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application. Although they have a lot of potential at material level, its operation and system implementation for
residential application requires further study. The performance of a seasonal sorption thermal energy storage
system strongly depends on the discharging process during the cold season. The present study analysed through
numerical simulations different scenarios to enhance the thermal performance of a solar-driven seasonal water-
based sorption storage, which supplied space heating and domestic hot water to a single-family house in a cold
climate region. All studied scenarios were analysed under optimal control policy. The results indicated that the
sorption storage could increase by 9 % its energy density if conservative and constant discharging temperature
set points are considered, due to fewer interruptions during the discharge. The energy density of the sorption
storage driven by solar energy was highly impacted by the weather conditions, and by the type and availability of
low-temperature heat source. Indeed, the energy density of the sorption storage increased by 22 % using a water
tank to assist the evaporator of the sorption storage, instead of a latent storage tank. The use of a dry-heater to
assist the evaporator with environmental heat was not suitable for the climate studied due to the low hours of
operation. The sorption storage system composed of 20 modules of LiCl-silica gel could obtain an energy density
and a COP of 139 kWh/m?® and 0.39, respectively, if a constant low-temperature heat source (i.e, geothermal or
waste energy) was available.

thermochemical systems. Sensible and latent storage systems suffer
high-energy losses to the ambient during long storage period, especially
in winter; furthermore, they are characterized by limited energy storage
density. Therefore, they are not considered a suitable technology for
long-term TES applications. Thermochemical TES concept is based on a
reversible physical or chemical reaction occurring between two com-
ponents [3]. One of the most investigated thermochemical TES tech-
nologies is the sorption one, since the required charging/discharging
temperature levels are suitable for solar thermal collectors and common
building SH distribution systems (e.g. underfloor heating, fan coils).
Sorption TES consists of a reversible reaction between a working
fluid, often referred as sorbate (e.g. water vapour) and a solid or liquid
sorbent medium [4]. During the desorption (charging) the sorbent re-
leases the sorbate (vapour) at regeneration temperature through an
endothermic reaction. Heat of sorption is stored as long as the sorbent
and the sorbate are kept separated. The sorption (discharging) starts
when the sorbent and the sorbate interact again (at the corresponding

1. Introduction

According to the International Energy Agency (IEA) [1], thermal
energy demand in the residential sector accounts for 46 % of the global
heat consumption. Thermal energy storage (TES) allows the use of time-
discontinuous renewable sources, such as solar energy, to supply the
increasing thermal demand at short (days or weeks) or long-term
(months) by decoupling the heat source and the thermal demand.
Long-term TES systems, commonly called, seasonal thermal energy
storage (STES), are employed to store solar thermal energy harvested
during the summer period to be discharged during winter, mainly to
cover space heating (SH) demand. The main critical parameters to be
considered for the design of a suitable seasonal TES among others are
[2]: low thermal losses to the ambient during the storage period, high
energy density, and low investment costs. There are three classes of TES
systems, which can be used as seasonal storage: sensible, latent, and
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Nomenclature

Symbols

G Specific heat, kJ/kgK

m Mass flow rate, kg/h

Q Thermal power, kW

T Temperature, °C

8] Thermal transmittance, kJ/hm?K
A Area, m?

ao Collector’s optical efficiency

a First order collector efficiency, W/m?K
as Second order collector efficiency, W/m?K?
D Thermal demand, kWh

E Energy, kWh

eq Energy density, kWh/m?

C Unitary cost, €/kWh

J Last time-step

t Time step

\Y% Volume, m®

Eg Solar irradiation, W/m?
Subscripts

b Boiler

out Outlet

in Inlet

avg Average value

ad Adsorption

de Desorption

min Minimum

e Evaporator

col Collector

dis Discharge

c Condenser

sen Sensible

sorb Sorbent material

r Regeneration

el Electrical

nosup  Not supplied demand

ch Charge

S Summer

w Winter

Acronyms

SF Solar fraction

HTF Heat transfer fluid

SF Solar fraction

DHW Domestic hot water

SH Space heating

COP Coefficient of performance
GTL Gross temperature lift

TE Temperature effectiveness
TES Thermal energy storage
PCM Phase change material
RBC Rule based control

STES Seasonal thermal energy storage
TAC Total annual cost

PF Penalty factor

LTHS Low temperature heat source
SWS Selective water sorbents
IAM Incidence angle modifier

equilibrium temperature and vapour pressure): the sorbate in its gaseous
phase penetrates into the solid or liquid sorbent [2]. As long as sorbent
and sorbate are kept separated, the thermal losses to the ambient are
zero. Moreover, several studies have also reported high energy densities
of sorbent materials [5-8]. Hence, sorption TES are very good candi-
dates to work as seasonal TES since they present high-energy density and
low heat losses to the ambient during the storage period.

Regardless the heat losses to the ambient during the storage period
are zero, seasonal sorption TES consumes thermal energy to heat up the
system (sensible heat) as part of the process to reach the desorption or
adsorption temperature. Both in summer and winter, heat losses to the
ambient between two consecutive discharges entail a decrease in the
system energy efficiency and energy density. Despite some studies
neglect the thermal losses to the ambient, heat dissipation of reactors
cannot be neglected in a real system [9] and they must be accounted to
evaluate the key performance indicators of a seasonal sorption TES. That
was highlighted by N'Tsoukpoe et al. [10], who concluded that seasonal
thermochemical heat storage is subjected to significant thermal losses.

Sorption TES requires a low-temperature heat source (LTHS) to
support the evaporator. Ammonia-based systems have the advantage of
having high operation pressure and low freezing point of liquid
ammonia compared with water-based systems [11]. For this reason,
ammonia-based sorption systems usually take profit from ambient air as
LTHS during the discharging process in winter. In consequence, the
performance of ammonia-based systems directly depends on ambient
temperature, especially during cold winter days. This is because the
ambient temperature in winter (evaporator inlet temperature) is low,
and thus would lead to a decrease in the heat output temperature [12],
since lower evaporator inlet temperature decreases the efficiency of the
sorption system. Several authors have proposed possible solutions to
tackle the impact of low ambient temperatures on the system perfor-
mance of ammonia-based sorption storage systems. Li et al. [12]

presented an innovative dual-mode thermochemical sorption energy
storage for seasonal storage. The seasonal storage, charged by solar
thermal energy, supplied heat to a radiant floor heating system. The dual
mode goaled to enhance the ammonia-based sorption TES during its
discharging phase at low ambient temperatures. Indeed, during those
days, the sorption system was upgraded with a sorption heat transfer
cycle. The authors reported the influence of the ambient temperature in
winter on the COP, energy density, and heat production. The results
indicated that the lower the ambient temperature, the worst the system
performance. In a later study, Li et al. [11] developed and experimen-
tally investigated the feasibility and working performance of the dual-
mode thermochemical sorption TES under different ambient tempera-
tures in winter. Other authors also presented solutions to tackle the
issue. Jiang et al. [9] investigated experimentally the performance of an
ammonia-based resorption (two salts) TES system for seasonal storage.
The authors presented the temperature upgrade (internal heat recovery
between reactors) and sorption compression mode as possible solutions
to overcome extremely low ambient temperatures. Energy density and
system efficiency were studied under different conditions of input,
output and ambient temperatures (local ambient temperatures from 5 to
15 °C). The authors [9] also analysed the mass ratio between the metal
and composite sorbent to evaluate its influence on the system
performance.

