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1 Background
The objective of CREATE is to develop and demonstrate a heat battery, i.e. an advanced
thermal storage system based on thermo-chemical material (TCM), that enables
economically affordable, compact and loss-free storage of heat in existing buildings.
This document D5.3 describes the work done in Task 5.3 with the 1-kg setup which was
designed to investigate critical components of the heat battery in an actual system instead of
separate components. Examples of such components are the TCM itself or the heat
exchanger (HX). Measurement questions and plans were formed in discussion with Work
Packages (WP) 4-7 as mentioned below to ensure that the obtained results were useful and
relevant for all. Intermediate results were communicated back to these WP’s to contribute to
their activities.
This document was compiled by TNO, but since Task 5.3 was at the intersection between
many Work Packages, much input was received from different partners:
- WP4 (TU/e, Caldic Nederland BV, Dow)
Aside from the actual TCM itself, data about the physical properties and production
process has been included in this deliverable. The performance data of the TCM
obtained during this work was communicated back for further development.
- WP5 (Luvata U.K. Ltd., TNO, AEE INTEC)
Actual HX’s were designed in collaboration between TNO and Luvata, while the latter
did the actual building and coating of the HX’s used in this work. Thermal data
obtained during this work can be used for the design of the HX’s in the FSM or CSM.
- WP6 (AEE INTEC, TNO, Vaillant GmbH)
Measurement plans as well as the design of the experimental setup itself were
discussed to ensure that data relevant to the large-scale heat batteries (FSM, CSM)
would be obtained. Internal temperature profiles and performance indicators are
reported for use within this WP.
- WP7 (AEE INTEC)
Measurement plans as well as the design of the experimental setup itself were
discussed to ensure that relevant data would be obtained.
This document has also been formally reviewed by AEE INTEC. Moreover, this document
has been reviewed by the partners within the CREATE project before publication.

2 References
2.1 Applicable Documents
Document

Reference

AD-01

CREATE Grant Agreement

No. 680450

AD-02

CREATE Consortium Agreement

No. 0100289706

This document contains proprietary information.
Copying of (parts) of this document is forbidden without
prior permission. All rights reserved.

Issue

www.createproject.eu

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 5 of 57
D5.3
Public

2.2 Reference Documents
RD-01
RD-02

RD-03

RD-04

RD-05
RD-06
RD-07
RD-08
RD-09

Document
TNO-CREATE-ECM-127i3_measurement plan 1-kg setup
TUE-CREATE-ECM-125Material_Properties_for_1kg_reac
tor
Water – Thermodynamic
Properties
TNO-CREATE-ECM-130i2_Report on 1-kg-scale
experiment run 1
Properties of C-GF-20170215 by
WP4
TUE-ECM-132-K2CO3_in_vacuum
Properties of CG-50-60kN-1kg20180104 by WP4
TUE-CREATE-RP-141-i4_D4.2
Optimization of stabilizer material
VAI-CREATE-RP-046-i2_D3.1
System Requirements Document
SRD

Reference
TNO-CREATE-ECM-127
TUE-CREATE-ECM-125

http://www.engineeringtoolbox.
com/water-thermal-propertiesd_162.html
TNO-CREATE-ECM-130

Information with delivered
monomodal TCM
TUE-CREATE-ECM-132
Information with delivered
bimodal TCM
TUE-CREATE-RP-141
VAI-CREATE-RP-046

3 Terms, definitions and abbreviated terms
cp
Charge
CSM
Cycle
DHW
Discharge
ΔH
ECM
E
E/C
F
FSM
HX

Specific heat capacity [J/(kg·K)]
Dehydration of the thermochemical
material, storing heat
CREATE Storage Module
Combined charge and discharge
Domestic Hot Water
Hydration of the thermochemical
material, releasing heat
Enthalpy change [kJ/mol]
Engineering Coordination Memo
Energy [J]
Evaporator/Condenser
Volumetric flow rate [ml/min]
Functional Storage Module
Heat eXchanger
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m
ṁ
M
MERITS
P
p
p-T line
ρ
Semi-cycle
V
t
T
TCM
WP
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Potassium carbonate, the
thermochemical material under
investigation
Mass [g]
Mass flow [kg/hr]
Molar mass [g/mol]
FP7 program grant agreement No.
ENER/FP7/295983
Power [W]
Pressure [mbar]
Pressure-temperature equilibrium line
Density [g/cm3]
One half of a cycle, either charge or
discharge
Volume [dm3]
Time [min] or [hr]
Temperature [°C]
Thermo-Chemical Material
Work Package
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4 Executive summary
In this document the experimental performance of a scaled-down heat battery is discussed.
Using the components developed by other WP’s, primarily the TCM, the HX and the overall
system approach, the performance on a system level is assessed. Results are directly fed
back into the design and production of the components. Performance data is used in the
overall design of the functional storage module (FSM) and CREATE storage module (CSM).
Important criteria for the evaluation are:
- Power output and energy densities
- Influence of non-condensable gasses
- Material handling & stability
- Operating regimes
The measurement plans for each run were coordinated between WP4 to 7 and intermediate
results were communicated to contribute to the design of the full-scale setups. Two different
TCM’s were used:
1) Monomodal TCM (RD-05)
This TCM contained 96 wt% of 1½-hydrate of K2CO3, 3 wt% of graphite, and 1 wt% of
fumed silica. The pellets were prism-shaped, about 3-4 mm in size. The loose-packed
density is 1.0 kg/dm3.
2) Bimodal TCM (RD-07)
This TCM contained 97.5 wt% of 1½-hydrate of K2CO3 and 2.5 wt% of graphite. The
pellets were more round-shaped, and had two size distributions: 73 wt% 4-5 mm and
27 wt% 1.4-2 mm. The loose-packed density is 1.2 kg/dm3.
During run #1 with the monomodal TCM it became clear that non-condensable gasses,
whether from outgassing of the TCM, outgassing of the water (see RD-06), or from inleak
greatly reduce the output power and thus the final released energy. For the 1-kg setup
proper pump-down and outgassing procedures were developed so that accurate
measurements of the power and stored/released energies could be made.
During run #2 these procedures were implemented, which reduced the effect of noncondensable gasses significantly. Reference measurements with precise amounts of added
air confirmed the power reduction seen during run #1. For the monomodal TCM the
maximum output power and energy densities were determined at 100 °C for charging and 40
°C for discharging. Table 1 shows the most important values for both TCM’s.
The temperatures used during run #2 result in large vapour pressure differences between the
TCM and the water inside the E/C, and thus high output power. However, these
temperatures lay on the extreme end of the operating regime. 100 °C is high for output of a
solar thermal collector, while 40 °C is too low as input for DHW but reasonable for heating
purposes. During run #3 the inlet temperature was varied to see how the output power and
stored/released energy changes with temperature. In general, the higher (lower) the
temperature during discharging (charging), the lower the output (input) power. Figure 18 in
the body of this deliverable shows this data as a function of measured inlet temperature.
Important to note is that the monomodal TCM underwent a state change at an unknown point
in time while inside the 1-kg setup for run #2 and #3 (both runs were performed with the
same loadout of TCM). While the initial material were loose pellets, after run #3 and 11
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cycles in total the TCM in the middle of the HX had undergone a structure change into a
single mass, possibly because of the size/density change upon repeated
dehydration/hydration.
For run #4 the bimodal TCM was used. The focus here was to get performance parameters
which could be compared with the monomodal TCM. The performance values are shown in
Table 1 for comparison. The output power and stored/released energy density by mass did
not differ between the monomodal, and the bimodal TCM. The energy density by volume did
increase as expected.
Property

Results T5.3
(monomodal)

Results T5.3
(bimodal)

Reported WP4
(RD-05 & RD-08)

Average output power [W]
… charge (dehydration, 100 °C)
… discharge (hydration, 40 °C)

4
5

5
5

-

Operating time [hr]
… charge (dehydration, 100 °C)
… discharge (hydration, 40 °C)

16
18

20
24

-

500
0.44
0.46

503
0.53
0.55

600
0.84

Energy density
… by mass [kJ/kg]
… by total HX volume [GJ/m3]
… by free volume [GJ/m3]

Table 1: Overview of maximum performance values determined in Task 5.3.

In conclusion,
• The 1-kg setup was designed, built, and validated to perform the measurements
envisioned for Task 5.3;
• The TCM handles well during storage and filling. For the bimodal TCM there is the
possible danger of unmixing the different size fraction either during filling or during
transport of the filled module;
• The presence of non-condensable gasses greatly influences the output of the system;
• A structure change of the TCM was observed for 10+ cycles, and simultaneously
changes in the properties such as the temperature distribution in the TCM were seen;
• The average power and energy densities obtained for best-case temperatures (40 °C
at discharging, 100 °C at charging) are 5 W and 500 kJ/kg. By total HX volume the
densities are respectively 0.44 and 0.53 GJ/m3 for monomodal and bimodal TCM;
• The output power goes down as the charging temperature goes down or the
discharging temperature goes up, which may be relevant for the actual operating
conditions of the FSM/CSM;
• As the power goes down, the total stored/released energy also decreases because
heat losses become more significant which can significantly reduce practical output;
• A lower power increases the duration of the charging and discharging. At best-case
conditions the processes take about 20 hr from full to empty;
• Data on the vapour penetration during discharge, as well as the power production
were used as input for the modelling done in WP6;
• The results of each run were communicated to WP4 through 7 to contribute to the
development of the full-scale setup.
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5 General description of the 1-kg setup & experiments
The goal of Task 5.3 is to build and operate a scaled-down version of a thermochemical heat
storage module. From such a model system information about the combined behaviour of
critical components such as the optimized thermochemical material (TCM), heat exchanger
(HX), and operating procedures. The resulting data then provides input for other work
packages and tasks, such as feedback to WP4 for TCM production and WP6 for FSM
design.

5.1 Physical 1-kg setup
The basic physical description of the 1-kg setup has been discussed in ECM-127, paragraph
2.1 (RD-01). The 1-kg setup fundamentally consists of two vacuum vessels, one containing
the experimental HX to be filled with TCM, the other with an amount of water and a heat
exchanger for evaporation/condensation (E/C). Both heat exchangers are connected to
external fluid-conditioning baths, the absorber using silicon oil, the E/C using demi-water.
Both vessels are connected with a manual valve in between. Both vessels can be
independently pumped by a vacuum pump. A schematic of the setup is shown in Figure 1.
The HX fluid temperatures are measured using Pt-100 4-wire temperature sensors, all other
temperatures are measured using type-T thermocouples. Pressures were measured using
capacitance gauges. Liquid flow was measured either with the calibrated output of a
peristaltic pump or by a mass flow meter. All data was collected using a data logging
program written in LabVIEW.

