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ABSTRACT

Within the realm of sustainable heating technologies, this study examines the performance of a Stirling heat
pump employing chemically reactive working fluids in contrast to conventional inert counterparts. Reactive
working fluids are energy vectors that enable the conversion of not only thermal but also chemical energy within
the heat pump. The investigation spans a wide range of theoretical reactive gaseous mixtures, leveraging the
ideal gas mixture thermodynamic model. Each fluid is characterized by an equilibrated chemical reaction,
denoted as Ay 2244, and distinguished by a set of reaction coordinates: the standard entropy change of re-
action and standard enthalpy change of reaction. The chemical reaction evolution and thermodynamic properties
are observed in each transformation, and the overall coefficient of performance (COP) of the system is evaluated
and benchmarked against that of comparable inert working fluids. It is observed that the exothermic reaction
during isothermal compression significantly increases the thermal energy supplied to the heat sink, as well as the
thermal energy density per unit maximum volume, by up to 269 %, compared to an inert gas system. However,
for the majority of reactive fluids studied, chemical reactions introduce irreversibility in the internal regenerator
due to heat transfer across a finite temperature difference, contrary to the case of inert working fluids, penalizing
the COP. Consequently, a reduction of up to 28 % in the COP is observed. Nevertheless, there exists a range of
reactive fluids, characterized by reversible heat exchange in the internal regenerator, offering increased thermal
energy transfer to the heat sink without compromising the COP.

1. Introduction

significantly.

A heat pump enables the flow of heat from a low-temperature heat
source to a higher-temperature heat sink through mechanical work. The
vapor compression and absorption thermodynamic cycles are the most

Space and water heating account for a substantial portion of energy
consumption in buildings, particularly in cold climates, and represent
the largest energy end use globally (IEA, 2022; U.S. Energy Information
Administration, 2024). To date, heating remains dominated by fossil
fuels and accounts for approximately 40 % of global carbon dioxide
emissions (IEA, 2021). Thus, in order to achieve the Net Zero Emissions
by 2050 target, greener and more efficient heating technologies should
be adopted. In the context of ongoing efforts to decarbonize electricity
production, heat pumps powered by green electricity have the potential
to reduce carbon emissions associated with heating applications
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prevalent in residential, industrial, and commercial heat pump systems.
The coefficient of performance (COP) of a typical air-source residential
heat pump, operating on the vapor compression cycle, is approximately
four (IEA, 2022). It is observed that this COP deteriorates in cold
climates.

On the other hand, a promising—though not yet widely commer-
cialized—thermodynamic cycle for heat pumps is the reverse Stirling
cycle. Indeed, refrigeration, specifically in the field of cryogenics, rep-
resents the primary industrial application of the reverse Stirling cycle
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Nomenclature

Symbols

A Theoretical ideal gas

Ay Dimer of ideal gas A

w Specific work in kJ/g

q Specific heat in kJ/g

T Temperature

Ty Temperature of isothermal compression

Tc Temperature of isothermal expansion

p Pressure

v Specific volume

ARH* Standard enthalpy change of reaction at reference
temperature Ty

ARS’ Standard entropy change of reaction at reference
temperature Ty

s Specific entropy

u Specific internal energy

z Molar fraction of a species in the ideal gas mixture

n Number of moles

M Molar mass in g mol!

R Universal gas constant

Abbreviations

COP Coefficient of performance

Subscripts

& Gaseous phase

comp Compression

exp Expansion

23 Isochoric cooling process (2-3)

41 Isochoric heating process (4-1)

net,in Net input into the cycle

inert Inert ideal gas

1 Thermodynamic point (1) in the cycle

2 Thermodynamic point (2) in the cycle

3 Thermodynamic point (3) in the cycle

4 Thermodynamic point (4) in the cycle

reg Amount of heat exchanged in the regenerator

rej Amount of heat rejected out of the cycle during isochoric
cooling

add Amount of heat added from an external heat source during
isochoric heating

A Corresponding to A in the ideal gas mixture

Ay Corresponding to A, in the ideal gas mixture

1-2 Difference between a property at thermodynamic point (2)
and at thermodynamic point (1)

2-3 Difference between a property at thermodynamic point (3)
and at thermodynamic point (2)

3-4 Difference between a property at thermodynamic point (4)
and at thermodynamic point (3)

4-1 Difference between a property at thermodynamic point (1)
and at thermodynamic point (4)

gen,reg  Entropy generated in the regenerator

cold stream Corresponding to the cold stream of the regenerator

hot stream Corresponding to the hot stream of the regenerator

(Penswick et al., 2014; Radebaugh, 2009). Stirling cryocoolers are
capable of efficiently and robustly achieving very low temperatures.
They have demonstrated greater efficiency than vapor compression
systems at such temperatures, reaching as low as 3 K. Helium is
commonly reported as the primary working fluid used in Stirling cryo-
coolers. Other working fluids include air, nitrogen, hydrogen, and neon.
Due to its high specific heat capacity, hydrogen offers the potential for a
high COP in Stirling refrigerators (Tekin and Ataer, 2010); however, its
practical use is limited by challenges such as leakage and high
flammability.