Jiang continued analysing sorption systems for seasonal heat stor-
age. In a further study [13], the authors analysed the performance of an
ammonia-based hybrid compression-assisted sorption TES under severe
cold conditions (i.e: —30 °C to —5 °C), under which its operation is
affected. The authors considered a photovoltaic-thermal collector: the
electricity was used by the compressor and the heat was absorbed by the
high-temperature reactor in summer and by the low temperature reactor
during cold winter days. Avoiding in the latter case the use of ambient
air, since its temperature was very low. The same hybrid sorption
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seasonal storage system was analysed for a typical winter and summer
day for three cities with ultra-low temperatures [14], concluding that
the system was quite promising for severe cold regions. Ma et al. [15]
analysed the integration of an electric heater or an electric-driven
compressor into a solar-driven seasonal thermochemical sorption sys-
tem to assist the desorption process when solar energy was not available.
The results revealed that the hybrid thermochemical sorption system
with a compressor substantially improved the storage capacity
compared to the one with electric heater. In addition, Ma et al. [16]
analysed the potential of a solar driven seasonal TES system employing
different ammonia-based chemisorption materials integrated in UK
dwellings. The best scenario, using BaCl,-0/8NH3 (45.2 m® storage
volume) and 30.5 m? solar collectors supplied 57.4 % of a dwelling SH
demand.

Water-based sorption storage systems cannot operate when evapo-
ration temperature is below 0 °C [9] due to their freezing point. In spite
of having a narrower operation range at the evaporator, water-based
systems present several advantages compared to ammonia-based sorp-
tion systems: they are not toxic, suitable for floor SH temperatures, and
usually require desorption temperatures below 100 °C [17], which allow
the use of non-concentrating collectors which present lower investment
costs and can be installed in the roof of the dwellings. Moreover, they
can achieve higher energy storage density thanks to the higher enthalpy
of evaporation of water compared to ammonia.

Bearing in mind the freezing point of water which hinders the use of
ambient heat, water-based sorption TES systems require an external heat
source to assist the evaporator during cold winter days. Although the
operation depends to a lesser extent on the ambient temperature
compared to ammonia-based systems, it must also be studied in detail, as
Frazzica et al. [18] highlighted the influence of the ambient heat source/
sink on seasonal sorption TES. In addition, a sorption system has to be
studied not only at the component level under defined boundary con-
ditions [19-21], but also integrated into a building subjected to dynamic
weather conditions and thermal demands throughout the year. In a
previous work, Crespo et al. [22] optimized the control of a seasonal
water-based sorption thermal energy storage coupled to solar collectors.
The system supplied domestic hot water (DHW) and SH to a single-
family house in middle Europe. The sorption storage system consisted
of an asymmetric heat exchanger [23] containing a selective water
sorbent (SWS) — LiCl/silica gel [24]. The results proved that the size of
the sorption storage system could be reduced by around 10 % obtaining
optimal operational annual costs thanks to the control optimization. The
authors concluded that further research on the optimization on the
availability and outlet temperature of the LTHS must be performed.
Engel et al. [25] assessed through simulations a water-based sorption
storage coupled to a building heating system located in different loca-
tions inside Europe. The authors analysed a modular implementation of
the sorption process with operational modes like the “charge boost”,
which consisted in the vapour transfer between sorption modules. Ac-
cording to the authors, this novel operational mode allowed to reach a
higher state of charge for a given temperature level.

As reviewed, several studies presented solutions to enhance the ef-
ficiency of sorption systems during the discharging phase. Nevertheless,
the studies focused on ammonia-based sorption systems [11-13,15].
Engel et al. [25] analysed the performance of a water-based sorption
storage coupled to a building heating system. Nevertheless, the pro-
posals focused on the charging phase, such as the “charge boost”.
Moreover, the authors reported oversizing in some scenarios because the
control parameters were not optimized for each scenario. This study
aims at improving the competitiveness of a solar-driven seasonal water-
based sorption system located in a cold climatic region by proposing
possible solutions to enhance the discharging efficiency of the sorption
modules. For that purpose, different LTHS and different discharging
temperature set points of the sorption modules were explored with
annual numerical simulations. Moreover, we step forward in compari-
son with previous studies by optimizing the control strategy for every
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scenario to avoid the overestimation of the sorption storage volume.
Increasing the efficiency of the sorption TES system is a key factor to
push the technology forward and position it as an alternative to other
seasonal TES systems (e.g. water tanks, borehole TES).

2. Methodology

This section presents the methodology used in this study. Fig. 1
presents a flowchart with the different steps of the methodology, which
is explained in detail throughout this section.

2.1. System and operational description

In this study, a solar-driven seasonal sorption thermal energy system
is presented. The system was mainly composed of evacuated tube col-
lectors, a 20-module water-based sorption TES system (STES), a strati-
fied water tank (also called combi-tank), and a backup gas boiler, which
supplied SH and DHW to a single-family house. Due to its seasonal
behaviour, the system had different operation and configuration during
hot and cold seasons, as shown in Figs. 2 and 3, respectively. The main
difference between both configurations in terms of system components
were the low-temperature heat sources, which were just required during
winter to assist the evaporator of the sorption storage system.

The configuration and the operation of the seasonal system were
mainly defined based on the performance requirements of the sorption
heat storage. The sorbent material of the seasonal sorption TES consisted
of LiCl embedded in a matrix of silica gel [24]. To derive the achievable
performance of the sorption storage, the water-SWS equilibrium curves
were measured as reported in [24], varying the temperature and water
vapour pressure in a wide range of conditions. The obtained curves are
useful to investigate the optimal operating conditions of the sorption
TES. The sorption TES is strongly influenced by the discharging tem-
perature, for this reason, an SH distribution system based on radiant
floor was considered in the calculation, fixing the delivery temperature
from 25 °C to 35 °C. The evaporation temperature was considered in a
range between 5 °C and 15 °C, matching with winter ambient temper-
atures. Finally, the condensation temperature during charging is usually
depending on the ambient temperature in summer, ranging from 25 °C
to 35 °C. Starting from the above-reported fixed boundaries, to optimize
the charging temperature level, the measured equilibrium curves were
exploited to draw the operating cycle. Fig. 4 reports three different
working cycles, at varying charging temperatures, in which the evapo-
ration temperature was considered fixed at 10 °C (blue isobar in the
graph), the condensation temperature was considered fixed at 35 °C (red
isobar in the graph) and adsorption temperature to be delivered for SH
was also fixed at 35 °C. The investigated charging temperatures were
80 °C, 85 °C, and 90 °C. As it can be argued, as long as the charging
temperature was kept above 85 °C, the operation of the sorption TES was
not affected, indeed the working cycle area is more or less unaffected
and the amount of water vapour exchanged, which was directly linked to
the achievable energy storage, passes from 42 wt%, at 85 °C, to 44 wt%,
at 90 °C. Differently, when 80 °C charging temperature was considered,
the uptake exchange dropped down to 25 wt%, and the area of the
working cycle was reduced as well, thus limiting the overall energy
storage capacity. According to this analysis, in this investigation a
desorption temperature (charging) of 90 °C was considered, while
ambient air was used as a heat sink to the condenser.

