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2 Il ntdru@ti on

Efficient short and long term thermal energy storage technologies are crucial in enhancing energy
security and in improving energy efficiency in energy conversion, distribution and end use. This is
underlined by (inter)national technology visions and roadmaps.

The Tes4seT had as aim to make a decisive contribution towards a hew generation of efficient and

compact thermal energy storage systems in three sectors of energy use: buildings, industry, and

mobility. The new generation of storage technology wi | | help to achieve the

for energy efficiency and renewable energy technologies. The results and progress achieved by the

Tes4seT project will further strengthen and expand the leading role of Austria in the above mentioned

sectors.

In the three application areas buildings, industry and mobility, the development targets and economic

effects of the Tes4seT project are:

A Buildings - Development of compact and efficient seasonal solar thermal storage based on sorption
technology, with a dedicated novel sorption solar collector and higher efficiency of the sorption
storage through vapour transport. This will strengthen the leading role of Austrian solar thermal
manufacturers by increasing their portfolio with very high solar fraction systems, and increase the
leading role of Austrian device and system designers through the novel tools and methods.

A Industry - For application in industry, both novel thermochemical storage technologies and new
phase change materials on medium temperature will be developed, giving the engineering
companies new tools and technologies to provide industry with energy saving and renewable energy
measures. Besides, industry can produce the novel PCM and sorption materials for the growing
international market.

A Mobility - Development of a sorption thermal storage for car battery temperature conditioning and
the development of a thermal storage system to make high-efficient energy systems for railway
vehicles. Through these innovative technologies, important for the rapidly expanding market of
hybrid and electric vehicles and for the very large market of (underground) railway vehicles, the
Austrian mobility technology manufacturing and supply industry will expand its strong role in Europe.

Hence, the Tes4seT project fully addresses the key intelligent storage flagship objectives of the call:

improved thermochemical energy storage (5.1) and improved heat stores for industrial energy systems

(5.4).

The project consortium consists of key scientific institutions active in the field of heat storage

technologies and top-leading industry partners which will provide the basis for further industrial

development.

The Tes4seT project is an Austrian Flagship project, funded by the National Climate and Energy Fund

and administered by the FFG, with project number 845020.
In the project, 5 R&D organisations collaborated with 12 partners from industry to work in 5 parallel

Development Lines (A to E) on thermal energy storage technologies for the three different application
areas. Each development line was led by one of the 5 R&D organisations, as shown in the figure below.
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Sorption seasonal storage for

A buildings AEE INTEC

B Heat storage for car b_attery AEE INTEC
temperature conditioning

C Storage fpr ef_ﬁment energy ASIC
systems in railway vehicles
Industrial waste heat recovery

D with novel thermochemical heat TU Wien
storage
Novel medium temperature

E | PCMs for industrial AIT

applications

This report gives an overview of the main research and development activities and of the results
achieved in the Tes4seT project. In the first chapter, a summary of the work and findings is given and in
the following chapters each Development Line is presented in a more detailed way.
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2.1 Goals and results

2.1.1 Development Line A

The goal of Line A is to develop and demonstrate a seasonal closed sorption storage system to cover
the domestic hot water and space heating demand of a single family house. The aim is to use the
surplus of heat produced by solar thermal collectors in summer to store it for covering the heat demand
in winter. Since the storing period is over several months a technology with low losses is required. In
addition, the system should have a high compactness because of limited available space in a residential
building. A technology, which can meet these requirements, is the sorption technology. The aim of Line
A is to improve the performance of a sorption storage system by optimizing the so-called charge boost
process and evaluate to which extent the performance can be improved.

For the investigations, a realistic scale storage system was designed and built up in the laboratory of
AEE INTEC, which comprises several sorption storage vessels (two main storages and a room storage)
and a new solar collector with integrated sorption material. The system was equipped with extensive
measurement equipment in order to enable a detailed analysis of all components and of different
operational modes. A system simulation model was set up, in order to represent the storage system with
all its main components. The model was built in TRNSYS using about 60 single component models.
Measurements from the laboratory test rig were used to parameterize and validate the model. Annual
simulations were performed in order to test the developed control strategy and to assess the system
efficiency for different configurations of the system.

2.1.2 Development Line B

The general goal of Line B is to develop a thermal management for batteries in electric or hybrid vehicles
based on sorption thermal energy storage technology. The range of possible scenarios in this respect is
too broad for a single project, thus we focused on hybrid vehicles only. In that case there is the additional
benefit that waste heat of the combustion engine can be re-used to charge the thermal storage, which
can then later be discharged to supply either heat or cold. The thermochemical material (TCM) (Sapo34
and water vapour) was chosen according to the prevailing temperature levels. A numerical tool was
developed and a dedicated test rig assembled for the material selection. Critical components have been
discussed extensively. A custom adsorber design has been developed, including adsorbens as coating
and as granules. The performance of this design was compared experimentally to two other adsorber
designs, based on coating and direct crystallization, and found to be superior. The evaporator/condenser
was dimensioned accordingly in a compact way, and examined experimentally in a dedicated test rig.
Various designs have been discussed for the vacuum vessel using finite element calculations, and a
rectangular shaped was suggested with vacuum forces carried by the heat exchangers. A functional
module of the storage system was assembled and assessed in experiment, where a cooling power peak
of 2 kW and an average power of 1 kW for a total energy of 0.55 kWh was measured. Assuming an
optimized system design including compact vessels, this translates into key performance indicators
(KPIs) of about 27 Wh/I resp. 27 Wh/kg and 55 W/l resp. 55 W/kg for cooling. For heating, we propose a
novel operation mode, where no external heat source is coupled to the evaporator during evaporation.
Instead, we allow part of the water to freeze, such that the crystallization enthalpy serves as evaporation
enthalpy. The concept hence combines TCM with phase change material as latent heat storage, where
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the latter is used as a buffer to provide the evaporation enthalpy. This process was demonstrated in
experiment, yielding heating KPIs of 34 Wh/| resp. 34 Wh/kg and 68 W/l resp. 68 W/kg for heating.
Simultaneously to the experiments, a simulation model was developed. The thermal storage was
modelled in Trnsys and the vehicle with all other components in Simulink. A co-simulation interface has
been constructed to couple these models. Detailed system simulations have been performed for five
distinct realistic scenarios. These have shown energy savings of 60% for cooling the battery during fast
charging, 11% for cooling the combustion engine while regenerating the thermal storage compared,
saving 80 seconds for heating a chilled battery up to 20°C and saving 26 seconds for preheating the
combustion engine up to 80°C.

