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Abstract

Thermochemical Sorption Systems can provide multiple functions, including storage of low-
grade thermal energy, heat upgrade, cold production and provision of power when coupled with
adequate turbomachines. As such, they have the potential to play a significant role in the
decarbonization of industrial processes whose energy demand is dominated by thermal needs.
Thermochemical Resorption Systems exploit two reversible solid-gas chemisorption reactions
to store thermal energy in the form of chemical potential during the charge phase, while
producing cold and/or heat during the discharge phase. This work investigates the performance
of a thermochemical resorption system for recovery and storage of low-grade heat and
cogeneration of cold and power through a scroll expander (TRSC). The work focuses on the
study of dynamic performance and addresses the relationship between components behavior
and system performance.

A series of metal chlorides — NH; reactions to be employed in the TRSC under investigation
have been evaluated. The performance analysis of different TRSC configurations suitable to
meet the requirements of cold and work production of 120 kWh and 12 kWh respectively, with
a hot source temperature in the range of 100-200 °C has been carried out. Firstly, the efficiency
of the ideal thermodynamic cycle was investigated. Subsequently, the system performance
including the effective thermal masses of the sized reactors was analyzed in the steady state
case. A dynamic model accounting for the effects of chemical reaction kinetics within such a
system was implemented for the first time. The dynamic model was used to explore the transient
behavior of relevant quantities, as well as the impact of operating parameters on the cycle time.
The thermodynamic efficiency of the ideal cycle revealed to be higher for TRSC configurations
adopting lower hot source temperature and higher expander pressure ratio. The system energy
efficiency ranges between 0.19 and 0.57, with a maximum energy density of 91.7 kWh/m?>. The
intrinsic property of the solid/gas reaction that mostly affects the efficiency loss between ideal
and sized system due to thermal masses was found to be the specific adsorption capacity. The
dynamic analysis showed that selecting an expander pressure close to the maximum admissible
value causes the reaction charge time to increase drastically. Moreover, imposing a larger
pressure difference between the two reactors prior to adsorption/desorption allows to reduce
the reaction discharge time.



1)
2)

3)

Motivations for the present work

Study the influence of cycle parameters and intrinsic properties of solid/gas reactions
on the steady state performance of the TRSC.

Build a dynamic model for TRSC to investigate the transient evolution of relevant
physical quantities.

Address the relationship between dynamic system performance and components
behavior of TRSC.
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1. Introduction

Low-grade heat recovery and exploitation has great potential to drive the energy sector towards
a more sustainable future. The first part of the following chapter aims to present the current
industrial decarbonization context and the main available technologies and pathways for the
recovery of low-grade thermal energy to convert it into useful products. Subsequently, the
physical and working principles of sorption systems are described to introduce the reader to the
specific system analyzed in this work (TRSC). Finally, after a literature review on
thermochemical sorption systems for power and cold production is carried out, the motivations
for the present study are illustrated.

1.1 Low-grade heat recovery: an opportunity for decarbonization

The reduction of greenhouse gas emissions (GHG) is an international long-term commitment
of pivotal importance to tackle the dramatic effects of climate change. Pursuant to the Paris
Agreement, each nation must undertake paramount measures to limit the global temperature
rise to 1.5 °C by the year 2100 [1]. To meet such a goal, it is estimated that the maximum
allowable carbon budget is 770 GtCO, while the current GHG emission rate is about 42
GtCOy/year [2]. Moreover, recent projections forecast an increment of global energy
consumption of approximately 50% between 2018 and 2050, with 70 % of the increase
occurring in non-OECD developing countries, as a result of their rapid economic growth [3].
In such a challenging scenario, low-grade heat recovery and utilization represents a promising
opportunity to favor the decarbonization of the energy sector. On one hand, it can promote the
share of renewable low-temperature thermal sources, such as solar and geothermal heat, in the
overall energy mix. On the other, it allows to valorize waste thermal energy coming from
industrial processes: studies reveal that in Europe 20 % to 50 % of the industrial energy
consumption is discharged as waste heat to the environment [4]. Exploiting industrial waste
heat through thermally efficient technologies allows to obtain crucial benefits in terms of lower
fuel consumption, higher industrial energy efficiency, and reduced noxious emissions [5]. The
temperatures at which waste heat is released vary in a broad range, from 30 °C to more than
1000 °C, depending on the process. Hence, based on the discharge temperature, waste heat is
generally distinguished as high-grade (T > 650 °C), medium-grade (200 — 300 °C < T < 650
°C) and low-grade (T < 200 — 300 °C). As shown in Figure 1.1, the industrial waste thermal
energy in the low-grade heat range is between 66 % and 89 % of the total industrial waste heat
discharged to the environment.
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Figure 1.1: Waste heat temperature distribution in the industry [4].

1.2 Barriers to low-grade heat exploitation

Although the recovery and utilization of low-grade heat can provide significant advantages, it
is far less feasible and more challenging with respect to exploiting high and medium-grade heat.
Indeed, several technical and economic barriers prevent low-grade heat technologies to be
widely employed in commercial applications. For instance, low-grade thermal energy has
limited potential to be converted efficiently into mechanical work and electrical energy. Such
a concept can be clarified by considering the definition of exergy:

=af1-

The exergy associated to a certain amount of heat Q available at temperature T represents the
maximum work achievable through an ideal device exploiting completely Q and interacting
exclusively with the environment at temperature T, [6]. Indeed, the term in the brackets in
equation 1.1 represents the Carnot factor, i.e. the efficiency of conversion of thermal energy
into work through an ideal Carnot machine: as a consequence of the second law of
thermodynamics, a part of the heat used in an ideal thermal machine cannot be converted into
work and is unavoidably rejected to the ambient:

Q=Q—-E 1.2

The amount of heat Q that is not converted into work depends on the temperature of the heat
source, in relation with the environmental temperature. As an example, let us consider an
available amount of heat Q = 1 kWh, that can be provided at temperature T. Figure 1.2
represents the exergy related to Q, with two different values of environmental temperature T,.
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Figure 1.2: Exergy associated to 1 kWh of thermal energy available at different temperatures 7, at environmental
temperature of 0 °C and 30 °C. The exergy reduces as the heat source temperature is closer to the ambient
temperature.

It can be observed that the exergy decreases as the hot source temperature gets closer to the
ambient temperature. Therefore, recovering heat in the low-grade heat range to produce work
is less convenient since, even by adopting an ideal Carnot device, the conversion efficiency is
lower compared to the case in which the temperature of the source is in the medium or high-
grade range.

Additional techno-economic limits for low-grade heat utilization are related to heat exchangers
[7]. For instance, the heat transfer rate between two energy carriers through a surface can be
expressed by the following general equation:

q=UAATy 1.3

Where U is the global heat transfer coefficient, A is the surface area and AT,,,; is the logarithmic
mean temperature difference, which is defined based on the heat exchanger configuration. If
AT, between the low-grade heat source and the energy sink stream is low, a larger heat
exchanger may be required to achieve optimum heat transfer, resulting in higher costs.
Furthermore, if the waste stream is flue water vapor in the low-grade heat range, water droplets
might mix with other particles, causing the deposit of corrosive solids onto the heat exchanger
surfaces. The consequent need for advanced materials minimizing corrosion and reducing
maintenance can negatively impact on the cost of low-grade heat recovery applications.

The limits mentioned so far represent only few examples among the challenges to promote
wider commercial low-grade heat applications in the future. Research and development have
been advancing to overcome technical constraints and increase the efficiency of established
systems for low-grade heat utilization, as well as investigate emerging technologies, working
fluids, and materials [5].
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1.3 Overview on low-grade heat applications

The following section aims to carry out a non-exhaustive review of benchmark solutions for
low-grade thermal energy exploitation, as well as to illustrate the technological framework in
which the system analyzed in this work (TRSC) is placed. As shown in Figure 1.3, low-grade
thermal energy can generally be used for heating, cooling and power production purposes. A
further category considered is Thermal Energy Storage (TES), which allows to overcome the
time and distance mismatch between energy demand and low-grade heat recovery. In other
words, low-grade heat can initially be stored in TES during charge phase, to be indirectly used
for heating/cooling and power production during discharge phase.

Low-grade heat
TES |
| Heating |-————. | Cooling Power
* Sensible heat (SHS) !
Latent heat (LHS) __ ! :
+<_Thermochemical (TCS)"> ! |
== - = Vapor Compression ! Sorption ORC ; Kalina Cycle
i Cycle (VCC) ! Technology |
: | i
| J [m=====s
1
e solid/Gas Liquid/Gas E
Adsorption Absorption !
1
1
1
I | :
Sorption Resorption TRSC
Cycle Cycle (Resorption+Power)

Figure 1.3: Possible pathways for usage of low-grade heat. TRSC combines a resorption cycle with a
turbomachine to produce power. The dashed lines indicate further non-conventional uses of low-grade heat.

Conventional cycles for low-grade heat recovery and power generation are the Organic Rankine
Cycle (ORC) and the Kalina cycle. On the other hand, low-grade is typically used in sorption
systems to provide refrigeration, or in vapor compression cycle operating as heat pumps to
supply heating. The dashed line in the scheme indicates further possible functions that can be
achieved exploiting low-grade, other than the conventional ones: solid/gas adsorption
technologies can provide not only refrigeration, but also heating, storage and power. The
studied thermochemical system (TRSC) is classified as resorption system (red box in Figure
1.3) and it combines solid/gas adsorption technology with the use of a scroll expander to provide
both thermochemical storage function and cogeneration of power and cold.

In the next paragraphs a brief description of the benchmark systems for low-grade heat
utilization illustrated in Figure 1.3 is carried out. Subsequently, operating principles of sorption
technology and sorption-based cycles are described more in detail.
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1.3.1 ORC

Organic Rankine cycles derive from the basic steam-based Rankine cycle, with the main
difference that the working fluids are organic compounds with lower boiling points, critical
points and viscosity than water [5]. The low boiling temperature of the organic compounds
allows to exploit thermal energy at lower temperature to produce work, with respect to the
standard Rankine cycle. Such compounds can be classified as organic refrigerants,
hydrocarbons, and siloxanes. The components of the standard ORC are an evaporator, a
condenser a pump and an expander (Figure 1.4).

L
Working fluid exp

(t?a_p_r:) ’

Evaporator
Tin
Qin E:>

Condenser

Qout

Working fluid
(liquid)

Lpump

Figure 1.4: Schematic diagram of ORC.

In the evaporator low-grade heat Q;;, is exploited to obtain high pressure vapor working fluid,
which then expands to produce mechanical work Le,,. The fluid leaving the expander is now a
mixture of liquid and vapor at low pressure, which is liquefied in the condenser. The saturated
liquid is pumped back to the evaporator and the cycle repeats. The cycle efficiency of ORC is
defined as:

Noge =~ pumy g_Lpump 1.4
mn

Several improvements of the ORC have been proposed for better use of low-grade thermal
energy [8]. For instance, in ORC with recuperator the residual sensible heat of the vapor exiting
the expander is used to preheat the working fluid before it enters the evaporator. Therefore, at
fixed work production, less heat is needed to achieve organic fluid evaporation, resulting in an
increment of the cycle efficiency nogc.

1.3.2 Kalina Cycle

The standard Kalina cycle is essentially a variation of the Rankine cycle in which the working
fluid is a solution of two substances with different boiling points, typically ammonia/water.
Similarly to the ORC, the lower boiling point of the mixture rich in ammonia allows to exploit
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thermal energy available at various temperatures in the low-grade range. Moreover, compared
to water-base cycles, ammonia rich solutions achieve higher working pressure at the expander
inlet, resulting in higher thermodynamic efficiency. In Kalina cycles a separator is commonly
implemented to decrease the percentage of ammonia in the solution before condensation (Figure
1.5). Indeed, a very low temperature coolant would be required to liquify an ammonia rich
mixture, making the process less feasible.

Rich solution exp
Vapor
(Vapor) N

Evaporator
Tin
Qin ‘:>

lRiCh solution

Lean solution
—» Condenser

Qout

NH, (vapor)

Tout
}/ \\‘Ezun‘on (liquid)
L T
pump Separator

Figure 1.5: Simple Kalina cycle with a separator [7].

In the configuration shown in Figure 1.5, the separator operates between the expander and the
condenser. Therefore, the rich solution stream exiting the turbine is diluted with lean solution
coming from the separator before undergoing condensation. The lean solution is obtained by
separating a fraction of liquid solution exiting the condenser from NH; vapor. The rich solution
is regenerated at the pump outlet mixing separated NH; vapor with the other fraction of liquid
solution. The working principles of the separator is usually based on liquid-gas absorption
phenomena (Section 1.3.5).

Another advantage of Kalina cycles with respect to Rankine/ORC systems is the additional
degree of freedom given by the composition of the ammonia-water solution. More specifically,
adjusting the composition of the solution allows to obtain different high and low pressure levels
of the system, i.e. higher operating flexibility [9].

1.3.3 Thermal Energy Storage (TES)

TES systems can be classified depending on the physical principles which provide the storage
process:

e Sensible heat storage (SHS), in which thermal energy is stored by means of a
temperature variation of the storage medium. Hence, the capacity of SES depends on
the mass and specific heat capacity of the adopted material. Major drawbacks of SES
are large space requirements and high thermal losses [10].
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e Latent heat storage (LHS), which exploit the phase change of a material to store thermal
energy. Hence during charge phase heat is used to activate the phase change of the
storage material at constant temperature. During discharge the reverse process is
accomplished and thermal energy is obtained in the form of latent heat of the phase
changing medium.

e Thermochemical storage (TCS), in which thermal energy is stored in the form of heat
of reaction in reversible chemical reactions or in sorption processes. Main advantages
of TCS are the large energy density and low thermal losses.

TRSC can be classified as thermochemical storage since it exploits reversible solid/gas sorption
reactions to store heat in the form of chemical potential. Thermal energy storage in the industrial
sector for low-grade waste heat recovery can provide several benefits, such as fossil fuel
consumption reduction and increased process flexibility.

1.3.4 Vapor compression cycle

Vapor compression cycles (VCC) are considered as the most mature technology for heat
pumping, refrigeration, and dehumidification purposes. Typical working fluids adopted in
commercial applications are water, R134a and R407c¢ refrigerants. VCC application for low-
grade heat exploitation is a heat pump providing energy upgrade: the low-temperature thermal
input Q;,, supplied is upgraded to high temperature heat Q,,;, available to the user. The
standard VCC consists in a compressor, an evaporator, a condenser, and an expansion valve
(Figure 1.6).

Working fluid L comp

v
; S
vaporator
P Condenser
T:
in
Qout
Qin ‘::> ’
Tout

P
‘_

Working fluid

(liquid)

Figure 1.6: Vapor compression cycle.

The working principles of the heat pump starting from the evaporator can be summarized as
follows: the working fluid coming from the expansion valve undergoes evaporation extracting
heat low-grade heat Q;;,, at low pressure. Saturated vapor refrigerant is then compressed at high
pressure state and liquefied in the condenser, supplying heat at higher grade Q. Saturated
liquid refrigerant is expanded in the valve and the cycle repeats. The coefficient of performance
(COP) of vapor compression cycle is defined as the ratio between the useful effect and the
energetic expense, which in the case of heat pump is:
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_ Qout _ Qout

COPyp = = 1.5
HP Lcomp Qout - Qin

In refrigeration cycles the input heat Q;, represents the cooling effect, thus it is the useful

product, while Q,,,; is rejected to an external source. Hence the COP for refrigeration cycles is:

COPy = LQi" = COPyp — 1 1.6

comp

1.3.5 Sorption technology

Sorption refrigeration cycles are in general classified as thermal cooling technology, based on
the form of the primary energy input [11]. They essentially work as conventional VCC cooling
systems, with the main difference being that mechanical energy input is substituted with thermal
energy. Two main categories of sorption refrigeration cycles can be defined depending on the

type of technology:

Liquid/gas absorption cycles. During absorption phenomena the molecules of the
adsorbate penetrate the surface layer of the sorbent, entering the structure of the bulk
liquid, resulting in a single sorbent/adsorbate solution (bulk phenomenon). The process
of separation between the two substances (desorption) requires heat to cause the
adsorbate to evaporate out, hence it is endothermal. On the other hand, the absorption
process is exothermal since the adsorbate releases latent heat as it is mixed with the
liquid phase of the solution. The most common liquid/gas working fluids employed in
absorption cycles are LiBr/water and water/NH3 [12]. Liquid/gas absorption cycles are
feasible for low-grade heat applications, since the thermal input to drive desorption can
be supplied at various ranges of low temperatures, depending on the boiling point of the
binary solution adopted. An important feature of absorption refrigeration cycles is that
they operate in a continuous state, hence they are intrinsically unfeasible for thermal
energy storage purposes.

Solid/gas adsorption cycles, which exploit physical sorption or chemisorption
principles. In adsorption processes a gaseous substance is adsorbed/desorbed onto a
solid surface, by means of intermolecular or chemical bonds, thus it is a surface
phenomenon. To break such bindings, thermal energy is required, meaning that
desorption is an endothermal process. On the other contrary, once the bindings between
adsorbate and sorbent generate, the intensity of the surface interactions decrease and the
corresponding potential energy is converted into heat, implying the exothermicity of
adsorption. Differently with respect to absorption cycles, solid/gas adsorption cycles
typically consist of two operation steps shifted in time, enabling the storage function.
Working principles of solid/gas adsorption cycles are illustrated more in detail in the
next section.
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1.4 Solid/gas adsorption technology

Solid/gas adsorption technologies have been extensively investigated in literature (e.g.,
[13],[14]). Typically, two different processes can occur during adsorption:

e Physical adsorption (physisorption), driven by weak intermolecular binding forces, e.g.,
Van der Waals forces. It generally takes place on the surface of the sorbent and it does
not involve decomposition of the molecules. Common physical adsorption working
pairs are NHs/activated carbon and water/silica gel.

e Chemical adsorption (chemisorption), consisting of chemical reactions occurring
between adsorbate and sorbent on the first surface monolayer, with the formation of
new molecules. Thus, chemisorption phenomena are characterized by covalent or ionic
chemical bonds, with binding forces much stronger with respect to physisorption.
Typical working pairs for chemisorption processes are salt hydrates/water or metal
chlorides/NH3.

Chemical adsorption and desorption are also referred to as synthesis and decomposition,
respectively. Solid/gas adsorption processes can be represented as a chemical reaction
occurring between the mixture composed of sorbent S; and gas G in desorbed state, and the
solid substance S, in adsorbed state:

Adsorption: S;+G = S, + AH, exothermal 1.7

Desorption: S, +A4H, = S;+G  endothermal 1.8

Where 4H, is the heat of reaction absorbed/released during desorption/adsorption. Because of
the strong bindings occurring in chemical adsorption processes, AH, is much higher for
chemisorption phenomena with respect to physical adsorption processes. The equilibrium state
for physisorption and chemisorption reactions are modeled in different ways: the equilibrium
state for physical adsorption is defined by two independent variables, i.e. pressure and
temperature. On the other hand, chemisorption equilibrium state is represented by one
independent variable. Hence, the pressure of a solid/gas chemisorption reaction is commonly
defined as a monovariant function of its temperature through the Clausius-Clapeyron equation:

peq) _ AR AR o

Peq = f(Teq) = ln(ﬁ RT,, R

AR? and AS? are respectively the molar heat and entropy of reaction at standard reference
conditions, and they are specific properties of the considered chemical reaction. Therefore, each
reaction is defined by one equilibrium state. Once the equilibrium condition is reached the
amount of adsorbed refrigerant cannot change, until the reactive complex is put outside such
equilibrium. Liquid/gas (L/G) equilibrium is also monovariant, and it can be represented with
an equation similar to 1.9:

Evaporation: L+ AH,q, = G 1.10
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Condensation: G = L+ AH,q, 1.11

1.12

n (pvap) _ _Ahvep | ASvp
Do RT,, ' R

Where Af_lgap and A§,9ap are respectively the molar latent heat of vaporization and molar
entropy of vaporization at standard reference conditions. The equilibrium state of solid/gas
reactions and liquid/gas transformations can be represented in the Clapeyron diagram. As an
example, Figure 1.7 shows the equilibrium lines of liquid/vapor ammonia compared to the
equilibrium of the following manganese chloride — NH3 reaction:

MnCl,(NH3), + 4NHs 2 MnCl,(NHs), 1.13

liquid

—L/G
—S/G

5 45 4 35 -3 25 -2 -15 -1
-1000/T[K]

Figure 1.7: Clapeyron diagram representing equilibrium line of solid/gas (S/G) reaction 1.13 compared to
liquid/gas (L/G) saturation line of ammonia. The lines are obtained through the Clausius-Clapeyron equations.