Based on the desired operating conditions of the sorption storage, in
summer, solar heat was used to charge either, the sorption modules or
the stratified water tank for DHW. Specifically, when solar energy was
above a certain control threshold (Gpin,stes), the sorption storage was
charged at 90 °C. On the other hand, when solar energy was above the
control threshold Gmin, combi,s the stratified water tank was charged at
65 °C. The solar heat, provided at the desorption temperature caused the
desorption of the water vapour adsorbed onto the composite sorbent.
The water vapour leaving the composite was condensed rejecting the
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Fig. 1. Flowchart of the followed methodology.
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Fig. 4. w-t composite SWS-water equilibrium diagram, each equilibrium curve
represents a different water vapour pressure.

condensation heat to the ambient.

The thermal power that a sorption module could adsorb during
summer was limited by the kinetics reaction and the heat transfer rate
driven by conduction inside the adsorber (i.e. the composite sorbent
integrated into the heat exchanger) and many times was lower than the
instantaneous solar power. For this reason, once the first active module
was charged, the outgoing heat transfer fluid was used to heat up in
series the next module, so the use of solar heat is maximized.

During winter (see Fig. 3), the system could charge the stratified
water tank with solar heat for DHW (at 65 °C) or for SH (at around 35 °C)
if the solar irradiation was above a certain threshold (Guin,combi,w). The
stratified water tank could be also charged with heat of sorption (dis-
charging the STES) to supply SH demand. Hot water from the stratified
water tank was used to supply totally or partially (with support of the
boiler) the thermal demand. Whenever SH demand was expected (for
the next 24 h) and the middle part of the stratified water tank (Tcombi,
middle) Was below its corresponding temperature threshold (Tcombi,middle,
set), the sorption system discharge was activated. The sorbent module
was discharged to the stratified water tank once it had reached the
required equilibrium temperature (Tsorb,ser), Which ranged from 25 to
35 °C (see Section 2.4.2). This temperature is a requirement to trigger
the discharge of a sorption system and depends on the application, the
sorption working cycle, and the sorbent material (see Fig. 4). To activate
the adsorption process, the valve between the adsorber and the evapo-
rator is opened, allowing the evaporation of the water and its adsorption
in the sorbent material.

Indeed, the adsorption process needs a LTHS to assist the evaporator.
The use of ambient air as a unique LTHS of a water-based sorption TES
causes great system dependency on the ambient temperature and limi-
tations in its operation especially during cold winter days, when SH is
highly demanded. In the proposed system, to reduce the system de-
pendency on ambient temperature, the evaporator was assisted by a low-
temperature TES tank. In winter, whenever the low-temperature TES
tank fell below the required temperature set point in the evaporator, it
was charged at low temperature (20 °C) by the solar field if the solar
irradiation was above the control threshold Guin,Hs. Moreover, ac-
cording to the system design, the stratified water tank could not receive
hot water from the solar field and from the sorption storage
simultaneously.

The system was assisted both in winter and summer by a backup
natural gas boiler, whenever the stratified water tank was not at the
required DHW or SH temperature set point when demanded. Hot water
for DHW was supplied, either directly to the user or to the boiler, by the
upper region of the stratified water tank. SH was supplied by the top of
the middle region of the stratified tank. Return water entered at the
bottom of the water tank. When the temperature at the top of the middle
region of the combi tank fell below 20 °C, the SH circuit operated in a

Journal of Energy Storage 60 (2023) 106652

close loop with the boiler. Moreover, in case the boiler had a simulta-
neous demand of both SH and DHW, DHW was prioritized.

2.2. Input data: thermal demands and weather data

The solar-driven seasonal system under study must provide the SH
and DHW demand needs of a 165 m? single-family house located in a
cold climate. The location of Nuremberg (Germany) was selected to
analyse the seasonal system since it presents relatively high solar irra-
diation in summer and low solar irradiation in winter, precisely when
the SH is required by the occupants.

As shown in Fig. 5, the building has three floors however, just the
first and second floors, with a surface of 67 m? each, were heated (the
attic zone was not conditioned). A building model developed in Open-
Studio [26] and simulated in Energyplus [27] was used to generate the
SH consumption profiles. More information about the type of building,
building temperature set points, etc. can be found in Crespo et al. [22].
The SH consumption profiles were generated with a simulation time-slot
of 1 h. With regard to DHW, a consumption of 90 1/day [28] with a
temperature rise from 10 to 60 °C was considered. The DHW tempera-
ture set point to deliver heat to the end user was set at 65 °C, since a
temperature difference of 5 °C was assumed in the heat exchanger. An
hourly-based time slot was first used to obtain the DHW consumption
profiles, it was then interpolated to the first 15 min of every hour. The
total thermal demand required by the building was 6990 kWh for SH and
1914 kWh for DHW.

Meteorological data [29] from different years of the location of
Nuremberg, with a latitude of 49.4609° and a longitude of 11.0618°,
was used to run the simulations.

2.3. Numerical model description

The performance of the different system scenarios was analysed
through numerical simulations. The simulation of the seasonal energy
system required knowing the response of each of its subcomponents
under transient conditions. For this purpose, either physical models or
performance maps of the subcomponents were considered. All physical
models were implemented in Python [30] and are described in this
section. The simulation of the whole system was also performed in Py-
thon considering a simulation time-step of 15 min.

2.3.1. Evacuated tube collectors
A 17.5 m? solar field composed of evacuated tube collectors AKOTEC

0O | 1

4,

Fig. 5. Reference building considered in the study.
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OEM Vario 3000-30 [31] with an aperture area of 4.46 m? was used for
the simulations. The solar collectors were modelled using the energy
balance equation of a general collector presented in Eq. (1).

IAM EG col Noveral = mz‘t)l C ( out,col — Tin.ml) (1)

where IAM is the incidence angle modifier, Eg is the solar irradiation,
and A is the area of collectors. The overall collector efficiency (oyerqir)
can be described as:

Tavg - Tamb o (Ta\'g - Tamb)2
—day

=3 —q

T]ovcm]]

The energy balance was solved with an analytical approach. A
detailed description of the physical model of the thermal collector and
its validation can be found in Crespo et al. [22]. The thermal, optical,
and operational parameters of the solar field are shown in Table 1.

The solar heat exchanger between the primary and the secondary
loop was modelled using the epsilon-NTU method [34]. The heat
transfer fluid in the solar collectors was water-glycol, while the sec-
ondary loop operated with water.

2.3.2. Stratified water tank

The heat coming either from the solar field or from the sorption
storage was stored in a 1 m> constant volume stratified water tank. A 1D
numerical model based on the finite control volume method was
developed to analyse its thermal performance. 33 control volumes were
considered; each control volume was considered fully mixed and was
solved using an explicit scheme. The physical phenomena considered in
the 1D model were: heat losses to the ambient, thermal conduction
between nodes, and mass flow between nodes. A detailed description of
the physical model of the stratified water tank and its validation can be
found in Crespo et al. [22]. For controlling and performance analysis
purposes, three sensors were set in the stratified water tank: at the upper
part at 1.5 m (Tcombistop)> at 0.75 m (Tcombi,middle), and completely at the
bottom (Tcombi,bottom) Part of the tank.

