumer steam demand accounts for 70% of the turbine
main-steam flow. The main-steam flow rate of the back-pressure turbine decreases
with decreasing steam demand, which results in a serious decrease in the isentropic
efficiency (relative internal efficiency) as shown in Table 7.

A conceptual system had been proposed to improve the thermodynamic perfor-
mance of the back-pressure turbine as shown in Figure 9 [34]. The back-pressure
turbine is always operating at the turbine heat acceptance (THA) condition. When
the heat consumer steam demand decreases, the excess exhaust steam is provided to
an ORC for organic working fluid heating. The steam is condensed to the saturated
water and then returns back to the mixer after throttling to preheat makeup water.
Compared to the conditions with lower main steam flow rates, the back-pressure
turbine generates additional electricity, AWr, due to the high isentropic efficiency
and a constant steam flow rate. The amount of electricity produced by the ORC
system using the excess exhaust steam is defined as Wo. Thus, the total additional
electricity (increase in electricity) from the system can be expressed as

AWSys = AWT + Wo (10)

The additional electricity can be provided to the facilities or the grid. The steam/
heat and electricity demands can then both be regulated by adjusting the main-
steam flow rate. The additional electricity from the back-pressure turbine, AWr,
mainly depends on the turbine operating parameters and the steam demand. The
electricity produced from the ORC system, Wo, depends on the heat input from the
excess exhaust steam and the ORC thermal efficiency [34].

The flow rates of the excess exhaust steam for various steam demands are
determined according to the mass and the energy balances in the back-pressure
turbine system. The steam in the ORC evaporator is condensed to the saturated
liquid. The pressure drop between the back-pressure turbine outlet and the ORC
evaporator outlet is set to be 5%. The superheat degree of the exhaust steam reaches
120°C, but the sensible heat is much lower than the latent heat. Thus, the matching
characteristics between the organic working fluid evaporation and the steam con-
densation temperatures affect the ORC thermal efficiency.

The ORC turbine inlet temperature was assumed to be 195°C. The ORC turbine
inlet pressures of the selected working fluids were optimized to maximize the net
cycle power output with the boundary conditions listed in Table 1. The parameters
and thermal efficiencies of ORCs are listed in Table 8. Figure 10(a) shows the T-Q
diagrams of the evaporation process for the selected working fluids. Supercritical
cycles are adopted for R134a, R1234ze, R236ea, and R245fa due to their lower
critical temperatures and higher heat source temperature, while subcritical ORCs

Working fluid Cycle Tr,in/°C Pr,in/MPa PT,0u/MPa Thermal efficiency/%

R134a s2 195 7.15 0.77 18.99

R1234ze s2 195 6.09 0.58 19.40

R236ea s2 195 4.37 0.24 20.59

R245fa s2 195 3.87 0.18 20.93

R1233zd o3 195 3.23 0.15 20.93

R123 o3 195 2.80 0.11 21.48
Table 8.

Comparison of ORCs using exhaust steam from a back-pressure turbine.
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Figure 10.

T-Q diagrams for working fluid evaporating at (a) the optimal pressure and (b) both the optimized pressure
and temperature.

with R123 and R1233zd are still used here. Subcritical ORC using R123 with the
lowest evaporation pressure shows a better matching of the steam and the working
fluid temperature profiles as shown in Figure 10(a) and the highest thermal effi-
ciency among the working fluids. The working fluid with a lower critical tempera-
ture has a higher evaporation pressure but shows a lower thermal efficiency. The
thermal efficiencies for R1233zd and R245fa are very close.

In this conceptual system, the back-pressure turbine outputs 6.3, 12.6, and
17.7 MWh additional electricity for the steam demands of 140.9, 108.6, and 81 t/h,
respectively. The additional electricity generation for ORCs using the excess
exhaust steam is listed in Table 9. As the steam demand decreases to 140.9 t/h, the
ORCs generate about 6 MWh electricity with the excess steam flow rate of 44.8 t/h.
The ORCs can generate 16.7 MWh electricity when the steam demand is decreased
to 81 t/h. Thus, the total additional electricity output of the system, AWSYS, can
reach 12-34 MWh for partial steam demands.

At last, this section gives a further theoretical discussion on the cycle and work-
ing fluid choices for the heat source type with isothermal condensation. Both the
temperature and the pressure at the ORC turbine inlet were optimized simulta-
neously to obtain the maximum power output. Figure 10(b) shows the T-Q dia-
grams for the working fluids evaporating at the optimal condition. The exhaust
steam from the back-pressure turbine has a much large superheat degree, but the
sensible heat is still much lower than the latent heat. The pinch point occurs at the
dew point (saturated vapor state) of the steam as shown in Figure 10(b). The
working fluid may be heated to a temperature higher than the steam condensation
temperature by the sensible heat. In this case study, the optimal temperatures of the
working fluids at the evaporator outlet range from 205-213°C. The working fluid
with a higher critical temperature has a higher optimal evaporator outlet tempera-
ture and then results in a higher thermal efficiency. The subcritical ORC using the

Steam demand/ t-h™* Wo/kW-h

R134a R1234ze R236ea R245fa R1233zd R123

140.9 5292 5409 5741 5835 5835 5986

108.6 10,536 10,769 11,429 11,617 11,617 11,918

81.0 14,744 15,069 15,992 16,256 16,256 16,677
Table 9.

Electricity generated by ORCs using excess exhaust steam at various steam demands.
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working fluid with a higher critical temperature is more suitable for the kind of
isothermal heat source due to the better matches of the temperature profiles of the
working fluid and the heat source fluid. The temperature at the evaporator outlet
(turbine inlet) strongly affects the cycle thermal efficiency. The cycle efficiency can
be relatively increased by about 4% for a 10°C increase in the turbine inlet temper-
ature. Compared to the ORCs with the fixed turbine inlet temperature of 195°C, the
cycle efficiencies are relatively improved by 3.7-5.7% for the optimal turbine inlet
temperatures and pressures as shown in Figure 11. Among the six working fluids,
the cycle efficiency with R123 is the highest with the highest turbine inlet temper-
ature, followed by R1233zd. The ORC thermal efficiency can exceed 20% for a
steam heat source at a temperature of 200°C. However, the thermal stabilities of the
working fluids should be considered primarily [16, 18, 35].

5.2 ORCs driven by exhaust steam form a condensing steam turbine

The majority of heat loss in a steam Rankine cycle is the exhaust steam latent
heat released to the coolant at the condenser. The cold source loss generally
accounts for 50-60% of the total heat input for an extraction condensing turbine.
The steam condensation temperature should be close to the coolant (environment)
temperature to reduce the turbine exhaust pressure and then increase the thermal
efficiency (absolute internal efficiency). The exhaust pressures generally range 4.9
11.8 kPa for condensing turbines using closed cooling systems with circulating
water as the coolant; thus, the exhaust steam is condensed at temperatures of 32.5-
49°C with the circulating water flow rate up to 50-100 times the exhaust steam flow
rate. The condensation temperature (turbine exhaust pressure) is mainly affected
by the environment temperature and the operating conditions. The seawater is
generally used as the coolant for offshore power plants. The seawater temperature
can reach as low as 5 °C in the cold season or the seawater from a depth up to
1000 m; thus, the turbine exhaust pressures range 3.5-5 kPa with the condensation
temperatures between 26.7 and 32.9°C. Considering the issues including wetness
fraction, volume flow rate, and blade length of the last stage of the low-pressure
turbine (LPT), the exhaust pressure generally does not need to be less than 3.5 kPa
even through the cooling water temperature is much lower. The ratio of the
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Figure 11.
Cycle thermal efficiencies for the ORCs using exhaust steam from back-pressure turbine.
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circulating seawater flow rate to the exhaust steam flow rate can be reduced to 30-
50 because of the higher cooling water temperature rise.

Organic Rankine cycles have been studied to utilize the ocean thermal energy
with the temperature difference between warm seawater and cold seawater as low
as 20°C [36-39]. Therefore, the temperature difference between the turbine
exhaust steam and the cooling water can be used to drive an ORC for power
generation as shown in Figure 12. The exhaust steam from the low-pressure turbine
(LPT) is condensed by the organic working fluid in the condenser. The working
fluid is heated to a saturated vapor and then enters into the ORC turbine to expand.
After expansion, the organic working fluid is condensed by the cold seawater in the
ORC condenser. The cycle thermal efficiency of the ORC is lower due to the lower
temperature difference between the heat source and sink. However, the ORC can
also provide substantial power because the discharged heat from the exhaust steam
in a power plant is much huge.

