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A B S T R A C T

The present paper analyzed the thermal performance and control optimization of a solar system based on
seasonal sorption storage for domestic applications. The system control, which could choose between 41
operational modes, was optimized based on operational costs and maximization of sorption system use. The
system was composed by 17.5 m2 of evacuated tube collectors, 3.6 m3 of composite sorbents based on lithium
chloride and a stratified water tank. High efficiency of a sorption storage system was obtained when continuous
charges or discharges occur, which, in this study, depended on weather conditions (ambient temperature and
solar irradiation). The operational economic benefits were maximized using a sorption system with 9% less
capacity and, therefore, less storage volume. The sorption thermal energy storage system obtained energy
densities of 90 and 106 kWh/m3. The whole system could supply 35% of the total thermal demand of a single
family house in Nuremberg. The study concluded that the control optimization of a seasonal sorption system
is a key factor to make the technology competitive, define its optimal size and, therefore, maximize its energy
density in further designs.
1. Introduction

The building sector consumes around one-third of the worldwide
total final energy [1]. Energy consumption for domestic hot water
(DHW) and space heating (SH) achieves a high percentage (14.8%
and 63.6%, respectively) of the total energy consumption of a EU
household [2]. Solar thermal systems are a good solution to supply the
thermal energy demand of buildings, allowing CO2 savings. Especially,
in climates such as middle and north Europe, the temporal mismatch
between high solar irradiation during summer and high space heating
demand during winter justifies the need of seasonal thermal energy
storage (STES). Thermal energy storage (TES) based on sorption tech-
nology can store heat with low thermal losses during the idle period,
which makes it very attractive for STES. Furthermore, thermochemical
sorption technology has been recognized as one of the most promising
technologies for STES due to the large storage density and its less
influence on ambient temperature compared to sensible or latent heat
storage technologies [3].

Different authors already studied experimentally sorption TES sys-
tems for domestic applications [4–8]. Nevertheless, the integration of
these systems into a whole building heating energy system needs a
detailed study of its performance, in particular, when its performance
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depends on weather conditions (i.e., solar energy as heat source) and
transient thermal demands. The performance analysis and optimization
of a seasonal sorption system integrated into a building can be per-
formed through numerical simulations. For example, Engel et al. [9]
presented the simulation of a validated sorption heating system for
different locations in Europe using zeolite as storage material. Due
to its modularity, the system could choose between 30 operational
modes. Nevertheless, the control settings were not optimal for every
scenario. The authors highlighted the beneficial effect of the ‘‘charge
boost’’ mode, which enabled vapor transfer between two sorption stores
of different temperature level and/or state of charge. Ma et al. [10]
assessed the potential of seasonal solar TES system using ammonia-
based chemisorption with application in UK dwellings. The best case
scenario could covered 57.4% of the total SH demand using 45 m3

of BaCl2-0/8NH3 STES. Tzinnis et al. [11] studied the building in-
tegration of a liquid sorption storage combined with an air-source
electric heat pump driven by solar photovoltaic panels. Winter elec-
tricity demand and emission reductions reached values up to 41%.
Mlakar et al. [12] showed the advantages of thermochemical storage
compared to sensible heat storage to provide energy demand coverage
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Nomenclature

Symbols

𝑄 Thermal power [kW]
𝑚̇ Mass flow rate [kg/s]
𝐴𝑐𝑜𝑙 Area of collector [m2]
𝐸𝐺 Titled global solar irradiation [W/m2]
𝐸𝑑 Beam solar irradiation [W/m2]
𝐸𝑑𝑖𝑓𝑓 Diffuse solar irradiation [W/m2]
𝑇 Temperature [◦C]
𝑇𝑎𝑣𝑒𝑟,𝑐𝑜𝑙𝑙 Collector’s average temperature [◦C]
𝑈𝐿,𝑐𝑜𝑙 Collector’s heat losses transfer coefficient

[W/m2 K]
𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 Overall collector efficiency
𝐹𝑟 Heat removal factor
𝑎0 Collector’s optical efficiency
𝑎1 First order collector efficiency [W/m2 K]
𝑎2 Second order collector efficiency [W/m2

K2]
𝐼𝐴𝑀 Incidence angle modifier of collector
𝐸 Thermal energy [kWh]
𝐶𝑝 Specific heat [J/kg K]
𝐽 Last time-step
𝑡 Time
𝐶 Unitary cost [e/kWh]
𝑒𝑑 Energy density [kWh/m3]
𝐷 Thermal demand [kWh]
𝑉 Volume [m3]
𝑢 Uncertainty [%]

Acronyms

DHW Domestic hot water
SH Space heating
STES Seasonal thermal energy storage
TES Thermal energy storage
PCM Phase change materials
COP Coefficient of performance
RBC Rule based control
HTF Heat transfer fluid
SF Solar fraction

Subscripts

coll Collector
set Setpoint
sens Sensible
amb Ambient
in Inlet
out Outlet
des Desorption
ads Adsorption

for a building in Slovenia. The software TRNSYS was used to simulate
the system a macro scale. Thinsurat et al. [13] analyzed the potential
of an hybrid solar photovoltaic-thermal (PV/T) collector coupled to a
thermo-chemical sorption TES system. It was found that a 26 m2 air
gap PV/T collector coupled to the sorption storage could fully satisfy
the annual hot water demand of a single household in Newcastle with
100% solar sources.
2

evap Evaporator of sorption storage system
cond Condenser of sorption storage system
sorb Sorbent material
wt Water tank
s Summer
w Winter
min Minimum
max Maximum
cl Close loop
b Boiler
el Electrical
nosup Not supplied demand

Some studies integrated new components or operational modes
in the system to improve the sorption storage system performance,
especially during its discharge on cold winter days. For instance, Ma
et al. [14] studied a solar driven seasonal thermochemical sorption sys-
tem assisted with an electric heater or an electric-driven compressor to
supplement the thermochemical desorption process when there was not
enough solar irradiation. Those authors concluded that the compressor
substantially improved the heat storage capacity in comparison with
the use of the electric heater. Jiang et al. [15] studied the performance
of a sorption seasonal TES assisted by a compressor under ultra-low
ambient temperatures. The authors concluded that the hybrid sorption
TES driven by a photovoltaic-thermal system was promising for severe
cold regions. In a different study, Jiang at el. [16] analyzed an hy-
brid compression-assisted sorption thermal battery for thermal storage.
The results indicated good system compactness for real application.
Li et al. [3] analyzed an innovative dual-mode sorption system for
seasonal storage. The system achieved a COP of 0.6 and an energy
density above 1000 kJ/kg. The authors highlighted the advantages of
the sorption system over sensible and latent heat storage.