An internal time slot of 1 min was required to simulate the stratified
water tank due to the ratio between node volume and inlet mass flow
rate. A temperature of 25 °C was assumed as the initial condition. The
thermal and physical parameters considered in the simulation are shown
in Table 2.

2.3.3. Sorption storage tank

The sorption storage tank contained 20 modules of 100 kg of SWS,
each of them composed of an adsorber/desorber (plate heat exchanger),
an evaporator/condenser and its corresponding automatic valves. A
detailed sketch of a sorption module coupled to the low-temperature
heat storage, and to the dry-heater (winter configuration) is shown in
Fig. 6.

The operation of the sorption modules was simulated using perfor-
mance maps obtained by scaling up the results reported on the charac-
terization of a lab-scale adsorber configuration reported in Mikhaeil
et al. [23] and the equilibrium curves of SWS reported by Brancato et al.
[36]. The performance maps provided the charging power (Qge) and
discharging power (Q,q) as a function of the inlet temperature of the

Table 1
thermal, optimal and operational parameters of the solar field.
Parameter Value Parameter Value
Total collector area, Aco 17.5 Collectors’ inclination 35°
(m?
Optical efficiency, ag 0.559 [33] Diffuse incidence angle 1.314
modifier [33]
First order efficiency, a; 1.485 [33] Maximum pressure (bar) 10 [31]
(W/m?K)
Second order efficiency, ay 0.002 [33] Specific heat (kJ/kgK) 3.9
(W/m?K)
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Table 2
thermal, optimal and operational parameters of the solar field.
Parameter Value Parameter Value
Top heat losses coefficient 0.32 [35] Tank volume (m®) 1
(W/m?K)
Edges heat losses coefficient 0.38 [35]  Tank height (m) 1.65
(W/m?K)
Bottom heat losses 2 [35] HTF thermal conductivity 2.14

coefficient (W/m?K) (kJ/hmK)

 From combi-tank |  To combi- tank | :

Heat exchanger wall

30°C 34°C - \
. oo - océ/ Sorbent material (SWS)
9 oO [ele}
e faz] J% ==
ol N
~_1O _

Low temperature
heat storage

ADSORBER =~ 29"

Open: adsorption
Close: storage

EVAPORATOR|

Vaccum valve

|

K ——»

]5-15 C } X Water-glycol

| X

i

I
@ @ {@ Dry-heater

_ambient air | T >10°C
Fig. 6. Scheme of a sorption module and its corresponding low-temperature
heat sources (temperatures correspond to the discharging process).

main components (adsorber, evaporator/condenser) of the sorption
modules. The evaporator/condenser temperature was assumed equal to
the inlet evaporator/condenser temperature during the discharging and
charging process, respectively. The scaling-up was calculated for 100 kg
of composite sorbent employing silica gel impregnated with 30 wt.\% of
LiCl and considering the following constant mass flow rates: 720 kg/h in
the absorber and desorber, 600 kg/h in the evaporator, and 900 kg/h in
the condenser. According to the equilibrium thermodynamic curves
reported in [24], each module containing silica gel and LiCl could store
up to 30.5 kWh of energy, which summed up to 611 kWh for 20 mod-
ules. Moreover, to evaluate the evaporation power (Q.) and condensa-
tion power (Q,), as reported in Egs. (3) and (4), an average ratio between
adsorption enthalpy and water condensation/evaporation enthalpy
equal to 1.2 was considered.

O

0= o o) B
Qc — % = I’I"lr Cp (Tour.(' - Ti”a") (4)

During idle periods, the sorption modules comprising metal, water,
and composite sorbent suffered heat losses through natural convection
to the surroundings. For the sake of simplicity, some assumptions were
considered: a constant ambient temperature for summer (21 °C) and
winter (15 °C) was considered since the STES was located in a non-
heated area, such as a garage or even buried underground. The STES
was assumed as a lumped system with one control volume at a ho-
mogenous temperature. The temperature evolution was obtained
considering the STES geometrical features, the equivalent heat capacity
of the metal, sorbent material, and water, and a thermal insulation of
glass wool of 5 cm of thickness in the lateral, bottom and top walls.
Under these conditions, the temperature decrease of the sorption mod-
ules can be described by an exponential decay function [37], depending
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on the convective heat transfer coefficient, external surface area, heat
capacity, and the total thermal mass of the STES. Based on this
approach, a performance map was generated to represent the heat losses
along time for a module of 100 kg of SWS. Further details about the
development of the performance maps and the SWS composite materials
were reported in Crespo et al. [22] and Frazzica et al. [24], respectively.
Furthermore, for operational purposes, the state of charge (SoC) of
the sorption heat storage system was calculated at every time-step. It
was calculated as the average SoC of all the sorption modules. The SoC of
one module during the charging process at every time step (S0Cky, moq)
was calculated as follows:
SOCi _ E;';ﬁied + Ezrie

A B mod 2
where Epax, mod is the maximum storage capacity of one sorption mod-
ule, Efl.q is the sorption energy stored in the module and Ej, is the
sorption energy charged during the current time step. The SoC of one
module during the discharging phase at each time step (Sonm, mod) Was
calculated using Eq. (6).

Et—l —E

t
S, C; __ stored ad,sen E
O dismod =

ad (6)

Enarmod

where, Efld, sen 1S the sorption energy released by the module used to
warm-up the reactor (sensible energy) at each time step and Egq is the
effective sorption energy released by the module to the stratified water
tank at each time step. Eﬁd’ sen 1S equal to zero once the reactor is at the
required sorption temperature and Eig is equal to zero during the
warming-up of the reactor.

2.3.4. Low-temperature heat source

Two LTHS could assist the evaporator: a buffer water tank and a dry-
heater. The buffer water tank had a volume of 0.39 m>. A 1D model of a
water tank assuming one fully mixed control volume was considered in
the simulations. Due to the short-term use of this storage tank, thermal
losses to the surroundings were neglected.

Additionally, a dry-heater of 2.75 thermal kW assisted the evapo-
rator of the sorption system during its discharge. The model of the dry-
heater was based on an energy balance, which solved the equality be-
tween the Fourier’s law of heat conduction [38] and the temperature
gradient in the HTF fluid side of the heat exchanger. The energy balance
is shown in Eq. (7), where the subscripts HTF corresponds to water with
15 % glycol. The average HTF temperature (Tayg nTr) Was assumed equal
to the inlet HTF temperature of the dry heater. A UA value of 320 W/
m?K was considered in the simulations [39].

0 =1 Copirr (Towrire — Tintire) = U Adryeooter (Tamb — Tavgrr) @

2.3.5. Auxiliary subcomponents

A gas boiler of maximum thermal power of 9 kW and efficiency of 0.9
was considered in the simulations. The model of the gas boiler was based
on the physical model type 122 presented in the Documentation of
TRNSYS 18 [40].

The Reindl Model [41,42] was used to calculate the solar diffuse
radiation on the tilted plane.

