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Priority areas for rapid CO, emission reductions

* Increase thermal power
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A preliminary study: Fictitious reactive fluids
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A preliminary study: Fictitious reactive fluids

1) The structure of the reaction takes the following generalized form:

n
An ﬁ_Am
m

2) The system is modelled as a ideal gas.

3) The specific heat capacity of molecules is constant with temperature
and defined according to the kinetic molecular theory.

4) The system is considered in chemical equilibrium:

Ch%ngiqal chemical i
equitibrium equilibrium vj nc
ARG(T’P’n) = 0 Keg(T) = (P/Pojil l_l(r‘i)Vi

Niot i1

In K
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Power Stirling cycle Heat pump Stirling cycle
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A preliminary study: Fictitious reactive fluids m
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REACHER: The methodology
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1. Discovery of suitable reactions and their characterization

Generation of dimers (the monomer is straightforward)

For example:
Valence of X = 3
Valence of X = 2 R Ry Ri Ry N
! AR LN == e v R
R\ /R X ——X - X + X -+ X—X\
X x = R—X-+ R—X: R, \R1 Ro R, \R1
Dimers are covalent bonded
. _ o . VALENCE n. |
No more than 3 different atomic species in each dimer 5461357
Peripherical atoms (R1 and R2) are different than central atoms (X) E

: . : : 1,3,5,7
Peripheral positions are occupied by atoms at their lowest valence

-

Number or resulting dimers (and relative monomers): 496
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1. Discovery of suitable reactions and their characterization

G

R,
\\ == R;—X + R—X
X——X
\
R4
496 generated
dimers

STABILITY ANALYSIS &

caussianoos  GEOMETRY OPTIMISATION

G

GAUSSIAN 09

151 stable dimers

GEOMETRY OPTIMISATION
of 151 monomers

Calculation of:

* ARG®ygek

* AgH"08k

* ARSr03k

* Cp,ig,i(T)

* preliminary kinetics
for each reaction

30



1. Discovery of suitable reactions and their characterization

900 Examples:
800 O
700
< 600
n Br,F, = 2 BrF
5 2500
3£
S =400
ST =
g 300
200 5 )
® O 151 reactions
100 ® _
0 » 48 FAST reactions
0.00 0.10 0.20 0.30

ARS°(298.15 K)
(kJ/mol/K)



1. Discovery of suitable reactions and their characterization

2 families of reactive fluids:

Example: formic acid

0 5 O "H=Q
2' H_C// @ H—C\ //C_H
O-H O-H----- O

Wasik et al., 2025, doi.org/10.1016/j.fluid.2025.114356

Covalent-bond

Examples:

>0< ALBr,., = 2AIBr,
% ALCl,, = 2AIC,

+ new designhed reactions
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REACHER: The methodology

1. Discovery of suitable reactions and their characterization
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1. Discovery of suitable reactions and their characterization

?[ h(T,P,z)  s(T,P,2) }

hT,v,z) = Zz { _T[dT]Jr[hre”V(T,v,z)}

ref

Ideal gas properties Equation of state
o o Ig
AiH, S c(T) P(T,v,2)
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1. Discovery of suitable reactions and their characterization

?[ h(T,P,z)  s(T,P,2) }

hT,v,z) = Zz { _T[dT]Jr[hre”V(T,v,z)}

ref

Ideal gas properties Equation of state
/LA S, ¢ (T) P(T,v,2)

I Pl

35



1. Discovery of suitable reactions and their characterization

Brl: - 2 RrE

N,O0, =2 NO,

?[ h(T,P,z)  s(T,P,2) }

ref

hT,v,z) = Zz { _T[dT]Jr[hre”V(T,v,z)}

EoS inputs:
Ideal gas properties Equation of state Pure components
v LA

o critical properties
ig
i Cp.i (T) P(T,v,2) Ex. N,O, & NO,

36




1. Discovery of suitable reactions and their characterization
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1. Discovery of suitable reactions and their characterization
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1. Discovery of suitable reactions and their characterization
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1. Discovery of suitable reactions and their characterization

PURE COMPONENT ————— BINARY REACTIVE MIXTURE: N,O, =2 NO,
Sat-P . 1 120 . . . . . | . .
R A binary and reactive fluid in
s ool VLE behaves like a pure _
component fluid in saturation
conditions
80 .
temperature (K) /g
BINARY INERT MIXTURE S 60 -
VLE-P - A
ol
40 .
20| _
5, e
N, %
g > -\f’\/ 0 -
1 / 260 280 300 320 340 360 380 400 420 440

250 300 350 400
temperature (K)