The parameters and boundary conditions for the ORC using exhaust steam as
the heat source and cold seawater as the heat sink are listed in Table 10. A subcrit-
ical 600 MW condensing steam turbine is taken as a case study. The exhaust
pressure of the steam turbine is 3.5 kPa with a flow rate of 300 kg/s. The subcritical
ORC with saturated vapor at the turbine inlet is only studied here due to the exhaust
steam isothermal condensation. The organic working fluid evaporation temperature
is only related to the steam condensation temperature with the pinch point temper-
ature difference, ATp; thus, the organic working fluid condensation temperature is
the key parameter which affects the thermodynamic performance as shown in
Figure 13. The ORC thermal efficiency increases as the condensation temperature
decreases. A lower condensation temperature needs a lower cooling water (seawa-
ter) temperature rise with a higher flow rate; however, the cooling water pumps
consume a significant fraction of the ORC output power [27, 36-39]. The cooling
water (seawater) flow rate was assumed here to be 45,000 kg/s with a temperature
rise about 3.58°C.

Figure 14 shows the turbine power generation and the net power output of the
ORC system using the exhaust steam as heat source and the cold seawater as heat
sink. The ORC turbine output can exceed 23.5 MW in this case study. The turbine
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Figure 12.
Schematic of an ORC using the exhaust steam from a condensing turbine and the cold seawater.
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Parameters Values Unit
Turbine isentropic efficiency [36] 80 %
Working fluid pump efficiency [36] 75 %
Cooling water pump efficiency 80 %
Generator efficiency 98 %
Turbine mechanical efficiency 98 %
Evaporator pinch point temperature difference [37] 2 °C
Condenser pinch point temperature difference 2 °C
Exhaust steam temperature 26.67 °C
Exhaust steam dryness fraction 92 %
Exhaust steam flow rate 300 kg/s
Cold seawater temperature 5 °C
Cooling water (seawater) flow rate 45,000 kg/s
Cooling water pump head 10 m
Seawater specific heat capacity [37] 4.025 KkJ/ (kg °C)
Table 10.

Operating parameters and boundary conditions for the ORC using exhaust steam as heat source and seawater
as sink.

Exhaust steam
=

e

Temperature

Cooling water

Entropy, s

Figure 13.
Temperature-entropy diagram of an ORC using R1234ze as the working fluid driven by exhaust steam from a
condensing turbine with cold seawater as heat sink.

using R134a produces the maximum power among the selected six working fluids.
The cooling water pumps consume a significant fraction of the turbine output
power. The pump power consumption accounts for about 23.3% of the turbine
power generation when the cooling water pump head is 10 m. The pressure increase
in the working fluid pump is much higher for the working fluid with a lower critical
temperature and leads to a higher power consumption. The parasitic power con-
sumed by the working fluid feed pump with R134a accounts for 3.6% of the turbine
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Figure 14.
Turbine power output and net cycle power output for ORCs with exhaust steam as heat source and cold
seawater as heat sink.

power output. Thus, the system net power output (subtracting the power consumed
by the working fluid pump and the cooling water pumps from the turbine power
output) with R134a is the lowest due to the largest parasitic power consumption,
while the ORC with R123 outputs the maximum net power among the six working
fluids. When the cold seawater is directly used to condense the exhaust steam from
LPTs, the cooling water flow rate for the steam turbine is about 8,500 kg/s, but the
power consumed by the circulating water pumps is still more than 1 MW. When the
exhaust steam is used as an ORC heat source with the cold seawater as the heat sink,
the system can provide net power output up to 18 MW equal to 3% increase in the
gross power of the coal-fired power unit.

6. Conclusions

In coal-fired power plants, there are a large number of medium-low-grade waste
heat which is originally discharge to the environment. Conceptual systems and
thermodynamic performance for the ORCs recovering waste heat from coal-fired
power plants are studied in this chapter. The optimal cycle layouts and proper
working fluids for the ORCs are discussed. The conclusions are summarized as
follow.

1.The amount of the drained water that directly discharges has been toward
fewer and smaller in modern power plants. The original discharge or leaked
drain can be collected to drive a small-capacity ORC. A supercritical ORC
matches well with the kind of heat source with a large temperature drop.

2.The flue gas flow rate is much high for a large-capacity boiler. The amount of
waste heat in exhaust flue gas can be reached 10 MW even through the flue gas
is only cooled by 10°C. The subcritical ORC with an IHE (a recuperator or
regenerator) using a working fluid with a higher critical temperature is more
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suitable for the kind of heat source with a higher limited outlet temperature.
The gross power output of the coal-fired power unit can be relatively increased
by 0.4% by the ORC using the waste heat from boiler exhaust flue gas.

3.More than 50% of the heat input to the turbine is released in the condenser.
When the cooling water temperature is much lower, the use of ORCs to
recover the waste heat from the turbine exhaust steam becomes attractive.
Although the cooling water pumps consume a significant fraction of the ORC
output power, the net efficiencies of ORCs still reach 2.6%. The power output
increase potential for the coal-fired power unit can exceed 2-3% when all of
the turbine exhaust steam is used to drive ORCs with lower temperature
seawater as the heat sink.
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Chapter 4

The Development and Application
of a Small-Scale Organic Rankine
Cycle for Waste Heat Recovery

Tzu-Chen Hung and Yong-qiang Feng

Abstract

Power conversion systems based on organic Rankine cycles have been identified
as a potential technology especially in converting low-grade waste heat into electric-
ity as well as in small-scale biomass, solar, or geothermal power plants. The theoreti-
cal analysis can guide the ORC design, but cannot predict accurately the system
performance. Actually, the operation characteristics of every component have a
vital effect on the system performance. This chapter presents the detailed operation
characteristic of a small-scale ORC. The effects of the operation parameters, the
mixture working fluid and the operation strategy on system overall performance
are addressed. It can be concluded that improving the system overall performance
should give priority to increase the pressure drop. Whether the mixtures exhibit
better thermodynamic performance than the pure working fluids depend on the
operation parameters and mass fraction of mixtures. The mixture working fluids
obtain a higher expander shaft power but a relatively higher BWR. The expander
rotating speed for standalone operation strategy keeps rising from 2320 to 2983 rpm,
whereas that of grid connect operation strategy keeps constant of 3600 rpm.

Keywords: organic Rankine cycle (ORC), operation characteristic,
mixture working fluids, system generating efficiency

1. Introduction

Energy is an indispensable resource for human progress and social development,
improving energy efficiency has become a global research hot spot. Meanwhile, waste
heat resource utilization problem has received widespread attention. If those waste
heats can be effectively utilized, it will not only provide important technical support
for energy conservation, emission reduction and environmental protection, but also
generate certain economic benefits. Organic Rankine cycle (ORC) was adapted as a
new technology to utilize waste heat [1-3]. The principle of ORC is similar to that of
Rankine cycle. The main difference is that the low-boiling organic fluid can be used
to replace the water of the Rankine cycle, which can significantly reduce the final
discharge temperature, thus achieving the purpose of waste heat recovery [4-8].

