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Thermal engines, particularly closed power cycles, are currently a focus of many studies mainly because they
represent the only way to exploit renewable thermal energy. To increase the exploitation of available thermal
sources, this work investigates the higher potential offered by a complementary technology based on the use of
reactive working fluids instead of inert fluids: the here-called “thermo-chemical” engine. Such a power cycle
enables the simultaneous conversion of thermal and chemical energy into work. Based on a theoretical approach,
this paper explores engine performance considering different stoichiometries and thermodynamic characteristics
of reactive fluids and different operating conditions. It is shown that the use of specific equilibrated reactions
occurring in the gaseous phase might lead to extremely powerful and highly efficient energy conversion systems
in the whole current domain of the application of power cycles. Moreover, it is demonstrated that, unlike
classical thermal machines, a thermo-chemical engine allows efficient and powerful exploitation of low-
temperature heat sources and high-temperature cold sinks, which in general, characterize renewable thermal

energy.

1. Introduction

Industry owes its development to the invention of the thermal en-
gine. Currently, more than 77.7% [1,2] of the global demand for elec-
trical power is supplied by thermal plants powered either by heat
sources released from fossil and nuclear fuels (75.0%) or by renewable
thermal energy (2.7%), such as biomass, industrial waste heat,
geothermal and solar thermal power. This dominance is a result of the
exclusive capability of these plants to convert heat into power. The
remainder (22.3%) represents electrical production by means of
renewable technologies not involving thermal engines (solar photovol-
taic, wind and hydropower), which are definitely the most rapidly
growing forms of electrical power generation. A deeper analysis of those
statistics reveals that thermal engines (and thus renewable thermal en-
ergies) hold a minor place (2.7%) among the total of 25% of exploited
renewable energy. Current studies [3], intended to improve the appli-
cability of this machine in the renewable field, experience non-impactful
improvements [4] and learning rates lower than those of other tech-
nologies [5].

In every conceived thermal engine, the core transformation that
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enables the production of useful work consists of the expansion of an
inert working fluid. For example, water and air are mainly employed in
steam cycles and gas turbines, respectively, to exploit combustion or
nuclear (high-temperature) thermal sources [6]; additionally, a few
niche applications of helium and carbon dioxide [7] in gas power cycles
exist. Organic fluids, ammonia [3], and carbon dioxide [8] are also used
to generate power from other lower-temperature heat sources.

This paper demonstrates that a way exists to substantially increase
the currently slow improvement rate of heat engine performance, con-
sisting of developing engines operating with reactive working fluids
instead of inert ones. Such a power cycle enables the conversion of
thermal energy into work by means of the simultaneous conversion of
the thermal and chemical energy of a reactive energy system (the reactive
working fluid). In this work, those engines have thus been labelled
“thermo-chemical engines” to distinguish them from the current “ther-
mal engines”.

The conversion of chemical energy into electricity is not new: elec-
trochemistry is the foundation of batteries, pioneered by the Italian
physicists Luigi Galvani (1737-1798) and Alessandro Volta
(1745-1827). The idea of converting chemical energy such as the “large
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energy change involved in dissociating gases” into work was originally
suggested by Lighthill in 1957 [9]. In 1963, some colleagues of Lighthill
published a paper [10] to validate his idea. These preliminary results
show the first quantitative and enthusiastic effects that the use of fictive
dissociating diatomic gases may have on the global efficiency of Brayton
cycles, and the authors conclude that “further study with a view towards
application is suggested”. In 1968, another similarly optimistic study by
Cheung [11] considered the same fictive fluid (Azg) 2 2A(g)) to perform
an initial screening over 7 existing reactions, leading to the selection of
P4g) 2 2P(g). The author showed the advantageous reduction of the
radiator area of a Brayton cycle operating with this reactive fluid with
respect to a generic monoatomic inert gas. In 1971, Krasin and Nester-
enko published a thorough review [12] of their research performed at
the Nuclear Power Institute of the Academy of Science in Byelorussia.
These authors found extremely favourable results on using the specific
dissociating N2O4(g)/(1) 2 2NOz2(g) 2 2NO(g) + Ox(g) as the working fluid
for both large gas and condensing power plants. Their works revealed
the highly improved heat transfer characteristics of this fluid with
respect to water, carbon dioxide, helium and azote. In the same period,
the Institute developed three experimental power plants operating with
N50Oy4 as coolant fluid (the 100 kW-“Vulkan”, the 1 MW-“Vikhr-1" [12]
and the mobile 630 kW-“Pamir-630D” [13]), and validated their ex-
pected efficiency and the stable operation.

Later, some authors reconsidered NoO4 [14-17] for nuclear, space
and solar thermal power and theoretically confirmed the highly favour-
able results obtained by previous researchers, while others proposed the
use of 2NOC1(g) 2 2N0(g) + Clz(g) [18-21], AlgClé(g) 2 2A1C13(g) and
AloBreg) 2 2AlBr3e) [21,22]. Depending on the considered reactive
fluid, each author proved the beneficial effects of those fluids relative to
traditional inert fluids.

In contrast to all previous studies on N2Oy, recently published results
[23,24] do not show a real advantage underlying the use of this reactive
fluid. However, calculations have been performed with commercial
software not enabling the expansion or compression of reactive fluids. In
the absence of a proper description from those authors, our belief is that
frozen (i.e., inert) compression and expansion processes have been
considered; a similar neutral result was indeed obtained in 1959 by
Blander et al. [25] based on frozen expansion of dissociating aluminium
chloride.