2.1.3 Development Line C

The aim of this development line is to develop an improved and experimentally verified thermal storage
concept for the conditioning of the railway passenger compartments by adding functionality of thermal
storage devices to the system. Three applications are studied in this development line: Optimized
underground heat rejection of subway trains and enhanced part-load behaviour of conventional
conditioning systems by the use of PCM storages. The third application deals with the improvement of
Air-Cycle-Cooling (ACS) systems by the use of adsorption materials. In order to simplify readability, and
to establish cross-connections, the three applications were subdivided into two parts concerning the
different storage concepts:
1 Improvement of underground heat rejection of subway trains, improvement of part-load behaviour
of conventional conditioning systems by the use of PCM storages
1 Improvement of Air-Cycle-Cooling (ACS) systems by the use of adsorption materials
2.1.3.1 Part-load behaviour of conventional conditioning systems (Objective Ca) and
Underground heat rejection of subway trains (Objective Cb)

Concerning the improvement of underground heat rejection of subway trains, improvement of part-load
behaviour of conventional conditioning systems by the use of PCM storages were done. These
improvements of the part-load behaviour can be accomplished by using a storage evaporator assembled
to the air condition system. The usage of an evaporator with integrated PCM is one possibility to reduce
or even avoid the part-load operation of the refrigerant compressor resp. the whole air conditioning
system. As the part load operation is inefficient using a fixed speed compressor, this leads to a higher
system efficiency. The storage evaporator is being discharged during the operation of the air
conditioning system and being charged during the standstill of the compressor by the cabin air. For the
later on simulation model adjustment and validation, an off-the-shelf storage evaporator for automotive
applications was evaluated resp. measured. The measured data lays the foundation for a scalable
simulation model in the future. The automotive storage evaporator grants an air outlet temperature lower
than 15 °C for t = 109 s with a previous PCM discharge time of 4 minutes (@200 kg/min air mass flow
and ambient air temperature of 30 °C). This means an average cooling capacity of 1055 W is available
during this 109 s.

Additionally, different PCM/Aluminium modules were tested to determine thermal power and storage
density. For this RT5SHC was used as storage material. It is a PCM with a melting area from 5to 6 °C
and a heat storage capacity of 250 kJ/kg (in a temperature range from -2 to 13 °C). The heat conductivity

of both phases is 0.2 W/(m K). Several charging and discharging cycles with different mass flow rate,
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different geometry of the modules and different hydraulic concepts were performed. From these
experiments measured data were used to parametrize a TRNSYS storage model for further system
simulations. For these investigations Dymola was used for the HVAC system and the TRNSYS storage
model was integrated using the co-simulation tool BCVTB.

2.1.3.2 Improvement of Air-Cycle-Cooling (ACS)( (Objective Cc)

Regarding the improvement of Air-Cycle-Cooling (ACS) systems by the use of adsorption materials the
aim of this report is to describe the consequences derived from material characterization on the concept
and dimensioning of the components needed to integrate storage functionality into the Air-cycle-cooling
system (ACS). To reach a most realistic data base, a second step of air conditioning was built to test
some selected materials in the adsorption and desorption simultaneously. Therewith more reliable data
where found. Additionally some components already existing were tested. These components show
somehow similar functionality compared to the required desiccant unit for the ACS application.

In particular, a finned air heat exchanger, coated with a kind of adsorbent material (SAPO34, produced
by MITSUBISHI PLASTICS/JP) and a desiccant wheel with incorporated silica gel (produced by
SCHEUCHL/D) were tested. The development of the air dehumidification unit was made by further
experimental studies of selected sorption materials as packed bed specimen as well as component tests
of existing devices. Simulation studies were performed by LIEBHERR internal Software.

In the ideal case a dehumidifying capacity of 10 g/kg can be reached with the Material Y zeolite, which
results in a power saving of 22 % of the unit with constant cooling capacity. The technique results in an
additional process air cooling capacity of up to 17 kW. The additional cooling process parameter is an
essential feature that must be considered in the detailed design and construction phase.

2.1.4 Development Line D

The goal of Development Line D is to develop a thermochemical energy storage system (TCES). The
aim is to work on different aspects of the technology simultaneously, namely on the construction and
initial operation of a fluidised bed reactor for hydration and dehydration reactions, the development of a
method for modelling TCES, the process design and integration of TCES in waste heat recovery
applications. In addition, the evaluation of the economic feasibility of such systems was investigated and
the base materials are optimized in order to improve material properties that are of high importance for
the process like reactivity and thermal conductivity.
A fluidised bed reactor for testing MgO/Mg(O), was set into operation and extensive material testing has
been performed. The results were summarised in the diploma thesis of A. Bartik, 2018.
A model of the reactor including all peripheral systems was implemented in the software gPROMS. The
work is presented in an article published in Energy (Int. J.), which uses methods from chemical
engineering and reaction kinetics and applies it to thermochemical energy storage. Also it extensively
discusses the limitations of a TCES process and the issue of the supply of the reactant gas on the
overall process. Furthermore a process utilizing 3 different reaction pairs arranged in a cascade of
reactors was investigated.
A study based on the overall factor method of Lang was done in order to evaluate the economic viability
of TCES. The resulting values of the mass and energy balances from the simulation are used in order to
yield the size of the utilized equipment. Via this method it is possible to obtain the total capital investment
of a TCES system.
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In order to enhance the reactivity of the MgO/Mg(OH). system calcium doping of magnesium oxide was
performed. This procedure results in insignificantly increased water dissociation rates, thus enhancing
the hydration rate and the completeness of hydration compared to pure MgO.

2.1.5 Development Line E

The goal of this development line is to develop novel medium-temperature PCMs based on sugar
alcohols. Within the project, we completed the organic PCMs synthesis efforts. Within the class of sugar
alcohols new chemical modifications (acetylations) and chain elongations have been investigated
revealing not-yet-known candidate organic PCMs. In addition, thermal stability investigations were
performed in DSC and larger volume samples (~ 1 dm3) clarifying the situation for different atmospheric
conditions. Erythritol was found to be the most stable compound with a high melting enthalpy.

The systematics of melting range and enthalpy with regard to carbon backbone chain length was
investigated in great detail for dicarboxylic acids and diamids. We found that there is an appropriate
compound for every few degrees Celsius over a phase change range of 100 i 230 °C.

Among the newer investigated substances, we found three interesting organic PCMs in the NN-bis group
with enthalpies up to 375 kJ/kg. Finally, we investigated the ease of production which, of course, directly
relates to PCM costs and identified sulfuramide, azamide and sebacamide as interesting candidates in
addition to sugar alcohaols.

On the application side, we found two new industrial use cases for our organic PCMs storages related to
solar cooling in food and chemical industries. They will be investigated up to demonstration level within
the EU project HYCOOL (Grant Agreement 792073) which was successfully submitted and started in
mid-2018.

In a final step we developed two lab-scale storages to demonstrate the feasibility of our organic PCMs
on a 100 kg scale. Fast and versatile Dymola/Modelica models were implemented which allow a proper
storage design. The models can be combined with different HYAC system libraries in order to simulate
the behaviour of our PCM storages on a system level.

Different heat exchanger concepts were evaluated with regard to their economic and technical
performance. Fin-tube and tube bundle heat exchangers were finally selected to serve within the lab-
scale demonstrators. Erythritol was chosen as the most promising PCM which was compounded with
graphite to increase its thermal conductivity and fumed silica to stabilize the mixture against
sedimentation.

A dedicated storage test rig was developed at AIT and the storages were characterized in great detail
demonstrating a total storage capacity in the range of 50 kWh. Various charging and discharging
experiments revealed storage powers in the range of 30 kW. In addition to even allow for constant-
power-(dis)charging a dedicated mass flow control strategy was developed and proven.
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3 Line A: Novel seasonal sol ar sorp

Goal

The goal is to develop a system for the seasonal storage of solar heat for room heating and hot tap

water in a single family house, based on a novel type of dedicated solar thermal collector and sorption

storage vessels, working under low pressure.