Scapino et al. [17] presented a techno-economical optimization of
a geothermal energy system with sorption TES that supplied heat to an
ORC and to a district heating system. The optimization aimed at finding
the optimal STES size and system operational behavior under different
energy markets. Bau et al. [18] optimized the design of an adsorber-bed
for its application on chillers. To ensure that intrinsic design properties
are not affected by a poor control, a control optimization was also stud-
ied. The goal of the authors was to define a method to efficiently design
adsorbed-beds. Frazzica et al. [19] proposed a unified methodology for
the evaluation of the potential of seasonal sorption storage based on
building constraints, weather conditions and solar thermal technology.
The results demonstrated that the STES density varies significantly with
the SH demand and the ambient heat source/sink. Nevertheless, as the
authors highlighted, a pure dynamic modeling to evaluate the dynamic
behavior of the system was missing in the study.

The integration of solar collectors coupled to a seasonal sorption sys-
tem is a good solution to substitute fossil fuels for supplying households
heat needs. Nevertheless, as Frazzica et al. [19] reported, a carefully
preliminary analysis to avoid overestimation of the STES volume is nec-
essary. Indeed, sorption storage system must operate at its maximum
efficiency to be competitive against traditional fossil fuels, since their
operation is more complicated. As previously reviewed, several studies
have reported an upgrade of the sorption storage or have optimized
its size from a technical and/or economic perspective showing promis-
ing results. However, in spite of the potential of sorption technology
as seasonal storage, its dependency on weather conditions (ambient
temperature and solar irradiation) can limit its operation and therefore
its energy density if a proper operation is not explored. Moreover, as
N’Tsoukpoe et al. [20] reported, seasonal sorption storage systems are

subjected to significant sensible thermal losses. A control optimization
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Fig. 1. Schematic of the system for summer operating conditions (charging STES mode).
based on weather conditions, system state and thermal demand allows
to minimize the sensible thermal losses and maximize its efficiency.

This study goals to analyze the impact of a detailed control op-
timization on the performance and thermal losses of a water-based
seasonal sorption system driven by solar energy. For this purpose, a
detailed control optimization of a solar driven sorption storage system,
which provides thermal demand to a single-family house in middle Eu-
rope, was performed for first time in the found literature. This system
was developed within the frame of the EU-Horizon 2020 SWS-Heating
project. In the project, a novel composite water sorbent material —
employing silica gel as matrix and lithium chloride as active embedded
salt [21] was developed to be used in a sorption storage. It was based
on an innovative modular architecture, employing highly asymmetric
plate heat exchangers as adsorbers [22], in which the loose grains of
the composite sorbent are embedded. The system was controlled using
a rule based control (RBC) strategy, which consists of a control policy
where a set of rules govern the behavior of the system.

This study is organized as follows: in Section 2 a description of the
system and its operation is reported. In Section 3, the methodology is
presented. In Section 4, the results for the two optimized scenarios are
presented and discussed. Section 5 includes the conclusions and future
work.

2. Description of the system

In this study a solar energy system based on a seasonal sorption TES,
latent heat storage and a stratified water tank able to supply heating
energy for SH and DHW is presented. A schematic of the system for
the two studied operating conditions, summer and winter, is shown
in Figs. 1 and 2. In summer, at high solar irradiation conditions, the
sorption modules were charged with solar heat at around 90 ◦C, while
part of the solar energy (at 70 ◦C) was provided to the combi-tank and
used to provide the needed DHW. The heating energy, provided at the
desorption temperature requested by the composite sorbent, caused the
desorption of the water vapor adsorbed onto the composite sorbent.
The water vapor leaving the composite was condensed rejecting the
condensation heat to the ambient.

In winter, when SH was required by the user in the next 24 h
and the water tank temperature fell below the setpoint temperature,
the sorption modules were activated and discharged, providing energy
to the water tank. For this purpose, the water was evaporated again,
using a low temperature heat source (at temperature from 5 to 15 ◦C),
and it was adsorbed by the sorbent material. Heat of sorption was
then released from the reactor to the water tank (at around 35 ◦C)
3

to supply the SH demand. Most of the sorption systems [3,9,10,23–
25] used, ambient air as low temperature heat source, which causes
great system dependency on the ambient temperature and limitations
in its operational, especially, during cold winter days when water is
employed as working fluid. In the proposed system in order to reduce
the system dependency on ambient temperature, the solar thermal field
was exploited in winter, when the irradiation is low, to provide the
low temperature heat source to the STES evaporator. Furthermore, a
tank filled with phase change material (PCM) [26] able to provide heat
at a nearly constant temperature (melting temperature: 15 ◦C), was
included, in order to store at high energy density the heating energy
provided by the solar field, thus extending the operation of the STES.
Specifically, in winter, whenever the PCM tank was not fully charged
and the solar field could provide the required energy, it was directly
charged at low temperature (20 ◦C) by the solar field. The system
allowed the simultaneous charge of the PCM with solar heat and its
discharge to assist the evaporator of the sorption modules.

The solar field could also provide heat to the water tank along the
year for DHW or SH at a collector outlet temperature setpoint of 70
or 45 ◦C (a temperature difference in the heat exchanger should be
considered), respectively. Furthermore, the system was assisted by a
back-up gas boiler in case the water tank was not at the DHW or SH
setpoint temperatures. When the temperature in the water tank fell well
below the SH setpoint temperature, the SH circuit operated in a close
loop with the boiler. In winter, in case the boiler had a simultaneous
demand of both SH and DHW, DHW was prioritized. Radiant floor was
selected as the SH distribution system of the house. The adsorption
temperature (and sorbent composite) was set considering the usual
required temperatures in floor heating. The authors considered constant
SH supply and return temperature of 38 and 28 ◦C.