An initial outcome of this bibliographic review is that most of those
studies are definitely useful for sample the break with respect to state-of-
the-art technologies but inadequate for precisely understanding and
quantifying the effects of the reaction characteristics on the different
thermodynamic transformations with respect to comparable inert fluids.
Indeed, the comparison is always performed with respect to state-of-the-
art inert fluids characterised by thermodynamic properties totally
different than those of the considered existing reactive fluids. The actual
potential of the presence of a reaction inherent to the working fluid is
thus not fully understood. Additionally, an assessment of the specific
chemical effects of reactive fluids in each transformation of the fluid
along the resulting thermo-chemical cycle (expansion, compression and
heat exchange) is still lacking. Finally, the more extensive studies focus
on a limited number of existing reactive fluids of available cycle con-
figurations and specific applications.

To fill these gaps, this paper presents a more fundamental study
enabling us to distinguish the impact of the concurrent conversion of
inherent physical and chemical energy of fictive gaseous reactive fluids
for which reaction characteristics have been defined considering
different generalized stoichiometries and reasonable ranges of enthalpy
and entropy of the reaction. For each application of the thermo-chemical
engine, a very high number of fictive reactive fluids (each characterized
by a specific stoichiometry and thermal characteristics) has been tested,
allowing a more thorough investigation of the effects of those fluids (and
thus the reaction characteristics) on the engine performances. This
proposed methodology aims to provide a basic understanding of the
effect of the stoichiometric and thermal features of the occurring

Energy Conversion and Management 229 (2021) 113685

reactions on each thermodynamic transformation shaping the power
cycle (expansion, compression and heat exchange processes), as well as
on the whole power cycle itself.

More precisely, this paper begins by justifying in Section 2 the use of
the name “thermo-chemical engine” instead of “thermal engine” as a
proper label for engines operating with reactive working fluids instead
of inert ones. Then, Section 3 describes the abovementioned proposed
original methodology, implemented to enable upper-level insight based
on fictive reactive fluids. In Section 4, the paper analyses the advantages
and drawbacks related to the use of specific reaction thermal and stoi-
chiometric characteristics, with a focus on fluid expansion, which is the
core transformation of a power production system, (in Section 4.1) and
the other transformations (compression, heat exchange) as well as on
the overall power cycle (in Section 4.2). This original approach not only
allows the scientific understanding of the impact of using reactive fluids
characterized by specific reaction characteristics but also provides the
reader with a methodology to drive the selection of a proper existing
reactive fluid and to define guidelines for the design of optimal config-
urations of thermo-chemical engines. Finally, it is shown that the choice
of specific reactive working fluids may allow achievement of an un-
precedented high increase in power cycles, retaining or even overtaking
the highest efficiencies achievable with inert working fluids, in the
whole current domain of application of power cycles.

2. A novel concept for generating power

Current power generation technologies are based on the alternative
energy conversion schemes represented in Fig. 1. All systems consist of
one or more devices in which distinct energy transformations occur,
from one specific form of energy to another. In other words, no one
device exists whose task is to simultaneously transform two forms of
energy into another.

This paper investigates a novel scheme in which thermal and
chemical energy are concurrently converted into mechanical energy,
which in turn, is converted into electrically useful energy. The tech-
nology that is considered here to implement this new conversion scheme
is based on the thermal engine and, in particular, the closed power cycle.
Such a cycle currently realizes the steady conversion of thermal to me-
chanical energy through the medium of an inert fluid, which first un-
dergoes an increase in its internal energy upon compression and heating
and then expands inside a mechanical device producing useful work. In
closed power cycles (the object of study of this work), the fluid exiting
the turbine is cooled to the compressor inlet temperature to restart the
whole cycle. The variation in the enthalpy of the fluid during its adia-
batic expansion corresponds to the mechanical work collected by the
mechanical device.

Consider the expansion of a reactive fluid instead of an inert one. By
definition, the variation in the enthalpy of an inert fluid depends only on
the change in microscopic random motion of the molecules of the sys-
tem. On the other hand, the variation in the enthalpy of a reactive fluid
depends not only on the change in the random kinetic energy of mole-
cules but also on the variation in the potential chemical energy stored in
their chemical bonds. The strength of this new concept lies in the posi-
tive “sum of the effects”, which could result from the concurrent con-
version of the physical and chemical energy of an expanding reactive
fluid, fully expressed by the mathematical formulation of fluid expan-
sion thermodynamics, as demonstrated below.

The application of the first principle of thermodynamics to an open
system under steady-state conditions states that the enthalpy variation
(dH) of a fluid undergoing a thermodynamic transformation is given by
the sum of the work (8W) and the heat (5Q) exchanged with the
environment:

dH = §W + 60 )

where the differential of the enthalpy for a reactive system is:
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Fig. 1. Summary of the alternative energy conversion schemes on which the current technologies are based: 1) mechanical-to-electrical energy, (wind turbines,
hydro-turbines, marine power technologies); 2) chemical-to-electrical energy (batteries and fuel cells); 3) radiant-to-electrical energy (photovoltaic devices); 4)
thermal-to-mechanical-to-electrical energy (thermal power plants for geothermal and waste heat applications); 5) chemical-to-thermal-to-mechanical-to-electrical
energy (combustion-based power plants); 6) nuclear-to-thermal-to-mechanical-to-electrical energy (nuclear power plants); 7) radiant-to-thermal-to-mechanical-to-

electrical energy (solar thermal power plants). G: electrical generator (alternator).

dH = T-dS+ V-dP + AgG-d& 2)

where T is the temperature of the system, dS is the entropy variation, V is
the volume, dP is the pressure variation, ARG is the Gibbs energy of the
reaction, and d¢ is the variation in the extent of the reaction.

Furthermore, the second principle of thermodynamics for an open
system under steady-state conditions states that the entropy variation of
a fluid is given by:
as=2 Sinr 3

T
where 8S;; is the variation in the entropy of the stream created by the
occurrence of irreversibility.