Studies concerning the employment of the Stirling system for heating
applications are limited and mainly of a theoretical nature. Tyagi et al.
proposed ecological (Tyagi et al., 2002), followed by thermo-economic
(Tyagi et al., 2004), optimization methods of irreversible Stirling and
Ericsson heat pumps. Similarly, Ahmadi et al. proposed multi-objective
thermodynamic (Ahmadi et al., 2014) and thermo-economic (Ahmadi
et al., 2015) optimization methodologies of a Stirling heat pump using
the non-dominated sorting genetic algorithm. Using MATLAB, Barreno
et al. presented a methodology to preliminarily design a Stirling heat
pump and assess the system’s stability of operation for different oper-
ating conditions (Barreno et al., 2014). On the other hand, Khan et al.
investigated the environmental footprint of a very high temperature
Stirling heat pump using life-cycle analysis (Khan et al., 2020). Results
show over 40 % reduction in the environmental impact can be achieved,
compared to natural gas and oil-fired boilers. A thermodynamic model
for predicting the performance of a beta-type Stirling heat pump with a
rhombic drive mechanism was developed and experimentally validated
by Cheng et al. (Cheng et al., 2020). The maximum difference between
experimental and theoretical results was <14 %. Wang et al. studied a
free-piston Stirling heat pump using the SAGE software (Wang et al.,
2021). A 2409 W heating capacity and 2.41 COP were demonstrated
with a heat sink and source temperatures of 40 °C and —20 °C, respec-
tively. Kowalski et al. assessed a 10 kW Stirling heat pump using the
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Schmidt method (Kowalski et al., 2022). A COP ranging from 3.96 to
6.69 was obtained for heat source temperatures between 15 °C and 35 °C
and heat sink temperatures ranging from 45 °C to 90 °C. In his thesis,
Haywood experimentally investigated a Stirling heat pump operating
with air as the working fluid (Haywood, 2004). The prototype has
shown a similar COP to vapor compression systems for cold space
temperatures below 0 °C, and a slightly lower COP for cold space tem-
peratures above 0 °C.

Compared to vapor compression heat pumps, one of the main ad-
vantages of the Stirling system is the use of environmentally friendly
working fluids with low or zero global warming potential. Indeed, the
choice of the working fluid in the Stirling heat pump heavily influences
its thermodynamic performance.

In an effort to enhance the thermodynamic performance of energy
converters, novel chemically reactive working fluids are investigated.
These fluids are the place of the conversion of not only thermal energy
but also chemical energy. The reactive Stirling engine, operating on the
“forward” Stirling thermodynamic cycle with dinitrogen tetroxide
(N204) as the working fluid, has been extensively studied in the past
(Metwally and Walker, 1977; Wolgemuth, 1934; Kovtun et al., 1967). It
has been observed that, in a reactive Stirling engine, the internal heat
exchange during the isochoric processes in the regenerator is incom-
plete; the heat released during isochoric cooling and the heat absorbed
during isochoric heating are not equivalent due to the fluid’s reactivity.
Consequently, the cycle performance calculations should be modified in
order to account for externally exchanged heat during the isochoric
processes. The differences between the modified thermodynamic
methodologies adopted justify the discrepancies in the conclusions of
previous studies regarding the thermodynamic effects of utilizing
chemically reactive fluids in the Stirling engine. Some studies conclude
that the use of dinitrogen tetroxide in the Stirling engine leads to a
significant increase in the system’s work output yet a slight decrease in
the thermal efficiency (Wolgemuth, 1934). Other studies claim that the
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Fig. 1. Schematic representation of the four sequential processes of a heat pump operating on the reverse Stirling cycle (Fig. a); P-v diagram of an ideal Stirling heat

pump operating with an inert ideal gas (Fig. b).

effective efficiency of the Stirling engine significantly increases with the
use of dinitrogen tetroxide as the working fluid (Kovtun et al., 1967).
However, practical applications of NyO,4 are limited due to corrosion and
toxicity issues.

In response, in a preceding publication (Barakat et al., 2024), the
authors investigated a wide range of theoretical chemically reactive
working fluids in a Stirling engine operating between 400 K and 900 K.
Since the theoretical thermal efficiency of an inert ideal Stirling engine
amounts to that of a Carnot engine operating between the same heat
source and sink temperatures, using reactive working fluids does not
offer an advantage in terms of efficiency. Indeed, for the majority of
reactive fluids studied, the efficiency is significantly lower than that of a
comparable inert fluid system, primarily due to incomplete irreversible
internal regeneration. Furthermore, the specific expansion work
generated, specific compression work required, and net specific work
output of the cycle are lower for the majority of reactive fluids consid-
ered. However, certain reactive fluids—characterized by higher
compression and expansion ratios-achieve a maximum of 5 % increase
in the specific work output of the cycle, compared to inert fluids. The
limited improvement in the net specific work output can be attributed to
the narrow pressure ranges considered in the study of Barakat et al.
(2024) in order to comply with the ideal gas thermodynamic assumption
adopted.