Recently, many scholars have conducted in-depth research on ORC system
concerning on the working fluids selection, ORC performance optimization and
component development. However, the theoretical analysis can guide the ORC
design, but cannot predict accurately the system performance. Therefore, some
researchers devoted main effort on ORC experimental studies.
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Mathias et al. [9] compared the operation characteristics using piston pump and
gear pump, expressing that the piston pump outperformed than the gear pump.
Carraro et al. [10] integrated a multi-diaphragm positive displacement pump into a
4 kW ORC experimental prototype, and found that the pump global efficiency was
about 45-48%. Xu et al. [11] used R123 to study the matching degree of the piston
pump and the expander. They stated that the low pump frequency was applicable
to all expander torques, while the high pump frequency was only applicable to
low torques. Zhao et al. [12] studied the diaphragm pump performance under
various conditions using four different working fluids. The experimental results
showed that a higher volume flow rate and pressure difference led to a higher
pump isentropic efficiency. Lei et al. [13] tested a roto-jet pump at different rotat-
ing speeds using R123. They illustrated that the pump efficiency was in range of
11-23%, and an increase in pump rotating speed or a decrease in mass flow rate
can cause the decrease in pump efficiency. Zeleny et al. [14] proposed a modified
gear pump used in micro ORC and discussed the contribution to pump different
losses. They stated that as the pressure increases, the effect of mechanical losses
decreased, while the volume loss was reversed. Bianchi et al. [15] applied a sliding
vane pump on the ORC using R236fa. When the mass flow rate increased from 52
to 119 g/s, the pump’s mechanical power increased by 289 W. Wu et al. [16] used
multistage gas-liquid booster pump to improve the performance of ORC system,
revealing that the maximum conversion efficiency from high-pressure air to water
was 0.72. Yang et al. [17] compared experimental characteristics of three pumps,
demonstrating that the maximum actual pump efficiency of multistage centrifugal
pump was 58.76%. Landelle et al. [18] discussed the operation characteristic of the
reciprocating pump, reporting that the reciprocating pump had eminent volumetric
efficiency and the ORC efficiency decreased as cavitation margin increased. Meng
et al. [19] analyzed the multistage centrifugal pump on the ORC, expressing that
the maximum overall pump efficiency was 65.7%. Bianchi et al. [20] changed
the heat source temperature and feed pump speed to explore the performance of
micro ORC. They found that the achieved pump efficiency was ranging from 10 to
20% and the net efficiency of the system was 2.2%. Yang et al. [21] studied the key
parameters of the hydraulic diaphragm metering pump. The tested efficiency and
BWR were 88.7% and 0.93, respectively. Bianchi et al. [22] used the CFD model to
design and analyze a sliding vane pump. The pump performance was found to be
optimal at 1250 rpm and 9.7 bar. Sun et al. [23] compared three different pumps
from the viewpoint of the actual cycle and the ideal cycle. The experimental
results showed that the combination of a centrifugal pump and a scroll expander
can maximize the isentropic efficiency of the expander. Xi et al. [24] analyzed the
influence of the plunger stroke of the working fluid pump on the system perfor-
mance by orthogonal analysis. The results showed that the plunger stroke had a
great influence on pump power consumption and working fluid flow. Aleksandra
Borsukiewicz-Gozdur [25] found that a higher pumping power required a higher
cycle pressure.

Compared with the pure working fluids, the main advantage of mixtures as ORC
working fluids stems from their non-isothermal phase transitions during vaporiza-
tion and condensation, and hence effectively match the temperature change of
heat source and cooling water. Therefore, great attention has been drawn to the
mixture working fluids. Dong et al. [26] compared the thermal efficiency of high-
temperature ORC system between mixture and pure working fluids, and found that
the range of options for working fluids was widened by the mixture working fluids.
Garg et al. [27] investigated the thermodynamic analysis using isopentane, R245fa
and their mixtures, reporting that 0.7isopentane/0.3R245fa was the preferred can-
didate working fluid. Lecompte et al. [28] discussed the exergy efficiency of ORC
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system using mixture working fluids, stating that the mixture presented 7.1-14.2%
higher second law efficiency than the pure working fluids. Zhao et al. [29] analyzed
the effect of composition shift of mixture working fluids on system performance,
demonstrating that the composition shift significantly influenced the performance
of ORC system. Liu et al. [30] investigated the effect of condensation temperature
glide using mixture on ORC performance, reporting that when the increase of
cooling water temperature is greater than the condensation temperature glide, an
optimal working fluid mole fraction can be obtained to maximum thermodynamic
performance. Furthermore, great attention has been drawn to the experimental
comparison between mixture and pure working fluids. Pu et al. [31] compared the
system performance using R245fa and HFE7100, showing that R245fa obtained

the maximum net power output of 1.98 kW, which is 0.95 kW higher than that of
HEF7100. Molés et al. [32] proposed using HCFO-1233zd-E to replace HFC-245fa,
and found that the net electrical efficiency was in rage of 5-9.7%. Jung et al. [33]
studied the dynamic behavior of a kW ORC test rig using R245fa/365mfc. Li et al.
[34] compared the system behaviors using R245fa and R245fa/R601a.

In this chapter, the effect of mass flow rate, pressure drop, degree of super-
heating and condenser temperature on thermal efficiency and system generating
efficiency are examined [35-36]. Several experimental investigations using pure
working fluids (R123 and R245fa) of small-scale ORC test rig have been performed.
However, few of them tried to fulfill the experimental comparison between pure
and mixture working fluids. And therefore, two pure working fluids (R245fa, R123)
and two mixtures working fluids (0.67R245fa/0.33R123 and 0.33R245fa/0.67R123)
are tested and compared [37]. The system behaviors at two different operation
strategies are addressed [38].

2. Experimental setup of ORC system

A 3 kW ORC experimental prototype is adopted, as shown in Figure 1. It
includes three loops: heating loop, ORC loop and cooling loop. The photo of experi-
mental layout and the main facilities of ORC system are plotted in Figure 2.

2.1 Heating loop

An electric heater using conduction oil is used as the simulated heat source,
within four electrical heating rods having the capacity of 80 kW. An axial pump
adjusted the mass flow rates of conductive oil, ensuring the heat source tempera-
tures ranging from 110 to 140°C. Meanwhile, the evaporator heat transfer rate can
be changed by adjusting the input power of electric heater, which is controlled by
the four electrical heating rods.

2.2 ORC loop

The ORC loop is made up of four major components: a plunger pump, an evapo-
rator, a scroll-type expander and a condenser. It should be noted that R123 is used in
this study because of its better thermal efficiency and environmental performance.
The pump supplies the working fluid to the evaporator where the working fluid is
heated and vaporized by the conductive oil. The high pressure vapor flows into the
expander and its enthalpy is converted into work. The low pressure vapor exits the
expander and is led to the condenser where it is liquefied by water. The liquid is
available at the condenser outlet, and then it is pumped back to the evaporator and a
new cycle begins.
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Figure 1.
Schematic diagram of an ORC system.

Figure 2.
The photos of (a) experimental setup, (b) the expander generator set, and (c) the electrical load.
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The plunger pump is controlled by a frequency converter, with the achievable
maximum delivered pressure head and flow rate are 50 bars and 18 L/min, respec-
tively. The pump power consumption can be obtained by measuring the voltage
and current, while the pump shaft power can be calculated by the thermodynamic
parameters at the inlet and outlet of pump.

The evaporator and condenser are plate heat exchangers with the same heat
transfer area of 4.157 m’. Asbestos board and insulating foam are equipped around
the evaporator and condenser to avoid the heat loss.

A scroll-type expander, which was modified from commercial oil-free scroll
type air compressor with a built-in volume ratio of three, is employed. The
expander shaft power is transferred to the three-phase permanent-magnet genera-
tor by pulley and belt. The alternating current produced by permanent-magnet
generator is converted to direct current using three bridge rectifier. The frequency
of direct current is adjusted by the electrical resistance and capacitance to meet the
grid frequency requirements.

2.3 Cooling loop

The cooling tower is installed at roof and extras the heat from condenser to air
environment. Therefore, the cooling inlet water is fluctuated by the environmental
temperature. The needle value is used to adjust the mass flow rate of cooling water.

3. Thermodynamic analysis method

It should be noted that the thermodynamic properties of pure and mixture
working fluids are obtained based on NIST Refprop [39]. Based on the measured
temperatures and pressures, the corresponding enthalpies and entropies for every
state can be obtained. Figure 3 shows T-s plot of the thermodynamic cycle. For the
expander, the vapor working fluid (state 1) enters the expander to generate power
output, and then exits (state 2). The evaporator heat transfer rate (Q,,.), which is
heated by the conductive oil, is

porator model  heating evaporating, =—superheating

v

: Heatsource 1

£ 120 I5Tsup
< :
£ 2
1 ;
E &Tmh i
= P16

Cooling water
Condenser mu

LS condensation

subcooling

Entropy (kl'kg K)

Figure 3.
T-s plot of the ORC cycle, as well as the evaporator and condenser model.
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Qeva = m(hl - h6) (1)

The expander power output is calculated according to the thermodynamic state
at expander inlet and outlet, while the expander shaft power is measured by torque
meter, which can be obtained by torque and rotating speed. Meanwhile, the ideal
isentropic expansion process in expander is from 1 to 2 s, while the real one is from
1to 2. The expander power output (w,,,,) and shaft power (w,,,,) can be expressed
as follows:

Wp,exp = m(hl - hZ) (2)

Wsh,exp = é—gMexpnexp (3)

where /; and ki, are the inlet and outlet enthalpy of expander, which is deter-
mined by the measured pressure and temperature; M., is the torque, and n.,;, is the
rotating speed, which is measured by tachometer.