The combination of Egs. (1)-(3) leads to the conclusion that the work
that a turbine may generate from the reversible expansion (&S = 0) of a
reactive fluid (i.e., the maximum work, 8W,.,) is thus the sum of the
energy variation of the fluid due to pressure variation (V-dP, the inert
fluid contribution) and that resulting from the chemical reaction
advancement (ARG-d€):

W,ep = V-dP + ApG-dé 4
3. Methodology

The methodology that has been implemented is presented in this
section, describing the hypothesis underlying the assessed design of
fictive reactive fluids (Section 3.1), the details concerning the modelling
of reactive expansion and compression processes which was never pre-
sented in available literature papers (Section 3.2). A last section in-
troduces how performances of the whole thermodynamic cycle have
been calculated. It is worth noting that the methodology presented here
has been implemented in codes written in Fortran language and fully
developed by the authors of this paper.

3.1. The design of reactive fluids

An unlimited number of possible reactions exists, each characterized
by its peculiar stoichiometry, thermodynamic and kinetic features. With
the aim of investigating the highest reactional effect of a chemical re-
action, this analysis considers infinitely fast reactions. That is, only
thermodynamics governs the composition of the reactive system, and
the reaction is said to be “equilibrated”. Moreover, to quantify the in-
fluence of molecular dissociation (or association, in the inverse direc-
tion), gaseous working fluids at the site of generalized equilibrated
single reactions were selected,

Ang) 2 "/ Ang

where the specification of the number of atoms of the two molecules, n
and m, defines the stoichiometry of the reaction.

Once the stoichiometry of the reaction is fixed, its thermal and
equilibrium characteristics must be defined to finalize the reaction
design. The method that has been applied to fix these characteristics is
introduced below.

The studied reactive system has been modelled as a perfect gas
mixture. The thermodynamic properties are thus computed accordingly
[26]. Our choice for heat capacity, which is the basic property for the
calculation of all other properties, is specified below. For simplicity, the
specific heat capacity of each molecule has been considered constant
with temperature and provided by the equipartition theorem [27]: for
monoatomic molecules, ¢, o = 5/2-R; for diatomic molecules, ¢y a2 =7/
2-R; for polyatomic molecules, ¢j ax (with k>2) = 4-R. In this study, k = 4 is
the maximum k-value that has been considered.

Moreover, despite the reaction being at equilibrium, a conventional
definition of the reactants and products is used in the paper to refer to
when mentioning the thermal and advancement characteristics of the
reactions. A, is the reactant, and Ay, is the product (A, — "/m Am).

As specified in the main text, the composition of the reactive mixture
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at each considered thermodynamic point is dictated only by the chem-
ical equilibrium of the system, which corresponds to a zero-Gibbs energy
of the reaction:

chemical
equilibrium 0

ArG(T,P,n) ()

where n is the vector containing the molar composition of the n. types of
molecules forming the system (in this case, the molecules are A, and A,
and n. is thus equal to 2). It is possible to demonstrate [28] that, in the
case of a perfect gas mixture, Eq. (5) corresponds to

Ko (T) = (ﬁ) e H (n)" 6

Mot i1
where Keq is the temperature-dependent equilibrium constant, Py is the
standard pressure (1 bar), and vj is the stoichiometric coefficient of the
considered i-th component involved in the reaction. The number of
moles at a considered (T, P) condition can be calculated as a function of
the value of the extent of the reaction at T and P, (T, P), and of the
initial number of moles (ng) for each i-th component:

n; = nio+v;&(T, P) @)

In the present case, Eq. (6) corresponds to the following:

n
m

)
P/P, (no.A,,, +2.4(T,P) )

noa, + Mo, + (ﬁ - 1>'§(T- P) moa, — (T, P)

«(T) = ®

where the temperature-dependent formulation of the equilibrium con-
stant for a considered reaction is given by [26,28]:

InK,,(T) = ag +b7R 9

That is, once the reaction parameters ag and by are fixed, under a
specific (T, P) condition, the only unknown in Eq. (8) is the extent of the
reaction, £. In other words, the extent of the reaction (and thus the
equilibrium composition) is defined at each (T, P) condition by fixed
parameters ag and bg and can be determined by means of the numerical
resolution of the equation.

To assign meaningful values to ag and bg, their physical meaning has
been analysed and inferred from the following demonstration.

In this work, the use of the correlation in Eq. (9) is known as the Ulich
approximation [29]. By combining the definitions of equilibrium con-
stant and of Gibbs energy of reaction, one has:

ARG (T
k() 22 T)

ARG (T) 2ARH®(T) —TARS"(T)
T T o
:ARH°(T')+/ ARc,,°(T)dT—T<ARS°(T')+/ ARC%”%JT)
T T
where T® is an arbitrary temperature.
(10$)
The Ulich approximation [29] states that:
T TA °o(T
/ Ae,*(T) dT — T/ "Cpf() AT << AgHC(T*) — TARS (") (11)
- e
Hence:

ARS°(T* ARH®(T*) 1
InK,,(T) ~ RSR( ) _Ar R( )T (12)

By comparing Eq. (9) and Eq. (12), the thermodynamic interpreta-
tion of ag and by is straightforward:
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e — ARS°(T*)
R=7R
13)
ARH°(T*)
bR = -
R

In this study, T* = 298 K has been considered.

All considered fluids are thus gaseous mixtures of two molecules, A,
and A, and the molar weight of atom A is assumed to be equal to 1 g/mol.
The specific composition is dictated by chemical equilibrium (infinitely
fast reaction), mathematically described by the law of mass action [26]
(Eq. (6) and Eq. (8)) and applicable due to the knowledge [30] of
the reaction-specific equilibrium constant, Keq(T). The equilibrium
constant characterizing a reaction can be described as a function of its
standard enthalpy and entropy of reaction ARH® and AgS° at a reference
temperature (denoted T®).