The technology used for this application is based on the exothermic and fully reversible sorption process

with the material pair zeolite 13XBF (or silicagel) and water vapour. The main advantage of this

technology is that the energy is stored in form of a thermochemical reaction and therefore has no losses/
self-discharge during the storing period. In addition, the energy density of this technology is 3-5 times

higher on material level compared to a sensible water storage.

To further improve the sorption storages y st em an i nnovative component th
Coll ectoro was developed. The aim of the new coll e
process and hence, increase the energy density

The technol ogy i s bas ednigoewhithtuses theplessuregddferdnce betvieén t

two storages at different temperature levels to achieve higher efficiencies. The seasonal sorption storage

system is applied in a single-family house (140 m?) in Graz. The heating demand of the single-family

house is simulated and has the following boundary conditions:

The sorption storage system is investigated experimentally and in an annual simulation. For the
experimental investigation different setups were tested. The first setup is a smaller sized prototype to
test the working principle of the main system components (main storage tank, evaporator/condenser
heat exchanger, water reservoir, first functional model of sorption collector (single evacuated tube filled
with sorption material), the second setup is to test the room storage and the third setup is a realistic
scale sorption storage system containing all components necessary for implementation in a real house.

The main KPI &ds which wildl be investi gatesydtenawilde det e |
input and output power, energy density, material properties and costs.

3.1 Experimental results on the sorption collector

The main storage of the system consists of two modules with different designs. One cylindrical tank

containing about 1000 | (700 kg) sorption material and a prismatic-shaped module containing 240 | (154

kg) sorption material.

The sorption collector is used as O6charge boost o s
storage tanks has reached a level where it cannot be desorbed/charged any more due to limitations of

the temperatures delivered by the collector. As the adsorption vessel is integrated in the collector, higher
temperatures can be achieved as in the main storage tanks. The possible reduction of water

concentration (= increase of state of charge) depends strongly on the achieved temperatures in the bed

T lower water concentrations are possible in the sorption collector.
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The sorption collector is operated in a day/night cycle. During the day the collector is used to heat up the
main storage by transferring heat via the hydraulic system and the fixed bed heat exchanger in the
sorption storage module. At the same time the sorption material in the collector is heated up and the
released water vapour is condensed at the condenser heat exchanger. The main advantage during this
step is that the collector sorption material is directly desorbed in the collector and therefore reaches the
highest possible temperature. Additionally, no extra containment is needed and the system can be built
in a compact way.

During the night the charge boost mode can be applied. Therefore, the high radiation losses of the
collector are used to cool down the collector sorption material, which also induces a pressure drop. The
resulting pressure difference between sorption collector and main storage is used to further desorb water
vapour from the hot main storage to the cold sorption collector. This means that during the charge boost
step the vapour is shifted to the sorption collector and the heat is released to the ambient. On the next
sunny day, the sorption material in the collector can be desorbed again and the process can be
repeated. The main advantage during this step is that the main storage can be desorbed to a higher
state of charge, compared to a conventional desorption, without increasing the desorption temperature.
The sorption collector provides the ideal boundary conditions for applying as charge boost storage
because it enables the highest and lowest temperatures in a day/night cycle.

|.,} Ill’
“H» .‘“rl

IIH‘ Hll

Figure 1: Heat flow diagram for desorption (left) and charge boost (right) of sorption collector

For the sorption collector prototype sorption material zeolite 13XBF was filled into stainless steel pipes
with a diameter of 97.8 mm. In the centre of the stainless steel pipe a perforated sleeve is placed to keep
a free space to improve the vapour transfer within the zeolite bed. Five stainless steel pipes are welded
to a vacuum manifold which is connected to the storage system. On the steel pipes, double copper pipes
are placed which are connected to the hydraulic system and enable the conventional use of the collector.
On the copper pipes a Sydney-type glass pipe is placed and fixed on the top and bottom of the collector
because of the relatively high weight. In addition, the sorption collector is equipped with mirrors on the
backside to increase the collector performance [KOll R. et al, 2017]. The design is shown in Figure 2. In
total the collector has an aperture area of 3.05 m? and contains 35 kg of zeolite 13XBF in the inner
vacuum pipe, which is used for charge boost purposes.
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Figure 2: Concept of sorption collector applied as charge boost storage

The performance of the sorption collector is tested experimentally under variation of the boundary
conditions. First test results show that the thermal performance of the collector is not negatively
influenced by the sorption material in the construction, but the storage system performance can be
improved. Due to the charge boost technique the storage capacity of the zeolite could be used more
efficiently and hence the energy density can be improved significantly. In Figure 3 the potential of
improvement of the energy density by repeating the charge boost is shown.

__ 250
t Energy densit 220 . .
£ BY \ Stagnation temperatures sorption collector
< 200
=
=
150 —
100
) I l
L o N N
1:15 1:35 1:15 | 1:35 1:15 1:35
flat plate collector  flat plate collector + el sorption collector
heater
® after desorption after 40x Charge Boost
Temperatures Flat plate collector Flat plate + el heaterSorption collector
main storage 80 80 150°C
charge boost storage 80 180 150°C

Figure 3: Left: Improvement of the energy density based on repeating the charge boost mode compared to the conventional
desorption at the same temperature under different mass ratios between charge boost storage/sorption collector and main
storage and different use cases (temperatures). Right: Measured stagnation temperature of the prototype sorption collector

In any use case the energy density can be doubled at least. The highest energy density can be achieved
with the sorption collector combination, which achieves an energy density of > 200 kWh/m3. Also the
combination of a flat plate collector and an electrical heater driven e.g. by PV electricity, is also a good

alternative, achieving between 1707 200 kWh/m3 (depending on the size).

The measured stagnation temperatures (Figure 3) show a temperature drop to 207 30 °C in the bed,
due to the high radiation losses of the collector during the night and hence also a significant pressure
drop is occurring, which is the ideal condition to perform the charge boost process. This way the day-
night cycle can be used most efficiently.
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On the outer side of the zeolite bed temperature peaks of > 220 °C and inside zeolite bed of 115 °C
could be observed. The temperature difference between inside and outside is due to the low heat
conductivity of the material. This is the reason why a lower amount of water vapour could be removed
than expected in the calculations (see Figure 4), meaning that the heat conductivity in the collector is an
important issue to improve to achieve high performance.

Charge Boost collector - S2
140 427,2
— p_coll —_—T_S2 = T_coll m_S2
120 - 427

100 / 426,8

= /

3

£ 80 ra 426,6
2 2
2 60 4264 8
g

a

a0 - 426,2

D e ——
T

0 425,8

0 1 4 5

Time [h]

Figure 4: Charge boost experiment of collector and S2

Figure 4 shows the result of once charge boost process (about 40 are planned per year) that with
starting conditions of Tcai=20 °C, pcoi= 9 mbar, Ts,=115 °C, ps2=20 mbar the water concentration of xs;
=18.4 % could be reduced to 17.74 % (I 1 kg water vapour). The charge boost is applied about 40 times
per year and decreases the water concentration level of the main storage (increase of state of charge)
systematically. Nevertheless, the feasibility was proven successfully, the full performance could not be
achieved. To achieve better performance, the construction has to be optimized to improve the heat
transfer in the sorption material, and in a way that no condensed water stays in the pipings between
sorption collector and main storage.