On the contrary, to the authors’ knowledge, the study of chemically
reactive working fluids in a heat pump operating on the reverse Stirling
cycle is absent from the literature. Hence, this work is aimed at inves-
tigating the thermodynamic effects of utilizing chemically reactive
working fluids in a Stirling heat pump system. A wide range of theo-
retical reactive gaseous mixtures are investigated in a system operating
between 400 K and 900 K, the same range considered in the Stirling
engine study Barakat et al. (2024). Each of these fluids is characterized
by a theoretical equilibrated chemical reaction, identified by a unique
set of reaction coordinates (the standard enthalpy and entropy change of
reaction). Furthermore, these fluids are modeled as ideal gas mixtures
that undergo compositional changes under the influence of thermody-
namic transformations throughout the reverse Stirling cycle. Conse-
quently, the behavior of each reactive fluid is assessed in each of the heat
pump’s units, the overall performance of the reactive system is evalu-
ated, and the results are benchmarked against those of comparable
theoretical inert fluids.

Similar methodologies have been employed by the authors to
investigate reactive Brayton engines (Lasala et al., 2021), heat pumps
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based on the reverse Brayton cycle (Barakat et al., 2022), and, as
aforementioned, Stirling engines (Barakat et al., 2024). The work con-
ducted in these studies falls within the scope of the REACHER research
project (Lasala, 2022), which is funded by the European Research
Council, with the objective of designing and investigating innovative
reactive working fluids for thermodynamic cycles (Lasala et al., 2024).

2. Methodology

This section introduces the Stirling heat pump system under inves-
tigation in this study (Section 2.1), outlines the methodology employed
to model the theoretical reactive working fluids within the system
(Section 2.2), and describes the approach followed to conduct the
thermodynamic analysis of the Stirling heat pump (Section 2.3).

2.1. The Stirling heat pump

The reciprocating Stirling heat pump operates on the reverse Stirling
cycle, which comprises four sequential processes: isothermal compres-
sion at a high temperature Ty (1-2), during which compression work

(Weomp) is input and heat is released to the heat sink (qcomp); isochoric

cooling (2-3); isothermal expansion at a low temperature T (3-4),
during which expansion work (Wey) is generated and heat is absorbed

from a heat source (qexp>; and isochoric heating (4-1). Theoretically,

isochoric cooling and heating occur within the internal regenerator.
During isochoric cooling, the fluid cools down as it passes through the
regenerator which retains the heat released (q23). Conversely, during
isochoric heating, the fluid heats up by reabsorbing the heat stored in
the regenerator (q41). Fig. 1(a) schematically illustrates the four pro-
cesses. The pressure-volume (P —v) diagram of an ideal Stirling heat
pump operating with an inert ideal gas is presented in Fig. 1(b).

In this work, the system operates with an ideal gas or gaseous
mixture. The system is assumed to be devoid of any mechanical or
thermal losses.

The COP of a Stirling heat pump operating with an inert fluid can be
calculated according to the following equation:

cop = Jeom.

Whet,in

(€3]

Where wy.in is the net specific work input to the cycle and can be
calculated according to:
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Table 1
Equations used to calculate the work and heat quantities in the heat pump cycle.
Calculated energy type Equation
Isothermal compression (1-2) Geomp = Tu(s1 — s2) 6)
specific heat output, qeomp [kJ/g] Where s is the specific entropy of the
reactive gaseous mixture
Isothermal expansion (3-4) specific Qexp = Tc(s4 — 83) @)
heat input, e, [kJ/g]
Isothermal compression (1-2) Weomp = Geomp + (U2 — U1) (8)
specific work input, Weomp [kJ/g] Where u is the specific internal
energy of the reactive gaseous
mixture
Isothermal expansion specific (3-4) Wexp = Qexp + (U3 — Ug) 9)
work output, Wy, [kJ/g]
Specific heat released during Q23 = Uz — U3 (10)
isochoric cooling (2-3), g3 [kJ/g]
Specific heat absorbed during qa =U; — Uy an

isochoric heating (4-1), g4 [kJ/g]

Table 2

Six possible sets of heat quantities exchanged during isochoric processes (2-3)
and (4-1) as a result of using chemically reactive gaseous mixtures in the Stirling
heat pump.

Case I Case II: Case III:
q23 = qa1 q23 > qa1 qa1 > q23
No temperature cross as the minimum  g23 = qreg q23 = qreg + 23 = Qreg
of 23 and q41 (greg) is exchanged 441 = Qreg Qrej 41 = Qreg +
between the two streams rej = 941 = Qreg Qadd
Gadd =0 Gadd =0 Grej =0
Temperature cross as the minimum of g2z = q23 = (qreg + q23 = Qreg +
@23 and g4 is exchanged between Qreg + Qrej qrej Grej
the two streams qu = 941 =qreg + q41 = Greg +
Greg + qadd Gadd Gadd
qrej = Gadd qrej > qadd Gadd > qrej

@

Therefore, for any inert ideal gas, the COP of an ideal Stirling heat
pump corresponds to that of a reverse Carnot cycle-a theoretical upper
limit for the COP of any heat pump operating between the considered
heat reservoirs:

Whetin = Weomp — Wexp

Ty

COPjere = ﬁ

3

Given the operating temperatures considered (Ty = 900 K and T¢
400 K), the COP of the inert fluids in this study amounts to 1.8, the
highest achievable COP. Indeed, in the case of a Stirling heat pump
operating with an ideal gas, heat transfer in the internal regenerator is
reversible, as there is no temperature difference between streams (2-3)
and (4-1) throughout the exchange.