2.4. Enhanced system scenarios

Seasonal sorption TES systems coupled to a solar thermal field are
very promising systems to supply SH demand in cold climates which
present high temperatures and solar irradiations during the summer
season. Sorbent materials for storage applications have shown very good
properties, such as high energy density and low thermal losses. Never-
theless, the operation at system level and its implementation in a
dwelling heating system must be further studied. The competitiveness of
sorption TES against traditional fossil sources can be reached by
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optimizing the operation and identifying the best system configuration.
In particular, the discharging process of the sorption modules is crucial
to achieving interesting levels of efficiency which might push the tech-
nology to further integration into the building market.

2.4.1. Replacement of low temperature heat storage system

As previously mentioned, during the discharge, the water sorbent-
based sorption system under study needs support from a LTHS, which
ranges between 5 and 15 °C, depending on the weather conditions.
According to the equilibrium curves of the SWS [24], as expected, the
sorption storage system is more efficient at an evaporator temperature of
15 °C, rather than 5 °C, since the temperature lift between the heat
source (evaporator) and the heat sink (adsorber) is reduced. In a pre-
vious study [22], considered as the benchmark in this study, a PCM tank
[43] was used as the evaporator heat source, since PCM provide heat at a
nearly constant temperature, 15 °C in this case (PCM melting temper-
ature). The results indicated that the PCM storage tank was suitable for
the application and allowed to discharge a high percentage of the STES
system. Nevertheless, PCM has also some disadvantages, such as low
thermal conductivity, subcooling, long-term stability [3], and high cost.
Hence, the first proposed system modification of this study consists of
replacing the PCM tank with a conventional water buffer tank with the
same thermal capacity. This change entails that the HTF and the storage
material are the same. Consequently, the efficiency of the low-
temperature storage tank is higher, besides other advantages, such as
its simplicity, easier integration, and lower cost compared with a PCM
tank.

2.4.2. Variable temperature set-points of space heating and STES discharge

In the benchmark case, the supply SH set point temperature was
constant and conservative (nominal value: 38 °C, see Fig. 7). The sorp-
tion storage was discharged when the temperature at the middle region
of the combi-tank was below the same constant threshold. Conse-
quently, the equilibrium temperature to be reached by the sorption
modules was also constant (maximum SWS temperature: 35 °C).
Therefore, during cold winter days, the system was always supported by
the boiler to supply SH demand.

One of the main drawbacks of a seasonal sorption system containing
SWS is the energy delivered to the adsorbent material in form of sensible
heat to reach the adsorption temperature required to activate the
thermo-chemical reaction. Having variable set point temperature
(equilibrium temperatures) to discharge the SWS during autumn or
winter days with relatively high ambient temperatures, allows SWS
material to be heated up to lower temperatures in comparison with a
constant and conservative discharging temperature set point. Further-
more, discharging the sorption TES at lower temperature reduces the
temperature lift between the evaporator and the adsorber, achieving
higher performance. Therefore, the next system modification proposed
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Fig. 7. SH temperature set-point based on ambient temperature [44].
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in this study, consisted of setting a variable SH temperature set-point
based on the ambient temperature. On the other hand, the equilibrium
temperature to be reached by the sorption modules (Tsorb set) and the
temperature set point of the combi-tank (Tcombi,middle,set) to trigger the
discharge of the sorption storage could also vary based on the ambient
temperature, or keep it constant at a nominal value. The higher the
ambient temperature, the lower the SH supply set point temperature and
the discharging set point temperature of the sorption modules if variable
set points were considered.

2.4.3. Use of dry-heater during discharge

The last system modification consisted of the combination of a con-
ventional dry-heater and a low-temperature heat storage (water buffer
tank) to provide ambient heat to the evaporator. During winter days
with relatively high ambient temperatures, the evaporator could receive
heat from ambient air through the dry heater. On the other hand, during
cold winter days, with very low ambient temperature, which matches
with higher SH demands, the low-temperature heat storage (water
buffer tank), charged by residual energy provided by the solar collec-
tors’ field, could assist the evaporator to discharge the STES. This
approach aimed to extend the operation of the STES system and increase
its efficiency.

2.4.4. Analysed scenarios

A total of 5 system scenarios were studied and compared: the
benchmark presented by Crespo et al. [22] and four more scenarios
which combine the different system and operational proposed modifi-
cations. The five scenarios and their particularities are presented in
Table 3. Their thermal performance will be analysed and compared in
the next section.

To delve into the influence of the LTHS on the sorption system effi-
ciency, a scenario, in which the sorption storage has, whenever neces-
sary, a heat source at 15 °C, was analysed. Furthermore, a
parametrization analysis of the LTHS capacity was also performed. Both
approaches were studied for the best-case scenario.

2.5. Control of the system

The seasonal energy system was operated with an RBC policy, which
depended on the solar irradiation, ambient temperature, DHW and SH
demands, sensors temperature in the stratified water tank (top, middle
and bottom), temperature of the water buffer tank, and state of charge of
the STES. Moreover, since the sorption storage needed warming up
before discharge and its discharge was too slow for the SH needs, the SH
demand for the next 24 h was also used as a state variable of the system.
The RBC policy selected an operational mode based on the values at

Table 3
proposed system scenarios and its corresponding operational set points.
Scenario  LTHS SH supply Temperature set Equilibrium
temperature point at the combi- temperature set

(Tsh) tank to discharge the
STES(T combi,middle,

sed)”

point (Tsorb,set)”

1 [22] PCM Constant Constant Constant
tank
2 Water Constant Constant Constant
tank
3 Water Function of Function of Ty, Function of Ty,
tank Tamb
4 Water Function of Function of Ty, Function of Ty,
tank + Tamb
dry-
heater
5 Water Function of Constant Constant
tank Tamb

2 See Section 2.1.
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every time step of the afore-mentioned variables and the defined
thresholds. The system could operate with more than 30 operational
modes (the number of operational modes varied based on the analysed
scenario as described in Subsection 2.4.4). The RBC policy followed the
operation described in Section 2.1.

Crespo et al. [22] concluded that the control optimization of a solar-
driven seasonal sorption TES system is crucial for its economic
competitiveness against traditional heat sources. In this study, we car-
ried out the control optimization of every proposed scenario. In this way,
we could compare the different scenarios under optimal operational
conditions. Since the system operation highly depended on solar energy
availability, the following control thresholds were considered to opti-
mize its operation:

1. Minimum solar irradiation in summer to charge the sorption storage
tank (Gmin,STES)-

2. Minimum solar irradiation in summer to charge the stratified water
tank (Gmin,combi,s)-

3. Minimum solar irradiation in winter to charge the stratified water
tank (Gmin,combi,w)-

4. Minimum solar irradiation in winter to charge the low temperature
heat source, either PCM tank or buffer water tank (Gmin,LTHS)-

The objective function of the system control optimization consisted
of minimizing the total annual operational costs. The total annual
operational cost was a cumulative reward, which consisted of (i) an
economic penalty that was paid when the demand was not covered, (ii)
the sum for every time step of the year of natural gas consumption of the
boiler, and (iii) the electrical consumption of the pumps, and the dry-
cooler (in the corresponding system approach). The only circumstance
in which the end user demand cannot be fully covered occurred when
there was simultaneous demand for DHW and SH and the water tank is
below both set points. In that case, the SH demand could not be covered,
and the system must pay a penalty. The equation of the total annual cost
is shown in Eq. (6).