In addition, it was observed that a proper construction is necessary to prevent any damage to the glas
Sydney-pipes used for the sorption collector.

3.1.1 System setup

The design of the storage system can be seen in Figure 5. The main system components are named
below. The different colours in Figure 5 indicate the different loops. Whereas the red line indicates the
vapour loop which is under vacuum, the other loops are hydraulic loops. The complete system combines
all storage elements necessary in a real house. For system tests, it was focused on the interdependency
of main storages and sorption collector. The room storage was not included for the system tests and
annual simulations.
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Figure 5: System design of laboratory storage system and its main components.

The working principle is explained in the following:

Desorption (charging):

9 The collector heats up the fluid in the solar circuit (Figure 6 yellow loop), which is pumped

into the fixed bed heat exchanger of the main storage tank.

The material inside the tanks heats up and water vapour in the material releases. Due to
the lower pressure in the Evaporator/Condenser (E/C) unit the vapour flows through the
vapour circuit (red) to the Evaporator/Condenser.

The water condenses with help of the low temperature heat sink and flows into the water
tank.

Adsorption (discharging):

1 Water from the water tank is pumped up to the E/C, where it evaporates, again with the

help of the low temperature heat source

The main storage is on a very low pressure level due to the dry and cold sorption material.
Therefore, the vapour flows from the E/C to the main storage

As soon as the vapour gets in contact with the material the adsorption process starts and
heat is released. This heat is transferred to the fluid in the solar circuit via fixed bed heat
exchanger and then further transferred to the buffer storage.
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9 From there the heat is used for space heating or domestic hot water preparation

Figure 6 : Schematic flow during desorption (charging) process on the left side and schematic flow during adsorption
(discharging) process on the right side
Charge boost:
The charge boost method is used to further dry (desorb) the main storage and to increase adsorption
capacity of the material by using the pressure difference of two storages at different temperatures.
Therefore, the system is extended by a second, so called charge boost storage.
1 The method is applied after full dehydration of both storages
1 The charge boost storage is cooled down while the main storage is kept at high
temperature
9 Due to the much lower pressure in the dry and cold charge boost storage than in the dry
and hot main storage the pressure difference is used to further dry the main storage. This
is possible until the pressures of the storages are equal
1 The charge boost storage gets adsorbed during the process, and needs to be desorbed
again to bring it to the initial conditions
1 The charge boost process can be repeated

The sorption collector, which is filled with the same material as the main storages zeolite 13XBF, acts as
an external charge boost storage to further dry the main storage. During charge boost the hot main
storage is releasing water vapour, which flows to the cold, dry collector material, because of the pressure
difference. On the next sunny day, the material in the collector is desorbed again directly in the collector.
This way the main storage can be further dried step by step. One complete cycle of desorption of the
collector material and charge boost lasts 24 hours and can be repeated several times. The result is a
higher state of charge, resulting in a higher amount of stored energy.

The sorption collector has the advantage that the sorption material is directly desorbed in the collector,
which means that it is desorbed at the highest possible temperature resulting in a high state of charge.
Tests proved that the thermal performance of the collector remains high also when the collector is filled
with sorption material.
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Sorption
collector

Figure 7 : Schematic vapour flow during charge boost of the main storage by the sorption collector on the left side

3.2 Control Strategy

For the system operation a sophisticated control strategy was developed to automatically operate the
storage system. In total 11 different operation modes are possible and to guarantee a proper operation
they have different priorities shown in Figure 8.

High priority

=HT1) Solar > Buffer storage

+HT2) 51 = Buffer storage (sensible)

+HT3) 52 = Buffer storage (sensible)

o -HT4_501) S1 = Buifer storage (absorbing)
-HT5_S02) S2 = Buffer storage (absorbing)

«HTE) Solar > 31 (sensible)

+HTE_S03 Solar > 51 (sensible/desorbing)
-HT7) Solar > 52 (sensible)

. «HT7_S04 Solar > S2 (sensible/desorbing)
Desorbing -HTB_S05) Collector (desorbing)

+HT9) Collector cool down (Buffer storage)

o -HT10_506) 51 = Collector (charge boost)

SEGNTIEREE - HT11_S07)  S2 > Collector (charge boost)
next mode

Low priority
Figure 8: Priority List of operation mode for automated control

The highest priority of all operation modes is the charging of the buffer to guarantee a high level of
comfort and reliability. First operation mode is direct charging of the buffer with heat from the collector. If
no heat is available from collector then one of the sorption storage modules is discharged (adsorbed)
and the heat is extracted to charge the buffer.

If there is solar heat available and the buffer already heated up to a certain temperature level, the

surplus is used to charge the sorption storage. It is charged with sensible heat and as soon as the
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pressure in the storage psi or psz is higher than the pressure in the condenser pcond, the vacuum valve
opens and the desorption starts. As soon as pcond = Ps1 (Or Psz) the valve is closed again.

After charging of the storage modules S1 and S2 it is possible to desorb (charge) the sorption material in
the collector. During day the sun heats up the collector material and as soon as

Peoll >Pcond the vacuum valve is opened and the collector is desorbed. As soon as the collector is dried
and p.ai O sipthe valve closes. The charge boost starts by opening the vacuum valves between storage
module S1 or S2 and the collector.Simulation results

The control strategy described in the previous section was implemented in the simulation model for
annual simulations in TRNSYS.

The annual energy balance for the basic configuration (20 m2 collector area, 2 sorption stores with a total
volume of 4 m3) is shown in Figure 9. With the definition in Equation 1 this system achieves a solar
fraction of 80.9 %. The electrical heaters have to provide auxiliary energy 0 of 1061 kWh, in order to
cover the total useful energy demand for heating 0  and domestic hot water 0 of 5158 kWh.

YO = = Equation 1
p g T q
7000 1200
Solar direct(1)
Solar direct(11)

5000 m Sens_S1(2)
800

Sens_S2(3)

4000
500 Ads_S1(4)
-
3000 ] Ads_S2(5)
400 B El. Heater
2000 P
B m DHW
N 20 I I I I I I |
| Heating
0 Losses

IN ouT Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec

- . -
I

Energy in kWh

o

o

Figure 9: Annual (left) and monthly (right) energy balance for the system (basic configuration, SFH15)

Figure 9 shows that from April to October the energy demand can be almost fully covered by direct solar
operation (modes 1 and 11 as described in Figure 8). Also from November to April a large fraction of the
demand is contributed by direct solar. In November and December it is possible to cover the majority of
the remaining energy demand with the two sorption stores?, whereas their contribution is lower from
January to March.

This is also reflected in Figure 10, which shows the course of the temperatures and water concentrations
of the two sorption stores. Charging (drying) takes place from March to August, and discharging mostly

1 Ads_S1, Ads_S2, Sens_S1, Sens_S2 A the operation modes as described in Fehler! Verweisquelle konnte

nicht gefunden werden. are indicated in brackets in the legend of the figure
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in November and December, whereby both stores are almost discharged at the end of the year. The
water concentration reaches about 4 % (fully charged) and about 31 % (fully discharged) in both stores.
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Figure 10: Temperatures and water concentration in the two sorption stores (daily average values) for the basic configuration,
SFH15

The energy balance of sorption store S1 is shown in Figure 11. It can be seen that a large fraction of the
drying of the store (ca. 69 %) is done via the charge boost mode (HT12), while about 31 % is done via
Aconventional 6 desorption (HT6).