Figure 1: Schematic of 1-kg setup showing major control parameters
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5.2 Experimental conditions
Figure 1 shows the system parameters that can be actively controlled during an experiment:
inlet temperatures to the HX’s, the flows through the HX’s and the state of the valves. All
controls are manual. Below the typical conditions and considerations for these parameters
are discussed. ECM-127 (RD-01) discusses these in more detail with specific regard to run
#1.
The absorber and E/C vacuum valve are only opened when the respective vessels needs to
be pumped down to remove excess gasses. It was found during the experiments that such
pump downs should last at least 1 minute.
The storage valve starts and stops the charge/discharge process. Typically, the absorber
and E/C HX are pre-heated to their target temperatures before the storage valve is opened.
The flows through both the absorber and E/C HX are kept constant during an experiment.
After run #1 the flows were adjusted to get a more precise measurement of the temperature
difference between inlet and outlet temperature. Typical values are 150 ml/min (= 9 l/hr = 8.3
kg/hr) for the absorber and 100 ml/min (= 6 l/hr) for the E/C.
The inlet temperature of the E/C was always kept at 10 °C, which resulted in a vapour
pressure of water of pvapour,water = 15 mbar. The inlet temperature of the absorber was then
varied to experiment with different situations. The driving force behind the vapour flow is the
relative vapour pressure difference between the TCM and water. Thus, the inlet temperature
of the absorber needs to be varied to obtain either pvapour,TCM > pvapour,water for charging or
pvapour,TCM < pvapour,water for discharging. Typical values used during the experiments are shown
in Table 2. The limiting temperatures are based on the p-T equilibrium line obtained for
K2CO3 by WP4 (RD-02).
Semi-cycle

Tabs,in [°C]

pvapour,TCM [mbar]

Description

Charging

100

56

Maximum water temperature (RD-09)

Charging

69

18

Minimum charging temperature

Discharging

56

7

Maximum discharging temperature

Discharging

40

2

Baseline water temperature

Table 2: Typical absorber inlet temperatures and corresponding TCM vapour pressures for
charging/discharging.

5.3 Data evaluation/criteria
5.3.1 Error calculation
From the inlet and outlet temperature, the flow rate, and the heat capacity of the liquids
through the HX’s the power passing through the setup is calculated using the formula:
𝑃 = 𝑐𝑝 ∙ 𝜌 ∙ 𝐹 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 ) = 𝑐𝑝 ∙ 𝑚̇ ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )
Here P is in W, cp is in J/kg·K, ρ in kg/dm3, F in dm3/s, ṁ in kg/s, and T in °C. The power is
positive if heat is coming from the TCM (discharging). The heat capacity and density for the
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silicon oil are 1460 J/(kg·K) and 0.92 kg/dm3 (Rossil 50 cSt specification). For water the heat
capacity and density are 4192 J/(kg·K) and 1.00 kg/dm3 (RD-03 at 10 °C).
The net power we are most interested in is calculated by:
𝑃𝑛𝑒𝑡 = 𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 𝑙𝑜𝑠𝑠 = 𝑐𝑝 ∙ 𝑚̇ ∙ {(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )𝑙𝑜𝑠𝑠 }
Here (Tout-Tin)measured is measured during the semi-cycle, so with the storage valve open. The
(Tout-Tin)loss is determined from the average values during the 10 minutes before opening the
storage valve, when the system is pre-heated and at steady state. This static loss is the heat
loss from the absorber to the lab ambient. The mass flow is typically the same for both.
The relative error in the net power is then approximately:
𝛿𝑃𝑛𝑒𝑡

|𝑃𝑛𝑒𝑡 |

=

𝛿𝑚̇

|𝑚̇ |

+

4 ∙ 𝛿𝑇

|𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 |𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

The heat capacity of the silicone oil is known. The error of the mass flow meter is specified
as 0.5 % of the full scale, which is 20 kg/hr for run #2-#4. The error in the four temperatures
in the calculation are added together. For a single 1/10 DIN Pt-100, the error is 0.05 °C, so in
the error calculation this value is multiplied by 4. As a first approximation the ΔT is of the
same order with the storage valve open as with the storage valve closed and thus can be
thought to be constant. The mass flow is constant in both cases.
Using estimated values for a discharge at 40 °C of 8 kg/hr and ΔT of 3 °C (corrected for
static loss) gives:
𝑃𝑛𝑒𝑡 = 1460 ∙
𝛿𝑃𝑛𝑒𝑡

8

∙ 3 = 9.73 𝑊
3600
0.1 4 ∙ 0.05
=(
+
) ∙ 9.73 = 0.77 𝑊
8
3

The integrated energy is calculated by summing the power at each temperature step and
multiplying by the time step:
𝐸𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 = ∑ ∆𝑡 ∙ 𝑃𝑛𝑒𝑡 (𝑡)
The relative error in the integrated energy is then:
𝛿𝐸𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 = ∑ (

𝛿∆𝑡
∆𝑡

+

𝛿𝑃𝑛𝑒𝑡
𝑃𝑛𝑒𝑡

) ∙ 𝐸(𝑡)

An example calculation over 14 hours (with a time step of 10 s and an observed standard
deviation of 0.002) using a constant Pnet calculated above gives:
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5040

𝐸 = ∑ 10 ∙ 9.73 = 490 𝑘𝐽
𝑁
5040

0.002 0.77
𝛿𝐸 = ∑ (
+
) ∙ 10 ∙ 9.73 = 39 𝑘𝐽
10
9.73
𝑁

Note that the above examples are done with constant power, while during measurements the
net power is ever changing. Overall, this rough calculation does show that our error is on the
order of 10 %.

5.3.2 Evaluation criteria
In the lead up to the experiments with the 1-kg setup, several criteria were defined to
evaluate the results. These are properties and results of the experiments that significantly
impact the other parts of the CREATE project, most significantly WP4 for the selection and
production of the large-scale TCM and WP6 for the design of the absorber HX.
-

-

Energy density
Both the energy-per-volume and the energy-per-mass will be determined. Note that
the energy-per-volume can be defined in various ways depending on the choice of
the volume considered. In this deliverable mostly the VTCM (the volume of TCM and
the pores between the pellets) and VHX (the total volume of the HX, TCM, and pores
as a whole) are used. Note that these volumes do not contain any volume outside of
the HX such as the empty space around the HX or the E/C vessel.
Power output
Time scale of charging & discharging
Outgassing of TCM and components
Inleak & influence of non-condensable gasses
Material handling externally
Material stability during operation
Material compatibility
Packing density
Useful temperature regimes
Temperature profile inside the TCM in the HX
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6 Run #1 – behaviour of Caldic-G TCM
Being the first run of the series of 4, the measurement plan and results were extensively
discussed in ECM-127 (RD-01) resp. ECM-130 (RD-04).

6.1 Run-specifics
The focus of this run was twofold:
1) To determine the energy density and material handling & stability of the pressed
Caldic-G TCM;
2) To determine best-practices for the experiments with the 1-kg setup.

6.1.1 TCM & HX
The TCM used for run #1 was labelled C-GF-20170215. It was shaped as triangular prisms
with smallest sizes 3-4 mm. Figure 2 below shows some of the material. The graphite was
mostly added as a binder. No coating was applied. The material was degassed and hydrated
to the 1½-hydrate by WP4 partner TU/e. The reported physical properties are shown below:
Property

Value

Chemical composition

96 wt% K2CO3·1½H2O
3 wt% graphite
1 wt% fumed silica

Density (m/V)

1.0 g/cm3 (loosely poured)
1.2 g/cm3 (tapped-compacted)
2.2 g/cm3 (in the pellet)

Energy density (E/m)

600 kJ/kg

Table 3: Reported physical properties of the Caldic C-GF-20170215 TCM (RD-05).

The HX was manufactured by Luvata to specifications made by TNO. The outer shape is a
10x10x10 cm cube with flat copper fins. Four copper tubes run through the stack for the HX
liquid to pass through. These tubes also give structural support to the stack. Fin spacing was
10 mm. Plate thickness was about 0.25 mm and the tube outer diameter was 6.35 mm. All
the copper was coated by Luvata using Electro-Fin E-coating. A photo of the HX wired up
with temperature sensors and with the constraining mesh around it is shown in Figure 3.
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Figure 2: Photo of C-GF-20170215 TCM.

Figure 3: Prepared absorber HX for run #1, showing the fins as well as the constraining mesh
and the wired temperature sensors.
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6.1.2 Measurement plan
The measurement plan for run #1 was extensively discussed in ECM-127 (RD-01). After the
initial outgassing at high temperature and the rehydration, a short one-day charge/discharge
cycle is done to test the setup. Then the temperature is increased to the maximum to get the
best measurements of the energy density.
The flow was determined by calibrating the peristaltic pumps used in the 1-kg setup before
and during the run. Pump downs of the vessels were done for 10 to 30 s.

6.2 Results
Table 4 shows the actually performed cycles during run #1. The timing allowed to add one
more cycle to the end of the run, with a different discharge temperature to see how that
influences the output power and timescale.
Cycle

Tabs,in [°C]

TE/C,in [°C ]

Fabs [ml/min]

FE/C [ml/min]

Charge 1.1

90

10

100

468

Discharge 1.1

35

10

100

468

Charge 1.2

90

10

100

468

Discharge 1.2

40

10

100

468

98.5

10

130

200

40

10

130

200

98.5

10

130

200

50

10

130

200

Charge 1.3
Discharge 1.3
Charge 1.4
Discharge 1.4

Table 4: Actual average parameters during run #1.

6.2.1 Experimental data
HX filling
The absorber HX was filled with 889 g of the C-GF-20170215 TCM. Based on the reported
tapped and loose densities (see Table 3) a Carr index of 17 can be calculated which
indicated a decent flowability, which was observed with the actual material as well. Table 5
shows the densities and porosity of the loaded TCM.
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1.0

Density in HX volume [g/cm ]

mTCM/VHX

0.89

Density in free volume [g/cm3]

mTCM/VTCM

0.92

Packing density [%]

ρTCM/ρpellet

42

1-ρTCM/ρpellet

58

Porosity [%}

Table 5: Density and porosity of loaded TCM for run #1.

Pressure vs. time
The leak rate for the setup was found to be 0.02 mbar/hr, or about 0.6 mbar per day.

Figure 4: Pressures inside the 1-kg setup vs. time for week 24.