J

Annual operational costs = Z [PF (Enm,),DHW +E,MSM,J,SH) + Cous Ep +Cy Ee,}
=0

(®

As previously mentioned, an economic penalty was paid when the SH
demand was not covered. A penalty factor of one time the gas price was
assumed. A unitary cost for natural gas (Cgas) and electricity (Ce) of 61.5
€/MWh and 298 €/MWh [46], respectively (with taxes) was considered.
A ratio of 0.085 [39] between thermal power provided by the dry-heater
and fan electrical power consumption was considered to calculate its
electricity consumption.

Further details about the optimization algorithm and its optimization
parameters can be found in Crespo 2021 et al. [22]. Input data (weather
data and thermal demand profiles) of the years 2010, 2011, and 2012 for
the location of Nuremberg was used for the optimization. In that way,
we ensured that the optimal control thresholds were applied to different
sets of data. To analyse the system thermal performance once the
thresholds have been selected, data from 2008 was used.

2.6. Definition of key performance indicators

This section presents the key performance indicators used to analyse
the performance of the sorption storage system and of the overall energy
system. The solar fraction (SF) indicates the amount of thermal demand
supplied directly or indirectly by solar heat. The solar fraction can be
calculated as follows:

(Dpuw + Dsu) — Ep

SF =
Dpuw + Dsu

)]

where, Ej, is the share of the thermal demand supplied by the backup
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boiler in one year, Dpgw is the annual DHW demand and Dgy is the
annual SH demand.

The coefficient of performance of the sorption storage (COP), is a
performance indicator commonly used by the authors to evaluate the
efficiency of a sorption system. Its equation, presented in Eq. (10),
consists of the ratio between the effective sorption energy released (E,q)
to the sum of the total energy consumed during the desorption, both
sensible (Egesen) and sorption (Ege).

Eua

COP = ———r
Edc.::'n + Ed(’

10

If we focused on the discharging phase, the thermal performance of
the STES can be expressed in energy terms by the discharging efficiency
(ngis)- The discharging efficiency represents the ratio between the
effective sorption energy released and the total energy consumed during
the discharge, both sensible (E,q,sen) and sorption.

Ead

_— 11
E(zd,sen + Ead ( )

Nais =
To compare the competitiveness between different type of TES sys-
tem (sensible, latent, and thermo-chemical), especially in the residential
sector where the space is very limited, the energy density is commonly
used. Its expression is shown in Eq. (12).
Ead

[

12
V.x orb ( )

Although the volumetric energy density is commonly used by the
authors to report the performance of TES systems, according to Fumey
et al. [2], the volumetric energy density is not adequate for systems
comparison due to the different testing conditions between studies.
Therefore, those authors presented a new key performance indicator: the
temperature effectiveness (TE), which focused on the ratio of resulting
temperature gain in sorption compared to required temperature lift in
desorption. In this study, also the TE was used to assess the temperature
lift quality of sorption storage. The equations to calculate the average
temperature effectiveness introduced by Fumey et al. are reported in
Egs. (13)-(15). The average evaporator and condenser temperatures (Te,
avg and Tcayg, respectively) were assumed equal to the average inlet
temperatures at the evaporator and condenser, respectively.

GTL,,
TE,, = 13
¢ GTLg as
GTLaa = Tadavg — Teavg (14)
GTLge = Tieavg — Teavg (15)

With regard to the environmental performance indicators, the COy
emissions were calculated by multiplying the annual thermal demand
supplied by the solar system (without backup boiler), divided by the
boiler efficiency, by the equivalent CO; emissions (0.18 kg/kWh) [45].
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indicated in the previous sections. Eyrimary represents the primary energy
consumption of the boiler, that is to say, the share of the thermal de-
mand supplied by the boiler divided by the boiler efficiency. On the
other hand, the term E.o represents the thermal energy generated by
the evacuated tube collectors. The optimal control thresholds for the five
scenarios are shown in Table 5. A detail analysis of these results is
presented in the upcoming sections.

3.2. Water tank as low temperature heat source

In the benchmark scenario (scenario 1 [22]), a PCM tank worked as
LTHS of the sorption system. In scenario 2, a buffer water tank replaced
the PCM tank: annual simulations indicated that the COP and the energy
density of the sorption system increased 19.2 % (from 0.26 to 0.31) and
22.4 % (from 90.4 to 110.9 kWh/m?>). Using a water tank as LTHS
allowed to have the same HTF and storage media. In consequence, the
system would be simpler and would avoid an additional heat exchange
between the storage media and the HTF, which decreases the system
efficiency. Furthermore, by directly storing the solar heat in the water
storage tank through the HTF, the temperature reached in the tank is
slightly higher, which is beneficial, since the sorption system is more
efficient at e.g. 15 °C than at 13 °C. Although using a water tank as low
temperature heat source increased the sorption system COP by around
20 %, the annual operational cost of the whole seasonal energy system
decreased by just a 0.7 %. The total capacity of the sorption system
presented a low percentage of the total thermal demand. Therefore, an
enhancement of the sorption COP affects slightly the total annual
operational cost of the seasonal energy system. On the other hand,
replacing a PCM tank with a water storage tank would reduce the in-
vestment costs.

3.2.1. Impact of variable temperature set-points

Scenario 3, in which the SH temperature set-point depended on
ambient temperature, obtained a better solar fraction compared to
scenario 2. In scenario 3 also the discharging temperature set-point of
the sorption system depended on the ambient temperature. This means
that, e.g. if the ambient temperature is 0 °C, the supply SH temperature
is 30 °C (see Fig. 7). Hence, the discharge of the sorption system
occurred when the material was at a minimum temperature of 33 °C
(assuming a 3 °C of temperature difference in the heat exchanger). Thus,
we avoided heating up the SWS up to 35 °C. On one hand, it may seem
beneficial for the sorption system since we required less sensible energy
to reach 33 °C than 35 °C. However, since the SH temperature set point
was dependent on the ambient temperature, SH demand in scenario 3
could be many times directly supplied by the combi-tank, without the
support of a backup boiler or energy from the sorption storage. This fact
allowed to achieve a higher solar fraction of scenario 3 compared to

Table 5
Optimal control thresholds of the RBC strategy.