Parameter variation for SFH15

In order to analyse the influence on the system efficiency a variation of different parameters was
performed.

The collector area and the storage volume were varied from 25 to 40 m2 and from 4 to 8 m3 respectively
for SFH15, the results are shown in Figure 12. It can be seen that the solar fraction increases both with
the collector area and the storage volume. The maximum solar fraction achieved with the simulated
configurations is 98.6 %. As an example, Figure 11 shows the energy balance for the system with 30 m?2
collector area and a storage volume of 8 m3. Compared to the basic configuration (Figure 9) a larger
fraction of the total heat demand can be covered by direct solar heating (70 % compared to 65 %). The
sorption storage can cover the majority of the remaining heat demand during the winter months (29 % of
the total heat demand compared to 19 % in the basic configuration).
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Figure 11: Annual (left) and monthly (right) energy balance of store S1 (basic configuration, SFH15)
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Figure 12: Solar fraction (left) and auxiliary energy (right) for different collector areas and sorption store volumes for SFH15
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4 Line B: He at sbtacrtaegey ftoermpcearat ur e

The goal of Line B is to develop a thermal management for batteries in electric or hybrid vehicles based
on sorption thermal storage technology. We focused on hybrid vehicles, where waste heat of the
combustion engine can be re-used to charge the thermal storage. The work in the project included
definition of the boundary conditions and of the requirements on the thermal storage, tool and test rig
development for material selection, design of critical components (adsorber, evaporator/ condenser and
vacuum vessel), system design, dedicated experiments for the critical components and the entire
storage system, modelling of the components, construction of a co-simulation interface and simulation of
the thermal storage integrated in the vehicle.

4.1 Boundary conditions and system design

4.1.1 Battery- Definition

Within the battery development and integration, automotive manufacturer faces two main challenges in
order to guarantee thermal safety of battery systems. First, the perpetuation of lifetime and performance
targets at low ambient temperatures. Second, the limitation of temperature rise due to cell heat losses at
high ambient temperatures. Because of the wide possible temperature range of the environment (-20°C
to 40°C in the scope of this project), the main application areas have to be extracted in order to focus on
defined operating points and strategies. This approach is essential for the target definitions of the heat
storage system.

In the beginning, targets of the thermal storage system requirements have to be elaborated and
components have to be dimensioned, for e.g. the capacity of the thermal storage that fits actual
requirements of the battery system itself and its management. To simulate and validate a proper
behavior of the overall system, including powers and heat flows as they occur in reality, it is necessary to
define boundary conditions and requirements. Therefore, the battery system should be able to fulfill the
following specifications.

Driving range: 200km

Mean energy consumption 14kwh/100km

4.1.2 Requirements of the Components

There is a need to define all components, which are used in a coolant circuit of a BEV, RX or a vehicle
powered by a conventional powertrain. It is possible to use a lot of components in all kind of different
vehicle concepts. All requirements regarding the A/C circuit needs to be defined within the SiL
simulation, due to a huge amount of dependencies of the cabin model and the ambient temperatures

Cooling system battery: Evaporator (coolant/refrigerant):
max. power: 3kW Inlet temperature coolant: 12,5°C
Inlet temperature coolant: 10°C Outlet temperature coolant: 10°C
Volume-flow: 20 I/min max. power: 3kW

Outlet temperature coolant: 12,5°C Volume-flow coolant: 20 I/min

Refrigerant: R134a
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H1 (HEX ambient, coolant/air): Waste Heat HX (coolant/ Thermal storage HX:
max. power: 4kW coolant): max. power: 4kW
Inlet temperature air: 30°C max. power: 4kW Inlet temperature coolant: 90°C
Outlet temperature air: 40°C (as Inlet temperature coolant (Input  Volume-flow: 20 I/min
low as possible) from ICE): 95°C
Volume-flow coolant: 20 I/min Outlet temperature coolant
(output to thermal storage):
90°C

Volume-flow: 20 I/min

4.2 Materials selection and development

Work package 2 started with an extensive literature research on candidate materials. Since heating and
cooling is required, phase change materials can be excluded, and the literature research focused on
thermochemical materials (TCM), in particular on sorption materials. This is because most other kinds of
TCM are either not yet sufficiently explored / difficult to handle in small system setups (e.qg. fluidization is
usually performed on larger scales), and/or come with siginificant security issues such as toxicity or
corrosion. Since material properties are reported in literature in different ways, where the essential
properties for the considered application are difficult to extract and compare, a calculation tool was built
up in Python. This tool takes any equilibrium data on sorption material pairs and fits the characteristic
curve according to the Dubinin theory, an example is shown in Figure 13, right hand side.
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Figure 13: Experimental data on SAPO-34 and water from literature, and fit to the characteristic curve (left) and calculated
isosters for this system (right). The legend for the isosters gives the corresponding water loads.

The literature data and the tool were applied to evaluate candidate material for the following three
scenarios:

1 Scenario 1 (S1): Plug-in hybrid; Exhaust gases of combustion engine used for desorption
9 Scenario 2 (S2): Plug-in hybrid; Fuel-cell provides temperature for desorption
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1 Scenario 3 (S3): All-electric vehicle; Thermal storage electrically desorbed when battery is
charged
In Table 1 the temperature levels for this operation mode for the different scenarios are summarized.
Table 2 shows the corresponding calculated adsorption capacity and energy density for a short list of

promising candidate materials.
Table 3 gives further details such as costs.

Table 1: Temperature levels of different scenarios for cooling purposes in summer

Scenario Tdes Teond Tads Tevap

S1 60 30 30 10
S2 90 30 30 10
S3 150 30 30 10
S3a 180 30 30 10

Table 2: Adsorption capacity and energy density for short list for material selection

. Energy . .
Ads. capacity ey Ads. capacity | Energy density
Name Adsorbate (81/s2) (S1/S2) (S3/S3a) (S3/S3a) Source
[Kgtuia/KQmat ] [Wh/kgmat.] [Kgfiuia/KQmat.] [Wh/Kgmat.]
MB3A Water 0,07/0,145 46/95 - - [1]
RD2060 Water 0,08/0,15 52/98 [1]
Sorbead R Water 0,08/0,14 55/97 - - [1]
Sylobead
Water 0,06/0,125 41/86 - - [2]
SG B 127
RD-type
. Ethanol 0,04/0,09 - - - [3]
silica*
AQSOA 702 Water 0,03/0,23 25/181 - - [4]
AQSOA Z05 Water 0,04/0,04 31/31 - - [4]
13XBF Water - - 0,15/0,2 145/193 [5]
13XBF Methanol - - 0,055/0,085 43/662 [5]
13XBF Ethanol - - 0,05/0,06 37/44°
* € g e n e r-tgpe silikadyel, no producer defined, serves only as rough comparison to the silica gel-water pair
Zébindi ng enelX7@kJkgnkthandd b 0 U t
%¢due to higher mole weight than mandohissassacheda bi nding energy
[1] Ng K. C., AExperi ment awati enrveasdsds grapgti iommn oifs dthlreersm |l dltcar getler i s

Engineering, no. 21, pp. 1631-1642, 2001

[ 2] Wagner W. et al, AModul arer Energiespeicher nach dem Sorpt
2006.