The first cycle with quick charge and discharge is shown in Figure 4. The pressures of both
the absorber and E/C clearly deviate from the expected values, at certain times. The
absorber pressure starts at a significantly higher pressure than expected based on the TCM
temperature (16 mbar vs. 6 mbar), which remains the case when the absorber is heated,
until the valve is opened. The pE/C is slightly higher than the expected pressure until that time.
When the valve is opened water vapor flows from the absorber to the E/C. The flow
resistance of the connecting pipe is so low that the pressure become practically equal. After
the valve is closed the E/C pressure is significantly higher than expected (28 mbar vs. 14
mbar), and the absorber pressure is almost the same as expected.
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Due to this higher pressure the E/C was subsequently pumped down, upon which the pE/C
dropped to the expected pressure. This shows that non-condensable gases were present in
the E/C. These seem to have been transferred from the absorber to the E/C with the vapor
flow, during charging. Accumulation of non-condensable gasses can cause decrease in
power, due to smaller pressure difference between the vessels and hence smaller vapor
flow. The free volumes of the absorber and E/C are comparable, so a constant amount of
non-condensable gas would cause approximately the same pressure rise in the absorber as
E/C. Please note that the free volume of the E/C is significantly over-dimensioned in
comparison with the Full Scale Model (FSM), and that for other setups the same relative
amount of gas could cause larger increases in pressure.
It is important to note that we see the appearance of non-condensable gasses during each
cycle, not only for the first cycle. After the discharge, there is an excess of gas in the
absorber again that slowly decreases over time. This points to partial re-absorption of this
gas in to the TCM. Such decays occur after each semi-cycle. However, there always remains
excess gas once the pressure is stable.
Steady-state temperatures
To get an indication of the temperature uniformity within the HX, the steady state measured
temperature is given for all thermocouples (TC’s), at three different applied temperatures,
see Figure 5.
From this we can make the following observations:
- Tabs,in and Tabs,out are the inlet and outlet HX fluid temperatures.
- T201-203 are positioned on the HX fluid tubes outside of the TCM-filled volume.
- T204-208 are within the TCM, and T205, 207 and 208 show a very uniform
temperature. T204 has a lower temperature, because of its placement closest to the
border without foil. T208 is on the other border with foil, indicating that the ETFE foil is
a good thermal insulator. T205 which was taken as TCM temperature shows a typical
temperature during steady state.
- T209-213 are located on HX fins. T209 and T212 are right on the edge, so these can
be considered to be only partially covered by TCM and exposed to the vacuum on the
other side. This explains their lower temperatures.T213 which is placed on the centre
of the bottom fin shows a temperature slightly lower than T210-211, indicating there is
some heat loss in the vertical direction as well.
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90

Temperature [degC]

80

70

90 degC

60

66 degC
50

36 degC

40

30

Figure 5: Temperature distribution at steady-state temperature inside absorber HX (storage
valve closed); legend shows Tabs,in.

6.2.2 Analysis
In Figure 6 the net power during discharge is plotted against discharge duration, for all the
cycles in run #1. In Table 6 the discharge powers and discharge durations are given. Please
note that for cycles 3 and 4 the discharge took place in two steps, hence the gap in data for
these. For the same last two cycles the HX flow was altered to improve the temperature
difference, resulting in more reliable results.

Discharge comparison - absorber
14

Absorber power [W]

12
10
8
6
4
2
0
-2

0

2

4

6

8

10

12

14

Time [hr]
cycle 1, 13/06

cycle 2, 19/06

cycle 3, 21-22/06

Figure 6: Net power during discharge for all cycles in run #1.
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Tabs,in [°C]

Ppeak [W]

Paverage [W ]

tdischarge [hr]

Eabs [kJ]

Discharge 1.1

35

10

4.1

3.8

-

Discharge 1.2

40

12

7.8*

6.5

185

Discharge 1.3

40

13

5.4

14.7

291

Discharge 1.4

50

9

5.3*

13.8

266

Table 6: Discharge powers, duration and released energies for run #1.
* Average power is too high due to cut-off before net power reaches zero.

We see a range of stored/released energies from 200-300 kJ. The discharge of cycle 1.3 is
the most representative and reliable, due to its full discharge to zero net power and low heat
loss at 40 °C. Hence we take a typical total energy of 300 kJ; this results in energy densities
as given in Table 7, compared to values received from WP4 on lab scale tests (RD-05). For
definitions of mTCM, VHX and VTCM, please refer to Table 5. The low value compared to the lab
results is probably due to the imperfect removal of non-condensable gasses; something that
was improved upon in further runs (see Table 12).
Energy density
Gravimetric [kJ/kg]
3

Volumetric in HX volume [GJ/m ]
3

Volumetric in free volume [GJ/m ]

Calculation

Results 1-kg
setup (WP5)

Results lab scale
(WP4; RD-05 & RD-08)

E/mTCM

340

600

E/VHX

0.30

-

E/VTCM

0.31

0.84

Table 7: Energy densities from run #1.

6.2.3 Conclusions
The main conclusions from test run #1, using C-GF-20170215, are summarized below.
The material handling with regards to work life and flowability did not pose problems. A
packing density of 42 % was achieved. The structural stability for the monomodal TCM in this
short run was good; there were no visual differences observed before and after the test run
with regards to deliquescence, pulverization, aggregation or discoloration. No damage to the
HX by corrosion was observed.
During each cycle there is an accumulation of gasses in the setup, which moves from one
vessel to the other during charging and discharging. The amount and moments that this gas
is first observed suggests that it is not only caused by inleak of the setup, but also by the
production of gas inside the setup. In the absorber this gas is partially re-absorbed, but a
significant amount of gas remains even then. Accumulation of non-condensable gasses can
cause decrease in power, due to smaller pressure difference between the vessels and hence
smaller vapor flow. Since the severity of negative influence of the non-condensable gases on
the performance of the material is not known, run #2 is used to investigate this issue.
The energy density which was observed is approximately 0.31 GJ/m3, defined per volume
free space in the HX, see also Table 7. This energy density is roughly half of that which was
found in lab scale tests.
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The average discharge power is in the order of 5 W. The discharge starts from a peak power
of roughly 10 W, reached in ~15 minutes. It then decays over time, with a total duration of
discharge of ~12 hours. The first full charging took about 24 hours, while the latter full
charges were nearly complete at 10 hours.
Between charging at 90 and 100 °C, the peak power increases from 8 to 11 W. Conversely,
the peak power during discharging decreased from 12 to 9 W when the discharging
temperature was raised from 40 to 50 °C.
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7 Run #2 – pump downs & excess gas
Based on the results from run #1 several improvements to the 1-kg setup were implemented.
- Improve thermal isolation of the absorber vessel even further by adding a second
layer of Armaflex.
- Pump down vessels before each half cycle (first charge or discharge when multiple
charges or discharges are performed).
- In addition, during a discharge (when the vapour flow is towards the absorber), the
absorber vessel is also pumped down halfway through the discharge.
- Zeroed both pressure gauges on the same ultra-low vacuum to reduce any possible
offset between them.
- The water in the E/C will be more extensively de-gassed by pump down and heating,
based on the outgassing behaviour reported by WP4 (RD-06).

7.1 Run-specifics
The goals of this run were twofold:
1) To investigate the influence of excess gas present in the system on the output power
of the setup.
2) To obtain cycles with full charges and discharges using the improved pump-down
sequence to get a better value of the stored energy.

7.1.1 TCM & HX
In consultation with WP4 through WP7 it was decided to fill the same 10-mm spaced HX with
a new load of the same batch of C-GF-20170215 TCM. Thus the description of TCM and HX
is the same as in Paragraph 6.1.1.

7.1.2 Measurement plan
The measurement plan consisted of short cycles where we vary the amount of gas as
controlled as possible. The main feature of the measurement plan is a pump down halfway
through each discharge, so we can see if the power increases after this pump down, as
would be expected when non-condensable gasses are present. For some of the cycles we
will also introduce a fixed volume of air into the E/C before the discharge to have a controlled
amount of excess gas; this will be after the default pump down mentioned above. The results
from these cycles we can then compare with the ones without the extra air. Some cycles are
repeated to see if the behaviour changes with more cycling.

7.2 Results
Table 8 shows the actually performed cycles during run #2. Up to and including cycle 3 the
measurement plan was followed. After that, the plan was adapted to study the effect of
removing non-condensable gasses during discharge more carefully in cycles 4 & 5. Finally,
cycles 6-8 were used to fully charge and discharge the TCM to best determine the energy
stored/released.
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Tabs,in [°C]

TE/C,in [°C ]

Fabs [ml/min]

FE/C [ml/min]

Rehydration

35.2

10.0

166.4

100

Charge 2.1

100.0

10.0

180.4

100

Discharge 2.1

40.0

10.0

170.0

100

Charge 2.2

100.1

10.0

180.4

100

Discharge 2.2

40.1

10.0

170.0

100

Charge 2.3

99.9

10.0

180.4

100

Discharge 2.3

40.0

10.0

170.0

100

Charge 2.4

96.8

10.1

179.8

100

Discharge 2.4

41.6

10.2

170.2

100

Charge 2.5

100.7

10.2

105

100

Discharge 2.5

40.8

10.2

105

100

Charge 2.6

(90)*

(10)*

(180)*

100

Discharge 2.6

40.3

10.2

127

100

Charge 2.7

101.4

10.2

112

100

Discharge 2.7

40.6

10.2

69

100

Charge 2.8

102.6

10.2

205

100

Discharge 2.8

40.6

10.2

97

100

Table 8: Actual average parameters during run #2.

* Data for this run was not saved. Values are the setpoints used.

7.2.1 Experimental data
HX filling
The absorber HX was filled with 882 g of the C-GF-20170215 TCM, close to the 889 g for run
#1. Table 9 shows the densities and porosity of the loaded TCM. In both cases the weight of
the fully-hydrated TCM (including additives) was taken.
Property
TCM mass, hydrated [g]
3

Total HX volume [cm ]
3

Free volume [cm ]

Calculation

Values run #1

Values run #2

mTCM

889

882 g

VHX

1000

1000

VTCM

960

960

1.0

1.0

Density of bulk (RD-05) [g/cm3]
3

Density in HX volume [g/cm ]

mTCM/VHX

0.89

0.88

Density in free volume [g/cm3]

mTCM/VTCM

0.93

0.92

Packing density [%]

ρTCM/ρpellet

42

42

1-ρTCM/ρpellet

58

58

Porosity [%]

Table 9: Density and porosity of loaded TCM for run #1 & #2.
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Pressure vs. time
The leak rate for the setup was found to be 0.04 mbar/hr, or about 1 mbar per day. Note that
since the absorber vessel is opened between runs to exchange the HX and then resealed,
the leak rates will never be exactly the same for different runs.
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100

Pressure [mbar]

50

80

40
60
30
40

20

20

10
0
28/08

Temperature [degC]

Week 35

28/08

29/08

29/08

30/08

30/08

31/08

31/08

01/09

01/09

0
02/09

Time [dd/mm]
p_EC

p_abs

p_water

p_TCM

Valve open

T_abs_in

Figure 7: Pressures inside the 1-kg setup vs. time for week 35: discharge 2.1, cycle 2.2 & 2.3.

