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A B S T R A C T

Among sensible, latent and thermochemical thermal energy storage (TES), thermochemical materials (TCMs) 
result to be the most promising solution to achieve EU target for 2050 of net-zero GHG emissions. A novel TES 
solution using TCMs and phase change materials (PCMs) for space heating and cooling is being developed within 
the Horizon Europe project ECHO. A TRNSYS model able to simulate the prototype in dynamic mode at system 
scale was created to optimise the installation and testing of the prototype. Experimental data from a small set-up 
of the reactor were used to define the equations describing the charging and discharging phases of TCM, which 
were implemented in the reactor model. The ability of TCM to increase the efficiency of the system where it is 
adopted was investigated for the heating period. The TCM-integrated heat pump system showed an 8.8 % 
reduction in seasonal electricity consumption compared to the system without TCM, and an increase in the 
seasonal COP from 3.4 to 3.8. Finally, the evaluation of the thermal contribution provided by TCM combined 
with PCM highlighted that the two TES systems were able to cover about 10 % of the heating energy demand, 
with PCM accounting for almost 50 % of the TCM contribution.

1. Introduction

The EU Green Deal aims for a 100 % reduction of GHG emissions by 
2050 [1]. Within this framework, thermal energy storage (TES) systems 
play a pivotal role in achieving EU objective. TES technology fosters the 
exploitation of renewable energy sources, thus reducing reliance on 
fossil fuels and mitigating environmental impacts. TES systems allow to 
store excess thermal energy during off-peak periods of energy demand 
and release it in peak-time, thereby improving energy efficiency and 
enabling the integration of intermittent renewable energy sources [2,3].

Among TES technologies, thermochemical materials (TCMs) and 
phase change materials (PCMs) represent two cutting-edge approaches 
with distinct operational characteristics. The former have attracted 
increasing attention for their superior energy density and long-term 
storage potential, particularly in applications requiring seasonal ther
mal storage [4]. The energy storage process in TCMs is governed by 
endothermic and exothermic reactions, typically involving hydration- 
dehydration cycles, which can be tailored to operate at different tem
perature ranges suitable for building applications [5]. Studies have 
demonstrated the feasibility of TCMs in solar energy storage systems, 
where they can store thermal energy during sunny periods and release it 

during cloudy or nighttime conditions [6], as well as for the utilisation of 
industrial waste heat [7]. The performance of TCMs is highly dependent 
on the choice of material, the synthesis procedure and the design of the 
reactor, with current research focusing on optimising these parameters 
to improve reaction kinetics, thermal management, and system effi
ciency [8,9].

Differently, PCMs use the latent heat of phase transition, typically 
from solid to liquid and viceversa, to store and release thermal energy at 
nearly constant temperatures. For this reason, PCMs are widely adopted 
in water storage applications, as well as in solar systems, where they 
allow to significantly increase solar thermal energy storage capacity, 
thereby reducing the supply–demand gap and increasing the exploita
tion of solar energy [10–12]. Owing to their ability to maintain stable 
temperatures during phase transition, PCMs are also widely integrated 
in space heating and cooling systems, where thermal comfort and energy 
efficiency are critical factors [13,14]. PCMs integrated in radiant floor 
systems can shave peak loads and shift energy consumption from high- 
demand to low-demand hours, when pricing is lower. During the day in 
winter, PCM can store the available renewable heating loads, and sub
sequently emit them at comfort temperature in the night; in summer, 
PCMs are able to ensure sufficient thermal resilience to absorb thermal 
loads. Then, these loads are released in the night when outdoor 
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temperatures usually drop, thus pre-cooling the floor and reducing the 
cooling demand for the following day [15–18]. Furthermore, the inte
gration of PCMs in components of the building envelope, such as walls 
and roofs, has been explored to smooth indoor temperature fluctuations 
and reduce heating and cooling loads [19–22]. Advancements in PCM 
technology have largely focused on enhancing thermal conductivity by 
means of metal foams or additives, improving cycling stability, and 
developing effective encapsulation techniques to avoid leakage and 
degradation issues [23,24]. A modified structure of metal foam with 
gradient porosity of three stratification layers was investigated by 
Zhuang et al. [25] to optimise the melting characteristic of composite 
PCMs. Again, metal foam was considered in Ref. [26] to analyse the 
melting performance of magnetic nano-enhanced PCMs embedded in 
metal foam subjected to a non-uniform magnetic field. Among the most 
recent innovative research there is the use of ultrasonic and magnetic 
field to significantly reduce the melting time of hybrid nano-enhanced 
PCMs, strongly increase TES efficiency as well as their energy storage 
amount [27]. Innovative research, applications and advancements 
about PCMs include a huge amount of works. Nevertheless, as the pri
mary objective of this study is evaluating the impact of TCM in TES 
systems already incorporating PCMs – not innovating in PCMs – current 
experimental research on innovative PCM solutions was not included, 
focusing instead on the best commercially available standard PCM op
tion to be used in the system. For this reason, and for the sake of brevity, 
a thorough and extensive review of current experimental research on 
innovative PCM solutions has not been included in this section.

Against this background, the integration of TCMs and PCMs in TES 
systems represents a promising solution to provide space heating and 
cooling by capitalising on the complementary properties of these ma
terials with the aim to maximally exploit renewable energy sources. For 
this reason, recent advancements have highlighted the need for 

numerical models that can accurately simulate the dynamic behaviour 
and system-scale performance of integrated TES systems [28,29]. 
Modelling TCMs and PCMs in dynamic mode allows for a more reliable 
representation of the system in actual conditions. The dynamic response 
of TES systems is affected by various factors, including fluctuating 
thermal loads, material interactions, and external conditions. The 
reversible chemical reactions in TCMs are influenced by temperature, 
pressure, and material properties, all of which vary over time, thus 
requiring accurate models able to simulate these complexities faithfully 
under dynamic conditions. Moreover, the integration of TCMs with 
PCMs in hybrid systems introduces additional layers of interaction, as 
the materials operate both together and with all the other components of 
the system according to different principles, under various conditions 
and timescales. Therefore, comprehensive system-scale models are 
essential to account for these interactions, assess the overall system 
performance, and define optimised and efficient control strategies for 
practical applications [5].