The electrical power produced by generator can be calculated by measuring
the current and voltage. The pump shaft power can be calculated by the mea-
sured pressure and temperature, while the power consumption is measured by
pump frequency converter. To better understand the portion of the electricity
output for driving the pump, back work ratio (BWR) is proposed to represent
the ratio between pump consumption and electricity output, which can be
expressed as:

Wele um
BWR = — o 4
Wele,exp ( )

The thermal efficiency and system generating efficiency can be expressed as:

_ (hl - h2) - (h6 - hS)
Nth,cal = hl _ h6 (5)
W - W,
est =~ 6
N th,test Qo 6)
Wele,exp - ele,p

le = o~ Telop 7
e Qunn @)

4. Effects of different operation parameters

The operation parameters have a significant influence on system performance.
Based on the 3 kW ORC experimental prototype, the steady-state operation test is
discussed at first, and then the four operation parameters on system behavior are
examined.

4.1 Steady-state operation test

The heat input is used to control the heat source temperature, while the work-
ing fluid pump frequency is adopted to adjust the working fluid mass flow rate.
The experimental data is collected at every 5 s. The test is recorded when the heat
source temperatures are within a small fluctuation below +0.5°C. One point is the
average value of a 20 min steady operation. When the mass flow rate is in range
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Figure 4.
Variation of heat source temperatures and mass flow vates with time.

of 0.124-0.222 kg/s and heat source temperature is in range of 110-140°C, the
variation of heat source temperatures and mass flow rates with time are plotted in
Figure 4. Obviously, the mass flow rate and heat source temperature have a rela-
tively stable variation.

Taking the mass flow rate of 0.124 kg/s and heat source temperature of 110°C
as an example, the detailed steady-state operation characteristic for 20 min steady
operation is shown in Figure 5. It can be seen that the pump outlet pressure
(Figure 5b), expander inlet pressure (Figure 5c), and mass flow rate of working
fluids (Figure 5f) have a relativelSy strong variation, indicating that a control
strategy for the pump and expander is necessary.

4.2 Effect of mass flow rate

The working fluid mass flow rate is adjusted by the pump frequencies. Figure 6 plots
the variation of thermal efficiency with mass flow rate at different heat source tempera-
tures. It can be seen that the thermal efficiencies for different heat source temperatures
have a similar behavior of a decreasing trend with mass flow rate, which may be attrib-
uted to the increasing heat input. Meanwhile, the thermal efficiency keeps rising with
the heat source temperature, which may be attributed to the increasing power output. It
also can be found that when the mass flow rate is 0.124 kg/s and the heat source tem-
perature is 140°C, the thermal efficiency owns a maximum value of 5.14%.

Figure 7 shows the variation of system generating efficiency with mass flow rate
at different heat source temperatures. As the mass flow rate increases, the system
generating efficiency keeps decreasing for a heat source temperature smaller than
120°C, whereas represents a parabolic trend for a heat source temperature higher
than 130°C. Meanwhile, the system generating efficiency keeps rising with the heat
source temperature. A highest system generating efficiency of 3.25% is appeared for
a mass flow rate of 0.198 kg/s and a heat source temperature of 140°C. The system
generating efficiency is in range of 0.94-3.25%.

4.3 Effect of pressure drop

The pressure drop denotes the expander inlet pressure minus the pump inlet
pressure. The variation of electrical power, thermal efficiency and system generating
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Variation of electrical power, thermal efficiency and system generating efficiency with pressure drop.

efficiency are demonstrated in Figure 8. As the pressure drop increases, the system
generating efficiency and thermal efficiency own a similar behavior of an increase
first and then a slightly decrease, whereas the electrical power goes up. The increas-
ing heat input causes the parabolic trend for thermal efficiency and system generat-
ing efficiency. A higher pressure drop denotes a higher investment cost of heat
exchanger for pressure-bearing requirement. And therefore, the optimum pressure
drop is 8.16 bar, with the corresponding thermal efficiency of 5.89% and system
generating efficiency of 3.86%. It also can be found that the maximum thermal effi-
ciency of 5.92% and maximum system generating efficiency of 3.93% are obtained
with the corresponding pressure drop of 9.33 bar.

81



Organic Rankine Cycles for Waste Heat Recovery - Analysis and Applications

4.4 Effect of degree of superheating

The variation of electrical power, thermal efficiency and system generating
efficiency with degree of superheating are displayed in Figure 9. It can be seen that
the electrical power, thermal efficiency and system generating efficiency yield a
small variation with the degree of superheating, which is in line with the theoretical
study. The main reason is that the degree of superheating has a negligible effect on
the power output. The electrical power of 1.35 kW, thermal efficiency of 6.48% and
system generating efficiency of 3.91% can be owned.

4.5 Effect of condenser temperature
The needle value is used to adjust the cooling water mass flow rate, while the

working fluid mass flow rate is set to be 0.10 kg/s. The variation of electrical power,
thermal efficiency and system generating efficiency with condenser temperature are
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demonstrated in Figure 10. As the condenser temperature increases, the electrical
power, thermal efficiency and system generating efficiency own a similar behavior of
a decrease trend. The main reason is that the rising condenser temperature decreases
the expander enthalpy difference, resulting in the decrease in the power output. When
the condenser temperature increases from 22 to 43°C, the electrical power decreases
from 0.83 to 0.50 kW, while the thermal efficiency decreases from 3.02 to 1.34%.

Based on the parametric analysis, the pressure drop has a relatively effect on the
system performance, indicating that improving the system overall performance
should give priority to increase the pressure drop. Meanwhile, the optimum electri-
cal power and thermal efficiency are 1.89 kW and 5.92%, respectively. The maxi-
mum thermal efficiency does not represent the highest electrical power, which is in
line with the theoretical study.

5. Operation characteristics comparison between mixture and pure
working fluids

To better compare the operation characteristics between the pure working fluids
and mixture working fluids, two pure working fluids (R245fa, R123) and two mix-
tures working fluids (0.67R245fa/0.33R123 and 0.33R245fa/0.67R123) are tested.

BWR denotes the ratio between pump consumption and electricity output. For
theoretical study, the pump consumption is always ignore, whereas it accounts for a
large proportion for ORC experimental prototype. The BWR for R245fa, R123 and
their mixtures are displayed in Figure 11. As the mass flow rate increases, the BWR
for different working fluids own a parabolic trend. There is an optimum mass flow
rate to the lowest BWR. Meanwhile, the mixture working fluids yield a relatively
higher BWR than the pure working fluids. 0.67R245fa/0.33R123 owns the highest
BWR, while R123 yields the lowest BWR. BWR is in range of 11.86-23.22%, indicat-
ing that improving the pump operation characteristics is one way to enhance the
ORC performance.

Figure 12 shows the expander shaft power with mass flow rate for R245fa, R123
and their mixtures. It can be seen that as the mass flow rate increases, the expander
shaft power for R245fa, 0.67R245fa/0.33R123 and 0.33R245fa/0.67R123 present a

0.24 -
® - R245f A
[ - % 0.67TR245M0.33R123 _ '
022 - & 0.33R245M0.67R123 A
L -#- RI23
A .
020 b Y
& -
F Y . E ) »
0.8 F )
g - .
Z .
-] ¥.. . ®
0.16 F - . -
’ $.-
ALY . > -
| - g--"" .
e -
012 F 8
0.10 L 1 L s
0.09 012 015 s 021 0,24

Mass MNow rate (kg's)

Figure 11.
Variation of BWR with mass flow rate for R245fa, R123 and their mixtures.
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Figure 13.
Variation of thermal efficiency with mass flow rate for R245fa, R123 and their mixtures.

similar trend of increase first and then decrease, while that of R123 almost has no
change. The highest expander shaft power is obtained by 0.67R245fa/0.33R123,
while the lowest one is got by R123. One optimum mass flow rate is existed to ensure
the highest expander shaft power. The maximum expander shaft power for R245fa
of 2.76 kW, 0.67R245fa/0.33R123 of 2.85 kW, 0.33R245fa/0.67R12 of 2.46 kW and
R123 of 1.82 kW are obtained.

