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Abstract

Heating and cooling of residential buildings account for 15% of the total energy use in
Canada and produce 11% of the total GHG emissions, due to reliance on fossil fuels.
Renewable thermal energy and usage of low-grade waste heat offer solutions for
decarbonization of heating and cooling. Inherent intermittent nature of such energy
resources makes integration of thermal energy storage (TES) systems inevitable. High
energy storage density, low heat loss, and using non-toxic and non-polluting refrigerants
make sorption TES (S-TES) more appealing and effective for heat/cold storage, compared

to other thermal storage methods.

This PhD research is set out to assess the performance of low-grade heat-driven S-TES
systems for space heating and cooling. As such, the focus of this study is on the thermal
and sorption characterization of the sorber bed, mathematical S-TES system modeling,
and experimental testing of an S-TES prototype. An analytical model is developed for
prediction of thermal conductivity and thermal resistance of packed bed sorbers. Thermal
conductivity of packed bed sorber of AQSOA FAM-Z02 with different numbers of layers is
measured by heat flow meter for the first time. The model, which is validated by the
experimental data, provides a comprehensive platform for the design of packed bed S-
TES to (i) predict thermal conductivity and thermal contact resistance of packed bed under
the target operating condition and (ii) optimize the packed bed by finding the optimum
particle size and arrangement. Small-scale characterizations and screening of sorbent
candidates are performed by thermogravimetric analysis/differential scanning calorimetry.
Moreover, comprehensive experimental studies are carried out on a custom-built lab-scale
S-TES in our lab to study storage performance under various conditions, namely, i) coated
vs loose grain sorbent configurations, ii) various heat storage durations, iii) adding high
conductive additives in the sorbent material, iv) different operating temperatures, and v)
different discharge-to-charge time ratios. A comprehensive transient resistance-
capacitance lumped-parameter model is developed to assess the performance of a closed
S-TES system. The model is proved to be accurate in comparison with the experimental

data and offers a reliable platform for the design and optimization of an S-TES system.

Keywords: thermal energy storage; sorption thermal energy storage; thermochemical
energy storage; renewables; thermal conductivity; thermal resistance;

sorption kinetics
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Executive Summary

Over 60% of residential and 50% of commercial building energy usage are devoted
to heating and cooling. Currently, around 75% of this energy is generated by fossil fuels,
meaning heating and cooling have a significant share of greenhouse gas emissions.
Renewable thermal energy and usage of low-grade waste heat offer solutions for
decarbonization of heating and cooling. Inherent intermittent nature of such energy
resources makes integration of thermal energy storage (TES) systems inevitable. TES is
a promising alternative to conventional heating and cooling methods, which plays a key
role in synchronizing energy demand and supply. Among heat storage methods, sorption
TES (S-TES) has recently attracted immense attention for its relatively high energy
storage density (ESD), up to 3 GJ-m™ at the material level, with minimal sensible heat
loss. Considering the high ESD of the sorption materials, developing S-TES is aligned with
the Net Zero Energy (NZE) housing goal, i.e. the buildings that produce at least as much
energy as they consume on an annual basis, which is being pursued by the government

of Canada.

S-TES uses low-grade energies to take advantage of sorption/desorption of a
sorbate (e.g., water) on the surface of moisture-retentive sorbents (e.g., silica gel), or in
the bulk of the sorbents (e.g., CaCl in silica gel-CaCly), through an
exothermic/endothermic reaction, which leads to discharging/charging of sorption energy.
Most of the sorbent materials are non-toxic, non-flammable, thermally stable, and
environmentally friendly with low global warming and low ozone depletion potential.
Sorption-based technologies have proven to be promising for cooling, heating, and
thermal energy storage. However, system complexity, high vacuum operation, poor heat
and mass transfer within sorber beds, and low thermodynamic efficiency remain barriers
to wide-scale adoption of this storage technology. Accordingly, an in-depth understanding
of the S-TES performance is set as the main focus of this PhD research and is achieved
through (i) characterization of the sorbent material, (ii) performing thermodynamic system
analysis, and (iii) conducting a comprehensive experimental study on the performance of
the S-TES.
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Objectives

The objectives of this research are sorbent material characterization, sorbent
candidate screening, and development of an S-TES demonstration system for sustainable
low-grade heating and cooling applications. This, in turn, requires an in-depth
understanding of the mechanisms of heat and mass transfer in the sorber bed and storage
performance analysis of S-TES with various working pairs by comprehensive theoretical

and experimental studies.

Methodology

In this PhD research, a systematic approach is adopted to understand different

processes in an S-TES system and to address the following key research questions:

(i) How to measure and model the effective thermal conductivity (ETC) of a
loose-grain packed bed sorber?

(i) What are the effects of particle size, sorbent thermal conductivity, and sorbate
pressure on the ETC?

(i) What is the role of thermal contact resistance on the total thermal conductivity
of a packed bed sorber and the performance of such systems?

(iv) What is the performance of thermochemical energy storage system compared
to the adsorbent storage systems?

(v) What is the effect of storage duration on storage performance?

(vi) What is the effect of sorbent configuration (coated vs loose grain) on the

performance of sorber bed?

To this end, and as shown in Figure 1, this program entails the following

milestones:

®  Characterization of thermal and sorption properties, including thermal
conductivity, water uptake capacity, and sorption rate of the sorbent material
candidates for thermal storage applications;

®  Development of mechanistic thermodynamic models to predict thermal
storage performance of S-TES under various operating conditions and with

different working pairs; and

= Design and experimental study of an S-TES cycle for residential application.
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Contributions

A summary of the contributions of this research is listed below:

Sorbent material properties

Effective thermal conductivity (ETC) of a loose-grain packed bed sorber is
measured [1], [2], for the first time. The ETC of a packed bed AQSOA FAM-
Z02 is measured using a heat flow meter (HFM) for various numbers of layers
of adsorbent under mean temperatures ranging from 10 to 80 °C. Thermal
contact resistance (TCR) at the interface between the particles and heat
exchanger surface is deconvoluted from the total packed bed resistance and

its relative importance to the total resistance of the bed is studied.

ETC of a packed bed adsorber is modeled [3]-[5] analytically, based on a unit-
cell approach, to predict the ETC of the packed bed sorbers as a function of
number of adsorbent layers, adsorbent type, particle size, bed porosity, water
uptake, temperature, contact pressure, particle surface roughness, particle
arrangement, and gas pressure. This model also predicts the thermal contact

resistance qualitatively.

A full-scale in-situ water uptake rate measurement setup of a coated AQSOA
FAM-Z02 S-TES is built [6]. Kinematics of water sorption of a full-scale coated
AQSOA FAM-Z02 thermal energy storage are experimentally studied through
an in-situ temperature and mass measurement. Effects of cycle time and

evaporator temperature on the uptake rate are also studied.

A sorbent material screening is performed under typical operating conditions
for heat storage systems. Studied sorbent candidates include AQSOA FAM-
202, silica gel-CaCl,, and vermiculite-CaCl, using simultaneous thermal
analysis—thermogravimetric  analysis/differential scanning calorimetry
(TGA/DSC).

Storage system modeling and experimental study

Theoretical and experimental investigations on the performance of an AQSOA

FAM-Z02 energy storage system are performed for both packed and coated
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sorbent configurations [7], [8]. A thermodynamic lumped model is developed
to study the effect of various operating conditions on the ESD of an AQSOA
FAM-Z02 in a lab-scale closed energy storage setup. An experimental study
is conducted to assess the performance of the AQSOA FAM-Z02 storage for

both coated and loose grain configurations.

®=  Experimental investigation on the performance of a silica gel-CaCl, thermal
storage system is performed [9]. Effects of storage period on the performance
of the storage system are studied. Moreover, the effect of high conductive
additives on storage performance is investigated by adding graphite flakes to

a silica gel-CaCl, composite.

Sorption thermal energy storage for sustainable heating and cooling
systems

Sorbent material
characterization

S-TES system

S-TES system modeling experimental study

Screening sorbent = Lumped-parameter
candidates for system modeling of a
residential application closed S-TES and
model validation with
collected data.

= Sorption dynamic
study of a coated
sorber bed by in-situ
mass & temperature
Measurement of measurement
effective thermal
conductivity and = Parametric study to = Experimental study of
thermal contact investigate the effect of an S-TES test-bed
resistance in packed important parameters with zeolite-based
bed sorber on the storage sorbent under various
performance of S-TES operating conditions
Modeling of effective

thermal conductivity
and thermal contact
resistance of a packed
bed sorber

Experimental study of
the S-TES test-bed
with salt composite
sorbents.

A thermodynamic model, experimental study and design of an S-TES for residential

application

Figure 1. Research roadmap and components of the PhD program.
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Chapter 1.

Introduction

With significant growth in population, energy demand, and industrial activities, the

global primary energy consumption has been more than doubled in the last 40 years [10].

About 32% (115 EJ) of the global energy demand is associated with the building sector

(24% for residential and 8% for commercial) [11]. As shown in Figure 2a, heating and

cooling account for 58%, i.e. space heating, 32%, water heating, 24%, and cooling, 2%,

of the global yearly energy demand in the building sector. Among energy carriers in the

building sector, about 60% are non-renewable resources, Figure 2b, which are

responsible for 30% of the global CO, emissions [11].
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Figure 2. (a) Global energy consumption, (b) energy carriers of the building sector in
2010 [11], and (c) energy consumption and (d) energy carriers of the building sector
in Canada in 2016.

In Canada, about 83% of residential and 64% of commercial building energy usage

are devoted to heating and cooling with more than 90% share of heating. Currently, more



than 80% of this energy is generated using fossil fuels, meaning heating and cooling have
a significant share of greenhouse gas emissions in residential buildings (13%) and

commercial buildings (9%).

Hence, the heating and cooling of the building sector is a major contributor to the
climate change and air pollution. Concerns over the increasing energy consumption and
increasing CO; emissions have resulted in numerous studies to develop efficient clean
sustainable heating and cooling technologies. Renewable thermal energy and usage of
low-grade waste heat, with temperatures below 100 °C, offer solutions for decarbonization
of heating and cooling in the building sector. Figure 3 shows the energy transition of

Canada to renewable sources over the last two decades [12], [13].
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Figure 3. Canada’s energy transition pathway to renewable sources ([12], adopted from
Ref. [13]).

However, the intermittent nature of these energy sources necessitates integrating
thermal energy storage unit with the main heating/cooling system to utilize these
sustainable heat sources effectively. Thermal energy storage (TES) is an essential energy
conservation technology for efficient heating, cooling and moisture control applications.
Heat and cold can be stored in a storage compartment to be used later, controlled by the
temperature and power which are demanded by the user. During the charging process,

thermal energy is received by TES system to be stored in the storage chamber during the



storage period. Thereafter, the stored energy is released contingent on the thermal energy

demand. Hereby, TES mitigates the mismatch between the energy supply and demand.

1.1. Thermal energy storage methods

There are three common types of TES: (i) sensible TES; (ii) latent TES using phase
change materials (PCM); and (iii) thermochemical energy storage (TCES), including the
sorption TES (S-TES) and chemical reactions. Specific sensible energy is stored by
changes in the temperature and is proportional to the specific heat and temperature
difference, as shown in Figure 4a. Sensible energy is stored in various materials such as
water, air, brick, and concrete, and the storage material is selected based on its specific
heat and operating temperature. The sensible TES systems are mature and proven
technologies for large-scale heating and cooling applications, although they are bulky and

suffer from high heat loss to the ambient.

Latent TES uses the phase transition of a material, usually solidification-melting,
to charge/discharge thermal energy at a constant temperature (melting temperature), as
shown in Figure 4b. After solidification is completed, further heat transfer results in storage
of sensible energy. PCM selection is mainly based on their phase change enthalpy and
melting temperature. Despite higher storage capacity of PCM compared to the sensible
TES, issues such as phase separation, subcooling, low thermal conductivity, corrosion,
and lack of long-term stability limit their applications [14], [15]. Moreover, latent TES
suffers from inflexible heat source temperature, meaning that a certain melting
temperature should be provided and cannot be partially charged/discharged by heat

source/sink at temperatures far from the melting temperatures.

In TCES, energy can be stored through an endothermic reaction and released in
a reverse exothermic process. TCES refers to the sorption process and chemical reactions
[16]. Chemical reaction storage systems are mostly used at high temperatures (above 400
°C) and their enthalpy of the reaction is typically high (80-180 kJ mol") [14]. For low-grade
heat application, S-TES systems offer higher storage capacity — an order of magnitude on
the material-scale — compared to the sensible and latent TES systems, as shown in Figure
4c.
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Figure 4. Stored specific heat versus temperature and the related thermodynamic
equation for (a) sensible TES (water at reference temperature of 25 °C), (b) latent TES
(n-Eicosane CyHa4, with melting temperature of 37 °C, phase change enthalpy of 241
kJkg™, and specific heat of 2.01-2.04 kJ kg™' K* [14]), and (c) thermochemical energy
storage (sorbent material of Na>S-H,O with heating rate of 1 Kmin' from 25 °C to 85 °C).

1.2. Thermal energy storage performance indicators

A successful TES system should have the following key features: (i) high energy
storage per volume, (ii) low thermal losses during the storage period, (iii) high heat transfer
rate between the heat transfer fluid (HTF) and the storage material to enable desirable
and fast charge/discharge thermal power, (iv) reasonable total cost, (v) reversibility of the
storage cycle, (vi) negligible corrosion and degradation, (vii) contribution to reduction of
GHG emissions, and (vii) easy control [14]. Accordingly, the following indicators are used

for the performance assessment of TES:

= Energy storage density (ESD, GJm3): stored energy per volume of the storage
system, which shows the storage capacity as well as the compactness of a TES
system. ESD is also reported per volume of the sorbent material, storage bed, or the
whole storage system that includes the auxiliary components such as heat
exchanger(s), chamber, etc., as shown in Eq. (1).
Qdch

ESD = o——— (1)
mat/bed/sys

=  Specific energy (SE, kJkg™): stored energy per mass of the storage system (or the
storage material), which shows the storage capacity as well as the weight of the TES
system. As shown in Eq. (2), SE is also presented per mass of the sorbent material,

storage bed, or the whole storage system.



SE = Qdch )
Mmat/bed/sys

SE and ESD are often used interchangeably in the literature. For making a precise
comparison between different storage systems, the diversity in the SE and ESD definition
should be taken into consideration. Figure 5 shows the ESD of the above-mentioned
storage technologies. Latent TES provides higher ESD (= 0.3-0.5 GJm™3), compared to the
sensible TES systems (= 0.0072-0.2 GJm™), at an almost constant temperature. Chemical
reaction storage systems require high-temperature heat sources (above 400 °C) [14]. S-
TES systems offer higher ESD (= 0.5-3 GJm™) compared to the sensible and latent TES
systems. Table 1 also provides a comparison of various TES technologies in terms of SE

and ESD.
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Table 1. Comparison of different storage technologies for sustainable heating applications [14], [19]-[24]

Phase Sorption
. Density c change P SE ESD
Material P enthalpy
(kgm®) (Jkg'K") e(rlltjr;(alﬁ)g/ (kJkg™) (MJkg™) (GJm3)
g

. . 0.017 0.0302
Sensible Brick 1800 837 - - (AT=20°C) |(AT=20°C)

0.084 0.084

- -3 - -
(0.0072-0.2 GJm3)| Water | 988 4182 (aT=20°C) [iaT220°C)
795
Paraffin |(liquid,70°C) 0.174
Latent C22-C45| 920 2400 | 189 - 0189 (5860 °C)
(solid,20°C)
(0.3-05 GJIm?) [—o—0
(salt] 450 1900 | 160 . 0.160 | 0.243
hydrates)
N 0.96
Silica gel) 74, 921 ; 2400 | (uptake= | 0.77
Fuji RD A
Thermochemical 0.4 kgkg™)
including sorption 1.07
F/ﬁns-%z 600-700 | 822-942 | - 3250 | (uptake = <36§g>
(0.5-3 GJm™?) 0.33 kgkg™)
MgSOa/ 2328
7H.0 | 1670 - - - - (122°C)

= Averaged specific discharge/charge power (SPchach, Wkg'): the average
discharge/charge rate per mass of the storage material, which shows how fast a

storage system can charge/discharge the thermal energy.

Qdch/ch
(tdch/ch m)

(3)

SPdch/ch =

= Maximum specific power (MSPchach, Wkg™): the maximum attainable power, based
on the minimum possible discharge time, and the storage system mass (or storage

material mass) [25].

® Storage thermal efficiency (nw): the delivered thermal energy in the discharging
process to the input heat during the charging process, which shows the heat loss in

the storage system.

_ Qdcn 4
Mth = Out (4)

The efficiency of the system is also defined by the overall energy efficiency (n),

i.e., the ratio of the discharged thermal energy to the total energy consumed for charging



and discharging of the system, which shows all inefficiencies and losses in the storage

system [26].