Nevertheless, review of the literature has uncovered a critical 
knowledge gap in the development of dynamic models and simulations 
of TES systems incorporating both TCMs and PCMs. While several 
studies have numerically and dynamically analysed PCMs, the integra
tion of PCMs with other TES technologies, such as TCMs, remains largely 
unexplored [30–32]. As for TCMs, their dynamic behaviour has been 
rarely investigated. Existing studies have primarily focused on the per
formance of TCMs under steady-state conditions. When dynamic anal
ysis was carried out, the TCM system was exclusively examined – 
without taking into account other TES systems – in extremely simplified 
configurations. Indeed, the majority of the works investigated the sys
tem merely at the TCM reactor level or by considering only a few 
components, thus neglecting the dynamic interactions within the whole 
system. The dynamic desorption process of a TCM reactor was analysed 

Nomenclature

Acronyms
AHU air handling unit
CC cooling coil
CHS charging control strategy
COP coefficient of performance [-]
COP average coefficient of performance [-]
CSP concentrated solar power
deHUM-CC dehumidification and cooling coil
F fan
EL-HC electrical heating coil
HEX heat exchanger
HGHE horizontal ground heat exchanger
HP heat pump
HRU heat recovery unit
HUM humidifier
LTMH low-temperature metal hydride
PCM phase change material
PCMc coil of PCM tank
PV/T photovoltaic/thermal collector
pm power modulation
R TCM reactor
SoC state of charge
SSTES seasonal solar thermal energy storage
TCM thermochemical material
TES thermal energy storage
UT user tank

Symbols
cp specific heat [kJ/(kgˑK)]

E energy [kWh] or [kJ]
HSL latent heat [kJ/kg]
J enthalpy [kJ/kg]
m mass [kg]
ṁ mass flow rate [kg/h]
q̇ specific thermal power [W/(kgTCM)]
Q̇ thermal or electric power [W]
Ṙ adsorption/desorption rate [g/h]
ṙ specific adsorption/desorption rate [g/(h⋅kgTCM)]
T temperature [K]
X humidity ratio [g/kg]

Greek Symbols
Δ difference [-]
η efficiency [%]
λ thermal conductivity [W/(mˑK)]
ρ density [kg/m3]

Subscripts
cond condenser
dis discharging
evap evaporation
el electrical
hum humidification
in inlet
max maximum
out outlet
t time t
t0 time previous to time t
th thermal
w water
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by Xu et al. [33] through a 2D numerical model; similarly, optimised 
conditions for the charging process of a TCM system were investigated 
with a COMSOL model, highlighting that the use of an electrical heater 
allowed to achieve full material charging [34]. Again, the impact of 
different conditions – such as porosity, temperature, pressure, flow rate 
and thermal conductivity – on the hydration process in a TCM reactor 
was studied by using a multi-physics model. Low thermal conductivity 
of solid phase was identified as the most important factor which limits 
the reaction [35]. Differently from the studies mentioned above, which 
were focused exclusively on the TCM reactor, Zeng et al. [36] considered 
different integration strategies of open-cycle TCM reactors with HVAC 
systems and developed a 1D model to simulate their thermal perfor
mance across diverse buildings and climates, especially for space heat
ing. The model was then validated by experimental data. An open-cycle 
TCM reactor used for space heating was also analysed by Zhang et al. 
[37]. However, in this case the TCM reactor was integrated with an 
internal water-to-air microchannel tube heat exchanger (HEX), and an 
external air-to-air heat recovery unit (HRU). Different TCM system 
configurations were numerically compared through a COMSOL model. 
In a previous work, Zhang et al. [38] investigated the impact of adding a 
PV/T collector and heat exchanger HEX on the performance of the TCM 
system for space heating using COMSOL too. The integration of TCMs in 
solar-driven systems has been examined in several studies. The adoption 
of different TCMs in a seasonal solar thermal energy storage (SSTES) 
system destined for residential heating was explored by Ma et al. [39]. 
The dynamic charging and discharging performance of the SSTES was 
simulated using actual weather data, solar thermal collector models, 
domestic heating demand models, and chemisorption models. Similarly, 
a SSTES system incorporating seasonal and cascade TES using TCMs for 
space heating was analysed by Yue et al. [40]. Again, the processes of 
charging and discharging a closed-type TCM reactor integrated with 
solar collectors and an electric boiler for space heating of a residential 
building was studied by Mikos-Nuszkiewicz et al. [41]. The model used 
to conduct the analysis was an intermediate approach between lumped- 
element models and 2D/3D spatially resolved models. In addition, a 
novel hybrid TCM system designed to harness ultra-low-grade solar heat 
in cold regions was numerically examined by Jiang et al. [42]. The 
integration with a water-based PV/T system allowed to achieve signif
icant increase in energy efficiency.

Nevertheless, all the studies reviewed above exclusively considered 
TCMs not integrated with other TES technologies such as PCMs. Only a 
very small number of works have attempted to model TES systems 
combining TCMs and PCMs in a dynamic mode at the system scale, thus 
incorporating both the reactor and auxiliary devices such as heat ex
changers, heat pumps, thermal storage tanks, etc. A concentrated solar 
power (CSP) plant integrated with a hybrid TES unit that combines 
thermochemical and latent heat storage techniques was investigated by 
Mellouli et al. [43]. The thermochemical heat released by the low- 
temperature metal hydride (LTMH) tank was stored as latent heat in a 
PCM truncated heat exchanger for reuse during desorption process. The 
performance of the MH/PCM-TES unit was analysed through a two- 
dimensional mathematical model and a numerical code written in 
Fortran-90. Results demonstrated that the use of PCM allowed to ach
ieve a 30 % increase in the energy recovery efficiency of the hybrid heat 
storage unit. Furthermore, it was found that PCM thermo-physical 
properties and operating temperatures had a substantial effect on the 
system performance. The same MH/PCM-TES unit was considered to 
conduct a comparative analysis between a reference configuration using 
only TCM and two different PCM heat exchanger configurations. Again, 
a bidimensional mathematical model and a numerical code written in 
Fortran-90 were adopted to predict the dynamic behaviour of the three 
storage systems [44]. Finally, a solar-driven thermal system integrated 
with TCM and PCM storage units to provide heating and cooling was 
investigated by Zisopoulos et al. [45]. A thermodynamic model of the 
system composed of PV/T collectors and flat plate solar collectors 
coupled with TCM and PCMs units was developed in Aspen Plus 

Dynamics and integrated with Matlab/Simulink. Dynamic simulations 
showed that the system was able to cover the building heating demand 
at an average minimum rate of 81 % and maximum of 93 %.

Against this background, a novel TES solution exploiting TCMs and 
PCMs to provide space heating and cooling is being developed within 
the Horizon Europe project ECHO [46]. A lab-scale prototype will be 
installed at the TekneHub lab of the University of Ferrara, Italy. With the 
aim to support and optimise the realisation and testing of the prototype, 
as well as to sustain the definition of the control system, a TRNSYS 
model of the ECHO plant was developed. The model and the analysis of 
the impact of TCM in TES systems incorporating PCMs were developed 
by addressing the following research questions: 

– Can TCMs be effectively combined with PCMs and integrated in TES 
systems to capitalise on the complementary properties of these ma
terials and maximise the exploitation of renewable energy sources?