The seasonal solar-driven heating system could operate with one of
the 41 operational modes, presented in Annex, which are the combina-
tion of the different operational modes of the subcomponents described
in the previous paragraphs. The operational modes of the solar col-
lectors and, consequently, of the whole system, were selected based
on the instantaneous solar irradiation availability. Four thresholds of
solar irradiation were set to define the control strategy, whose values
had great impact on the sorption system performance and efficiency.
Therefore, in this study, the optimization of the RBC strategy of a
solar driven seasonal system based on a sorption storage tank was
performed. The methodology considered for that purpose is explained
in the following section.
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Fig. 2. Schematic of the system for winter operating conditions (discharging STES mode).
Fig. 3. Sketch of the designed and simulated building.

3. Methodology

3.1. Input data: thermal demands and weather data

To obtain the SH consumption profiles employed in this study,
a building model was designed using the OpenStudio software [27]
and simulated through EnergyPlus [28]. The building and its wall
thermal transmittance values were defined using the Tabula/Episcope
Database [29] for the reference building with code: DE.N.SFH.12.Gen
considering a single family house (code:EFH_L). A building sketch can
be seen in Fig. 3. The total SH demand of the building was calculated
for two floors with a surface of 67 m2 each (the attic zone was not
conditioned). To have a better understanding of the heating set points
employed in each area, Fig. 4 details the thermostat operation consid-
ered in the living and the sleeping areas, which correspond to a low
demand consumer. Indeed, these modest space heating demands were
obtained from a technical report [30] and correspond to a near zero
emissions building (NZEB). The data was generated with a time-step of
one hour.

Regarding the DHW, a consumption of 90 l/day [30] with a tem-
perature rise from 10 to 60 ◦C was considered. DHW data was firstly
obtained hourly-based, and interpolated to the first 15 min of every
hour to simulate daily activities that consume DHW: shower, wash
dishes, etc.

Meteorological data [31] of different years for the location of
Nuremberg was considered to run both the simulations of the building
in EnergyPlus and the simulations of the energy system in Python.
4

3.2. Description of the physical models

Physical models of every subcomponent were necessary to assess
the thermal performance of the system and optimize its control. All
physical models were implemented in Python 3 [32] and are described
in detail in the following subsections.

3.2.1. Evacuated tube collectors
The energy balance equation of an evacuated tube collector, pre-

sented by Duffie and Beckmann [33], can be expressed based on the
overall collector efficiency (𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙), as described in (1).

𝐼𝐴𝑀 ⋅ 𝐸𝐺 ⋅ 𝐴𝑐𝑜𝑙 ⋅ 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑚̇𝑐𝑜𝑙 ⋅ 𝐶𝑝 ⋅ (𝑇𝑜𝑢𝑡,𝑐𝑜𝑙 − 𝑇𝑖𝑛,𝑐𝑜𝑙) (1)

The overall collector efficiency can be described as:

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑎0 − 𝑎1 ⋅
𝑇𝑎𝑣𝑒𝑟 − 𝑇𝑎𝑚𝑏

𝐸𝐺
− 𝑎2 ⋅

(𝑇𝑎𝑣𝑒𝑟 − 𝑇𝑎𝑚𝑏)2

𝐸𝐺
(2)

The model of the solar collector was validated using the results
of the collector outlet temperatures presented by Ayompe et al. [34].
The collector outlet temperature of both: the reference paper and the
numerical results of the present study, are shown in Fig. 5. The model
presents an average relative error lower than 1% in predicting the
collector outlet temperature.

The heat transfer between the solar field and the secondary loop
was done through a heat exchanger simulated using the traditional
epsilon-NTU method [35].

3.2.2. Sorption modules
To reduce the computational time of the whole system simulation,

the sorption modules were simulated using a performance map ap-
proach, which is computationally lighter than a physical model. In
particular, the performance maps in terms of charging and discharging
power as a function of inlet temperatures at the main components of
the STES were obtained scaling up the results reported on the char-
acterization of a lab-scale adsorber configuration reported in Mikhaeil
et al. [22]. It consisted of an asymmetric plate heat exchanger filled
with the composite sorbent material. The lab-scale testing performed by
Brancato et al. [36] to define the kinetics of the water sorbent compos-
ite together with the adsorber characterization performed by Mikhaeil
et al. [22] were exploited to define the adsorption/desorption kinetic
of the process, scaled-up to draw the performance maps reported in
Fig. 6, which were calculated considering a modular system using
adsorbers containing 100 kg of composite sorbent employing silica
gel impregnated with 30 wt% of LiCl and considering the following
constant mass flow rates: 0.2 kg/s for the absorber and desorber,
0.166 kg/s for the evaporator and 0.25 kg/s for the condenser. As can
be argued, during charging phase, the desorption power increases with
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Fig. 4. Temperature setpoints for the space heating.
Fig. 5. Comparison between numerical results of the current model and literature
results (Ayompe et al. [34]) based on collector outlet temperature.

increasing the inlet temperature at the adsorber reactors and decreasing
the inlet temperature at the condenser. This behavior is justified by the
increasing kinetic of the process achieved at high temperature and the
higher water vapor exchanged when the condensation temperature is
reduced. Similar considerations can be reported looking at the discharg-
ing phase. Indeed, in this case, the kinetic increases with increasing the
evaporation pressure, while the water vapor exchanged increases when
the adsorption temperature is reduced. The simulated configuration,
according to the equilibrium thermodynamic curves reported in [21],
can store up to 110 MJ of energy per module.

The desorption heat power (Qdes) was obtained based on the con-
denser inlet temperature – ambient temperature – and the desorber
inlet temperature using Fig. 6(a). In the same way (using Fig. 6(b)), the
adsorption heat power (Qads) was obtained based on the evaporator in-
let temperature and the adsorber inlet temperature. Using those values
and Eqs. (3) and (4), (5), (6), the outlet desorption and condenser tem-
perature, as well as the outlet adsorption and evaporator temperature
in the module were calculated. Specifically, in evaluating evaporation
and condensation power, as reported in Eqs. (5) and (6), the average ra-
tio between adsorption enthalpy and water condensation/evaporation
enthalpy was considered, which equals to 1.2.