In addition to considering multiple stoichiometries, the parametric
study accounts for a wide spectrum of possible (AgRH°, AgS°) co-
ordinates. Quantitatively, this paper investigates two reaction stoichi-
ometries, Axg) 2 2A(g) and Ayg) 2 4A(g), and two types of reaction
design parameters (here called “reaction coordinates™), AgH°(T*) and
ARS°(T*) (simply denoted ARgH® and AgRS°® hereafter). Before specifying
the numerical values attributed to these reaction coordinates, it is worth
considering the following points.

e At a fixed temperature and pressure, the enthalpy change of the re-
action under standard conditions (AgRH°) is positive for endothermic
reactions and negative for exothermic reactions.
The cleavage of molecular bonds requires energy. Gaseous reactions
leading to the dissociation of the reactants (i.e., to an increasing
number of moles of the system) are characterized by a positive
enthalpy change of the reaction under standard conditions (AgH°).
The entropy change of the reaction under standard conditions (AgS®)
indicates how the orderliness of the reacting system is affected by the
reaction. For a reaction taking place in the gas phase, this value is
positive when the total number of product molecules is greater than
the total number of reactant molecules and negative otherwise. For a
gas-phase dissociation reaction, AgS° is thus expected to be positive.
e An exothermic reaction in the forward direction is endothermic in
the backwards direction and vice versa. Similarly, if the positive
entropy change is positive in the forward direction, it is negative in
the backwards direction and vice versa.

In this study, the specific values of AgRH® and AgS° have been fixed
referring to the direction leading to an increasing number of moles. On
the basis of the above points, AgH° and AgS° can only be positive. Ac-
cording to the observation of reaction parameters of existing reactions, it
has been agreed to vary AgH° between 0 kJ/mol and 200 kJ/mol and
ARS° between 0 kJ/(mol-K) and 0.2 kJ/(mol-K).

3.2. Modelling the expansion and compression of a reactive fluid

The expansion and compression processes have been considered
adiabatic (8Q = 0) and reversible (8Sj;; = 0). Hence, from Eq. (3), the
two transformations are isentropic. Moreover, chemical equilibrium has
been assumed at each thermodynamic state, meaning that Eq. (5) ap-
plies to each point along the transformation.

In general, when considering the expansion and compression of a
fluid, the inlet temperature, pressure and outlet pressure are known. The
outlet temperature is a priori unknown. Considering the above-
mentioned assumptions, the composition of the reactive fluid is at each
point dictated by equilibrium, which depends on the temperature and
pressure of the system. Therefore, the inlet composition is known, while
the outlet composition is a priori unknown, as it is a function of the
unknown temperature.

To determine the outlet temperature — and thus the composition and
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the other thermodynamic properties — an iterative process has been
established, in which the outlet temperature was varied to ensure the
invariance of fluid entropy between the inlet and the outlet of the
transformation:

isentropic
process

N (Tim Pins Mequit. at (Tn.Pin) ) ) (Tnm, Pouty Meguit. at (T Pous) )

14)

The knowledge of thermodynamic properties at the inlet and outlet
conditions enables the calculation of both expansion and compression
work.

3.3. Determination of cycle performances

In this investigation, the Brayton power cycle has been investigated.
To characterize its performance, the produced net work, Wy, has been
calculated from the knowledge of expansion and compression works,
Wexp. and Wcompr.:

Woer = Wl’.\’p. - Wmmpr. (15)

and the efficiency,

Wner

16
Qi e

}’I:

where Qj, is the thermal energy provided to the cycle by the exploited
thermal source. In the case of negative net work, the efficiency has been
set to zero.

Heat exchangers have been considered adiabatic, and the composi-
tion has been assumed to follow chemical equilibrium at each point.

In this work, two configurations of a Brayton cycle have been ana-
lysed: simple and recuperative configurations. In particular, in the case
of a positive difference between the temperature at the turbine outlet
and that at the compressor outlet, the -more convenient- recuperative
configuration has been applied instead of the simple one. Regarding the
simple cycle, the heat input (Qjn, here Qj,s) has been calculated as the
total thermal energy required to heat the fluid from the compressor
outlet to the turbine inlet. In the recuperative configuration, the heat
input (Qjn, here Qi) has been determined as the difference between
such an overall thermal energy (Qin,s) and that provided by the recu-
perative heat exchange between the hot stream exiting the turbine and
the cold stream exiting the compressor (Qrec):

Qinr = Qins — Orec @a7)

In particular, Q. has been considered equal to the maximum ther-
mal power that could be exchanged between the two low-pressure and
high-pressure streams, which is equivalent to assuming a unitary heat
exchanger effectiveness [31]:

Qrﬂz‘ = min{Qmax.P,,,,-,, 3 Qmax.P,,m } (18)

where Qmax, pmin i the thermal energy that would be exchanged if the
fluid at minimum pressure (the hot fluid) cools as much as possible
(from the turbine outlet temperature to the compressor outlet temper-
ature) and Qmax, pmax iS the thermal energy that would be exchanged if
the fluid at maximum pressure (the cold fluid) heats as much as possible
(from the compressor outlet temperature to the turbine outlet
temperature).

4. Results and discussion
4.1. The expansion of reactive fluids
The expansion of a working fluid is the central process of any thermal

engine. Indeed, the sole turbine (i.e., without the engine’s other com-
ponents) is able to convert the energy content of any available
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pressurized fluid into mechanical energy. The first step of the study
intends to provide an understanding of the impact of reactive fluid
features on the power generated by its expansion in a turbine.