– Is it possible to accurately simulate the dynamic behaviour and 
system-scale performance of integrated TES systems using TCMs and 
PCMs?

– Which parameters can be considered as control parameters and 
stopping criteria to effectively define the control algorithm of the 
model?

– How much TCM is able to increase the efficiency of the system where 
it is integrated?

– Which is the thermal contribution provided by the two TES systems, 
TCM and PCM?

The main novelty of the work regards the complexity of the system 
modelled and the method adopted. Considering the complexity, the 
primary contribution of the research lies in the development of a dy
namic model that integrates TCMs and PCMs in a TES system to provide 
space heating and cooling. Therefore, the developed TRNSYS model 
represents a significant advancement over existing studies by incorpo
rating the complex interactions between TCMs and PCMs, thus 
providing a more accurate depiction of the system behaviour under 
realistic operating conditions. Furthermore, the contribution of the work 
also consists in the inclusion of a closed-loop TCM reactor, which has 
been rarely modelled in transient mode and at system scale. Addition
ally, the present study addresses the critical need for system-scale 
models that incorporate auxiliary devices, such as humidifiers, heat 
exchangers, thermal storage tanks, heat pumps, heating and cooling 
coils, etc., alongside the TES materials. Finally, by capturing the full 
dynamics of the TES system, the model offers valuable insights into the 
design and optimisation of integrated TES solutions for building 
applications.

The findings of the present work are expected to contribute to the 
broader understanding of integrated TES technologies and support the 
development of more efficient and sustainable energy storage solutions 
for the building sector.

2. Methodology

The prototype of the ECHO system that will be installed in a mock-up 
building in Ferrara, Italy, and on which the TRNSYS model was devel
oped is firstly described. The system layout, the operating modes, the 
components and their role are explained. Secondly, the development of 
the TRNSYS model and its preliminary validation are illustrated. Finally, 
the analysis conducted via simulations was reported. Optimal TCM 
quantity to efficiently meet the building heating demand, different 
charging control strategies (CHS), and the equivalent coefficient of 
performance (COP) of the TCM integrated system versus a common heat 
pump were investigated, along with the contribution of the two TES 
systems, TCM and PCM.
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2.1. ECHO system prototype

The ECHO system is composed of an air loop and a water loop, which 
is aimed to couple the air loop with the heat pump. The air loop is 
designed with a layout similar to a conventional air handling unit 
structure, as illustrated in Fig. 1. It includes the TCM reactor, the cooling 
coil, the fan, the heat recovery unit, the humidifier, the dehumidifica
tion and cooling coil, the air-to-water heat exchanger connected to the 
PCM tank, the heating coil and the electrical heating coil. The inter
mediate water loop allows an easier regulation of the heat pump, a 
higher flexibility in the control strategy, a major reliability of the system 
and an easier maintenance. The water loop includes several tanks: the 
user tank; the PCM tank that is used to preheat the airflow at the inlet of 
the heat recovery unit during the discharging mode; the high- 
temperature storage tank at the outlet of the heat pump condenser; 
the cold storage one that is used as heat source for the evaporator.

The main operating modes of the ECHO system are the discharging 
(or heating mode) and the charging. During the discharging mode 
(Fig. 2), the following devices operate: 

– the reactor, where humid air flowing through the TCM hydrates it, 
and it is then dehumidified and heated (phase 1-2 in Fig. 2);

– the cooling coil, which allows that the heat generated is exploited 
through the hydronic loop and provided to the user (phase 2-3);

– the fan, used to overcome the pressure drops inside the circuit and 
ensure the airflow rate (phase 3-4);

– the heat recovery unit (phase 4-5 and 8-9);
– the ultrasonic humidifier, aimed to reintegrate the water content 

adsorbed in the reactor during the charging mode (phase 5-6);
– the air-to-water heat exchanger, which is used to release the heat 

from the PCM storage tank (phase 7-8).

Differently, the following components operate during the charging 
mode (Fig. 3): 

– the reactor, inside which the overheated and dry air dehydrates the 
TCM (phase 1-2 in Fig. 3);

– the fan (phase 3-4) and the heat recovery unit (phase 4-5 and 8-9);
– the dehumidification and cooling coil linked to the cold storage tank, 

where the heat pump evaporator extracts heat (phase 6-7);
– the heating coil that releases heat to the high-temperature tank 

(phase 9-10). The extra amount of heat that otherwise would have to 

be rejected into the ambient is used to charge the PCM tank or the 
user storage tank;

– the auxiliary electric heater to increase the temperature at the inlet of 
the reactor (phase 10-11).

2.2. TRNSYS model

The model of the ECHO system developed in TRNSYS included the 
main components of the plant, that is, the TCM reactor, the cooling coil, 
the fan, the heat recovery unit, the humidifier, the dehumidification and 
cooling coil, the pre-heating coil (connected to the PCM tank), the 
heating coil and the electrical heating coil, as illustrated in Fig. 4. 
Furthermore, also the heat pump and the user tank were included in the 
model. As already mentioned before, different devices work according to 
the operating mode.

Standard types and one non-standard type, i.e. Type 840 for the 
PCM-integrated storage tank, were used to simulate all the components, 
except for the TCM reactor.

As regards the PCM to be included in the tank, a lab-scale set-up of 
the TES system had been created and experimental tests have been 
carried out to investigate the thermal performance of macro
encapsulated paraffin PCM and hydrated salts under charge/discharge 
cycles. Both the organic and inorganic PCMs, identified as A32 and S32 
[47], respectively, were provided by PCM Products Ltd [48], partner of 
ECHO project. Thermophysical properties of the PCMs analysed are 
reported in Table 1; properties of the selected PCM were used to define 
the external file called by Type 840. Despite its lower thermal conduc
tivity and latent heat, thereby the ability to develop smaller thermal 
powers with the same system geometry compared to hydrated salts, the 
paraffin PCM A32 resulted to be the best option to build the required 
TES system. Experimental results under charge/discharge cycles high
lighted its long-term stability, the lack of undercooling, and non- 
corrosiveness. In addition, further experimental tests are being con
ducted to enhance its low thermal conductivity by means of metal 
foams. However, taking into account the primary objective of this study 
– evaluating the impact of TCM in TES systems by incorporating PCMs – 
and for the sake of brevity, current experimental research on innovative 
PCM solutions was not included, focusing instead on the best commer
cially available standard PCM option.