= Cost (Cg, SMJ' or $kW-'): the capital and operation costs of the storage system per

storage capacity ($MJ") or power ($kW-') [26]. In the storage material screening

process, the cost of material per material-based storage capacity should be minimized.

In addition to the above-mentioned performance indices, the operation strategy

and the integration into the main heating/cooling system have significant effects on the

thermal- and cost-effectiveness of the storage system.

1.3. Classification of sorption storage systems

S-TES systems can be divided in four categories, as shown in Figure 6: (i) liquid

absorption, (ii) solid adsorption, (iii) sorption reaction, and (iv) composite materials, salts

in porous matrix [28].
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Figure 6. Classification of the sorption thermal energy storage systems (from ref. [29])

Absorption is the transfer of a substance (absorbate) to the bulk of another

substance (absorbent), where the absorbent phase is enriched with the absorbate phase



and sorption does not happen only on the surface (see Figure 7a). On the other hand,
adsorption in the adsorption TES (ATES) systems occurs on the surface of a substance
(see Figure 7b), where the adsorbate molecules attach to the surface of the adsorbent
through the van der Waals forces [30], [31]. Liquid absorption is referred to the two-phase
absorption process, although a three-phase absorption has also been proposed, where a

salt crystal (such as lithium chloride crystals [32]) is also used to increase ESD [32].

Sorption chemical reactions are divided into coordination reaction of ammoniate
with ammonia and hydration reaction of salt hydrate with water [29]. In contrast to the
liquid absorption and solid adsorption, the chemical reaction is monovariant, so the
equilibrium uptake is defined by only one independent property (pressure or temperature)
and the working temperature is easily controlled and adjusted by changing the pressure
[33]. In the sorption chemical reaction hysteresis may exist [29]. Sorption reaction systems
provide high ESD and cover different ranges of the heat source temperatures depending

on the slat type [28].

The composite salt porous matrix consists of a porous matrix (e.g. silica gel, zeolite
and expanded vermiculite) and an inorganic salt (e.g. LiCl, CaCl, and MgSOQ.). The porous
matrix is supposed to provide enough surface area for the sorption process and large pore

volume for holding the liquid solution, as well as thermal and mechanical stability [34].
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Figure 7. (a) Absorption storage vs (b) adsorption storage systems.

1.4. Open and closed S-TES systems

From the perspective of operating pressure, two types of sorption systems are
defined: open (Figure 8a) and closed (Figure 8b) systems. In open S-TES, an air stream
carries the sorbate and heat in/out of the sorber bed. During the charging process, dry hot

air enters the sorber bed, water vapor is desorbed from the sorbent and cooler humid air
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leaves the bed. In the discharging process, wet cool air enters the sorber bed, water vapor
is adsorbed by the sorbent materials and dry hot air leaves the bed. Open S-TES systems

operate at ambient pressure.

Closed sorption systems are used to provide thermal compression of the
refrigerant, as alternatives to the mechanical compression in conventional vapor
compression systems. In such systems, the pressure difference between the sorber bed
and evaporator (condenser) is the driving force for vapor transport. As shown in Figure
8b, a heat exchanger is used to transfer heat to/from the sorbent material during
desorption/sorption process and consequently, the sorbate is released to/taken from the
condenser/evaporator. The ideal thermodynamic cycle of a closed solid-sorption TES
system consists of 4 processes (Figure 8b): 1) preheating of the sorber bed; 2) desorption
process in the sorber bed and condensation in the condenser during the charging process;
3) precooling of the sorber bed; and 4) adsorption process in the sorber bed and
evaporation in the evaporator during the discharging process. During the adsorption
process (discharging), if the cold produced by the evaporator is used, the TES is called

“cold storage”, while it is a “heat storage” if the heat produced by the sorber bed is utilized.
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Figure 8. (a) Schematic of an open S-'E’E)S [35] and (b) schematic and the ideal
thermodynamic cycle of a closed S-TES system.

Table 2 presents the main features of closed and open S-TES. Open S-TES
systems are simpler, without a need for evaporator and condenser, although they require:
i) fans, to drive the airflow through the sorber bed, and ii) humidifiers, when the water
content of air is not adequate [36]. The system-based ESD of a closed sorption system is
lower than that of an open sorption system because the adsorptive fluid is a part of the
storage system in the closed system and also has to be stored [14]. Moreover, closed
sorption systems are chemical heat pumps, which offer both heating and cooling in the
discharging process and upgrade the waste heat to a higher temperature for residential

and industrial applications.
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Table 2. Closed and open S-TES features (from refs. [36], [37]).

Sorption storage

- +
type
Closed systems = Advanced heat exchanger Capable of reaching higher and
(vacuum technologies are required. lower output temperatures
condition) = In the case of heat storage, compared to an open system.

evaporation heat should be
provided.

= Lower system-based ESD, since
the sorbate needs to be stored as
well.

= Low pressure (vacuuming and
leakage issues); need to be
evacuated occasionally, due to the
formation of incondensable gases.

= Generally, heat transfer is the
limiting factor, compared to mass
transfer.

An air fan is needed.

Temperature lift in the sorption

process is limited by the bed

thermal mass.

= Humid air is not usually available
(up to 80% RH is needed); thus,
high power humidifier is required in
most cases [37].

= The sorbent may not take up the
water vapor, at the same water
vapor pressure and under the
atmospheric conditions [37].

= Small particles of sorbent materials
may flow out of the sorber bed
[37].

= Limited to water as sorbate.

= Generally, mass transfer is the

limiting factor, compared to the

heat transfer.

Open systems =
(atmospheric L]
condition)

Can be used for both cooling
(evaporator) and heating (sorber
bed)

No mass transfer with ambient
Variety of sorbate can be used.

Atmospheric pressure

Simple design

A good and controllable heat
transfer through forced air
circulation

Simpler and cheaper construction
and maintenance

No heat exchanger is needed.

1.5. Adsorption and absorption TES systems

The principle of closed adsorption TES is shown in Figure 9a. During the charging
process, adsorbate is released from the adsorbent by heating the adsorber bed and flows
to the condenser. Adsorber bed is isolated during the storage period, meaning the bed

remains charged. During the discharging process, adsorbate vapor generated in the
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evaporator is adsorbed by the adsorbent material and heat of adsorption is released for

the heat storage. Cold produced by the evaporator is used for the cold storage application.

Figure 9b shows the absorption closed TES. During the charging process, heat is
supplied to the weak (low-concentration) solution in the generator. The adsorbate vapor
is separated from the weak solution, making a strong solution, and flows to the condenser
where it condenses. In the storage period, the strong solution is isolated from the
absorbate and there is no heat loss in this period. During the discharging process, the
strong solution absorbs vapor from the evaporator and heat of absorption is released by

changing the strong solution to a weak solution [18].

Major differences between the absorption and adsorption systems are the sorbent,
sorption cycle time [38], and the ESD. Sorbent in the absorption system should be a
pumpable fluid to provide efficient heat transfer and shorter sorption cycle time but a
movable part is added to the sorption system [39]. Nevertheless, as shown in Figure 5,
ESD in the absorption and chemical processes is typically higher than that of the
adsorption process. Liquid absorption systems are usually not suitable for applications
that involve vibrations, such as mobile applications [26]. Moreover, solution corrosion in
the absorption systems is a challenging issue, which should be considered for the
absorber bed design. Moreover, in absorption TES, when the absorbate is thoroughly
desorbed from the solution, further desorption results in the formation of solid crystals,
which should be considered during the operation [40], while adsorption TES do not require
an intense selection of maximum desorption duration. A more detailed comparison

between the absorption and adsorption processes can be found in Table 3.
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Figure 9. Principle of closed (a) adsorption and (b) absorption TES systems during
charging, storage period, and discharging.

Table 3. Comparison between the absorption and adsorption systems [41].

Sorption storage

type i *
Absorption = Not applicable for applications = More efficient systems
include vibrations, such as compared to adsorption
mobile applications [41] systems [41]
= The issue with the solution = Higher uptake rates and heat
crystallization [41] storage capacity
= Need for the solution pump and
rectification equipment [41]
= Corrosive solutions
Adsorption = Large volume systems = Wide choice of adsorbents for
= Generally, lower energy storage temperatures between 50 to

density 400 °C [41]
= Generally, driven by lower
temperature heat sources [41]
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Chapter 2.
Literature review on S-TES

Recently, many studies on the TES system for renewable heating and cooling have
been devoted to the S-TES to take advantage of its high energy storage capacity and low
heat loss. However, most of the studies are on the small-scale basis measurement, and
only a few studies are available on full-scale systems. This chapter provides a review of

the available studies on the S-TES and highlights the need for further research.

2.1. Adsorption TES systems

2.1.1. Small-scale performance investigation of ATES systems

Many studies on ATES were conducted by small-scale measurements in
laboratory set-ups, which represents the theoretical performance of the full-scale ATES
systems [37], [42]. Janchen and Stach [43] used thermogravimetric analysis (TGA) and
differential scanning calorimetric (DSC) method to study less than 600 mg of zeolite
SAPO-34 and silica gel at 20 °C and relative vapor pressure of 0.3 and the theoretical
ESD of 0.468 MJ kg' for SAPO-34 and 0.443 MJ kg™ for silica gel were achieved.
Barreneche et al. [44] reported theoretical ESD of 0.2 MJ kg™ (0.18 GJ m3) for Zeolite 5A
(Sigma Aldrich), using a Mettler Toledo TGA/DSC device under 20 ml min' N, and 10 K
min' heating rate from 50 to 400 °C. Frazzica and Freni [45] conducted a thermodynamic
analysis to investigate some candidate working pairs for heat storage in buildings and
showed that AQSOA FAM-Z02 delivered a promising material-based ESD; for desorption,
condensation, adsorption, and evaporation temperatures of 100, 30, 30, 10 °C, higher
seasonal heat ESD of 0.401 GJ m? (not including condensation heat) was achieved
compared to silica gel Siogel (0.292 GJ m™®) and Zeolite 13X (0.132 GJ m®).

2.1.2. Full-scale experimental study of ATES systems

Lu et al. [46] investigated the application of cold sorption storage for air
conditioning of the driver’s cab of an internal combustion locomotive with running time of

about 2 h between Shanghai and Hangzhou, and an intermission of several hours
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between two runs. The desorption process lasted for 30 min at 350 °C and the condenser
temperature was 60 °C [46]. The average cooling power of about 4.1 kW was reported for
140 kg of zeolite 13X. The cooling capacity was obtained as 19.7 MJ, i.e. ESDcq4=141 kJ

kg™, when the bed temperature reached its maximum temperature of 125 °C [46], [47].

An open ATES with working pair of Zeolite 13X/water was installed in a school
building in Munich, Germany since 1997 [35]. During night, 7,000 kg of Zeolite 13X was
charged by the steam line of the district heating system, at temperature of 130-180 °C,
and during the peak power demand in daytime, air at temperature of 25 °C passed through
the zeolite bed to provide heating to the school building with ESD of 0.446 GJ m= (0.92%
of the theoretical value). The evaporation energy was supplied by low-temperature return
flow of the district heating system [35]. Cooling of a jazz club in this building was also done
by air dehumidification (latent cooling) and a temperature of 25.5 °C was successfully
maintained during the concerts in the Jazz club only with desiccant cooling and ventilation.
This cold storage provided an ESD of 0.360 GJ m™ and maximum cooling power of 50 kW
[35].

Over the past 20 years, several international projects have been conducted to find
more efficient renewable heating and cooling systems. HYDES (High Energy Density
Sorption Heat Storage for Solar Space Heating) was one of the first European Union
storage projects, from 1998 to 2001. A seasonal silica gel S-TES was developed for a
single-family house heating, which provided ESD of 0.43 GJ m, while the theoretical
material-based ESD was 0.54 GJ m [36], [48]-[50]. In winter, low-temperature heat from
the solar collectors was used as the evaporation heat supplier for the evaporator [51]. The
main outcome of the HYDES project was to include the evaporator/condenser inside the
sorber chamber to reduce the travel distance of the sorbate vapor and increase the cross-

sectional area of the vapor passage [48], [49].

Based on the results of HYDES, in MODESTORE (Modular High Energy Density
Sorption Heat Storage) project, the evaporator/condenser unit and the sorber bed were
placed in a single chamber. However, MODESTORE only provided material-based ESD
of 0.18 GJ m™3, which is 30% less than the sensible heat of a water tank working between
temperatures of 25 and 85 °C, and system-based ESD of 0.118 GJ m™ [18], [39]. It was

concluded that the working pair of silica gel/water was not suitable for the seasonal storage
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because it did not provide enough temperature lift over the water uptake of about 13%
[18].

In the Monosorp project (IWT, Germany), an open S-TES was developed, using
extruded zeolite honeycomb structures [52]. Honeycomb structure was used to improve
the adsorption kinetics and reduce the pressure drop along the storage bed [18]. In
summer, the excess solar heat heated the ambient air in a heat exchanger and this hot air
stream dried the zeolite storage by flowing through the storage bed. In the discharge
period, the wet indoor air was blown through the storage medium and due to the
adsorption, hot air left the storage. The hot dry air was transferred to the inlet air stream
of the room, in the ventilation heat exchanger [18]. A maximum temperature lift of 22 °C
and a material-based ESD of 0.468 GJm™ were achieved if only the adsorption heat was
delivered. However, if both sensible heat and adsorption heat were delivered during the
discharging process, the material-based ESD of 0.576 GJm™ could be provided. In
conclusion, high regeneration temperature (180 °C) of zeolite 4A led to high sensible heat
in the charging process (desorption), which could not be stored in the case of long storage
period [52].

In 2006, SPF (the institute for Solartechnik Prifung Forschung) investigated a
seasonal closed ATES, using 7 kg of zeolite 13X [40]. System-based ESD of 0.208 GJ m"
3 was obtained for desorption temperature of 180 °C. A zeolite 13X ATES was also studied
by Schreiber et al. [53] to investigate the feasibility of integration of the ATES system into
a brewery batch process with cogeneration energy supply, where high-temperature waste
heat was available for the regeneration process. In the 6 hours operating cycle, the zeolite
13X closed ATES stored the exhaust gas heat at temperature up to 250 °C for 5 hours
and at the last 1 hour, when a large amount of heat at the temperature of 120 °C was

needed, the stored heat was discharged [53].

Li et. al [54], [55] studied a closed FAM-Z01-coated ATES system for both heat
storage and cold storage applications. For desorption temperature of 70 °C and
adsorption, condensation and evaporation temperatures of 30 °C, ESD and energy
efficiency were 805 kJ kg™ (i.e. 0.483-0.564 GJ m™for pram-z01=600-700 kg m- [20]) and
96% for the heat storage, while ESD and energy efficiency were 400 MJ kg™ (i.e. 0.240-
0.280 GJ m™ for pram-201=600-700 kg m [20]) and 46.6% for the cold storage. They

suggested the addition of adsorbent grains between the coated fins, forming a denser
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adsorbent arrangement, to increase the volumetric storage capacity of the storage system,

and use of radiation-shielding materials to reduce the heat loss [55].

Narayanan et al. [56] developed a NaX zeolite-water closed ATES for air
conditioning of an electric vehicle. The desorption process was carried out at temperature
of 300 °C in a charge station when the electric vehicle was parked. The material-based
ESD and SP of 1.30 MJ kg™ (0.714 GJ m™) and 180 W kg™ for heating were achieved,
while 0.938 MJ kg™ (0.516 GJ m) and 130 W kg™ were obtained for cooling. The system-
based ESD was 0.512 and 0.37 GJ m* for heating and cooling, respectively [57]. Palomba
et al. [58] experimentally studied a full-scale sorption storage system with 4.3 kg FAM-Z02
grains (1-2 mm) filled in an aluminium fin-flat tube heat exchanger and seasonal ESDhpeat mat
of 0.515 MJ kg™ (0.335 GJ m for pram-zo2 = 650 kg m [20]) and ESDcoigmat Of 0.242 MJ
kg' (0.157 GJ m=) were achieved for desorption, condensation, adsorption, and

evaporation temperatures of 90, 35, 35, and 10 °C.