The molar enthalpy and entropy of reaction associated to the solid/gas reaction are respectively
AR? = 47.42 kJ/mol and As° = 132.24 J/mol/K, while ammonia is characterized by
AhY,,=23.35 kl/mol and A5),,=97.41 J/mol/K.

The system analyzed in this work (TRSC) is based on solid/gas chemisorption working
principles: it exploits solid/gas sorption heat of reaction to store thermal energy and release heat
or produce cold. In the next paragraphs the main solid/gas adsorption cycles are described and
reviewed.

1.4.1 Thermochemical Sorption Cycles

Sorption cycles can provide both refrigeration and heat upgrade [15]. Moreover, solid-gas
sorption working principles make such systems intrinsically feasible for storage purposes.
Hence, the cycle can be divided into two main operating phases shifted in time, defined as

10
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charge and discharge phases. Low-grade heat can be stored during charge phase, while
refrigeration effect or upgraded thermal energy can be supplied during discharge phase.

Refrigeration cycle
The basic solid/gas sorption refrigeration cycle is represented in Figure 1.8.

Vapor Generator,

Endothermal process

5/G Ty

Refrigerant
Y
& 4
'
Vapor Absorber,
Exothermal process

s/G

Te U6

e
Refrigerant
(vapor)

Figure 1.8: Thermochemical sorption refrigeration cycle.

The only two components required are a refrigerant vessel, indicated as L/G, and a reactive bed,
indicated as S/G. The refrigerant vessel acts as a condenser during charge phase and as
evaporator during discharge phase. The reactive bed acts as a vapor generator in the charge
phase, while operating as vapor absorber during discharge phase. During charging phase, the
valve is opened and the heat input Qy to be stored drives endothermal decomposition of the
refrigerant from the solid complex in the vapor generator. The gaseous refrigerant, typically
water or ammonia, flows towards the condenser where it is liquefied and stored at
environmental temperature T,. When the refrigeration is required, the vessels are connected
again, and discharge phase occurs. Thus, the cooling effect Q. is provided by the evaporation
of the refrigerant in L/G vessel. Vapor refrigerant flows towards the absorber vessel where it
undergoes exothermal adsorption, releasing heat at intermediate temperature T,,, .The ideal
thermodynamic path of the working fluid, i.e. the refrigerant, can be represented on the
Clapeyron diagram (Figure 1.9):

o Charge phase: Hot thermal input Qy at hot source temperature Ty drives endothermal
decomposition of the reactive complex in the vapor generator (point 1). Desorbed gas
at high pressure py reaches thermal equilibrium with the condenser kept at
environmental sink temperature T, through an ideal isobaric transformation (1-2). The
refrigerant is liquified releasing condensation heat Q, to the environment (point 2).

11



1. Introduction

Discharge phase: Cold thermal input Q. providing refrigeration at cold source
temperature T, drives evaporation of the refrigerant in the evaporator (point 3). The
gaseous refrigerant at low pressure p; reaches thermal equilibrium with the reactive bed
kept at intermediate sink temperature T, through an ideal isobaric transformation (3-
4). The refrigerant is adsorbed releasing heat Q,, (point 4).

Te T(J Tm Tll
-1/T

Figure 1.9: Clapeyron diagram of the sorption refrigeration cycle. L/G is the liquid/gas equilibrium line; S/G is

the solid/gas adsorption equilibrium line.

Between the charge and discharge phases, an intermediate step is required:

After the charge phase, the reactive bed and the refrigeration vessel are disconnected
and brought respectively to the intermediate sink temperature T, and cold source
temperature T. Since the refrigerant liquid/gas and solid/gas equilibria are monovariant
the decrease in temperature results in a decrease of pressure (from py to p; ) along their
corresponding equilibrium lines. Such a phase is commonly referred to as precool phase.
After the discharge phase, the reversed intermediate step is achieved in a similar way:
the reactive bed and the refrigeration vessel are disconnected and brought respectively
to the hot source temperature Ty and the environmental sink temperature T, (preheat
phase).

The coefficient of performance of sorption refrigeration cycle can be defined as the ratio
between the thermal energy stored during charge phase and cooling effect provided during
discharge phase:

Qc

COPRF == Q
H

1.14

Heat upgrade
As show in Figure 1.10, the structure of the sorption system for energy upgrade is the same as
in the refrigeration cycle.

12



1.4 Solid/gas adsorption technology
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Figure 1.10: Thermochemical sorption cycle for energy upgrade. Left: schematic diagram of the system. Right:
ideal thermodynamic cycle on Clapeyron diagram.

However, the heat upgrade cycle is reversed with respect to the refrigeration cycle, and the way
the thermal fluxes are managed is different: during charge phase, the thermal input Q,,, driving
desorption in the vapor generator (point 1) is at an intermediate temperature T,,. The working
fluid at low pressure p;, is liquified in the refrigeration vessel acting as a condenser, rejecting
heat to the cold sink at temperature T (point 2). After the intermediate step at which the vessels
are disconnected and brought to the required temperature levels, the discharge phase occurs.
Therefore, heat coming from the environmental source Q, drives the evaporation in the
refrigeration vessel (point 3) and gaseous refrigerant undergoes adsorption at high pressure py,
releasing useful thermal energy Qy at high temperature Ty (point 4). Hence, the final useful
effect is the upgrade of the available heat Q,,, from low-grade (at T,,,) to high-grade (at Ty), and
the performance of the cycle can be defined as:

Qn

O o+,
m 0

1.15

In sorption cycles for energy upgrade, low-grade heat coming from available waste streams
could be used not only during charge phase, but also during discharge phase to drive
evaporation in the refrigeration vessel (@, in point 3). The temperature level of the provided

thermal energy Qy can be adjusted depending on the temperature at which the selected waste
stream supplies heat @, to the evaporator.
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1. Introduction

1.4.2 Thermochemical resorption cycles

The basic operating principles of the thermochemical resorption refrigeration cycle is

represented in Figure 1.11.

Vapor Absorber,
Exothermal process

LTR Refrigerant

(vapar)

Vapor Generator,
Endothermal process

Te

LTR

Vapor Generator,
Endothermal process

HTR

Vapor Absorber,
Exothermal process

HTR

=
Qc

—_—
Refrigerant
(vapor)

Figure 1.11: Thermochemical resorption refrigeration cycle. Left: schematic diagram of the cycle. Right: ideal
thermodynamic cycle on Clapeyron diagram. HTM and LTM are the S/G equilibrium lines of the reactive
mixtures inside HTR and LTR.

With respect to sorption cycles, resorption systems consist of two chemical reactors filled with
two solid/gas reactive mixtures. Hence, the refrigeration vessel in the simple sorption is
substituted with a reactive bed. The two reactors of a resorption cycle are conventionally
denominated High Temperature Reactor (HTR) and Low Temperature Reactor (LTR). The
solid/gas reactive material composing the HTR is defined High Temperature Material (HTM),
while the reactive complex adopted in the LTR is the Low Temperature Material (LTM). The
difference between HTM and LTM is related to their thermodynamic properties at equilibrium:
at fixed pressure, HTM has a higher equilibrium temperature than LTM. Graphically, as is
shown on the right-hand graph of Figure 1.11, the equilibrium line of the HTM is to the right
line of the LTM equilibrium line. The working steps are essentially the same as described in
the previous section for the sorption refrigeration cycle, with the only difference that in this
case the ideal cycle develops on two solid/gas equilibrium lines, i.e. corresponding to HTM and
LTM.

Some relevant advantages of thermochemical resorption cycles with respect to solid sorption
cycles are summarized:

e At fixed pressure and temperature conditions of the cycle, the resorption system
achieves a higher refrigeration COP than the simple sorption system [16]. The reason
for this is related to the strong cooling capacity of resorption systems given by the larger
decomposition heat of solid/gas reactions compared to refrigerant evaporation heat.
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1.4 Solid/gas adsorption technology

e Wider range in terms of refrigeration temperature and operating pressures of the cycle
can be achieved by means of a resorption system rather than adopting a sorption system.
Indeed, several solid/gas reactions with different equilibrium lines can be selected as
LTM of the resorption system, while a single liquid/gas equilibrium line is associated
to the refrigerant in the sorption cycle.

e Resorption refrigeration is more suitable for cold production in some special situations,
where the presence of liquid is not desirable.

1.4.3 Comments on solid/gas adsorption cycles

In the representation of the thermodynamic cycle of sorption and resorption systems on the
Clapeyron diagram, the decomposition/synthesis reactions are assumed to occur at equilibrium.
In a real case, the reactive complex needs to be brought out of the equilibrium state, hence the
thermodynamic parameter (p and/or T) of the reactive mixture must deviate from the
corresponding equilibrium line (S/G). The operating principles of the reactive components at
non-equilibrium conditions are illustrated in the next chapter (2.2.1), describing the kinetics of
the reactors.

Besides the capability of achieving storage function, relevant advantages of solid/gas
adsorption refrigeration cycles with respect to liquid/gas absorption cycles can be summarized
as follows:

e A wider range of working temperatures, since different equilibrium lines are associated
to the various solid/gas reactions available. Such a feature makes solid/gas sorption
cycles also more suitable for low grade and ultra low-grade heat (< 100 °C) recovery
and utilization.

e Higher reliability of the system since the primary process has no moving parts.

There are several studies in literature that investigated the potential of thermochemical sorption
cycles. Citing just a few: Wu et al [17] experimentally investigated a thermochemical sorption
refrigeration system adopting SrCl2/NH3 reactive mixture. The system had the advantage of
higher refrigeration performance at ultra low-grade heat input compared to physisorption
cycles. Li et al. [15] proposed and investigated from a thermodynamic viewpoint a
multifunctional sorption heat transformer, able to provide low-grade thermal energy storage, as
well as combined cooling and heat supply. Not only did the sorption system prove to be suitable
for multifunctional purposes, but It also demonstrated an energy density in the range of 2000-
2500 kJ/kg, over ten times higher than conventional sensible and latent heat energy storage
systems. The same authors experimentally investigated a dual-mode thermochemical sorption
cycle for heat supply and energy upgrade [18]. The work focused on studying direct heat supply
and heat upgrade modes during the discharge phase at different ambient temperatures during
Winter. With a COP ranging between 0.17 and 0.41 and an energy density of 300-700 kJ/kg,
the system showed to be suitable for long-term seasonal storage of solar thermal heat,
independently from the ambient temperature. Ma et al [19] studied a thermochemical sorption
cycle for seasonal solar thermal energy storage, adopting ammonia as refrigerant, through a
dynamic model. An important conclusion was that preferable solid/gas reactions should have
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higher slope of the equilibrium line, i.e. higher Ah?, to guarantee low hot source temperature
during the charge phase that matches capability of the solar collectors, and relatively high
adsorption temperature for heating during the discharge phase.

1.4.4 Sorption technology for combined power and cold: literature review

Cycle concepts that combine power and cold production have recently attracted great interest
in the scientific community. Pioneer of power and cold cogeneration cycles, D.Y. Goswami
proposed a combination of an ammonia-based Rankine cycle and an ammonia-water absorption
refrigeration cycle, capable of providing first law efficiency of 0.32 [20,21]. On the other hand,
Ziegler was one of the first researchers to explore the potential of combined power and cold
generation in adsorption cycles, which resulted in first law efficiency similar to that of the
Goswami cycle [22]. Among the various types of cycles, ammonia-based adsorption cycles for
power generation are considered a highly appealing technology, for its greater potential in
producing work with respect to water-based cycle, due to the higher working pressure
achievable [5]. Furthermore, ammonia is a working fluid featuring relevant advantages
compared to other environmentally friendly refrigerants, such as water and methanol. For
instance, it is chemically stable, it has a low boiling temperature and ammonia-based
chemisorption reactions have a large adsorption capacity: as much as 1 kg of ammonia can be
bonded to 1 kg of solid sorbents, [23]. On the other hand, ammonia is classified as group B2
refrigerant in ANSI/ASHRAE Standard 34, meaning that it is characterized by high toxicity
and low flammability [24]. Nevertheless, ammonia is safely handled in the industrial
refrigeration field for over 100 years and it is considered as a standard refrigerant by the
International Institute for Refrigeration [14]. The system investigated in this work adopts
ammonia as working fluid.

Several studies were conducted on thermochemical sorption cogeneration cycles, from the point
of view of both steady state and dynamic state conditions. A few of them are cited below.

Steady state studies

Wang et al. [25] investigated an ammonia-based resorption cycle for cogeneration of power and
cold, proving that theoretically an optimal total exergy efficiency of 0.9 can be obtained, while
the highest achievable refrigeration COP is 0.77. The authors in [26] and [27] investigated two
similar resorption cogeneration system concepts, designed to operate continuously. Both works
are focused on studying the influence of operating parameters, such as heat source temperature
and metal to pure solid ratio, on the system performance from the viewpoint of first and second
law efficiencies. Lu et al. [28] investigated a dual-source chemisorption power generation cycle
obtained by integrating four thermochemical reactors with two expanders. The purpose of such
a system configuration is to overcome the intermittency imposed by solid/gas sorption
reactions, providing power and refrigeration continuously. Bao et al. proposed an integrated
resorption system which combines the chemical reactors with a compressor and an expander.
Such a system has the capability to store electricity and low-grade heat during charge, while
providing refrigeration, heating and power during discharge [29,30]. Godefroy et al. [31]

16



1.5 Motivations for the present work

carried out an exhaustive performance analysis on a hybrid sorption cycle for low-grade heat
storage and cogeneration of power and cold operating in three different modes. The work is
focused on first and second law analysis and achieves a parametric study, varying cycles
operating conditions and design variables such as metal ratio and expander isentropic
efficiency.

Dynamic state studies

Jiang et al. [22] conducted a one-dimensional dynamic study on a resorption cogeneration cycle
operating continuously. The work is focused on the performance analysis in terms of COP and
specific cooling capacity. The same authors investigated a resorption power generation cycle
integrated with PCM storage tanks providing heat and cold storage, through a mathematical
model supported by an experimental setup [32]. Bao et al. [33] studied the dynamic
performance of a cogeneration cycle for continuous and simultaneous power and cold
production, combining a simple chemisorption cycle (Thermochemical Sorption Cycles 1.4.1)
with a scroll expander. They concluded that the mismatch between ammonia vapor expansion
and adsorption and the non-optimal design of the scroll expander might lead to a dramatic loss
in efficiency (about 70 %). Lu et al. [34] carried out the investigation of the dual sources
chemisorption power generation cycle [28], conducting a dynamic performance study through
an analytical kinetic model.

1.5 Motivations for the present work

Thermochemical resorption cogeneration cycle represents a promising technology, that can
provide multiple functions in several applications. However, since it is non-established
technology, analytical and experimental investigations at different scales are still required. In
this work an ammonia-based thermochemical resorption cycle for low-grade heat storage and
cogeneration of power and cold is investigated at system level, in both steady state and dynamic
state conditions. The study is conducted on a specific low-grade heat application, adopting
Metal Chlorides-NHj3 reactive mixtures in the reactors. The purpose of the work is to increase
the knowledge about combined sorption refrigeration and power cycles and to address eventual
gaps in the current literature. Therefore, the following objectives have been stated for this thesis:

1) Study the influence of cycle parameters and intrinsic properties of solid/gas reactions
on the steady state performance of the system.

The relationship between thermochemical sorption cogeneration steady state performance and
cycle operating conditions have been addressed many times in literature. However, limited
research analyzes the influence of the intrinsic properties of solid/gas reactions on the system
performance. Such an investigation could serve to identify which kind of solid/gas reactions is
more suitable for a specific application and system size. Therefore, the following tasks are
carried out in the thesis:
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e Building a steady state model for TRSC which encompasses the size of the reactors
through the definition of thermal masses (Section 3.2).

e (Conducting a steady state analysis focused on the correlation between system efficiency
and reactive materials properties (Section 5.1).

2) Formulate a Dynamic model for TRSC and transient behavior of relevant physical
quantities.

Although several steady/dynamic models have been proposed for thermochemical
sorption/resorption cycles for continuous cogeneration of power and cold, there is narrow
evidence about dynamic models used to investigate thermochemical resorption cogeneration
cycles with storage function. Such models are essential to investigate the system’s transient
behavior and estimate the performance in terms of power and/or cycle time. Dynamic models
for resorption cogeneration cycles should encompass the coupling of the thermochemical
reactors operating in non-equilibrium conditions, and the presence of a turbomachine providing
work. Therefore, the following specific tasks are conducted in the thesis:

e Building a lumped parameters dynamic model for TRSC including practical
assumptions related to the kinetics of the reactions during simultaneous
adsorption/desorption of the reactors: the reactive mixtures need to be brought to
thermodynamic conditions out of their equilibrium (Section 3.3).

e Discussing the evolution in time of relevant quantities, e.g., temperatures and pressures
of the reactors, with the aim to carry out a physical interpretation for such transient
trends (Section 5.2).

3) Address relationship between dynamic state system performance and components
behavior.
Since limited e.vidence is to be found in literature on dynamic modeling of resorption
cogeneration storage cycles, research addressing the correlation between dynamic performance
and components behavior is scant. Such kind of study is relevant since it could allow to
investigate how system parameters and operating conditions affect the dynamic performance in
terms of cycle time and other fundamental efficiency indicators for storage systems. For
instance, TRSC has the potential to be applied as a retrofit solution for intermittent industrial
waste low-grade heat recovery. In such an application, a lower duration of the whole storage
cycle could enable the recovery and exploitation of larger amounts of waste thermal energy.
Therefore, the following tasks are carried out in the thesis:
e Discussing the influence of the system’s operating features, e.g., thermal masses and
expander pressure ratio, on the dynamic performance in terms of cycle time (Section
5.3).
e (Conducting a parametric study on the adsorption/desorption reaction times during
charge and discharge phases (paragraphs 5.3.3 and 5.3.4).
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2. System description

The physical and working fundamentals of sorption processes have been illustrated in the
previous chapter, together with the main thermochemical sorption systems. In the following
chapter a detailed description of the operation principles of the TRSC is carried out. Firstly, the
working steps of the ideal cycle are defined and visualized on the Clapeyron diagram and on
the T-s diagram. Subsequently, the real cycle is addressed by considering the non-equilibrium
conditions required for chemisorption reactions to occur. In the last two sections, a brief
description of the system components is accomplished and some potential applications for
TRSC are pointed out.

2.1 TRSC

The ammonia-based thermochemical cogeneration resorption system analyzed in this work is
visualized in Figure 2.1.

Vapor Absorber, Vapor Generator,
Exothermal process Endothermal process
LTR L NHj; (vapor) HTR TH
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Figure 2.1: Thermochemical Resorption cycle for low-grade heat storage and cogeneration for power and cold
(TRSC).

TRSC consists of a resorption cycle combined with a scroll expander, which harnesses the high
pressure of the desorbed ammonia exiting the HTR during charge phase to produce mechanical
work. The working steps are illustrated in detail taking as reference the ideal thermodynamic
cycle of TRSC on the Clapeyron diagram (Figure 2.2). Moreover, the cycle path is represented
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2. System description

on a T-s diagram to differentiate between operating points with the same pressure and
temperature, but different values of specific entropy of the working fluid. In particular, the
equilibrium curves of HTM and LTM are represented in the adsorbed state (right curve) and
desorbed state (left curve). The operating points of the cycle at which the working fluid is in
the adsorbed state are indicated with an asterisk superscript on the T-s diagram. The
equilibrium curves of the two solid/gas reactive mixtures have been obtained with a method
proposed by Neveu [35], illustrated in Chapter 3.
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Figure 2.2: Thermodynamic path of the TRSC cycle on the Clapeyron diagram (left) and T-s diagram (right).

Besides the two main working phases of charge and discharge, the intermediate precooling and
preheating steps are represented in Figure 2.2. Hence, the working steps are:

Charge phase: valve V; is opened and valve V, is closed. The HTM at hot source
temperature Ty is subjected to endothermal desorption (17-1), by means of the heat input
Qp. The superheated ammonia leaves the reactor and generates work L flowing through
the scroll expander (1-2). Expanded ammonia reaches thermal equilibrium with the
LTR, kept at environmental sink temperature T, through an isobaric transformation (2-
3). The ammonia is adsorbed in LTM rejecting heat Q, (3-3°).

Precool phase: both valves are closed. The LTM in the adsorbed state is brought to cold
source temperature T, along its equilibrium line (3°-4" on T-s diagram, 3-4 on
Clapeyron diagram). Note that simultaneously the HTM in the desorbed state is cooled
and brought to intermediate sink temperature T,,,. Such a transformation is not shown in
the thermodynamic cycle because it does not involve the working fluid ammonia. The
precool step is also referred to as sensible discharge phase.