Looking at Figure 7 the evolution of the pressures can be traced:
• After loading in the morning of the 23rd the absorber was heated to calibrate the HX
fluid flow with the storage valve closed. Some gas was produced in the absorber
vessel.
• The 10-s pump down before the charging on the 24th may not have been enough to
remove that excess gas, and thus that excess was pumped to the E/C vessel as can
be seen in the night of the 28th.
• The pressure in the absorber is high on the 29th. We expect this to be the inleak over
the weekend and Monday at ~1 mbar/day. The 10-s pump down on the 29th is (with
hindsight) not enough to remove this pressure, and since the vapour flow during that
discharge is towards the absorber the pressure inside the absorber does not change
significantly.
• Having seen this, we started to increase the pump down times. After a 30-s pump
down on the 30th, the final pressure difference after that charge session (measured
just before the session on the 31st) is about 2 mbar, about half of which we expect to
be inleak. This is much less than the additional 12 mbar of pressure recorded on the
23rd.
For cycles 2.4 and 2.5 we deviated from the original plan as it had become more and more
clear that the pump down procedure had a great influence on the charge or discharge. This
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plan was proposed in the intermediate logs that was sent around to project partners. One
major point was to do pump downs for at least 1 minute, as any shorter often was not
enough to completely remove excess gas.
For these cycles the charges were the same with only a pump down beforehand. But during
the discharge (when non-condensable gasses might accumulate in the absorber vessel) the
absorber vessel was pumped down every hour. For cycle 2.4 the storage valve was kept
open, for cycle 2.5 it was kept closed. More details on this in Paragraph 7.2.2, especially
Figure 10.
In week 40 a mass flow meter was installed which allowed for continuous measurement of
the flow rate instead of using the calibrated ratio of flow-to-RPM of the peristaltic pump.
Cycle 2.6 was used to check that the mass flow meter was working.

Week 41
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Pressure [mbar]

70
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20
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0
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10/10/17

11/10/17

12/10/17

13/10/17

0
14/10/17

Time [dd/mm]
p_abs

p_K2CO3

p_EC

p_water

Valve open

T_abs_in

Figure 8: Pressures inside the 1-kg setup vs. time for week 41: cycles 2.7 & 2.8.

With the upgraded system and procedure, in week 41 two cycles with full charges and
discharges were performed to get the maximum stored and released energy. The setup was
allowed to run overnight without supervision, increasing the runtime per semi-cycle. No
automated systems were included to prevent overhydration of the TCM. However, the
system was found to be stable enough that such use was deemed worth the effort.

7.2.2 Analysis
Adding excess gas
Figure 9 shows the net power during discharging of cycles 2.1 (29/8), 2.2 (31/8), and 2.3
(4/9). During these cycles excess gas was sometimes added to the E/C before opening the
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storage valve. This was to simulate in a controlled way the influence of non-condensable
gasses on the power output.

Discharges during early run #2
16
14

Net discharge power [W]

discharge 29/8
discharge 31/8
discharge 4/9

pump down

12
10
8
6
4
2
0
0

1

2

3

4

5

6

Elapsed time since opening [hr]
Figure 9: Net power during discharge with different amounts of non-condensable present.

The figure above shows the following:
- Before the discharge on 29/8 (cycle 2.1) both vessels were only pumped down for
about 10 seconds. This seems to be insufficient to remove all the excess gasses, as
the starting power is low, and the midpoint pump down greatly improves the output
power.
- Before the discharge on 31/8 (cycle 2.2) the E/C vessel was pumped down for 30
seconds, then a fixed amount of air was introduced. Table 10 shows to added amount
of gas, calculated from the ideal gas law, and compared with the observed pressure
increase.
p [mbar]

V [dm3]

T [°C]

Initial E/C

16.5*

11.2

12

7.8e-3

Pocket

1013

0.04

24

1.6e-3

Calculated

19.8

11.24

12

9.4e-3

Final E/C

19.7*

-

-

-

N [mol]

Table 10: Calculated and observed pressure increase. * indicates measured pressures.
“Pocket” describes the volume of air to be added to the E/C vessel.

Again, the excess gas reduces the power, and the power output improves greatly
after the midpoint pump down.
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Before the discharge on 4/9 (cycle 2.3) both vessels were pumped down for 60
seconds, and no excess gas was introduced. The power output was high from the
start, and the midpoint pump down only improved the power output a little bit,
perhaps through the removal from non-condensable gasses from inleak and (water)
outgassing.
The differences in the slope seem to correlate with the peak power. Since these
discharges did not go all the way to zero net power, it is impossible to say whether
this also correlates with discharged energy.

Pumping during discharge
During cycles 2.4 & 2.5 the effect of pumping down during the discharge was investigated;
with the storage valve open for cycle 2.4 (so both vessels pumped down at the same time)
and with the storage valve closed for cycle 2.5 (so only the absorber vessel pumped down).
Figure 10 shows the pressure in the absorber vessel during the two discharges.

Effect of pump downs during discharge - pressure
18

Absorber pressure [mbar]

16
14
12
10
8
6
4
2
0
0

1

2

3

4

5

6

7

Elapsed time [hr]
discharge 4, storage valve open

discharge 5, storage valve closed

Figure 10: Absorber pressure during discharge 2.4 & 2.5.

With the storage valve open, pumping on the absorber vessel does not change the pressure
much. Most likely this is because of the open contact with the liquid water in the E/C vessel.
Any gasses that are removed from the combined space is instantly replaced with fresh water
vapour. Because of this it is expected that the removal of non-condensable gasses is
reduced, because the majority of pumped gas is water vapour.
With the storage valve closed, there is a large drop in pressure during the pump downs,
which also quickly recovers once the storage valve is reopened.
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Effect of pump downs during discharge - power
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Figure 11: Net powers during discharge 2.4 & 2.5.

Interestingly enough, the net powers during these two discharges (shown in Figure 11) do
not differ significantly. Comparing Figure 11 to Figure 9 shows very different behaviour. In
the case of cycles 2.4 & 2.5, the vessels are pumped down for 60 seconds before opening
the storage valve, similar as for the discharge of cycle 2.3 (4/9) in Figure 9. This shows that
pumping away any excess gas beforehand, when it has had time to build-up due to inleak
and outgassing of the water in the E/C, is very important. The build-up during a single
discharge does not seem to be significant on the timescale of more than a few hours.
Energy density
Cycles 2.1 through 2.6 are all one-day cycles that not reached all the way to zero power.
This makes it impossible to accurately determine the energy content. Cycles 2.7 & 2.8 are
designed to fully charge and discharge to determine more accurately the energy density.
With the knowledge about the pump down procedure developed above, 60-second pump
downs were done before opening the storage valve and starting the charge/discharge. For
the discharges we typically performed an additional pump down (with the storage valve
closed) before leaving the 1-kg setup working overnight. This is to remove any noncondensable gasses that might have concentrated in the absorber vessel.
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Week 41 - overnight (dis)charges
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Figure 12: Net powers for cycle 2.7 & 2.8.

Figure 12 shows the discharges and charges that went all the way to zero power for cycles
2.7 & 2.8. Shown here are both the absorber power and the 1½ times the E/C power. These
two curves should be nearly the same, as the factor 1½ comes from the ratio of reaction
enthalpies TCM hydration and water condensation (RD-04). The deviation in the 1½·QE/C at
the start is due to the sensible heat; the heating/cooling of the E/C vessel at the start of the
process.
The new power data shown here shows that the absorber and E/C powers correspond very
well. Table 11 shows the corresponding peak & average power and the stored/released
energies. Discharge 2.7 is lower because charge 2.7 was not until completely full.
Semi-cycle

Tabs,in [°C]

Ppeak [W]

Pave [W]

twork [hr]

Eabs [kJ]

1½·EE/C [kJ]

Discharge 2.7

40.6

18.2

4.8

12

340

252

Charge 2.8

102.6

-23.5

-8.0

16

-505

-327

Discharge 2.8

40.6

21.2

5.7

18

448

435

Table 11: Discharge powers, duration and released energies for run #2.

The improvements to both the experimental setup and procedure resulted in a much higher
stored and released energy. Due to the lower static losses to the environment during a
discharge (mostly due to the smaller temperature difference with the ambient), the data from
discharge 2.8 is the most reliable. Hence we take a typical total energy of 440 kJ; this results

This document contains proprietary information.
Copying of (parts) of this document is forbidden without
prior permission. All rights reserved.

www.createproject.eu

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 29 of 57
D5.3
Public

in energy densities as given in Table 12, compared to values received from WP4 on lab
scale tests (RD-05). For definitions of mTCM, VHX and VTCM, please refer to Table 5.
Energy density

Calculation

Results 1-kg
setup (WP5)

Results lab scale
(WP4; RD-05 & RD-08)

E/mTCM

500

600

E/VHX

0.44

-

E/VTCM

0.46

0.84

Gravimetric [kJ/kg]
3

Volumetric in HX volume [GJ/m ]
3

Volumetric in free volume [GJ/m ]
Table 12: Energy densities from run #2.

Input for modelling
Data from these experiments can also be used as input for or comparison with the modelling
that takes place within WP6. In discussion with WP6 the focus for this part was on the first
minutes of the discharge. At that point, water vapour enters the packed bed. From
temperature profiles at different elapsed times the progression of the water vapour can be
tracked. Figure 13 shows the first 30 minutes of the discharge of cycle 2.3.

TCM temperatures during discharge 3
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TCM temperature [degC]
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T_abs_in
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Figure 13: Starting time range of the discharge for cycle 2.3.

The thermocouples shown in Figure 13 are all embedded within the TCM. They are
positioned at 1, 3, 5, 7 or 9 cm from the mesh-side of the HX, with T204 at 1 cm and T208 at
9 cm. This graph already shows clearly how the deeper TCM heats up later. Figure 14 shows
the position vs. timepoint when the TCM reaches 39, 44, or 45 °C. Effectively, the slope of
these lines is the speed of the heat front moving through the TCM.
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Heat front progression through TCM during discharge 2.3
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Figure 14: Position vs. time for several heat fronts during discharge 2.3.

The colour of the lines in Figure 14 correspond to the dotted lines in Figure 13; they are
cross-sections at those temperatures. The slope of these lines can be seen as the speed
with which the heat front moves through the TCM as the water vapour penetrates into the
packed bed. Initially, the speed is high (steep slope) as the water vapour first enters. This is
probably due to both the low pressure inside the bed as well as the dramatic effect of the first
heat being released. Later on, the speed decreases as the pressure inside the bed rises, and
the heat slowly starts to diffuse away to the other parts of the HX and finally the working fluid.
Table 13 shows the heat front speeds for discharge 2.3 of both run #1 and run #2. In run #2
a more proper pump down procedure was followed, but the heat front speeds are very close
to those of run #1.
Run #1, discharge 1.3

Run #2, discharge 2.3

Tfront [°C]

vfront [cm/min]

Tfront [°C]

vfront [cm/min]

38

3.1

39

3.5

42

1.4

44

1.44

46

0.8

49

0.62

Table 13: Heat front speeds for run #1 & #2, discharge 2.3.