Considering the TCM reactor, experimental tests had been previously 
conducted on a lab-scale set-up of the reactor working with CaCl2 
impregnated into porous vermiculite. The collected experimental data 
regarding the maximum specific thermal power q̇max [W/kgTCM] and the 

Fig. 1. The air handling unit section design of the ECHO prototype.
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maximum specific adsorption or desorption rate ṙmax [g/(h⋅kgTCM)] were 
used to define the equations describing the charging and discharging 
phases of TCM. The maximum water mass mwmax [g] adsorbed or des
orbed in the period tmax [h] was also considered. The reactor was then 
modelled in TRNSYS as a black box governed by a system of equations 

including those mentioned before, which were able to provide the most 
relevant data of the working reactor for each timestep, thus allowing to 
properly operate and optimise the other components of the system. 
Average experimental and assumed values for parameters used in sim
ulations are reported in Table 2.

Fig. 2. Psychrometric conditions in discharging mode.

Fig. 3. Psychrometric conditions in charging mode.
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The relevant equations describing the charging and discharging 
phases of TCM and used to simulate the thermal performance of the TCM 
reactor are reported below. A SIGNAL parameter was identified to define 
three main operation modes of the TCM reactor: discharging (SIGNAL =
-1), charging (SIGNAL = 1) and standby (SIGNAL = 0). The SIGNAL 
parameter was evaluated as: 

SIGNAL = EQL(SIGNAL_EXT,1)⋅
(
1 − GT⋅

(
SoCt0 , 1

))

− EQL(SIGNAL_EXT, − 1)⋅
(
1 − LT

(
SoCt0 ,0

))
(1) 

where SIGNAL EXT is the parameter representing the signal for dis
charging or charging according to external conditions, like energy de
mand, weather conditions, energy prices, etc; SoCt0 is the state of charge 
of the TCM at the previous time t0. Equations were defined using the 
following TRNSYS mathematical functions: 

– EQL(⋯, ⋯) returns 1 if first expression is equal to second; returns 
0 otherwise;

– GT(⋯, ⋯) returns 1 if first expression in parentheses is greater than 
second; returns 0 otherwise;

– LT(⋯, ⋯) returns 1 if first expression in parentheses is lower than 
second; returns 0 otherwise.

The state of charge of the TCM at the time t was evaluated using Eq. 

(2): 

SoC(t) = SoCt0 − ΔSoC⋅EQL(SIGNAL, − 1) + ΔSoC⋅EQL(SIGNAL,1) (2) 

where ΔSoC is the difference in state of charge between the previous 
time t0 and the time t, and it was calculated as: 

ΔSoC = dmwt/mwmax (3) 

where dmwt is the water mass adsorbed or desorbed [g] in the timestep 
Δt, equal to t − t0 [h]; mwmax is the maximum mass adsorbed or desorbed 
[g] in the period tmax [h], as reported in Table 2. The period tmax was 
assessed as: 

tmax = mwmax/Ṙmax (4) 

where Ṙmax is the maximum adsorption or desorption rate [g/h], ob
tained by multiplying the maximum specific adsorption or desorption 
rate ṙmax and the TCM mass. Therefore, stopping criteria are represented 
by the TCM state of charge SoC (more precisely by the state of charge of 
the TCM at the previous time t0, SoCt0 ) and by the SIGNAL EXT 
parameter. The energy released or stored at the time t was evaluated 
using Eq. (5): 

E(t) = min
(

Et0 + Q̇t⋅Δt⋅EQL(SIGNAL, − 1)

− Q̇t⋅Δt⋅EQL(SIGNAL,1); Emax

)
(5) 

where Et0 is the energy released or stored at the previous time t0 [Wh]; 
Q̇t is the thermal power released or stored at the time t [W]; Emax is the 
maximum energy that can be released or stored in the period tmax [Wh].

Here, Q̇t was calculated as: 

Q̇t = Q̇max⋅pm (6) 

where Q̇max is the maximum power releasable or storable [W], obtained 
by multiplying the specific thermal power q̇max and the TCM mass; pm is 
the power modulation parameter evaluated according to the building 
heating thermal load: 

pm = Q̇loadt/Q̇loadmax (7) 

where Q̇loadt is the building heating load at the time t [W], and Q̇loadmax is 

Fig. 4. TRNSYS model of the ECHO system.

Table 1 
Thermophysical properties of A32 and S32 [47].

PCM Melting point 
[◦C]

ρ 
[kg/m3]

HSL 

[kJ/kg]
cp 

kJ/(kgˑK)
λ 
W/(mˑK)

A32 32 845 120 2.2 0.21
S32 32 1460 220 1.9 0.51

Table 2 
Parameters used in simulations.

Operating mode q̇max 
[W/kgTCM]

ṙmax 

[g/(h⋅kgTCM)]
mwmax 

[g]

Discharging 65 207 0.97 ⋅mTCM

Charging 65 69 0.97 ⋅mTCM
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the peak heating load [W].
Similarly, mw(t) the mass of water adsorbed or desorbed [g] at the 

time t was evaluated as: 

mw(t) = min
(

mwt0
+ Ṙt⋅Δt;mwmax

)

(8) 

where mwt0 
is the mass adsorbed [g] at the previous time t0, Ṙt is the 

water adsorption or desorption rate at the time t [g/h], calculated as: 

Ṙt = Ṙmax⋅pm (9) 

Therefore, the main control parameter is the power modulation 
parameter pm, used to define both the thermal power released or stored 
at the time t, Q̇t, according to Eq. (6), and to calculate the water 
adsorption or desorption rate at the time t, Ṙt, using Eq. (9). The hourly 
heating load profile, defined by TRNSYS over a year, of a common 80 m2 

domestic building located in Ferrara was assumed to define the pm 
parameter. Outdoor environmental conditions (like outdoor air tem
peratures, solar radiation, etc.) for the year 2023 were acquired by the 
weather station [49] installed outside the mock-up in Ferrara, and 
considered to create the weather data file used by TRNSYS. Thermal 
properties of the building and main boundary conditions used in simu
lations to define the heating load profile are summarised in Table 3.