On the other hand, utilizing reactive gases, rather than inert ones, in
the Stirling heat pump leads to compositional changes in the fluid, and,
potentially, heat exchange across a finite temperature difference in the
internal regenerator. For these fluids, the internal regenerator is no
longer reversible. Consequently, the heat pump can not be referred to as
ideal.

2.2. Theoretical chemically reactive gases

A range of theoretical chemically reactive gaseous mixtures is
considered in this study as working fluids in the Stirling heat pump. Each
of these fluids is characterized by the following equilibrated chemical

reaction:
Ag(g)T—’zA(g) (€))

Where A is a theoretical chemical species, and A, is the corre-
sponding dimer. These two species compose the reactive working fluid
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throughout the cycle.

The methodology for modeling the reactive gaseous mixtures
composed of A and A, and for evaluating their thermodynamic prop-
erties throughout the Stirling heat pump cycle, is detailed in a preceding
publication on chemically reactive Stirling engines (Barakat et al.,
2024).

Each reactive fluid is characterized by a unique set of the reaction
coordinates: the standard entropy change of reaction ArS°, and the
standard enthalpy change of reaction AgH°. Hence, each set of these
coordinates (AgS", AgH") identifies a unique reactive gaseous mixture.

2.3. Thermodynamic analysis of the Stirling heat pump

In a preceding work (Barakat et al., 2024), the authors adopted a
similar methodology to assess the performance of a chemically reactive
Stirling engine operating on the forward Stirling cycle, in contrast to the
reverse cycle considered in the current work. As in the study of chemi-
cally reactive Stirling engines (Barakat et al., 2024), the thermodynamic
analysis is performed for the following operating conditions: the sys-
tem’s lowest pressure P4 = 0.1 bar, highest pressure P, = 0.61 bar, low
temperature T¢ = 400 K, and high temperature Ty = 900 K (refer to
Fig. 1). Pressures P; and P3 are unknown. For each reactive fluid
considered, P; and P; can be calculated by solving the following system
of equations:

Note that the specific volume of the gaseous mixture, v, is calculated
as a function of T and P using the ideal gas equation of state after
determining the mixture’s composition, according to chemical equilib-
rium. The full methodology is detailed in a previous article (Barakat
et al., 2024).

After determining the unknown pressures, the thermodynamic
properties at each state of the cycle can be evaluated. Subsequently, the
heat and work quantities, illustrated in Fig. 1(b), can be calculated ac-
cording to the equations presented in Table 1.

Unlike the case of inert ideal gases, certain chemically reactive
working fluids could lead to incomplete internal regeneration; that is,
the total heat released during isochoric cooling g»3 and that absorbed
during isochoric heating g4; are not equivalent. For some reactive fluids,
q23 could be greater than q4;, or vice versa. Theoretically, the heat
exchanged in the regenerator, g, would be determined as the mini-
mum value between q23 and q41, grg = min(qg23,q41). In the case where
23 is greater than q41, the excess heat released during isochoric cooling

V1(Tu, P1) = v4(Tc, Ps)

v3(T¢, P3) = v2(Ty, P2) )

Qrej (qrgj = (23 — Qreg Where g = q41) is rejected out of the cycle into

an additional heat sink. On the contrary, in the case where g4; exceeds
23, the latter proves insufficient for heating the cold stream, resulting in
a heat deficit. Consequently, an additional heat source is required during
isochoric heating to supply the shortfall, q,44, which corresponds to the
difference between q41 and q23: qqda = 41 — Qreg Where qreg = qo3.
However, there are cases where gy, is less than the minimum of ga3
and q4;. This is due to the presence of a temperature cross in the
regenerator as the two streams exchange the heat quantity that is
equivalent to the minimum of ¢33 and q4;, which demands reducing the
amount of heat exchanged. In this case, both an additional heat sink and
source are needed during the isochoric processes, respectively. Table 2
summarizes the possible heat quantities exchanged during the isochoric
processes as an effect of utilizing chemically reactive working fluids.
Accordingly, in the case of a reactive Stirling heat pump, the equa-
tion to calculate the COP should be adjusted to account for any heat
addition from an external source during isochoric heating (4-1), as
presented in Eq. (12). It is assumed that in cases where an external heat
supply is required during isochoric heating, this supplemental heat
(qada) is sourced from the heat released during isothermal compression
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(qwmp>, decreasing the heat provided to the heat sink.

CcoP = qcomp — Gadd (12)

Wret,in

To ensure completeness, it is noted that all calculations were con-
ducted using Fortran and MATLAB codes developed by the authors.