In addition to the space heating and cooling of the residential buildings and mobile
applications, S-TES was used in some felicitous applications. Hauer and Fischer [59]
presented the idea of using an open S-TES system within a dishwasher system, where
humid air is available for the discharging process, to decrease the energy consumption
for heating process in the washing and drying steps. Heating during drying step was
produced by a packed zeolite 13X, which had been charged during the washing process.
They showed that the energy consumption was reduced from 3.82 MJ to 2.88 MJ per
cycle, compared to a conventional dishwasher, meaning 24% energy saving [59]. Self-
chilling beverage keg is another example for closed ATES system, which has been

commercialized by Cool-Systems Bev. GmbH (www.coolsystems.de) [51], [60]. In this S-

TES, as soon as the valve between the zeolite vessel and the evaporator, which is at the
lower external part of the keg, is opened, water in the evaporator will evaporate and heat

of evaporation will be extracted from the beverage and keep it cold.
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2.2. Thermochemical energy storage systems

2.2.1. Small-scale performance investigation of thermochemical
energy storage systems

Composite sorbents (salt in a porous matrix) are among the promising sorbents
for sorption TES systems. Grekova et al. [61] studied LiCl/vermiculite and achieved a
theoretical ESDmat of 0.81 GJ m™ for seasonal storage and 0.63-0.91 GJ m for cyclic
operation at the charging temperature of 75-85 °C, considering the composite density of
350 kg m=3. Yu et al. [62] developed a composite of LiCl (30 wt%) with silica gel and
reported theoretical ESDmat of 0.39 GJ m™ for cold storage and 0.59 GJ m™ for heat
storage for a charging temperature of 80 °C. Brancato et al. [63] developed a new
composite sorbent of LiCl inside multi-wall carbon nanotubes (LiICI/MWCNT/PVA) with low
charging temperature of 75 °C. The highest ESD of 1.6 MJ kg™ achieved by TGA/DSC
method for daily heat storage. Considering the composite density of 300 kg m™ [63], the

volumetric ESDmat was 0.48 GJ m3.

High desorption temperature brings larger binding energy and higher storage capacity,
although some solid sorbents, such as salt-hydrates, take advantage of the absorption
process to provide high energy storage density while requiring a low-temperature heat
source for charging process [36]. Using salt-hydrate sorbents with higher sorption
capacities in TCES significantly increases the ESD. Soégutoglu et al. [64] studied some
salt-hydrate sorbent materials by a TGA/DSC device and introduced K>.CO3; as the most
suitable sorbent for residential heat storage. They reported the theoretical ESD st of 1.28
GJ m for open systems and 0.95 GJm-2 for a closed system and discharge power of 283—
675 kW m for K.COs. They showed that in spite of higher energy storage density of MgCl.

and NayS, only K2CO3; demonstrated chemical stability in the cyclic operation [64].

Salt-hydrate of SrBr, was used in ESSI project and theoretical ESDmat of 1.548-1.656
GJ m® and specific powers between 1.93 and 2.88 W kgsai' were achieved [65]. Donkers
et al. [66] studied 563 salt-hydrate sorbents for seasonal storage for domestic hot water
and space heating; Na,S showed the highest ESDmat of 2.79 GJ m for an open system
and 1.58 GJ m™ for a closed system under hydration temperature of 66 °C (suitable for
domestic hot water), dehydration temperature of 82 °C, evaporation pressure of 12 mbar

and condensation pressure of 20 mbar [66]. The salt hydrate of Na>S-H>O was also used
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in SWEAT/ECN project and the theoretical ESDmat was 2.81 GJ m= [36]. Although, due to
the corrosiveness and risk of outgassing of H.S, the salt-hydrate of N>S was not suggested
as a suitable candidate for the residential application [66]. In spite of the promising results

from the researches on sorption storage systems, it is in an early stage of development.

2.2.2. Full-scale experimental study of thermochemical energy storage
systems

A composite sorbent of CaCl, and silica gel was developed for low-grade open S-
TES and a fin-plate HEX was used as the sorber bed, which contained 40 kg of the sorbent
[67]. An ESDmat of 0.95 MJ kg™ (0.766 GJ m=) and sorber bed ESDgeq of 0.396 GJ m™
were achieved. The thermal efficiency for the regeneration temperature of 90 °C was 0.78
[67].

SWEAT (Salt Water Energy Accumulation and Transformation) project, which was
conducted in the energy research centre of the Netherlands (ECN), was focused on the
development of a modular solid-sorption system for residential and industrial cooling
applications [68] and Na»S-H.0O with regeneration temperature of 83 °C, was used in this
project. Due to the significant corrosiveness of Na.S, the material used for the storage
module, including heat exchanger and chambers, should be: i) inert to the chemical
reactions of the salt or have a defect-free corrosion-protection layer, ii) suitable for
maintaining a vacuum condition, and iii) with very low out-gassing rates [68]. In the
SWEAT project, stainless steel was selected as the material for chambers and the
evaporator and condenser coils. A corrosion-protective coating was applied to the sorber

bed copper spiro-tube heat exchanger (HEX) [68].

The maximum charging power was 1.2 kW and the cooling power at evaporation
temperature of 20 °C was 1.5 kW, while at the practical evaporation temperatures of 10 to
15 °C was 0.5 to 0.7 kW [68]. The heat storage ESDreat Wwas 2.81 GJ m™ and the cold
storage ESDcos was 1.84 GJ m [36]. They concluded that the night-time charging was
favorable because of the lower condenser temperature, which caused more temperature

difference between the condenser and the sorber bed and more charging power [68].

A thermo-chemical accumulator (TCA), using LiCl-water as the absorbent working
pair, was built and commercialized by the ClimateWell company in 2007 [69]. The

operation is described briefly here; During the charging process, when the solution
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reached the saturation point, further desorption could result in the formation of solid
crystals, which fell under the gravity and were transferred to the storage vessel to prevent
to go into the pump. During the discharging process, the solution was pumped over the
reactor heat exchanger and absorbed the refrigerant vapor [69], [70]. ESDmat was reported
as 0.911 GJ m™ and the system-based ESDsys was 0.306 GJ m= (for short-term heat
storage) [40]. In spite of the high capacity of LiCl, it was not recommended for the seasonal
application because of its high price (3,600 €m) [39]. This commercialized system was
not developed for only storage purpose. Instead, the storage chamber was integrated with

an absorption heat pump for continuous operation.

2.3. Summary of literature review

2.3.1. Sorber bed heat exchanger and sorbent to metal mass ratio

To increase the heat and mass transfer inside the sorber bed, heat exchangers
(HEX) with extended surfaces are commonly used. The HEX design and its compactness
play a key role in the overall storage performance of an S-TES system. Figure 10 shows
different types of sorber beds used in the S-TES systems. Fin-tube HEXs have been
widely used for the sorber beds with wavy fins [71] and triangular louvered fin-flat tube
[72]. Fopah-Lele et al. [73] used honeycomb structure heat exchanger for SrBr,-H.O S-
TES to prevent agglomeration of salt particles and heat distribution within the bed through
the aluminum walls of honeycomb cells. Tubular HEX including copper-wire-fin tubular
HEX (Spiro-tube, manufactured by Spirotech BV, Helmond) [36], [68] and series of
extruded aluminum tubes [74], [75] were used for sorber beds. Sorbent material, Na,S-
H.O was fixed in the wire structure of the Spiro-tube sorber bed and copper wires
transported the heat into the sorbent material [68]. Due to the corrosiveness of Na,S-H-0,
the corrosion protection coating was applied to the external surface of this HEX. Lanzerath
et al. [75] used a series of extruded aluminum tubes with both outer fin, to hold zeolite 13X
and increase heat transfer within the sorbent, and inner fin structure, to enhance the
convective heat transfer of the inner water circuit, as shown in Figure 10h. Plate HEX was
also used for a sorber bed of an SrBr>-expanded natural graphite S-TES [76]. In spite of
compactness of plate HEX, the potential for leakage between the streams, the narrow
spacing between plates that makes packing of sorbent materials difficult, and high

pressure drop are the challenges against the plate HEX sorber beds.
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To evaluate the types of sorber beds, the specification and performance of the S-
TES systems, reported in the literature are summarized in Table 4 in terms of working
pairs, sorber bed HEX, storage capacity, ESD, specific power, and sorber bed to
adsorbent mass ratio. The highest ESDyeq, based on the sorber bed volume, was 0.611
GJ m™ for 8 mm LiCl/ expanded graphite with a compact copper coil-tray HEX [77]. A
thermophysical battery with stackable fin-tube HEX for climate control of electric vehicles
provided an ESDpeq of 0.597 GJ m3[57].

The highest ESDnat, based on the sorbent material mass, were achieved by Na,S-
H.O with Spiro-tube HEX (3.833 MJ kg') and LiCl/ expanded graphite (EG) with compact
copper coil-tray HEX (3.143 MJ kg™) [68], [77]. Due to the differences in the operating
conditions, sorbent materials, sorbent configurations, vapor supplier units, and definition
of performance indicators, one can conclude that the experimental studies available in the
literature are not conclusive about a unique heat exchanger type for the sorber bed which

provides the best storage performances.
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Figure 10. Heat exchanger types used as the sorber bed in S-TES. (a) plain fin-tube HEX
with stackable design [57], (b) compact copper coil-tray HEX [78], (c) plate HEX in a
stacking modular arrangement [76], (d) triangular louvered fin-flat tube HEX [50], (e)
spiral plate HEX [79], (f) honeycomb-tube HEX [73], (g) Spiro-tube HEX (copper-wire-fin
tubular HEX) [36], [68], (h) extruded aluminum tubes in series [74], [75].
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Table 4. Experimental studies on S-TES systems for heat storage in the literature.

* C/ O: Closed/ Open, CO/ STS/ S: C

clic operation/ Short-term storage/ Seasonal

-srtyo‘l)'zgoef Operating r?s:t Ch/ ESD
conditions | SOPeNt | Mats |o nerbed| o |transfer| e moeal | PEN SP Quen
Ref. CO time Nth Mat Bed
C type area Mads
o[STS . MJkg'
IS T |°C kg m?3 m? kg min [ Wkg™ MJ GJm GJm3
Ch: 70 FAM-Z01 Ch: Ch: 0.805
Dch: | 30 | Coated Fin-tube (12 18 - (MJkg™)
1801 [ C | SO | cona: | 30 2.8 parzl;e;lsf)our- 0016 | 167 | _75 | | Do | Dem | 225|096 | gz |0.140
. 0.25 mm thk. : 42 3
Evap: | 30 off:12 319.4 (GJm?)
Ch: | 90 | FAM-z02 Ch: Ch: 1.008
(with
Dch: | 35 Grains Flat-tube | 0.107 35 - Qcond)
58| c | co 43 | ndfins | (case) | 178 - - 3.96 | 1.5 |(MJkg')|0.432
Cond: | 15 Dch: Dch: 0.6552
1-2 mm
Evap: | 10 40 151.2 (GJm)
Ch: | 250 Ch: Ch: 1.077
. Zeolite 13X Tubes and - - B
81| c|co| Do | 70 . 10 steel 0.022 - 206 | 2.06 | 99170 1077 ] 085 | MK 6 400
Cond: | 40 Grains lamellae Dch: Dch: 0.690
Evap:| 40 | 1.4 mm - 70-350 (GJm)
Ch: | 150 Zeolite 13X Ch: Ch: 0.67 | 0.851
STS| Dch: | 40 i Fintube | 0.034 ) 90 - 1.09 [ (MJkg™)
821 C (5h)| Cond: | 40 (WE-G 592) | 13.2 HEX (vessel) 328 | 248 | pop, Dch: .23 (with | 0.638 0.330
Evap: | 40 Grains 540 1.79 Qcond)| (GJm™3)
130-
Ch: Ch: Ch: -
180 3 connected
[35], .| 25- . cylinders in ) ) ) ) _ ) )
51] O | CO | Dch: 30 Zeolite 13X | 7000 a horizontal 0.92
Cond: | - line Dch: Dch: 0.446
Evap: | - 840 | 1357 (GJm)
Ch: | 85 LiCl/ Ch: Ch: 3.1428
) expanded Compact -1
71| c | co | P | 49 [graphite (EG)| 11.57 | copper coil- | 0.0595 | 3.14 56 | 484 | 2O 36.9 | 0.94 [MIID| o611
Cond: | 18 |Consolidated tray HEX Dch: Dch: 1.603
Evap: | 18 8 mm 645 | 631.8 (GJm)
ch: | 90 Slica gel/ Plate-fin Ch: Ch: 0.950
' CaCl, HEX ’ ’ ’
_ | Dch: | 15 (40%wt) * hot plates ) ) ) 720 28.19 (MJkg™")
(67110 Cond:| - [Pelleted using 40 by electric 0.0% Dch: Dch: 380 | 078 0.766 0.396
. binders and power in 3
Evap: | - additives charging 300 52.78 (GJm?)
ch: | 80 [SrBr2'H0/6-1 1713 Ch: Ch: 1156 | =
8% expanded
natural ;
61| c| - [ Dch: | 35 | graphite | 15.6 | plate HEX | 0.979 - - - - 216 | - [MIkg™)
(ENG) [(ENG) 0.324
Cond: | - |Consolidated Dch: Dch: -
Evap: | 12 | 12 mm thk. | 186.9 -
Ch: ]300 | Zeolite NaX | 4.992 . Ch: Ch: 1.298
Dch 40 |C lidated h Fin-ube 120 MJkg™'!
ch: onsolidated | witl i )
57| c | co stack | cu | et 100109 [ - | 7.001 | 1.4 6.48 MK 507
Cond: | 40 | stackable Dch: Dch: 0.714
adsorbent foam: arrangement
Evap: | 15 2 mm thk. | 9.465 120 180.3 (GJm™®)
Ch: | 83 Na,S-H,0 Ch: Ch: 3.833
[68] Dch: | 35 | cellulose- - 240 307.9 (MJkg™)
[36] | C | CO [cond:| - Na;S 3 GS?J,E)EUbe - - - - | bch: | Dch: 11.5 1 0.865 -
[14] ] composite
Evap: - material 240 266.2 -
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2.3.2. Material-level ESD and sorber bed ESD

Figure 11 shows the comparison between the material-based ESD (ESDmat) and
the sorber bed ESD (ESDyeq) for heat and cold storage extracted from the literature. The
variety of sorbent material in Figure 11 makes a wide range of ESD (0.260-1.603 GJ m™).
Although the lower ESDyeq compared to ESDnat is inevitable, a huge difference between
these two values reveals the bulkiness and inefficiency of the storage beds. Among the
reported studies in Figure 11, the thermophysical battery for the climate control of the

electric vehicles [57] showed better performance (ESDbeds/ESDmat= 84%).

Figure 12 also shows the difference between the maximum sorbent potential ESD
(ESDmax), ESDmat and ESDsys. The ESDsys is even much lower than the ESDnat since the
whole design and compactness of the S-TES play an important role in the ESDsys. This
value has not been reported for most of the studies since their systems were not optimized
in all aspects. Therefore, there is still immense room for improvement of the sorber bed
heat exchanger design, enhancing the thermal conductivity of sorbent, selection of sorbent
configuration, and its size, to guarantee the high storage performance and particularly fast

sorption dynamic.
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Figure 11. Sorber bed ESD (ESDgeq) versus material ESD (ESDnat) for heat storage
(HS) and cold storage (CS) in the literature. Sorbent materials used for cold storage
were ¢ FAM-Z01 [54], - FAM-Z02/silica gel [72], + zeolite NaX [57], and for heat
storage were x FAM-Z01 [80], o FAM-Z02 [58], ¢ zeolite 13X [81], o zeolite 13X
[82], x LiCl/graphite [77], A silica gel/CaCl. [67], and e zeolite NaX [57].
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Figure 12. Relevant activities on the development of S-TES: comparison of maximum sorbent ESD
(ESDmat,max), material-level ESD (ESDmat), and system-based ESD (ESDsys).
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Chapter 3.
Screening sorbent material candidates

In this chapter, the storage capacity, charge/discharge power, and sorption rate of
some sorbent material candidates for residential heating application are presented. The
screening process was carried out during my internship at CanmetENERGY, Natural

Resources Canada, in Ottawa.’

3.1. Suitable sorbent material properties for TES application

To develop an efficient S-TES system, the first step is the selection of a proper
sorption working pair for each application. Suitability of a sorption working pair is assessed

based on the following criteria and properties:

I.  High material-based ESD (ESDnat), to assure high theoretical storage capacity;
high ESDmat requires high water uptake, the heat of sorption, and density of the

sorbent material.

II.  Usable temperature lift in the discharging process, over a larger range of water

content [79], which also depends on the operating conditions and application.
Ill.  Low charging (desorption) temperature;

IV.  High specific charging/discharging power, which is a function of the uptake rate
(sorption kinetics), thermal conductivity, and thermal diffusivity of the sorbent
material. A high-performance sorption working pair requires both high uptake
equilibria and kinetics [83]. An S-TES with high equilibrium uptake capacity but
slow kinetics cannot provide fast energy discharge, while a fast-discharge TES
system with small sorption capacity material leads to a low ESD since much more
sorbent is needed to deliver a certain amount of energy. To this end, an

experimental and theoretical study on the effective thermal conductivity of the S-

" The results of this chapter were presented in: (i) 5th Experts meeting of the Joint IEA Technology
Collaboration Programs on Solar Heating and Cooling (SHC) Task 58 and Energy Conservation
through Energy Storage (ECES) Annex 33 on Compact Thermal Energy Storage R&D, May 1-3
2019, and (ii) International Sustainable Energy Conference (ISEC 2018), October 3-5 2018.
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TES packed bed is presented in Chapter 4 and an experimental study on the

dynamics of a coated S-TES is presented in Chapter 5.

V.  Higher fraction of binding energy from the total heat of sorption compared to the
latent energy [40]. For seasonal application, where the sensible heat of the sorber

bed is lost, higher binding energy ensures higher ESD [79].