Furthermore, in order to properly consider the operational con-
straints of a STES, also the sensible losses were considered. Indeed,
during the stand-by periods between two consecutive charging or dis-
charging phases, the STES is subjected to heat losses to the surrounding,
which reduce the temperature of the whole module, comprising metal,
water and composite sorbent. For the sake of simplicity, the STES was
assumed as a lumped system, in which a single temperature can be used
5

to represent the cooling down due to the heat losses. Accordingly, the
temperature evolution was obtained considering the STES geometrical
features, as well as the mass of composite sorbent loaded and a standard
polyurethane insulation (5 cm thick). The heat losses were calculated
considering natural convection towards the surrounding ambient, using
an average ambient temperature of 15 and 21 ◦C for winter and sum-
mer, respectively. Under these conditions, the temperature decrease of
the STES can be described by an exponential decay function, depending
on the natural convection coefficient, the external surface area and the
thermal mass of the STES [37]. Of course, any temperature decrease of
the STES during the stand-by periods is associated with a energy loss
that must be provided during the following phase in order to either
increase the STES temperature at the minimum desorption temperature
(charging phase) or to increase the STES temperature at the adsorption
temperature needed to deliver heat to the user (discharging phase). The
energy will be then extracted from the solar field in the former case and
will be part of the adsorption heat released by the adsorbent material
in the latter case. Clearly, the longer the stand-by the higher the overall
heat losses. Fig. 7 summarizes the obtained results during both, charg-
ing and discharging periods, where for a certain sorbent temperature of
the module (Tsorb) the required sensible energy (Ereq,sens) to reach the
adsorption or desorption temperature is given. As expected, since the
temperature difference is much higher between charging and ambient
temperature, the phase which is mainly affected by the heat losses is
the charging one.

Accordingly, this effect must be carefully taken into account when
the optimal control strategy is investigated, since it can strongly affect
the decision making process.

𝑄𝑑𝑒𝑠 = 𝑚̇𝑑𝑒𝑠 ⋅ 𝐶𝑝 ⋅ (𝑇𝑜𝑢𝑡,𝑑𝑒𝑠 − 𝑇𝑖𝑛,𝑑𝑒𝑠) (3)

𝑄𝑎𝑑𝑠 = 𝑚̇𝑎𝑑𝑠 ⋅ 𝐶𝑝 ⋅ (𝑇𝑜𝑢𝑡,𝑎𝑑𝑠 − 𝑇𝑖𝑛,𝑎𝑑𝑠) (4)

𝑄𝑒𝑣𝑎𝑝 =
𝑄𝑑𝑒𝑠
1.2

= 𝑚̇𝑒𝑣𝑎𝑝 ⋅ 𝐶𝑝 ⋅ (𝑇𝑖𝑛,𝑒𝑣𝑎𝑝 − 𝑇𝑜𝑢𝑡,𝑒𝑣𝑎𝑝) (5)

𝑄𝑐𝑜𝑛𝑑 =
𝑄𝑎𝑑𝑠
1.2

= 𝑚̇𝑐𝑜𝑛𝑑 ⋅ 𝐶𝑝 ⋅ (𝑇𝑜𝑢𝑡,𝑐𝑜𝑛𝑑 − 𝑇𝑖𝑛,𝑐𝑜𝑛𝑑 ) (6)

3.2.3. PCM tank
The PCM tank consisted of a rectangular tank filled with horizontal

PCM slabs stacked with a gap between them to allow the flow of
the heat transfer fluid (HTF). The PCM tank used in this study was
described in detail in a previous work presented by Crespo et al. [38].
In that study, a 2D numerical model based on finite control volume
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Fig. 6. Performance map for the charging and discharging power of the sorption module.
Fig. 7. Temperature evolution and sensible energy associated to the STES heat losses towards the environment for both charging and discharging periods.
method was developed and validated to evaluate the thermal perfor-
mance of the PCM tank. The 2D model considered nodes in the 𝑥-axis
(𝑁𝑥), HTF direction, and in the 𝑦-axis, in both PCM (𝑁𝑝𝑐𝑚) and slab
wall (𝑁𝑤𝑎𝑙𝑙). In the present study, to reduce the computational time,
the combination 𝑁𝑥 = 10, 𝑁𝑝𝑐𝑚 = 7, 𝑁𝑤𝑎𝑙𝑙 = 3 was considered. This
combination reduced the computational effort in 25% (compared to the
reference) and obtained a average relative error of the results of 4%.

3.2.4. Stratified water tank
The water tank of the system consisted of a constant volume strati-

fied water tank. A 1D numerical model based on finite control volume
method was developed to analyze its performance. Each control volume
was fully mixed and an explicit scheme was used to solve the en-
ergy balance equations. The physical phenomena considered in the 1D
model was: thermal losses to the ambient, conduction between nodes
and mass flow between nodes. Buoyancy effect was neglected. Thermal
instabilities between adjacent nodes due to the non consideration of the
buoyancy effect were solved by temperature node mixing [39]. The
equations used to simulate the heat transfer in a 1D stratified water
tank model were presented by Rodriguez-Hidalgo et al. [40].

Experiments to validate the model were carried out at the laboratory
of the GREiA research group at the University of Lleida (Spain). The
experimental set-up, consisted of a stratified water tank of 535 liters
with a vacuum insulated double wall with five sensors located along
the tank (see Fig. 8). The experiment used for validation consisted in
a charge process with water inlet at the top node at 45 ◦C (T1 — see
Fig. 8) and water outlet from the bottom node (T5 — see Fig. 8. The
initial temperature of the tank was 25.3 ◦C. A constant mass flow rate
of 3.33 l/min was considered in the test. More information about the
6

experimental set-up can be found in Verez et al. [41]. The thermal and
physical tank parameters are shown in Table 1.

The water tank did not have a perfect cylindrical shape as shown
in Fig. 8. To facilitate its modeling, a perfect cylindrical shape with
an equivalent height of 1.65 m was considered. In this study, due
to the tank geometry and the sensors position, and to reach a trade-
off between results accuracy and computational time, 33 nodes were
selected to compare the computational results with the experiments.
The comparison between tank outlet temperature of the experiment
and the numerical model are shown in Fig. 9. The average relative
error of the five sensors was calculated for the values with experimental
temperatures higher than 25.5 ◦C. The errors were: 0.6% for T1, 2.1%
for T2, 1.9% for T3, 2.3% for T4 and 3.8% for T5. The highest deviation
occurred at the bottom part of the water tank. Nevertheless, to reach a
trade-off between results accuracy and computational time, the model
using 33 nodes was considered accurate enough for the purpose of this
study.