[ 3] Arnol dsson J. - upfilackseo ropt iEarh acnhoill loenr sSType RD Silica gel o0,
[4AKayal et al , AAdsorption characteristics of AQSOA zatolite
and Mass Transfer, no. 92, pp. 1120-1127, 2016.

[ 5] J@nchen J. et al, iAdsor pt i o nbinvdstigaten bygemperatne progeamrodd a n d

desorption,

mi crocal orimetry

Table 3: Further details for short list for material selection

and

FTR2B®P001.Ther mochi mi ca
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Thermal Stability
S | Material Name Producer Shape Cond. (number of Price**
[W/m*K] cycles)
. Fuji Silysia permanently ~12[ &/
1,2 | Silica gel MB3A Beads 0,174
g Ltd. stable* | ~1 1 [ o |
. Fuji Silysia permanently ~10[ &/
1,2 | Silica gel RD2060 Beads 0,198 ,
Ltd. stable* ~ 9 [ 0yook
ermanent| 12,54
1,2 | Silica gel Sorbead R BASF SE Beads 0,2 P y !
stable* 7, 95 [0/
. Sylobead SG B Grace permanently ~6[ 0/ k
1,2 | Silica gel i Beads 0,14-0,2
127 Davison stable* 4, 15[°%
SAPO- Mitsubishi Powder/ 120 &/
1 AQSOA 702 i 0,13 >~1.000.000 i
34 Plastics Pellets 8 9 [ ulyok
Mitsubishi 120([ &/
2 AIPO-18 AQSOA 705 ) Powder 0,12 >~200.000 i
Plastics 8 9 [ ulgook
) CW Bad .
3 Zeolite 13XBF o Pellets 0,58 >~2.000 4 G 1R g
Kostritz
*éconsidered as per ma nwomitglteynpesturastahdenightly stable stauctures w
**émanufacturerds dat a
% mi n. purchase of 20kg (MB3A)/25kg (RD2060)
®mi n. purchase of 140kg
2éplus 12004/ 10kg delivery costs; Facility f o-ppriceasrexpectectto a | produ
decrease in future
006 price per kg when purchasing 1000kg
%0¢price per kg when purchasing 560kg
It can be seen that the obtained results for scenario 1 (T4es=60°C) are relatively poor for all examined
materials, indicating thatthisc onf i gur ati on possibly wonodét be abl e t

of the considered application. Alternatively it should be clarified whether the boundary conditions e.g. on
Tevap could be relaxed somehow. For scenario 2 (T4es=90°C) nearly all materials using water as
adsorbate are advantageous for the cooling purpose. Especially AQSOA-Z02 seems favorable. Due to
the specific shape of the isotherms of AQSOA-Z05 only a small amount of water is adsorbed at the
defined framework conditions. For example, if the evaporation temperature is increased, much higher
values could be reached. Looking at scenario 3 (T4es=150°C) and 3a (T4es=180°C) the 13XBF-water pair
also shows acceptable results for the adsorption capacity and high energy densities. In comparison to
that, the adsorption capacity is very low when using methanol or ethanol as fluid. Based on these results,
AQSOA-Z02 and water as fluid have been selected as baseline TCM for further developments the in the

project.

For some material properties, in particular those related to kinetics, the data present in the literature are
too poor, also because of missing standards. Since kinetic aspects are directly related to the power of
the system, a dedicated material test rig was constructed, the scheme of which is shown in Figure 14.
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Figure 14: Scheme of the material test rig.

A second motivation is to as s damesnediatescalendhe eesuitsasdrve s
to understand the difficulties in up scaling from lab reactor to demonstration systems. A closed sorption
test rig with continuous temperature and state of charge measurement for about 100 g adsorbens was
designed and assembled. The main challenge is to achieve sufficient precision considering
measurement and control, in particular as these two often contradict each other. For example, controlling
the temperature requires to remove the generated heat. If doing so with a heat exchanger and a heat
transfer fluid, these piping will affect the scale and hence the measurement of the state of charge.

In parallel to these investigations, the adsorbens Aqsoa 202 was ordered from Mitsubishi and pelletized
by AMMAG in synergy with Development Line C. The goal was to have these granules available in a
suitable size distribution, to be able to fill them inside the coated fin heat exchanger in Work package 3,
for a possible improvement of the performance.

AQSOAP Z02 zeolite powder has been pelletized by vacuum spray drying in fluidized bed using 10 %
PVP (w/w) as a binder. PVP is stable up to 130°C and can be used in medium temperature applications.
Resulted granules are shown in Figure 15.

AQSOA® -PVP < 1.2 mm AQSOA®-PVP 1.27 2mm AQSOA® -PVP >2 mm

Figure 15: Size fractions of AQSOA® -PVP pellets prepared in fluidized bed palletization.
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4.3 Component Development

4.3.1 Component Design

The optimal component design depends on many boundary conditions gives by the application, but also
on material selection and the specific system design choice. For the present application, we choose a
closed sorption system design, since this setup is in general able to provide heating and cooling without
the need to refill process fluid. Correspondingly, the component design includes a fixed bed adsorber, an
evaporator/condenser, a vacuum valve and the vacuum vessels.

Simply put, the performance of a thermal storage system is given by its energy and power capacity
normalized to volume, mass or costs. The theoretical (equilibrium) energy content can be calculated in a
straightforward manner by the amount of storage material and the boundary conditions for charging and
discharging. For a thermochemical storage, the so-called four-temperature approach is a common
method for that goal, which is performed based on the tool developed in Work Package 2. In practice,
the actual energy content of the storage is somewhat lower, caused by different effects, all of which are
related to non-equilibrium dynamics. In particular, requirements on a lower bound on the extracted power
imply that only a fraction of the equilibrium energy content will be extracted in practice. The
corresponding amount of reduction of the energy content may be estimated by adjustment of the
boundary conditions corresponding to design calculations for the power to be extracted, and its lower
bound.

The power which can be extracted from the storage system at certain boundary conditions is determined
by its ability for sufficient heat and mass transfer. For the special case of a sorption thermal storage,
three mechanisms are crucial for the dimensioning of the sorption heat exchanger: (i) mass transfer of
the vapour through the bulk to the pores where the sorption takes places, (ii) sorption kinetics (mass
transfer through the solid medium to the sorption site and binding process) and (iii) heat transfer from the
sorption process to the heat transfer fluid. Similar aspects are important to be considered for am
evaporator/condenser in a closed system (and the connecting vapour channel.

In general, a fixed bed adsorber design can be based on (A) filling a heat exchanger with adsorbens, (B)
coating surfaces (e.g. the fins) of a heat exchanger with adsorbens, (C) direct crystallization of
adsorbens on surfaces of a heat exchanger or (D) combinations thereof.