As regards the psychrometric conditions of inlet and outlet airflow, 
the difference in enthalpy ΔJ [kJ/kg] and humidity ratio ΔX [g/kg] was 
calculated according to Q̇t and mw(t), using Eq. (10) and Eq. (11), 
respectively: 

ΔJ = ˙(Qt

/

ṁair)⋅3.6 (10) 

ΔX = Ṙt/ṁair (11) 

where ṁair is the mass flow rate of air [kg/h].
The equations defining E(t), mw(t) and SoC(t) as reported above 

allowed to simulate a realistic operation of the reactor, alternating dis
charging and charging with standby periods. When the system stopped 
at a defined time, it was possible to evaluate the current SoC, the 
available remaining energy Emax − E(t) and the remaining water to be 
adsorbed or desorbed mwmax − mw(t), before a new turning on, thus sup
porting the definition of the control system. For the sake of brevity, the 
operation of the reactor solely during the discharging process is 
described in the following lines. The behaviour of the TCM reactor 
starting from a standby mode at the time = 0 h, with a SoC slightly lower 
than 72 %, an initial energy E equal to nearly 10 Wh and an initial water 
mass mw equal to about 20 g is illustrated in Fig. 5. The contemporary 
conditions at the time t0 of SIGNAL EXT = -1, due to the building 
heating demand, and of SoC higher than 0 resulted in a SIGNAL = − 1, 
which made the reactor operate in discharging mode for the timestep Δt, 
equal to t − t0. At the time t, with a SoC decreased up to 32 %, a 
remaining energy E of 10 Wh and a remaining water mass mw to be 
adsorbed equal to almost 27 g, the reactor stopped due to the negligible 

heating demand. Then, the heating demand made the reactor operate in 
discharging mode again, until the system reached a SoC = 0, the Emax 
was released, and the water mass was completely adsorbed.

2.3. Preliminary validation of the model

The TRNSYS model of the ECHO system was preliminarily validated 
by using the design values of the plant prototype to be installed in 
Ferrara, awaiting the more accurate and reliable validation that will be 
conducted on the base of the monitoring data that will be collected. 
Design values of the system used for the preliminary validation of the 
model are reported in Table 4.

The comparison between design values of air temperature and hu
midity ratio and simulation results obtained by using the design pa
rameters reported in Table 3 showed a good reliability of the model, as 
illustrated in Fig. 6. Considered that enthalpy is the most significant 
parameter, percentage deviations between design and simulated 
enthalpy values for each condition have been reported in Fig. 6.

3. Dynamic simulations

Firstly, a series of simulations were conducted to ideally investigate 
the capacity of TCM to solely meet the building heating demand. Four 
TCM mass quantities were considered: 100, 120, 140 and 160 kg. 
Charging was allowed when the building thermal load at the time t Q̇loadt 

was lower than 30 % of the peak heating load Q̇loadmax , that is, when 
power modulation pm was lower than 0.3. Then, the optimal quantity 
was assumed to investigate two additional charging control strategies 
(CHS). To summarise, three various conditions for setting SIGNAL EXT 
= 1, i.e. allowing charging, were analysed: 

– CHS0: when pm<0.3;
– CHS1: when pm<0.3, during the time 10:00–16:00;
– CHS2: when pm<0.3 and solar radiation is higher than 300 W/m2.

The scenarios CHS1 and CHS2 were aimed at considering the po
tential contribution of renewable energy coming from PV/T panels, 
when available, to cover the energy needed for charging TCM.

The results achieved highlighted the critical risks of relying exclu
sively on TCM to meet the building heating load, but they also uncov
ered its valuable contribution if integrated with an auxiliary system like 
a heat pump. Thus, a comparative analysis between the performance of 
the ECHO system (identified as HP-TCM system) and of the system 
without TCM (identified as HP system) was carried out. The ultimate 
objective of the study was to investigate how much TCM is able to in
crease the efficiency of the system where it is integrated. In the ECHO 
system, the thermal contribution of TCM was provided to the user water 
storage tank through the cooling coil. Here, hot air flowing out of the 
TCM reactor, after having been heated and dehumidified during the 
discharging process, exchanged the heat generated with the hydronic 
loop (phase 1-2 in Fig. 1 and Fig. 2) to be then stored in the user tank and 
finally employed to meet the building heating demand. Differently, in 
the system without TCM, thermal contribution to the user tank was 
provided exclusively by the heat pump. Therefore, the thermal contri
bution Eth to the user tank and the electrical energy consumption Eel of 
the two systems were analysed over the heating season, and their 
monthly and seasonal COP were compared. The main assumptions, 
control strategies, and operating conditions used in simulations are re
ported in the following lines.

Type 534 was used to simulate the 300 L user tank, that was 
equipped with 3 ports in the HP-TCM system. One inlet/outlet port was 
connected to the heat pump, with a water mass flow rate of 1440 kg/h, a 
second port was destined for the cooling coil, with a water mass flow 
rate of 720 kg/h, and the third one was connected to the user side to 
provide space heating. Type 927 was used to simulate the water-to- 

Table 3 
Properties of the building envelope and boundary conditions used in 
simulations.

Component Surface 
[m2]

Thermal transmittance[W/ 
(m2ˑK)]

Window 42 1.10
External wall 157 0.28
Ground Floor 80 0.30
Roof 80 0.13

Boundary condition Value m.u.

Infiltrations 0.10 [1/h]
Internal loads 110 [W]
Heating setpoint temperature 20 [◦C]
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water heat pump (Q̇heating of 8 kW, user 40/45 ◦C – source 0/-3 ◦C). 
Control of the heat pump operation was carried out via a differential 
controller with hysteresis (Type 2b), where setpoint temperature of the 
outlet water on the user side was set equal to 45 ◦C with an upper and 
lower dead band temperature of 5 ◦C and 0 ◦C, respectively. Thereby, 
the heat pump was turned on whenever the user tank on the user side 
needed to be recharged to the seasonal target temperature. On the 
source side, the heat pump was assumed to be connected to horizontal 
ground heat exchangers. A comprehensive description of the type of 
horizontal ground heat exchangers technology and results achieved in 
an experimental large-scale installation are reported in [50]. Type 508 
was employed to simulate the cooling coil, which operated when the 
TCM reactor was in discharging mode. Differently, the user tank was 
equipped with 2 ports in the HP system configuration, one for the heat 
pump and the other one for the user side.

Whilst the thermal contribution EthHP supplied by the heat pump and 
the related electrical energy consumption EelHP were directly extracted 
from simulation results as outputs of the type 927 used for the heat 
pump, the thermal contribution EthCC provided by the cooling coil to the 
tank was calculated according to Eq. (12): 

EthCC = ṁCC⋅cp⋅ΔTCC⋅tdis (12) 

where ṁCC is the outlet mass flow rate of water from the cooling coil into 
the tank [kg/h], cp is water specific heat equal to 4.186 [kJ/(kgˑK)], 
ΔTCC is the temperature difference between outlet and inlet water from 
the cooling coil, and tdis is the time [h] of operation in discharging mode. 
As for the evaluation of the electrical energy consumption connected to 
the cooling coil EelCC , this was considered to be equal to the sole electrical 
energy consumption Eel of the reactor fan during discharging mode. 
Indeed, the charging process of TCM was assumed to be ideally carried 
out by using renewable energy coming from PV/T or other renewable 
energy sources. Therefore, EelCC was evaluated as: 

EelCC = Q̇fan⋅tdis (13) 

where Q̇fan is the fan power, equal to 120 W, and tdis is the time [h] of 
operation of the fan during discharging.