Furthermore, to ensure accuracy of the reported results, an uncer-
tainty analysis to the heat transfer rate (u(𝑄̇)) was carried out according
to the GUM methodology [43], a methodology exemplified in [44]. To
calculate the uncertainty of the heat transfer rate delivered by the strat-
ified water tank, the uncertainty from the different involved variables
was taken into account: 0.0002% [45] for the HTF density, 0.3% (given
by the manufacturer) for the volumetric flow rate, 1.5% [46] for the
specific heat capacity and an accuracy of ±0.15+0.002 𝑇 of Pt-100 class
A temperature sensors [47]. Based on this data, using Eq. (7) a relative
expanded uncertainty (k = 2) for the heat transfer rate of 3.3% was
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Table 1
Parameters of the water tank used to validate the 1D model.
Parameter Value Parameter Value

Top heat losses coefficient (W/m2 K) 0.32 [41] Tank volume (l) 1000
Edges heat losses coefficient (W/m2 K) 0.38 [41] Equivalent tank height (m) 1.65
Bottom heat losses coefficient (W/m2 K) 2 [41] Thermal conductivity of HTF (W/mK) 0.6
Fig. 8. Sketch of stratified water tank [42] used in the experiments for model
validation and location of sensors.

obtained.

𝑢(𝑄̇) =

[

[

𝜕𝑄̇
𝜕𝜌

𝑢(𝜌)
]2

+
[

𝜕𝑄̇
𝜕𝑉̇

𝑢(𝑉̇ )
]2

+
[

𝜕𝑄̇
𝜕𝐶𝑝

𝑢(𝐶𝑝)
]2

+
[

𝜕𝑄̇
𝜕𝛥𝑇

𝑢(𝛥𝑇 )
]2
]0.5

(7)

where u(𝜌) is the uncertainty of the density of the HTF, u(𝑉̇ ) is the
uncertainty of the volumetric mass flow, u(Cp) is the uncertainty of the
specific heat capacity and u(𝛥𝑇 ) is the uncertainty of the temperature
measurements.

3.2.5. Additional physical models considered
The physical model type 122 presented in the Documentation of

TRNSYS 18 [48] was used to simulate the thermal performance of the
back-up gas boiler. To calculate the solar diffuse irradiation on the
tilted surface, required to calculate the tilted global irradiation, the
physical model Reindl Model [49–51] was used.
7

Fig. 9. Comparison of nodes temperatures of water tank: experiment vs. simulations
with 66 nodes.

3.3. Simulation of the system

To simulate the system thermal performance, the connection be-
tween all the subcomponents was done in Python 3. To avoid calcu-
lations based on iterative numerical methods, which are highly time
consuming, some variables of the subcomponents for the previous time-
step [t-1] were used to calculate the variable for the current time-step
[t]. These variables were: the inlet temperature of the solar field,
the temperature of the PCM storage tank, the nodes temperature of
the stratified water tank and the temperature of the sorbent material
in each module of the sorption storage tank. Despite the fact that
iterative processes were ideally avoided, the Gauss–Seidel method –
considering a relaxing factor of 0.9 and a maximum error of 0.01 ◦C
(for temperature) or 0.01 kg/h (for mass flow rate) – was required for
the calculation of some system variables.

A time-step of 15 min was used for both, the control and the
performance simulation of the system.

The simulation of the system was carried out using the numerical
models explained in detail in Section 3.2. The evacuated tube collector
AKOTEC OEM Vario 3000-30 [52] with an aperture area of 4.46 m2

was used for the simulations. The thermal, optical, and operational
parameters of the solar field are shown in Table 2. The energy coming
either from the solar field or from the seasonal STES, was stored in
a stratified water tank of 1 m3 of volume. Unlike the rest of the
simulation, the water tank was simulated with an internal sub time-
step of 1 min to avoid that the high inflow relative to the volume of
the node would generate errors in the energy balance. Three out of
the five sensors located in the stratified tank were used to control the
system: top (Ttop = T1), middle (Tmiddle = T3) and bottom (Ttop = T5)
sensors. The thermal and physical parameters considered for the water
tank are shown in Table 1.

The PCM storage tank, used in the simulations as low temperature
heat source for the evaporator, contained 220 kg of the PCM called
PCMP S15 [26]. This PCM was selected because its melting temperature
(15 ◦C) matched with the nominal inlet temperature to the evaporator.
The thermal and physical properties of the PCM tank are presented
in Table 3. More details about the PCM storage tank can be found in
Crespo et al. [38].

The sorption storage tank contained 20 modules of 100 kg, each
of them was composed by an adsorber/desorber and an evapora-
tor/condenser. During summer, the operation of the sorption tank was
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Table 2
Properties of solar collector (related to aperture area) [52].
Parameter Value Parameter Value

Total area of collector field (m2) 17.5 Inclination of collectors 35◦

a0: optical efficiency 0.559 [53] Diffuse incidence angle modifier 1.314 [53]
a1: first order efficiency (W/m2 K) 1.485 [53] Maximum pressure (bar) 10 [52]
a2: second order efficiency (W/m2 K) 0.002 [53] Stagnation temperature (◦C) 158 [52]
mass flow range (kg/h) 300–1000 solar HEX effectiveness 0.6
Heat transfer fluid Water-glycol Specific heat (kJ/kgK) 3.9
Table 3
Thermal and physical properties of PCM storage.
Parameter Value Parameter Value

Total PCM mass (kg) 220 Type of slab PCMP FlatICE [26]
Number of slabs 33 Slab dimension 0.5 m × 0.25 m × 0.35 m
Melting temperature (◦C) 15 [26] Latent heat (kJ/kg) 71.5 [38]
PCM density (kg/m3) 1750 [38] Heat transfer fluid pure water
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as follows: once the first active module has been charged, the outlet
water still has high enthalpy which can provided (see Fig. 1) in the
form of sensible heat to the next module if connected in series. This
operational mode on the STES charging process has two advantages:
first. overheating in the solar loop is avoided; second, next active
module can be heated-up and reach the desorption temperature, so, it
can then be ready for the charging process. The charging efficiency of
a sorption module directly depends on the ambient temperature, since
this latter corresponds to the inlet condenser temperature.

During winter just one module could be discharged at once. In
winter season, it was likely that although the STES was charged and
there was high heating demand, the STES system was not able to heat
up the feed water. This can happen when the adsorption temperature
or the inlet temperature to the adsorber were not high enough to heat
up the feed water up to the space heating temperature. For this reason,
a minimum sorption module temperature of 35 ◦C and a minimum feed

ater temperature to the reactor of 25 ◦C - which is supplied by the
iddle part of the water tank — were considered to allow the discharge

f the STES. Thus, the close mode loop of space heating was activated
ust when the temperature in the bottom part of the tank was below
0 ◦C.