The thermal efficiencies for R245fa, R123 and their mixtures are plotted in
Figure 13. As observed, as the mass flow rate increases, the thermal efficiencies
for 0.33R245fa/0.67R123, 0.67R245fa/0.33R123 and R123 keep decreasing, whereas
that of R245 presents a parabolic trend. The thermal efficiency is determined
by the net power output and heat input. The main reason is the comprehensive
effect of the increasing net power output and heat input. It also can be found that
the mixture working fluids have a relatively higher thermal efficiency than the
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Figure 14.
Variation of system generating efficiency with mass flow rate for R245fa, R123 and their mixtures.

pure working fluids. The maximum thermal efficiencies for R245fa of 6.70%,
0.67R245fa/0.33R123 of 7.33%, 0.33R245fa/0.67R123 of 6.99% and R123 of 5.06%
are obtained. 0.67R245fa/0.33R123 owns the highest maximum thermal efficiency
of 7.33, 9.4% higher than that of R245fa and 44.86% higher than that of R123.

Figure 14 shows the system generating efficiencies with mass flow rate for
R245fa, R123 and their mixtures. The system generating efficiencies for differ-
ent working fluids have a same trend with the thermal efficiency (as shown in
Figure 13). The comprehensive influence of heat input and net electricity output
enables the parabolic trend in system generating efficiency. The maximum sys-
tem generating efficiencies for R245fa of 4.03%, 0.67R245fa/0.33R123 of 4.53%,
0.33R245fa/0.67R123 of 4.18% and R123 of 3.10% are yielded. Meanwhile, the cor-
responding mass flow rate for maximum system generating efficiencies of R245fa,
0.67R245fa/0.33R123, 0.33R245fa/0.67R123 and R123 are 0.130, 0.149, 0.125 and
0.124 kg/s, respectively. 0.67R245fa/0.33R123 owns the highest system generating
efficiency of 4.53%, which is 12.41% higher than that of R245fa.

Through the experimental comparison between the pure and mixture work-
ing fluids, it indicates that whether the mixtures exhibit better thermodynamic
performance than the pure working fluids depend on the operation parameters and
mass fraction of mixtures. Meanwhile, the mixture working fluids obtain a higher
expander shaft power but a relatively higher BWR, indicating enhancement in
pump is necessary for ORC application.

6. System behaviors at different operation strategies

To ensure that ORC can operate at different zone, two operation strategies are
proposed: stand alone and gird connect operation strategies. The mass flow rates and
expander rotating speed with heat input for standalone and gird connect operation
strategies are displayed in Figure 15. As the heat input increases, the mass flow rate for
standalone operation strategy is in range of 0.153-0.359 kg/s, while that of grid con-
nect operation strategy increases from 0.230 to 0.420 kg/s. Meanwhile, the expander
rotating speed for standalone operation strategy keeps rising from 2320 to 2983 rpm,
whereas that of grid connect operation strategy keeps constant of 3600 rpm.
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Vaviation of thermal efficiencies with heat input for standalone and gird connect operation strategies.

Figure 16 shows the thermal efficiencies with heat input for standalone and gird
connect operation strategies. When the heat input increases from 34.18 to 87.40 kW,
the thermal efficiency for standalone operation strategy decreases 4.04-3.64%,
which may be attributed to the comprehensive effect of increasing heat input.
However, for the gird connect operation strategy, the thermal efficiency increases
from 0.96-4.89% with heat input. Meanwhile, when the heat input is lower than
74.20 kW, the stand alone operation strategy owns a relatively higher thermal
efficiency than the gird connect operation strategy, but an opposite trend for the
heat input higher than 74.20 kW. When the heat input is 102.62 kW, the gird con-
nect operation strategy yields the highest thermal efficiency of 4.89% The system
generating efficiencies with heat input for standalone and gird connect operation
strategies are demonstrated in Figure 17. The system generating efficiencies for
standalone and gird connect operation strategies present a similar trend with the
thermal efficiencies (as shown in Figure 16). The maximum system generating

86



The Development and Application of a Small-Scale Organic Rankine Cycle for Waste Heat...
DOI: http://dx.doi.org/10.5772/intechopen.88208

0,05
@ - Stand alone A
& Grid conneet A

0,04 - ’
z A
2 A&
L » - - ---8 - > _
E g
= 003k - o
n A
= A
g .
g o0 A
£ A
=
w001

Y
“'H] . 'l i L i 'l ke 'l e s i L ke 'l e 1 -
30 40 50 6l T B0 ) 104} 110 12
Heat imput (kW)

Figure 17.
Variation of system generating efficiencies with heat input for standalone and givd connect operation strategies.

efficiency for gird connect operation strategy is 4.59%, which is 35% higher than
that of standalone operation strategy approaching of 3.40%.

7. Conclusion

Power conversion systems based on organic Rankine cycles have been identified as
a potential technology especially in converting low-grade waste heat into electricity.
This chapter presents the detailed operation characteristic of a small-scale ORC. The
effect of mass flow rate, pressure drop, degree of superheating and condenser temper-
ature on thermal efficiency and system generating efficiency are examined. Two pure
working fluids (R245fa, R123) and two mixtures working fluids (0.67R245fa/0.33R123
and 0.33R245fa/0.67R123) are tested and compared. The system behaviors at two
different operation strategies are addressed. The pressure drop has a relatively effect
on the system performance, indicating that improving the system overall performance
should give priority to increase the pressure drop. The maximum thermal efficiency
does not represent the highest electrical power, which is in line with the theoretical
study. The degree of superheating exhibits insensitive on the electrical power. There
is an optimum mass flow rate to ensure the minimum BWR. Whether the mixtures
exhibit better thermodynamic performance than the pure working fluids depend on
the operation parameters and mass fraction of mixtures. Meanwhile, the mixture
working fluids obtain a higher expander shaft power but a relatively higher BWR. The
expander rotating speed for standalone operation strategy keeps rising from 2320
to 2983 rpm, whereas that of grid connect operation strategy keeps constant of
3600 rpm. When the heat input is lower than 74.20 kW, the stand alone operation
strategy owns a relatively higher thermal efficiency than the gird connect operation
strategy, but an opposite trend for the heat input higher than 74.20 kW.
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Chapter 5

A Recent Review in Performance
of Organic Rankine Cycle (ORC)

Syamimi Saadon and Salmah Md Saiful Islam

Abstract

Increasing emissions of carbon dioxide and fuel prices lead to extra efforts in
finding solution to reduce the environment waste heat. One of the solutions emerg-
ing is the organic Rankine cycle (ORC) system. It is one of the promising exhaust
heat recovery technologies which is widely been used to recover low to medium-
grade heat rather than conventional steam Rankine cycle system. This chapter
highlights on the different conditions and configurations of ORCs that are usually
been applied. These different configurations have different constraints and usually
will be considered based on the applications.

Keywords: organic Rankine cycle, preheater, supercritical, superheating,
waste heat recovery

1. Introduction

As higher efficiency of industrial technology is in demand, more and latest
technologies are needed to produce energy. Increasing of population growth [1] and
escalating process of electricity are mostly due to emission gases from the industry,
vehicles, deforestation and others. In the aerospace industry, engineers continu-
ously search for new methods to upgrade the efficiency of the engines. Recovery
waste heat could increase the engine efficiency [2]. Although society undergoes
global issues, social problems or economy crisis, this does not stop aerospace indus-
try from expanding which leads to increase in demand on aircraft. This results in
increasing of fuel price since more conventional fuel is needed and causes pollution
into the environment [3]. Still, the price in this development is used to optimize
the engine. In each flight, greater revenue could be achieved when the number of
passengers is greater. And to have more passengers, lighter aircraft is needed. It
is important to note that weight is very crucial in changing aircraft engines as it
connects linearly with the amount of fuel used in every unit of force powered by
engine (specific fuel consumption). Waste heat recovery (WHR) is one of the most
important solutions found to lower the emission and fuel consumption [4]. Waste
heat or low- grade waste heat is heat energy produced in the atmosphere through
internal combustion. However, these low-grade waste heat are not sufficient enough
to generate power due to insufficient low temperature. Thus, to recover these waste
heat, organic Rankine cycle (ORC) system is one of the beneficial exhaust heat
recovery technologies which is widely utilized in the applications of low grade heat
recovery rather than conventional Rankine cycle [5]. By combining an ORC with
energy system, for instance in power plants, organic fluid of low boiling point is
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utilized to change heat into electricity. The organic fluids or refrigerants used in air
conditioning systems accumulates (collect) heat from a volume of air and release

it to different type of heat exchanger which increases the expansion of high vapor
pressure in expander. The heat accumulated is transformed into mechanical power
or electricity and therefore will help to increase the thermal efficiency and the
overall performance of the engine. Thus, higher thrust could be obtained as less
electrical power is needed from aircraft engine resulting lower engine bleed air

[2, 5, 6]. Because of its thermodynamic properties, organic fluid is the best selection
for low quality heat sources with temperatures below than 100°C [2]. By selecting
proper working fluid for low waste heat recovery system and modeling an optimum
design of heat exchanger configurations, the waste energy recovered through this
ORC system could be maximized. Thus, designing a fuel-efficient and cheaper heat
exchanger, ORC power plant can effectually utilize the economic and environmen-
tal issues especially in aerospace industry.