Different reactive fluids have been considered, according to the
parametric methodology outlined in Section 3.2 (i.e., each one charac-
terized by a specific stoichiometry, AgS°® and AgrH°). The expansion of
each of these fluids from a specific inlet pressure and temperature to a
specific outlet pressure has been computed and recorded in specific
maps, as outlined below. In particular, the compositional variation
during expansion, outlet temperature and generated work have been
calculated, as detailed in Sections 3.2 and 3.3, and reported into three
respective maps as a function of the reaction coordinates, AgS° and
AgH°. The maps in Fig. 2 represent these quantities for fluids of stoi-
chiometry Az 2 2A under fixed operating conditions (turbine inlet
temperature and pressure fixed at 700 K and 3 bar, turbine outlet
pressure equal to 1 bar). These conditions represent the starting point for
our discussion. Indeed, 700 K characterizes widely available medium-
temperature heat sources currently exploitable only by cost-intensive
technologies based on the use of inorganic inert fluids, 3 bar is a chal-
lenging low inlet pressure that is highly desirable in the safest power
generation applications, and 1 bar is an outlet pressure that could be
achieved by an expansion characterized by a rather low pressure ratio
(defined as the maximum pressure divided by the minimum pressure)
equal to 3. The effect of the modification of these operating conditions is
also discussed in this paper.

Fig. 2a reveals an inlet composition consisting of almost 100% re-
actants in the region characterized by high AgRH° and low AgS° and
100% products in the region characterized by low AgH° and high AgS°.
In these two regions, the couples of reaction coordinates AgH® and AgS°
entail extremely low and high values of the equilibrium constant,
respectively, at the turbine inlet temperature. The extreme values of the
equilibrium constant characterizing those regions self-explain the
negligible observed reaction shift driven by decreasing pressure and
temperature during adiabatic expansion (Fig. 2b).

Conversely, at intermediate AgH° and AgrS° values, the inlet equi-
librium composition is highly sensitive to the selection of different re-
action parameters. Moreover, Fig. 2b shows that such a region identifies
fluids as a site of significant variations in the total number of moles of
the system (and thus the composition) during adiabatic expansion.

To explain this behaviour, let us recall some thermodynamic prin-
ciples stating that both temperature and pressure variation (occurring
during a typical expansion process) have an effect on the evolution of the
dissociation/association reactions [28]. The law of mass action states
that for a reaction conducted at a fixed temperature and pressure, a
decrease in the specified pressure (at constant temperature) shifts the
equilibrium in the direction that increases the number of moles, that is,
the forward direction for reaction Axg) 2 2Ag) (i.€., Agg) = 2A(g). On
the other hand, according to the van’t Hoff equation [32], when an
equilibrated reaction is conducted at a fixed temperature and pressure,
decreasing the specified temperature (at constant pressure) implies a
shift of equilibrium in the exothermic direction (AgH°<0). Considering
the gaseous reaction Axg) 2 2A(g), which is inevitably endothermic in
the forward direction and exothermic in the backward direction, the
reduction in temperature thus shifts the equilibrium in the backward
direction. However, the pressure and temperature vary simultaneously
during an adiabatic expansion process, and the final evolution of the
reaction is not straightforward by simple reasoning regarding the two
separate effects. In fact, it is worth noting that the pressure change,
temperature change and reaction shift during adiabatic expansion are all
interrelated and depend on the reaction coordinate.

Conversely, the observation in Fig. 2b and Fig. 2d reveals that
reactive fluids that generate much greater work than inert fluids (either
reactants or products) are identified by the reaction coordinate, allow-
ing the reaction to take place during expansion. More specifically, the
difference between the highest work achievable by expanding the
considered reactive fluids and that resulting from the expansion of pure
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Fig. 2. Features of reactive fluids Ay(g) 2 2Ag) characterized by different reaction coordinates (AgS°, AgH°) under adiabatic expansion from 700 K and 3 bar to 1 bar:
equilibrium molar composition of reactant (A) at expansion inlet (700 K, 3 bar) (zazin exp., Fig. a); variation (outlet amount minus inlet amount) in the total number
of moles of the system during expansion (Ano,exp., Fig. b); temperature of reactive fluids at expansion outlet (Toug,exp. Fig. ), energy obtained from expansion of 1 g

of fluid (Weyp,, Fig. d).

product (molecule A) is +14% of pure product work. The relative dif-
ference between the same most powerful reactive fluid and the pure
reactant (molecule Aj) is +115%. In summary, Fig. 2b highlights that
either there is no reaction shift during adiabatic expansion (the fluid
behaves as an inert fluid) or the exothermic reaction (2Ac) — Azg)
takes place. During the expansion, a pressure decrease favours the
(endothermic) forward reaction (Ag) — 2Ag), while a temperature
decrease favours the (exothermic) backward reaction (2A¢g) — Aag). It
can thus be concluded that among these two antagonistic effects, tem-
perature effects are dominant.

Furthermore, it is recalled that the expansion of simpler and lighter
fluids leads to more generated work [6,33] (in other words, a low
“molecular complexity” is preferred). Accordingly, Fig. 2b and Fig. 2d
reveal that the region of highest work is the region characterized by a
moderate degree of reaction shift from simple and lighter molecules
(A(g) to complex and heavy molecules (Ax)). Therefore, the effect of
the molecular complexity is antagonistic to the temperature effect pre-
viously mentioned, which favours the exothermic reaction and thus the
formation of Ayg). Overall, it is possible to claim that the most work is
obtained when the exothermic reaction occurs but with a moderate re-
action shift to limit the formation of Ayg) (and thus the increase in
molecular complexity). As illustrated in Fig. 2c, the exothermal char-
acter of the reaction tends to annihilate the temperature decrease (see
the quasi-isothermal region) during adiabatic expansion. The highest
work is obtained for a moderate reaction shift and thus for a moderate
reduction of the temperature decrease.