Finally, for the simulation of the boiler, a maximum boiler capacity
f 9 kW and a boiler efficiency of 0.9 were considered.

.4. Optimization of rule based control policy

As already mentioned, the STES system under study was charged
n summer, when solar irradiation was high, and it was discharged in
inter, when solar irradiation was low and a high space heating de-
and existed. To control the different components of the system, a RBC

trategy, which is shown in Annex, selected the suitable operational
ode based on the solar irradiation and the season. The RBC strategy
as divided in two parts: a first for summer and a second for winter.
onths from April to September were considered as summer period

nd October to March were considered as winter season. Four solar
rradiation thresholds were used to define the control strategy of the
ystem:

1 EG,STES: minimum value to charge the sorption storage tank.
2 EG,wt,s: minimum value to charge the water tank in summer.
3 EG,wt,w: minimum value to charge the water tank in winter.
4 EG,PCM: minimum value to charge the PCM tank.

The state of charge (SoC) of the sorption storage tank and PCM
ank were necessary to perform the control of the system. The SoC
f both storage systems were calculated based on an energy balance.
urthermore, the following parameters were required to define the RBC
trategy:
8

1. TDHW,set: DHW setpoint temperature (65 ◦C).
2. TSH,set: SH setpoint temperature (38 ◦C).
3. TSH,cl: setpoint temperature to activate SH close loop mode

(20 ◦C).
4. SoCPCM,dis: minimum state of charge of the PCM tank to allow

its discharge (15%).
5. Twt,max: maximum temperature in water tank (75 ◦C).
6. Twt,set: setpoint temperature at the top of the water tank (70 ◦C).

The control of the system under study presented complexity due the
igh number of operational modes and to the limitations of the sorption
torage tank, which could operate only under certain conditions which
epended of the weather conditions and the status of the other sub-
omponents. To decide, for example, weather solar energy in winter is
sed to discharge the sorption tank (charging the low temperature heat
ource) or to charge the water tank has an impact in the fossil fuel
onsumption of the system. Therefore, an optimization of the system
BC policy was performed.

Two different optimization scenarios were analyzed. The first opti-
ization scenario consisted of minimizing the total annual operational

osts (Ctotal) of the system (minCosts scenario). The total annual cost is
cumulative reward, which consists of the sum, for every time step

f the year, of natural gas consumption of the boiler, the electrical
onsumption of the pumps, and an economical penalty in case that de-
and was not covered. The definition of total annual cost is presented

n Eq. (8).

𝑡𝑜𝑡𝑎𝑙 =
𝐽
∑

𝑡=0

[

𝑃𝐹 ⋅ (𝐸𝑛𝑜𝑠𝑢𝑝,𝑑ℎ𝑤 + 𝐸𝑛𝑜𝑠𝑢𝑝,𝑠ℎ) + 𝐶𝑔𝑎𝑠 ⋅ 𝐸𝑏 + 𝐶𝑒𝑙,𝑝𝑢𝑚𝑝 ⋅ 𝐸𝑝𝑢𝑚𝑝𝑠
]

(8)

As mentioned in Section 2, in winter, when DWH and SH demands
ere required simultaneously and the SH demand cannot supply di-

ectly from the water tank, the back-up boiler was used just to supply
HW demand. Hence, during some time-steps may happen that SH
emand was not supplied. To minimize this effect, the total annual cost
ncluded a penalty factor (PF). The system paid an economic penalty
hen the SH demand was not supplied in order to prevent as much
s possible the optimizer to fall into scenarios where the SH demand
as not satisfied. The system was optimized for a penalty factor of 1

ime the gas price, using a unitary cost for the natural gas (Cgas) of
1.5 e/MWh (with taxes). The electrical pump energy consumption
as calculated based on the number of active pumps at every time-step
t]. A constant pump power consumption of 0.01 kW and a electricity
nitary cost (Cel,pump) of 298 e/MWh (with taxes) [54] was considered
o calculate the electrical pump cost.

The second optimization scenario consisted of reaching a trade-off
etween minimum operational cost and maximum use of the STES
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Fig. 10. Solar global irradiation on collector along the year 2008.
Table 4
Optimized control thresholds for the studied scenarios.
Scenario name EG,STES [W/m2] EG,wt,s [W/m2] EG,wt,w [W/m2] EG,pcm [W/m2]

minCosts_FP1 467 128 139 101
maxSTES_FP1 426 121 140 101
Table 5
STES performance and costs for the studied scenarios.

Scenario name SoCSTES,s [%] SoCSTES,w [%] Ctotal [€]

minCosts_FP1 89.6 1.9 441.7
maxSTES_FP1 98.9 1.9 442.2

system (maxSTES scenario). Hence, the objective function was:

𝐶𝑚𝑎𝑥,𝑆𝑇𝐸𝑆 = 𝐶𝑡𝑜𝑡𝑎𝑙 ⋅ [1 − (𝑆𝑜𝐶𝑆𝑇𝐸𝑆,𝑒𝑛𝑑𝑠𝑢𝑚𝑚𝑒𝑟 − 𝑆𝑜𝐶𝑆𝑇𝐸𝑆,𝑒𝑛𝑑𝑤𝑖𝑛𝑡𝑒𝑟)] (9)

The solar irradiation thresholds are key factors in the operation of
the system. Therefore, the four solar irradiation thresholds, presented
in the RBC policy, were selected as optimization variables. The opti-
mization search space in W/m2 for every control threshold was: EG,STES:
300–600; EG,wt,s:100–600; EG,wt,w:100–500 and EG,pcm:100–300.

Hyperopt library [55] was considered for the optimization, it uses
different stochastic search algorithms to find the best scalar value into
a space. In this study, the Tree-structured Parzen Estimators (TPE)
algorithm [56] was chosen. The hyperparametric optimization was
stopped at 300 iterations since no further improvements in the results
were expected. Within the TPE algorithm, a sample of 100 candidates
was set, and the first 20 iterations were considered randomly. Gamma
value of 20% was used, which means that 20% of the best observations
are used to estimate the next set of parameters.