3. Results Scenario 2 3 4 5
; : ; Gunin,stes [W/m”?] 456 478 469 456
3.1. Overadll analysis for the different scenarios Gunin.compys [W/m?] 136 142 121 147
Gunin,combi,w [W/m?] 143 135 142 140
Table 4 presents the key performance indicators for the studied Guin s [W/m?] 100 100 100 100
scenarios. All results were obtained under optimal control policy, as
Table 4
energetic KPI for the proposed system scenarios.
Scenario Eprimary [KWh] Econ [kWh] COP Ede,sen [KWh] Ege [kWh] Eaq [kWh] SF [%] eq [kWh/m®] Use of STES [%]
1 6431.4 6075.4 0.26 692.7 547.8 325.5 34.99 90.4 87.7
2 6375.4 6115.6 0.31 706.4 578.9 399.2 35.50 110.9 92.8
3 6199.0 6198.1 0.29 690.1 532.5 349.2 37.3 97.0 85.2
4 6183.3 6186.3 0.30 697.7 537.1 371.6 37.5 103.2 86.8
5 6193.1 6200.1 0.30 700.8 572.4 383.0 37.4 106.4 93.7
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scenario 2, but also caused more interruptions during the discharge of
the sorption storage. The discharge of the sorption storage in scenario 3
was then limited to the coldest days, when the temperature at the middle
part of the water tank was below the SH temperature set point. There-
fore, the time elapsed between two consecutive discharges of the sorp-
tion system was greater in scenario 3 compared to scenario 2, which
meant greater losses to the environment between two consecutive dis-
charges, and consequently, more sensible energy supplied to reach the
sorption temperature again. In consequence, the COP of scenario 2 was
slightly higher than the one of scenario 3 (0.31 vs 0.29, respectively).

According to the sorption cycle, the sorption modules perform better
at adsorption temperatures of 25 °C, rather than 35 °C, because of the
higher temperature difference between regeneration and condensing
temperature. Hence, the discharging efficiency in scenario 3 should be
theoretically higher than for scenario 2. Nevertheless, this effect was
overshadowed by the increase in thermal losses. In addition, by having
lower SH set-points, a single discharge allowed to raise the temperature
of the central part of the water tank enough to cover longer periods.

In contrast with scenario 3, in scenario 2, which presented a con-
servative and fixed SH temperature set point (38 °C), the sorption system
needed to discharge several consecutive time-steps to reach the required
temperature, obtaining a more continuous discharge and lower thermal
losses between two consecutive discharges. In conclusion, for the stud-
ied location, the ambient temperature dependence on the discharge
temperature set point of the sorption system was not beneficial for the
discharging efficiency of the sorption system, as can be seen in Fig. 8
(scenario 3). Nevertheless, having a variable SH temperature set point
based on ambient temperature was beneficial for the overall system
solar fraction.

Higher solar fraction of scenario 3 caused lower annual operational
costs compared to scenario 2, since, the back-up-boiler was required on
fewer occasions. This behaviour is reflected in the reduction of the gas
consumption shown in Table 6. As described in Section 2, if both SH and
DHW demand required the use of the gas boiler, the DHW was priori-
tized, and the SH must be shortly switched off, which entails the pay-
ment of a penalty in the objective function. In this aspect, for the same
reason already presented (SH demand is supplied directly from the
water tank more time per year), scenario 3 allowed to reach a better
thermal comfort for the users and reduced the penalty cost as shown in
Table 6.

3.2.2. Impact of combined temperature set-points: variable and constant
Scenario 5 presented, as scenarios 3 and 4, the benefits of having a
SH set point based on ambient temperature: the annual operational costs
decreased in comparison with scenarios 1 and 2, and the thermal com-
fort of the user increased.
In Scenario 5 the sorption system was discharged at a constant
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Fig. 8. discharging efficiency of STES vs solar fraction for the different stud-
ied scenarios.
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Table 6
Breakdown of annual cost for every scenario.

Scenario Costeject [€] Penalty [€] Costgys [€] Total cost [€]
1 17.7 28.4 395.5 441.7
2 17.7 28.6 392.1 438.4
3 17.1 26.3 381.2 424.6
4 17.6 26.4 380.2 424.3
5 17.3 25.5 380.8 423.7

temperature (35 °C), causing a slight increase in the COP (see Table 4)
and in the discharging efficiency (see Fig. 8) compared to scenario 3.
Nevertheless, the energy density of scenario 5 increased by 9 % in
comparison with scenario 3. Supporting the results identified by
comparing scenarios 2 and 3, having a constant, but slightly higher
temperature set point to discharge the STES, allowed to have more
continuous discharges, and less thermal losses to the ambient along the
year. That conclusion is highly dependent on the ambient temperature
and solar irradiation. The seasonal energy system must be studied in
different locations to analyse the impact of weather conditions on the
performance of the sorption system and on its thermal losses.

3.2.3. Dry-heater as low temperature heat source

During some cold winter days, the discharge process of the sorption
system was interrupted since the LTHS required to assist the evaporator
was not available (it was charged with solar heat). The implementation
of a dry heater allowed to discharge the sorption system using ambient
air as heat source. Nevertheless, for the case study, the dry-heater
operated just for 9 h (per year), due to the low winter ambient tem-
peratures in Nuremberg. Despite this fact, scenario 4 obtained slightly
higher solar fraction, COP, energy density and discharging efficiency of
the sorption system compared to scenario 3. Looking at the overall
system level, the trade-off between solar fraction, and annual opera-
tional costs indicated that the integration of a dry-heater does not entail
considerable improvements in the operational cost of the system that
justifies its use. Therefore, the integration of a dry-heater for continental
biogeographical regions [47] was not justified.

3.2.4. Overall performance comparison between scenarios

The operational differences between scenarios 3 and 5 showed the
value of the seasonal concept of this study. Scenario 5 charged the STES
more (93.6 %) compared to scenario 3 (87.1 %), causing that less solar
energy was available to supply the DHW demand in summer and the
increase in gas consumption in summer. However, due to the higher
amount of solar heat stored in the form of heat of sorption during
summer, the gas consumption during winter decreased compared to
scenario 3. The total annual gas consumption of scenario 5 was lower
compared to scenario 3 thanks to the seasonal behaviour of the sorption
system.

Scenario 5 reached the best trade-off between minimization of
annual operation costs and maximization of solar fraction and STES
COP, which turns it into the most competitive scenario for the solar-
driven seasonal sorption system. Scenario 5 presented a COP of 0.30
and an energy density of the sorption system of 106 kWh/m?, calculated
based on SWS volume. In this way, the value can be directly compared
with the energy density at material level.

The CO5 emissions savings in kg of CO, are 623.3, 633.4, 665.1,
668.0, and 666.2 for scenarios 1,2, 3, 4, and 5, respectively. The highest
CO4 savings were reached by scenario 4, due to the use of ambient air to
discharge the sorption TES system. Indeed, as Fig. 9: depicts, scenario 4
presented more CO, emissions savings thanks to the use of the dry
heater, even though the solar field generated less thermal energy
compared to scenarios 3 and 5.

In this study, the economic sanctions due to the CO, emissions have
not been considered. In a scenario where CO5 emissions have a high cost,
the interest in the technology could be even more justified and even the
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Fig. 9. Generated solar thermal energy and CO, savings.

implementation of the dry-heater could be debatable. Furthermore, the
authors are aware that the gas and electricity costs are variable over
time, which can affect the results reported in this study.

3.3. Best scenario

3.3.1. Overall analysis

Fig. 10 presents the monthly thermal energy, both DHW and SH,
supplied by the whole energy system (without the boiler support) of
scenario 5. From April to September, the system, in addition to sup-
plying 90 % of the thermal demand, managed to charge the STES up to
93.6 %. From October to March, the seasonal energy system supplied 31
% of the thermal demand, taking advantage of both direct solar heat and
heat of sorption.