Considering a pressure ratio equal to 3 (regardless of the inlet pres-
sure), a turbine inlet temperature ranging between 400 K and 1000 K
and an outlet temperature equal to 300 K, the use of gaseous reactive
fluids characterized by the stoichiometry Asg) 2 2A(g) always leads to
an increase in the generated power to approximately 14% more (in
terms of relative difference) than the inert fluid, which leads to the
highest value of turbine work. Increasing the pressure ratio enables the
enhancement of such a power increase. Moreover, the use of a fluid
leading to a higher molecular association during expansion (for
example, being characterized by the stoichiometry A4(g) 2 4A(g)) entails
an increased power output almost proportional to the increase in the
degree of molecular association (e.g., the doubled reaction A4 2 4A is
considered instead of Ay 2 2A).

On the other hand, variation in the inlet pressure (for example, from
1 bar to 50 bar) at a constant pressure ratio leads to a negligible
modification of the maximum attainable power and to a slight shift of
the highest-work region on the plane AgH*-AgS°.

4.2. Net power of reactive closed power cycles

The global effect of using reactive fluids in a power cycle has been
assessed in this work considering a closed Brayton cycle (see Fig. 2a). In
this application, a gaseous fluid is cyclically compressed to a specific
higher pressure, heated by the reception of the available thermal energy,
expanded inside a turbine -thus producing useful work- and cooled to
the compressor inlet temperature to restart the cycle. The objective of
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this section is to analyse the impact on net power resulting from the
adoption of reactive fluids rather than inert fluids.

Net power (Wye) is the power produced by expansion and reduced
by the power required for compression. In Section 4.1, the full advan-
tage resulting from the expansion of properly selected reactive working
fluids has been quantified. To evaluate the net power, a preliminary
investigation of the compression process is needed. Fig. 3 presents the
results for the compression of reactive fluids, considering the same inlet
and outlet pressures as the expansion previously assessed and an inlet
temperature equal to 300 K. The pressure and temperature changes
resulting from compression mainly entail a shift of the equilibrium in the
endothermic direction (Fig. 3b), thus implying an almost isothermal
compression (Fig. 3c) and demanding less energy than inert fluids to
increase the pressure of the system (Fig. 3d).

In summary, the adiabatic compression process involving a reacting
fluid is symmetrical to the adiabatic expansion: (i) either the endo-
thermic reaction takes place or the fluid behaves as an inert fluid; (ii)
temperature effects are dominant in the endothermic reaction, which
produces compounds of low molecular complexity; and (iii) as an
antagonistic effect, a higher molecular complexity favours a lower
compression work. The lowest compression work is thus obtained for a
moderate shift of the endothermic reaction.

A joint examination of Fig. 2d and Fig. 3d reveals the well-known
cause limiting the net power attainable from Brayton cycles operating
with any inert working fluid: the use of more complex (i.e., having more
atoms) and heavier molecules, such as pure Ay instead of pure A,
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minimizes both expansion work (unfavourable effect) and compression
work (favourable effect); conversely, the selection of simpler and lighter
fluids, such as pure A instead of pure Ay, maximizes both expansion
work (favourable effect) and compression work (unfavourable effect).

The striking power of using specific reactive fluids lies in their singular
capability to enable the simultaneous maximization of expansion work
(Fig. 2d) and minimization of compression work (Fig. 3d). The use
of reactive fluids whose reaction coordinates entail the occurrence of a
reaction during expansion always leads to an exceptional increase in net
power (with respect to comparable gaseous pure fluids). This is shown
in Fig. 4 for two different stoichiometries (Axg) 2 2A(g in Fig. 4a
and Ay 2 4A( in Fig. 4b). In the treated example (Fig. 4a), the net
power obtained by a Brayton cycle working with reactive fluids
(approximately 4.1 kJ/g) is increased by more than 140% with respect
to that of the pure products ((4.1-1.7)/1.7-100 = 141%) and by more
than 270% with respect to that of the pure reactants. Moreover, it has
been proven that such an increase is most enhanced at lower maximum
temperatures of the cycle and at higher pressure ratios (both shown in
Section 4.4). A comparison of Fig. 4a and Fig. 4b shows that the use
of more dissociative stoichiometries entails only a slight increase in
net power.

4.3. Efficiency of reactive closed power cycles

The efficiency of power cycles () is calculated as the ratio between
the net work (the valuable output) and the input thermal power supplied
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Fig. 3. Features of reactive fluids Ay 2 2A(g) characterized by different reaction coordinates (AgS°, AgH°), upon compression from 300 K and 1 bar to 3 bar:
equilibrium molar composition at compressor inlet (300 K, 1 bar) (za2in,compr., Fig. a); variation (outlet amount minus inlet amount) in the total number of moles of
the system during expansion (Ano,compr., Fig. b); temperature of reactive fluids at expansion outlet (Tout,compr., Fig. €), energy necessary to compress 1 g of fluid
(Wcompr.’ Flg d)~
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by the external exploited source [34]. The evaluation of cycle efficiency
thus needs the additional consideration of the effect of heating reactive
fluids in isobaric heat exchangers.

The aforementioned effects explained by the van’t Hoff equation
indicate that the increase in the isobaric temperature of a reactive fluid
shifts the reaction equilibrium towards the endothermic direction.
Herein lies the drawback of using reactive working fluids: a higher input
thermal energy is always required for the power cycle, which negatively
affects its efficiency.