Simulations were carried out over the heating period, from October 
to March 2023, with a timestep of 5 min. CHS1 was assumed.

Finally, the thermal contribution of the two combined TES systems, 
TCM and PCM, was examined. PCM integrated in the water storage tank 
was employed to preheat the airflow at the inlet of the heat recovery 
unit. Latent heat released during PCM solidification was transferred to 
air during the discharging mode by means of an air-to-water heat 
exchanger (phase 7-8 in Fig. 2). The non-standard Type 840 was used to 
simulate the 200 L PCM integrated storage tank, which was coupled to 
Type 753 for the air-to-water heat exchanger.

The thermal power Q̇thTCM provided by the cooling coil to the user 
tank was calculated according to Eq. (14): 

Q̇thTCM = ṁCC⋅cp⋅ΔTCC (14) 

where ṁCC is the outlet mass flow rate of water from the cooling coil into 
the tank [kg/h], cp is water specific heat equal to 4.186 [kJ/(kgˑK)], ΔT 
is the temperature difference between outlet and inlet water from the 
cooling coil. The thermal power Q̇thPCM provided by the PCM was eval
uated according to Eq. (15): 

Q̇thPCM = ṁPCM⋅cp⋅ΔTPCM (15) 

where ṁPCM is the outlet mass flow rate of water from the PCM inte
grated tank [kg/h], cp is water specific heat equal to 4.186 [kJ/(kgˑK)], 
ΔT is the temperature difference between outlet and inlet water from the 
tank. Furthermore, the total thermal energy provided by the two TES 
systems, EthTCM and EthPCM , was evaluated and compared to the building 
heating demand. A 1-week period characterised by the highest values of 
heating demand was considered, from January 16th to 22nd.

4. Results and discussion

4.1. TCM quantities and CHSs

Simulation results comparing the ability of different TCM quantities 
to meet the building heating demand throughout the year, without the 
support of any auxiliary device, are presented in the following lines. 
Average values of the ratio between the hourly thermal power generated 
by the TCM Q̇t and the hourly building heating demand Q̇loadt are re
ported in Table 5, while the hourly trend for the four TCM quantities 
over the year is illustrated in Fig. 7. Results in Table 5 showed that only 
the scenarios with 140 and 160 kg of TCM ensured an average ratio close 
to 1. Considered that the power modulation parameter pm (equal to the 
ratio between the building heating load at the time t Q̇loadt and the peak 
heating load Q̇loadmax ) was higher than 0 for 3901 h, the number of h 
when the Q̇t produced by the TCM was higher than the building heating 
demand Q̇loadt ranged from 58 h for 100 kg of TCM up to 3667 and 3831 
h for 140 and 160 kg of TCM. Similarly, taking into account the number 
of hours when Q̇t was higher than 90 % of Q̇loadt , 3425 h were ensured 
with 120 kg of TCM, while values higher than 3800 were achieved with 
140 and 160 kg. As for the ratio between the number of h when Q̇t >

Q̇loadt (or Q̇t > 90 % Q̇loadt ) and the h when pm > 0, values higher than 90 
% where obtained only with 140 and 160 kg of TCM.

Results of the analysis of the three control strategies for triggering 
charging signal are reported below. The three strategies were compared 
in terms of SoC reached over the first three months of the year 2023 

Fig. 5. Thermal performance of the TCM reactor, discharging phase.
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(Fig. 8) and in terms of hours of operation in discharging mode over a 1- 
week period in January (Fig. 9). The possibility to recharge TCM 
whenever the building heating load Q̇loadt was lower than 30 % of the 
peak heating load Q̇loadmax , according to CHS0, allowed to reach either 
higher or lower values of SoC, up to 0.39 and -0.13, with an average SoC 
of 0.01, as illustrated in Fig. 8. Differently, the CHS1 brought to a mean 
SoC of 0.01, with maximum and minimum values equal to 0.08 and 
-0.04, respectively. Consequently, the even more limiting CHS2 resulted 
in an average SoC of -0.02, which reached 0.08 and -0.1 as the highest 
and lowest values. The quantity of hours during which the system 
operated in discharging mode to comply with the discharging 
SIGNAL EXT over a 1-week in January are illustrated in Fig. 9. Results 
showed that CHS0 allowed to operate discharging 98 % of the time it 
was requested by the SIGNAL EXT. Conversely, CHS1 made the system 

operate in discharging mode 32 % of the time against what it was 
needed, whilst with CHS2 the discharging time decreased up to 9 %.

4.2. Performance of the ECHO system and of the system without TCM

A comparative analysis between the performance of the system 
without the TCM contribution (identified as HP system) (Table 6) and 
the ECHO system (identified as HP-TCM system) (Table 7) was con
ducted. More in detail, the thermal contribution Eth provided by the heat 
pump and by the cooling coil to the user tank, and the electrical energy 
consumption Eel related to the heat pump and to the cooling coil, were 
analysed over the heating season, and their monthly and seasonal COP 
were evaluated.

The percentage variation in the electrical energy consumption of the 
HP-TCM system compared to the HP system is reported in Table 7, 
where it is identified as ΔEel(HP− TCM VS HP). Results highlighted that TCM 
contribution in the HP-TCM system allowed to reduce the seasonal 
electricity consumption related to the HP and to the cooling coil 
(EelHP− TCM ) by about 8.8 % compared to the heat pump system without 
TCM (EelHP ), and by nearly 8.4 % if data regarding October are not 
included in the analysis. Indeed, as reported by the data collected 
through the weather station [49] installed in Ferrara and considered to 
generate the weather data file used in simulations, outdoor air tem
peratures in October have been particularly higher in the last years 
(average outdoor air temperature in 2023 was equal to 19.8 ◦C, with a 
minimum and maximum of 14.5 ◦C and 26.6 ◦C, respectively), resulting 
in extremely low heating demand. According to the same heating period, 
energy savings on electrical energy consumption ΔEelHP− TCM range from 
6.2 % in January up to 13.7 % in March.