The temperature distribution at select time points also show how the temperature rises from
the mesh side (x = 0 cm) on in. Figure 15 shows these dynamic temperature distributions for
the first few minutes of discharge 2.3. This data can be compared with the output from the
modelling to fine-tune the material parameters on both bulk and micro-scale.
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TCM temperature profiles during discharge 2.3
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Figure 15: Temperature profiles inside the TCM during the start of discharge 2.3.

7.2.3 Conclusions
The same TCM and HX were used for run #2. The handling and loading of the TCM into the
HX showed much the same behaviour as during run #1. Material densities were basically the
same, as was to be expected.
The focus for this run was the influence of excess gas on the output power of the 1-kg setup.
It seems clear (from Figure 9 for example) that even small amounts of non-condensable
gasses reduce the peak power by half or more. For the 1-kg reactor, proper pump down
procedures could be developed to combat any inleak or outgassing.
During the investigation of such a procedure it became clear that during operation little
excess gas is produced. Whether this is inherent to the reaction taking place or just due to
the relative short timescale which prevents the build-up of leak gasses is uncertain.
Using the improved setup and procedure, an improved measurement of the energy density
could be made. Peak powers of 20 W, and averages of 6 W were observed. The stored
energy was found to be about 500 kJ/kg, compared to the 600 kJ/kg reported by WP4. At the
HX level, this corresponds to an energy density of 0.44 GJ/m3. The time scale of fully
charging or discharging the 1-kg setup is 16-18 hr. Comparing the charged and discharged
energies, corrected for heat losses, a ratio Edischarge/Echarge of ~90 % was found.
Useful data for comparison with the (system) modelling done by WP6 can be extracted, and
is being worked on in close cooperation with WP6. Details of the modelling are described in
D6.1.
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8 Run #3 – behaviour at limiting temperatures
For run #3 the configuration of the 1-kg setup was the same as at the end of run #2, with a
mass flow meter installed to measure the Fabs. Insulation was added to the E/C vessel.

8.1 Run-specifics
With a proper (pump down) procedure in place and good measurements of the energy
densities, the goal of run #3 was to investigate the behaviour of the 1-kg setup at different
operating temperatures. Tabs,in on less sunny days could only be 80 °C for charging, while
Tabs,out at ~50 °C would be more useful when discharging. However, at those temperatures
the pressure difference with the water vapour in the E/C vessel will be reduced compared to
the temperatures used before (100 resp. 40 °C for charging/discharging). This will affect the
process kinetics and power outputs.

8.1.1 TCM & HX
Between run #2 and run #3 the 1-kg setup has not been opened, so the same TCM and HX
were continued to be used. See Paragraph 7.1.1 for the description.

8.1.2 Measurement plan
As mentioned, the interest is in different temperatures for the charge or for the discharge. By
keeping the opposite semi-cycle at the extreme temperatures (100 °C for charging, 40 °C for
discharging) only one parameter is changed in comparison with comparable cycles in the
previous runs. However, using temperatures that give vapour pressures close to that inside
the E/C vessel, the speed of the reaction is reduced and such cycles will take longer. Finally,
a cycle with a charging temperature very close to the minimum will be done to see how the 1kg setup behaves in that regime.
The other parameters of the experiment are kept similar as before: TE/C,in = 10 °C, Fabs = 150
ml/min = 8.3 kg/hr, and FE/C = 100 ml/min.

8.2 Results
Table 14 shows the actual setpoints for the control parameters during the experimental
cycles. When attempting the charge at 75 °C basically no net power input was observed,
most likely because the vapour pressures were nearly equal. The choice was made to
increase the charging temperature to 80 °C for that semi-cycle.
Cycle

Tabs,in [°C]

TE/C,in [°C ]

Fabs [ml/min]

FE/C [ml/min]

Charge 3.1

99.7

9.8

170.0

100

Discharge 3.1

55.2

9.8

173.2

100

73.4 > 80.0

10.1 > 10.0

145.7

100

Discharge 3.2

40.2

10.1

154.4

100

Charge 3.3

89.8

10.1

147.5

100

Discharge 3.3

35.0

10.1

149.8

100

Charge 3.2

Table 14: Actual average parameters during run #3.
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8.2.1 Experimental data
Leak rate
The leak rate during this run was found to be 0.03 mbar/hr. This is slightly lower than for run
#2. Because the setup was kept at vacuum between run #2 and run #3, the outgassed state
of the whole system was maintained and with the improved pump procedures a lower leak
rate was found.
Pressure vs. time behaviour
Figure 16 shows the pressures inside the 1-kg setup and the inlet temperature of the
absorber HX vs. time. In this case the discharge at 55 °C and the charge at 75 resp. 80 °C is
shown. Already from this data it can be seen that the discharge at 55 °C takes a lot longer
than at 40 °C (for example, see Figure 11). This shows the influence of the effective TCM
temperature and the corresponding water vapour pressure above the K2CO3.
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0
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p_water

Valve open

T_abs_in

Figure 16: Pressures during discharge 3.1 and charge 3.2.

The influence of the difference in water vapour pressure is even more pronounced for the
(attempted) charge at 75 °C. The light-green line in Figure 16 is the calculated vapour
pressure for the TCM, based on the internal temperature as measured by thermocouple
T206 and the experimental p-T line obtained by WP4 (RD-02). Since it is based on the actual
temperature of the TCM, when heat is released it should vary with time, as can be seen for
the discharge at 55 °C. However, for the charge at 75 °C that line is basically flat. Also, the
input power (see grey curve in Figure 19) is basically zero.
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The measured pressures just before opening the storage valve are 16.4 mbar in the
absorber vessel and 15.6 mbar in the E/C vessel. Thus there is at this temperature still an
opposing pressure difference that prevents vapour flow from the E/C to the absorber vessel.
Note that it looks in Figure 16 as if the pressure in the absorber vessel is about 20 mbar just
before opening the storage valve. However, on this time scale the 1-minute pump down that
is carried out just before the storage valve is opened, cannot be seen. After this pump down
the pressure values mentioned above are measured.
TCM post-cycling
Once the run was completed, the absorber vessel was opened to air to take out the filled HX
and remove the TCM in preparation for the next run. During the removal of the TCM it
became clear that the material had undergone a structure change. Where the initial material,
loaded at the start of run #2, was a batch of loose pellets, the material after the combined 11
cycles of run #2 and #3 was a mix of brittle pellets and a single mass of material in the centre
of the HX.

Figure 17: TCM packing in HX after run #3; outer layer (left) and inner packing (right).

The left photo in Figure 17 shows how the outer layer of TCM is still in its pellet shape, while
as can be seen in the right photo, deeper/more in the core of the HX the material was
compressed to a single mass, without any visible macro-porosity (i.e. open spaces between
the pellets). One possible explanation is that the outer TCM still has some room to ‘flex’ as its
volume changes upon dehydration and hydration due to the flexible mesh surrounding the
HX. The TCM located more in the core of the HX does not have the flexibility and is even
more fixed by the static ‘pillars’ of the tubing that runs through the HX. Thus more force is
applied during the expansion of the material, creating a single solid mass.
The brittleness of the material caused a lot of very fine dust to be released when force is
applied to remove the TCM. After run #1, the pellets required but a little bit of force to be
removed. Their contact points had sintered slightly, creating a bridge network. However, after
run #3 due to the much more pronounced change more force was needed to remove a more
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brittle material, resulting in the release of dust. In both photo’s in Figure 17 such dust can be
seen lying on the fins.
No dust was visually observed elsewhere in the 1-kg setup, and only after applying force to
the TCM the dust was released into the lab air. The dust was so fine that further work was
moved to a fume hood and a surgical mask worn to protect against inhalation. This may be a
health & safety issue.
About 895 g of TCM was removed from the HX, while 882 g was loaded. In both cases the
TCM was close to the 1½-hydrate, as that was how it was delivered by WP4 at the start of
run #2 and run #3 was ended with a full discharge, which should hydrate the TCM fully.
However, the hydration states have not been exactly determined, which can explain the
small mass difference.

8.2.2 Analysis
Power & energy densities at different temperatures
Table 15 contains an overview of important parameters for several cycles, sorted by
decreasing Tabs,in. Here the value of thermocouple T206, which is right in the middle of the
TCM inside the HX, is taken to represent the TCM temperature. The data for Tabs,in is the
average over the semi-cycle, while the data for T206 & Δp is the average over the 10 minutes
before starting the semi-cycle. Combined here are the data for all cycles in run #3 and the
last cycle of run #2.
Tabs,in [°C]

T206 [°C]

Ppeak [W]

Pave [W]

Eabs [kJ]

Δp [mbar]

charge 2.8

102.6

83.1

-23.5

-8.0

-505

-35.6

charge 3.1

99.7

81.8

-18.8

-4.3

-469

-33.3

charge 3.3

89.8

75.6

-8.6

-2.4

-346

-23.3

charge 3.2b

80.0

69.1

-2.7

-1.8

-325

-8.1

charge 3.2a

73.4

63.5

-0.6

-0.2

-11

-0.8

discharge 3.1

55.2

49.3

5.4

2.5

403

9.4

discharge 2.8

40.6

36.7

21.2

5.7

448

14.0

discharge 3.2

40.2

37.5

19.9

5.2

347

13.0

discharge 3.3

35.0

33.2

26.1

4.8

351

13.0

Cycle

Table 15: Overview of parameters for different inlet temperatures. Δp is defined as pE/C-pabs.

All these parameters show a clear dependence, driven by the pressure difference between
the water vapour above the TCM and the water vapour above the water in the E/C (last
column in Table 15). A larger pressure difference drives a faster reaction thus giving a higher
peak and average power. The stored/released energy also seems to depend on this
difference, but with more scatter because the charged state of the TCM depends on the
history (previous incomplete cycles, different temperatures) as well. Figure 18 shows these
relations in a graphical way.
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Figure 18: Power, energy, and pressure difference for cycles at different inlet temperatures.

This dependence of the power can also be seen in the net power vs. time curves shown in
Figure 19. Here the curves are coloured by their inlet temperature with the dark blue at 35 °C
(discharging) and dark-red at 100 °C (charging). The curve at 75 °C is coloured grey, and
shows nearly no power output either way. Note that the time axis is cut of here to keep the
figure easy to read. The semi-cycles at temperatures close to 75 °C typically take longer than
20 hours to complete.

(Dis)charges at different temperatures
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Figure 19: Power vs. time curves for different inlet temperatures.
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In principle, the stored/released energy should not scale with the inlet temperature, as it is
purely a function or reaction enthalpy and the amount of material. Different temperatures
(and thus different vapour pressures) will result in different power input/output and
correspondingly different reaction times. In addition, the inlet temperature will also influence
the heat transfer between the oil and the copper tubing, again influencing the power
input/output. If the power gets too low the losses to the environment will dominate and no
effective power can be extracted. Also, the semi-cycled may be stopped before completion if
no more effective power is extracted. Together these factors result in a temperaturedependent total energy.
Because temperature is a function of heat-in/heat-out, the change in temperature of the
outlet of the absorber HX depends on the output power, and thus on the inlet temperature.
Figure 20 shows the change of the outlet temperature vs. time for the cycles in run #3. The
colours are the same as in Figure 19. From this it can be seen that the temperature change
achieved reaches from about -5 to +5 °C.