VI.  Cycle-ability and stability under the operating conditions; full reversibility of the
sorption/desorption process over a large number of cycles is essential for a reliable
S-TES system.

VII. Non-corrosiveness of sorbent materials; salt corrosion is an issue with the

absorption TES systems, which limits the heat exchanger material options.
VIIl.  Environmental harmlessness of the working pair.

IX. Low cost; low sorption material cost eases the market penetration of S-TES

systems.

3.2. Sorbent materials

Sorption working pairs consist of a sorbate fluid, such as water, ethanol, ammonia
and methanol, and sorbent materials which can be categorized as (i) mesoporous
silicates, (ii) classical zeolites; (iii) (silico)aluminophosphates, (iv) porous coordination
polymers (PCPs), (v) porous carbons, (vi) composite sorbents, (vii) salt hydrates, and (vii)

liquid sorbents. In this section, the relevant solid sorbents are briefly reviewed.

3.2.1. Mesoporous silicates

Silica (SiO.) is a chemically inactive non-polar material in nature, but when it has
a silanol functional group, the surface becomes polar and hydrophilic [84]. This sorbent is
widely used for water removal in a number of industries such as clothing, pharmaceutical,
electronics, computers, paper, and home appliances. A-type silica gel with pores size of
2-3 nm and internal surface areas of about 650 m?g" is suitable for ordinary drying, while
B-type silica gel with a larger pore size of about 7 nm and internal surface areas of 450

m? g is more suitable for applications with a relative humidity of higher than 50% [84].

27



The specific surface area depends on the preparation conditions, and for silica gel this
area can be between 250 to 900 m?g™ [83], as shown in Table 5.

3.2.2. Classical zeolites

Microporous zeolite consists of a negatively charged aluminosilicate host
framework which is balanced by the counterions [85]. The water uptake characteristics of
the classical zeolite can be tailored by the Si/Al ratio [86]. Lower Si/Al ratio increases the
hydrophilicity of the zeolite such as in type A zeolite [87]. Classical zeolite is more
advantageous for gas drying applications rather than sorption closed systems, due to their
high desorption temperature [85]. Figure 13 shows the thermal evolution of silica gel
versus zeolite13X in an open ATES during sorption by saturated air at the temperature of
25 °C, after desorption at 130 °C [88]. As shown in Figure 13, zeolite remains at its highest
outlet temperature until the adsorption is over, while silica gel has a descending outlet
temperature just after reaching the maximum outlet temperature. Moreover, the adsorption
rate is higher for zeolite compared to silica gel since the adsorption duration for zeolite is
half of that of the silica gel [88]. In classical zeolite, temperature lift can exceed 50-70 °C
[87].
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Figure 13. Thermal breakthrough curves for zeolite and silica gel from ref. [88].

3.2.3. (Silico)aluminophosphates

High charging temperature of zeolite sorbents made researchers develop new
classes of zeolite-like microporous sorbents, namely aluminophosphates (AIPOs) and

silico-aluminophosphates (SAPOs), which require low-grade heat sources, i.e. below 100
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°C, with comparable ESD to that of the zeolite. Silicon or metal cations introduced inside
the AIPO structure are advantageous for heat storage application due to the introduction
of structural defects, which improves surface interactions of polar water molecules, and
creation of new hydroxyl groups on the material surface [36], [89]. AIPOs are the first
generation of framework oxide molecular sieves synthesized without silica [90]. CHA-type
structure SAPOs are better candidates for storage application due to the strong

interactions between Si-centers and water molecules [91].

Among the classes of AIPOs and SAPOs, AIPO-18 and SAPO-34 are regarded as
the most attractive candidates for storage application under most favorable operating
conditions, meaning a low charging temperature and discharging at water vapor pressure
similar to the saturation water vapor pressure at ambient temperature [36]. AQSOA FAM-
Z02 (commercial SAPO-34), which was developed by Mitsubishi Plastics Incorporation
[20], shows desirable performance for adsorption heat pump (AHP) and desiccant air

conditioning system driven by heat sources below 90 °C [71], [92], [93].

3.2.4. Porous coordination polymers (PCPs)

PCPs are a new family of super-molecular sorbents, which are also called metal-
organic frameworks (MOFs). Unlike zeolites, MOFs are not purely inorganic, but inorganic-
organic materials based on metal ions or metal ion clusters, which are linked by organic
ligands forming a 3-dimensional coordinated network [41], [85], [94], [95]. High surface
area, crystalline open structures, tunable pore size, and functionality are the properties,

which make MOFs attractive sorbent candidates [85].

Gordeeva et al. [96] introduced a promising MOF for storage application, NH2-MIL-
125, which is a framework with a basic unit of TigOgs(OH)s-(02CCsH5-CO2-NH2)s and a
bipyramid structure with six cyclic octamers TigO20(OH)4 at the corner connected by eight
NH2-BDC linkers. They reported the theoretical ESD of 1.1 MJ kg™ at low charging
temperature of 75-80 °C [96]. However, due to the low density of NH,-MIL-125 (300-450
kg m23[17], [97], [98]), the theoretical volumetric ESD was 0.330-0.495 GJ m™ for heat
storage. Low temperature lift was reported as one of the key drawbacks of MOFs, as a

result of a relatively weak affinity to water [61].
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3.2.5. Porous carbons

Activated carbon (AC) is a microporous carbonaceous sorbent with high porosity
and small, low-volume pores, which increases the surface area [14]. It is produced when
a char is gasified by oxidizing agents or a carbonaceous material is impregnated with a
dehydrating agent and then subjected to carbonization. Carbons can be used with most
refrigerants, except for water. ACs have been highly utilized for solar ice making purposes
with methanol [99]. The evaporation latent heat of methanol is about half that of water,
meaning low ESD of cold storage, although it offers the possibility of subzero evaporation
temperature. Activated carbon fiber (ACF) is a fiber form of activated carbons with a small

diameter of the microporous fibers that allows rapid sorption process [85].

3.2.6. Composite sorbents

Composites, salt in porous matrix (CSPM), are among promising sorbents. The
active sorbent is the confined salt, while the matrix acts as a media that disperses the salt
and provides efficient heat and mass transfer in the CSPM [85]. The composite of Silica
gel and CaCl, was introduced for the heat storage application for the first time and the
ESD of up to 2 MJ kg™ was reported [100].

Low charging temperature, large storage capacity, and the possibility of
modification of sorption properties based on the specific storage application by variation
of the salt and matrix nature are the main benefits of CSPMs [17]. On the other hand, a
relatively low temperature lift is the disadvantage of CSPMs, which can be improved by
applying salts with higher affinity to water at the cost of an increase in the charging

temperature [17].

3.2.7. Salt hydrates

Among thermochemical sorbents, hygroscopic salt hydrates offer high theoretical
ESD, low desorption temperature, and suitable discharge temperature for space heating
and domestic hot water [101]. The general reversible reaction of a salt hydrate is shown
in Eq. (5). One of the issues that may happen in the salt hydrate storage systems is
deliquescence, which results in the saturated salt solution rather than a salt hydrate, as

shown in Eq. (6). Deliquescence happens when RH is higher than a certain limit,
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deliquescence RH (DRH), which depends on the salt properties and temperature [41].
Forming of liquid film on the surface of salt crystal prevents the hydration reaction and
causes corrosion issues due to the dripping of solution to the metal components [41]. LiCl
and LiBr are not the proper salt hydrates for storage applications due to their low DRH
(11.3% for LiCl and 6.2% for LiBr) at 30 °C, meaning that the solid salt hydrate could easily

be changed to solution in most situations [41].

Salt(s) + H,0(g) < Salt hydrate(s) + heat for RH < DRH (5)
Salt(s) + H,0(g) < Salt hydrate(l) + heat for RH > DRH (6)
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Table 5. Thermo-physical properties of selected sorbent materials.

Me_spporous Class_lcal SAPO AIPO MOFs Composite Activated
silicates zeolite carbon
. Zeolite NH2-MIL- ACM-
RD silica gel 13X SAPO-34 AIPO-18 125 SWS-1L 345
Chemical Si02(99.7%) Na20  Aloss Sio.o2 Alo.2s Po.2s O2 Silica gel
formula and Fe203(0.008%) AlOs  Poaz O2 [105] KSK+ 33.7
composition .
Al203(0.025%)  3SiO2 [104] wt.% CaClz
Ca0(0.01%)  6H20 [41]
Na20(0.05%)  [103]
[102]
Particle gcm?®  1.158[102]  0.730 0.6-0.7 [20] 0.3[17], 0.817[108]
density (o) 0.72 [106] [107] [97] 1[23]
0.45 [98]
Porosity - 0.5-0.65 [83] 0.395
Pore volume cm3 g’ 0.4 [102] 0.27[109] 0.53[89] 0.57[110] 0.6[23] 0.69[111]
0.44 [106]
Specific m2g!  720[102] 590 [104] 1310 [110] 230[23] 1200 [111]
surface area 780 [106]
Pore size nm 0.8-7.5[102] 0.38 [112] 0.38[105] 7.5[41] 23[111]
2.24[106] 15 [23]
Specific Jkg'K1 921 [102] 1080 0.822-0.942 800-900
heat [107] [20] [23]
capacity
Optimal °C 90 100-110
desorption
temperature

Table 6 provides a comparison between the maximum uptake and ESD of some
common sorbent materials of the above-mentioned sorbent categories from ref. [17].
Aristov [113] highlighted the importance of finding the optimal sorbent for any sorption
heat transformation systems, and categorized the selection process into:

i.  screening of the known sorbent candidates, and

ii. tailoring of novel sorbents suitable for the targeted application.
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Table 6. specifications of different adsorbent with water as the adsorbate for heat storage application (from
ref. [17])

Adsorbent group Adsorbent Wmax Ahsorp ESDmat
kg kgads' MJ kgrzo" MJ kgads! GJ m-3
Mesoporous silicates Silica gel Fuji RD 0.4 2.40 0.96 0.77
Classical zeolite Zeolite 13X 0.34 3.8 1.29 0.83
Zeolite 4A 0.22 3.05 0.67 0.49
CSPM SWS-1 L (CaClz/silica gel) 0.65 2.65 1.72 1.55
SWS-9 V (LiNOs/Vermiculite) 1.80 2.30 4.15 1.16
SWS-1 V (CaClz/Vermiculite) 1.80 2.35 4.2 1.25
SIM-3b (MgSOa4/Vermiculite) 1.94 - 0.41 0.14
(MgSO4 + MgClz)/Attapulgite - - 1.59 -
SAPO AQSOA-Z02 0.33 3.25 1.07 0.55
AIPO AIPO-Tric 0.31 3.17 0.98 -
MOF MIL-101 1.40 1.83 2.57 -
MIL-125NH: 0.47 2.85 1.33 0.39
MOF-841 0.48 3.05 1.47 -

3.3. Screening of sorbent candidates for the low-
temperature S-TES

Among the above-mentioned sorbent categories, the following sorbents are

selected for further investigations for the residential heating application:

1. AQSOA FAM-Z02
2. Silica gel + CaCl;
3. Vermiculite + CaCl;
4. NayS-H.0O

This screening process was conducted at CanMET Energy, Natural Resources
Canada, in Ottawa during an internship. Characterization of sorbent materials has been
mainly performed by simultaneous thermo-gravimetric analysis (TGA) and differential
scanning calorimetry (DSC), TGA/DSC [24], [44], [114]. A simultaneous thermal analyzer
(STA 449 F3 Jupiter, NETZSCH) device was used to examine the thermophysical

properties of the sorbent materials at CanMET Energy.
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3.3.1. Sample preparation

Among the sorbent candidates, FAM-Z02, vermiculte+CaCl;, and Na,S-H,O were
commercial sorbents and silica gel+CaCl, was developed in our lab [115]. Concentrated
CaCl, salt solutions were dried in an oven (Fisher Scientific). Chromatography-grade
commercial silica gels (Silicycle Inc., Quebec, Canada) with four distinct pore size
distributions and 0.2—0.5 mm irregular-shaped grains were wetted with ethanol, and then
an aqueous CaCl, solution was added to the silica. The mixtures were dried for 24 h in a
fume hood. The damp material was baked at 200 °C until judged dry by consistent
successive weight measurements [115]. The original states of the sorbent candidates are
shown in Figure 14. Afterwards, the sorbents were crushed to form powdery samples,
before the measurements. Alumina (Al203) crucible was used to hold 10 mg of the

powdery sorbent materials.

(d)

Figure 14. Sorbent samples: (a) AQSOA FAM-Z02, (b) silica gel+CaCl,, (b)
vermiculite+CaClz, and (d) Na;S-H:0.

3.3.2. Experimental test procedure

The measurements were performed in dry nitrogen at desorption temperature of
80 °C, sorption temperature of 25 °C, and water vapour pressure of 12 mbar (i.e.,
equivalent to 10°C) for three cycles. The heating rate during the desorption was set to 1
K min™', while the coolingr rate, after the desorption and before the sorption, was set to 5

K min™'. Figure 15a shows the temperature and water vapour pressure for each cycle in
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the following steps: (i) 0-30 min, at 25 °C (only for the first cycle), (ii) 30-85 min, from 25
°C to 80 °C with 1 K min™" heating rate, (iii) 85-115 min, at 80 °C, (iv) 115-126 min, from
80 °C to 25 °C with 5 K min™' cooling rate, (v) 126-141 min, at 25 °C, (vi) 141-381 min, at
25 °C and relative humidity (RH) 38% (P.,=12 mbar), and (vii) 381-386 min, at 25 °C and
RH 0%. The low heating rate of 1 Kmin™ was selected for all sorbents because the high
heating rate may lead to the melting of the salt and irreversibility of the process for Na,S-
H,O [24]. This heating rate is low for other materials, such as FAM-Z02, which do not show
any stability issues at higher heating rates. For instance, in the experiment conducted on
FAM-Z02 in Chapter 5, the initial (first 2 min) heating rate was 13 K min-!, and afterwards,

the heating rate became 2 K min™".

Figure 15b shows the mass change percentage and specific heat flow of one layer
of 2-mm FAM-Z02 particles during sorption. The repeatable trend was achieved, and the
third cycle is studied for the performance assessment. The water uptake was 0.19 kg kgads™

" and the sorption heat was 3001 kJ kgnzo™" for one layer of FAM-Z02.
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Figure 15. (a) Operating conditions including temperature and vapor pressure during the
desorption and sorption for each cycle, similar to the experimental procedure in ref. [24]

and (b) mass change percentage and specific heat flow during the three cycles for 40.60
mg AQSOA FAM-Z02 2 mm particles in one layer.

3.3.3. Sorption rate of sorbent candidates

To study the sorption rate of sorbent candidates, the dimensionless water uptakes
are compared, as shown in Figure 16a. For the above-mentioned operating conditions,
FAM-Z02 show the fastest sorption rate and Na;S-H,O has the second fastest rate. The

characteristic time (z5,rp) is obtained from Eq. (7), where w, w,, and w,, are the water

uptake, initial water uptake, and maximum water uptake.
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(@ = W)/ (We, — wo) = 1 — exp(—t/Tsorp) (7)

As shown in Figure 16b, 74, is the lowest (1411 s) for FAM-Z02, and follows by
1897 s for NaS-H:0, 4386 s for vermiculite+CaCl,, and 5173 s for silica gel+CaCls.
Discharge rate, 1/7sorp, is 7x10* s for FAM-Z02. Figure 16c shows the initial sorption

rate of the sorbent candidates, which is based on the slope of the linear dimensionless
uptake in the first 15 min. FAM-Z02 has the highest initial sorption rate of 3.95x10* s™.
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Figure 16. Sorption characteristics: (a) dimensionless water uptake (w/w-), (b) sorption
characteristic time (t5orp), Obtained from Eq. (7), (0 —wg)/(we —wo) =1—

exp(— t/rsorp), and (c) initial sorption rate (k;y;;) for the first 15 min of sorption, obtained

from equation kj,i; = d((w — wg)/(we — wg))/dt, for the sorbent candidates of FAM-
Z02, silica gel+CaCl, (SG+CaCl), vermiculite+CaCl, (V+CaCl.), and Na;S-H0.

3.3.4. Charging and discharging power of sorbent candidates

Instantaneous specific power (SPinst) during each cycle is shown in Figure 17.
Similar to the sorption rate, maximum discharge SPinst is the highest for Na,S-H>O (1.061
kW Kgary.ads 1), as listed in Table 7. FAM-Z02 has the second highest maximum discharge
SPinst of 0.431 kKW kgaryaas ™. Likewise, the maximum charge SPins: is the highest for Na,S-
HO (1.876 kW kgary.ads'). Composite of vermiculite+CaCl, has the second highest
maximum charge SPinst of 0.541 kW kgary ass'. The reason that this value is smaller for
FAM-Z02 is due to the low heating rate of 1 K min' and the maximum charging
temperature of 80 °C, which is not the optimum condition for FAM-Z02 [20]. Moreover, the

maximum charge SPinst Occurs at different temperatures for the sorbent candidates (i.e.
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58 °C for FAM-Z02, 48-49 °C for vermiculite+CaCl, and silicagel+CaCl,, and 80 °C for
Nazs-Hzo).
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Figure 17. Instantaneous specific power versus temperature for
FAM-Z02, silica gel+CaClz, vermiculite+CaCl,, and Na;S-H-0.