2. Aspects of recovery waste heat systems

Based on second law of thermodynamics, the efficiency of a process would not
be 100% as there is no process that can entirely transform all amount of heat into
work. The energy that is not used to produce work is being dissipated as heat at dif-
ferent temperatures, levels streams. On aircraft, half of the fuel energy lost through
this way. Nevertheless, these sources of waste heat are everywhere; from this lost
energy, only a part of it can be used to produce mechanical work or other purposes,
where around 30% of the total waste heat could be changed to useful work. As the
demand of aircraft is increasing vastly, the aviation industry has been the world
center of attraction as new technologies are needed and maximum exploitation
of fuel is a must. The conversion of heat energy to mechanical or electrical power
depends on the characteristics of the source. Let say in an air conditioning system,
an external hose is two or three degrees above the ambient temperature, it is a waste
to recover that little amount of energy, however, this power leak will be an irrevers-
ibility process together with other similar leaks will decrease the thermal efficiency.
This is called as waste heat and is an unused heat energy produced as a by-product
of process of energy transformation, as a natural consequence on any non-adiabatic
process from the thermodynamics law. Most of the available waste heat is low waste
heat that can be used by an ORC which utilizes low boiling point organic fluid as
working fluid, for example, toluene, hexane or pentane. Presently, there has not
been any waste heat recovery (WHR) system added to an aircraft. Nevertheless,
researchers suggest on adding WHR system to future engines and propose to make
changes in current engines. However, it is a hassle to change the actual design of the
engine as more expenses will be used in research, tests and certifications and a lot
of heat source needs to be taken into account. Pasini et al. [7] analyzed the pos-
sibilities of heat recovery results in overall efficiency of an aircraft engine. A waste
heat recovery system is modeled in a jet engine and a turbo propeller engine. Their
project takes into account the nozzle works in off design state. The heat emitted
influences greatly in the system performance. They also developed a numerical
thermodynamic code to evaluate the positive impacts of waste heat recovery in a
turboprop, a turbofan and a turbojet. The turbofan engine is of great interest due
to large fraction of thrust is provided by cold flow, whilst gas generator supplies
needed power. The authors then concluded that the enthalpy level ahead of exhaust
nozzle of gas generator could be decreased without losing a lot of thrust. From the
results of the calculations, it was found an increase of thermal efficiency about
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4% when heat recovery was done (efficiency of regeneration was 0.5). At the same
time, if the efficiency was 0.7, an increase of 10% was achieved. From the numerical
simulations, the best place for heat recovery is from hot gas before entering nozzle.
Another research done by Li et al. [8] was to study the small-scale ORC system
performance with low grade heat sources to provide electricity in various working
state. The experiment setup includes normal ORC system components, for instance,
turboexpander with high speed generator, finned tube condenser, ORC pump and
plate evaporator. Results found that the turbine power and condenser heat output,
ORC pump power and evaporator heat input, turbine isentropic, overall efficien-
cies and system thermal efficiencies rises when heat source temperature rises too.
The fluid of ORC during superheat and pressure at turbine inlet were two crucial
variables that kept constant with temperature heat source and pump speed of ORC.

2.1 Organic Rankine cycle

ORC utilizes organic compound instead of water as a working fluid, generally,
arefrigerant, a hydrocarbon such as pentane, butane, perfluorocarbon or silicon
oil. The organic fluid’s boiling point is much lesser compared to water and enable
heat recovering at lesser temperatures instead of the steam Rankine cycle [9]. ORC’s
first commercial applications with medium-scale power plants for geothermal and
solar applications were developed in the 9 late 1970s and 1980s. These days, over
200 ORC power plants are recognized with more than 1800 MWe installed and the
technologies keep on increasing day by day [10]. Mostly, the plants were installed
in biomass CHP application, geothermal plants and plants of WHR followed. The
layout of ORC is much simpler compared to the steam cycle as there is no water
vapor attached to the boiler, and a single heat exchanger could be utilized for the
three processes of evaporation including preheating, vaporizing and superheating.
ORC is able to use low grade heat sources than steam Rankine cycle. Since it could
be utilized in lower temperature at the turbine inlet and reduce thermal stresses in
the boiler. In regular steam plant systems, the performance cycle is at risk damage
due to gaseous infiltrations that occur in sub atmospheric condensing pressure. In
steam-based cycle, the usage of a single tube for evaporation is abstained due to
large density difference that exists in between liquid and vapor phases. However,
some organic fluids have condensation pressure higher than the atmospheric pres-
sures and this avoids the infiltration of non-condensable gases in the condenser.
The small differences in density organic fluid phase of liquid and vapor also enables
the use of once-through boilers. This led to avoidance of using stream drums and
simplified the operation of the whole plant. A simple plant system can be developed
and less cost is needed when uses organic fluid compared to steam based cycle. In
ORC, usage of deaerator is unnecessary but that is not the case for steam base cycle.
Due to presence of oxygen, water deaerator or water treatment must be added to
avert erosion. Because of low fluid density in the cycle low-pressure part, steam
cycle also needs large turbines, heat exchangers and hydraulic diameter for pipes.
Meanwhile, since organic fluid has higher density fluid, usage of compact appli-
ances is allowed, especially in marine application, the available space for recovery
plant of waste heat is restricted. Other than that, the enthalpy drop in ORC is much
lower compared to steam cycle. The process in ORC can be done in a single stage
with much simpler turbine compared to steam cycle which requires turbine with
some expansion stages. ORC normally operated at much lower pressure levels and
rarely exceeding 30 bars. Thus, ORC is beneficial in low to medium power range
due to its cycle simplicity, less cost and stress level needed at boiler, easier to control
and simpler usage of components [11].
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2.1.1 Difference between steam Rankine cycle and ovganic Rankine cycle

Traditional steam Rankine Cycle utilizes water and higher pressure vapor
as the main flow fluid in the cycle and mainly used in high temperature more
than 500°C. However, ORC uses organic pure less boiling point or working fluid
mixture mostly used in lower temperature process less than 500°C. Thus, ORC
is more advantageous in recovering less temperature heat energy for various
temperature ranges. Although steam Rankine cycle is the most common technol-
ogy used in recovering heat process that converts heat into electricity, it is unfit
for conditions of low temperature and pressure. This results from the need for
high temperature and pressure in operation. If exhaust temperature and pressure
are similar, the SRC exhaust steam enthalpy is greater and the heat from the cold
sources increases [12].

Based on the Figure 1 which is the T-s diagram above, two important differ-
ences could be found. Firstly, the curve of the organic fluid is abundantly vertical,
meanwhile, water has negative curve of saturated vapor slope. Hence, when process
of expansion finish, the limitation of vapor quality invisibles in ORC cycle and
superheating vapor is unnecessary before the turbine inlet. Second, the gap in
entropy between saturated liquid and saturated vapor for organic fluids is lesser.
Thus, the enthalpy vaporization is lesser. The organic working fluid mass flow rate
should therefore be greater than water to absorb equal thermal power in the evapo-
rator, resulting in more pump consumptions [13].

2.1.2 Supercritical organic Rankine cycle

ORC can be operated in a subcritical or supercritical cycle. In supercritical cycle,
the working fluid evaporation ends in supercritical area and the heat rejection in
condenser occurs in the subcritical area. Many studies have been performed on
the supercritical ORC. Figure 2 provides the temperature and entropy changes of
supercritical ORC.