However, such a drawback can be partially counterbalanced by the
addition of a recuperator (see Fig. 5a). Indeed, when the temperature of
an equilibrated reactive fluid is reduced in the cooling heat exchanger,
the reaction proceeds in the exothermic direction, thus releasing a far
greater amount of thermal energy. This observation suggests the
favourable possibility of recycling such otherwise wasted thermal en-
ergy to pre-heat the reactive fluid entering the primary heat exchanger
and reduce heat input provided by the external source. Certainly, in a
counter-current recuperator, the heat transfer process is possible as long
as the temperature of the hot stream (exiting the turbine) is greater than
the temperature of the cold stream (exiting the compressor). In standard
inert-fluid cycles, such a necessary condition limits the favourable use of
a recuperator because the fluid under expansion or compression cools
and heats substantially. Instead, as previously proven in Sections 4.1 and

a)

Qi Primary heat
exchanger

Recuperator

Compressor

4.2, the use of reactive fluids enables the establishment of isothermal (or
heated) expansions and isothermal (or cooled) compressions. Hence, the
domain of application of recuperative cycles is by far larger for reactive
fluids than for inert fluids (see Fig. 5b).

Depending on the considered couples of reaction coordinates, the use
of reactive fluids may lead to higher, comparable or lower efficiencies
with respect to the pure fluids. Fig. 6a, together with Table 1 and the
previously presented Fig. 4a, provides a quantification of efficiency and
power relative to comparable pure fluids, considering an engine oper-
ating between 300 K and 700 K and a selected pressure ratio equal to 3.
To present the analysis that follows, some fluids have been selected and
then named as being representative of the different regions of Fig. 6a.
The percent values reported hereinafter are relative differences, as
specified in Table 1.

e As shown in Fig. 4, reactive fluids lead to extremely higher power
with respect to pure fluids; that is, considering all the points A-F
indicated in Fig. 6a, the average increase in net work is +79% for
cycles working with pure products (molecule A) and +177% for
cycles working with pure reactants (molecule Ay).

e Reactive fluids leading to the highest efficiency (for example, fluid
F), which is 9% higher than that attainable with the use of the most
efficient pure fluid (molecule Ap), are characterized by the lowest
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Fig. 6. The efficiency of thermo-chemical engines working with various fluids, and factors which limit the achievement of higher efficiencies. Fig. a: Efficiency map
for the working fluid A, 2 2A. Fig. b: Map showing the variation of the ratio between the thermal power recovered in the recuperator and the total thermal power
required to heat the fluid from the compressor outlet to the turbine inlet. Fig. c: Temperature profiles of the hot and cold streams crossing the recuperator of three
cycles operating with three different working fluids of type A, 2 2A; with respect to Fig. a: fluid A (continuous line), fluid D (dotted line), fluid E (dashed line). Fig. d:
Temperature-entropy diagrams of cycles resulting from the use of fluid A (continuous line) and fluid E (dashed line). Fig. e: Temperature profiles in the recuperator of
a cycle operating with a fluid of coordinates (AgS°, AgH®)=(0.2 kJ/mol/K, 200 kJ/mol). Fig. f: Efficiency map for the working fluid A4 = 4A. Operating conditions
considered to trace Fig. a-d, f are Tmax,cycle = 700 K, Tmin cycle = 300 K, Pryin cycle = 1 bar, p = Pmax,cycle/Pmin,cycle = 3. In Fig. e, the maximum temperature is 1200 K.

power output (which remains 27% higher than that of Ap-based cy-
cles). If this comparison is performed considering A-based cycles
(more powerful but less efficient), the work of reactive F-type fluids
is found to be lower (—18%), but the efficiency is found to be much

higher (+27%).

e Reactive fluids leading to the highest power (for example, fluid E),
141% higher than those attainable with the use of the most powerful
pure fluid (molecule A), are characterized by the lowest efficiency
(—32% than A-based cycles).
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Table 1
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Power and efficiency of thermo-chemical engines operating with different working fluids at Tyax = 700 K, Tiyin = 300 K and § = 3.

Reference
reactive ARHO ARSO Wﬂet n Wnet,reactive - Wnet,A(g) Wnet,reactive - Wnet,Az(g) Nreactive ~ nA( ) Nreactive — T]Az(g)
fluid name [kJ/mol] [kJ/mol/K] [kl/g] [%l] W W n
in Fig. 6a net,A(g) net, Ag(g) NA, Aag)
Region of 100% molecule A; (reactants) 1.1  41.3
Region of 100% molecule A (products) 1.7 35.6
A 24.0 0.0640 3.2 415 + 88% +191% +17% +0.5%
B 41.3 0.1000 3.7 38.1 +118% + 236 % +7% - 8%
C 49.3 0.1881 23 422 +35% + 109 % +19% + 2%
D 64.0 0.1881 3.6 302 +112% + 227 % -15% -27%
E 106.7 0.1881 4.1 242 + 141% +273% -32% -41%
F 166.7 0.1881 1.4 451 - 18% +27% +27% +9%
Average + 79 % +177% +4% -11%

e Reactive fluids (of types A and C) exist that lead to higher efficiencies
and higher power than those of any comparable pure fluid. The
numerical values reported in Table 1 show that, in any case, the
higher is the increase in power output (ranging between 35% and
191%), the lower is the increased efficiency (ranging between 2%
and 19%).