Table 7. Maximum instantaneous specific power of charging and discharging of the
sorbent candidates.

. SPch,inst,max SPdch,inst,max
Sorbent material (KW Kary acs™)
FAM-Z02 0.479 0.431
SG+CaCl; 0.535 0.297
V+CacCl; 0.541 0.383
Na;S-H.0 1.876 1.061

3.3.5. Sorption capacity and ESD of sorbent candidates

The sorption capacity is a function of the maximum water uptake (shown in Figure
18) and sorption heat. The maximum water uptakes based on the dry mass of the sorbents
are 1.07 kg kQary aas' for Na,S-H,O and 0.58 kg kgary ass ' for vermiculite+CaCl.. The lowest
water uptake is 0.31 kg kQary ad¢s™' for FAM-Z02.
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Figure 18. Water uptake of sorbent candidates based on the dry
mass through the time.

The ESD of the sorbent candidates per sorbent mass is shown in Figure 19. ESDmat
based on the initial mass of the sorbent (i.e. 10 mg for all sorbents regardless of the initial
hydration level) is shown in Figure 19a and Figure 19b, which is directly extracted from
the software (Proteus) of STA device. However, ESD is commonly reported based on the
dry mass of the sorbent, as shown in Figure 19¢c and Figure 19d. The difference between
the ESD based on the initial mass and based on the dry mass was significant for Na,S-
H20 since it was highly hydrated (Nona hydrate NazS) in its initial state. Considering Figure
19c, the highest ESD of 3.44 MJkgaryads ' Was obtained for Na.S-H,O, although ESD based

on the initial mass was the highest for vermiculite+CaCl; (1.38 MJKQinit mass™).

Considering the volumetric ESD as shown in Figure 19d, the highest ESD of 4.91
GJm= is for Na,S-H,O and ESD of silica gel+CaCl, and vermiculite+CaCl, are 1.56 and
0.76 GJm3, respectively. The low density of vermiculite+CaCl. leads to a lower volumetric
ESD (half of ESD of silica gel+CaCl;), despite its ESD per sorbent mass is close to that of
the silica gel+CaCl. (see Figure 19c). The lowest ESD of 0.63 GJm? is for the SAPO
family (FAM-Z02), due to its lower sorption capacity compared to the salt-composites and

salt-hydrates materials.
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Figure 19. (a) ESD based on initial mass of sorbent material (ESDmat,nit mass), (b) ESD
based on initial volume of the sorbent material (ESDmat,init vai), (C) ESD based on dry
mass of the sorbent material (ESDmatary mass), and (d) ESD based on volume of the
dry sorbent material (ESDmat,ary mass voi) for desorption temperature of 80 °C, sorption
temperature of 25 °C, and sorption vapour pressure of 12 mbar.

Densities of 650 kg m [20] for FAM-Z02, 965 kg m[116] for silica gel+CaCl,, 491
kg m™ [116] for vermiculite+CaCl,, and 1430 kg m™ [117] for Na.S-H,O are
considered.

étb

3.3.6. Sorbent configuration and sorption rate

Aside from the material compositions, the material configuration is of great
importance. To study the effect of sorbent configuration on the sorption rate, three
configurations of FAM-Z02 were investigated: (i) fine powder, (ii) one layer of 2 mm
diameter particles, and (iii) two layers of 2 mm diameter particles, as shown in Figure 20.

As shown in Figure 21a, the water uptake of fine powder FAM-Z02 was significantly higher
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than that of the layers of FAM-Z02 particles, due to the lower thermal contact resistance
in the fine powder configuration. Figure 21b shows the initial linear uptake rate (ki) of the
three configurations. kinit is 2.6 times faster for the powder FAM-Z02 compared to the one-
layer arrangement of FAM-Z02 particles. Better heat transfer contact area was provided
by the fine powder sorbents, however, in the large-scale storage systems, the mass
transfer of the water vapor would be decreased due to the dense packing of fine powder.
In Chapter 5 and Chapter 6, the effects of different sorbent configurations on the storage

performance in the full-scale experimental testbed are presented in detail.

(a) (b)

Figure 20. FAM-Z02 samples with different configurations: (a) fine powder, (b)
one layer of 2 mm particles, and (c) two layers of 2 mm particles.
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Figure 21. (a) water uptake versus time and (b) initial sorption rate of powder, 1 layer,
and 2 layers of 2 mm diameter FAM-Z02 particles.

3.4. Summary of results of the screening process

Four sorbent materials were selected for further investigation for the storage
application in residential application: (i) FAM-Z202 (SAPO), (ii) silica gel+CaCl2 (composite
sorbent), (iii) vermiculite+CaCl. (composite sorbent), and (iv) Na>S-H2O (salt hydrate).
Among these sorbent candidates, FAM-Z02 was selected for more characterization and
storage performance assessment in full-scale (Chapter 4, Chapter 5, Chapter 6) since it

showed the fastest discharging rate (7x10* s™).

Although Na>S-H»O provided the highest SP and ESD, there was evidence of
outgassing of H>S, which made it unsafe for the residential environment. Among the rest
of sorbent candidates, highest discharge SP (0.431 kW kg™') was for FAM-Z02 and highest
charge SP (0.541 kW kg™) was for vermiculite+CaCl,. Silica gel+CaCl, showed ESD of
1.6 MJ kg'. Due to the low volumetric ESD of vermiculite+CaCl,, the best candidate that
provides high volumetric ESD is silica gel+CaCl,, which will be presented in a full-scale S-
TES experimental study in Chapter 7. Moreover, CaCl; confined in silica gel is one of the
salt hydrates that can recover their original structure in case of possible structure
destruction due to melting, therefore the heating rate is not a limiting factor for this sorbent
[24].
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Chapter 4.
Effective thermal conductivity of S-TES sorber beds

Low thermal conductivity of adsorbent materials, 0.1-0.8 W m™' K" [37], along with the high
thermal contact resistance (TCR) between the sorbent particles and sorber bed metal
surfaces suppress the overall performance of S-TES systems through slow charging and
discharging periods. A monolayer configuration of sorption bed ensures less heat transfer
resistance and higher water uptake rate, although multi-layers are more desirable for
storage applications, due to the higher HEX-to-sorbent mass ratio and lower COP of the
monolayer configuration [37]. These two competing trends indicate a need for further
investigation to establish optimum configurations (optimum number of layers of
adsorbents and packed bed arrangements). To this end, measurement and modeling of
the heat transfer performance of a multilayer packed bed sorber, including effective
thermal conductivity (ETC) of sorber beds as well as its TCR, are presented in this

chapter.?

4.1. Theoretical model for effective thermal conductivity of
loose grain sorber beds

There are three types of models for ETC of packed beds: i) analytical or numerical
solutions to the Laplace’s equation, ii) thermal resistance network concept, and iii) unit cell
approach [118]. The first type of ETC models is either based on limiting assumptions, such
as the assumption of no thermal influence between individual particles in a Maxwell
analytical solution or based on the numerical models with high computational cost and
time [118].

Using a thermal resistance network, Griesinger et al. [119] studied the ETC of
zeolite powder at atmospheric pressure, introducing three main parallel heat transfer
paths: pure solid, pure fluid, and mixed solid-fluid paths. They defined tuning parameters

by fitting the theoretical curve to the measured values [119]. Similarly, Dawoud et al. [120]

2 The results of this chapter were published in Refs. [2], [4], [5], and presented in: (i) IVth
International Symposium on Innovative Materials for Processes in Energy Systems (IMPRES 2016)
[1], and (ii) International Sorption Heat Pump Conference (ISHPC 2017) [3].
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developed a model to calculate the ETC of wetted zeolite 4A, assuming an isotropic
distribution of adsorbed water inside the zeolite crystal. They introduced a tortuosity factor
for conductive heat transfer and their model took into account the Knudsen conductivity of
the vapor phase through the curve fittings to their experimental data [120]. Nevertheless,
thermal conductivity models of small amount of sorbent sample, i.e. a sorbent particle or
powder, may not be a proper representative of a large-scale packed bed sorber, since
they do not take into account all the thermal resistances inside the packed bed, including

the thermal resistance between the sorbent particles as well as TCR.

The third type of ETC models is based on calculating the thermal conductivity of a
unit cell (as a representative of the repeating units in a packed bed), using thermal
resistance network or basic models such as Maxwell. Luikov et al. [121] defined a thermal
resistance circuit for an elementary cell, arranged with a solid skeleton and the
surrounding gas. The boundary unit cell and uptake were not considered in their study
[121]. In addition to their model, Sarwar and Majumdar [122] took into account the effects
of the water content on thermal conductivity of the adsorption desiccant packed beds.
Interstitial gas pressure and the contact pressure were not considered as variables in this
model [122].

Although the importance of TCR has been raised in the literature [123]-[125], little
has been shown regarding the modeling of TCR inside the sorber bed. To consider TCR
in the ETC calculation, the measured TCR from the available experimental data was fed
into some models in the literature [126], [127]. Rezk et al. [127] presented a lumped
analytical model for thermal conductivity of a silica gel packed bed and they applied a
correlation fitted to the measured TCR, in ref. [128], to their model. To this end, it is
beneficial to develop a comprehensive ETC model, which includes TCR calculation, as a
function of temperature, gas pressure, bed arrangement, contact pressure, and surface

specifications.

4.1.1. Model description and assumptions

A unit cell approach is adopted by considering a unit-cell as the representative of
a uniformly-arranged simple cubic (SC) packed bed, as schematically shown in Figure
22a. Bahrami et al. [129] developed compact analytical models to predict the

constriction/spreading and interstitial gas resistances in packed beds of high conductive
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particles, i.e. particle thermal resistance was much less than the gas resistance. In the
present model, their analytical solutions are followed, as a platform for dry sorber bed,
while particle thermal resistance is also considered, and afterwards, extended for the
thermal conductivity of wet sorber beds, considering the sorbent particle water uptake and
air relative humidity. Thermal conductivities of wet sorbent particles have been modeled
through the effective-medium approximation, using Bruggeman’'s method for multi-

component systems. The following highlights the main assumptions of the present model:

" |tis assumed that the steady-state condition was reached for both temperature
and uptake. Therefore, the uptake of the sorbent particles corresponds to the
equilibrium uptake at the steady-state temperature and relative humidity (or

pressure ratio, P/P,, for the closed sorption system) in the bed.
® The distribution of the adsorbed water in the sorbent particle is homogeneous.

" The packed bed arrangement, regardless of the porosity of the bed, is

homogeneous with uniform-sized particles.

® Natural convection in the small voids between the sorbents can be neglected
[130], moreover, in the model and experimental data, the heat flow is downward

to eliminate the natural convection [131], [132].
® Radiation is negligible in the packed beds at low temperatures [133].

®  Heat conduction in the unit cell is one-dimensional.

Thus, heat transfer occurs via conduction through solid sorbent and conduction
through the interstitial gas. As shown in Figure 22, these conductive heat transfer

mechanisms take place in multi-scales: i) macroscale, including macro-contact (chmacm)

and macro-gap (QG,macro) paths; and ii) microscale, including micro-contact (chmicro) and

m icro-gap (Qg,micro) paths.

A wet sorbent particle is an inhomogeneous medium of three components: (i) solid
particle (sorbent skeleton), (ii) adsorbed water on the surface of sorbent pores, and (iii)
interstitial gas, which is the air in the open sorption system and water vapor in the closed
sorption system. Among various models of effective-medium approximation, Bruggeman'’s
method for the multi-component medium is selected, since it is readily applicable to

arbitrary volume fractions [134]. Therefore, the thermal conductivity of a wet sorbent
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particle, kj e, Can be calculated by Eq. (8), where g, is the volume fraction of each
component (solid particle, adsorbed water, and gas), ¢ is the porosity of the sorbent

particle, and p_is the pore-less density of the sorbent material.

3
pwet
=0, wh dh=1
Z'B‘k T 2kt where L.:lﬁ‘

Bs=1—c¢ (8)
Bu=w i (1-¢)
ﬁg—s—w&(l—s)
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Figure 22. (a) Packed bed sorber of adsorbents with a diameter of d,, for simple cubic
(SC) arrangement [129], and (b) heat conduction in the packed bed, shown in macro-scale
and micro-scale, and a unit cell of a wet SC-arranged sorber bed with the equivalent
electrical circuit.

(b)

One-dimensional heat conduction in the unit cell leads to the isothermal top and
bottom surfaces, while the lateral walls are adiabatic due to symmetry (see Figure 22a)
[129]. As shown in Figure 22b, the thermal resistance of the unit cell consists of (1) bulk
thermal resistance of particles, R, (2) macro-contact constriction/spreading resistance,
R macro» (3) micro-contact constriction/spreading resistance, R  micro, (4) resistance of the

interstitial gas in the micro-gap, Rg micro, and (5) resistance of interstitial gas in the macro-
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gap, Rgmacro- 1he equations used in this model are presented in Appendix A, and more

details are found in ref. [129]. Using the proposed unit cell thermal resistance network,

shown in Figure 22b, the total thermal resistance of the unit cell is as follows,

-1
1 1

-1 + R,+R
(1/Rc,micro + 1/Rg,micro) + RC,macro p Gmacro

Reen = 9)
The unit cell ETC can be found by kegg cent = Leen/ (ReenAcen), Which is also the ETC
of the packed bed (kefrpeq), cOnsidering a homogenous medium. Thermal resistances of
the unit cells along the bed’s length (i.e. in the heat transfer direction) are in series, while
they are parallel to each other in the direction perpendicular to the heat transfer path.
Thus, the thermal resistance of the sorber medium is Rpeq = [Lvea/(Kefped Acen)]/m,
where L4 is the bed length in the heat transfer direction and m is the number of unit cells

in each layer of the sorber bed.

The TCRs in the unit cells adjacent to the two metal surfaces of HEX medium are
also in series with the medium resistance (Rypeq)- Thus, the total bed resistance is Ry, =
Rpeq + TCR. To this end, the total thermal conductivity of a dry packed bed can be found

from:

Lyeq
A (Ryeq + TCR) (10)

kior =

where A = A, X m is the total area of the metal surface. Similarly, all the thermal
resistances in the sorbent particle and the gas are calculated for the face center cubic
(FCC) arrangement, using related equations in ref. [129] and the parameters in Table 8,

for FCC arrangement.
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Table 8. Specifications of SC and FCC arrangements of a packed bed

Packing Solid Bed length, Lycq Cell area, Cell Boundary

arrangement fraction, Acenl length, cell length,
Yhed Leen Ly cen

SC 0.524 n x d, dj d, dy/2

FCC 0740  ((n—1V2/2+1)xd, dy/2  2d,/2 dy/2

Therefore, by assuming a linear relationship using the ETC values of SC and FCC
arrangements, ETC of the randomly packed bed can be estimated based on its solid

fraction, as follows,

Wbed — ¥sc _ kpea — ksc
Yecc — Wsc krec — ksc

(11)

where Ygc, Yrce and P4 are the solid fractions of the SC, FCC and any randomly packed
bed arrangements, respectively. Solid fraction of a randomly packed bed sorber can be
found from the literature or can be chosen such that k.4 approaches the experimental

data collected for thermal conductivity of that randomly packed bed.

The above-mentioned ETC model is coded into MATLAB in four sections: i) water
uptake calculation from the equilibrium isotherms, reported by Goldsworthy [135], ii)
adsorbent particle thermal resistance model, iii) packed bed cell resistance and iv) packed
bed boundary cell resistance models. The ETC model is then compared with the

measured values.

4.1.2. Model parameters

The input parameters of this model are either measured or extracted from the
available values in the literature. Some thermophysical properties of the sorbent material
(FAM-Z02), which were reported in the literature are listed in Appendix B. Thermal
accommodation (ar ) and Young’s modulus (E},), as shown in equations in Appendix A,
are required for the ETC calculations. In this model, a clean surface is assumed for the
sorbent particle, therefore, the correlation for thermal accommodation of clean surfaces,

developed by Song and Yovanovich [136], is applied (see Eq. (75) in Appendix A).

A thermomechanical analyzer (TMA Q400EM from TA Instruments), shown in
Figure 23a, with a precision of + 0.1% is used to measure Young’s modulus of the sorbent

particle. As shown in Figure 23a, a 2-mm diameter FAM-Z02 particle was compressed
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with linear ramp force up to 1 N in a dry nitrogen environment at room temperature,
between the quartz glass sample stage and macro-expansion probe with a 6.07 mm
diameter contact area. The value of 0.5736 GPa™' is obtained for (1 — vlf)/Ep (see Eq.