Yagli et al. [14] modeled subcritical and supercritical ORC to recuperate exhaust
gas waste heat of biogas fuelled CHP engine. Comparing with subcritical condition,
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Figure 1.
T-s diagram of the water saturation curves of water and a few typical ORC organic fluids applications [13].
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Figure 2.
Supercritical ORC temperature and entropy change [14].

supercritical ORC shows greater performance. At constant pressure, supercriti-

cal ORC performance rise as turbine inlet temperature rises. The most excellent
performed cycle net power, thermal efficiency and exergy efficiency are evaluated

as 79.23 kW, 15.51 and 27.20% for subcritical and 81.52 kW, 15.93 and 27.76% for
supercritical ORC, respectively. Guo et al. [15] studied the subcritical and transcriti-
cal ORC performance in regards to the evaporator pinch point locations. Found that
transcritical ORCs gives higher performance as the heat source outlet temperatures
lessen. Ran et al. [16] studied the impact of big transformation in the thermophysical
properties of pseudocritical region. Utilizing network output, thermal efficiency
and total vapor area an optimization method was found. The results showed that

in transcritical ORC’, the thermophysical properties of the working fluid work at
supercritical coefficient and logarithmic mean temperature difference (LMTD).
Moloney et al. [17] analyzed the pressure effect to optimize the first law efficiency,
second law’s efficiency and net power of a supercritical ORC with 170-240°C turbine
inlet temperature suitable for geothermal reservoirs of medium temperature. Found
that supercritical cycle is much more efficient than subcritical cycle to optimize the
plant efficiency. Chowdury et al. [18] presented an ORC simulation with different
source of heat from the actual vehicle exhaust in supercritical state. The simulation
shows that the key in transforming the operating temperature at the evaporator outlet
is to modify the mass flow rate.

2.1.3 Application of organic Rankine cycle
The ORC technology has been utilized broadly and applied in various industrial
activities especially in biomass and geothermal application. Nevertheless, ORC

technology has been increasing in solar thermal system and heat recovery applica-
tions from industrial waste heat.

2.1.3.1 The combined heat and power (CHP) of biomass

There is widespread use of agricultural or industrial processes such as lumber
or agricultural waste in biomass due to low energy density than the fossil fuels
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and availability of heat and electricity, where biomass is suitable on off-grid
case or unreliable grid connection. Local generation results in smaller power
plants that exclude traditional steam cycles that in this power range are not
profit-making.

Figures 3 and 4 define the working principle of such cogeneration system, at a
temperature from 150 to 320°C, heats from combustion is transmitted from the flue
gases to the heat transfer fluid in two heat exchangers. When temperature lowers
a little bit below 300°C, heat transfer fluid (thermal oil) is sent to the ORC loop to
evaporate the working fluid. Then, the evaporated fluid expands, to preheat the
liquid using recuperator and when temperature reached 90°C, the fluid condensed
to produce hot water.

ORC efficiency is lesser compared to traditional steam cycles and gradually
reduces for small scale units. To raise the overall energy conversion efficiency of
plant, heat demand is needed and could be met through space heating or industrial
processes (wood drying). Load of plant could be managed through on- site heat
request or maximize power generation which includes additional wasting heats but
increases, the full load operating hours per year.

From Figure 3, even though the CHP system’s electrical efficiency is somewhat
less (18%), the overall system efficiency is 88% greater than centralized power
plants where most residual heat is lost. These gases need to be cooled to the least
possible value, so that acid dew point could not be achieved and to lower the losses
in flue gases. Two heat transfer loops are utilized to achieve this point (high and
low temperature). The lower temperature loops are installed after the high flue
temperature to lower the outlet temperature. Competitive technology in generating
electric out of solid biofuels is biomass gasification where biomass changes into
an organic gas mainly consisting H,, CO, CO, and CH,. In order to remove solid
particles, this synthetic gas is treated and filtered and finally burned in an ICE or in
a gas turbine. Contrasting Biomass CHP’s technology and costs with an ORC with
gasification, gasification yields higher investment costs (75%), higher maintenance
costs (200%) and more power-to-thermal ratio, where utilization is increase
profit-making. ORC is an established technology meanwhile gasification plants are
normally used as prototype in operation.
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Biomass Bumer heat exchanger exchanger Condenser
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Figure 3.
Energy flows in a CHP system of biomass [13].
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2.1.3.2 Geothermal energy

Geothermal heat sources ranges from 10 to 300°C. The actual lower technologi-
cal limit to generate electricity is about 80°C, and became less efficient with tem-
perature less than 80°C and causes uneconomical geothermal plants. The potential
of geothermal energy in Europe is shown in Table 1 and indicates that low tempera-
ture sources have higher potential.

For better production and injection, boreholes need to be drilled in the
ground (Figure 5) to recover heat at an acceptable temperature. Then, the hot
brine is pumped out of the first one and injected at a lower temperature in the
second. Boreholes might be few thousand meters deep which results in working
continuously for few months depend on the configuration of the geology and
causes increasing share of drilling for geothermal plant cost investment (up to
70%) [19]. High auxiliary consumption is also characterized by low geothermal
ORC: the pumps ingest 30-50% of the gross power output [20]. The brine pump
together with a significant flow rate has to circulate the brine over large stances is
the primary consumer. Working fluid of pump consumption is greater than higher
temperature cycles, as the ratio of pump consumption to turbine output power

Heat transfer loop
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Figure 4.
Biomass CHP ORC system working principle [13].
Temperature MWth MWe
65-90°C 147,736 10,462
90-120°C 75,421 7503
120-150°C 22,819 1268
150-225°C 42,703 4745
225-350°C 66,897 11,150

Table 1.
Geothermal energy potential in Europe for different temperature ranges of heat sources [19].
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Geothermal ORC system working principle [13].

(‘back work ratio’) rose as evaporation temperature lowered. Geothermal heat
sources temperature (>150°C) allow for CHP, where the condensing temperature
is restricted to a higher temperature such as 60°C, enabling district heating uses
cooled water. Thus, the overall efficiency of energy recovery rises with lower
electrical efficiency expenses.

2.1.3.3 Solar power plants

Solar power concentration is the best technology on a linear or punctual col-
lector that tracks and reflects the sun, transferring heat to high temperature fluid.
Electricity is generated as heat is transmitted to a power cycle; electricity is gener-
ated. The three primary technologies of concentration are the parabolic platform,
solar tower and the parabolic trough. Punctual concentrating technologies consist
of parabolic dishes and solar towers, results in more concentration factor and
greater temperatures. For solar towers, the Stirling engine (small-scale plants), the
steam cycle or even the combined cycle is the best suited power cycles. Parabolic
troughs operate at lesser temperature (300-400°C). Till today, they were combined
to traditional steam Rankine cycles to generate electricity [21]. Geothermal or
biomass power plants for example, steam cycles need higher temperatures, pressure
and installed power to be more cost- effective. Organic Rankine cycle is a favorable
technology that could lower the small scale of investment costs by working at lesser
temperatures and reduce total installed power to kW scale. The working principle
of the system is shown in Figure 6. As Fresnel linear technology need lower invest-
ment costs [22], they are suitable for ORCs but operate at lesser temperature.

Till recently, only a few of CSP plants with ORC are accessible on the market:

* In2006, at Arizona, a IMWe solar concentration of ORC power plant was
accomplished. The ORC module utilizes n-pentane as the working fluid with

20% efficiency. On design point, the overall solar energy efficiency is 12.1% [23].

* Few small-scale for the applications of remote-off grid were studied. The
only proof of concept obtained is that IKWe system installed for rural
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Figure 6.
Solar ORC system working principle [13].

electrification in Lesotho by “STG International”. To produce and integrate
small size solar thermal technology with medium temperature collectors and
an ORC to acquire economics equivalent to big installation of solar thermal is
the objective of this project. This design intended to change or adding diesel
generators in developing countries at off-grid areas through generating clean
power at lesser costs.

2.1.3.4 Mechanical and industrial heat vecovery

At low temperature, most of the application in manufacturing industry reject
load. Normally, the heat is enormous in large-scale plants, and could not be used
again for on-site district heating. The heat then discharged into the atmosphere and
results in two types of pollution [24]:

* Health/Environmental issues results from pollutants (CO,, NOx, SOx, HC) of
flue gases.

* Unbalance of aquatic equilibrium and negative effector biodiversity due to
rejection of heat.