Discharge phase: valve V; is closed and valve I/, is opened. The LTM at cold source
temperature T, undergoes endothermal decomposition providing refrigeration Q. (4'-
4). The generated ammonia bypasses the expander and flows directly towards the HTM,
where it reaches thermal equilibrium (4-5). Exothermal adsorption of the refrigerant
occurs and heat Q,,, is rejected at intermediate sink temperature T,,, (5-5°).
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2.2 Chemisorption non-equilibrium reactions

e Preheat phase: both valves are closed. The HTM in the adsorbed state is brought to hot
source temperature Ty along its equilibrium line (5°-1° on T-s diagram, 5-1 on
Clapeyron diagram). Again, also LTM in the desorbed state is heated and brought to
environmental sink temperature Ty. The preheat step is also referred to as sensible
charge phase.

Note that a simple resorption cycle is accomplished when the expander is bypassed during

the reaction charge phase, thus valve V] is closed and valve V, is opened.

2.2 Chemisorption non-equilibrium reactions

In the description of the working principles of chemical solid/gas sorption phenomena made so
far, no aspect related to the reaction kinetics were considered. Thus, the reactions of
decomposition and synthesis are supposed to occur even if the thermodynamic properties of the
reactive mixtures are not outside the corresponding equilibrium conditions (equilibrium lines
of HTM and LTM). Nevertheless, as already mentioned in section 1.4, for a practical
thermochemical solid/gas transformation it is important that the of the temperature and pressure
of the reactive mixture deviate from the corresponding equilibrium line. Let us consider Figure
2.3, which shows the non-equilibrium condition to be imposed on a solid/gas reaction to activate
desorption/adsorption.

_~
pA ';"7‘_/'{ ________________ RN
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Figure 2.3: Non-equilibrium conditions imposed on the solid/gas reactive mixture (S/G). Constraint A activates
desorption. Constraint B activates adsorption.

The chemical decomposition reaction is triggered if the solid/gas mixture is brought to a
thermodynamic state to the right of the reaction equilibrium line (S/G), i.e. state A. Such a
condition can be essentially obtained in two ways:
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1. The reactive mixture is kept at pressure p, and the temperature is increased from
Teq(p4) to T4. Hence a thermal positive equilibrium deviation (or equilibrium drop)
0Teq = Ty — Teq(pa) is imposed.

2. The reactive mixture is kept at temperature T4 and the pressure is decreased from
Peq(T4) to ps, imposing a negative pressure equilibrium deviation 6p., = ps —
p eq (TA) .

In other words, the desorption reaction is favored by high temperature and low pressure
conditions with respect to the equilibrium state. On the contrary, the chemical synthesis reaction
occurs when the solid/gas mixture is brought to a thermodynamic state to the left with respect
to the equilibrium line (state B). Hence, adsorption is triggered when the reactive mixture is
constrained by a negative thermal equilibrium deviation (6T, = T, — T,q(pg)) or a positive
pressure equilibrium drop (6peq = Pp — Peq(Tp)) . With respect to the equilibrium state,
adsorption is favored by low temperature and high pressure conditions.

The kinetics of desorption/adsorption reactions are typically affected by two types of
limitations, depending on the type of equilibrium deviation constraint [36,37]:

e  When the thermal equilibrium drop is imposed, the reaction kinetics is affected mainly
by heat transfer limitations. Heat transfer enhancement can be achieved by incrementing
the equivalent conductivity of the reactive block.

e Imposing a pressure equilibrium deviation, the reaction kinetics is affected primarily by
mass transfer limitations. Mass transfer can be improved through an increase in
permeability of the reactive block.

2.2.1 Operating principles of TRSC with non-equilibrium reactions

Since proper non-equilibrium thermodynamic conditions need to be imposed to trigger
decomposition/synthesis reactions, the operating principles of a simple resorption cycle in the
real case are different with respect to the ideal case. An additional feature to consider in the real
case is that to activate charge/discharge phase the reactive mixtures inside HTR and LTR must
be brought out of the corresponding equilibrium lines simultaneously, in such a way that one
reactor undergoes desorption, while the other undergoes adsorption. The operation of the real
resorption system compared to the ideal cycle can be visualized in Figure 2.4. In the real case,
during the intermediate steps as the reactors are disconnected, i.e. preheat phase and precool
phase, the solid/gas mixtures are brought at equilibrium temperatures corresponding to different
pressures. For instance, considering preheat phase, HTM is heated to temperature Ty (point 1),
while LTM is brought to temperature T, (point 2), with p; > p,. As the valve is opened to
connect the LTR and HTR, the non-equilibrium pressure p, is imposed on both reactors, which
activates the simultaneous desorption and adsorption of HTM and LTM, respectively [38].
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Figure 2.4: Simple resorption ideal cycle (left) compared with the operating points in the real case (right). Points
A and B indicate non-equilibrium conditions which activate respectively desorption and adsorption.

Indeed, the constrain pressure p. is lower than the equilibrium pressure of HTM at the
corresponding temperature (Ty at the beginning of the reaction). In other words, a negative
pressure equilibrium drop is imposed, favoring decomposition (point A). Moreover, p. is
higher than the equilibrium pressure of LTM corresponding to its temperature (initially Tj),
thus adsorption is activated by means of a positive pressure equilibrium deviation (point B).
Similarly, during the precool phase as the valve is closed, the reactors need to be cooled at
equilibrium temperatures which allow a proper pressure difference before the discharge phase.
In particular, HTM and LTM are brought to T, (point 4) and T, (point 3) respectively, with
P3 > Pa4. Therefore, after connecting the two reactors, the constraint pressure py is set, and the
driving force for the decomposition of LTM and synthesis of HTM is activated. In conclusion,
it can be asserted that in the real case the following additional aspects need to be considered:
e The solid/gas reactive mixtures must be brought to different equilibrium pressure levels
during the preheat and precool intermediate stages.
e The pressure difference between the two reactors should guarantee the imposition of a

proper non-equilibrium pressure on both reactors as they are connected. Therefore, such

a constraint pressure should simultaneously ensure a negative equilibrium drop on the

desorbing material and a positive equilibrium drop on the adsorbing material.
In this work, the real case of the TRSC cycle is addressed in the dynamic model, in which the
kinetics of non-equilibrium decomposition/synthesis reactions is considered. Clearly, besides
the practical considerations made in this paragraph regarding the simple resorption system, the
effect of the scroll expander needs to be included. Hence, the TRSC cycle in the real case could
be represented as in Figure 2.5. Note that the presence of the scroll expander imposing the
expansion of ammonia will result in two different non-equilibrium pressure constraints p, », and
Pc,» triggering HTM desorption and LTR adsorption, respectively. The dynamic model is
explained in detail in the methodology chapter.

23



2. System description

Pop [Tt e g
=9 ! NH,
CR AN nmannnn Fbé-(:h*—-—’
’ o arge
B
0
% T . NH;
p, -8 T — -
4 :4 ;)ischarge
T.T

-1/T

Figure 2.5: TRSC cycle in the real case. Note that two different constraint pressures are imposed during the
charge phase, due to the presence of the scroll expander.

2.3 System components

The TRSC has been widely described from the point of view of the sorption phenomena and
processes involved. In this section, a brief description of the single units composing the system
is carried out. Therefore, typical adsorption bed technologies are presented and the working
principles and features of the scroll expander are illustrated.

2.3.1 Adsorption bed

In solid/gas chemical sorption processes two main limitations affect the reaction kinetics, thus
the overall cycle time: mass transfer limitations and heat transfer limitations. Adsorption beds
are usually designed to maximize the overall heat transfer between the thermal energy carrier,
1.e., heat transfer fluid (HTF), and reactive material. Heat transfer limitations are mainly caused
by:

a) Low thermal conductivity of the adsorbent material.

b) Limited heat transfer coefficient between the adsorbent and the heat exchanger.

c) Low heat transfer coefficient of the heat transfer fluid.
To enhance the heat transfer between adsorbent and heat exchanger (b), a possible approach is
to increase the heat exchange area. Two types of adsorption beds commonly fulfill the
requirement of high heat exchange area, i.e., plate-fin and shell-tube types.

e Plate-fin type (Figure 2.6).
It is composed by several plate-fin heat exchanger units. Fins can be installed on both
the fluid side and on the adsorbent side to maximize the heat transfer area. On the
adsorbent side, channels ensure the diffusion of the decomposed adsorbate which flows
in the depth direction, perpendicular to the thermal fluid flow direction. Fins have pores
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which enhance the mass transfer on the adsorbent side. On the thermal fluid side, the
pores in the fins favor turbulence, which enhances the heat transfer (reducing limitation

c).

Metal wall
Adsorbent

The channel
for the thermal
fluid

Figure 2.6: Plate-fin heat exchanger unit of adsorption bed [14].

e Shell-tube type (Figure 2.7).

Shell-and-tube is a more suitable type of reactor for high pressure applications, e.g.,
using ammonia as a refrigerant. Indeed, thanks to its high resistance to structural and
thermal stresses, shell-tube reactors are less subjected to leakage phenomena. The heat
transfer medium is on the shell side, while the solid adsorbent is in metal tubes. Fins
can be installed on the sorbent side in the tubes to enhance heat transfer. During
synthesis/decomposition, the gaseous refrigerant flows through proper microchannels
in the adsorbent tubes.
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Figure 2.7: Shell-tube adsorption bed [22].

To reduce the heat transfer limitation due to the low thermal conductivity of the adsorbent
(limitation a), one typical strategy is to formulate a composite adsorbent. In such materials, the
pure adsorbent is combined with a so-called host matrix, usually characterized by high thermal
conductivity, which contributes to the decrease of total thermal resistance on the reactive
medium side [14]. Expanded natural graphite (ENG) is acknowledged to be one of the best
materials to be used as a host matrix. In fact, not only the ENG/adsorbent complex reveals
enhanced heat transfer, compared to the pure adsorbend, but it also results in improved mass
transfer performance [39].
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2.3.2 Scroll expander

In power generation cycles, two categories of expansion machines are commonly used: velocity
type turbines and volumetric devices. Scroll expanders belong to the latter category; they are
composed of two displaced spiral scrolls (Figure 2.8). One scroll is fixed while the other is free
to move with rigid orbiting progressions around the center of the spiral. The gaseous working
fluid flowing at high pressure at the center of the device inlet (admission) causes the mobile
scroll to orbit with an anticlockwise movement. Such movement allows the gas to flow in the
larger volume vanes of the expander, resulting in a progressive pressure decrease until the outlet
is reached (discharge). A clockwise orbiting movement of the mobile scroll would produce the
reverse effect with the device operating as a compressor.

Admission

Discharge

N

N
\ \
N

/ \
Mobile Scroll Fixed Scroll Working fluid

Figure 2.8: Scroll expander expansion process [40].

Compared to velocity turbines, volumetric expanders are characterized by lower flow rates,
lower rotational speed, higher pressure ratio and are usually more feasible for small-sized power
generation systems (< 50 kW) [41]. A beneficial feature of volumetric expanders is the major
tolerance to liquid droplets, hence potentially working fluids can be expanded until they are
slightly wet at the outlet. Compared to other volumetric devices, scroll expanders have several
advantages such as high efficiency and high pressure ratio, low vibrations, low manufacturing
cost, and high reliability [42].

2.4 Potential Applications

In the following section, two potential low-grade heat applications for TRSC are presented. A
first scenario is the industrial sector, in which TRSC could be integrated as a retrofit solution
in a specific process for waste heat recovery and other multiple functions, such as cooling and
heating. Another potential application presented for TRSC is in the building space/heating
sector, where it is integrated as a storage system in a solar thermal circuit, enabling a higher
share of renewables in the yearly energy consumption.
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2.4 Potential Applications

2.4.1 Waste heat recovery

Let us consider an industrial plant which rejects several streams of waste thermal energy at
different temperatures in the low-grade range with high refrigeration and heating needs during
specific periods. The TRSC could be retrofitted to the already existing process storing
intermittently waste heat Qy during charge phase and producing diverse useful effects
depending on the specific requirements during discharge phase (Figure 2.9):

7NH3
Py f——LTM
——HTM
= &
B p forrememeeee
Q
p]_ ””””””

-1/T -1/T

Figure 2.9: TRSC application for waste heat recovery in the case of cold production (a.) and heating (b.), with
power production (left) and without power production (left).

a. When cold production is needed, the heat transfer fluid to be cooled flows in the LTR
undergoing refrigeration effect @, while the thermal energy Q,, related to HTM
adsorption is released to the environment or to another stream in the process. It is
important to notice that before the discharge phase, the LTR must be precooled to the
desired refrigeration temperature. Hence, a pre-existent cold stream or back-up
refrigeration cycle to achieve the precool stage should be addressed during the design
of retrofit TRSC.

b. If heating is needed and the temperature of the available waste streams is too low, the
waste heat Q,, of such streams can be used to trigger desorption in LTR. The gaseous
ammonia is adsorbed in HTR and the thermal energy Q.. provides useful heating. The
quality of the heat depends on the temperature of the waste heat related to the available
streams.

Note that in both cases, the expander produces mechanical power during the charge phase,
which can feed a generator producing electricity to be used or sold to the grid. However, when
power is not required, the expander can be bypassed to obtain the simple resorption
configuration (Figure 2.9 right graph). Finally, TRSC can operate also with the function of
energy upgrade, storing low-grade heat during the charge phase, producing high-grade thermal
energy during discharge. In such a configuration, production of power is feasible only if during
the charge phase the properties of solid/ammonia reaction combined with the temperature
thermal input result in the production of gaseous ammonia at a sufficiently high pressure.
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2.4.2 Solar thermal application

The TRSC could provide relevant advantages if integrated into a solar thermal loop for hot
water production and space heating/cooling. For instance, in periods of low hot water demand,
e.g. in summer, the excess solar thermal energy Qy could be stored during the charge phase,
causing ammonia desorption at the HTR, while the LTR kept at thermal equilibrium with the
environment would undergo adsorption. During the discharge phase relevant useful effects can
be obtained, e.g., as represented in Figure 2.10:

-1/T -1/T

Figure 2.10: TRSC application in a solar thermal circuit in the case of pure refrigeration (a.) and simultaneous
refrigeration and hot water production (b.). Power production (left) and no power production (right). Note that
the environment acts as thermal sink during both charge and discharge phases.

a. Pure refrigeration. The HTR is brought to thermal equilibrium with the environment
during the precool step, while LTR is cooled to refrigeration temperature T.. When the
refrigeration effect is required Q., the reactors are connected, and reaction discharge is
achieved. The adsorption heat coming from HTM is rejected at environmental
temperature T,,. Hence, the environment is used as a thermal sink for adsorption heat
both during charge and discharge phases.

b. Refrigeration and hot water production. The HTR is brought to the desired hot water
temperature, during the precool step, while LTR is cooled to refrigeration temperature.
As the discharge phase is activated simultaneous refrigeration Q. and hot water
production Q,,4¢err are achieved, due to LTR endothermal desorption and HTR
exothermal adsorption, respectively. Note that the refrigeration effect is at higher
temperature, thus lower quality, with respect to the pure refrigeration case.

In both configurations, power production is achieved during the charge phase, and the generated
electricity can be directly used or sold to the grid. As in the previous scenario, if power is not
needed, the expander can be easily bypassed by properly controlling the valve connections
between the reactors, thus obtaining a simple resorption configuration.

TRSC solar thermal application would allow obtaining higher solar yield in the overall energy
consumption related to refrigeration and sanitary water production in hot periods. Based on the

28
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operating and required temperatures, it is important to select proper solid/gas reactions (LTM
and HTM) in order to assure the exploitation of the environmental sink at temperature T,, both
in charge and discharge phases (case a.), and to allow the simultaneous production of cold and
heat when needed (case b.).

Thanks to high energy density and low thermal losses of thermochemical storage systems,
TRSC could be applied in solar thermal applications for space heating in buildings, also with
seasonal storage function. The working cycle would be structured as follows: during summer,
the solar thermal energy is stored in the system and the expander produces power or is bypassed,
depending on the needs during the whole charging period. When TRSC is completely charged
the reactors are disconnected and the precool phase begins: during winter, LTR reaches thermal
equilibrium with the cold external environment, while HTR is kept at building temperature. As
space heating is required, the two reactors are connected, and discharge phase is triggered.
Hence, the cold thermal energy provided by the environmental source drives LTM desorption,
while the heat supplied by the adsorbing HTM provides the heating effect. Since large amounts
of energy to be charged and discharged are expected for a seasonal application of TRSC, the
system size would be larger with respect to the previous case illustrated in the solar thermal
field, which is instead supposed to operate intermittently.

The above presented applications of TRSC for low-grade heat exploitation, recovered from
industrial waste heat or in solar thermal systems, represent only some examples among a broad
range of possibilities. Indeed, it can be inferred that such a technology based on thermochemical
resorption is highly flexible, allowing to design smart systems, capable of varying operating
configurations, depending on the specific needs. However, regardless of the type of application,
a proper thermo-economic analysis should be carried out to determine if this kind of technology
is relevant in terms of overall savings. In other words, the total cost needed to implement and
maintain the system should not overcome the benefits in terms of revenues related to
refrigeration, heating, and work production in the long term.
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3. Methodology

The following chapter aims to illustrate the methods adopted to build the general models for
the TRSC. In the first part, the assumptions and equations for the development of the
thermodynamic cycle are presented. Subsequently, the model for the sized system in the steady
state case is obtained by including the effective materials and thermal masses of the reactors.
Finally, a detailed description of the dynamic lumped parameters model used to investigate the
sized system is carried out. For both steady state and dynamic state models, a validation based
on data found in the literature is proposed.

3.1 Thermodynamic cycle

The thermodynamic cycle of TRSC represents the basis on which the steady state model for the
sized system is built. Since the implementation of the thermodynamic cycle of TRSC is based
on solid/gas adsorption theory, briefly introduced in section 1.4, such working principles are
recalled and described more in detail in the following section. Afterward, the Neveu method
adopted to represent the cycle on the T-s diagram is illustrated.

3.1.1 Solid/ammonia chemisorption reactions

As introduced in paragraph 1.4, reversible solid/gas adsorption phenomena can be defined with
the general reaction notation:

S, +G2 S, + AH, 3.1

The reaction evolving towards the right is exothermal adsorption (or sorption), while the
reaction towards the left is endothermal desorption. The TRSC exploits the reaction enthalpy
AH, of solid/gas chemisorption reactions, in which the working fluid is ammonia. Thus
equation 3.1 can be generalized for ammonia sorption as follows:

S(NH3)1,1 + (v; —vi))NHz 2 S(NH3)v2 + (v, — Vl)AEr 32

Where the first term in the left-hand side of the reaction is the solid S;, composed of a substance
S at the low ammoniation state defined by coefficient v;. When the substance S; adsorbs the
quantity of ammonia (v, — v;)NH;, the complex S, consisting of the substance S at the high
ammoniation state v, is obtained and the reaction heat represented by the second term on the
right-hand side of the reaction is released. The general solid/ammonia reaction in equation 3.2
is identified from now on with the notation S (v, —v;). Quantities referring to solid
ammoniated at higher and lower states (S, and S;) will have the subscripts S, and §;
respectively, while subscript s indicates a variable related to the pure solid S. The equilibrium
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3. Methodology

of a solid/gas reaction is described by the Clapeyron equation (equation 3.3), based on the
following hypothesis:
o The heat and entropy of reaction are constant with respect to the temperature and equal
to Ah? and 452, evaluated at standard reference conditions.
o The molar volume of the solid phase is negligible compared to the volume occupied by
the gaseous phase.
o The gas is modeled as an ideal gas.
The Clapeyron equation can be written in two equivalent forms:

Degq ARS  AS? Ah,  AS,
I (_) - I - _ = 3.3
| RT.. +— or n(Peq) RT.. +—

where Ah, and A5, are molar enthalpy and entropy of reaction of the considered solid/gas
reaction related to the reference pressure of 1 Pa. It can be inferred that:

Ah,=AR?; AS5.= A5 + Rin(py) 3.4

As an example, let us consider the reaction manganese chloride — NH3 already introduced in
section 1.4 :

MnCl,(NH3), + 4NHs 2 MnCly(NH3)g + 4 ARy pnci,6-2) 3.5

Such a reaction is indicated as MnCl, 6-2. From equation 3.4, the molar enthalpy and entropy
of reaction with respect to reference pressure of 1 Pa associated to MnClz 6-2 result respectively
Ah, =47.42 kJ/mol and A5, =228.07 J/mol/K.