(69) in Appendix A), where v, is particles Poisson’s ratio. Assuming a value of 0.3 for

Poisson ratio, Ep of FAM-Z02 is 1.59 GPa.

2
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Figure 23. (a) Thermomechanical analyzer (TMA Q400EM from TA Instruments) with
an AQSOA FAM-Z02 particle, placed between quartz glass sample stage and macro-
expansion probe and (b) the force applied on the sorbent particle versus half-
displacement of the sorbent particle.

The solid fraction (y) of SC and FCC arrangements are 0.524 and 0.740,
respectively, and ¥ of a randomly packed bed falls between that of these two limits, lower
bound (SC) and upper bound (FCC) [137], [138]. The solid fraction of a randomly packed
bed depends on the method of shaking, pouring and tapping, and usually, vary between
0.57 and 0.65 [139]. However, a decrease in sphericity of the particles increases the solid
fraction of randomly packed bed, e.g., solid fractions of 0.707 and 0.731 were reported for

the exaggerated limits of oblate ellipsoids and spherocylinders [140].

4.2. Experimental study on the effective thermal
conductivity and TCR of a FAM-Z02 packed bed sorber

Thermal conductivity measurement methods, used for various adsorbent materials

in the literature, are listed in Table 9. Bjurstrédm et al. [141] measured thermal conductivity
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of wet silica gel particles by transient hot strips (THS) method and ETC of a dry packed
bed of silica gel through a steady-state measurement, using a custom-built annular
testbed. Tanashev and Aristov [142] measured the thermal conductivity of a composite of
KSK silica gel and CaCl2 by the transient hot wire (THW) method at 290-330 K and
atmospheric pressure. They showed that the thermal conductivity of the composite
increased from 0.112 to 0.216 W m™' K-' when water uptake was raised from 0.01 to 0.58
kg kgass'. Tanashev et al. [143] later showed that their reported thermal conductivity of
the composites of silica gel and salts, under atmospheric pressure, could be used in the
closed adsorption systems as well, since their results showed that thermal conductivity

was a stronger function of uptake rather than vapor pressure and temperature.

Due to the adsorption heat released by adsorbents, the measured temperature
difference in the unsteady thermal conductivity measurement is smaller than that of the
test with no adsorption heat, which results in higher thermal conductivity [144]. To
eliminate the above-mentioned error in the thermal conductivity measurement of
adsorbent materials, steady-state measurements have been found more practical [144].
Sharafian et al. [125] conducted a steady-state measurement with a custom-built guarded-
hot plate device to measure the thermal conductivity of consolidated silica gel-PVP

samples with a volume of 25.4x25.4x6.6 mm?.
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Table 9. Thermal conductivity measurement techniques used for adsorbent materials in the literature.

Thermal

Measurement Adsorbent Uptake Temperature ..
Ref. method Standard Adsorbent configuration (kgkg) (K) cond_::c_t:wty TCR/Rest
(WmK-1)
[141] Transient hot 1S022007-2Silica gel Packedbed 0 295 0.147 -
strip (adsorbent
/ Transient packed in a
Plane Source cell (40 x 60 0.329 295 0.265 B
(TPS) x10 mm)
[145] Silica gel + composite 0.18 308 0.41 -
CaClz2 + 20
wt%
graphite
flakes
[142] Transient Hot ASTM Silicagel composite 0.01 293 0.112+0.007 -
wire (THW) C1113 KSK+ 20
wt% CaCls 0.58 293 0.216+0.012 -
[146] Silica gel + composite 0.053 363 0.12 -
36.6 wt%
CaCl, + 0.286 363 0.227 -
binder
Al(OH)3
[20] FAM-z02 - - 303 0.117 -
- 363 0.128 -
[112] Laser flash ASTM FAM-Z01 Coated - 293 0.376 -
E1461-13 (0.3 mm)
[147] Guarded-hot BS-874 Monolithic monolithic with - 293 0.45 -
plate carbon coarse
(sample powders - 3903 0.4 -
LM127)
[125] ASTM Silica gel + composite - 310 0.282 0.26
E1530 PVP with a
substrate

Heat and mass transfer properties of a sorber bed are strongly dependent on the

size of the sorber bed [37]. Water uptake rate and thermal conductivity measurements of

a small amount of sorbent material, less than 0.1 kg, can only show an ideal design and,

instead, a large-scale measurement is essential to realistically study the heat and mass

transfer in a packed bed sorber. Table 10 shows the difference between the thermal

conductivity of solid grain and packed bed of adsorbent materials, reported in the ref. [37].

Hence, in this work, a steady-state heat flow meter with a test chamber volume of

305x305x100 mm?® was selected to measure the thermal conductivity of a large-scale

packed bed.
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Table 10. Comparison between the thermal conductivity of a solid grain adsorbent and a
packed bed sorber reported in ref. [37].

Sorbent material Adsorbent configuration _Thermal conductivity (Wm'K")

Zeolite Solid grain 0.18-0.4
Granular bed (H20) 0.03-0.15

Silica gel Solid grain 0.37-0.8
Granular bed 0.05-0.2
Granular bed (H20) 0.04-0.26

Activated carbon Solid grain 0.54
Granular bed 0.3-0.5

Granular bed (methanol) 0.14-0.17

There are few studies on the measurement of TCR in the sorber beds [125], [128].
Based on the test procedure for flat surfaces developed by Antonetti and Yovanovich
[148], Wang et al. [128] measured the TCR between the heat exchanger surface and the
zeolite granule adsorbent with diameters of 0.297, 0.149 and 0.074 mm by heat flux ratio-
measuring instrument, under vacuum conditions, which was later used in an empirical
lumped analytical model for thermal conductivity of a silica gel packed bed, developed by
Rezk et al. [127]. Sharafian et al. [125] experimentally showed that the ratio of TCR to the
total thermal resistance can be as high as 26% at 37 °C and atmospheric pressure for a

consolidated block of silica gel-PVP on a metallic substrate.

Although coated and loose grain FAM-Z02 were utilized in adsorption systems and
showed promising performance [45], [71], [72], [149]-[151], little information is available
concerning thermal properties of FAM-Z02, which are listed in Table 11. Okamoto et al.
[112] used a transient hot wire (THW) device to measure the thermal conductivity of FAM-
Z02. They reported thermal conductivity of 0.117 and 0.128 Wm™'K-! at 303 and 363 K,
respectively. ETC of coated FAM-Z02 with clay as the binder was studied by Frazzica et
al. [152]. They showed that ETC of the coated FAM-Z02, under vacuum pressure, dropped
by increasing the coating thickness [152]. Moreover, effects of the number of layers of
sorber bed on the kinetics of FAM-Z02 loose grain bed were studied by Girnik and Aristov
[149], using large temperature jump method, but the effects of the number of layers of
sorbent in sorber bed on the thermal conductivity have not been investigated in the

literature.
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Table 11. Properties of SAPO-34 CHA and FAM-Z02 (commercial SAPO-34 CHA)

Ref. Sorbent Sorbent Specific heat Bulk Thermal Thermal
configuration capacity density conductivity diffusivity
(Jkg'K") (kgm3) (Wm'K") (m2s)
[112] FAM-Z02 Powder 822 (303K) 600-700 0.117 (303K) 2.19E-7
942 (363K) 0.128 (343K) 2.09E-7
[152] FAM-Z02 + 18.5  0.4-mm coated 900 - 0.4413 -
wt.% Bentonite 0.6-mm coated 0.2823

clay + 1.5 wt.%
micro carbon fiber
[153] SAPO-34 CHA +Al Composite 900 1510 9+1 6.62E-6

4.2.1. Testbed for thermal conductivity measurement of FAM-Z02
packed bed adsorbers

A heat flow meter apparatus (HFM 436/3/1E Lambda, NETZSCH Instruments) is
used for steady-state thermal conductivity measurements of packed beds of the sorbent.
The HFM can measure samples with thermal conductivities of 0.002 to 2.0 W m*'K™', with
an accuracy of +1-3%. The HFM, shown in Figure 24a, can apply a variable external load
on the sample (see Figure 24b), to control the contact pressure and ensure uniform
contact between the upper and lower plates and the sample, throughout the plate surface.
Heat-flow transducers (flux gauges) are installed in the center of the test chamber and far
from the frame. Measurements were carried out at mean temperatures from 10 to 80 °C

and 20 °C temperature difference between the hot (upper) and cold (lower) plates.

Packed beds of 2 mm diameter FAM-Z02 spherical particles were prepared with
1, 2, 4 and 6 layers. Similar to a real finned sorber bed, the sorbent particles were
randomly packed and as shown in Figure 24c and Figure 24d, sorbent layers were
sandwiched between two aluminum sheets (305%x305x0.4 mm?3). Narrow adhesive-back
EPDM foam strips (Neoprene/EPDM/SBR foam with closed cell), which restricted water
and air from being exchanged between the packed bed and the environment [154], were
attached around the perimeter of the lower aluminum sheet, forming a frame to hold the
sorbent particles (see Figure 24c¢ and Figure 24e). Measurements were carried out after
the sorbents reached the equilibrium at the room condition (24 °C and 35% RH).
Afterwards, the custom-built sample holder was covered with the upper aluminum sheet
and was placed in the test chamber, where it was pressed between the hot and cold plates
under the preset contact pressure. Since there is no air exchange between the packed

bed and the test chamber environment, if all the water that is in the air inside the packed
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bed was adsorbed, the adsorbent water content would change only by 1.5x10° kgkgaas™.
At 80 °C, the air could hold an additional 0.28 kg mai of water vapor. If this all came from
the adsorbent, the water content would decrease by 5.3x10* kg Kgass'. Thus, the
adsorbent water uptake shows negligible change. As shown in Figure 24d and Figure
24e, two auxiliary K-type thermocouples were attached to the aluminum sheets, adjacent
to the adsorbent medium, to eliminate the effects of the thermal resistance of the aluminum

sheets as well as the TCR between the hot/cold plates and aluminum sheets.

The HFM was configured to heat the samples from the top to avoid the natural
convection [131], [132]. Moreover, natural convection in the packed beds with small voids
is negligible [130]. The measured thermal resistance was the total thermal resistance
between the isothermal surfaces at temperatures of T4 and T, (see Figure 24a). The
associated thermal resistance network of the 4-layer packed bed sorber is illustrated in

Figure 24b and the total thermal resistance of n-layer packed bed is as follows:

Riot = Lped/ (kior A) = 2 Ras—p + N Ry + (n— 1)Rp—p
=2 Ras—p + Rped (12)
= TCR + Rbed
where R,s_,, is the thermal contact resistance between the aluminum sheet and particles
and R,_, Iis the thermal contact resistances between the adsorbent particles. TCR

accounts for the total thermal contact resistance of upper and lower aluminum sheets and

sorbent particle (2 R,s_p). The maximum measurement uncertainties of thermal

conductivity and thermal resistance are 7-8% and 7% respectively (see Appendix C).
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Figure 24. (a) View of instrument and (b) schematic of the NETZSCH HFM 436/3/1
Lambda, (c) schematic of the sorbent particles inside the HFM test chamber, (d)
arrangement of sorbents between two aluminum sheets, and (e) attached K-type
thermocouples to the inner surface of the lower aluminum sheet, and the frame made of
EPDM adhesive-back foam strips used as the sample holder.

Design and optimization of a packed bed sorber require the knowledge of the ETC
of the sorbent packed bed medium, which is kegtpeq = Lped/ (A Rpeq). The bulk thermal
resistance of the packed bed medium, R}.q4, includes the bulk thermal resistance of the
sorbent particle, R, and the contact resistance between the particles, R,_,. Thus, the
measured ETC of the packed bed, kqgpeq, iS independent of the properties of the HEX
surface and can be used for 2-mm FAM-Z02 randomly packed beds in different HEX
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designs, but under the same operating conditions. To this end, TCR should be

deconvoluted from the measured total resistance, R.

By measuring the total thermal resistances for (at least) two different numbers of
sorbent layers (i.e. different bed thicknesses), it is possible to deconvolute the TCR from
the total resistance. In this method, at each mean temperature, an identical TCR is
assumed for different bed thicknesses, due to the similarities in microstructure and bed
arrangement. Therefore, the TCR and ETC of packed bed medium are calculated from
Eq. (13) for two-thickness method, or for multiple-thickness method [155], and the slope
of the line fitted to the R,; versus the bed thickness is 1/(keff_bed A) and its intercept is

TCR.

Ripr1 = TCR + !
fotd keffpea A
Reor, = TCR + —2
tot,2 = Kerrped A (13)
_ (Lz—Lq)
keff,bed -

A(Rtot,z - Rtot,l)
4.3. Results and discussion

4.3.1. TCR and its relative importance

Rt A versus the bed thickness (or the number of the sorbent layers) for 2-mm
FAM-Z02 packed bed sorber at three temperatures of 25, 60 and 80 °C is plotted in Figure
25a. R, A decreases with the temperature of the bed, since the sorbent thermal
conductivity and the total thermal conductivity of bed increase with a rise in the mean
temperature. As illustrated in Figure 25a, R..: 4 increases with an increase in the number
of layers (bed thickness). To provide an accurate value for the bulk thermal conductivity
of a packed bed sorber, the effects of the TCR should be deconvoluted from the total
thermal resistance of the packed bed, hence, k¢ .q and TCR are extracted from the slope
and intercept of the linear fit to Figure 25a. The relative importance of TCR to the total
thermal resistance is shown in Figure 25b, for temperatures varying between 10 to 80 °C
and the number of layers of 1, 2, 4, and 6. The contact pressure on the hot and cold plates,
Pcontacts 1S 0.7 kPa.
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TCR forms 67% of k., for a monolayer of FAM-Z02 at 25 °C and atmospheric
pressure, which clearly shows the significant importance of TCR in the packed bed
sorbers. As expected, TCR becomes more important for the lower number of layers of
sorbent and at lower temperatures. Since monolayer of adsorbent is recommended to
achieve higher uptake rate and higher specific cooling power, TCR is a serious issue which
should be taken into consideration. TCR decreases by 54%, when temperature increases
from 25 to 80 °C. Since porosity in a packed bed of spheres is larger near its boundaries
[118], [156], and the filling gas (air) has a higher share of contact area with the aluminum
sheets, the increase in the air thermal conductivity has more effect on the thermal contact
conductance (1/TCR), compared to its effect on ETC. The other sources of this increase
in TCR are unclear, but it could be due to the changes in packed bed configuration and

contact points at higher temperatures.
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(a) (b)
Figure 25. (a) R, A versus bed thickness of 2-mm FAM-Z02 packed beds for 1, 2, 4,
and 6 layers, with water uptake of 0.30 + 0.02 kg kgass™', at temperatures of 25, 60 and
80 °C under contact pressures of 0.7 kPa, and (b) measured values for relative
importance of TCR to the total thermal resistance at temperatures of 10 to 80 °C.

4.3.2. Model validation

The comparison between the experimental values and the present model for ETC
is shown in Figure 26a, for a 2-mm FAM-Z02 randomly packed bed. The black dashed
line represents the results of the present model, where the air thermal conductivity is
approximated as the thermal conductivity of dry air, and the blue solid line shows the
results from the model, where the effect of RH changes on the air thermal conductivity is

also considered by applying the mole-fraction-weighted mixing rule for thermal
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conductivity of humid air, as shown in Appendix B. As shown in Figure 26a, the present
model can predict kegpeq accurately and the agreement between the experimental data
and the results from the present model has been improved by considering the effect of the
RH changes, from 25% (at 10 °C) to 80% (at 80 °C), on the air thermal conductivity for
constant water uptake of 0.30+0.02 kg kgass'. For temperatures above 60 °C and RH
values above 50%, an increase in RH decreases the thermal conductivity of humid air
(see the relationship for ky,, in Appendix B). This decrease in the air thermal conductivity
marginally decreases the ETC compared to the case where the changes in RH are not
considered. The maximum relative difference between the results from the model without
consideration of RH changes and the experimental data is 3% at 80 °C, while the
maximum relative difference between the results from the model with consideration of RH
changes and the experimental data is 2% at 80 °C. ETC of the packed bed adsorber varies
between 0.188 and 0.204 Wm™'K™'. Total thermal conductivities of the packed beds of 4-
layer and 6-layer of 2-mm FAM-Z02 are shown in Figure 26b. The theoretical model can
properly predict the total thermal conductivity, which includes the thermal contact
conductance as well. The maximum difference between the experimental data and the
results from the theoretical model is 8% and lies within the uncertainty of the

measurements.
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Figure 26. (a) Effective thermal conductivity and (b) total thermal conductivity of 4- and 6-
layer packed bed versus temperature for 2-mm FAM-Z02 randomly packed bed with the
water uptake of 0.30 + 0.02 kg kgass”, at the atmospheric condition and under contact
pressure of 0.7 kPa.