In summer, during daily hours with high solar irradiation and high
ambient temperature, solar heat was used to charge the sorption system.
First, from 10:00 to 11:30, as shown in Fig. 11 (a), solar heat was just
used to heat up the sorption module from 46 °C to 89 °C (Tsrgs)-
Considering that from the equilibrium point of view 90 °C was the
optimal desorption temperature, accounting for a temperature differ-
ence needed to drive the process, 89 °C can be considered as a suitable
inlet driving temperature for the charging stage. Hence, once the sorp-
tion module was at 89 °C, the sorption system was charged in form of
heat of sorption (from 11.30 to 3 p.m). Indeed, the evolution of the SoC
of the sorption system during a summer day in Nuremberg is presented
on Fig. 11 (b). Once the desorption process finished, the temperature of
the sorbent material started to decrease due to thermal losses to the
ambient.

When the solar irradiation was not so intense, at the beginning and
end of the day, solar heat was used to directly charge the stratified water
tank, as shown in Fig. 11 (a). The average temperature of the stratified
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Fig. 10. monthly energy supplied by seasonal system vs total thermal demand.
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water tank (Tcombi,avg) increased in the morning hours (8 to 10 a.m) and
at the end of the day (after 3 p.m). This heat was used for DHW.

Fig. 12 shows the evolution of the temperature at the middle part of
the combi-tank (Tcombi,middie) and its SoC for a winter day in Nuremberg.
At around 4 a.m., when Tcombi,middle dropped below the set point (35 °C)
and there was no solar irradiation that could charge the combi-tank, the
sorption storage was discharged to increase the temperature of the
combi-tank. That heat was immediately used to supply SH demand with
the consequent decrease of the combi-tank temperature. From 13.00 to
18:00, solar heat was used to charge the combi-tank. Since the SH de-
mand was zero during that period of the day, the temperature at the
middle part of the combi-tank could reach 37 °C. Again, at the end of the
day, the sorption storage was discharged to supply the SH demand. It is
important to recall for this analysis, that the simulation time-step was
15 min.

Fumey et al. [2] compared several sorption-based long-term TES
using the novel concept introduced by the author called temperature
effectiveness. For comparison purposes with those sorption systems, the
average temperature effectiveness of scenario 5 was calculated. The
desorption was performed at 87.4 °C with a condensation temperature
of 25.0 °C, obtaining a GTLg. of 62.3 °C. In winter, evaporation was
performed at 13 °C, obtaining an average outlet temperature of 33 °C
and reaching a GTL,q of 20 °C. Hence, the average temperature effec-
tiveness resulted in 0.33. The sorption system under study, filled with a
selective water sorbent material, obtained a TE of 0.33 within the range
of the closed fixed sorption TES systems reviewed by Fumery et al. [2],
which ranged from 0.15 to 0.42. A TE of 0.33, as reported in a previous
study [48], implies that a relatively low driving temperature was
required to charge the sorption system. In contrast with other studies,
which reported TE of 0.15, which means that concentrated collectors
were required. Concentrated solar collectors are more expensive and,
due to its higher weight, not suitable to be installed on a dwelling roof.

3.3.2. Detailed analysis of low temperature heat storage

In this section, a new scenario was analysed. The new scenario had
the same operational temperature set points than scenario 5, however an
infinite LTHS was considered instead of a water buffer tank charged by
solar heat. Meaning that a low-temperature heat storage tank was al-
ways charged at 15 °C to provide heat to the evaporator of the sorption
modules. Under this assumption, the sorption storage system was dis-
charged in just one month and a half, as shown in Fig. 13, instead of the
5 months required by scenario 5. The sorption storage using an infinite
LTHS operated with fewer interruptions during its discharge, obtained a
COP, a discharging efficiency, and an energy density of 0.39, 90 %, and
139 kWh/m?, respectively, resulting in a 24, 26, and 23 % improvement
with respect to the scenario 5.

Furthermore, scenario 5 was simulated under different sizes of low
temperature heat source (always under optimal control settings). The
improvement, both economically and energetically, due to the increase
in the LTHS volume was minimal or even non-existent, as reported in
Table 7.

In conclusion, the results indicated that the thermal performance of
the sorption TES system is limited by unavailability of the LTHS and not
by the size of the latter one. Indeed, low solar irradiation during winter
prevents a continuous discharge of the sorption modules.

4. Conclusions

In this study different scenarios to enhance the thermal performance
and solar fraction of a solar-driven seasonal sorption storage system
were analysed. The enhancements consisted of different system and
operational modifications to increase the discharging efficiency of the
novel water-based sorption system or the overall solar fraction. All
scenarios were analysed under an optimal RBC control policy and for
one whole year to analyse the effect of the storage system between
seasons. The goal of the seasonal heating system was to supply DHW and
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SH to a single-family house in a cold climatic region. The main results
obtained in this study are:
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e The use of a water tank as low-temperature heat source to assist the
evaporator of the sorption system allowed to obtain higher COP and
energy density (increase of 19.2 % and 22.4 %, respectively)
compared to a latent heat energy storage tank. Phase changed
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Table 7
Results of the KPIs for different LTHS volumes under the conditions of scenario
5.

LTHS size (litres) Total annual costs (€) SF (%) COPgsTgs
300 425.2 37.2 0.29
390 (original) 423.7 37.4 0.30
500 423.5 37.4 0.29
600 423.2 37.4 0.29

materials have low thermal conductivity and are commonly expen-
sive. Hence, using water as storage medium instead of PCM, allows
the HTF and the storage medium to be the same, enhancing the
system efficiency and reducing the investment costs.
e The ambient temperature dependence on the temperature set point
of the combi-tank that trigger the discharge of the sorption system
was not beneficial for its discharging efficiency, energy density, and
COP. Having a fixed and more conservative discharging temperature
set point (35 °C) allowed, among other aspects, to have fewer pauses
between two consecutive discharges and therefore, less thermal
losses to the ambient. Thus, the energy density was increased by 9 %.
The integration of a dry-heater as low-temperature heat source into a
seasonal water-based sorption system to be operated in a cold
climate region was not justified (as it was used for a few hours in a
year). Both, the slight increase in solar fraction and in annual oper-
ational costs did not compensate for the investment cost of the dry-
heater. Nevertheless, in this study, the economic sanctions due to
the CO, emissions were not considered. In a scenario where CO5
emissions would have an impact in the cost, the implementation of
the dry-heater could be debatable.
The energy density of a water-based seasonal sorption system driven
by solar energy highly depended on the weather conditions (ambient
temperature and solar irradiation, and on the type of low-
temperature source). The energy density of the seasonal sorption
TES could increase by 23 % if a constant heat source (i.e. industrial
waste heat or geothermal energy) could be used to assist the evap-
orator instead of relying on solar energy availability during winter.
To a lesser extent, the efficiency of the sorption storage was affected
by its discharging temperature set point.
A seasonal water-based sorption system driven by solar thermal
collectors integrated into a nearly zero emissions (NZE) single-family
house located in a cold region supplied 37.4 % of the total thermal
demand. The sorption system composed by 20 modules of LiCl-silica
gel obtained a COP of 0.3, an energy density of 106 kWh/m® and a
temperature effectiveness of 0.33 as optimal results.
The seasonal sorption system must be analysed in different locations
in future work to validate its feasibility in different climates.
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