To evaluate the extent of a sorption reaction the global conversion rate x is defined as follows:

quantity of ammonia adsorbed

= 3.6
x total quantity of ammonia that can be adsorbed

Myp, NN,

x = 3.7

MNH; tot  WNH;,tot

Where nyy, to¢ 18 the stoichiometric number of moles of ammonia associated to the considered

reaction:

NNH; tot = vy — Vl)nSZ = (v — 1/1)”151 3.8

Therefore, the parameter x ranges between 0 and 1. and such extreme values correspond to the
completed desorbed and adsorbed states, respectively.
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3.1 Thermodynamic cycle

3.1.2 The Neveu method

Based on the monovariant characteristic of the equilibrium of chemisorption processes and the
dualism with the liquid-vapor phase equilibrium, Neveu et al. [35] proposed a method to
calculate the specific enthalpy and entropy of the ammonia in the adsorbed phase. According
to such an approach, the specific enthalpy and entropy of ammonia at adsorbed state are defined
as follows:

h* = h(T,peq) — Tpr(T) 3.9
T
st = S(T, peq) — rp’TTL 3.10

Where h(T, peq) and S(T, peq) are respectively the enthalpy and entropy of gaseous ammonia
at temperature T and equilibrium pressure p,,. The term 73, 7(T) is the heat of reaction at fixed

pressure and temperature, which is a function of the considered temperature T. It is obtained
starting from the Clapeyron equation for a solid/gas reaction in its general form:

(d—p) = 2 3.11
dT/eq T+ vs, — vs,) ’

Where v is the gas specific volume at temperature T and equilibrium pressure p,,. Defining

Avy as the specific volume variation between the high-ammoniated solid and low-ammoniated
solid, we can write:

d
Tpr(T) = (%) T(v — Avg) 3.12
eq

The first term on the right-hand side of the above equation can be obtained by rewriting the
Clapeyron equation (3.3) in exponential form and deriving the obtained expression with respect
to temperature:

dp AR? AR?  AS?
£y == - 3.13
(dT)eq RTZPO P\ RT TR
Substituting in equation 3.12:
AR? ARS  A5?
Tpr(T) = RpzPoexp | ——%r + R (v — Avy) 3.14

The value of Avg should be experimentally measured for each solid/gas reaction considered.
However, as experimental values are not available, the value of molar volume variation between
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solids at high and low ammoniation states Avs can be assumed constant and equal to
20 cm3 /mol, as suggested by Neveu. Thus, for each solid/gas reaction evaluated in this work:

A 20 11.76 -107* m’ 3.15
Ve = — ~ . . R X
g Mypy, kg

In Figure 3.1 the equilibrium lines of MnCl, 6-2 reaction are represented on a Clapeyron
diagram and on T-s diagram, together with the liquid/gas ammonia saturation curve.

16 550 T
15| MnCl, 6-2
et ——NH
14+ liquid 3
— 13
=
=)
= 12
=
=11
10
——NH
9F 3 |
—M|1C126-2
8 L 1 L L 1 L 1 I ' L
S5 45 4 35 -3 25 -2 -15 -1 B 2 4 6 8
-1000/T[K] s [kJ/kgK]

Figure 3.1: Clapeyron diagram (left) and T-s diagram (right) related to reaction MnCl, 6-2 and to the ammonia
saturation line. On the T-s diagram the left red line represents the adsorbed state of the reactive mixture, the right
red line is the desorbed state.

One of the advantages of the Neveu method is the possibility of representing the adsorption and
desorption processes as thermodynamic transformations on T-s or Mollier diagrams, widely
used in the power and refrigeration field. Moreover, such an approach overcomes the hypothesis
of constant variation of enthalpy and entropy with respect to temperature during
adsorption/desorption, related to the Clapeyron equation.

3.1.3 Cycle implementation

The thermodynamic cycle was implemented on EES (Engineering Equation Solver), a software
capable of solving any set of implicit equations. Moreover, it contains a database of
thermodynamic properties for several working fluids, meaning that relevant quantities, such as
specific enthalpy or temperature, can be obtained by simply calling functions in the code. Let
us recall the thermodynamic cycle of TRSC, represented in Figure 3.2 on the Clapeyron
diagram and on the T-s diagram.
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3.1 Thermodynamic cycle

-1/T

Figure 3.2; Thermodynamic cycle of the TRSC on the Clapeyron diagram (left) and T-s diagram (right).

Firstly, the Clapeyron equilibrium equations are set to fix the relation between temperature and
pressure of the considered solid/ammonia reactions:

A]'_lrh AS_Th
o L L0 I .1
Pj exp( RT; R P J=15 3.16
A}_lrl A.S_'rl
— LR LY. = 3.1
Pj exp< RT; R o 3,4 7

The index j refers to a generic point of the thermodynamic cycle in the Clapeyron diagram,
which is on the equilibrium lines of HTM or LTM, indicated respectively by the subscripts £
and /. The expansion is modeled with the following set of equations:

Nis = hilll;hlezls 3.18
ho_ g7 3.19

Tais
B = % 3.20
hyis = enthalpy(Tz’iS,sz) 3.21
S, =8 3.22
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Where 7;, is the isentropic efficiency of the expander while h is the specific enthalpy of
ammonia. The assumption of ideal gas is made for the adiabatic expansion (equation 3.19), with
a constant specific heat ratio y = 1.31. The right-hand side of Equation 3.21 represents the
function called on EES to obtain the specific enthalpy corresponding to temperature T, ;s and
entropy S,. In general, thermodynamic quantities can be obtained on EES by writing the
functions related to them, corresponding to two independent variables. For instance, the
remaining equations to close the thermodynamic cycle are:

h, = enthalpy(T,, p;) 3.23
v, = volume(T,, p,) 3.24
h; = enthalpy(T;,p;) 3.25
sj = entropy(T;, p)) 3.26
v = volume(Tj,pj) 3.27

The equations written so far are sufficient to obtain the thermodynamic cycle on the Clapeyron
diagram. Since Ah, and A4S, of the considered HTM and LTM are known, the number of
equations is 23 with 27 unknowns. Proper equations can be added in different ways to have a
solvable system with the number of unknown variables equal to the number of equations. For
instance, one possible way is to add four equations defining the values of 7, 5, T; and T,. To
distinguish between cycle points in adsorbed and desorbed state, specific enthalpy and entropy
are computed through the Neveu equations (3.9 and 3.10):

forj=15
. Ah, p Ahy.p A5
h; = h; — R—Tjexp <— RT, + R (vj - Avs); 3.28
* Ai_lr,h Ai_lr,h A§r,h
s; =sj— RTjZ exp <— RT, + R (vj —Avs) 3.29
forj=3,4
. Ah,, Ah.; A5,
h; ;i — RT, exp (— RT, +T (vj —Avs) 3.30
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(v; — Avs) 3.31

3.1.4 Energy equations

Once the points of thermodynamic cycle are determined, it is possible to evaluate the energy
transferred by the working fluid in terms of specific enthalpy variations, by applying the first
law balance. To do so, let us define the following specific energy variables in J/kg:

e qy: overall specific thermal energy to be stored.

e (,: overall specific thermal energy released to the ambient sink.

e (. overall specific cold production.

® @, overall specific thermal energy released to the intermediate temperature sink.

e [: specific work output.
Each of the specific thermal energy terms is the sum of a sensible heat term and a reaction heat
term:

qu = Qusen + Quyr = Qusen =M1 —hs; quy = hi —h3 3.32
do = Gosen + dor = qosen = hs —hy; qor = h3 — h3 3.33
dc = dcsen Y der = desen = ha —h3; qer = hy — hy 3.34
Am = Gmsen + Gmr = Amsen = hs = ha; Guy = hs — hs 3.35

From the above equations, it can be inferred that not all the energy to be stored is converted
into heat of reaction qy ... Instead, part of it is used as sensible heat to bring the HTM in thermal
equilibrium with the hot source at temperature Ty. On the other hand, the net cold production
is lower than the total heat of reaction q. ., related to the LTM: since the adsorbed working
fluid needs to be cooled to the cold source temperature, this results in a negative contribution
to the overall refrigeration effect. In other words, a part of the gross cooling potential q , is
used to bring the adsorbed ammonia in thermal equilibrium with the cold source at temperature
Tc. To close the cycle, the equation for the specific work is set:

l=h,—h, 3.36

Based on the thermodynamic cycle and on the specific energy transferred, the working steps of
TRSC can be summarized as follows (Figure 3.3):
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—HTM
LTM| |

Figure 3.3: Thermodynamic cycle of TRSC on the T-s diagram, showing sensible heat and reaction heat
contributions.

e Preheat phase (sensible charge step): the working fluid ammonia adsorbed in HTM is
preheated to the hot source temperature Ty through the sensible heat input gy gep.

® Reaction charge phase: reaction heat qy ,- 1s absorbed by HTM and the working fluid
undergoes desorption flowing through the scroll expander and producing specific work
[. The ammonia reaches thermal equilibrium with LTM through the sensible heat g sep,
and is then adsorbed releasing g, ,- at environmental sink temperature Ty.

e Precool phase (sensible discharge step): the ammonia adsorbed in LTM is precooled to
the cold source temperature T, releasing sensible heat input q¢ sep-

® Reaction discharge phase: reaction heat q¢, is supplied to LTM and working fluid
undergoes desorption flowing towards the HTM. The working fluid reaches thermal
equilibrium with HTM through the sensible heat g, ., and is then adsorbed releasing
qmr at intermediate sink temperature T,.

Relevant performance parameters can be computed, as a function of the application purpose of

the system. In the case of cold and power production, the ideal first and second law efficiencies
are defined as follows:

l+q
Mg = ——— 3.37
qu
_ltec
Niia = 3.38
€y

Where ey and e are the specific exergy flows associated to the stored heat and to the cold
production respectively:
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Ty
eH == CIH (1 - T_) 339
H
ec = (&—1> 3.40
c = Yqc T, .

3.2 System steady state (sizing)

After the thermodynamic cycle has been implemented, proper equations have been added to
include the effects related to the amounts of the various materials composing the reactors.
Indeed, the pure thermodynamic cycle only allows to carry out an intensive evaluation of the
TRSC, useful to estimate its intrinsic performance. Nevertheless, more realistic estimation can
be achieved by considering the effective size and thermal masses of the system. Therefore,
proper variables and equations have been defined to encompass the following materials:

e The total quantity of ammonia that can be exchanged between the reactors. In the steady
state case, it is assumed that the HTR and the LTR are always in the complete adsorbed
or desorbed states.

e The solid reactive material ammoniated at a lower or higher state in both reactors.

e The expanded natural graphite (ENG), which is assumed to be mixed with solid reactive
material in the reactors to increase the thermal conductivity of the reactive block
(paragraph 2.3.1).

e The metal which composes the heat exchanger in both reactors.

The equation for the total amount of ammonia that can be exchanged by a single reactor is:

MyH, tot = MNH3 (v, — 1’1)”52 = MNH3 vy — 1’1)”51 3.41

Where M nH, 18 the molar mass of ammonia, equal to 0.017 kg/mol. The following equations
are set to link the quantities of pure solid and sorbent ammoniated at high and lower states:

ng = Ng, = Ng, 342

ms = Mgn, 3.43

ms, = Mg,ns, = (Mg + v,Myp,)ns, 3.44
ms, = Mg, ns, = (Ms + v{Myp,)Ins, 3.45
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Where M; is the molar mass of the considered pure solid. For instance, in the case of reaction
MnCl; 6-2, M, is the molar mass of MnCl, while 1\7152 is the molar mass of MnCl2(NH3)s. The
amounts of graphite and metal are added by introducing two parameters, i.e. the graphite ratio
f5c and metal ratio 7, defined as follows:

. Mg
fec = e 3.46
m
7= X 3.47
mS

Figure 3.4 summarizes the variables defining the different materials inside the two reactors,
HTR and LTR.

l ( h )
N—

* Adsorbed/desorbed NH, * Adsorbed/desorbed NH;
My totl MyH, toth
* Solid reactive material « Solid reactive material
ms,b msl,b mSzil ms’h, msl)h; mSz,h
* ENG mgg, * ENGmggp
* Metal myx, « Mectal myy p
LTR HTR

Figure 3.4: Material composition of LTR and HTR.

It 1s important to notice that the equations from 3.41 to 3.47 are set for both reactors. An
additional equation is implemented to achieve properly sized reactors:

MyH, tot,l = MNH; tot,h = MNH; tot 3.48

With such a constrain, the reactors are dimensioned to exchange the same amount of
stoichiometric working fluid. As a result, equation 3.48 prevents the system from being
oversized or undersized.

3.2.1 Thermal masses

The thermal masses of the reactors are defined based on whether they are in adsorbed (x = 1)
or desorbed (x = 0) state:

x=1= YTMS2 = (mSZCSZ + MyxCux + mEGCEG) 3.49
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x=0= T]MS1 = (m51C51 + MyxCux + mEGCEG) 3.50

Where c is the specific heat of the considered material. For the reactive solid at high and low
ammoniation states the specific heat is defined as follows:

Cs, Cs+VyClyp,

o =32 STV 351
2 WM, M,

Ol A 352
1 1

Once the amounts of materials adopted in the reactors and the related thermal masses are
defined, the energy quantities exchanged within the cycle are computed:

Qu = Qusen + Quyr = TMs, n (Ty — Ts) + Myp tor(hy — h7) 3.53
Qo = Qosen T Qor = Mypy toe(hz — hy) + mNH3,tot(h§ — h3) 3.54
Qc = Qc¢sen + Qcr = TMs, | (Ty — T3) + Myp, ror(ha — h3) 3.55
Qm = Qmsen + Qmyr = mNH3,tot(h5 —hy) + mNH3,tot(hE — hs) 3.56
L = myy, tor (hy — hy) 3.57

It is noteworthy that the thermal masses of the reactors affect only the sensible heat
contributions relative to the stored heat Qp sen, and the cold production Q¢ sep. Indeed, the
sensible terms Qg sen and @y, sen are related to pure ammonia flows, which are brought to
thermal equilibrium with environmental sink and intermediate sink, respectively. The exergy
quantities corresponding to the refrigeration effect and the stored heat are also defined:

E. = Q. - 1 3.58

Ey = Qy (1 - —) 3.59
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3.2.2 System total size

The total size of the system is defined in terms of the mass and volume of the two reactors,
while the dimensions of the scroll expander and auxiliary equipment are neglected. Concerning
the system mass, the following equations are set:

Mot = Meot,n T Mot 3.60
Miot,n = Mg, p + Mg + Myxp 3.61
Mot = Mg, 1 + Meg + Myx 3.62

The masses of the two reactors are summed considering the HTR as in the complete adsorbed
state, while the LTR in the complete desorbed state. An equivalent result could be obtained by
combining the masses of the two reactors in the desorbed state with the total amount of
ammonia exchanged between them. Regarding the system volume, the equations are:

Viot = Viot + Veot, 3.63
Vioth = Vs, n + Vegn + Vuxn 3.64
Viotqg = Vs, 1+ Vegi + Vux, 3.65

In this case both reactors are considered in the adsorbed state, in which the volume occupied
by the materials is maximum. For each reactor, the volumes of graphite and metal are computed
as follows:

m m
Vig = —=; Vix = —= 3.66
EG Pux
The volume of the reactive solid at higher ammoniation state is defined as:
M, v,M
Vs, = s <_+_) 367
Ps PNH,

Where pyy, is the density of ammonia. The assumption made here is that the volume of an

ammoniated sorbent is equal to the sum between the pure solid volume and the volume of the
adsorbed ammonia. Hence, the density of the solid at the high ammoniation level can be defined
as follows:
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pe = ms, M+ v, Myp,

5 = = —

2V, M; n VoMyy, 3.68
Ps PNH,

The properties of the materials which compose the reactors are summarized in Table 3.1.

Table 3.1: Thermophysical properties of the reactor materials.

Myy, CNH; PNH; Cux PHx CEG PEG

[kg/mol] [J/molUK] [kg/m’] [Jkg/K] [kg/m®] [Jkg/K] [kg/m’]
0017 8027 600 921 2710 720 2000

3.2.3 Validation of the steady state model

The steady state system model has been validated using data resulting from the model proposed
by Godefroy et al. [31]. In his work, the author investigated the performance of TRSC, adopting
the single reaction BaCl, 8-0 as LTM, while using a broad set of solid/ammonia reactions as
HTM. Table 3.2 represents the HTR reactions selected to validate the model, together with the
corresponding operating hot source temperatures and volumetric expansion ratios. This last
parameter is defined as:

U2
R, =— 3.69
U1
Where v, and v, are the specific volumes of ammonia at the expander outlet and inlet,
respectively.

Table 3.2: HTR reactions (HTMs) selected for the steady state validation. For each reaction, different hot source
temperatures and volumetric expansion ratios were adopted by Godefroy.

HTR reactions Ah, As, Ty R,

[S va-vi] [J/mol] [J/mol/K]  [K] [-]
ZnCl> 4-2 49467  230.24 465.89 4.56
CuCl,5-3.3 50241 230.75 470.37 4.56
FeCl, 6-2 51266 22799  492.77 4.60
CuCl» 3.3-2 56497 23722 497.25 444
CoCl; 6-2 53986 228.1 497.25 2.92
MgCl, 6-2 55660 230.63 49725 2.64
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Other relevant parameters have been set based on information found in Godefroy’s work:
e Cold source temperature set to T, = 0 °C.
e Scroll expander isentropic efficiency equal to n;; = 1.
e Parameters related to the amounts of metal and ENG are set to T = 0 and fz; = 0.

e  Work produced by the expander is set to L = 1 kWh.
Simulations have been run for each BaCl, 8-0-HTM configuration and first and second law

efficiencies have been computed:

L+ Q¢
= 3.70
N On
_ L+E. 371
N E, .

Figure 3.5 shows the values of such parameters obtained from the system steady state model
for each HTM selected, compared with the available data.
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Figure 3.5: Validation of the system steady state model, with data taken from [31].

Table 3.3: Percentage relative error, related to each BaCl, 8-0-HTM configuration. E,.;; is the error related to #;,
Ererir 1s the error corresponding to #y7.

HTR reactions E,o;; Epeipn

[S v2-vi] [%] [%]
ZnCl, 4-2 1.99 348
CuCl»5-3.3 277 10.31
FeCl, 6-2 201  7.59
CuCl2 3.3-2 2,65 13.47
CoCl, 6-2 346  1.23
MgCl, 6-2 3.86 0.45
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3.3 Dynamic model

The percentage relative errors related to each simulation are reported in Table 3.3. Results show
an overall good validation, with higher discrepancy in the evaluation of the second law
efficiency.

3.3 Dynamic model

In the steady state case, an important feature of the thermochemical reactors is neglected within
the cycle, that is the kinetics of the chemical reaction. In fact, chemisorption reactions have
been modeled as ideally instantaneous processes, occurring purely at an equilibrium state (along
the equilibrium lines). Nevertheless, practical solid/gas thermochemical reactions can only be
carried out when temperature and pressure deviate from the equilibrium line to achieve
reasonable heat and mass transfer rates and reaction kinetics (section 2.2). In the following
section the lumped parameters model of TRSC implemented to capture the dynamics related to
heat transfer and reaction kinetics phenomena in the whole cycle is presented. The main purpose
of such a model is to investigate and physically interpret the transient behavior of relevant
quantities, as well as to highlight the relation between system performance and components
behavior in the dynamic state.

Heat Exchanger Heat Exchanger

Reux1 Ruxpi

|

|
1 1 1
1 1 b, f 1
: :

|

|

— % X,

|
] T,
Tt outt ! Tyx; V, : HX,h | T oucn

Figure 3.6: Schematics of the lumped parameters model. Subscript / indicates the LTR; subscript / indicates the
HTR.

Figure 3.6 represents the schematics of the model. Each reactor is modeled through three
lumped parameters:
e The heat transfer fluid (HTF), with mean temperature Tf:

Trin + T,
__fiin fout
Ty = s 3.72

e The heat exchanger metal, with temperature Ty .
e The reactive bed temperature, with temperature T,.
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3. Methodology

The heat exchanger is modeled through two thermal resistances: Ry yx between the HTF and
the metal heat exchanger (fluid side), and Ry ;, between the metal heat exchanger and the
reactive bed (sorbent side). The corresponding overall thermal conductance coefficients are:

1 1
UAf,HX = R 5 UAHX,b = 3.73

£ HX Ryx.p

In the following paragraphs, the set of ordinary differential equations adopted to model the
working steps of the whole cycle is described. For simplicity, the Resorption case (bypassed
expander) is firstly presented, while the effect of the scroll expander is added subsequently in
the reaction charge phase. The equations are implemented and solved with a built-in MATLAB
ODE solver.

3.3.1 Preheat and precool intermediate steps

Let us consider Figure 3.7, in which the intermediate steps in the simple resorption case are
represented on the Clapeyron diagram.