These two types of pollution could be diminished by waste heat recovering.
Moreover, it could provide on-site electricity to be consumed or sent it back to the
grid. Normally, waste heat is recuperated through an intermediate heat transfer
loop in such a system and used to evaporate the cycle’s working fluid. In USA, power
generation from industrial waste heat sources is approximately about 750 MWe
[25]. Some industries have greater potential in recovery of waste heat. One of it, the
cement industrial loses 40% of flue gas heat. These flue gases are placed at a tem-
perature of 215-315°C after the preheater of limestone or in the clinker cooler [26].
CO; released from the cement industry is 5% of the world’s total CO, emissions, half
of the results from fossil fuels combustion in kilns [24]. Further possible industries
include iron and steel industries (for example, 10% of CO, emissions in China),
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refineries or chemical industries. Although their potential is higher and cost-effective
(1000-2000 €/kWe), ORC recovery waste heat cycles have only 9-10% of the
world’s installed ORC plants compared to biomass CHP and geothermal units [10].

2.1.3.5 Aircraft engine

Perullo et al. [27] integrated an ORC to an engine for power generation. They
mentioned the problem, as bypass ratio keep on growing and the engine cores
becomes effective, the diameter of engine fan increases and the core size decreases
which causes pneumatic offset needing greater percentage of the core flow and
results in higher performance penalties. They tried to solve the problem by chang-
ing the pneumatic off-take to an electrical and used power generated to drive
external air to the environmental control system (ECS). With the idea of no-bleed
aircraft, performance penalties for shrinking cores and increased fan diameter
are supposed to be eliminated and they had demonstrated that a rise in efficiency
from 0.9 to 2.5% is possible. Boeing has also applied the no-bleed system; but using
generator as the source of energy, not ORC where the generator works with energy
taken from the APU and engines. As this application save fuel by 3%, this explain
why they put this idea together in ORC rather than extracting energy from fuel,
the waste heat could supply the energy needed. ORC is used due to the low quality
of the range temperature. The WHR system is placed in the core jet exhaust of a
turbofan engine. Conversely to land ORC systems, used in steam power plants for
instance, an on-board ORC would suppose operating conditions that may vary con-
tinuously in the course of every few hours in external pressure and temperatures.
The amount of heat extracted from the engine should be considered to avoid reduc-
tion of thrust. The system is distributed in the nozzle, the nose cowl and the Pylon.
It uses R245fa as the working fluid having demonstrating highest thermal efficiency
in a wide range of operating pressure. The MathCAD 2001 software was used to
model the design to govern whether energy is enough to extract our f the exhaust
gases to a power of 270 hp. motor. Figure 7 below describes the ORC schematics.

The model was integrated on a CFM56-7B configuration and cruise conditions
were used in it. Some assumptions were done; not analyzing the system with take-
off conditions as working fluid dissociates at high temperatures, heat is taken out of
core exhaust flow before expanding in the nozzle, assuming a weight of 430 kg and
was used to calculate the fuel burn reduction (0.9%) a TSFC reduced its value in
2% compared to the engine alone. It was also assumed that the ORC could produce

|EI|1H.II-I Case - Boller

Figure 7.
Aircraft engine ORC system working principle [27].
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greater power which is needed to drive the ECS air compressor and resulted in
reduction of TSFC for 22%. Perullo et al. [27] concluded that an ORC WHR system
could produce more power on the existing engine and can be utilized to supply suf-
ficient power to a compressor driving air to the ECS. They suggested that the design
system should be reconfigured to obtain the best results of fuel burn and take into
account the need of an electric starting mechanism if the bleed system was removed
in future research. The option of using the engine cowl or the anti-icing system in
the wing s as the condenser of the ORC system was suggested as well.

2.1.4 Organic Rankine cycle (ORC) with regenerator (RORC)

Regenerative ORCs are designed where ORCs and turbine bleeding are inte-
grated to a heat exchanger. The cycle heats up the working fluid upon infiltrating
the evaporator which is almost similar to the ORC with recuperator. Figure 8(a)
and (b) provides the schematic cycle and T-s diagram of regenerative cycle.

At 139°C of turbine inlet temperature, Le et al. [28] utilized a genetic method
to optimize the first law and effectiveness of the system for diverse fluids. When
examining, CO, results the worst while recuperative cycle was discovered for
greater efficiencies compared to simple cycle. Moloney et al. [17] studied the envi-
ronmental fluids with critical temperature below 200°C in regenerative supercriti-
cal ORCs to upgrade the geothermal energy efficiency and noted that CO, operates
the lowest. The same purpose was enforced by Muhammad et al. [29] to the basic
ORGC; single and double stage regenerative ORC for applications of recovering waste
heat. Studies showed that the single and double stage regenerative ORC has greater
thermal efficiency with lower economic performance rather than the basic ORC.

2.1.5 Organic Rankine cycle with superheating

Found that superheating of dry fluid negatively affects the ORC’s efficiency
while wet fluid positively affects the ORCs efficiency and isentropic fluid did not
really affect ORC. Nevertheless, an experimental observation by [15] indicated that
ORC with wet fluid superheat utilizing R245fa at 1.8°C and if the superheat rises
to 8.7°C, the system is stable. Thus, even for dry working fluid, superheating is
essential.

Li et al. [30] conducted an experimental study to inquire the performance of a
small-scale ORC system with low grade heat source to produce electricity at various
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Figure 8.
(a) ORC with regenerator and its (b) T-s diagram [28].
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working state. It was found that the fluid of ORC during superheat and pressure
at the turbine inlet were two main variables able to be managed with temperature
of heat source and speed of the ORC pump. It was also found that superheat and
internal heat exchanger are crucial for ORC from both perspectives of thermo-
dynamic and techno-economic. Roy et al. studied the consequences of superheat
and recovering on ORC system at certain degree of superheat [31]. Note that Guo
et al. [15] argued if the superheat coupled with an internal heat exchanger, greater
development could be done. Zhang et al. inquires the consequences of superheat
and internal heat exchanger on three ORC designs’ thermos-economic performance
from fluid properties and heat sources. It has been discovered that the thermo-
economic performance of internal heat exchanger ORC with dry surpasses the wet
fluid as temperature of heat source load increases [32]. Brizard et al. [33] sug-
gested preventing condensation drops during operation of superheating; the inlet
of expander must exceed 20°C. Radulovic et al. [34] mentioned that superheat is
important in cycle especially in wet fluids. As the temperature of superheater rises,
the cycle efficiency also rises and the chance of the working fluid condenses during
pressure drop inside turbine, resulting in corrosion and efficiency drop is lesser.
To get a higher efficiencies and net power output, superheating is important to
prevent wet expansion. Feng et al. [35] found that rises the superheat degree assure
the decrease in mean heat transfer temperature difference in superheating area
of evaporator causes decreasing of overall heat transfer area, and decrease in the
investment cost of the system. It was also found that outlet temperature of evapora-
tor and superheat degree gives good feedback on the efficiency of exergy. Li et al.
[30] construct an investigation on the experimental of a small-scale ORC system
under designated working state for the recovery application of low-grade thermal
energy. The reaction between condenser cooling water temperatures and superheat.
R245fa at turbine inlet were measured and analyzed on the performance of the
system. The outcomes show that when evaporating pressure is constant, superheat
at the inlet of expander gives negative feedback on the turboexpander and perfor-
mance of the at some temperatures of cold water. In conclusion, superheat is crucial
in assuring an efficient and safe system operation. Bianchi et al. [36] presented an
experimental micro-ORC setup for low-temperature application by implementing a
test bench to acquire data for the energy system characterization. From the results,
it was found that for the tested working points, efficiency is from 2.9 to 4.4% and
increases as degree of superheating decreases. Ismail et al. [37] concluded that
utilizing superheated vapor in the system with internal heat exchanger results in
increasing of thermal efficiency ORC. The mass flow rate required for the system
together with superheated vapor is lower than the saturated vapor system. Thus,
superheated is essential to lower the mass flow rate, and enhanced the performance
of the system with presence of internal heat exchanger.

3. Conclusion

This chapter presents a comprehensive review on the developments of organic
Rankine cycle (ORC) systems that have been used for power generation by using a
waste heat source. This review also highlights more on the different configurations
of ORCs used, depending on their applications. From here, we could conclude that
superheating and the condition of the organic working fluid are crucial in ORC
system from the thermodynamic point of views. Therefore, this study plans to
investigate the design of an ORC model with better output power by modifying
the configurations and adding a superheating device and also to study the effect of
using organic dry working fluid (R245fa) at supercritical condition.
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