Calculations for the heat transfer in case of (A) have shown that the power requirements imply very small
fin distances, such that only little volum e is left for the actual TCM. In order to be able to provide both
high energy and high power density, we therefore decided to choose a coated fin heat exchanger as
baseline adsorber. Such an adsorber with coating of the TCM AQSOA-Z02 is manufactured by
Mitsubishi Plastics, Inc.. This will in the following be considered as adsorber design (1). In order to
increase the energy density, we investigated the effect of additional filling of granules between the
coated fins, which will be called adsorber design (2). For a comprehensive comparison, we also consider
an adsorber with direct crystallization, provided by Fahrenheit, called adsorber design (3).

The filling in design (2) has two effects on the power performance. On one hand, there is more active
TCM, which might increase the performance. On the other hand, the tightly packed filling might introduce
a pressure drop through the pack, decreasing the performance.
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For the evaporator/condenser, several design approaches have been discussed. The main requirement
is a large surface and good heat transfer while ensuring little volume and weight. As baseline design, we
have chosen a thin lamellar heat exchanger, integrated into the water reservoir and partially flooded with
water, when the system is full charged. So for discharging a partly immersed pool boiling occur, which
will be enhance due to the many narrow gaps from the heat exchanger. However, during condensation
these gaps can trap a certain amount of water in between during due to the capillary forces, so that the
available heat transfer surface diminishes. In our case, condensation performance degradation is not
expected, because a low water capacity is used for operation and the low capillary forces in the gaps of
the heat exchanger, which were also tested in the lab. Beside of that, the heat exchanger has a high
heat transfer surface for condensati oalargentltanteer apor af
liquid level, which are very beneficial for the heat transfer between heating/cooling water and the distilled
water. It can be also assumed, that the heat transfer inside the tubes is optimized by the manufacturer.
All in all, the combination of compactness, low weight and sufficient performance makes the chosen heat
exchanger suitable for the requirements. The design is shown in Figure 16.

780 mm

440 mm

Figure 16: Evaporator/condenser design.

4.3.2 Dedicated Component Experiments

Various evaporator/condenser designs have been discussed and assessed experimentally in a
dedicated test rig, targeting at a high power density at system level. Aiming at minimum weight and
space consumption, a flat fin heat exchanger was chosen, as shown in Figure 17. As boundary condition
in experiment, the vapour pressure has been fixed to 20 mbar, which was realized using an
overdimensioned plate heat exchanger and a controller. The results are shown in Figure 18, where a
cooling power up to 2.5 kW was observed. The cooling power is fairly constant over time and also over
the filling level. For a space efficient system design, the vessels of the functional components play a
major role. For this reason, rectangular shaped vessels have been investigated. The main obstacle in
this respect are the vacuum forces, which have been assessed using FEM-calculations, as shown in
Figure 17, right hand side. The rectangular vessel has been built for the evaporator/condenser and
integrated in the thermal storage system.
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Figure 17: Evaporator/condenser (left hand side) and design of its rectangular vessel (right hand side).
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Figure 18: Experimental results for the evaporator. The cooling power provided by the evaporator is shown for a given
environmental pressure of 20 mbar and two different inlet temperatures of 20°C and 25°C, respectively. The power is shown
versus time (left hand side) and versus the filling level (right hand side).
The heart of the sorption storage system is the adsorber. The requirement for high power calls for
efficient mass and heat transport, such that in any design, all adsorbens must be very close to the heat
exchanger and vapour channels must be available in abundance. Three designs are investigated in this
project (see Figure 19): (1) A coated fin heat exchanger; (2) the same coated fin heat exchanger
including an granulated adsorbens filling; (3) metal fibers with direct crystallization. Design (1) is
manufactured by Mitsubishi Plastics, Inc.; for design (2) the matching adsorbens AQSOA-Z02 was
orderd from the same company, and pelletized within the project consortium; design (3) was provided by
Fahrenheit, which is a world-leading company for this kind of adsorber design.
As already mentioned the granules for design (2) have been pelletized by AMMAG in synergy with
Development Line C. The corresponding adsorbens in powder form was delivered by Mitsubishi Plastics
Inc. and is therefore the same as in the coating of design (1) and (2), while the binder is expected to be
different. The adsorbens in design (3) is a SAPO34 as well, however, manufactured by Fahrenheit in the
process of the direct crystallization. Slight differences can thus be expected in the material performance.
The three adsorbers have been assessed in the storage system test rig, including the evaporator
described above. The experimental results indicate that design 2, the coated filled adsorber, shows the
best performance in terms of high energy and power. We conclude that the pressure drop introduced by
the packed bed of the granules has a minor effect on the power. We further note that design (3) targets
at a longer stable power output instead of a high brief one. Further results are shown in the context of
system experiments.
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Figure 19: The three adsorber designs investigated. Left: Plain coated fin adsorber provided by Mitsubishi Plastics Inc.; center:
the Mitsubishi coated adsorber filled in addition with granulated adsorbens; right: schematic picture of an adsorber with direct
crystallization of adsorbens, provided by Fahrenheit.

4.4 Storage system development

4.4.1  Storage system design

The storage system considered here is a closed vacuum storage system with a water reservoir, in order
to have water available for cooling through vaporization and vapor for heating through adsorption, both in
discharge mode. It can be distinguished between different types of systems according to their number of
thermal storages (= vessels). In this project one or two vessel systems have been designed and are
examined in more detail. Both concepts provide specific advantages and drawbacks which are
discussed in the following sections. Further on, the different modes of operation are presented and
explained with the help of graphics. Finally an alternative system, which focuses a so called direct
evaporation method is briefly introduced.

The one-vessel system consists of one thermal storage (S1) in which the adsorption material is stored
(see Figure 20). The adsorption heat is extracted with an integrated fixed bed heat exchanger. The
connected evaporator/condenser unit which is coupled to an adsorptive reservoir serves as low
temperature heat source or heat sink during operation. An ambient air heat exchanger (H1) is used to
dissipate or supply the heat for the adsorption process. The electrical battery is connected to the
secondary circuit of a liquid-liquid heat exchanger (H2) which transfers heat or cold to the cells. In case
of a plug-in hybrid, a liquid-liquid heat exchanger (HW) that is coupled to the internal combustion engine
or to the fuel cell delivers the required energy for regeneration. It has to be mentioned, that this heat
exchanger is not required in all-electric cars. In that case, this task is carried out by an electrical heating
device (HD). Nevertheless, for a comparison of the different designs and to show the maximum
complexity, only the entire systems are illustrated.
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Figure 20: One-vessel system

Another possible design is the two-vessel system. It enables simultaneous cooling or heating and
regeneration by the installation of a second sorption thermal storage which is in alternating operation to
the first one. The system as it can be implemented in a vehicle is shown in Figure 21.

Two-vessel system
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H1, H2...Ambient air HEX

H3...HEX coupled to battery

L :
|V—| |iz’___/| HW...HEX coupled to ICE or fuel cell

HD...Heating device

Figure 21: Two-vessel system
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As it can be seen in the picture above, the complexity of this concept enhanced dramatically in
comparison to the one-vessel variant. Several valves and circuitries as well as a comprehensive control
concept are necessary to set up a functioning system. Besides the potential error rate the space
requirements are increasing as well. Additionally to the second sorption storage, a second
evaporator/condenser unit and a third heat exchanger has to be mounted.