Figure 3.7: Intermediate steps in the dynamic case for the simple resorption cycle.

During preheat step the HTR is heated from T;,, to Ty, while LTR is heated from T¢ to T. On
the other hand, during precool stage the reversed process is achieved and LTR is cooled from
Ty to T¢, while HTR 1is cooled from Ty to Tyy,.

Both reactors are modeled with one ODE for each of the three lumped components, i.e. six total
equations. Concerning the HTR:

darT,
.
MenCrn =g = 1 nCrn(Trinn — Trouen) — UAsuxn(Trn — Taxn) 3.74
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3.3 Dynamic model

ATyx n
Myx hChx,n dr = UAf,HX,h (Tf,h - THX,h) — UAgxpn (THX,h - Tb,h) 3.75

dTb,h
™My ——= UAHX,b,h(THX,h - Tb,h) 3.76
dt

It should be noted that no thermal losses with the external environment have been considered.
The equations set for the LTR are the same, but with the subscript / instead of 4. my and
are the mass of HTF in the heat exchanger and the HTF mass flow rate respectively. It is
assumed that HTF is water in the HTR and refrigerant R134a in the LTR. Hence, the specific
heat ¢f is defined depending on the operating conditions in each stage:

Crn = C(Tf,in,h' Peq,h» water) 3.77

e = C(Tf in,i» Peq,» R134a) 3.78

The thermal mass of the reactor in the dynamic state TM is defined as a function of the actual
advancement of the adsorption/desorption reaction:

TM = xmg,cs, + (1 — x)mg, cs, + MpCpg 3.79

During the preheat step the global conversion ratio x is constant and equal to 1 for HTR and 0
for LTR. On the contrary, during the precool step x is equal 0 for HTR and 1 for LTR. Note
that the metal is not considered in TM, since its effect is already included in the corresponding
lumped component. The input variables which define the evolution in time of the working steps
are the ODEs initial conditions, the global conversion rate, and the HTF inlet temperature T ;,.
For a fixed working step, the initial conditions are assumed to be the same for the three lumped
components:

Typ(0) = Tyx (0) = T;(0) 3.80

Table 3.4 summarizes the main input variables of ODEs for the two reactors in the two
intermediate steps.

Table 3.4: Dynamic model HTF inlet temperature, initial conditions, and global conversion ratio in the two
intermediate steps.

STEP Reactor Tf;, T,(0)
HTR Ty Tp
LTR T, T,
HTR T, Ty
LTR T, T,

Preheat

—_— OO == =

Precool
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3. Methodology

3.3.2 Reaction charge phase

After the preheat stage, the HTR and LTR are at temperatures Ty and T, respectively (Figure
3.7). Connecting the two reactors, a non-equilibrium pressure is imposed and simultaneous
HTM desorption and LTM adsorption are triggered. To model the kinetics of such reactions the
semi-empirical equations proposed by Mazet et al. [43] were implemented:

. dx (pc ~ Degq (Tb)) 381
Desorption = — = A, x™" .
dt Pe
. dx (pc ~ Pegq (Tb))
Adsorption = i A (1 —x)™r > 3.82
Cc

where A, and m,. are the Arrhenius factor and the exponential factor, respectively. The former
coefficient indicates the correlation between the reaction velocity and the working temperature,
while the latter reflects the influence of the vacant sites on the reaction progress [33]. Such
parameters depend on the considered solid/gas reaction and can be obtained experimentally. In
this work, they were assumed constant and equal to the values obtained by Han et al. [39] for
the reaction MnCl> 6-2. Hence A, and m, were assumed equal to 0.001087 and 1.185,
respectively. The term p,. is the non-equilibrium pressure imposed on the reactors as they are
connected, while p,q(Tp) is the reaction equilibrium pressure corresponding to the reactor
temperature, which varies in time. During the reaction charge phase, equations 3.81 and 3.82
are applied to HTR and LTR, respectively. The equations related to the HTF and the heat
exchanger metal of both reactors are the same as in the intermediate step (equations 3.74 and
3.75). On the other hand, the ODE related to the reactive bed becomes the following for both
reactors:

(TM + mNH3,totCNH3(1 - X)) % = UApuxp (Tyx — Tp) + mNH3,totAhr % 3.83
The term added to the thermal mass TM on the left-hand side of the equation considers the mass
of ammonia which is being adsorbed/desorbed during the process. Hence, the assumption done
here is that the adsorbed/desorbed gaseous ammonia is at the same temperature as the reactor
undergoing synthesis/decomposition. Such a hypothesis is physically realistic in the
decomposition process since the vapor is desorbed at the reactor’s temperature. On the other
hand, during synthesis, the gaseous ammonia is in thermal disequilibrium with the reactor, and
equation 3.83 is less consistent. Nevertheless, the quantity of transferred heat between gaseous
and solid phase during adsorption/desorption has not a direct impact on the key performance
parameters evaluated in this work, as it can be inferred from equations 3.37 and 3.38. The term
added on the right-hand side of equation 3.83 defines the heat of adsorption/desorption within
the reactor. Note that the heat of reaction Ah, has been considered constant with respect to
temperature in the dynamic analysis.
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3.3 Dynamic model

So far, a system of eight ODEs has been defined, describing the evolution in time of
Ty, Tyx, Tr and x in both reactors. A final equation is needed to determine the constrain
pressure p.. Such an equation is obtained by imposing the mass balance between HTR and
LTR. In fact, during the reaction charge phase, the mass flow rate of desorbing ammonia from
HTR should be the same as the mass flow rate of adsorbing ammonia in LTR:

MyH; des,h = MNH;,ads,l — MNH; 3.84

The mass flow rate of ammonia can be obtained from the definition of global conversion rate
(equation 3.7):

d dxh
Tz TWHyh = T MNH tot 3.85
d dxl
Tz "W L = g T tot, 3.86
Applying the mass balance equation to each reactor:
) d
MyH,; des,h — — amNHg,h 3.87
) d
MNHy,dest = 77 TN H,l 3.88
Hence, equation 3.84 can be rewritten as:
il 4% 3.89

—MpH, tot,h dr = MpyH; tot,1 at

Substituting 3.81 and 3.82 into the above equation, the following expression for p, is obtained:

My p
_Arpxy, " Deqn(Ton) MNHy e T Arg (1 — X)™ Deqn(Th1) MNH, o, 390

Myh m
Ar,h xh mNH3,tOt,h + Ar,l (1 - xl) r'lmNHg'tot'l

Pc

In the case the reactors are sized to exchange the same quantity of stoichiometric ammonia
(equation 3.48), the equation for the non-equilibrium pressure becomes:

_ Arp x:lnr'hpeq,h (Tpn) + Ary (1= x)™poqn(Tp) 391

Arp xy ™+ Ay (1= x)™n

C
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3. Methodology

333

The effect of the scroll expander in the reaction charge phase

Compared to the simple resorption case, the reaction charge phase for the TRSC is characterized

by the expansion of vapor ammonia caused by the scroll expander. Since the aim of the model
is to capture the dynamic effect of the reaction kinetics by means of a simple lumped parameters
model, the same approach is adopted to account for the influence of the expander on the system.
Hence, the effect of the expansion of gaseous ammonia before its adsorption in the LTR is
considered through the following assumption: while in the resorption case, after the opening of

the valve, a singlel non-equilibrium pressure p. is imposed on both reactors, in the TRSC case

the reactors are subjected to two distinct non-equilibrium pressures p., and p.;, triggering

desorption and adsorption in HTR and LTR, respectively (Figure 3.8).

Heat Exchanger Heat Exchanger
Pecl Pen = ch,l

NH;
Ruxpn Reuxn

1 1

1 1
1 1 1 1
1 1 : 1
T — MWW T m Ton| t = Tin |

= , £

: ! .

1 1

1 1

Xn

Figure 3.8: Schematics of the lumped parameters dynamic model for the reaction charge phase.

The two imposed pressures are related by the pressure ratio, which is the only parameter
describing the expander in the model, together with the isentropic efficiency:

Pcn
B ==
pc,l

Therefore equations 3.81, 3.82 and 3.90 become:

Pc1 =

dxp My (.ch,z - peq,h(Tb,h))
E B r’hxh .ch,l
@ = Ar 1(1 — xl)mr,z (pc,l B peq,l(Tb,l))
dt ' Pci

My p
Arn X, " Degn (Tyn) MNH, orn T BAr (1 — xl)mr’lpeq,l(Tb,l) MNH, e

My n
.BAr,h xh " mNH3,tot,h + .BAr,l (1 - xl)mr'lmNHs,tot,l
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3.3 Dynamic model

Table 3.5: Inlet temperature of the HTF and initial conditions in the reaction charge phase.

PHASE Reactor Ty T,(0) x(0)
HTR Ty Ty 1
LTR T, T, 0

Reaction charge

Table 3.5 summarizes the input and initial conditions of the set of ODEs for the reaction charge
phase.

3.3.4 Reaction discharge phase

Before the reaction discharge phase, HTR and LTR are brought to temperatures T, and T¢,
respectively, through the precool phase. As the reactors are connected, refrigeration is generated
at temperature T., meaning that the HTF outlet temperature of LTR is set equal to Tc.
Therefore, the equation (3.74) for the HTF is modified to impose the cold production at T with
a defined fluid temperature variation between inlet and outlet AT:

11 ATe = UAs x1(Try — Tux) 3.96

AT = (Trini — Trouti) 3.97

Thus, the mean temperature of LTR heat transfer fluid is assumed constant in time and no ODE
is set for temperature T ;. The equations for the metal heat exchanger and for the reactive bed
are the same as in the reaction charge phase for both reactors. On the other hand, since the LTR
undergoes desorption, while the HTR achieves synthesis the equations relative to the reactors
global conversion rates and to the imposed pressure p,; become:

% _ A M (Pd - peq,l(Tb,l)) 308
dt - T',lxl Pd
- T,
o _ Ay (1 = xp) i (pd Pean( b’h)) 3.99
dt ’ Pa

mr1 m
by = Ay %, " Peqi(To) Mvi, 1oy + Arn (1= 30)""Deqn(Ton) Mty e 3100
d — my | m .
Ar,l xl mNH3,tOt,l + Ar,h (1 - xh) r'thH3,tOt,h

The total number of ODEs in the reaction discharge phase is seven, i.e. three for the LTR
(Tp,1 » Thx, ,x;) and four for the HTR (Tfp, Ty p » Tux,n»Xn) » While two are the constrain
equations (3.96 and 3.100).
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3. Methodology

Table 3.6 summarizes the input and initial conditions of the set of ODEs for the reaction
discharge phase.

Table 3.6: Input variables and initial conditions for ODEs relative to reaction discharge phase.

PHASE Reactor Tfin Tfour Tp(0) x(0)
HTR T, / T, 0
LTR Tc + AT, T Tc 1

Reaction discharge

3.3.5 Energy calculation

The total energy transferred into and from the system is calculated by integrating the energy
fluxes with respect to time. For instance, the total energy to be stored is:

tcharge
Que = j 1t 1w (Trinn = Tr.ouen)dt 3.101
0

Where tcparge 1s the sum of the preheat time and the reaction charge time. The refrigeration
energy can be computed as:

ta,r

td,sen
QC,t = f mf‘le,l(Tf,in_l — Tf,Out,l)dt + mf,le'l ATC dt 3.102
0 0

Where tg s0n, and tg , are respectively the precool (sensible discharge) time and the reaction
discharge time. The work produced by the expander is obtained through integration in time of
the scroll expander power W':

tC,T

Lt = det = mNH3,d€S.h(h1 - hz)dt 3103
0

tcr 1s the reaction charge time. The values of enthalpy have been calculated at each time step
with the refprop MATLAB tool, applying the same procedure as in the thermodynamic cycle
implementation (equation from 3.18 to 3.23).

Finally, total exergy relative to the stored energy and the refrigeration effect can be computed:

Ect = Qct T_ -1 3.104
C
To
En: = Quy (1 - T—) 3.105
H
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3.3 Dynamic model

3.3.6 Validation of the dynamic model

The dynamic model has been validated in the reaction charge phase of the simple resorption
case through experimental data obtained from the work of Wu et al. [38]. The HTM and LTM
adopted by Wu were MnCl, 6-2 and SrCl» 8-1, respectively, with the main input parameters
represented in Table 3.7.

Table 3.7: Input parameters for the validation of the dynamic model.

mg, mg; Ty To T¢ T, mgg/mg; Vpyx
[kg] [kg] [°C] [°C] [°C] [°C] [-] [m?]
3.21 372 120 50 30 50 85/15 0.009

The following assumptions were made:
The thermal conductance of the heat exchanger was set to UA = 200 W/K for both the
HTF and sorbent sides, in both reactors.

The heat transfer fluid mass in the heat exchanger is assumed to be equal to the metal

mass mf = Myyx.

The heat transfer fluid mass flow rate is assumed m; = m/10.

Figure 3.9 shows the validation for the reactor’s temperature trends during the reaction charge

phase.
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Figure 3.9: Validation of the temperature evolutions of HTR (left) and LTR (right) during reaction charge phase.

The validation results to be satisfactory from both the trend and temperature values viewpoints.
A validation has been carried out also for the non-equilibrium pressure imposed on the two
reactors, and it is represented in Figure 3.10. It results that the model provides a pressure trend
that good resembles the evolution in time obtained in the experiments, but which is less

satisfactory in terms of the intensity.
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Figure 3.10: Validation of the constraint pressure trend during the reaction charge phase.

Through simulations, it was found that the pressure trend is very sensible to the molar entropy
of reaction 485, of the solid/gas reaction considered. Figure 3.11 shows the validation obtained
by increasing A4S, by 0.5 % for both MnCl, 6-2 and SrCl; 8-1, which results in better quality.
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Figure 3.11: Validation of constraint pressure trend during reaction charge phase, after increasing the molar
entropy of reaction of HTM and LTM by a percentage of 0.5 %.

Such a feature of the model is consistent with the fact that the properties of reactive mixtures at
equilibrium cannot be defined by precise values. Instead, as it is acknowledged in the literature,
a real solid/gas equilibrium condition is described by an area surrounding the equilibrium line
on the Clapeyron diagram, defined as pseudo-equilibrium area [44,45]. For simplicity, pseudo-
equilibrium areas are not considered for the solid/gas reactions adopted and their properties are
assumed constant. The relative error between simulated results and experimental data has been
computed in terms of integration of the temperature trends with respect to time (Figure 3.9).
The percentage relative deviation obtained is 0.0034% for the HTR and 0.59 % for the LTR.
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The general model presented in the previous chapter is used to explore a specific application
for the TRSC for cold and power production. Hence, the following section aims to describe the
main characteristics of the model configuration adopted and the rationale behind it, introducing
the reader to the last chapter, addressing the main results. Firstly, the model structure and
operating conditions are defined. Then, the strategy for the selection of suitable reactive
mixtures to be used in the system reactors among a series of metal chloride-ammonia reactions
is described. Finally, an overview of the computed key performance indicators is presented.

4.1 Model Configuration

Figure 4.1 shows how the developed modeling tool is used to investigate the TRSC adopted in
a specific low-grade heat application.

Thermodynamic parameters

Te, Ty

Pmin» Pmax

\ s} SALT-NH; SELECTION
‘ Fixed LTM, HTMs

TH,min < TH < TH,max

B THERMODYNAMIC
System parameters CYCLE Ideal Cycle
- KPIs
Gk |7 ¥
Niss T fiG \ SYSTEM STEADY STATE System
(Sizing) Steady KPls
Dynamic parameters ‘
System
. SYSTEM .
UA, me,mp ... | =— DYNAMIC STATE Dynamlc.KPls,
\ cycle time

Figure 4.1: Model configuration to carry out the performance evaluation for a specific TRSC application.

Operating conditions are set in terms of thermodynamic parameters, system parameters and
dynamic parameters: thermodynamic parameters represent the boundaries imposed to the
thermodynamic cycle, such as operating temperatures and pressures. After defining such
boundaries, a list of metal chloride-ammonia reactions is investigated and a single salt-NHj3
reaction to be used as LTM is selected, as well as a series of suitable HTM that can be coupled
to it. Adding the system parameters, such as the energy requirements, to the coding tool in EES,
the system sizing and pressure ratio are obtained. Key performance indicators related to the
ideal thermodynamic cycle and to the overall system in steady state conditions for each LTM-

55
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HTM couple can be computed. Finally, adding the dynamic parameters, the transient state can
be studied and the related KPIs are obtained, together with the cycle time.
Realistic operating conditions in terms of thermodynamic parameters are set:
e Refrigeration temperature is set to T = 0 °C, with HTF temperature variation AT, =
10 °C.
e Environmental temperature is set to T, = 30 °C.
e Hot source temperature is not fixed, but ranges between two boundary values, i.e.
100°C < Ty < 200 °C.
e Minimum and maximum operating pressures are set to pp,in = 0.05 bar and py g =
30 bar.
Regarding the system parameters:
e In terms of application needs, for each cycle the system must provide fixed cold and
work production Q, = 120 kWh and L = 12 kWh.
e The isentropic efficiency of the expander is set to n;; = 0.8.
e For both reactors, the metal ratio and the graphite ratio are set to respectively 7 = 0.3
and fz; = 0.5.
Main dynamic parameters are set as follows for both reactors:
e The global thermal conductance is fixed to UA = 2000 W/K.
e The heat transfer fluid mass in the heat exchanger is assumed to be equal to the metal
mass my = Myy.

e The heat transfer fluid mass flow rate is assumed my = m/10.

4.2 Salt — ammonia reactions selection

A series of 35 metal chloride-ammonia reactions (Table 4.1) has been investigated as possible
reactive mixtures for the low temperature (LTR) and high temperature reactors (HTR). Main
properties such as enthalpy and entropy of reaction and molar specific heat of the pure salts are
taken from the literature [14,46]. Note that the molar enthalpy and entropy of reaction
correspond to a reference pressure po = 1 Pa. Ammonia has been chosen as working fluid
given its several benefits mentioned in paragraph 1.4.4, e.g. it is environmentally friendly,
chemically stable, and it has a low boiling point. On the other hand, metal chlorides are selected
as solid sorbents for the following advantages compared to other solids to be coupled with
ammonia in chemisorption reactions [14]:
e Large total adsorption quantity (> 1 kgny,/kgs for most metal chlorides).

e High working pressure for metal chloride-NHj3 reactions, ensuring reasonable mass
transfer performance.

e A large variety of metal chlorides makes them suitable for a large range of operating
temperatures.

e Metal chloride-NHj3 is considered as the optimal working pair in terms of both cost and
performance criteria.
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4.2 Salt — ammonia reactions selection

Table 4.1: Database of the investigated metal chlorides — NHj reactions.

Salt—NH3  Ah, As, Cs M,

[S v2-vi] [J/mol] [J/mol/K] [J/mol/K] [kg/mol]

BaCL 8-0 37665  227.25 75.10 0.208
MnCL 6-2 47416  228.07 72.86 0.126
NiCl 2-1 79515  232.17 71.60 0.130
ZnCl> 10-6 29588  219.23 71.27 0.136
CaClh4-2 42268  229.92 72.52 0.111
FeCl, 6-2 51266  227.99 76.57 0.127
MnCl; 2-1 71019  232.35 72.86 0.126
MgCl> 1-0 87048  230.88 71.31 0.095
SrCl; 8-1 41431 228.8 75.53 0.159
ZnCl> 1-0 104625 227.79 71.27 0.136
CaCl 8-4 41013 230.3 72.52 0.111
CuCl2 10-6 31387  227.72 71.81 0.134
SnCl, 9-4 31806  224.86 70.60 0.190
PbCl> 8-3.25 34317  223.76 70.05 0.278
SnCl> 4-2.5 38920  229.82 70.60 0.190
PbCl> 3.25-2 39339  230.27 70.05 0.278
ZnCl> 6-4 44779  230.24 71.27 0.136
PbCl; 2-1.5 46035  230.89 70.05 0.278
PbCl; 1.5-1 47290 2325 70.05 0.278
ZnCl 4-2 49467  230.24 71.27 0.136
CuCl; 5-3.3 50241  230.75 71.81 0.134
CuCl,3.3-2 56497  237.22 71.81 0.134
CoCl2 6-2 53986  228.1 78.41 0.130
PbCl> 1-0 55660  231.04 70.05 0.278
MgCl> 6-2 55660  230.63 71.31 0.095
NiCl; 6-2 59217  227.75 71.60 0.130
CaCl; 2-1 63193  237.34 72.52 0.111
MgCl; 2-1 74911 230.3 72.86 0.095
FeCl, 2-1 76167  231.91 76.57 0.127
CoClz 2-1 78134  232.17 78.41 0.130
ZnCl; 2-1 80352  229.72 71.27 0.136
MnCL 1-0 84202  233.18 72.86 0.126
FeCl> 1-0 86880  233.01 76.57 0.127
CoCl21-0 88303 232.8 78.41 0.130
NiCl, 1-0 89810  233.01 71.60 0.130
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Figure 4.2: Equilibrium lines of all the metal chloride-ammonia reactions in Table 4.2 and operating
temperatures and pressures (left). In the right graph: example of suitable salt-ammonia reactions (cyan and
orange lines) and not suitable reactions (grey line) for the specified operating conditions.