To avoid oversampling, input data (weather data and thermal de-
mand) of the years 2010, 2011 and 2012 was used for the optimization.
To validate the optimization results, the simulation was carried out
with data from 2008. Hence, the results of the thermal performance of
the system presented in this study have been obtained with data from
2008. The solar irradiation for 2008 is presented in Fig. 10.

Once the control strategy was optimized, several performance in-
dicators were used to assess the thermal performance of the system
and the sorption storage tank. The performance indicators were: solar
fraction (SF), COP of STES, sensible energy required by the reactor
during desorption (Edes,sen), effective desorbed energy (Edes), effective
adsorbed energy output(Eads), energy from collector (Ecoll), energy from
boiler (Eb) and energy density (ed) of the sorption storage tank. The
energy density was calculated was on the adsorbent composites volume.
To assess the environmental impact of the system, CO2 savings were
also calculated. Some of the indicators are defined in (10), (11) and
(12).

𝑆𝐹 =
(𝐷𝐷𝐻𝑊 +𝐷𝑆𝐻 ) − 𝐸𝑏

𝐷𝐷𝐻𝑊 +𝐷𝑆𝐻
(10)

𝐶𝑂𝑃𝑠𝑡𝑒𝑠 =
𝐸𝑎𝑑𝑠 (11)
9

𝐸𝑑𝑒𝑠,𝑠𝑒𝑛 + 𝐸𝑑𝑒𝑠
𝑒𝑑 =
𝐸𝑎𝑑𝑠
𝑉𝑆𝑇𝐸𝑆

(12)

4. Results and discussion

4.1. Analysis of the overall performance of the system

In the following section, annual results of the system optimized sce-
narios are presented. As already mentioned, the solar driven seasonal
system was optimized for two different objective functions considering
a 165 m2 building located in Nuremberg. The total thermal demand
obtained for the year 2008 was 8904 kWh.

The question whether solar energy should be stored directly in the
water tank, in the STES or in the low temperature heat source is a key
decision. In Table 4, the results of the four optimized control thresh-
olds for the annual simulations are presented. The irradiation control
threshold EG,STES (467 W/m2) of scenario minCost, which searched
to minimize the operational costs, allowed to have more solar hours
available to charge the water tank rather than the STES (see RBC
strategy in Annex) in comparison with the scenario maxSTES (426
W/m2), which searched for a trade-off between costs minimization
and maximization use of the STES. As a consequence of these control
thresholds, the STES was charged to a maximum of 89.6% and 98.9%
for scenarios minCost and maxSTES, respectively. Moreover, as shown
in Table 5 the system was completely discharged at the end of winter
in both cases. Therefore, the results indicated that it was more cost-
effective (441.7 e and 442.2 e) not to use the whole capacity of the
sorption tank and during some periods of the year use the solar heat
to directly charge the water tank. Nevertheless, from an quantitative
perspective, the difference in annual cost between the minCosts and
maxSTES scenario can be neglected, as observed in Fig. 11. Indeed,
these results show that both scenarios reached the same total annual
cost, but, optimizing the system control based on operational costs
would allow to reduce the size of the STES system in around 10%,
which means lower investment costs.

In addition to obtain nearly equal total annual cost, both scenarios
also obtained the same solar fraction and CO2 savings, presenting
values of 35% and 623 kg of CO2 respectively.

4.2. Performance of the sorption system

The concept of the system under study consisted of discharging the
seasonal sorption system during heating season when solar heat was
not available, to heat up the water tank to provide SH demand to the
end user. High performance efficiency of the sorption storage system
is reached when a continuous charge or discharge takes place, thus,
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Table 6
Results for the different scenarios.

Scenario Eb [kWh] Ecoll [kWh] COPstes Ech,sens [kWh] Edes [kWh] Eads [kWh] SF [%] ed [kWh/m3] CO2,sav [kg]

minCost_FP1 6156.8 6075.4 0.26 692.7 547.8 325.5 34.9 90.4 623.3
maxSTES_FP1 6124.6 6065.2 0.28 690.9 599.2 364.7 35.0 106.3 623.4
Fig. 11. Evolution of the state of charge of the STES vs. cumulative total annual costs for minCosts and maxSTES scenarios.
Fig. 12. Charging process of the system for the scenario that minimized the costs
during a reference summer day.

repetitive warming-ups of the sorbent material can be avoided. During
winter, due to the variability of the weather conditions, the availability
of the low temperature heat source and the possibility of using solar
heat to charge directly the water tank made impossible to perform a
continuous discharge of the STES. Indeed, during some days with very
low solar irradiation, the discharge of the STES could not be performed
due to the unavailability of the low temperature heat source, which
must be charged with solar energy. In those cases, the discharge of
the STES was stopped, at least, until solar irradiation could charge
again the low temperature heat source. As previously mentioned, this
effect entails that due to a waiting period between two discharges
of the STES; the sorbent material needed to be heated up again to
adsorption temperature. This drawback causes an efficiency drop of
the STES during winter, but also in summer during the charging phase.
Furthermore, it is worth to mention that the inlet temperature to the
sorption modules coming from the water tank must be at least 25 ◦C
to obtain hot water leaving the STES modules at temperatures useful
for the SH application. This fact implied, that if the medium part of
the stratified water tank was below 25 ◦C, the thermal energy stored
in the STES could not be exploited.

Nevertheless, despite the operating limitations of the STES, the
charges and discharges of the STES system were carried out continu-
ously enough to make cost-effective the use of the STES. In Fig. 14,
the propagation of the state of charge vs. ambient temperature along
10

the year for scenario minCosts is shown. The periods where the degree
Fig. 13. Charging process of the system for the scenario that maximized the STES use
during a reference summer day.

of desorption propagated faster matched with high ambient tempera-
tures and high solar irradiation that allowed to reach the desorption
temperature (90 ◦C).