Run #3 - temperature change of outlet temperature

Temperature change outlet [degC]
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Figure 20: Temperature change of outlet for different inlet temperatures.

Temperature profiles
The structure change of the TCM inside the HX, as shown in Figure 17, raises the question
how this affects the water vapour penetration into the packed bed and consequently the
power output. The temperature distribution inside the TCM may vary locally as heat is
generated where water vapour is absorbed. Figure 21 compares the temperature profiles
from early in run #2 (same figure as Figure 15), when the TCM was still new, and the same
profiles from discharge 3.2. Both runs were performed with Tabs,in = 40 °C and pE/C-pabs = ~13
mbar. The runs may differ by their corresponding charging temperature and pump down
procedures.
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TCM temperature profiles
during discharge 3.2
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Figure 21: Comparison of temperature profiles in TCM.

The temperature profiles during these two discharges evolve very differently. From the
curves before opening the storage valve it can be seen that the temperature distribution for
both discharges is the same. During discharge 2.3 the TCM closest to the open mesh heats
up first, and only later does the TCM deeper into the HX heat up. For discharge 3.2 the
heating up happens more uniformly. This is actually better for the heat transfer as a whole.
Not only does the temperature profile change, but the heating also happens faster. Figure 22
shows the temperature of the central TCM thermocouple for a series of discharges.

T206 temperature for several discharges
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Figure 22: Central TCM temperature for several discharges.
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Thus, the observations are:
1) As the number of cycles increases, the structure of the TCM changes. For this run,
this caused the core of the TCM in the HX to change its structure into a single mass;
2) From other experiments on individual pellets in WP4 it is known that after cycling the
TCM can break into smaller parts when pressure is applied (RD-08);
3) The temperature profiles for one of the first discharges could be modelled by limited
thermal conductivity and limited vapor transport by WP6 (see D6.1);
4) As the number of cycles increases, the monomodal TCM heats up faster and more
homogeneously;
5) As the number of cycles increases, there seems to be a slight increase in the peak
power, from 15 W for the third discharge to 20 W for the tenth discharge.
One hypothesis is that as the number of cycles increases, the TCM starts to form more and
more micro-grains [observation 2]. These grains have an easier uptake of water vapour and
thus provide more heat faster [observations 4, 5]. Additionally, the agglomeration of the TCM
may have improved the conductive heat transfer throughout, which also contributes to a
more uniform temperature distribution. The centre of the HX contains the largest mass of fine
TCM, and thus the highest heat generation [observation 1]. This might explain why the right
graph in Figure 21 seems to have a peak at x = 5 cm. This seems to imply that the water
vapour can penetrate throughout the TCM quite homogeneously in this changed structural
state, despite the apparent large porosity difference between the outer pellet layer and the
inner compacted core (compare both photo’s in Figure 17).
However, that does not explain why the early discharge displays a temperature profile that
seems dependent on the penetration of the water vapour [observation 3]. At this point the
pellets do not have micro-grains yet and thus the vapour uptake should happen slower. The
lower temperatures reached does seem to reflect this. But a slower uptake should allow the
water vapour pressure to reach equilibrium throughout the bed faster, which would support a
homogenous heating instead of the temperature profile we see.

8.2.3 Conclusions
The power and energy of charging and discharging were determined as a function of the inlet
temperature. A clear dependence on the temperature was observed; for the energy there is
probably also a dependence on the history of the experiment. The temperature dependence
can be explained by the pressure difference between the water vapour pressure above
K2CO3 and above water, which is the driving force for the uptake of water into the TCM. Thus
the farther away the vapour pressure above the K2CO3 is from that above the water, the
higher the power and outlet temperatures become. Using this information on the temperature
dependence, useful regimes for operation can be selected. For example, typical solar
collector output temperatures on moderate day are around 80 °C (charging), while for DHW
applications a temperature of 60 °C (discharging) is often required.
Over a range of inlet temperatures from 35 to 100 °C, the peak power ran from -24 W
(charging) to 26 W (discharging), and the change in outlet temperature went from -5 °C
(charging) to +7 °C (discharging).
Since the power depends on the inlet temperature, and the energy content of the TCM is
thought to be constant, the operating times for charging and discharging change as well. For
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the outlying temperatures of 100 resp. 40 °C the operating times are ~15 hr, while for
temperatures closer to pressure equilibrium (in this case ~70 °C) it can go over 30 hr. In
addition it was observed that pre-heating the absorber HX to equilibrium at charging
temperatures can go very slowly.
At temperatures that give water vapour pressures above the K2CO3 that are close to that of
water, the output power is small and the reaction time increases significantly. In addition, the
power can become so small that it falls within the error range of the measurement. At that
point, the measurements stopped. A concern there as well is that such low powers could be
lost in thermal losses in the supporting systems for the working fluid (piping, pumps, etc.).
Post-measurement inspection of the TCM showed that after 11 cycles (combined over run #2
and #3) the TCM became brittle and in the core of the HX compacted into a single mass.
Applying force to any part of this embrittled TCM would cause them to fall apart, often into a
fine dust. The continuous expansion and compression due to the change in density with
hydration combined with the confinement within the HX is the likely cause for this. No clear
indications of this state change was seen from the power output or stored energies.
Only little amounts of TCM worked their way free from the HX and the surrounding foil and
mesh. No dust contamination was visually observed anywhere in the 1-kg setup. The dust
was also only released when force was applied during the removal. In the transport from the
absorber vessel to the workbench and during opening the mesh no dust formation occurred.
No damage from reactions or corrosion was seen on the HX or elsewhere in the 1-kg setup.
Electronics, pumps and valves worked the same throughout both run #2 and #3.
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9 Run #4 – material stability of bimodal TCM
Compared to the configuration of the 1-kg setup used in run #3, the only difference is the
inclusion of shut-off valves around the mass flow meter that improves the zeroing of the
measurement. During operation these valves will be normally-open.

9.1 Run-specifics
With the behaviour of the monomodal Caldic-GF TCM well known from runs #1 through #3,
run #4 was performed with bimodal TCM which is expected to have a higher packing &
energy density, but a lower macro-porosity.
The focus of this run was to test the material stability of the bimodal TCM. Besides obtaining
the power curves and energy densities, close attention was paid to the vapour penetration
into the bed during the initial minutes of each discharge. Comparing these with the post-run
ex-situ inspection of the TCM yields important information about the suitability of the bimodal
TCM for the CSM and FSM.

9.1.1 TCM & HX
The TCM used for run #4 has a bimodal distribution, and is labelled CG-50-60kN-1kg20180104. Table 16 and Figure 23 show the properties reported by WP4.
Value
Chemical composition

97.5 wt% K2CO3·1½H2O
2.5 wt% graphite

Physical dimensions

73 wt% 4-5 mm
27 wt% 1.4-2 mm

Density (m/V)

1.2 g/cm3 (loosely poured)
1.4 g/cm3 (tapped-compacted)
2.2 g/cm3 (in the pellet)

Energy density (E/m)

600 kJ/kg

Table 16: Reported physical properties of the bimodal TCM (RD-07).

The same HX and thermocouple configuration was used as for runs #2 & #3. Centrally
located is a strand of thermocouples (T204-T208) that are located within the TCM itself,
stretching from the single side with an open mesh into the material. The one change is that
the mesh on the open side of the HX is replaced with a mesh with a finer hole size, from 2x2
mm to 1x1 mm. This is to contain the smaller size fraction of the bimodal TCM. This is the
same mesh that WP6 intends to use for the FSM.
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Figure 23: Bimodal TCM as received, showing the different pellet sizes.

9.1.2 Measurement plan
The measurement plan was discussed between WP4-7, and focussed on the stability of
TCM. Thus high temperatures (90, 95, 100 °C) were chosen to allow for as many cycles as
possible during this run. All charges/discharges were full semi-cycles, i.e. until the
temperatures inside the TCM and the power output are constant with time.
The small variation in charging temperatures yields some information about the kinetics at
various temperatures, but did not give as broad a range as shown in Figure 18. By keeping
the discharge temperature the same as well as making repeat runs, the discharges could be
compared directly with each other.
The other parameters are the same as before: TE/C,in = 10 °C, Fabs = 150 ml/min = 8.3 kg/hr,
and FE/C = 100 ml/min. 1-minute pump downs will be used before each semi-cycle. Additional
pump downs during the discharge will be performed to keep the amount of non-condensable
gasses low. Unattended, overnight measurements are planned.

9.2 Results
Table 17 shows the performed cycles during run #4. These values are the average values
during the relevant testing period.
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Cycle
Outgas (storage
valve closed)
Re-hydrate
Charge 4.1
Discharge 4.1
Charge 4.2
Discharge 4.2
Charge 4.3
Discharge 4.3
Charge 4.4
Discharge 4.4
Charge 4.5
Discharge 4.5

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 43 of 57
D5.3
Public

Tabs,in [°C]
97.3

TE/C,in [°C ]
-

Fabs [ml/min]
159.4

FE/C [ml/min]
-

35.4
90.2
40.2
95.0
40.1
100.2
40.0
90.0
40.1
100.2
40.1

10.0
10.1
10.1
10.1
10.0
10.1
9.9
10.0
10.0
10.1
10.0

204.4
149.2
155.2
147.6
151.0
150.6
153.0
148.2
152.5
150.0
151.8

100.4
100.4
100.4
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

Table 17: Actual average parameters during run #4.

9.2.1 Experimental data
HX filling
During the first outgassing/re-hydration phase in preparation for the measurements it was
found that the as-received TCM was only partially hydrated. Since the TCM increases its
volume upon hydration, further hydration could damage either the HX or the TCM itself. After
discussion with the other Work Packages the following steps were followed:
1) The TCM was dried in-situ to reduce its size so that the material could be easily
removed from the HX. This was done at 90 °C with the vacuum pump continuously on
for 2.5 days;
2) The TCM was inspected for damage. To properly fill the HX, it is important that the
TCM is free-flowing. This inspection showed that the material was indeed still loose
enough to use and had not broken into smaller pieces. Both size distributions were
still clearly recognizable;
3) The setup itself was also examined. Since the TCM had worked its way out of the HX
due to overfilling, some TCM pellets were found inside the connecting tube to the
E/C. Hence the tubes were cleaned and the water inside the E/C replaced and
outgassed again;
4) The TCM was hydrated to 1½-hydrate ex-situ. The conditions there were TTCM = 40
°C, and pwater = 31 mbar. This took about 2.5 days;
5) Again the TCM was inspected. As it was still loose and free-flowing, the hydrated
TCM was loaded into the HX and put into the 1-kg setup. From here the
outgassing/re-hydration was started the second time, shown in Figure 25.
The absorber HX was filled with 1060 g of the CG-50-60kN-1kg-20180104 bimodal TCM,
which is about a 20 % increase compared to run #1 and #2/#3. Table 18 shows the densities
and porosity of the loaded TCM.
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TCM mass, hydrated [g]
Total HX volume [cm3]
Free volume [cm3]
Density of bulk [g/cm3]
(RD-05 & RD-07)
Density in HX volume [g/cm3]
Density in free volume [g/cm3]
Packing density [%]
Porosity [%]
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Run #1
Run #2/#3
monomodal monomodal
889
882
1000
1000
960
960
1.0
1.0
0.89
0.93
42
58

0.88
0.92
42
58

Run #4
bimodal
1060
1000
960
1.2
1.06
1.10
50
50

Table 18: Density and porosity of loaded TCM for run #1, #2/#3 & #4.