550 T (K) 40



1. Discovery of suitable reactions and their characterization

Monte Carlo simulations to determine the critical coordinates of NO, and N,O,

500
INPUT x . x
Results w0f o 4 - N,0,
. I . @]
Optimal geometry, i Lennard Jones potential 400 g? T.no Cox
o . | N2O4
Partition function ; parameters for o g %,
I ~ 350 R [0
i 0-0 and N-N I o
| . K
Calculated | "t . a2 .. NO, °
. | imi ey 1
by ab-initio | Optimised on ot & A By ° |
Quantum Mechanics | experimental data i TC'NOZ fo
! 000 200 400 600 800 1000 1200 1400 1600
p (kg/m3)
6 Lennard-Jones centers sl N204 : #i?:(:oi‘i{al'
f Correlation

3 Lennard-Jones centers
0y=3.24 A, 0,=2.93 A

0y=3.24 A, 06,=2.93 A
£4=50.36 K, £,=62.51 K £,=50.36 K, £,=62.51 K
@ @ Brick-CFCMC i PC’N204 InP*(T)= A+

q=-0.073 e @@ @ q=-0.073 e ® ® -
g=0.146 ¢ @ T @ l
B Similarly for NO, S
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1. Discovery of suitable reactions and their characterization

Brl: - 2 RrE

N,O0, =2 NO,

?[ h(T,P,z)  s(T,P,2) }

hT,v,z) = Zz { _T[dT]Jr[hre”V(T,v,z)}

Tref

Ideal gas properties Equation of state
/LA S, ¢ (T) % P(T,v,2)

I Pl
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1. Discovery of suitable reactions and their characterization

Validation of the
predictive
thermodynamic
model

N,O, 2 2 NO,

P [bar]

140 450
120} -
(ool 400 |
80| v
2 350 |
60 | e
40 300
20|
0 AR PR L L 1 2 50 L L 1
250 300 350 400 450 500 0 500 1000 1500

p [kg/rng]
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1. Discovery of suitable reactions and their characterization

Validation of the predictive thermodynamic model

(a) AlL,Brg = 2AIBr,

700 1 @8

(a)

Q%\
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1. Discovery of suitable reactions and their characterization

Application of the predictive thermodynamic model

(a) ALBr, = 2AIBr, (b) ALCl, = 2AlCl,
1000 1000
(a) (b)
900 T 900 -
800 T
800 T
¥ 700+ Y
~ ~ 700 +
600 T
600 + G
500 t I
)
400 1 500 1 ;
050 0.75 1.00 1.25 150 1.75 2.00 1.50 1.75 2.00 225 250 275 3.00

s (kJ-kg~1-K™1) s (k)-kg=1-K™1)



1. Discovery of suitable reactions and their characterization
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2. Heat Pump modelling
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2. Heat Pump modelling

Formic acid:

Propane
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Formic acid
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2. Heat Pump modelling

Domestic HP o
Propane Formic acid

Formic acid:
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Formic acid:
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2. Heat Pump modelling
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2. Heat Pump modelling

. . Propane
Formic acid:
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2. Heat Pump modelling

Industrial HP
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2. Heat Pump modelling
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2. Heat Pump modelling

Formic acid:

Endoth.

Propane

cop
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REACHER: The methodology

For power, heating

:‘., o® r
a
cooling application

1. Discovery of suitable reactions and their characterization

Reaction search & design

Search of existing dimerization
reactions

Design of new reactants (dimers)
and relative products (monomers)

——= R{—X- + R—=X-

N\

R4

Kinetics and thermochemistry assess.

Enthalpy and entropy of reaction

N
>

Potential energy

Ideal gas heat capacity
’ Quantum Mechanics \

e -
-

N
Selected fasf
reactions

Products

Thermodynamic properties Further characterization

Thermodynamic basic
properties of pure
components (Tc, Pc, w)

]Monte Car/oH Al \

Safety
Features

Full thermodynamic
characterisation of the
reactive mixture
(p, VLE, h, s, ....)

Environmental
properties

’ Equations of state

’ Monte Carlo \

Reaction coordinate

2. Cycle’s architecture design

i-th
reaction

Optimal efficiency

i-th optimal
cycle architecture

Predictive thermodynamic

4 &
. : /
{5 *EMQE |

Reactive fluids
equilibrium properties

Themodynamic
transformations

calculation tool
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3. Experimental validation

Pel, turbine = 3.5 kW
Tmax = 180 °C
Pmax = 4.5 bar
Pmin = 1.5 bar

Heater

Compressor

<lr

Heater

Mass flow
meter

Cooler
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3. Experimental validation

Not so easy ...

* Compressor selection

* Handle with compressor leakages

* Design of the injection system (to re-integrate leakages)
* Turbine start-up

But it works!
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3. Experimental validation

5 74

g
=
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Towards higher TRLs (2024-2029)

Reactive fluids for industrial heat pumps

Reactive fluids for residential heat pumps
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