In Table 6, the results of the thermal performance of the sorption
system are presented. The sorption modules of minCost scenario des-
orbed 548 kWh, for which 692 kWh of sensible heat coming from the
sun were necessary. Out of the 548 kWh desorbed, 325 kWh were
discharged to the water tank. With respect to maxSTES scenario, the
sorption modules desorbed 599 kWh of energy, for which 691 kWh
of sensible heat were necessary. Out of the 599 kWh desorbed, 365
kWh were discharged. These values showed that the STES efficiency
(measured COP based) is slightly higher for the maxSTES scenario (0.28
vs. 0.26). This deviation in COP can be explained by looking at Figs. 12
and 13, which depict the weather conditions, STES temperature and
energy delivered to the sorption storage during a charging process in a
summer day, for both optimal case scenarios: costs minimization and
STES use maximization. Assuming the same reference summer day, for
the scenario which maximized the STES use, the heat of sorption versus
the required sensible heat to reach the regeneration temperature was
higher compared to the scenario that minimized the costs. This can
be explained as follows: the optimal threshold EG,STES was lower for
the maxSTES scenario (426 W/m2) compared to the minCosts scenario
(467 W/m2). This fact allowed to charge the STES with solar heat at
lower solar irradiations and therefore during longer time (from 10:30
to 13:15), which caused a more continuous charge. Thus, the COP for
the maxSTES scenario was slightly higher compared to the minCosts
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Fig. 14. Evolution of the state of charge of the STES vs. ambient temperature.
Table 7
IDs of the operational modes.
ID Action description ID Action description

Coll_STES Charge sorption modules with solar heat DHW_tank Supply DHW from water tank
Coll_DHW Charge water tank for DHW with solar heat DHW_boiler Supply DHW using back-up boiler
Coll_SH Charge water tank for SH with solar heat SH_tank Supply SH directly from water tank
Coll_PCM Charge PCM tank with solar heat SH_boiler Supply SH using back-up boiler
Dis_STES Discharge sorption module to water tank SH_closeloop Supply SH in close loop
scenario. In the system under study, slightly higher STES efficiency
of maxSTES scenario was not justified since, as mentioned, the same
total annual cost using lower STES size could be achieved for the
minCost scenario. The little difference in total annual cost between both
scenarios is, in fact, due to a slightly higher pump costs - one extra
pump must be used to discharge the STES - and the penalty cost (0.1
e).

The energy density of the optimum minCost and maxSTES scenarios
was respectively 90.4 and 101.3 kWh/m3, which is around half of the
value of the energy density at material level reported in [21]. Such a
discrepancy is due to the sensible losses encountered in the stand-by
periods and the limitation of the total capacity use due to economic
reasons for the minCost scenario. As expected, the energy density
of maxSTES scenario was higher, nevertheless, the optimal economic
scenario profit a large portion of the STES capacity.

5. Conclusions

A solar heating system based on a seasonal sorption TES was de-
signed to deliver SH to a low demand single family house in middle
Europe. Additionally, the solar field could deliver DHW through a
short-term water tank. The control of the heating system is essential
to ensure good overall thermal performance and to make competitive
the sorption heat storage technology. Hence, in this paper, the RBC
strategy of the system was optimized based on operational cost for
two objective functions, based on weather conditions, system states,
and thermal demand. Validated physical models and performance maps
were used to simulate the main subcomponents of the system.

The system, composed by 17.5 m2 of solar collectors, 3.6 m3 of
a novel composite water sorbent material based on lithium-chloride
and 1 m3 of a stratified water tank, obtained an energy density of the
sorption system of 90.4 kWh/m3 and a solar fraction of 35% for the
optimal economic scenario.

The optimal economic scenario exploited just 87.7% of the seasonal
sorption system. Indeed, the results showed that the size of the sorption
storage system could be reduced in around 10% obtaining optimal
operational annual costs. Thus, reducing the overall investment costs,
would contribute to make the sorption technology more competitive
against other TES systems.
11
Table 8
Operational modes of the system.

N◦ of operational mode Description of the operational mode

0 No action
1 Coll_STES
2 Coll_STES + DHW_tank
3 Coll_STES + DHW_boiler
4 Coll_DHW
5 Coll_DHW + DHW_tank
6 Coll_DHW + DHW_boiler
7 Coll_SH
8 Coll_SH + DHW_tank
9 Coll_SH + DHW_boiler
10 Dis_STES
11 DHW_tank
12 DHW_boiler
13 Dis_STES + DHW_tank
14 Dis_STES + DHW_boiler
15 Coll_DHW + SH_tank
16 Coll_SH + SH_tank
17 SH_tank
18 Coll_DHW + SH_boiler
19 Coll_SH + SH_boiler
20 SH_boiler
21 Dis_STES + SH_boiler
22 SH_closeloop
23 Coll_DHW + SH_closeloop
24 Coll_SH + SH_closeloop
25 Dis_STES + SH_closeloop
26 Coll_PCM
27 Coll_PCM + Dis_STES
28 Coll_PCM + DHW_tank
29 Coll_PCM + Dis_STES + DHW_tank
30 Coll_PCM + DHW_boiler
31 Coll_PCM + Dis_STES + DHW_boiler
32 Coll_PCM + SH_tank
33 Coll_PCM + SH_boiler
34 Coll_PCM + Dis_STES + SH_boiler
35 Coll_PCM + SH_closeloop
36 Coll_PCM + Dis_STES + SH_closeloop
37 Coll_DHW + DHW_boiler + SH_tank
38 Coll_SH + DHW_boiler + SH_tank
39 DHW_boiler + SH_tank
40 Coll_PCM + DHW_boiler + SH_tank
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Fig. 15. RBC strategy for summer.
The efficiency of a sorption system highly depends on the avail-
bility on the low temperature heat source to provide heat to the
vaporator. In this study, the evaporator of the sorption modules was
ssisted by a low temperature heat source (PCM tank) charged by the
olar field. The low temperature heat source allowed to discharge the
TES showing independence from ambient temperature specially dur-
ng cold winter days. Further research on optimizing the temperature
upply to the evaporator may be performed.

This study proved that the control optimization of a heating energy
ystem with seasonal sorption storage is essential to maximize its
erformance, define the optimal size of the sorption storage tank, and
hus make the technology economically competitive against traditional
ossil fuels systems.
12
A main drawback of a sorption storage system is the energy lost
during the warming up of the modules during two interrupted charges
or discharges. Control strategies based on artificial intelligent could
help to overcome this issue.
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Annex I

A.1. Operational modes of the system

In Table 7 the IDs of the operational modes of the system sub-
components are presented, along with a brief description of each of
them. In Table 8 the system operational modes, which a combination
of the system subcomponents operational modes are presented. These
operational modes were already described in Section 2: Description of
the system.

A.2. Rule based control strategy

The RBC control strategy for summer and winter is shown in
Figs. 15–17 respectively.
Fig. 16. RBC strategy for summer.
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Fig. 17. RBC strategy for summer.
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