It is clear from Figure 4.2 that the selection of suitable metal chloride-ammonia reactions
depends on the fixed operating temperatures and pressures. Regarding the LTR, which operates
at the refrigeration temperature T, during the discharge phase, only the salts having the
equilibrium pressure p.q(T¢) between the minimum allowable pressure and the ammonia
saturation pressure pyy, (T¢) are selected. Graphically, suitable LTR salts have the intersection
between the equilibrium lines and the refrigeration temperature line (blue line) in the area
delimited by the minimum pressure line and the ammonia saturation line. Similar logic is
applied for the selection of reactive mixtures in the HTR, operating at a temperature Ty ranging
between Ty pmin and Ty pqy: suitable HTR salts are characterized by equilibrium lines which
pass across the area defined by the two extreme hot source temperature lines (red lines) and the
extreme operating pressures. As an example, the right graph in Figure 4.2 represents the
equilibrium lines of four salt-ammonia reactions with respect to the thermodynamic operating
conditions: BaCl, 8-0 is suitable as LTM but not as HTM; CaCl, 4-2 can be adopted as both
LTM and HTM; PbCl; 1-0 is suitable only as HTM; ZnCl> 1-0 cannot be adopted in the system.
In the following paragraphs, additional considerations are carried out to further narrow down
the metal chloride-ammonia reactions to be adopted in the LTR and the HTR.

4.2.1 LTR reactive mixture

Once the metal chloride-ammonia reactions which fulfill the above described requirements
have been identified, a single LTR salt can be selected based on its intrinsic properties, such as
mass energy density ed,,, volume energy density edy, and specific adsorption capacity S¢:

_ AH, (v, —vq)

ed
m MSZ

4.1
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4.2 Salt — ammonia reactions selection

AH (v, —vq)
EdV = —MSZ psz 4.2
v, — v )M
S, = (v, _1) NH; 43

The first two parameters describe how much energy can be managed by the reactive mixture
per unit mass and unit volume, while the last parameter represents the quantity of gaseous
ammonia that can be adsorbed/desorbed per unit mass of pure salt. As it can be seen from Table
4.2 where the most promising metal chlorides have been shortlisted, BaCl, 8-0 and SrCl, 8-1
appear to be the reactions with the better intrinsic energetic properties, with values of ed,,, and
edy in the range of 0.24 — 0.28 kWh/kg and 280 — 300 kWh/m?3 respectively. The latter
has been selected as the definitive LTM for its highest sorption capacity, given that, in the
overall system, work is extracted through a scroll expander: in fact, a higher quantity of gaseous
ammonia transferred between the two reactors yields a higher work production per unit mass
of pure salt. Moreover, as it is later discussed in the Results chapter (chapter 5), selecting the
reaction with a higher S ensures a higher system efficiency in terms of reduced thermal mass
effects.

Table 4.2: Suitable LTR salt-NHj3 reactions. SrCl, 8-1 has been selected as LTR for the analysis.

LTM Ah, As, Cs M, ed,, edy Sc
[S va-vi] [J/mol] [J/mol/K] [I/mol/K] [kg/mol] [kWh/kg] [kWh/m*] [Kgnn,/kgs]
BaCl; 8-0 37665 22725  75.10 0208  0.243 298.2 0.653
CaCl, 4-2 42268 22992 7252  0.111 0.131 142.4 0.306
SrCl, 8-1 41431 2288 75.53 0.159  0.274 289.1 0.751
CaCl, 8-4 41013 230.3 72.52  0.111 0.185 163.8 0.613
PbCl, 8-3.25 34317 22376  70.05 0278  0.109 165.1 0.290
SnCl, 4-2.5 38920 229.82  70.60  0.190  0.063 100.5 0.134
PbCl,3.25-2 39339 23027  70.05 0278  0.041 97.8 0.076

4.2.2 HTR reactive mixtures

Concerning the high temperature reactor, further considerations need to be made to select the
proper HTMs and to guarantee the correct functioning of the resorption cogeneration system.
Two conditions must be met:
e The equilibrium pressure of the HTM at hot source temperature must be higher than the
equilibrium pressure of the selected LTM (i.e. SrCl, 8-1) at ambient source temperature.
e At fixed pressure, the equilibrium temperature of the HTM must be higher than the
equilibrium temperature of the selected LTM.
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4. Application side

If the first condition is not fulfilled, the scroll expander cannot be equipped to the system, since
the gaseous ammonia would flow in counterpressure. Moreover, regardless of the use of the
expander, the resorption system could not operate because of practical issues relating to the
system pressure and equilibrium deviation described in paragraph 2.2.1: before triggering
desorption-adsorption in two reactors, the desorbing reactor must be kept at an equilibrium
pressure higher than the equilibrium pressure of the adsorbing reactor. If such a condition is not
fulfilled the non-equilibrium pressure imposed in the two reactors when the valve is opened
would not be able to activate the sorption reactions.

The second condition is related to the fact that once the LTM is fixed, HTR salts must
effectively work as a High Temperature Material.

Differently with respect to the LTM selection, the HTR reactive mixtures explored in this work
are not unique. Indeed, all the suitable HTR salt-ammonia reactions (Table 4.3) among the list
of 35 metal chlorides-ammonia reactions are investigated at different hot source temperatures.
The hot source temperatures for each HTM is defined according to the following criteria:

o ifpun < Pegq (TH,max) < Pmax, then Ty = Ty max-

o if Only Pmin < peq (TH,min) < Pmax, then TH = Teq (pmax)-
The resulting hot source temperatures are shown in Table 4.3 together with the operating
pressure ratios, for the various configurations considered.

Table 4.3: HTR salt-ammonia reactions suitable to be coupled with SrCl, 8-1 LTR reaction. Hot source
temperatures and pressure ratios selected for the various configurations are also shown.

HTM Ah, As, Cs M, Sc Ty B

[S va-vi] [J/mol] [J/mol/K] [J/mol/K] [kg/mol]  [kgnn,/Kes] K] [-]
FeCl, 6-2 51266 227.99 76.57 0.127 0.536 473.15  2.90
CuCl3.3-2 56497 237.22 71.81 0.134 0.164 473.15 295
CoCl 6-2 53986  228.1 78.41 0.130 0.524 473.15  3.06
PbCl 1-0 55660  231.04 70.05 0.278 0.061 473.15  3.08
MgCl, 6-2 55660  230.63 71.31 0.095 0.714 473.15  3.10
NiCl 6-2 59217 227.75 71.60 0.130 0.525 473.15 3.48
CaCl2-1 63193 237.34 72.52 0.111 0.153 473.15 3.44
MnCl, 6-2 47416  228.07 72.86 0.126 0.540 455.60 3.07
CaCl24-2 42268 229.92 72.52 0.111 0.306 399.04  4.19
ZnCly 6-4 44779  230.24 71.27 0.136 0.249 42147  3.77
PbCl>2-1.5 46035 230.89 70.05 0.278 0.031 430.66  3.55
PbCl, 1.5-1 47290  232.5 70.05 0.278 0.031 435.84 3.44
ZnCly 4-2 49467  230.24 71.27 0.136 0.249 465.60 291
CuCl, 5-3.3 50241  230.75 71.81 0.134 0.215 470.62 2.84
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4.2 Salt — ammonia reactions selection

Finally, Figure 4.3 shows the general thermodynamic boundaries on the Clausius-Clapeyron

diagram for the two salt-ammonia reactions.

pmax
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Figure 4.3: General thermodynamic conditions imposed to the LTM-HTM pairs for the steady state case

(left) and the dynamic case (right).

It can be seen from this graph which conditions each LTM-HTM pair operates at, and the
differences, in such conditions, between the steady state case and the dynamic case. Such
differences are relevant since they will directly affect the results discussed in the last chapter.

Particularly, it is important to remark that:

In the dynamic case since the selected LTM and temperatures T and T, are fixed for
each LTM-HTM pair evaluated, the operating points 3 and 4 are also fixed. Regarding
the steady state case, point 4 is fixed but the operating point 3 changes since the pressure
ratio varies for each configuration. The deriving implications are linked to the sensible
heat contribution in the precool phase and they are discussed in the Results chapter.
For each HTM the pressure corresponding to operating the point 5 in the dynamic case
is fixed and equal to the minimum permitted pressure p,,i,. Hence, varying the HTM
the intermediate temperature T, changes but the pressure difference p, — ps remains
the same. In the steady state case, no pressure difference is considered between the
reactors during the discharge desorption/adsorption stage and the intermediate
temperature T, is different with respect to the corresponding temperature in the
dynamic case. Again, the related effects on the computed sensible heat in the preheat
phase and on the results is examined in the next chapter.

Varying the selected HTM, the operating point 1 also varies, both in terms of
temperature and pressure, for both steady and dynamic case.

61



4. Application side

4.3 Performance evaluation

Once the suitable metal chlorides-ammonia reactions to be used in the system have been
identified, which are SrCl 8-1 for the Low Temperature Reactor and the reactions in Table 4.3
for the High Temperature Reactor, the cycle is simulated for each LTM-HTM pair. The Key
Performance Indicators (KPIs) obtained at three different levels are defined:
e Ideal cycle KPIs, which reveal the performance of the pure thermodynamic cycle. Such
parameters are the ideal first and second law efficiencies:

l + dc
Npig =——— 4.4
1,id qu
[+ e,
Ni1ia = 4.5
ey

e System steady state KPIs, which consider the effects of the overall thermal masses.
Relevant parameters evaluated are the system first and second law efficiencies and mass
and volume energy densities:

L+ Q¢
H
L+E,
T]” == E 47
H
L+ L+
ED,, = QC; EDy =— e 4.8
Mot tot

Relative percentage deviations of the first and second law efficiencies between the ideal case
and the system steady state case are computed:

6, = M 100 4.9
N1id

5y = Niia — M 100 4.10
Ni1,id

Such indicators are useful to highlight the configuration which undergoes the highest efficiency
drop related to the system sizing.

e System Dynamic state KPIs. Such parameters are computed considering quantities
integrated over cycle time:
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L+ Q¢
= - 4.11
T Quy
Ly +Eq;
Nie = E 4.12
Hit
L+ 0Qcy L+ 0Qcy
ED,,, =+ <%t. [Ep,, =-t_<Ct 4.13
' Mot ' Viot

Relative percentage deviations of the first and second law efficiencies of the sized system
between the steady state case and the dynamic state case are computed:

Nie — M

61,1: = 100 4.14
UJi

Sy = Nie — N 100 415
Nn

Further relevant parameters, i.e., mass and volume power densities PD,,, and PD;,, which
consider the cycle duration, are also computed. Indeed, aside from the efficiency and energy
density as design criteria, the overall time needed to achieve the charging and discharging
phases represents an important feature to consider in energy storage systems. The power density
parameter adds such information to the energy density, and it can be defined as the mean power
at which the system would operate if it were operating at constant power. Therefore, a high
power density is achieved when a good trade-off between cycle time and energy density is
accomplished.

ED ED
PD, = —"t; PD, = —
tcycle tcycle

4.16

Where the cycle time is divided into reaction charge time t., , sensible charge time t. oy,
reaction discharge time t; ,- and sensible discharge time tg gop.

tcycle = tc,r + tc,sen + td,sen + td,r 4.17
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5. Results

Main results obtained through the application of the model on the specified case, adopting
different SrCl, 8-1 — HTM configurations are illustrated in the following chapter. In the first
part the key performance indicators obtained in the steady state analysis are reported: regarding
the ideal cycle, a brief discussion on the thermodynamic parameters of the cycle which
influence its efficiency is carried out. Concerning the sized system, the impact of the thermal
masses on the performance is investigated in detail to detect which properties of the salt-
ammonia reactions and the cycle are most responsible for it. In the second section, the dynamic
simulation for a selected SrCl» 8-1 — HTM configuration is carried out and the evolution in time
of relevant quantities is illustrated and physically interpreted. Finally, in the last part, the
performance evaluation of the different configurations in the dynamic state is accomplished,
with the purpose to highlight which operating features are critical in determining high cycle
times. A parametric analysis is then presented on a specific SrCl, 8-1 — HTM configuration,
showing the effects of such features on the cycle time and useful outputs.

5.1 Steady state analysis

Figure 5.2 shows the values of first and second law efficiencies related to the ideal
thermodynamic cycle for the selected HTMs and fixed LTM at SrCl: 8-1.
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Figure 5.1: First law and second law efficiency for ideal cycle (left); hot source temperatures and pressure ratio

for each selected HTM (right).

The configurations which appear to have higher performance are the ones operating at lower
hot source temperature T, and higher pressure ratio 8. Such working conditions are beneficial
from the point of view of the sensible heat consumption, in both the preheat and precool stages.
Indeed, using a heat source at lower temperature results in minor temperature variation needed
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5. Results

in the preheat stage, hence lower specific heat input qy. In addition, adopting both lower Ty
and higher £ ensures a reduced expander outlet temperature, which enables the LTM reactor to
adsorb gaseous ammonia at a lower temperature. Thus, during the precool stage, the LTR
undergoes smaller temperature variation and minor sensible heat release, resulting in a higher
net specific refrigeration energy q..

i

0.9 A Ty
0.8 "
0.7 1
0.6 | A

0514 4 ‘ a 4

A

04r yy = A "

A

03}, L .o | | ]

L]

0.2 b A 4 - [

017 - -

e g asagr9a1axan
N- - - - - - B ]
T T o R T o B B B I s T R T g
R R
L0220 sI0NEESE

Q & B o

Figure 5.2: First law and second law efficiency for the system in steady state conditions.

Concerning the system steady state case (Figure 5.2), since the useful products of the cycle Q.
and L are fixed for each analyzed LTM-HTM working couple, the configurations with the
higher efficiency values are characterized by the lower energy and exergy inputs, Qy and Ey,
respectively. Moreover, differently from the ideal case, it results that the performance values of
the steady state case are not particularly affected by the operating hot source temperatures and
pressure ratios. Such a feature is due to the fact that in the steady state case, the effective size
of the reactors is considered, which has far more influence on the efficiency, with respect to the
operating conditions of the thermodynamic cycle.

5.1.1 Energy density

The effect of the system’s size on the performance can be seen also in Figure 5.3, representing
the mass and volume total energy densities corresponding to the different SrCl, 8-1 — HTM
configurations. For instance, the stoichiometric variation between higher and lower
ammoniated salt (v, — v;) of the selected HTM reaction appears to have an influence on the
values of the mass energy density. Indeed, a lower quantity of ammonia involved in the
chemisorption reactions at fixed pure salt mass implies larger amounts of reactive material
needed in the reactors to produce the energy needs Q. and L.
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Figure 5.3: Total volume energy density EDy and specific energy ED,, for each configuration in steady state.

Another parameter that affects the total energy density is the molar weight M, of the pure salt
used as a reactive medium: clearly adopting heavier material results in a lower energy density.
For instance, the reactions PbCly 1-0 and CaCl; 2-1 have the same stoichiometric variations
(v, — v1), but, since lead has higher molar weight than calcium, the former HTM reveals lower
mass energy density than the latter. It is worth noticing, that the specific adsorption capacity S
is directly proportional to the ratio between (v, — v;) and M, (equation 4.3). Hence, it is
reasonable to presume that configurations adopting HTM with higher S would reveal higher
energy densities. However, such assertation is valid only in the case all configurations adopt
the same amount of ammonia myy, o that is exchanged between the two reactors, as it is

shown in Figure 5.4.
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Figure 5.4: Total specific energy for each configuration, compared with the specific adsorption capacity (Left),
and with specific adsorption capacity normalized to the mass of ammonia (right).

The left graph of the figure represents the mass energy density of the system for each selected
HTM, compared with its specific adsorption capacity. It appears that not always the
configuration with the higher S is characterized by a higher ED,,, as for FeCl, 6-2 and CoCl»
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6-2. On the other hand, let us consider the specific adsorption capacity normalized with respect
the total amount of ammonia used in each configuration:

Sc
Sem=—" 5.1
MyH; tot

Observing the right graph of Figure 5.4, there is a clear correspondence between the values of
mass energy density and normalized Specific adsorption capacity S¢,,,. Therefore, it can be
inferred that to identify the best solution in terms of high mass energy density, it is sufficient to
detect the configuration with the highest specific adsorption capacity normalized to the amount
of ammonia adopted. In other words, at a fixed amount of working fluid in the system, the
highest mass energy density is obtained by adopting the HTM with the highest S.

The most performing configuration results to be the one adopting NiCl, 6-2 reactive mixture as
HTM: first and second law efficiencies in the steady state case are 0.57 and 0.3 respectively,
with the total volume energy density of 91.7 kWh/m? and mass energy density of 267 k] /kg.
However, such a selection does not result in high performance from the point of view of the
power density and cycle time required, as illustrated in section 5.3.

5.1.2 The effect of thermal masses on the efficiency

As previously discussed previously (5.1), the thermal masses of the reactors have a major
influence on the performance with respect to the operating hot source temperature and pressure
ratio. This paragraph aims to highlight which properties of the salt-ammonia reactions and of
the thermodynamic cycle are mostly responsible for high values of thermal masses, thus high
efficiency losses between ideal and steady state case. To do so, let us consider the equations
for the first law efficiency in the ideal (1 ;4, €q. 5.4) and steady state (77, eq. 5.5) cases, written

as follows:
_ [+ 9cr — |qC,sen| 59
Niia = n .
qH,r QH,sen
QC senl
— Ccr
n, = MyH, tot! + My, torder |Qc,sen| _ MyH, tot 53
1 — - .
mNH3,totCIH,r + QH,sen qy + QH,sen
T
MNH; 1or

Equations 5.2 and 5.3 prove that the deviation between 1; ;4 and n; are exclusively related to
the sensible heat, both in the precool and in the preheat stage. The same consideration is valid
for the second law efficiency. The expressions of the sensible heat can be further investigated:

Qu,sen = TMSZ,h(Tl —Ts); Qcsen = TMSZ,I(T4 —T3) 5.4
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5.1 Steady state analysis

with TMg, j, and TM, ; the thermal masses of the HTR and LTR at high ammoniation state

(defined in equation 5.49), respectively. Thus, the sensible heat contribution can be written in
the following general form:

Qsen = TMATsey, 5.5

= Qsen = (mSZ CSZ + MyxChx + mEGCEG)ATsen 5.6
Considering the definition of graphite ratio and metal ratio from equation 5.46 and 5.47.

fEG

AT, 5.7
1 — fEG) msCEG) sen

= Qsen = (mSZCSZ + TmscChx + (

Rewriting the mass of the pure salt and the mass of the salt ammoniated at the higher state in
terms of stoichiometric moles of exchanged ammonia (equation 3.8):

NNH; tot — ( fEG )nNH3,t0t

M + Mgc )AT 5.8
Vo — Vg Vo — Vg sCux 1-— fEG Vo — Vg s“YEG sen

Given the definition of specific heat of the highest ammoniate (equation 3.51) and using the
definition of specific adsorption capacity S (equation 4.3):

MNH; 400
Sc

C. C
ATsen (TS+’V2&+TCHX + (fE—G) CEG) 59

Qsen B Ms Ms 1- fEG

The above expression shows that three design parameters have a major impact on the sensible
heat: the total cycle gaseous ammonia myy, , ., the temperature difference in the preliminary
state AT and the specific adsorption capacity S of the salt-ammonia reaction used. The term

composed by AT and S. on the right-hand side of equation 5.9 can be defined as the sensible
heat coefficient:

AT,
Asen = Sse” 5.10
c

The term in the brackets on the right side of the equation 5.9 has the units of a specific heat and
can be defined as the equivalent specific heat of the reactor in the adsorbed state:

Cs CNH, ( fee ) )
C =|l=+Vv,—+ 1TC +|—|c
™ (MS 20, T\ = fg) O 311

Finally, the sensible heat contribution can be written as follows:

Qsen = AsenmNH3,totCTM 5.12
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Based on expressions 5.10 - 5.12, some considerations can be made regarding the properties
which influence the thermal masses effects:

e Selecting the pure salt with higher specific adsorption capacity S allows to obtain a
lower sensible heat contribution, improving the overall performance.

e Higher cycled ammonia myy, ;,; Will inevitably increment the amounts of reactive salts
adopted in the reactors, increasing their thermal masses. On the other hand, reducing
the cycled ammonia would also reduce the useful effects of cold and work production.
Indeed, substituting equation 5.9 in the efficiency expression (eq. 5.3), the total cycled
ammonia term is canceled, proving that such a design parameter does not affect the
overall system first and second law efficiency.

e Reducing the preheat/precool temperature difference AT, results in positive effects on
the sensible heat, thus on the performance. At fixed operating pressures, the reactive
mixtures with a higher enthalpy of reaction AH, , i.e. higher inclination of the
equilibrium line, will result in lower AT,,,.

e At fixed metal ratio T and graphite ratio fg;, properties of the salt-ammonia reaction
which influence the sensible heat for the different configurations are the pure salt
specific heat c; and the high ammoniation stoichiometric coefficient v,.