Reactive fluids leading to the highest power (enclosed by the white
dotted line in Fig. 6a) allow the achievement of an acceptable efficiency
if the thermal power recovered by the recuperator is sufficiently high.
This is revealed by the joint observation of Fig. 6a and b. However, the
maximum recovered thermal power (and thus the achievement of higher
efficiencies) is limited by the occurrence of a minimum temperature
difference between the two streams occurring inside the recuperator.
Fig. 6¢ shows temperature profiles in the recuperator of cycles operating
with the less efficient fluids D and E or with the more efficient (but less
powerful) fluid A. It can be observed that the higher the enthalpy of
reaction of the fluid (AgH°a < AgRH°p < ArH°g), the less efficient is the
heat exchange and the higher are the temperature differences between
the streams. For a more thorough visualization of the effect of the
chemical reaction on the thermodynamic properties of the streams, T-
entropy diagrams of cycles based on the use of fluids A and E are shown
in Fig. 6d. Let us consider a more severe utilization of the recuperator
(Fig. 6e) in a cycle working with a maximum temperature of 1200 K
instead of 700 K and a working fluid having reaction coordinates
ARS°=0.2 kJ/mol/K and AgH°=200 kJ/mol. Fig. 6e shows that if in a
portion of the recuperator (the region highlighted in red) one of the two
streams is the site of a reaction while the other behaves as an inert fluid,
the exchanged heat has a different impact on the temperature profiles of
the two streams: the temperature of the stream behaving as an inert fluid
(the cold one, in this case) undergoes an important change while the
temperature of the fluid behaving as a reactive mixture (the hot one) is
much less modified. Indeed, the heat exchanged is given by the sum of a
term related to its non-reactive transformation (proportional to the
temperature change of the stream) and of a term related to the occur-
rence of the reaction (proportional to the compositional change of the
stream by means of the standard enthalpy of reaction). Fig. 6e also
shows that the temperature difference between the two streams is the
lowest inside the recuperator if the variation in their extent of reaction
with temperature is coincident. If both streams behave either as inert
fluids or as reactive fluids characterized by a similar variation in the
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extent of reaction with temperature, the temperature differences be-
tween the two profiles remain acceptably small during heat exchange.
Having two streams with the same reaction coordinates, their different
thermo-chemical behaviour follows from their different operating con-
ditions: the more different are their operating temperature and pressure
conditions, the more the evolution of the reaction differs, giving rise to
poor thermal integration in the recuperator. This also partially explains
why the use of more dissociating reactions (for example, A4 2 4Ag)
instead of Ay(g) 2 2A(g) results in lower efficiencies (see Fig. 6f).

4.4. Considering other operating conditions

The current use of gas power cycles to exploit high-temperature
renewable energies (such as solar energies at more than 700 K) is usu-
ally penalized by the high temperature that characterizes the cold sink
(usually ambient air higher than 315 K), which might lead to a very low
output power. Fig. 7a and b show that reactive fluids (for example, fluids
of coordinates A1) still allow the achievement of higher power (+168%,
with respect to products, inert molecules A) and comparable efficiency
for minimum temperatures of 350 K (which is an extremely high mini-
mum temperature for power cycles).

This theoretical study has shown that the use of proper reactive fluids
is also highly convenient at low maximum temperatures. With reference
to this point, it is worth highlighting that state-of-the-art gas turbines are
renowned for the negative net work they provide at low maximum
temperatures (lower than 550 K) [8,35]. The use of reactive fluids has
also been examined considering a maximum temperature of 400 K,
which is a very low temperature characterizing heat sources currently
exploitable with very inefficient technologies [3]. Fig. 7c-f shows the
simultaneous enhancement of power output and efficiency resulting
from the use of reactive fluids in the favourable regions where fluids A2
and A3 lie. Additionally, it can be noted that a reduction in the pressure
ratio leads to a decrease in net power while enhancing the efficiency. It
is worth observing that the maximum achievable efficiency is the Carnot
efficiency, equal to 25% for hot source and cold sink temperatures equal
to 400 K and 300 K, respectively. Such an extremely high achievable net
work and significant efficiency with a low pressure ratio would entail a
considerable reduction in the size and costs of thermal engines, on the
one hand, and of the system providing the input thermal energy, on the
other hand.
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Fig. 7. Wy (Fig. a, c, ) and n (Fig. b, d, f) as a function of AgS° and ARH° parameters of the reactive system A, 2 2A, considering two different operating conditions:
a maximum temperature of 700 K, a minimum temperature of 350 K and a pressure ratio of 3 (Fig. a and Fig. b), a maximum temperature of 400 K, a minimum
temperature of 300 K and a pressure ratio equal to 3 (Fig. ¢ and Fig. d) or to 1.5 (Fig. e and Fig. f). The efficiency has been set to zero when net work is negative (see
blue region in Fig. d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Conclusions

This work presents the theoretical investigation of a breakthrough
idea for producing mechanical energy, exploiting the simultaneous
transformation of thermal and chemical energy of equilibrated reactive
fluids by means of typical closed gas power cycles.

An original methodology is proposed to enable understanding the
effect of thermal and stoichiometric features of reactions on engine-
produced power and efficiency. This work demonstrates that, and ex-
plains why, the use of specific reactive fluids (i.e., characterized by
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specific stoichiometric and thermal characteristics) enables the simul-
taneous maximization of the work generated by their expansion and a
minimization of the work required for their compression, thus resulting
in an extremely high net work. Indeed, the use of these fluids enables the
occurrence of both an exothermic reaction during expansion and an
endothermic reaction during compression. Such physicochemical
transformations entail the respective heating of the fluid under expan-
sion and cooling under compression, allowing the simple realization of
near-isothermal expansion and compression that state-of-the-art ther-
mal engines strive to achieve even with complex technological
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arrangements.

Furthermore, it is demonstrated that, contrary to inert working
fluids, properly selected reactive fluids allow obtaining the best per-
formances at extremely low and cost-effective pressure ratios. Moreover,
thermo-chemical engines are proven here to potentially enable the
simultaneous achievement of high efficiency and high power even for
applications (low-temperature heat sources or high-temperature cold
sinks) in which optimized inert fluid cycles present either low efficiency
and acceptable net work (Rankine cycles) or acceptable efficiency but
near zero net work (gas power cycles).

Beyond the presented high potential of thermo-chemical engines, it
has been revealed that the proposed recuperative Brayton cycle
configuration is not optimal since the thermal power recovered in the
recuperator is limited by the configuration itself.

A thus consolidated belief of the authors of this research work is that
such promising preliminary results deserve the establishment of a
multidisciplinary research line, aiming to make substantial progress
towards the validation and improvement of a technology that could
potentially allow achieving more efficient and powerful conversion of
any available thermal energy source.
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