The TCM had a dark-grey colour, compared to the more speckled grey-and-white of the
monomodal TCM. The as-received bimodal material also seems to contain or generate more
dust compared to the monomodal; already during the filling a grey dust layer appeared on
the beaker used to transfer the TCM (see left photo in Figure 24).
The TCM flowed well and was easy to handle. The material seemed to rub off a bit more
easily, but did not feel any more brittle under an applied load. The filling occurred in layers,
with slight tapping/shaking of the HX in between. It was difficult to see the mixing of the two
size phases inside the HX, but the top layer visible just before closing the mesh around the
HX showed both phases present. The right photo in Figure 24 show the mix of sizes at the
top layer before removing the excess TCM and filling in the gaps.
So far, no TCM has been observed outside of the HX during visual inspections of the
absorber vessel.

This document contains proprietary information.
Copying of (parts) of this document is forbidden without
prior permission. All rights reserved.

www.createproject.eu

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 45 of 57
D5.3
Public

Figure 24: Photos from filling; dust in beaker glass for as-received TCM (left), size mix in the
HX when filling with fully-hydrated TCM (right).

Pressure vs. time
The leak rate for the absorber vessel was found to be 0.017 mbar/hr. Or about 0.4 mbar per
day.
Figure 25 shows the pressures during the first week, showing the outgassing at low and high
temperature (29th), the re-hydration (30th), and cycle 4.1 (31st – 2nd).
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Figure 25: Pressure vs. time for outgassing/re-hydration and cycle 4.1.

Initially, the pressure in the absorber vessel was high compared to the calculated K2CO3
pressure (dark resp. light green lines on the 29th). This may be a throwback to the high
pressures seen initially for both run #1 and #2, before the outgassing and pump down
procedures were developed during run #2. After the outgassing on the 29th, the pressure is
much closer to the calculated pressure. The re-hydration increased it again, but the 1-minute
pump downs before the start of charge 4.1 brought both very close to the theoretical values.
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Figure 26: Pressure vs. time for the cycle 4.3 and charge 4.4.

This document contains proprietary information.
Copying of (parts) of this document is forbidden without
prior permission. All rights reserved.

Valve open

T_abs_in

Temperature [degC]

Pressure [mbar]

Week 7 - cycle 4.3 & charge 4.4

www.createproject.eu

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 47 of 57
D5.3
Public

The calculation of the net power during charging requires extra attention because the static
heat loss before and after the charge seems to be slightly different. One reason might have
been that the pre-heating wasn’t completely finished yet and no static state had been
reached. Thus we tried a longer pre-heating time.
As can be seen in Figure 26 as the TCM remains at high temperature, pressure spikes
develop. This was seen during run #2 as well (see left edge of Figure 7). However, even with
this long pre-heating time, there still was a difference in the static heat loss before and after
the charge. The change in hydration state may change the thermal emission of the TCM,
which has a more noticeable contribution to the thermal balance at high temperatures then at
low temperatures.
Post-run inspection of the TCM
When opening the absorber vessel, no TCM was observed out of the absorber HX. However,
looking at the HX itself, it showed that the TCM pushes strongly against the foil and mesh.
Gaps between the fins and the mesh could be seen; these were glued closed during the
preparation of the HX. This implies significant force of TCM on the HX was exerted.
When the mesh was opened, the TCM was found to have sintered strongly at contact points
between pellets. The left photo in Figure 27 shows the TCM bulging out slightly from the HX.
Nearly no loose pellets fell down to the catch tray below. Significant force needed to be
applied to break the pellets loose. This also explains why no TCM was found outside of the
HX even though gaps had developed between the mesh and the fins; the pellets had
sintered so strongly they could not fall out. The removed TCM, once broken into its individual
pellets, looked and behaved mechanically similar to the material beforehand. The two size
distributions were clearly visible and the TCM flowed well. Nearly no dust was seen, in
contrast to the TCM after run #3.

Figure 27: Photos of TCM in HX after run #4. Outside view (left), core (right).

This document contains proprietary information.
Copying of (parts) of this document is forbidden without
prior permission. All rights reserved.

www.createproject.eu

CREATE
Compact REtrofit
Advanced Thermal Energy
storage

Doc:
Issue:
Date:
Page:
Deliverable:
Dissem. lvl:

TNO-CREATE-RP-147
1
28-03-2018
Page 48 of 57
D5.3
Public

The core of the HX was again the hardest part, though as can be seen from the right photo in
Figure 27 the pellets are still distinct and the macro-porosity was still present. The TCM was
sometimes strongly clamped between both fins. So even though the pellets were still in one
piece, strong forces were applied. It should be noted that this is the result after 5 cycles
inside the HX, compared to 11 cycles during the combined run #2 and #3. This makes it
difficult to directly compare these results with the ones for the end of run #3.

9.2.2 Analysis
Comparison between monomodal & bimodal TCM
A first important question is whether the bimodal TCM results in a different output
characteristic compared to the monomodal TCM. Figure 28 shows in blue the net power vs.
elapsed time for three charges at 80/90 °C, taken from the different runs. These curves show
that the power is not much affected by the change in TCM. Peak power and timescale of the
charge are much the same for charge 1.2 and 4.1. Cycle 3.3 was the last charge in run #3
when the TCM was already caked-together, while charges 1.2 and 4.1 are early in their
respective runs and have fresh TCM.
From this first cycle it looks as if the increased density of the TCM (1.1 vs. 0.9 g/cm 3) does
not influence the power during the charge. Since the higher density suggests a larger active
surface area, as well as a larger contact area with the HX it may be that some other link in
the process limits the power.

Comparison of net power monomodal vs. bimodal
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Figure 28: Comparison of net power during charging at 80/90 °C and discharging at 40 °C.

Comparing the discharges shown in orange in Figure 28, a similar trend can be seen. The
peak power of discharge 4.1 compares well with discharge 1.2, both performed on fresh
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TCM. However, the bimodal TCM seems to yield a higher output power over a longer time,
resulting in a larger total energy compared to the monomodal TCM during discharge 1.2.
Because of the weekend, discharge 4.1 had to be split into two sessions instead of one
continuous one.
Discharge 3.3 shows much higher power, and thus overall released energy. As mentioned
above, discharge 3.3 was performed when the material had already undergone about 10
cycles.
Development with cycling
Figure 29 shows how the power curves evolve with cycling. After the first cycle, the peak
power does not increase, but power remains higher for a longer time. This same behaviour
can be seen in the temperature increase of the outlet temperature shown in Figure 30. Here
the temperature change relative to the outlet temperature in the 10 minutes before the start
of the semi-cycle is shown. For the charge 4.2 there is a temperature difference even at the
end, showing the change in static heat loss discussed above. Here we assume that the heat
uptake inside the HX, etc. is the same for all discharges, because the inlet temperature and
flow rate are close to the same (see Table 17). Some history effects due to for example
different charging temperatures may be present. For example, discharge 4.4 goes down fast
compared to discharge 4.3 or 4.5. Most likely this is because charge 4.4 was not complete
before it was stopped for the weekend.

Run #4 - net power
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Figure 29: Power curves for all cycles in run #4.
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Run #4 - temperature change outlet
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Figure 30: Change in outlet temperature of absorber HX for run #4.

Figure 30 shows roughly how the output temperature increases with cycling. The TCM
temperature, for which thermocouple T206 is taken as representative, changes very little for
the initial part of the discharge. Figure 31 shows these temperatures curves inside the TCM.
When looking at the TCM temperature on the long scale, the tail (>6 hr) does show higher
temperatures for later cycles. Again, the curve for discharge 4.4 deviates from the other
discharges, probably because the TCM was not completely charged beforehand. Other than
that, the temperatures are very close to one another. Note that the timescale of Figure 31 is
in minutes, compared to the hours for Figure 29 and Figure 30.
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Run #4 - T206 temperature
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Figure 31: Initial TCM temperatures for the discharges in run #4.

Temperature profiles
The initial temperature profile during a discharge, when water vapour enters the TCM matrix,
may reveal information about the vapour flow regime and other (kinetic) parameters of the
TCM model. Figure 32 compares the temperature profiles inside the TCM for monomodal
and bimodal TCM, and for early and late cycles with a given load of TCM. The figures for
discharge 2.3 and 3.2 are repeated from Figure 21. All data is for discharging at 40 °C. The
thermocouple position is given by their distance from the open-mesh-side of the HX.
The difference between the temperature profiles for discharge 2.3 and 3.2 is probably due to
the change in the physical state of the TCM. Discharge 2.3 shows how the temperature front
moves from the side with the open mesh (left) into the TCM (moving right). During discharge
3.2 the temperature is much more homogeneous throughout, which might be better for actual
output. It also heats up faster.
For the bimodal material, shown in discharges 4.1 and 4.5 something similar is seen, but
much reduced. The temperatures are much more homogeneous throughout the HX
compared to the monomodal TCM. Again, the material heats up faster after cycling, but the
final temperature is not much changed. Of course the number of cycles between both graphs
is different (8 cycles for the monomodal material and 4 for the bimodal material). In addition,
the very first cycles may condition the TCM in some way (see for example the power
increase between discharge 4.1 and 4.2 in Figure 29).
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Figure 32: Comparison of temperature profiles inside TCM during early discharge.

Energy densities
Taking the data for cycle 4.3 as the most precise, due to the charging temperature of 100 °C
and the longest discharge time, a released energy of 533 kJ was found from the discharge.
The discharge was chosen to minimize the heat loss to the environment. Table 19 compares
this value with the findings for the monomodal TCM and the WP4 information. The volumetric
energy densities are indeed increased by 20 %, just as the mass densities were (see Table
18). The masses used to calculate the gravimetric energy densities are the fully-hydrated,
delivered material (so including any additives).
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Calculation

Monomodal
(WP5)

Bimodal
(WP5)

Lab scale
(WP4;
RD-05 &
RD-08)

E/mTCM

500

503

600

E/VHX

0.44

0.53

-

E/VTCM

0.46

0.55

0.84

Table 19: Energy densities for monomodal, bimodal, and lab-scale TCM.