4.3.3. Parametric study

A parametric study is carried out under both adsorption (7=25°C, w=0.32, and
RH=55%) and desorption conditions (T=90°C, w=0.06, and RH=6%), to study the effect
of the input parameters of the model on ETC. The parameters examined are roughness

(o), bed solid fraction (¥y,eq), Young’'s modulus (E},), sorbent porosity (&), contact pressure
(Pcontact), sorbent particle diameter (d,), thermal accommodation coefficient (a7), and

sorbent thermal conductivity (ks), as shown in Figure 27. Effects of temperature, gas
pressure, and equilibrium water uptake on ETC are described in the next sections in more
details since these parameters are related to each other through adsorption isotherms. As

shown in Figure 27, the key influential parameters on ETC are kg and d,, for the considered
ranges. It is observed that the increase of ETC with d, is higher for closed systems, since
macro-gap resistance (Rg) is highly dependent on d, and the value of R is much higher

for the closed system compared to the open system, as illustrated in Figure 32. In contrast,

the positive effect of increasing ks on ETC is more dominant in the open systems.
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Figure 27. Parametric study of sorption system under (a) sorption (7=25°C, w=0.32, and
RH=55%) and (b) desorption (7=90°C, w=0.06, and RH=6%) for the following
ranges: o = (0.001,5) pm, peq = (0.65,0.67), E, = (0.159,159) GPa, &, = (0.15,0.3),
P. = (0.1,70) kPa, d,, = (0.5,2) mm, a; = (0.7,1), and ks = (0.1,1) Wm™K~1.
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4.3.4. ETC chart for closed-system packed bed sorbers

The dependencies of the ETC on the water uptake, vapor pressure, and mean
temperature of SC-arranged and randomly packed beds (.4 = 0.6) are shown in Figure
28 for 0.5 mm FAM-Z02, and Figure 29 for 2 mm FAM-Z02. To consider the real effects
of water uptake, pressure and temperature on the ETC in closed sorption systems, the
water uptake is calculated at each temperature and pressure ratio from the equilibrium
uptake isotherms of FAM-Z02, presented by Goldsworthy [135]. Afterwards, using the
present model, the ETC is obtained based on the pressure, temperature and water uptake,
forming the isobars and isotherms in Figure 28 and Figure 29. ETCs are reported for the
temperatures of 10 to 90 °C, pressures of 873 (saturation pressure at 5 °C) and 19,947
Pa (saturation pressure at 60 °C), and water uptakes of 0.03 to 0.33 kg kgass'. As shown
in Figure 28 and Figure 29, at a fixed gas pressure, ETC does not significantly change
with the changes in temperature and water uptake. At constant pressure, an increase in
temperature leads to a decrease in the equilibrium water uptake. Temperature rise
increases the ETC, while water uptake drop decreases the ETC. The tradeoff between
these two effects results in an almost constant ETC. However, at a fixed temperature,
equilibrium water uptake increases with an increase in gas pressure and both increases
positively affect the ETC. At 90 °C, by increasing the gas pressure from 872 Pa (weq =
0.03 kg kgaas") to 19,947 Pa (weq = 0.26 kg kgass™'), ETC increases from 0.032 to 0.093 W
m' K" for 0.5 mm, and from 0.055 to 0.119 W m"' K" for 2 mm randomly packed beds. It
can be concluded that ETC is a stronger function of vapor pressure than the temperature
in closed systems, for the studied temperature and pressure ranges. Higher thermal
conductivities have been predicted for randomly packed beds compared to the SC-
arranged beds, due to the lower bed porosity of randomly packed beds, which makes
thermal conductivity of adsorbent particle to take higher part in the ETC; thermal
conductivity of the adsorbent, i.e. 0.117 W m™' K" (at 30 °C) and 0.128 W m"' K" (at 90 °C)
[20], is higher than that of the water vapor, i.e. 0.017 W m"' K™ (at 873 Pa) to 0.021 W m-
1K (at 19947 Pa) [157].

61



0.16
873 Pa (Sat 5 °C) P 777727277727
1228 Pa (Sat 10 °C)
0.14 r 1706 Pa (Sat 15 °C)
- 2339 Pa (Sat 20 °C) ~ ’
012 } 3170 Pa (Sat 25 °C) gpc‘ 0.5 mmd
4247 Pa (Sat 30 °C) arrange
& o 5629 Pa (Sat 35 °C)
v U1r 7385 Pa (Sat 40 °C)
= 9595 Pa (Sat 45 °C)
12352 Pa (Sat 50 °C)
€ 008 | 15763 Pa (Sat 55 °C)
= I 19947 Pa (Sat 60 °C)
& 0.06 |
0.04
0.02
7
90 °C o
0 1 h 1 1 1 1 1 1 1 |10 lC 1 1

0 0.05 0.1 015 02 025 03 035 04
w (kg'kgads-1)

(@)
0.2
873 Pa (Sat 5 °C) ~
1228 Pa (Sat 10 °C) d,=0.5mm
1706 Pa (Sat 15 °C) Randomly packed
2339 Pa (Sat 20 °C)
0.16 | 3170 Pa (Sat 25 °C)

4247 Pa (Sat 30 °C)
5629 Pa (Sat 35 °C)

= 7385 Pa (Sat 40 °C)
X 012 | 9595 Pa (Sat 45 °C)
< 12352 Pa (Sat 50 °C)
= 15763 Pa (Sat 55 °C)
- 19947 Pa (Sat 60...
s
3008 |

0.04

O 1

0O 005 01 015 02 025 03 035 04
w (kg-KGags™")
(b)

Figure 28. Effective thermal conductivity of closed-system FAM-Z02 packed
bed sorber versus water uptake, including the isotherm and isobar lines for (a)
SC-arranged bed, and (b) randomly packed bed with 0.5 mm sorbent particles.
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Figure 29. Effective thermal conductivity of closed-system FAM-Z02 packed

bed sorber versus water uptake, including the isotherm and isobar lines for (a)
SC-arranged bed, and (b) randomly packed bed with 2 mm sorbent particles.
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4.3.5. ETC chart for open-system packed bed sorbers

Changes in ETC due to the water uptake, relative humidity and mean temperature
in the open-system SC-arranged and randomly packed bed sorbers are shown in Figure
30 for 0.5 mm FAM-Z02 particles, and Figure 31 for 2 mm FAM-Z02. Considering the
equilibrium uptake of FAM-Z02, the iso-relative humidity lines and isotherms and their
corresponding water uptake and ETC are shown in these figures. ETCs are reported for
temperatures of 10 to 90 °C, RH of 5 to 40%, and water uptake of 0.06 to 0.33 kg kgass™.
ETCs in the open-systems are higher compared to the ETCs of the closed-systems, due
to the higher pressure of the filling gas, which leads to lower micro-gap and macro-gap
resistances (see Egs. (55) and (56) in Appendix A) and higher thermal conductivity of air
compared to water vapor; at adsorbent temperature of 30 °C and water uptake of 0.32 kg
kgass ' (i.€. water vapor temperature of 15 °C in closed-systems, and RH of 40 % in open-
systems), ETC of 2 mm FAM-Z02 open-system randomly packed bed is 0.149 Wm K",
while that of a closed-system is 0.065 Wm™'K-!, and ETC of 0.5 mm FAM-Z02 randomly
packed bed in an open-system is 0.126 Wm™'K™!, while that of a closed-system is 0.042
Wm'K™,
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Figure 30. Effective thermal conductivity of open-system FAM-Z02 packed
bed sorbers versus water uptake, including the isotherm and isobar lines for
(a) SC arranged, and (b) randomly packed bed with 0.5 mm sorbent particles.
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Figure 31. Effective thermal conductivity of open-system FAM-Z02 packed

bed sorbers versus water uptake, including the isotherm and isobar lines for
(a) SC arranged, and (b) randomly packed bed with 2 mm sorbent particles.
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4.3.6. ETC: open-system versus closed-system packed bed sorbers

ETCs of open and closed-system packed bed sorbers of 2 mm FAM-Z02 at
equilibrium water uptake of 0.32 kg kgass™!, are shown in Figure 32a. According to the
water uptake isotherms [135], the relative humidity changes from 25% to 80% for
temperatures of 10 to 80 °C. As shown in Figure 32a, ETC of open-system is 3.3 times as
high as ETC of the closed-system (0.099 compared to 0.030 W m"'K") at 10 °C, and 1.2
times as high as that of the closed system (0.107 compared to 0.090 W m' K") at 80 °C.
Although the water uptake is kept the same for both open and closed-systems, the gas
pressure in closed-system is much lower and varies from 331 Pa (at 10 °C) to 37,612 Pa
(at 80 °C). The ratio of macro-gap resistances of the open-system to that of the closed-
system, in Figure 32b, shows that the low gas pressure in the closed system leads to
relatively high macro-gap resistances, especially at lower temperatures (i.e. lower gas
pressures). The R open/ R closed i 0.23 at 10 °C (331 Pa) and 0.79 at 80 °C (37,612 Pa).
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Figure 32. (a) Effective thermal conductivity of SG-arranged packed bed sorber of 2 mm
FAM-Z02 versus temperature, for open and closed-systems, at equilibrium water uptake
of 0.32 kg kgass™' and (b) the ratio of the macro-gap resistances of open-system to that of

the closed-system.

4.3.7. Effect of contact pressure on the ETC and TCR

ETC and TCRA versus the contact pressure are shown in Figure 33a, at 30 °C and

water uptake of 0.32 kg kgass™' for various particle diameters. Increasing the contact

pressure leads to better interparticle contacts in the packed bed and, therefore, an
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increase in ETC (see Figure 33a). In contrast to ETC, TCR A decreases with an increase

in the contact pressure, as shown in Figure 33b. For d,, of 0.25 mm (d,/Lypeq = 0.02), the

decrease in TCR A due to the increase in contact pressure from 0.7 to 1,000 kPa is 37%,
from 0.006 to 0.004 Km?W~", while this decrease for d;, of 2 mm (d,/Lyeq = 0.17) is 31%,
from 0.026 to 0.018 Km?W~".
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Figure 33. (a) ETC and (b) TCR A of a closed-system SC-arranged packed bed sorber vs
contact pressure for various particle diameters, at 30 °C and 1706 Pa (we=0.32 kg
KQads'). Lpeq is fixed at 12 mm.

4.3.8. Effect of particle size on the ETC and total thermal conductivity

As shown in Figure 33b, TCR increases with an increase in d,, due to the less
contact points with the metal surface of heat exchanger. For d, of 0.5 mm (d,/Lpeq = 0.04)
and under contact pressure of 100 kPa, TCR 4 is 0.008 K m? W' and TCR/R,,. is 0.023,
and for d,, of 2 mm (d,/Lpeq = 0.17), TCRA is 0.022 K m?* W' and TCR/Ry, is 0.086.

However, as shown in Figure 33a, ETC of a packed bed of 0.5 mm FAM-Z02 is 0.039 W
m' K" and ETC of a packed bed of 2 mm FAM-Z02 is 0.055 W m' K-, at 30 °C and under

gas pressure of 1706 Pa and contact pressure of 100 kPa.

Total thermal conductivities of an open-system FAM-Z02 SC-arranged packed bed
versus the relative particle size, d,/Lyq, for bed thicknesses of 0.6 (A/m,qs = 4.90 m?kg"
1) to 48 mm (A/m,qs = 0.06 m?kg") are shown in Figure 34. For a constant bed thickness,

kot Of the packed beds with smaller d,,/Ly.q (i.€. more number of particle layers) is close
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to the ETC of the packed bed, and both ETC and k., increase with particle size. For
higher d,/Ly.q (i.€. less number of particle layers), the thermal contact conductance plays
a more important role in the k., and decreases with an increase in the particle size, since
the number of contact points decreases with particle size. Hence, optimum particle size is
observed for each bed thickness, which provides the highest k. As raised by
N'Tsoukpoe et al. [37], predicting the optimum heat flow and mass flow path length for a
certain bed volume is immensely beneficial for the design and optimization of a packed
bed sorber. The presented model, which takes into account the TCR as well as the ETC
for large-scale packed bed sorbers, provides a reliable tool to predict the optimum heat
flow path size (i.e. the optimum particle size) for a certain packed bed storage volume, in

open and closed ATES systems.
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Figure 34. Total thermal conductivity of an open-system FAM-Z02 SC-arranged
packed bed sorber vs dj,/Lpeq, at 30 °C and weq = 0.32 kg KQaas™.

4.3.9. Effect of gas pressure on the ETC

As shown in Figure 35, ETC of a dry and wet closed-system SC-arranged FAM-
Z02 packed bed increases with an increase in the gas pressure. Increasing the gas
pressure leads to a decrease in the mean free path of the interstitial gas (see Eq. (74) in
Appendix A) and, therefore, an increase in the ETC. Moreover, for wet packed beds, the
equilibrium uptake is higher at higher gas pressures, which also leads to an increase in
ETC. In a wet FAM-Z02 packed bed, by decreasing the gas pressure from 4247 (Psa at
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30 °C) to 1706 (Psat at 15 °C) Pa, ETC decreases by 23%, from 0.043 to 0.033 W m-' K",
for particle size of 0.5 mm, and by 16%, from 0.057 to 0.048 W m-' K", for particle size of
0.5 mm. For particle diameter of 0.5 mm, ETC of an open-system packed bed under RH
of 40% is 0.079 W m'K-', while that of a closed system is 0.031 W m"' K" at the vapour
pressure of 1706 Pa, and 0.040 W m™' K! at the vapour pressure of 4247 Pa.

0.16
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Figure 35. ETC of dry and wet open and closed-systems SC-arranged packed bed
sorber vs particle diameter for various gas pressures at sorbent temperature of 30 °C.

4.4. Summary of results

The relative importance of TCR to the total thermal resistance (TCR/Rt) of the
monolayer FAM-Z02 packed bed, was 67% at 25 °C. ETC of the randomly packed FAM-
Z02 packed bed was 0.1878-0.2043 W m™"' K™' for temperatures between 10 to 80 °C. ETC
of uniformly-sized packed bed sorber of FAM-Z02 was modeled as a function of water
uptake, the number of adsorbent layers, particle size, bed porosity, temperature, contact
pressure, and interstitial gas pressure for SC, FCC; which was extended to randomly
packed beds. The model was validated with the experimental results, collected by heat
flow meter measurements, with a maximum relative difference of 2% for ETC and 8% for
total thermal conductivity. The ETC of a randomly packed bed of 2 mm FAM-Z02 was
between 0.188 (at 10 °C) and 0.204 W m" K- (at 80 °C). The comparison between the
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ETC of open-system and closed-system packed bed sorbers showed that ETC of 2 mm
FAM-Z202 SC-arranged open-system was 2.2 times higher than the ETC of the closed-
system at 30 °C and 0.32 kg kgaas"' (0.1031 compared to 0.0474 W m™' K"). For realistic
analysis of the heat transfer inside the packed bed sorbers, the ETC charts were
presented for open and closed-systems, based on the equilibrium water uptake isotherms.
It was shown that the model could predict an optimum particle size that corresponded to
the highest total thermal conductivity for a certain bed thickness, which should be
considered, along with the optimum mass flow path size, for the design and optimization

of packed bed sorbers.
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Chapter 5.

Sorption dynamics of an S-TES system for heat and
cold storage

Alongside the study of heat transfer in the sorber bed, presented in Chapter 4,
investigation of the sorption dynamic characteristics, namely, the sorption rate coefficient
(k.qs), sorption characteristic time (1,45), and sorption power, are of primary importance.

In this chapter, the dynamic characteristics of a full-scale sorber bed are presented.®

5.1. Background

Aside from the low thermal conductivity of sorbent materials (elaborated in Chapter
4), low mass diffusivity of sorption working pairs, 10'4-10® m? s' [158], results in overall
low storage performance. In most available studies on the S-TES, the storage
performance capacity is evaluated based on ESD and thermal efficiency (1), which
reflect the maximum uptake capacity of the system, compactness, and heat loss.
Nevertheless, charge/discharge thermal power of an S-TES system also plays a key role
in thermal management systems, particularly for peak load shifting and shaving
temperature fluctuations. In an S-TES system, the desorption/sorption dynamics should
be fast enough to meet the target charge/discharge period. High ESD and high thermal
power are desirable features of S-TES systems, which depend on the sorption kinetics as
well as uptake equilibria [31], [83]. An S-TES system with high equilibrium uptake capacity
but slow kinetics cannot provide the required thermal power, while a fast S-TES system
with small sorption capacity leads to a low ESD since more sorbent may be needed to
deliver the target thermal energy. Mass transfer in closed sorption systems is even more

crucial than that of the atmospheric (open) sorption systems [37].

Introductions to adsorption isotherm equations and adsorption Kinetic
measurement methods are presented in Appendix D. As listed in Table 12, most of the
available kinetics studies on the FAM-Z02 are conducted in small-scale, using large

temperature jump (LTJ) or gravimetric LTJ (GLTJ) methods (see Appendix D). A few

3 The results of this chapter were presented in Innovative Materials for Processes in Energy
Systems (IMPRES 2016) [197].
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studies are available in the literature focusing on the sorption dynamic assessment of the
full-scale closed sorption systems [42], [158]. Dawoud [42] presented a comparison
between the sorption kinetics of a small amount of coated FAM-Z02, using an LTJ method,
and a full-scale one-bed coated FAM-Z02 adsorption cooling system. However, for the
full-scale kinetic measurement, the net water uptake was estimated based on the cooling
load of the evaporator and not a mass measurement [42]. Sharafian et al. [158] performed
an in-situ mass measurement of two different finned-tube heat exchangers filled with FAM-
Z02 pellets.