3. Results and discussion

In this section, the properties of each reactive fluid are analyzed
during isothermal compression, isochoric cooling, isothermal expan-
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sion, and isochoric heating. The heat and work quantities involved are
presented, and the overall cycle performance (COP) is discussed. The
results are benchmarked against those of comparable theoretical inert
working fluids, A and As.

The unknown pressures, P; and P, are calculated according to the
methodology presented in Section 2.3 for all the reactive fluids
considered, as shown in Fig. 2. Hence, each point in the colormaps
(ARrS°, AgRH") corresponds to a unique theoretical reactive fluid.

As observed in previous works (Barakat et al., 2024; Lasala et al.,
2021; Barakat et al., 2022), the fluids at the top-left and bottom-right
corners of the colormaps resemble the properties and behavior of inert
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fluids A and A, respectively. Thus, these fluids are used as a benchmark
to assess the behavior of reactive working fluids that correspond to in-
termediate values of (AgS’, AgH").

Observing Fig. 2(a), for the majority of the reactive fluids, the
pressure at the inlet to the isothermal compression process, P1, is higher
than that of inert fluids A and A;, reaching approximately 0.45 bar. This
leads to a lower compression ratio (P /P;) with a minimum of 1.36
rather than 2.72 which corresponds to the compression ratio of inert
fluids. Exceptionally, for low values of the reaction coordinates (AgS°,
AgrH’), P; is lower than that of A and A, reaching a minimum of 0.21 bar
and resulting in a higher compression ratio for the corresponding fluids
(up to 2.89).

On the other hand, observing Fig. 2(b), for the majority of reactive
fluids, the pressure at the inlet to the isothermal expansion process, P, is
lower than that of the inert fluids, reaching a minimum of approximately
0.14 bar. This results in a low expansion ratio (P3 /P4) for the majority of
reactive fluids with a minimum of 1.36. Exceptionally, for low values of
ARS° and AgH’, P3 is higher than that of A and A, reaching 0.3 bar and
resulting in a high expansion ratio (up to 2.96).

Note that the calculated pressure values, P; and P3, highly depend on
the chemical reaction evolution in the fluid. For example, the pressure at
the inlet to the isothermal compression process, P, is calculated using
Eq. (5). Therefore, the chemical reaction evolution during isochoric
heating (4-1) impacts the value of P;. During this process, the temper-
ature of the system increases from T¢ to Ty at constant volume. The
temperature rise increases the pressure of the fluid. If the fluid un-
dergoes a dissociation endothermic reaction, the number of the moles in
the system increases as a consequence of the reaction, elevating the
pressure of the fluid at each temperature, compared to an inert fluid
where no reaction takes place during the process. In contrast, if the fluid
undergoes an association exothermic reaction, the number of moles in
the mixture decreases, decreasing its pressure. The same analysis can be
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performed for the pressure at the inlet to the isothermal expansion
process, P3. The chemical reaction evolution during each thermody-
namic transformation is presented in the following sections.

After calculating the unknown pressures, P; and Ps, the exchanged
heat and work quantities can be investigated.

3.1. Isothermal compression

In order to investigate the reaction evolution in the studied fluids
during isothermal compression, the equilibrium molar fraction of A, at
the inlet, 24, 1, as well as the variation in the number of moles during the
process, Any_p = ng — mny, are presented in Figs. 3(a) and 3(b), respec-
tively. Furthermore, the specific heat released to the heat sink at Ty,
Gcomp, and the specific compression work input during the process, Weomp,
are given in Figs. 3(c) and 3(d), respectively.

Observing Fig. 3(a), the reactive fluid is mainly composed of A for
high values of AgS® and low values of AgRH", A, for low values of AgS°
and high values of AgH*, and a mixture of the two gases for intermediate
values of the reaction coordinates (ArS’,AgH’) at the inlet to the
isothermal compression process.

During the isothermal compression process (1-2), the reaction shifts
in the exothermic association direction, as presented in Fig. 3(b). This is
due to the increase in the system’s pressure at a constant temperature
during isothermal compression, leading to a reaction shift towards the
decreasing number of moles, in accordance with the law of mass action
(Koudriavtsev et al., 2011). The variation in the number of moles be-
comes more prominent for low values of the reaction coordinates (AgS",
AgH’). Note that the variation in the number of moles of a given working
fluid (An # 0)—as presented in Fig. 3(b)—during a thermodynamic
transformation signifies that a chemical reaction has taken place during
the process.
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and w,y, (Fig. d).

The effect of the exothermic reaction during compression can be
observed in the specific heat released to the heat sink, as presented in
Fig. 3(c). For some reactive fluids, the reaction leads to significantly
higher values of gcomp reaching 13.8 kJ/g compared to 7.5 kJ/g and 3.7
kJ/g corresponding to inert fluids A and A,, respectively. This signifies
up to 269 % increase in the specific heat provided to the heat sink, gcomp,
compared to an inert Stirling heat pump cycle. For a reactive Stirling
heat pump utilizing fluids characterized by high qc.m, values, less fluid
mass is required to release the same amount of thermal energy (in
joules) compared to a system operating with inert fluids. Conversely, for
the other reactive fluids where the reaction is not prominent, gcomp is
lower than that of the inert fluids with a minimum of 2.3 kJ/g. This can
be attributed to the lower compression ratio (P, /P;), as presented in
Fig. 2(a).