For the monomodal TCM it was seen that the output power depended greatly on the inlet
temperature (and thus on the TCM temperature; see Figure 18). The limited temperature
range for run #4 does not allow as thorough an investigation of this dependence for the
bimodal TCM, but Figure 33 shows the data available and compares it with the result for the
monomodal TCM. Shown is the average output power vs. inlet temperature. The hollow data
point for the bimodal data set at 66 °C on the x-axis is the calculated inlet temperature for
vapour equilibrium between the E/C water and the TCM. This is the border value between
charging and discharging. The dotted lines are guides to the eye.
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Figure 33: Average power vs. inlet temperature for mono- and bimodal TCM.

This figure shows that the output powers are very much the same for the mono- and bimodal
TCM, something already discussed above. The increase in total energy stored is then
accommodated by the longer process duration. The dependence of the power on the
temperature for the bimodal TCM is difficult to see due to the limited temperature range, but
is thought to follow the monomodal dependence since the driving mechanism is the same.
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The longer process duration also means that a significant part of the output is at very low
temperature differences (<1 K, see Figure 30). Dependent on the heat losses elsewhere in
the system, such small temperature differences may no longer contribute to the useful power
output. Using the 1-K point as a cut-off, the released energy up to that point is 439 kJ, or
0.46 GJ/m3. This is about 83 % of the total energy density calculated above.

9.2.3 Conclusions
The main conclusions for run #4 are two-fold:
1) The total energy does increase just like the total mass does, resulting in an increased
volumetric energy density of 0.53 GJ/m3 for the bimodal TCM compared to 0.44
GJ/m3 (calculated for the total HX volume). However, the average output power was
nearly the same at about 5 W. Thus the duration of a semi-cycle is also increased for
the bimodal TCM to ~22 hr compared to the ~17 hr for the monomodal TCM. Part of
that time is at very low power, which may not contribute to the useful energy output.
2) The repeated discharges at 40 °C allows us to directly compare the discharges with
each other to study the effect of cycling. While the detailed temperature profiles within
the TCM during the first 15 minutes of a discharge do change significantly, over the
duration of the whole discharge the external parameters (power and outlet
temperature) do not vary much from cycle to cycle. This implies that though the
(micro)structure of the TCM may change, just as it did for the monomodal TCM, the
overall performance might not be affected.
In terms of outgassing and inleak run #4 showed similar behaviour as the previous runs. An
outgassing step at high temperature at the start of the run was necessary, both of the TCM
and of the fresh water inside the E/C vessel.
The received bimodal TCM had to be rehydrated to 1½-hydrate before filling the absorber
HX. The material behaved similar before and after the hydration in terms of flowability during
filling. The bimodal TCM did contain a fine dust of TCM that was not present in the
monomodal TCM. The dust does become airborne easily, so personal protective equipment
(for example a dust mask) might be necessary.
Both the mass density and the packing density were improved. The mass density increased
by about 20 % from 0.9 to 1.1 g/cm3 for the bimodal TCM compared to the monomodal TCM.
The packing density increased from 42 to 50 %.
During the cycling there are signs in the internal temperature profiles that the TCM is
changing. However, parameters external to the absorber vessel like the output power and
outlet temperature show little dependence on the cycling. Visual inspection of the absorber
HX inside the absorber vessel showed no TCM out of the HX. Inspection of the TCM ex-situ
after the run showed that the TCM had sintered strongly at contact points, but the individual
pellets were still whole after 5 cycles.
Average output power and temperatures are very similar between the monomodal and
bimodal TCM. Since the driving principle behind the reaction is the same for both materials, it
can be expected that the inlet temperature dependence of the output power is very similar.
This means that the output power probably varies roughly linear with inlet temperature
between +5 W during discharging at 40 °C and -5 W during charging at 100 °C.
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10 Conclusions
The goal of Task 5.3 within CREATE was to investigate the critical components of the heat
battery in an actual system instead of separate components. Examples of such components
are the TCM itself, or the heat exchanger (HX). For this, the 1-kg setup as designed, built
and validated, and four measurement runs were performed. Measurement questions and
plans were formed in discussion with other Work Packages (WP) to ensure that the obtained
results were useful and relevant for all.

10.1 Summary conclusions of the 4 runs
The 1-kg setup was designed and built to represent a heat battery, similar in layout and
operation to the FSM and CSM. An absorber vessel containing the HX filled with TCM, an
evaporator/condenser vessel containing liquid water, and the storage valve separating the
two are the main components. The setup was validated using a known TCM. Further
refinement throughout the measurement runs improved the operational procedures and
physical layout to obtain the most accurate performance of the components under
investigation.
The HX made and coated by Luvata performed well, with no visible damage due to corrosion
by the TCM. The 1-cm spacing of the HX fins allowed for easy filling. Both the fresh
monomodal and bimodal TCM provided by WP4 flowed well (Carr index ~15, rated ‘Good’),
being loose for the time (<1 hr) of the filling. Both looked to be mechanical stable during
filling, though there was a fine dust mixed in with the bimodal TCM. One concern with the
bimodal TCM is the possibility of unmixing of the two size fractions. During the filling, the
TCM had to be remixed a few times. Also, within the HX itself the TCM might unmix during
transport due to vibrations. Table 20 shows the mass densities obtained with both TCM’s.
Property
Density of bulk (RD-05 & RD-07)
[g/cm3]
Density in HX volume [g/cm3]
Density in free volume [g/cm3]
Packing density [%]
Porosity [%]

Calculation

Monomodal
1.0

Bimodal
1.2

mTCM/VHX
mTCM/VTCM
ρTCM/ρpellet
1-ρTCM/ρpellet

0.89
0.93
42
58

1.06
1.10
50
50

Table 20: Mass densities of the monomodal and bimodal TCM.

The maximum energy densities found for the TCM are shown in Table 1, compared to the
values reported by WP4. Note that these energy densities are obtained at best-case
temperatures: 100 °C for charging and 40 °C for discharging. Average temperatures coming
from solar thermal collectors are typically lower than 100 °C, while 40 °C is too low as input
for DHW. Changing the working temperature (lower for charging, higher for discharging)
pushes the system closer to the vapour equilibrium between the TCM and the liquid water
and thus a lower power. Due to constant heat losses within the system a lower power will
result in a lower stored/released energy. The lower power will also result in longer operating
times.
The pre-heating to charging temperatures also takes 5+ hours. At the 1-kg scale it takes at
least that long to reach a stable high temperature.
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Results T5.3
(monomodal)

Results T5.3
(bimodal)

Reported WP4
(RD-05 & RD-08)

Average output power [W]
… charge (dehydration, 100 °C)
… discharge (hydration, 40 °C)

4
5

5
5

-

Max. outlet temperature change [°C]
… charge (dehydration, 100 °C)
… discharge (hydration, 40 °C)

-5
+5

-4
+4.5

-

Operating time [hr]
… charge (dehydration, 100 °C)
… discharge (hydration, 40 °C)

16
18

20
24

-

Energy density
… by mass [kJ/kg]
… by total HX volume [GJ/m3]
[kWh/m3]
… by free volume [GJ/m3]
[kWh/m3]

500
0.44
122
0.46
128

503
0.53
147
0.55
153

600
0.84
233

Table 21: Overview of maximum performance values determined in Task 5.3.

An additional requirement to obtain the highest output power is to reduce any noncondensable gasses to a minimum. Reducing the inleak, using proper pump down
procedures, and especially outgassing both the TCM and the water inside the E/C vessel at
high temperature are essential.
The above values were calculated using the power curves all the way to zero net power, i.e.
when the TCM is fully (de)hydrated. In an actual application, there will be some point earlier
in the (dis)charge where the temperature difference of the outlet becomes so small that heat
losses in the battery itself or in the lines between the battery and water buffer vessel negate
any useful gain from the heat battery. This can be an significant fraction. For example, if for
the bimodal TCM we take as a cut-off the point where the temperature increase of the outlet
drops below 1 K (see Figure 30), then only 83 % of the total energy is released. This would
result in an energy density by free volume of 0.46 GJ/m3.
Using temperature sensors inside the TCM the temperature profiles during operation can be
obtained. After the first ~20 min of operation the temperature is roughly homogeneous
throughout the TCM. The temperature profiles during that first 15 min does change with the
number of hydration/dehydration cycles performed. However, external parameters such as
the output power as well as the outlet temperature are not very affected, in part due to the
much longer time scale of the entire process.
The changes in the temperature profiles inside the TCM with cycling might have to do with
the state change of the TCM observed for the monomodal TCM after many (10+) cycles. The
structure change of the TCM pellets, as well as the embrittlement under applied force points
to a change of the mechanical stability of the pellets with repeated cycling.
The temperature profiles for different cycles are useful to compare with the modelling results
from WP6, as well as provide insight into the behaviour of the TCM over time. Similarly, the
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actual numbers for energy density, packing density, and others are also input for the further
design of the full-scale modules.

10.2 Recommendations
Based on the above conclusions, as well as all the information acquired during this Task,
there are the following recommendations:
•
•

•

•
•
•
•

•

Be careful about dust formation during filling, especially with the bimodal TCM.
Personal protection equipment might be needed.
For the bimodal TCM, be aware of the possibility of unmixing of the size fractions.
Especially if the FSM/CSM are being filled with the anhydrate form of the TCM. In that
case there will be room for the TCM to move around during transport, which could
unmix the TCM.
Reduce the presence of non-condensable gasses as much as possible. Possible
measures that can be taken are:
o Reduce the inleak by reducing the number of seals and joints;
o Pick components with low outgassing;
o Outgas both the TCM and the E/C water at high temperature;
o Include a vacuum pump in the FSM/CSM for possible mid-experiment pump
downs.
The bimodal TCM has the advantage of having a higher energy density per HX
volume, though the output power per unit of volume is roughly the same for the
monomodal and bimodal TCM.
While determining the control strategy, keep the long operating times, both for the
pre-heating to charging temperatures as well as during the charging/discharging itself
in mind.
Heat loss to the environment should be limited to get as much useful power out of the
heat battery.
The output power, as determined for this combination of TCM and HX, is dependent
on the inlet temperature. This is because the resulting vapour pressure above the
TCM relative to the water vapour pressure is the driving force for the reaction. Picking
the right inlet temperature values will be key in obtaining high enough effective power.
The current idea within CREATE is to have 2.5 kW output power per FSM module of
250 dm3 of TCM. Simply scaling to 1 dm3 of TCM, an average power of 10 W per dm3
of TCM would be required. Given the lower average powers found during the runs
with the 1-kg setup, improving the power by decreasing the fin spacing in the
absorber HX could be useful.
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