The valuable cut in electrical energy use brought to a significant 
increase in the equivalent COP of the HP-TCM system compared to the 
system without TCM. The seasonal COPHP− TCM was equal to 3.8, whilst 
COPHP was 3.4, as reported in Table 7 and in Table 6, respectively. 
Furthermore, if a reduced heating period, starting from November, is 
considered as mentioned above, a seasonal COPHP− TCM of 3.7 was 
evaluated, with monthly values varying from 3.4 in January to 4.7 in 
November. For a comprehensive interpretation of the results, it should 
be noted that the thermal contribution provided to the tank is charac
terised by slight differences between the HP system (EthHP in Table 6) and 
the HP-TCM system (EthHP− TCM in Table 7). Nevertheless, seasonal 
discrepancy is equal to almost 0.5 %, with monthly values ranging from 
0.8 % to 0.4 %. The difference, although quite modest, is due to the fact 
that in the context of the dynamic simulations conducted the user tank 
cannot be ideally simulated as a unique thermal node, thus as a unique 
storage unit. However, as mentioned above, variations are extremely 
slight (< 1 %) and neglectable.

4.3. Thermal contribution of TCM integrated with PCM

The thermal contribution of the two combined TES systems, TCM 
and PCM, over a 1-week period is illustrated in Fig. 10a. The week 
characterised by the highest values of heating demand, i.e. from January 
16th to 22nd, was selected. Temperature differences generated by the 
PCM and the TCM are also reported (Fig. 10b).

Results highlighted an average thermal power from the PCM Q̇thPCM of 
0.7 kW and an average thermal power from the cooling coil Q̇thTCM equal 
to nearly 1.5 kW, with mean values of temperature difference equal to 
1.9 ◦C and 2.6 ◦C for PCM and TCM, respectively. The daily thermal 
energy extracted from the two TES systems compared to the heating 
energy demand is reported in Table 8. Thermal energy provided by PCM 
was ranging from 1.4 % to 5.0 %, with an average value of nearly 3 %, 
while thermal energy extracted from TCM was varying from 3.3 % up to 
10.6 %, with an average value of about 6 %. Thus, the two TES systems 
were able to cover about 10 % of the heating energy demand, with the 
PCM providing almost 50 % of the TCM contribution.

Table 4 
Design values of the system used for the preliminary validation of the model.

Phase Parameter Discharging Charging Unit

– ṁair 950 720 [kg/h]
1–2 Tin 50.0 80.0 [◦C]
​ Xin 20.0 8.0 [g/kg]
​ Tout 75.7 51.3 [◦C]
​ Xout 12.7 16.6 [g/kg]
2–3 Tin 75.7 – [◦C]
​ Xin 12.7 – [g/kg]
​ Tout 67.6 – [◦C]
​ Xout 12.7 – [g/kg]
​ Twin 50.0 – [◦C]
​ Twout 55.0 – [◦C]
3–4 Tin 75.7 – [◦C]
​ Xin 12.7 – [g/kg]
​ Tout 67.6 – [◦C]
​ Xout 12.7 – [g/kg]
4–5 η 84.5 84.5 [%]
​ Tin 67.6 51.3 [◦C]
​ Xin 12.7 16.6 [g/kg]
​ Tout 43.0 24.2 [◦C]
​ Xout 12.7 14.7 [g/kg]
5–6 ṁwhum 36.0 – [kg/h]
​ Tin 43.0 – [◦C]
​ Xin 12.7 – [g/kg]
​ Tout 25.0 – [◦C]
​ Xout 20.0 – [g/kg]
6–7 Tin – 24.2 [◦C]
​ Xin – 14.7 [g/kg]
​ Tout – 11.3 [◦C]
​ Xout – 8.0 [g/kg]
​ Twin – 7.5 [◦C]
​ Twout – 12.5 [◦C]
​ ṁwevap – 1150 [kg/h]
7–8 Tin 25.0 – [◦C]
​ Xin 20.0 – [g/kg]
​ Tout 27.6 – [◦C]
​ Xout 20.0 – [g/kg]
​ Twin 35.0 – [◦C]
​ Twout 30.0 – [◦C]
​ ṁwPCM 430 – [kg/h]
8–9 η 84.5 84.5 [%]
​ Tin 27.6 11.3 [◦C]
​ Xin 20.0 8.0 [g/kg]
​ Tout 50.0 44.6 [◦C]
​ Xout 20.0 8.0 [g/kg]
9–10 Tin – 44.6 [◦C]
​ Xin – 8.0 [g/kg]
​ Tout – 80.0 [◦C]
​ Xout – 8.0 [g/kg]
​ Twin – 82.0 [◦C]
​ Twout – 77.0 [◦C]
​ ṁwcond – 1230 [kg/h]
10–11 q̇ – 2 [kW]
​ Tin – 80.0 [◦C]
​ Xin – 8.0 [g/kg]
​ Tout – 90.0 [◦C]
​ Xout – 8.0 [g/kg]
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5. Conclusions

A novel TCM integrated system was numerically modelled in 
TRNSYS, the control algorithm was developed and implemented, and 
preliminary results illustrating the operation of the control algorithm 
were presented. The model reproduced a closed-loop reactor that com
bines TCMs with PCMs, which was simulated in dynamic mode and at 
system scale, i.e. including both the TCM reactor and auxiliary devices.

The ideal analysis of the optimal TCM mass able to solely cover the 
building heating demand highlighted that the ratio between the number 
of hours when Q̇t > Q̇loadt and the hours when Q̇loadt/Q̇loadmax > 0 was 
equal to 94 % and 98 % with 140 and 160 kg of TCM, whilst was lower 
than 10 % with 120 kg (where Q̇t is the thermal power released or stored 
by TCM at the time t; Q̇loadt is the building heating load at the time t; 

Fig. 6. Psychrometric conditions during discharging: design values and simulated values.

Table 5 
Performance of different TCM quantities in meeting the building heating 
demand.

100 120 140 160 [kgTCM]

Q̇t/Q̇loadt

— 0.70 0.84 0.98 1.12 [W/W]

Q̇t > Q̇loadt
58 300 3667 3831 [H]

Q̇t > 90%Q̇loadt
130 3425 3806 3876 [H]

pm > 0 3901 3901 3901 3901 [H]

(
Q̇t > Q̇loadt

pm > 0
)

0.01 0.08 0.94 0.98 [h/h]

(
Q̇t > ˙90%Qloadt

pm > 0
)

0.03 0.88 0.98 0.99 [h/h]

Fig. 7. Ratio between the Q̇t produced by 100, 120, 140 and 160 kg of TCM and the building Q̇loadt .
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Q̇loadmax is the peak heating load). Findings suggested that there is a non- 
linear correlation between the amount of TCM used and the heating 
demand covered. However, the existence of a critical threshold under 
which TCM efficiency drastically reduces may be due to the extremely 
basic and rough control strategy. Thus, the adoption of accurate control 
strategies is crucial to optimise the amount of TCM.