Similarly, observing Fig. 3(d), for the reactive fluids characterized by
a low compression ratio compared to inert fluids A and A, the
compression wWork we.mp, input to the cycle is low. This signifies up to
38 % and 69 % decrease in womp compared to A, and A, respectively.
However, for low values of (AgS°, AgH"), the compression ratio of the
reactive fluids is higher than that of the inert fluids, leading to higher
specific compression work with a maximum of 7.88 kJ/g.

3.2. Isochoric cooling

In this section, the behavior of the reactive fluid is investigated
during isochoric cooling. The equilibrium molar fraction of A, at the
inlet to the process, 2a, 2, variation in the number of moles, Any_3 =n3
— ngp, total specific heat released during isochoric cooling g3, and
fraction of g3 that is rejected to an additional external heat sink, g, are
given in Fig. 4.

During isochoric cooling, the temperature of the reactive fluid de-
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creases from Ty to T¢ at a constant volume. According to the van’t Hoff
equation (Kemp, 1987), as the system’s temperature decreases at a
constant pressure, the reaction shifts in the exothermic association di-
rection, 2A ;) —Ayg). Observing Fig. 2(b), during the isochoric cooling
process (2-3), the fluid’s pressure also decreases from P,, at 0.61 bar, to
P3. Hence, according to the law of mas action, as the pressure of a
reactive fluid decreases at a constant temperature, the reaction shifts in
the dissociation endothermic direction, Ay —2A . Therefore, the ef-
fects of temperature and pressure on the reaction evolution during
process (2-3) are opposite. Observing Fig. 4(b), the reaction shifts in the
direction of decreasing number of moles, 2A g —Aj(y), for the majority of
the reactive fluids. Therefore, the effect of temperature is more pro-
nounced for the corresponding fluids. On the other hand, for low values
of the reaction coordinates (ArS’, AgH’), the reaction shifts in the
opposite endothermic direction, where the pressure effect is more
pronounced.

The effect of the exothermic association reaction can be observed in
Fig. 4(c), significantly increasing the total heat rejected during isochoric
cooling, go3. For certain reactive fluids where the association reaction is
most prominent, g3 reaches approximately 79.6 kJ/g compared to 6.2
kJ/g and 5.2 kJ/g corresponding to A and A,, respectively. On the
contrary, for low values of (ArS’, AgH’), the endothermic reaction
contributes to cooling the fluid down during isochoric cooling, and the
specific heat released is comparable to that of A and A,.

In the cases where the total heat rejected during isochoric cooling is
greater than the heat exchanged in the internal regenerator (23 > qreg

due to the chemical reaction, the excess heat <q,ej = (23 —Qreg ) is rejec-

ted out of the cycle into an additional heat sink during process (2-3).
Note that gy, is evaluated either as the minimum value among q»3 and
g1, Min(qas3, g41), in the absence of a temperature cross in the regen-
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erator, or using numerical methods in the presence of a temperature
cross, according to the methodology in Section 2.3. For the reactive
fluids where q,,; amounts to zero, as depicted in Fig. 4(d), heat rejection
out of the cycle exclusively takes place during the isothermal compres-
sion process; there is no need for an additional heat sink during process
(2-3). For certain reactive fluids, gr; reaches up to approximately 29 %

of the corresponding ga3.

3.3. Isothermal expansion

After the reactive gaseous mixture cools down isochorically, it un-
dergoes isothermal expansion at T¢ where heat is absorbed from the heat
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source, gexp, and expansion work is generated, Wey, as presented in
Fig. 5. The equilibrium molar fraction of A, at the inlet to isothermal
expansion, 2,, 3, and variation in the number of moles, Anz_4 =n4 — ns,
are also given in Fig. 5.

Observing Figs. 5(a) and 5(b), the reaction shifts in the dissociation
endothermic direction during isothermal expansion due to the pressure
decrease at a constant temperature (in accordance with the law of mass
action). The reaction becomes more important for low values of the
reaction coordinates (AgS°, AgH").

The effect of the endothermic reaction can be observed in Fig. 5(c)
leading to an increase in the heat absorbed from the heat sink at T¢, gex,
reaching up to approximately 8.1 kJ/g for certain reactive fluids,
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compared to 3.3 kJ/g and 1.7 kJ/g absorbed by A and A, respectively.
On the other hand, for other reactive fluids where the reaction is not
prominent, g, is lower than that of the inert fluids. This can be
attributed to the low expansion ratio (P3/P4) of the corresponding
fluids; refer to Fig. 2(b).