Figure 5.5 represents the values of Ag., and ¢z, for both HTR and LTR, in each selected
configuration, together with the first and second law efficiency deviations § between ideal and
steady state case (eq. 5.9 and 5.10). It appears that there is a correspondence between the trend
of the sensible heat coefficient evaluated for the HTR (A, ) and the trend of &. Such a feature
proves that Agp,  is far more influencing on the overall side effects related to the thermal
masses, with respect the same coefficient relative to the LTR (Asy,;). In fact, for each analyzed
configuration the LTM undergoes a temperature variation during the precool phase which is
smaller than the corresponding AT applied to the HTM during the preheat phase. Moreover, the
adopted salt-ammonia reaction for each configuration in the LTR is SrCl, 8-1, which is the
reaction characterized by the highest value of S = 0.751 kgnps/Kgs: as seen in equation 5.8,
a high specific adsorption capacity is beneficial from the viewpoint of the reduction of the
sensible heat consumption. The impact of the equivalent specific heat cyy, of the reactors on
the performance loss results to be less relevant compared to the sensible heat coefficient.
Indeed, cry is one or more order of magnitude smaller than A, for each selected
configuration.
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Figure 5.5: Values of A, and cris for different selected HTM, relative to the HTR (left) and to the LTR (right),
and performance efficiency percentage deviation between ideal and steady state case (bottom). Note the

correspondence between the trend of the evaluated for the HTR Age, 5 and 6y, 1.

In conclusion, some guidelines to design a TRSC configuration with the aim of minimizing the
side effects of thermal masses on the performance are summarized:

5.1.3

The most impacting parameter is A, of the two reactors, hence it is favorable to adopt
a system configuration in which such parameter is minimum. If the temperature during
precool/preheat phase cannot be calculated, as rule of thumb the best salt-ammonia
reactions to be used are the ones with highest specific adsorption parameter S.
Designing a reactor with minimum equivalent specific heat ¢y, reduces the effect of
thermal masses and favors the efficiency. Nevertheless, the impact of such a parameter
is negligible with respect to Ager,.

Summary of results from steady state analysis

The efficiency of the ideal cycle is thermodynamically favored by low hot source
temperature and high pressure ratio, since minor sensible heat consumption is achieved.
The efficiency of the sized system is affected more by the thermal masses, rather than
by the operating hot source temperature and pressure ratio. The best HTM is NiCl, 6-2
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with first and second law efficiency of 0.57 and 0.3 respectively; mass and energy
density of 267 kl/kg and 91.7 kWh/m? respectively.

e Higher mass energy density is accomplished by configurations adopting HTM with
higher Specific adsorption capacity S¢, normalized to the total mass of cycled ammonia.

e Specific adsorption capacity is also the main intrinsic property that affects the impact
of the thermal masses on the performance. To minimize the loss of efficiency caused by
the effective size of the reactors it is convenient to adopt a configuration with the
minimum value of coefficient Ag,,,.

5.2 Dynamic state

After the steady state performance evaluation is performed for each suitable configuration, the
dynamic model is used to obtain the evolution in time of relevant quantities, for a specific SrCl»
8-1 — HTM working couple. Hence the phenomena involved are explored in detail with the
purpose to carry out a physical interpretation for the behavior of the reactors and of the working
fluid, in each phase of the operating cycle. The selected SrClz 8-1 — HTM configuration is the
one adopting MnClz 6-2 as HTM. Such a choice is made since the dynamic model has been
validated for that specific working couple, ensuring more reliable results. Moreover, as it is
shown in the next section, the SrCl> 8-1 — MnCl, 6-2 configuration reveals to be a favorable
solution among the other options considering its high power density.

-1000/T[K]

Figure 5.6: Operating conditions on Clapeyron diagram for the SrCl, 8-1 — MnCl, 6-2 configuration.

Taking Figure 5.6 as a reference, the operating conditions and working phases which constitute
the cycle, are recapped as follows:
e Preheat — Sensible charge phase: HTR is heated from intermediate sink temperature
T, to hot source temperature Ty (from 5 to 1) and LTR is heated from cold source
temperature T to ambient sink temperature T, (from 4 to 3).
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5.2 Dynamic state

Reaction charge phase: Desorbed ammonia flows from HTR through scroll expander
and is adsorbed in LTR (point 3).

Precool — Sensible discharge phase: LTR is cooled from ambient sink temperature T,
to cold source temperature T, (from 3 to 4 ), while HTR is cooled from hot source
temperature Ty to intermediate sink temperature T,,, (from 1 to 5).

Reaction discharge phase: Ammonia desorbed from LTR is adsorbed in HTR (point 5).

The simulations are stopped based on the following two criteria, depending on the cycle phase:

5.2.1

For the intermediate steps, i.e. precool and preheat phases, the transient is ended as both
reactive bed temperatures reach a deviation smaller or equal than 0.1 K with respect the
source/sink temperature. For instance, the sensible charge phase ends when Ty — T}, j, <
0.1Kand Ty —Tp; < 0.1 K.

Regarding the reaction phases, the transient ends as the global conversion ratio of both
reactors reach a deviation smaller or equal than 5 - 10™* with respect the target value,
i.e. 0or I. For instance, the reaction charge phase ends when x;, — 0 < 5-107* and
1-x<5-107%

Preheat phase

During the preheat stage the two reactors are disconnected and heated to the corresponding
target temperatures. While the heating occurs, the equilibrium condition is maintained in both
reactors, hence the composition of the reactive mixture is invariant: the global conversion ratio
of the two reactors is fixed at x, = 1 for the HTR and at x; = 0 for the LTR. Figure 5.7 shows
the temperature evolution of the reactive bed, the metal composing the heat exchanger and the
heat transfer fluid, relatively to HTR (subscript h) and LTR (subscript 1).
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5.7: Temperature evolution of the reactive bed 7}, heat exchanger Ty, and heat transfer fluid 7, during
the preheat phase relatively to HTR (left) and LTR (right).

It can be inferred from the graph that HTR has larger a thermal mass compared to LTR. In fact,
the bed material and the heat exchanger metal which compose the LTR need less time to reach
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the desired temperature than the same components corresponding to HTR. The minor thermal
mass of the LTR is due mainly to the following reasons:

e The LTR is in the desorbed state as it undergoes the heating process (x; = 0), meaning
that the reactive mixture is purely composed of strontium chloride ammoniated to the
lower state SrCIo(NH3)1. On the contrary, HTR is in the adsorbed state, hence it is purely
composed of manganese chloride ammoniated at the higher state MnCly(NH3)s.
Therefore, regardless of the different amounts of pure salt in the reactors, HTR has a
mass higher than LTR by a quantity mypy, to¢-

e The higher specific adsorption parameter of the SrCl, 8-1 reaction with respect to
MnCl; 6-2.

Another interesting feature worth noticing is the almost invariant evolution in time of the heat
transfer fluid mean temperature T in both reactors. The physical reason for such a trend can be
explained considering how the heat transfer fluid is modeled: the inlet fluid temperature is fixed
at the desired source/sink temperature and the mass of the fluid in the reactor is as large as the
quantity of metal. Hence, the high thermal inertia of the fluid together with the constant high
energetic flow entering the reactor results in a negligible impact of the thermal power transfer
on the mean temperature Tr. A slight variation of the fluid temperature only occurs at the

beginning of the process, as the thermal power transferred is maximum.

5.2.2 Reaction charge phase

As the reactors are brought to the desired equilibrium temperatures at different pressure levels,
the desorption/adsorption process of HTM and LTM is achieved by connecting them. As the
valve is opened two constraint pressures are instantaneously imposed on the reactors, which
evolve throughout the whole reactive process. Such pressures deviate from the equilibrium
pressures of the salt-ammonia reactions corresponding to their temperatures (which is also
varying in time), triggering the driving force necessary to achieve the decomposition/synthesis
process.
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Figure 5.8: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during
reaction charge phase. The red line refers to HTM, while the green line refers to LTM.
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5.2 Dynamic state

Figure 5.8 represents the evolution in time of the global conversion rates and of the non-
equilibrium pressures of the reactors during the reaction charge phase.

It is interesting to notice that the global conversion rate trends of the two subsystems are exactly
mirrored with respect to each other, meaning that the magnitude of the driving forces relative
to HTR decomposition and LTR synthesis are equal. Hence, the two reactors are equally intense
from the kinetic viewpoint and act as a single system, in which no component prevails to the
other. Such a feature is strictly related to the design of the reactors based on the cycled ammonia
MyH, tor: the amounts of reactive mixtures in HTR and LTR have been properly sized in order
to obtain the same stoichiometric quantity of ammonia to be desorbed/adsorbed in the reactors.
The behavior of the system would be different if, for instance, the LTM would be oversized:
the quantity of ammonia that the LTR could adsorb would be larger than the mass of ammonia
desorbed by the HTR. Thus, the LTR would be characterized by stronger kinetics (equations
3.93 and 3.94) and would impose its driving force on the coupled reactions in the system. An
example of such a case is illustrated in the next paragraph (5.2.3), in which the reaction charge
phase is represented on the Clapeyron diagram. Concerning the non-equilibrium pressure
evolution, it can be seen that p,; is scaled with respect to p. ,, by the factor f = 3.07. Indeed,
the scroll expander is modeled as a simple constrain between the non-equilibrium pressures of
the two reactors, given by the pressure ratio itself.

Three separated time intervals can be identified for both global conversion rate and constraint
pressure trends: at the beginning of the process, a rapid variation occurs because of the
maximum driving force imposed on the reactors after their instantaneous connection. The
reactors get then stabilized in the second interval, during which the driving force and the
constrain pressures are constant. Finally, as the HTM decomposition and LTM synthesis are
almost complete, the driving force drops, causing the coupled reactions to slow down. The same
time intervals can be detected in the trend of the mass flow rate and the power produced by the
expander shown in Figure 5.9.
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Figure 5.9: Evolution in time of the ammonia mass flow rate from HTR to LTR (left) and scroll expander power
(right).
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It is worth noticing that myy, and W reveal the same trend, proving that the specific work
produced is almost invariant during the reactive process. In other words, since the pressure ratio
is assumed constant, the enthalpy difference between expander inlet and outlet is not drastically
affected by the transformations occurring in the two reactors.

The last variable that needs to be discussed, relatively to the reaction charge phase is the
temperature. Taking Figure 5.10 as a reference, it can be observed that the temperature
variations occurring in the reactors are associated with the heat transferred during the
corresponding chemisorption reactions.
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Figure 5.10: Temperature evolution of the reactive bed 7}, heat exchanger Ty, and heat transfer fluid 7y during
the reaction charge phase, relatively to HTR (left) and LTR (right).

Indeed, the HTR is undergoing endothermal desorption, which thermodynamically corresponds
to a thermal sink located within the reactor. Hence, desorption causes the HTR temperature to
decrease until a balance between heat supplied by the HTF and heat required by the reaction is
achieved. On the other hand, the LTR is undergoing exothermal adsorption, meaning that an
internal energy source causes the reactor temperature to steeply increase at the beginning of the
process when the driving force is higher. After the temperature peak, the thermal energy
absorbed by the HTF overcomes the heat generated by the synthesis reaction and LTR is cooled
back to its beginning state. The entity of the temperature variation clearly depends on Ah, of
the considered salt-ammonia reaction: the higher temperature variation of the HTR compared
to the LTR is related to the larger heat of reaction of MnCl, 6-2 with respect to SrCl» 8-1, which
have a value of Ah,. equal to 47.4 kJ/mol and 41.4 kJ/mol, respectively.
Regarding precool and reaction discharge phases, similar considerations on the transient
behavior during the preheat and reaction charge phases can be made. The only differences are:
e The reactors swap their role, meaning that the LTR acts as vapor generator, while the
HTR becomes the vapor absorber.
e During desorption/adsorption phase a single non-equilibrium pressure is imposed on
both reactors, since the expander is bypassed.
The results in terms of evolution in time related to the discharge phase are shown in the
appendix.
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5.2 Dynamic state

5.2.3 Representation on the Clapeyron diagram

The evolution in time of temperature and pressure of HTR and LTR during the reaction charge
phase is represented on the Clapeyron diagram in Figure 5.11.
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Figure 5.11: Reaction charge phase on the Clapeyron diagram.

The three different time intervals addressed previously (5.2.2) can be observed: as the reactors
are connected, the constraint pressures p., and p.; are instantaneously imposed, i.e.
transformations (1-1”) for HTR and (3-3”) for LTR. Subsequently, the reactors rapidly evolve
towards the equilibrium lines of the corresponding solid/ammonia reactions. Hence, the driving
force of the simultaneous reactions lowers its intensity, until new equilibrium conditions for
both reactors are achieved (3’ and 1°) and the reaction charge phase is ended. As previously
mentioned (5.2.2), the reason for this behavior is that HTR and LTR are equally sized in order
to adsorb/desorb the same stoichiometric quantity of ammonia My, ;¢, and no reactor imposes
its driving force on the other. The behavior of the system is different in the case the one reactor
is oversized or undersized compared to the other. For instance, let us assume to size the reactors,
imposing the following relation:

4
MyH; tot,1 = 3 MNH, tot,h 5.13

Thus, the maximum quantity of gas that the LTR can adsorb/desorb is 4/3 times larger than the
total amount of gas the HTR is capable to manage. In other words, LTR is oversized with respect
to HTR. Figure 5.12 shows the global conversion rates and the reaction charge time on the
Clapeyron diagram in this specific case. It can be noticed that, while the HTR is completely
desorbed at the end of the charge phase, LTR has still the potential to adsorb gaseous ammonia
(x; tends to 0.75 instead of 1). Consequently, LTR kinetics is the prevailing driving force on
the coupled reactions in the system. Indeed, as it can be inferred by the Clapeyron diagram, the
reaction charge phase ends with the LTR at equilibrium conditions corresponding to SrCl; 8-1,

i.e. with pe; = Peqi(T3).
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Figure 5.12: A case study in which LTR is oversized compared to HTR. Evolution in time of global conversion
rates of HTR and LTR (left) and reaction charge phase on the Clapeyron diagram (right). LTR imposes its
kinetics on HTR.

On the other hand, the HTR is driven by LTR until it reaches a final condition out of the
equilibrium line corresponding to MnCl> 6-2, i.e. with p., = Bp.;. In conclusion, two
scenarios can be expected when coupling two reactors in a thermochemical resorption system
through the dynamic model:
e Ifareactor is oversized with respect to the other, it imposes its equilibrium condition to
the overall resorption system, because of its more impactful driving kinetics.
e [f the reactors are sized in a such way that they have the potential to adsorb/desorb the
same amount of gaseous working fluid, no reactor imposes its driving force to the other.
Instead, the system evolves towards a new equilibrium condition.

5.2.4 Energy stored and cogeneration of power and cold

The evolution of the cumulated energy quantities in time, relative to the charge phase and
discharge phase is illustrated in Figure 5.13.
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Figure 5.13: Evolution in time of stored energy and work produced during the charge phase (left); evolution in
time of the cold production during the discharge phase (right).

78



5.3 Dynamic state performance evaluation

A relevant aspect to highlight is the larger time needed to achieve the reactive phase with respect
to the sensible heat transfer phase during both charge and discharge. Thus, it can be observed
that reaction kinetics represents a more significant bottleneck to the completion of the overall
cycle, than the thermal masses. Detailed analysis on the cycle time of the several configurations
defined in the previous chapter is carried out in section 5.3 with the aim to identify the design
parameters which mostly affect such a high duration of the reactive phases.

Concerning the sensible phases, the effect of thermal masses is far more impactful in the preheat
stage rather than during precooling, given that the HTR adsorbs about 100 kWh, while LTR
needs to release less than 25 kWh: indeed, the related values of the sensible heat coefficient
Asen for SrCla 6-2 and MnCl, 6-2, are about 110 kgsK/kgny, and 260 kg K/kgnm,
respectively (Figure 5.5). Moreover, the cold production results to be larger than the design
value Q. = 120 kWh, set in the steady state case. The reason is linked to the practical need to
bring the reactors at different pressure levels before desorption/adsorption addressed in the
dynamic study: the sensible heat contribution in the discharge phase evaluated in the dynamic
case results to be lower than the same contribution relative to the steady state case, due to the
smaller temperature variation achieved (section 4.2.2, Figure 4.3). As a consequence, a larger
net refrigeration effect is obtained. The impact of such an additional feature on the results in
the dynamic case is addressed in detail in the following section, where the corresponding KPIs
for each admissible configuration are visualized and commented.

5.3 Dynamic state performance evaluation

First and second law efficiencies resulting from the dynamic analysis (4.3) have been computed
for each SrCl, 8-1-HTM configuration and compared with the values obtained in the steady
state case (Figure 5.14).
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Figure 5.14: First and second law efficiencies related to the dynamic state analysis (left) and percentage
deviations with respect to the steady state case (right).
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The slight discrepancy, lower than 15% for each HTM evaluated, proves that the results are
consistent from the energetic point of view. As already discussed previously (section 5.2.4), the
main reason for such a deviation is related to the addition of practical conditions regarding
kinetics in the dynamic study of the cycle, thus the different pressure levels of the reactors
before synthesis/decomposition steps, with respect to the steady state case, as shown in Figure
5.15.
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Figure 5.15: Sensible heat contributions in steady state (left) and dynamic state (right).

Before the reaction occurring during the charge phase, the pressure difference between HTM
and LTM in the dynamic case is larger compared to the steady state case (points 1 and 3). On
the other hand, before the discharge phase the HTM reactor is brought to a lower pressure with
respect to the LTM reactor in the dynamic case, while in the steady state the reactors are at
same pressure (operating points 4 and 5). Consequently, in the dynamic state the sensible heat
contribution Qy s, in the preheat stage is higher due to higher temperature raise achieved,
while the sensible heat contribution Qc s in the precool stage results to be lower. The former
feature causes an efficiency decrease of the cycle in the dynamic analysis, while the latter one
contributes to increase it. It is interesting to notice that some configurations are affected by a
negative deviation from the steady state results, while for others the performance increases.
System configurations presenting a dynamic efficiency drop with respect to the steady state
case are therefore characterized by an increment of Qy ., Which overcomes the effect of the
reduction of Q¢ sen-

5.3.1 Cycle time

The dynamic analysis also provides information regarding the cycle duration related to each
system configuration. Figure 5.16 shows the total cycle time, composed by its different
contributions.
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Figure 5.16: Cycle time for each SrCl, 8-1 — HTM configuration.

Several observations can be made in terms of how the cycle characteristics and salts properties
affect the cycle duration:

e The time needed to complete the sensible heat transfer in both charge and discharge
phases is the largest for the configurations with the largest thermal masses effects (PbCl
2-1.5 and PbCl 1.5-1 as HTM): the higher the sensible heat coefficient A, the higher
the energy consumed/released by the reactor to achieve the preheat/precool temperature
variation.

e The discharge desorption/adsorption phase providing the cooling effect has almost the
same duration for each configuration. The main reason is that for each selected HTM
the pressure difference imposed by the two reactors after the precool phase is the same,
corresponding to (p, — ps) in the right graph of Figure 5.15. Physically, this implies
that, as the valve is opened to trigger the discharge reaction, the non-equilibrium
conditions imposed on the reactors are comparable for each HTM selected, causing in
fact similar reactions kinetics.

e The duration of the charge desorption/adsorption phase, providing the heat storage and
the work production, is related to the choice of the expander pressure ratio f, with
respect to the maximum achievable pressure ratio 3,4, : configurations undergoing
longer reaction charge phase are characterized by a value of 8 closer to B4y (€.g. NiCl2
6-2). Such feature is explored more in depth from the physical point of view in
paragraph 5.3.2.