Simulation results about the three charging control strategies 
showed that CHS0 (which enabled charging when pm < 0.3, where pm is 
the ratio between Q̇loadt and Q̇loadmax ) allowed the system to operate in 
discharging mode 98 % of the time it was requested, reaching an average 
and maximum value of SoC equal to 0.01 and 0.39, respectively. 

Nevertheless, the high availability of TCM in covering heating demand 
whenever it was required could significantly impact on the electrical 
energy needed to carry out TCM charging, especially considered the 
intermittent nature of renewable energy sources. Differently, CHS1 
(allowing charging when pm < 0.3, between 10:00 and 16:00) resulted 
in operate discharging for 32 % of the time against what it was required, 
with a mean and maximum SoC of 0.01 and 0.08, respectively. Even 
lowest values were obtained with CHS2 (enabling charging when pm <
0.3 and solar radiation was higher than 300 W/m2). However, despite 
the significantly lower TCM availability compared to the one obtained 
with CHS0, the adoption of CHS1 may result far more efficient in opti
mising the use of TCM, as it fosters the exploitation of renewable energy 
sources like solar energy for the charging process.

Findings reported above highlighted the critical risks of relying 
exclusively on TCM to meet the building heating load, but also uncov
ered its valuable contribution if integrated with an auxiliary system like 
a heat pump (HP) in the ECHO system. The comparative analysis of the 
performance of the HP-TCM system and of the HP system highlighted 
that the former allowed to achieve an 8.8 % reduction in seasonal 
electricity consumption, and an increase in the seasonal COP from 3.4 to 
3.8. Finally, the daily thermal contribution provided by the two TES 
systems, TCM combined with PCM, compared to the building heating 
demand was evaluated over a 1-week period in January. Research re
sults showed that the two TES systems were able to cover about 10 % of 
the heating energy demand, with PCM providing almost 50 % of the 
TCM contribution.

Fig. 8. SoC achieved with CHS0, CHS1 and CHS2 during January, February and March 2023.

Fig. 9. Operating modes set with CHS0, CHS1 and CHS2 in relation to the curve of SIGNAL_EXT during a 1-week in January 2023.

Table 6 
Monthly and seasonal Eth provided by the heat pump, related Eel and COP of the 
HP system.

HP

EthHP 

[kWh]
EelHP 

[kWh]
COPHP 

[–]

Jan 2,691 841 3.2
Feb 2,053 638 3.2
March 1,267 363 3.5
Oct 240 50 4.8
Nov 1,438 352 4.1
Dec 2,415 711 3.4
Total 10,104 2,955 3.4
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The findings reported above emphasise the limitations of relying 
exclusively on TCM to meet the building heating demand. Indeed, 
despite its valuable potential, TCM efficiency is significantly enhanced 
when integrated with auxiliary systems, such as a heat pump, as seen in 
the ECHO system. Within this framework, control strategies should 
thoroughly consider the opportunity to operate in discharging mode, 
and use TCM to partially meet the building energy demand, and the need 
to recharge TCM by exploiting renewable energy sources like solar 

energy. Otherwise, the use of TCM results to be not advantageous. 
Additionally, the research results uncovered a non-linear relationship 
between the amount of TCM and the heating demand covered. This 
highlights the importance of implementing accurate and refined control 
strategies to optimise TCM mass.

However, for the sake of completeness, it should be noted that the 
effectiveness of TCM systems does not only depend on the share of 
renewable energy used for the charging process. Rather, their 

Table 7 
Monthly and seasonal Eth provided by the heat pump and by the cooling coil, related Eel and COP of the HP-TCM system.

HP CC HP-TCM

EthHP 

[kWh]
EelHP 

[kWh]
EthCC 

[kWh]
EthCC /EthHP− TCM 

[%]
EelCC 

[kWh]
EthHP− TCM 

[kWh]
EelHP− TCM 

[kWh]
ΔEel(HP − TCM VS HP)
[%]

COPHP− TCM 

[–]

Jan 2,549 783 153 5.7 6 2,702 789 − 6.2 3.4
Feb 1,930 587 133 6.5 5 2,063 592 − 7.1 3.5
March 1,133 309 144 11.3 5 1,277 314 − 13.7 4.1
Oct 198 33 46 18.8 0 243 33 − 34.7 7.5
Nov 1,320 304 127 8.8 5 1,447 309 − 12.4 4.7
Dec 2,276 654 151 6.2 5 2,426 659 − 7.3 3.7
Total 9,404 2,669 754 7.4 26 10,158 2,695 − 8.8 3.8

Fig. 10. Thermal contribution (a) and temperature differences (b) generated by TCM and PCM over 1-week in January 2023.

Table 8 
Daily thermal energy provided by PCM (EthPCM) and TCM (EthTCM) compared to the heating energy demand (EthHEAT) over 1-week in January 2023.

16/01 17/01 18/01 19/01 20/01 21/01 22/01

EthPCM [kWh] 5.1 1.8 1.7 3.1 2.0 2.8 2.8
EthTCM [kWh] 10.9 4.3 4.7 6.3 4.2 6.4 6.7
EthPCM+TCM [kWh] 16.0 6.2 6.4 9.4 6.2 9.2 9.5
EthHEAT [kWh] 102.5 130.0 107.9 131.6 92.1 90.6 80.8

​ ​ 16/01 17/01 18/01 19/01 20/01 21/01 22/01

EthPCM/EthHEAT [%] 5.0 1.4 1.6 2.4 2.1 3.1 3.5
EthTCM/EthHEAT [%] 10.6 3.3 4.3 4.8 4.6 7.1 8.3
EthPCM+TCM/EthHEAT [%] 15.6 4.7 6.0 7.1 6.7 10.2 11.8
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performance is also ensured by the availability of surplus electricity 
from the grid, the potential for harnessing waste heat, etc. Furthermore, 
TCM efficiency is determined by the careful selection of materials, the 
system design, and operational efficiencies. For these reasons, consid
ering the future scope of the study, the work is progressing with the 
definition of control strategies aimed at the exploitation of renewable 
energy sources for TCM charging, as well as at the exploration of 
virtuous synergies when considering the system integrated in the 
network. In addition, different TCM materials, impregnation methods, 
particle size and operating conditions are currently under investigation 
and are being tested.

Among the limitations of the present study there is the fact that the 
results and observations reported above are derived from a numerical 
model and not from experimental data collected from a prototype. Thus, 
as a future development of the work, the TRNSYS model of ECHO system 
will be calibrated with the monitoring data of the prototype that will be 
installed in Ferrara, and used to refine the preliminary control rules and 
the control system to be implemented in the three real test cases.
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