The low expansion ratio, characterizing the majority of the reactive
fluids, penalizes the expansion work generated w,,. Exceptionally, for
low values of the reaction coordinates (AgS°, AgH’) where the expansion
ratio is higher than that of inert fluids A and A, w,y, is high, reaching
3.52 kJ/g compared to 3.3 kJ/g and 1.7 kJ/g generated by A and A,
respectively.

3.4. Isochoric heating

The equilibrium molar fraction of A, at the inlet to the isochoric
heating process, 24, 4, variation in the number of moles, Ang_; =n; —
ng, total specific heat absorbed during isochoric heating, ¢41, and frac-
tion of g4; that is absorbed from an additional external heat source, qqq44,
are presented in Fig. 6.

As presented in Figs. 6(a) and 6(b), for the majority of the reactive
fluids, the reaction shifts in the endothermic dissociation direction,
Asg—2Ay, during isochoric heating. Exceptionally for low values of
(ArS®, ARH"), the reaction shifts in the opposite direction, 2A ;) —As ().

The endothermic reaction during isochoric heating induces an un-
favorable cooling effect in the fluid, leading to a significant increase in
the total heat required, q4;, to isochorically heat the fluid to the heat
sink temperature, Ty. This can be observed in Fig. 6(c), where g4
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reaches approximately 80.8 kJ/g, compared to 6.2 kJ/g and 5.2 kJ/g
absorbed by A and A, respectively.

In the case where the heat available in the regenerator (qreg> is less
than that needed to heat the fluid during process (4-1), g41, additional
heat is absorbed from an external heat source (qq4q), as presented in
Fig. 6(d). For certain reactive fluids, g,q¢ amounts to approximately
26 % of the total heat absorbed during isochoric heating. Note that for
the fluids that do not require an additional heat source during process
(4-1), where gy, is sufficient to isochorically heat the fluid, heat input to
the cycle exclusively takes place during isothermal expansion.

Fig. 6(d) also highlights the fluids that require an additional heat sink
during isochoric cooling. For the majority of the reactive fluids, either a
heat source or a heat sink is required during one of the isochoric pro-
cesses. However, for a narrow range of reactive fluids, both an addi-
tional heat source and sink are needed during the isochoric processes.
The latter occurs for low values of the reaction coordinates where the
two zones displayed in Fig. 6(d) intersect. Furthermore, there exists
another narrow range of reactive fluids where neither a heat source nor
a heat sink is needed during any of the isochoric processes. This range
lies between the two marked zones in the colormap in Fig. 6(d).

Indeed, the system’s maximum volume, v4, that is calculated as a
function of the temperature and pressure using the ideal gas equation of
state in Eq. (13) at thermodynamic state (4), serves as indicator of the
heat pump’s size.

RT
V=3P 13)
Where R is the universal gas constant, and M is the molar mass of the
gaseous mixture.

The temperature and pressure values at thermodynamic state (4) are
fixed for all the theoretical working fluids considered, as detailed in
Section 2.3. Therefore, variations in the calculated specific volumes of
inert and reactive fluids are due to differences in the molar mass, as per
Eq. (13). Fig. 7(a) presents the Stirling machine’s maximum volume, v4.

On the other hand, the heat supplied to the heat sink, gcomp, per unit
maximum volume, v4, can be calculated in order to better understand
the gain in thermal energy density of a reactive Stirling heat pump
compared to an inert counterpart, as depicted in Fig. 7(b).

Note that the molar mass of the reactive mixture varies between that
of A(lg mol ™) and A (2g mol ™). Therefore, for the same temperature
and pressure, the specific volume of the reactive mixture also varies
between that of A and A,, depending on the molar mass.

Observing Fig. 7(a), the maximum volume, v4, corresponding to the
majority of reactive fluids is comparable to that of inert fluid A;. On the
other hand, the thermal energy density of certain reactive fluid-
s—calculated by the ratio of the specific heat supplied to the heat sink per
unit maximum volume-is significantly higher than that of the inert
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Fig. 10. Internal regenerator T-q diagrams for inert fluids A and A;, as well as the four reactive fluids marked in Fig. 9.

size is a critical factor.

3.5. Overadll cycle performance

The net specific work input, calculated using Eq. (2), is presented in

Fig. 8(a). Additionally, the COP of the heat pump is given in Fig. 8(b).

For the majority of reactive fluids considered, the required net spe-
cific work input to the cycle (w,,et,in) is less than that corresponding to
inert fluid A with a minimum of 1.8 kJ/g, as depicted in Fig. 8(a). For

low values

of the reaction coordinates (AgrS°, AgRH"), where both the

specific compression and expansion work are relatively high, Wyein is
also high, reaching 4.37 kJ/g compared to 4.16 kJ/g corresponding to
inert fluid A. This signifies a slight increase of 5 %. The fluids charac-
terized by this Wy i offer a COP that is comparable to those of inert
fluids A and A, as presented in Fig. 8(b). On the contrary, for the
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majority of reactive fluids, the COP is less than that of the inert fluids. As
expected, the COP of inert fluids given in Eq. (3), amounting to the COP
of a Carnot heat pump operating between T¢ and Ty, represents an upper
limit to the COP of all the reactive heat pumps studied. Nevertheless,
when comparing Fig. 3(c) with Fig. 8(b), it is evident that there exists a
range of reactive fluids that can enhance the heat delivered to the heat
sink by >80 % compared to inert fluid A, while penalizing the COP by
<20 %.