After computing the total cycle time, it is possible to obtain the power density for each
configuration (Figure 5.17). It is interesting to notice that, although a specific selected HTM
might result in high performance from the energetic viewpoint in the steady state evaluation, it
can reveal a drastic deficiency in terms of cycle time. For instance, it is the case of the
configuration using NiCl» 6-2, with a volume energy density of about 91.7 kWh/m? and power
density of only 0.04 kW/m?, revealing to be the worst choice in terms dynamic performance.
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Figure 5.17: Power density for each SrCl, 8-1 — HTM configuration. NiCl, 6-2 appears to be the worst
choice in terms of dynamic performance.

5.3.2 Influence of the pressure ratio on the reaction charge time

Two upper limits for the pressure ratio are to be considered while designing a TRSC: the first
is related to the fact that the outlet pressure of the expander must be lower than the ammonia
dew point at the corresponding temperature, in order to avoid phenomena of pitting corrosion
of the materials composing the blades. The second upper limit is linked to the ambient sink
temperature Ty:

_ peq,h (TH)

= 5.14
.Bmax peq,l (TO)

The scroll expander outlet pressure must be higher than the equilibrium pressure of LTM
corresponding to temperature T. Indeed, if this last condition is not fulfilled, it would cause
the LTR to release adsorption heat at temperature lower than Ty, making the heat transfer from
the reactor to the ambient sink physically impossible. To better understand how the value of
scroll expander pressure ratio with respect to 4, influences the reaction charge time, let us
consider the Clapeyron diagram for two different system configurations (Figure 5.18).
Considering the case in which NiCl, 6-2 is adopted, the fixed pressure ratio has a value
comparable to ;4. Since such a high pressure jump is requested between the expander’s inlet
and outlet, the non-equilibrium pressures imposed at the two reactors at the beginning of the
reaction, i.e. p. , atthe HTR and p.; at the LTR, can only slightly deviate from the equilibrium
line at the corresponding temperature. This small deviation does not favor the reaction kinetics
in the reactors, causing the reaction time to rise dramatically. On the contrary, in the case of
MnCl; 6-2 configuration, the value of § is much smaller than the maximum acceptable value.
Therefore, the non-equilibrium pressures imposed at the reactors have room to considerably
deviate from the equilibrium conditions at the corresponding temperature, allowing to obtain a
high driving force promoting the reactions.
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Figure 5.18: Clapeyron diagrams in the case of selecting the configurations with NiCl, 6-2 (left), and MnCl, 6-2
(right) as HTM.

In general, we could say that: the closer is the pressure ratio with respect to the maximum
achievable pressure ratio [5,,,4, for the specific configuration, the smaller will be the deviation
imposed to the two salt-ammonia reactions with respect to their equilibrium lines, when the
valve is opened and the reactors are connected. This inevitably causes a weaker driving force
for the chemical reactions of desorption in the HTR and adsorption in the LTR, thus larger time
will be needed to complete the whole reactive charge phase.

The evolution of the pressure in time during decomposition/synthesis in the charge phase is
shown in Figure 5.19 for the two configurations.

5 20
45+ _pc.h 1 175+ _pc.h
4 Py | 2.29 0.66 P,
2,28/ 0.655 15
357 227 O2PI— s
3t 2.26 0.65 .
Ez | 01 2 3 0 3 E 0
=27 [] =
27 7.5
151 <
L -
= 25 ~—
0.5F
0 0
0 500 1000 1500 2000 2500 0 1 2 3 4 5 6 7 8 9 10
t [h] t [h]

Figure 5.19: Evolution of the pressure in the two reactors in the case NiCl, 6-2 (left) and MnCl, 6-2 (right)
as selected HTR.

It is interesting to notice that in the case of NiCl, 6-2 as selected HTM the pressures in the
reactors result to have a constant trend in time: since the pressure deviations imposed to the
reactors are very modest, it is reasonable to expect that the non-equilibrium pressures get
stabilized at the early stages of the reaction, after slight variations two/three orders of magnitude
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smaller than bars. On the other hand, in the case of MnCl, 6-2, the reactors undergo high
deviation from the equilibrium pressure as the valve is opened, causing intense variation of the
pressure trend, until the reaction is ended.

Since several potential system designs can exist, depending on the selection of LTM-HTM
couples and operating conditions, it is useful to define a proper parameter, able to identify a
priori whether the implementation of a scroll expander for a certain configuration would be
critical from the point of view of the charge decomposition/synthesis time. We therefore define
the expander coefficient ¢ as:

-1
£ = B

-0 5.15
ﬁmax_ 1

When ¢ tends towards 1, the charge reaction time tends to mathematical infinity, since § would
tend to Sax. In fact, when f = B4, N0 pressure deviation with respect to the reactions
equilibrium lines are achievable and the decomposition/synthesis would not occur. On the other
hand, as & is equal to 0, the reaction time is at its minimum value, corresponding to a
configuration in which the expander is bypassed, i.e. Simple Resorption (f = 1). In Figure 5.20
the values of the coefficient ¢ are represented for the different analyzed SrCl, 8-1-HTM
configurations, together with the charge reaction times ¢ ;..
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Figure 5.20: Expander coefficient for each SrCl, 6-2 — HTM configuration compared to the corresponding
charge reaction time.

The fact that the trend of & well resembles the trend of the reaction charge time proves the
relevant impact of the selection of the pressure ratio on the reaction kinetics. The lowest reaction
time is obtained adopting the configuration with CuCl; 5-3.3 as HTM, with a value of 9.5 h,
corresponding ¢ = 0.0408.
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5.3.3 Parametric analysis: reaction charge time

A specific system configuration with fixed a SrCl, 8-1-HTM working couple has been
investigated through the dynamic model with the aim to highlight how the choice of the pressure
ratio affects the reaction charge time t., and the work produced L;. The selected HTM is
MgCl> 6-2, which is one of the most performing reactive material from the power density
viewpoint. The operating conditions are the same as defined in chapter 4, with the only
difference that in this case several values of 8 are set as inputs to the model, while the produced
work is calculated a posteriori. The values of f go from 1 to 5,4, Which for this specific
configuration is equal to 12.3. Figure 5.21 represents the evolution of the global conversion
rate x, related to the HTM, undergoing desorption for the selected values of pressure ratio. It
is noteworthy that the reaction charge time increases more significantly as the chosen pressure
ratio approaches f,,4x» 1.€. as the expander coefficient ¢ tends to 1. This is coherent with what
is mentioned in the previous paragraph: since the desorption/adsorption between HTM and
LTM would not occur in the case of f = [,,,4x, meaning that the reaction time would be infinite,
we can expect that t, increases exponentially as the pressure ratio increases, with the upper
limit tending to infinite as § tends to Spax-
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Figure 5.21: Evolution in time of HTM global conversion rate during the reaction charge phase for SrCl, 6-2-
MgCl, 6-2 configuration, with different values of f.

Such a feature is to be found in Figure 5.22 as well, where the work production and t,. are
investigated as a function of . It results that, while the raise of work production gets slower as
the pressure ratio tends to its maximum value, the reaction charge time curve gets steeper with
an exponential trend.
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Figure 5.22: Reaction charge time and work production for SrCl, 8-1- MgCl, 6-2 configuration and
different values of .

This behavior implies that for a generic system composed of two thermochemical reactors
connected via an expander, selecting a configuration with the maximum pressure ratio is not
the most beneficial design. Indeed, the increase of desorption/adsorption phase duration
obtained when a higher pressure ratio is selected is much more impactful than the raise of the
potential work that can be produced. In other words, the drawbacks related to the selection of
pressure ratio close to its maximum achievable value, in terms of reaction time, remarkably
overcome the potential benefits that would be accomplished in terms of work production. For
instance, as shown in Figure 5.22, the work production rise corresponding to an increase of
pressure ratio from 9 to 12, is in the order of kWh, while the increment of time is in the order
of 10% h. Therefore, depending on the specific application purposes, a suitable trade-off
between useful work production and requested charge time should be envisioned to properly
select the scroll expander pressure ratio.

5.3.4 Parametric analysis: reaction discharge time

As described in Section 5.3.1 the decomposition/synthesis reaction time during the discharge
phase t;, does not change considerably for the different selected HTM. Since the pressure
difference Ap; = py — ps between the two reactors (right graph of Figure 5.15) is fixed, the
non-equilibrium pressures imposed on them as the valve is opened result in similar reaction
kinetics, and therefore similar reaction time for each configuration. It seems reasonable to
presume that as such pressure difference changes, the reaction discharge times will be affected.
Specifically, it can be expected that as Ap, increases a higher deviation from the equilibrium
lines can be achieved in both the reactors upon valve opening, meaning that a higher driving
force for the chemical reactions will be achieved. On the contrary, if Ap, is set to 0, the two
reactors are at the same equilibrium pressure before connecting them, implying that when the
valve is opened, no deviating pressure can be imposed, preventing the desorption/adsorption
reactions from occurring. From the mathematical viewpoint, this means that as Ap, tends to 0
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the discharge reaction time tends to infinite. The SrCl> 8-1 - MgCl, 6-2 configuration has been
again chosen to explore the described physical phenomenon, by varying the pressure difference
Apg, keeping the other operating conditions fixed. Specifically, the operating point 5 has been
kept at the minimum admissible pressure p,in = 0.05 bar and at the corresponding
equilibrium temperature, while the operating point 4 is varied, shifting it along the LTM
equilibrium line. Hence the cold source temperature T is necessarily altered, affecting the
quality of the refrigeration. In Figure 5.23 the evolution in time of the LTM global conversion
is shown for the selected pressure variations and cold source temperatures.
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Figure 5.23: Evolution in time of LTM global conversion ratio during reaction discharge time for SrCl, 6-2-
MgCl, 6-2 configuration, with different values of 4p,.

Again, it is noteworthy that the reaction time seems to increase with an exponential trend as the
parameter Ap, tends to its lower limit, i.e. 0. Such feature is even more visible in Figure 5.24,
which shows the trend of cold exergy production and ¢, , as functions of Ap,.
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Figure 5.24: Reaction discharge time and cold exergy produced for SrCl, 8-1- MgCl, 6-2 configuration and
different values of 4pa.
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5. Results

Furthermore, another important implication is revealed: although it is beneficial to increase the
pressure difference Ap, in terms of reaction discharge time needed, it results to negatively
affect the cold exergy production, since the refrigeration will unavoidably occur at higher
temperature. Therefore, it is essential to properly find a compromise between refrigeration
quality that the application must fulfill, and reaction time needed. An alternative solution to
decrease the discharge reaction time without affecting the cold production temperature could
be to shift the operating point 5 along the HTM equilibrium line, towards lower values of
equilibrium temperature and pressure. Nevertheless, when applying this approach, it is
important to prevent the operating pressure at point ps from becoming lower than the
admissible minimum pressure and that the intermediate sink temperature T,,, becomes lower
than the refrigeration temperature.

5.3.5 Summary of results from dynamic state analysis

e During synthesis/decomposition, if a reactor is oversized, it imposes its equilibrium
condition to the whole system, due to its larger kinetics. On the other hand, if the
reactors are equally sized, they evolve towards new equilibrium conditions, deviated
from the HTM and LTM lines.

e Reaction kinetics represents a more impactful bottleneck on the overall cycle time, with
respect to thermal masses for the analyzed TRSC.

e Although a salt-ammonia reaction presents the highest efficiency from the steady state
point of view, it can reveal low performance in terms of dynamic behavior. In fact, NiCl;
6-2 is the HTM which results in the lowest value of power density. The HTM with best
dynamic performance is MgCl 6-2, with mass and volume power density of 1.36 W/kg,
and 1.47 kW/m?.

e Operating with a value of pressure ratio close to B4, results in very large reaction
charge time. Specifically, reaction charge time increases exponentially as 8 tends to
Bmax- Hence, a trade-off between work production and cycle time should be carried out
to select the most suitable value for £.

e As the initial pressure difference between LTR and HTR before desorption/adsorption
in the discharge phase tends to zero, the reaction discharge time tends to infinite. A
possible strategy to decrease the reaction discharge time is to increase the equilibrium
pressure of LTM before discharge phase. However, an optimal trade-off between cycle
time and cold exergy production should be found.
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6. Conclusions

Thermochemical resorption cogeneration systems can fulfill diverse energy requirements,
providing multiple functions, depending on the specific application scenario. They are suitable
for low-grade thermal energy storage, not only in industrial applications for waste heat recovery
but also for renewable thermal energy exploitation, e.g. in solar thermal plants, with intermittent
or seasonal storage configuration. In this thesis, a Thermochemical Resorption cycle for storage
of low-grade heat and cogeneration of power and cold (TRSC) has been investigated. Steady
state and dynamic state analyses have been carried out, with the focus on the transient behavior
of the components and the relationship between operating conditions and system performance.
In chapter 1, the general background of low-grade heat utilization is presented, and the sorption
working principles and technologies are described. After a state of the art of sorption
cogeneration systems, the motivations and scope of this work are delineated. In chapter 2, the
TRSC is described in detail, and possible application scenarios are illustrated. In chapter 3 the
methods used for the implementation of the thermodynamic cycle, the sized system steady state
model, and the dynamic state model are presented. Validations to support the features of the
models and the assumptions done are also carried out. In chapter 4 the specific TRSC
application explored in this work through the models is presented. Hence, the reactive materials
and the model parameters are defined. Finally, the strategy adopted for the selection of suitable
solid/gas reactions depending on the cycle operating conditions is described. In chapter 5 the
results obtained are presented and discussed. Therefore, the following conclusions can be
summarized:

1) The steady state analysis revealed that the thermodynamic performance of the TRSC
increases as the temperature of the thermal energy to be stored decreases. Such a feature
makes it more suitable for low and ultra low-grade heat storage. However, the thermal
masses of the reactors have the highest impact on the performance of the analyzed
system in terms of first and second law efficiencies. Selecting solid/gas reactions with
higher specific adsorption capacity results in a lower effect of the thermal masses, thus
higher system performance.

2) The dynamic model was used to investigate and physically the evolution in time of
relevant quantities of TRSC during the cycle working steps. An interesting result is
inferred by observing the reaction charge phase on the Clapeyron diagram for two
differently sized TRSC systems: if the reactors are equally sized to exchange the same
stoichiometric quantity of refrigerant, they are subjected to the same driving force and
reach an equilibrium state deviated from the HTM and LTM equilibrium lines. On the
other hand, if one of the reactors is oversized with respect to the other, it drives the
couple reactions towards the equilibrium line relative to the oversized reactive material.

3) Although a specific configuration results in high steady state performance, it could
reveal low-performing in terms of cycle time. Hence, it is essential to carry out both
steady state and dynamic state analyses for this type of system. Reaction kinetics is the
main factor that negatively impacts the system performance in terms of cycle time. The
larger the deviation from the reaction equilibrium line, imposed at the beginning of
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6. Conclusions

adsorption/desorption phases, the higher the reaction driving force. Therefore, it is not
convenient to adopt a scroll expander with a pressure ratio close to its maximum
allowable value, since it would imply a lower equilibrium drop and a larger cycle time.
Instead, a proper trade-off between work that can be produced, and reaction charge
duration should be met. It was also found that imposing high pressure difference
between the reactors before triggering simultaneous adsorption\desorption allows to
obtain high pressure equilibrium drops, thus low reaction time.

6.1 Suggestions for future work

Although preliminary results and conclusions have been obtained through the numerical models
in this study, future work is necessary to better understand the potential of thermochemical

resorption cogeneration cycles for low-grade heat exploitation. Suggestions for future work are
summarized as follows:

Further case studies should be analyzed in steady state with different sizing of the
TRSC, i.e. with a production of power and cold set at different orders of magnitude.
Hence, a parametric study could be carried out in which the impact of the cycle
operating conditions (e.g. Ty, f) and intrinsic properties of reactive mixtures on the
performance is evaluated at different system sizes.

More rigorous validation should be conducted on the dynamic model for TRSC
implemented in this work through experimental data. For instance, a wide range of
solid/gas reactions should be experimentally investigated to estimate the semi-empirical
coefficients to be adopted in the kinetic model.

More detailed and accurate features of the numerical models should be implemented to
study TRSC on a component scale. For instance, a model to estimate the global heat
transfer coefficients of the heat exchanger, and to evaluate their influence on the cycle
time could be developed.

Additional effort should be invested to develop models capable to represent the whole
transient cycle on the Clapeyron diagram. Real resorption cycles could be represented
through two distinct continuous lines which evolve near the equilibrium lines of the two
reactive material adopted.

Further investigation should be carried out by developing a real case study in which
TRSC is retrofitted to an industrial process for waste heat recovery or a renewable
source-based system for heat storage. For example, the integration of TRSC in an
existing plant could be analyzed to evaluate the advantages in terms of total efficiency
gain and related savings.

A detailed thermo-economic study and optimization should be carried out to evaluate
the benefits of such a technology in terms of costs, revenues, and risks, compared to
other low-grade heat technologies.
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Appendix

Further results related to the SrCl; 8-1 — MnCl, 6-2 configuration analyzed in the dynamic state
(Section 5.2) are presented.

A.1 Thermodynamic cycle
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Figure A.1: Thermodynamic cycle of the SrCl, 8-1 — MnCl, 6-2 configuration on the Clapeyron diagram (left)
and T-s diagram (Right).

Table A.1: Thermodynamic properties of the gaseous ammonia at each point of the cycle for the SrCl, 8-1 —
MnCl; 6-2 configuration.

Point p T h s v

[bar] [K] [ki/kg] [kI/kg/K] [m’/kg]

1 30 4556 1849 5.816  0.06923
2 9.78 3684 1672 5.902 0.1753
3 9.78 363 1659 5.866 0.1723
3* 978 363 -637.7 -0.461 -

4* 0.1 2732 -929 -1.361 -
4 0.1 2732 1500 7.531 12.47
5 0.1 314.1 1586 7.824 14.35
5* 0.1 3141 -1196  -1.031 -
1* 30 455.6 -706.7 0.206 -
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Appendix

A.2 Discharge phase

The evolution in time of relevant quantities for the SrCl, 8-1 — MnCl 6-2 during discharge
phase is presented in the following section.

A.2.1 Precool phase

Figure A.1 shows the temperature evolution of the reactor components during precool stage.
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Figure A.2: Temperature evolution of the reactive bed 7}, heat exchanger Txx and heat transfer fluid 7y during
the precool phase relatively to HTR (left) and LTR (right).

It is noteworthy that the LTR needs more time than the HTR to reach the desired temperature.
In fact, the LTR is in the complete adsorbed and its total mass is the sum between the LTM at
low ammonization state and the total gaseous ammonia myy,, .. On the other hand, HTR’s

mass is only composed by the HTM at low ammonization state.

A.1.2 Reaction discharge phase

Figure A.3 represents the evolution in time of the reactors’ global conversion rates and
constraint pressure during the reaction discharge phase, while Figure A.4 shows the evolution
in time of the gaseous ammonia mass flow rate. Note that in this case the reactors are subjected
to the same non-equilibrium pressure since the scroll expander is bypassed. Moreover, as for
the reaction charge phase, the curves can be divided into three time intervals, in which they
have different trends.
1) The first part in which the variation is rapid, thus maximum driving force is imposed.
2) A second interval in which the driving force is constant, i.e. global conversion rates vary
linearly, while pressure and mass flow rate are mostly constant.
3) Finally, in the third part, the reactions are almost complete and the driving force
decreases.
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Figure A.3: Evolution in time of the global conversion rate (left) and of the constraint pressure (right) during
reaction discharge phase.
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Figure A.4: Mass flow rate of ammonia during reaction discharge phase.
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Figure A.S: Temperature evolution of the reactive bed 7}, heat exchanger 7y and heat transfer fluid 7; during
reaction discharge phase, relatively to HTR (left) and LTR (right).
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Figure A.5 represents the evolution in time of temperature of the reactor components. As for
the charge phase, the reactors undergo an initial temperature variation depending on whether
synthesis or decomposition occur: HTR is subjected to exothermal adsorption, i.e. its
temperature increases. On the contrary, LTR undergoes endothermal desorption, and its
temperature decreases.

A.1.3 Representation on Clapeyron diagram

Figure A.6 represents the reaction discharge phase on the Clapeyron diagram,
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Figure A.6: Reaction discharge phase on the Clapeyron diagram.

As for the reaction charge phase, the reactors are sized in a such way that they have the potential
to adsorb/desorb the same amount of gaseous ammonia. Thus, no reactor imposes its kinetics
to the other and the system evolves towards a new state of equilibrium, different from the
equilibrium state related to the HTM and LTM reactions. It is interesting to notice that,
differently from the reaction charge phase, the new equilibrium does not coincide with the
points 4’ and 5°, which are the conditions instantaneously imposed as the reactors are
connected. Such a feature could be related to the different equations imposed in the model for
the HTF in the reaction discharge phase.
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