Nevertheless, this configuration offers advantages as well. As an example, as already mentioned, one
vessel can be charged while the other one is discharged simultaneously. As a consequence, the
needed amount of adsorption material per storage and thus the capacity is reduced by a continuous
alternating operation. The utilization of different types of adsorption material is also conceivable with
such systems.

4.4.2  Storage system experiments

The storage system includes the adsorber, the evaporator/condenser, their vacuum vessels and a
vapour channel including a valve between them. The storage system test rig includes heat and cold
supply for both adsorber and evaporator/condenser and a control for the temperatures/power and the
valve. A vacuum pump and a strategy to remove inert gases is also required. Such a system test rig was
assembled in the third year, a picture of which is shown in Figure 22. The test rig is equipped with
numerous temperature sensors, a scale to estimate the state of charge and pressure sensors at
adsorber and evaporator. Charging and discharging experiments have been performed for various sets
of boundary conditions.

Figure 22: Test rig for the storage system including adsorber, evaporator/condenser and rectangular vessel.

For charging, we considered a desorption temperature of 95°C and a condenser temperature of 15°C.
Such boundary conditions are encountered, e.g., in the case of thermal management for hybrid vehicles,
when the waste heat from the ICE coolant is used for desorption and the condenser is coupled to the
ambient in winter or cooled by an AC device in summer. The vapour valve was closed at first, but
opened when the adsorber temperature would exceed 70°C in order to avoid damaging the interior scale
with the high humidity.. When opening the valve, a narrow power peak up to 20 kW is indicated by the
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scale. This leads also to a drop of the adsorber temperature, since the heat supply cannot counter react
sufficiently.

For discharging various scenarios have been considered, here results for evaporation temperatures of
25 °C. As already mentioned, such boundary conditions can be encountered, e.g. when the adsorber is
coupled to the ambient in summer and the evaporator is used to cool the battery or the cabin. The
opening of the valve at roughly 8:10 triggers the adsorption, which aligns the pressures in the system,
increases the adsorber temperature level and decreases the evaporator temperature level. The various
and heating/cooling powers respectively heat flows are shown as well. The operating window of useful
cooling power is here defined to start by opening the valve and to end when the cooling power falls
below 200 W. For the boundary conditions considered here, this window encompasses a period of 25
minutes, within which the maximum cooling power extracted was almost 2 kW, the total cold energy
extracted was 400 Wh, and an average cooling power of almost 1 kW was found.

Thermal management in E-mobility requires not only cooling, but also heating capabilities. In winter the
batteries should be pre-heated before starting the vehicle when the ambient temperature is below zero.
A charged TCM storage can in principle provide both cold and heat. However, it acts like a heat pump
with a time delay. Correspondingly, when discharging it for heating applications, heat is required (at
somewhat lower temperature) for evaporation. Taking the latter from the ambient proves difficult when
the ambient temperature is low, i.e. when the heat is most needed. This is a difficulty yet unsolved for
this application.

We suggest to buffer the evaporation heat, exploiting a phase change of the process fluid. Evaporation
and freezing takes then place at the same time, and the freezing enthalpy serves as evaporation
enthalpy, which enables the storage to be discharged. Clearly, it is necessary to prevent spontaneous
freezing of the process fluid before the discharging is triggered, which can be realized either by sufficient
insulation, additives to change the freezing point, or supercooling.

We performed experiments using water as process fluid, which freezes at 0°C, providing a saturated
vapour pressure of 6 mbar. This pressure suffices for discharging the heat storage and enables it to
provide heat at 10-20°C. The experimental setup is defined by a preconditioning of all components to
10°C, opening the vapour valve and extracting heat at 10°C the adsorber while supplying no heat to the
evaporator. We observed freezing in the evaporator during the process, in accordance with the
temperatures and pressure measured.

Table 4: Specifications and performance of the storage system corresponding to the three different adsorber designs. * denotes
that the required volume and weight was estimated, assuming a compact vacuum vessel corresponding to the FEM calculations
shown for the evaporator/condenser.

Empty (15.7) * (9.8) *

Mitsubishi

Filled 3.3 (15.7) * (20.8) * 1067 549
Mitsubishi

Fahrenheit 2.5 15.4 15.5 482 337
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Defining again a window by requiring a minimum heating power of 200 W, we observe a total extracted
heat energy of 680 Wh, an average heating power of 1.35 kW and a peak heating power of 2.3 kW. The
temperature of the adsorber increased up to 20°C.

For a scaling evaluation on system level, we determine the volume and weight of the entire system, or
rather estimate these values assuming a compact vacuum vessel corresponding to the FEM calculations
shown for the evaporator/condenser. This allows also for a comparison of the performance of the three
different adsorber designs at system level. We define Key Performance Indicators (KPIs) corresponding
to the energy/power density on the system level, i.e. all auxiliary components are accounted for. These
measures are given in Table 4 and Table 5.

Table 5: Key Performance Indicators (KPIs) defined as energy/power density on the system level, i.e. all auxiliary components
are accounted for.

Cooling energy density 27 Wh/I 27 Wh/kg
Cooling power density 55 W/I 55 Wikg
Heating energy density 34 Whll 34 Wh/kg
Heating power density 68 WII 68 W/kg

4.4.3 Storage system simulations

In order to re-use simulation models developed in Trnsys and Simulink, a co-simulation interface is

necessary. A novel interface was constructed in the course of the project, exploiting an existing interface

bet ween Trnsys and Matlab ATypel550 provided in th
interface have been constructed and compared to each other and to the openly / commercially available
interfaces BCVTB and FMI. A simple case study involving the sorption storage was considered, and

accuracy and computational performance as well as user friendliness and flexibility was discussed. An

overview of the results is shown in Figure 23.
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Figure 23: Overview of the performance of the different co-simulation interfaces and setups discussed for a simple case study
involving the thermal storage.

For the actual system simulations, we decided to use FMI, as this interface is world-wide the most
accepted standard for co-simulation. The entire system simulation built up in Simulink includes the
various thermal components in the vehicle and the master for the co-simulation with the thermal storage.

4.44  Operation state of the storage in the simulation cases

1. Discharging of the storage. The cooling fluid that should be heated up flows through the
adsorptive storage heat exchanger. The evaporation enthalpy required in the water reservoir
needs to be provided by a secondary fluid that is conditioned with ambient conditions and flows
through the heat exchanger in the water reservoir (the evaporator/condenser)

2. Charging of the storage. Sufficiently (for desorption) hot cooling fluid flows through the adsorptive
storage heat exchanger, to dry the storage. The evaporation energy is provided by this fluid. In
the water reservoir the condensation heat is released and needs to be carried away by a
secondary fluid that is cooled with ambient conditions.

3. This case is very similar to Case 1. The thermal storage was also discharged but instead of only
assuring a fast heating up of the combustion engine the battery was heated up first and
afterwards the cabin and the combustion engine were heated.

4. Discharging the storage. The cooling fluid flows through the heat exchanger of the evaporator
and loses heat to provide the evaporation with energy. A secondary fluid must carry away the
condensation heat in the adsorptive storage and transfer it to the ambient air.

5. Switch between operation mode 2, to charge the storage with waste heat from the engine, and
operation mode 4, to cool the battery while charging the storage.

Table 6: Summary of simulation results corresponding to the used cases described above
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