For certain reactive fluids, external heat exchange with the heat sink
and source exclusively occurs during the isothermal compression and
expansion processes. No additional heat sink or source is required dur-
ing the isochoric processes. However, for these fluids, the COP still falls
short of reaching the COP observed in inert fluids. Although the heat
exchange in the internal regenerator is complete (g23 = g41), the
chemical reaction in the system leads to heat exchange across a finite
temperature difference and introduces irreversibility. This irreversibility
can be quantified by the entropy generated in the internal adiabatic
regenerator calculated according to Eq. (14), as presented in Fig. 9.

Sgen,reg = AShot stream + AScold stream (14)

Where s, e, represents the specific entropy generated in the gener-
ator, Aspor smeam 1S the change in the specific entropy of the hot stream of
the regenerator (outlet minus inlet), and Ascg sream iS the change in the
specific entropy of the cold stream.

To better understand the effect of the chemical reaction on the en-
tropy generation in the internal regenerator, the heat exchanged during
isochoric processes, and the resulting COP of the cycle, the temperature-
heat (T —q) diagrams for six fluids are presented in Fig. 10. These
include the two inert fluids, A, and A, as well as four reactive fluids
numbered (1) through (4), all of which are identified in Fig. 9.

Reactive fluid (1) in Fig. 9 is characterized by a COP that is com-
parable to that of inert fluids A and A,. The total heat released during
isochoric cooling, g23, and the total heat absorbed during isochoric
heating, q41, are slightly different. This can be observed in Fig. 10(c). For
this fluid, the entropy generation in the internal regenerator is negli-
gible, where the temperature difference between the two streams during
heat exchange is minor.

Observing Fig. 10(d), in the case of Reactive Fluid (2), q4; is greater
than g23. An additional external heat source is required during isochoric
process (4-1) in order to heat the fluid to Ty, penalizing the COP of the
cycle. Conversely, qa3 is greater than g4; in the case of Reactive Fluid (3),
as presented in Fig. 10(e). An additional external heat source is required
during isochoric cooling in order to cool the hot stream to T¢.

On the other hand, external heat transfer exclusively takes place
during isothermal compression and expansion in the case of Reactive
Fluid (4). The heat exchange in the internal regenerator is complete
(q23 = qa1), as presented in Fig. 10(f). Therefore, the reduced COP of this
fluid can be attributed to the irreversibility of the regenerator due to
heat exchange across a finite temperature difference, in contrast to the
case of inert fluids A, and A, as displayed in Figs. 10(a) and 10(b),
respectively.

4. Conclusion

In this work, the performance of a regenerative Stirling heat pump
operating with a chemically reactive-rather than inert-working fluid is
assessed. A range of theoretical reactive gaseous mixtures, modeled on
the basis of the ideal gas mixture thermodynamic model, is investigated.
All fluids are characterized by the equilibrated chemical reaction
Agg22A(y), and each fluid is identified by a unique set of the reaction
coordinates: standard entropy change of reaction (AgS°) and standard
enthalpy change of reaction (AgH’). The thermodynamic properties of
each fluid are evaluated throughout the reverse Stirling cycle, and,
consequently, the overall performance (COP) of the heat pump is
calculated. The results are benchmarked against those of comparable
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inert working fluids (A and Ay).

It is observed that for a wide range of reactive fluids, the heat ex-
change in the internal regenerator is incomplete; the total heat released
during isochoric cooling and the total heat absorbed during isochoric
heating are not equivalent. Consequently, additional external heat sink
during isochoric cooling, source during isochoric heating, or both are
needed in the cycle, penalizing the COP of the heat pump.

However, due to the reactive nature of the fluid, for certain reactive
fluids, the exothermic reaction during isothermal compression signifi-
cantly increases the thermal energy supplied to the heat sink. Up to
269 % increase in the specific heat supplied to the heat sink, gcomp, and
thermal energy density per unit maximum volume, qcomp/Vs4, can be
achieved, while penalizing the COP by <20 %.

In the case of reactive fluids where the heat exchange in the regen-
erator is complete, some of these fluids exhibit behavior similar to inert
fluids during heat exchange in the regenerator, yet provide an increased
heat supply to the heat sink during isothermal compression due to the
exothermic reaction. The latter offer a comparable COP to that of A and
Aj,. Furthermore, they are characterized by a favorable endothermic
reaction during isochoric cooling and a favorable exothermic reaction
during isochoric heating. However, other fluids are characterized by
pronounced unfavorable chemical reactions during the isochoric pro-
cesses, leading to irreversibility in the internal regenerator due to heat
transfer across a finite temperature difference and penalizing the COP,
even when regeneration is complete.

The next steps of the project involve exploring and assessing real
chemically reactive working fluids in thermodynamic cycles, as well as
experimentally validating the results.
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