In this chapter, a real-time in-situ temperature and mass measurements of a full-
size sorber bed (~25 kg: 0.7 kg adsorbent, 2.87 kg heat exchanger and ~ 21.4 kg vacuum

chamber and the adsorbed water) with 0.3 mm coated FAM-Z02 sorber bed is presented.
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Table 12. Small-scale and full-scale studies on the adsorption kinetic and of FAM-Z02/water in the literature
Operating D
Method of condition Adsorbent v Characteristic [Max uptake]
Ref. - ; sorbent ) _ Remarks
study | (Tges/Tads/ Toond/ |CONfiguration time (1) Aw=w.-wo
o) mass
°C g s kgkQads™
Girnik et al.|LTJ 1) 90/30/30/10 [2, 4, 8 layers |0.314 1)0.22 Study the effect of
(2016) 2) 90/35/35/7 |of loose grainj+0.004 2) 0.19 number of layers of
[149] 3) 90/28/28/15 |(0.2-0.9 mm) 3) 0.23 ladsorbent particles on
a flat metal plate
Glaznev et |LTJ 60/35/10/10 Loose grain |- >> 600 > 0.12 Study of the effect of
al. (2010) (0.8-0.9 mm) residual gas on water
[23] uptake for ACS
Santamaria|G-LTJ 90/30/30/10  [Loose grain |80 .50 114 £5  [0.21-0.22 [Study of the effect of
et al. (0.15-1.18  |(FAM- HEX geometry, grain
g (2014) [93] mm) 702) +  [rges: 763 size, and HTF flowrate
£ 150 on kinetics, using
g (HEX a piece of a full-scale
& and net) finned flat-tube HEX
g Dawoud [|LTJ 90/35/35/5 Mono-layer 10.150 T05ads = 235, [0.164 Desorption was 34%
o [(2007) [92] of loose grain 7, 5 4es=186 (for [(ads), faster than sorption.
fg (0.7-2.6 mm) 1.4-1.6 mm)  [0-192 (des)fIinter-crystalline
= diffusion is dominant in
o sorption kinetics and
§ surface resistance to
s the heat and mass
g transfer is dominant in
n [desorption.
Dawoud [|LTJ 90/35/35/5 Coated 0.200 T0.5,ads =108 (forlAw.. = 0.17 (0.5 mm is the
(2013) [42] 0.3 mm maximum limit for
thickness) coating thickness.
Sapienza |G-LTJ 90/35/30/10 Mono-layer [4.49- For 1.00-1.18 |1) Introducing the G-LTJ
et al. and multi-  [33.13 mm grains: monolayer: [method, a modification
(2014) layer of loose 1) monolayer: [0.242 for LTJ method.
[159] grain (0.350- T.as = 189 2) two
2.5 mm) 2) two layers: |layers:
Tes = 282 0.212
.. [Pawoud |Estimated [90/35/35/ 5 Coated 1500- - For 7,4s = |Comparison of
& |(2013) [42] [from the (0.15-0.5 2530 600 s: ladsorption kinetics in
g cooling mm) 0.573 x |small scale (best case
; load Awpay iy [design) with that of the
8 For 7,4, = [l@rge scale.
g 300 s:
2 0.527 x
g A(")max,LTI
> [ Awma\x,LT]
5 = 0.17
® [Sharafian [Full-scale [90/ 30/ 20/ 20 |Loose grain |1500 - 0.28 Study of the effects of
GE)’ et al. (2 mm) different adsorber bed
® [(2016) designs.
[158]

2 calculated based on SCPyyax = (Awmax Ahgg)/T [159].

5.2. Experimental study

A custom-built S-TES testbed was designed and used to study the desorption
(charging) and sorption (discharging) dynamics, schematically shown in Figure 36a. A
real-time mass measurement was performed by placing the sorber bed of the S-TES on

a scale (Setra Supper Il) with an accuracy of £1 g. An engine oil cooler, manufactured by

75



Hayden Automotive (model #1268), was chosen as the sorber bed, which was coated with
FAM-Z02 (0.2 mm coating layer fabricated by Mitsubishi Plastics Inc.) and placed in a
custom-built vacuum chamber. Details of the sorber bed are listed in Table 13. Two
temperature control systems (Julabo, model #Presto LH50) with 30 °C cooling fluid (TCS)
and 90 °C heating fluid (TCSk) were connected to the sorber bed for cooling down and
heating up the adsorber bed during adsorption and desorption processes, respectively.
Silicone oil (Julabo Inc., Thermal P60) was used as the HTF circulating in the two

temperature control systems.

A vacuum chamber including a custom-built HEX with inclined circumferential
micro-groove enhanced tubes [160] was connected to the sorber bed, using a vacuum
rated flexible hose. This HEX served as both evaporator and condenser, depending on
the temperature of the sorber bed, which was imposed by the temperature control
systems. The inlet temperature of the evaporator/condenser unit, hereafter called ECU,
was maintained constant by another temperature control system (TCSgc) at 20 °C, for
both condensation and evaporation. A control valve was located between the sorber bed
and the ECU, which was aimed to isolate the sorber bed from the ECU in the heat storage
period. The ECU heat transfer coefficient was large enough (U=1540 W m?K-" at 20 °C) to
ensure that the water vapor generation was not a limiting factor in the system. For cyclic
ad-/desorption (with no storage period), the valve was kept open. To reduce the
experimental error of mass measurement, a relay switch was controlled automatically,
using an in-house LabVIEW program, to switch the connection of the sorber bed to TCS
and TCSys; by this switching, the sorber bed was led to an adsorption or desorption

process, automatically.

T-type thermocouples (Omega, model #5SRTC-TT-T-36-36) with an accuracy of
0.75% of reading in degree Celsius and two pressure transducers (Omega, model
#PX309-005Al) with 0-34.5 kPa absolute pressure range and +0.4 kPa accuracy were
used to measure temperature and pressure of the sorber bed and ECU. Two positive
displacement flow meters (FLOMEC, model #0M015S001-222) with an accuracy of 0.5%
of reading in Lmin™', were used to measure the flow rates of sorber bed heating/cooling
fluid (silicone oil) and ECU chilled/coolant water. To dry the adsorbent in the preparation
step, the sorber bed was heated up to 100 °C and outgassed, being connected to a

vacuum pump for 8-12 hours.
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Figure 36. (a) schematic of the in-situ mass measurement testbed of an S-TES and (b)
custom-built testbed, including: 1) sorber bed, 2) evaporator/condenser, 3) flexible hose,
4) HTF ports, 5) chilled/coolant water ports, 6) isolating control valve, 7) scale, and 8)
LabVIEW program and data acquisition (DAQ) unit. Temperatures of the sorber bed and
evaporator/condenser were maintained constant with three temperature control
systems (TCS, TCScr and TCSecu).
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Table 13. Specifications of adsorbent, adsorber bed and operating conditions.

Parameter Values

Working pairs FAM-Z02/water

Sorbent coating thickness, mm mm 0.319
0.766

Mass of dry sorbent (my) kg (689 g FAM-Z02 and 77 g
binders)

Sorbent density (ps) kgm=  600-700 [20]

. , . 1 822 (30 °C)[20]

Specific heat capacity of sorbent material (¢, ) Jkg'K 942 (90 °C)

Metal mass of sorber bed (mygx ped) kg 2.53

Sorber bed dimensions (LxWxH) cm 33.02x3.81x30.48

Number of fins per inch (FPI) 10

Fin dimensions cm 43.18 x 30.48 (17" x 12")

Fin spacing mm 2.54 (coating thickness is
included)

Sorber bed heat transfer area (Ay,;) m? 2.80

Effective specific heat capacity of sorber bed heat

exchanger with copper tubes and aluminum fins Jkg'K' 470

(Cped,HEX)

Mass of evaporator (meyap) kg 2.595

Specific heat capacity of evaporator (ceyap) Jkg'K* 385

Mass of water in the evaporator chamber (m evap) kg 1

Heating fluid mass flowrate () kgs 0.058

Cooling fluid mass flowrate (1) kgs™' 0.062

Chilled/coolant water flowrate (M yjjjeq) kgs 0.035

. , 11 1725 (30 °C)

Specific heat capacity of HTF Jkg'K 1905 (90 °C)

Inlet temperature of the sorber bed cooling fluid °C 30

Inlet temperature of the sorber bed heating fluid °C 90

Inlet temperature of the evaporator/condenser °C 20

chilled/coolant water

5.3. Performance evaluation

Among the performance indicators, introduced in Chapter 1, ESD and specific

5.3.1. Cold storage

The material-based ESD of a cold storage closed-system is calculated using Eq.

78

power (SP) are assessed in this chapter for the coated FAM-Z02 adsorber.

(14), where mg is the sorbent mass, myq4 is the mass of sorber bed including the sorber
bed HEX and the sorbent, and msy is the mass of the whole sorption storage system.
ESD is also reported per volume of the whole system or the sorbent volume. To make a
proper comparison between the storage systems published in the literature, the

differences in the ESD definition should be taken into consideration. The discharged



energy, Qq4chcola 1S defined as the evaporator cooling energy during the discharging

process given by Eq. (15).

_ Q
ESDcotq (MJkg™!) = —0Cd (14)
ms/bed/sys
tdch )
Qdchcotda J) = f Mehilled Cp.chilled (Tehilledi — Tehilled,0) At (15)
0

where mMcpieq iS the mass flow rate of the chilled water and Tepjjeq i @nd Tenileq o are the
inlet and outlet temperatures of the chilled water, respectively. Specific discharge power,
which indicates the acceleration of the discharging process per mass of the sorbent

material, is calculated as follows for the cold storage systems,

Qdch,cold

16
m tych (16)

SPdch,colda (Wkg™) =

Considering an ideal evaporator with the effectiveness of one, the ideal cooling

energy is calculated as follows,

Qevap,ideal h = Awgep m hfg,evap (1 7)

where Awgch = ®We dch — @Wo,dch 1S the maximum net water uptake in the sorption process,
according to the operating conditions. Similarly, the following are the definitions for ideal

specific discharge power (SP4ch ideal) and ideal material-based ESD (ESD 4t ideal)-

SPdch cold,ideal (WKE™") = Awdch Rig(reyap) tach (18)

ESDcold,ideal (MJKE ™) = Awqch Ag(Teyap) (19)

For the charging process, the total input energy and specific charge power are

calculated as follow,

tch
Qcn () = f tne Cpnf (Thei — Theo) dt (20)
0
SPey (Wkg™?) =~ (21)
‘ m teh
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5.3.2. Heat storage

The discharged energy during the sorption heat storage (Qgchneat) iS the heat
delivered to the cooling fluid of the sorber bed and is calculated from Eq. (22). Accordingly,
the energy storage density (ESDye,) and specific discharge power (SPychneat) are
obtained from Egs. (23) and (24).

tdch
Qdch,heat (D = f Mes Cp,cf (ch,o - cf,i) dt (22)
0
_ Q
ESDpger (Mkg™1) = <2 (23)
Sp (Wk _1) _ Qdch,heat
dch,heat g - m tdch (24)

5.4. Results and discussion

5.4.1. Sorption and desorption dynamic

Temperature variation of the sorber bed HTF and the chilled/coolant water of ECU
for the cyclic operation of 60 min are shown in Figure 37a. Decreasing the HTF inlet
temperature from 90 °C (T4s) to 30 °C (T,qs) initiates the sorption process. In the test-
bed shown in Figure 36b, mass change of the sorber bed is due to: (i) the water uptake
by sorbent material, and (ii) rest of the mass changes or fluctuations, namely, density
changes of the HTF due to the temperature changes, and in part, buoyancy effects,
thermal expansion, contraction and vibration of the flexible hose. The HTF, silicon oil
(Julabo, Thermal P60), has a relatively significant density variation from 909 to 854 kg m-
3 when its temperature changes from 30 to 90 °C [158]. To deconvolute the mass change
due to the water uptake from the above-mentioned mass changes, a blank (baseline)
experiment was carried out for each operating condition. The baseline experiments used
the same temperature program as the main experiment while the sorber bed was dried
and the isolating valve between the sorber bed and the ECU (component 6 in Figure 36b)
was shut. Thus, the mass change obtained from the baseline mass measurement did not
include the effect of water uptake. The baseline measurement (shown in red dashed line
in Figure 37b) was then subtracted from the total mass change (shown in the solid black

line in Figure 37b), and the result exclusively represented the water uptake changes.
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Figure 37. (a) Inlet and outlet temperatures of the heating/cooling fluid and
coolant/chilled water for cycle time of 60 min and (b) mass changes of the sorber bed
due to the variations in silicone oil density and buoyancy effects during the sorption (30
°C) and desorption (90 °C).

After the baseline correction, as shown in Figure 38, the experimental
dimensionless water uptake (w.;/w.) curve demonstrates a near-exponential trend for a
full-scale 0.3-mm coated FAM-Z02 sorber bed, which is similar to the trend observed for
FAM-Z02 in small-scale measurements by LTJ [149] and G-LTJ [93]. By defining the
sorption rate constant (k,4s) and the sorption characteristic time (7,45), the evolution of

water uptake follows Eq. (25).
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Figure 38. Dimensionless water uptake of a 0.3 mm FAM-Z02 coated sorber
bed. Tges = 90 °C, Tags = 30 °C, Tgcy = 20 °C, and w,, = 0.20 + 0.01 kgkg, 4.
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In Eq. (25), 1,45 indicates how fast the sorption process occurs, under a certain
operating condition. Considering one characteristic time for the whole uptake evolution,
the sorption characteristic time, 1,45, is 474 s. Similarly, for the desorption process, an
exponential trend of exp(—(t — todes)/Tdes) With Tqes Of 320 s was observed. The
desorption process was 1.48 times faster than that of the sorption due to the higher driving
force (pressure difference between sorber bed and ECU) and higher temperature during
the desorption process. It is in agreement with the reported desorption/adsorption rate
constant ratio of 1.5 for 0.3-0.35 mm FAM-Z02 by G-LTJ measurement [93] and
desorption/adsorption rate constant ratio of 1-1.26 for FAM-Z02 grains smaller than 0.8

mm by LTJ measurement [149], under boundary condition of 90-30-30-10 °C.

Girnik and Aristov [149] suggested a two-exponent approximation of sorption
dynamic for small granules (0.2-0.5 mm diameter) of FAM-Z02 with two different
characteristic times. Therefore, they could capture the fast uptake at the beginning of
adsorption, together with the slower uptake close to the sorption equilibrium water uptake.
In the present study, other than the two above-mentioned regions, another slow region in
the beginning of adsorption/desorption was observed as the characteristic of the full-scale
systems: “system-limited region”. This phenomenon occurred due to the thermal mass of
the system and the heat and mass transfer resistances, including low vapor supply
because of small diameter hosing between the evaporator and sorber bed, low thermal
diffusivity in the sorber bed, and thermal contact resistance (TCR). To maximize the
performance of an S-TES, the system-limited region should be diminished by mitigating
the heat and mass transfer resistances. To perform a more exhaustive analysis of the
sorption dynamic, third characteristic time was introduced in this study. Hence, following
the two-exponent approximation in ref. [149], a three-exponent approximation is proposed
as Eq. (26).

Wt/ We = a[1 —exp(=t/71)] + b [1 —exp(=t/75)] + c [1 — exp(=t/73)] (26)

where the summation of the weighting factors (a, b and c) is unity. Figure 39a shows the
sorption kinetics and Figure 39b shows the desorption kinetics. As shown in Figure 39a,
the characteristic times of the system-limited region (z,), rapid sorption (z,), and the slow
ending (t3) are found to be 625, 270 and 1110 s, respectively. The slow system-limited
period takes about 350 s from the 1850 s (about 19%) of the sorption process while it

takes about 150 s from the 1210 s (about 12%) of desorption. The sorption/desorption rate
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constants, characteristic time as well as coefficients a, b and c are listed in Table 14.
Desorption/sorption rate constant ratio is 1.5 in the system-limited and slow ending regions

and 1.4 in the rapid sorption(desorption) region.
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Figure 39. (a) Sorption kinetics and (b) desorption kinetics in three regions: i) slow
beginning (11), ii) fast sorption (12) and iii) slow ending (t3) for a full-scale 0.3 mm
coated FAM-Z02 sorber bed. Tges = 90 °C, Tagqs = 30 °C, and Tgcy = 20 °C.

Table 14. Sorption/desorption rate constant, characteristic time, coefficients a, b, and ¢, and coefficient of
determination for the kinetics of 0.3 mm coated FAM-Z02 sorber bed, introduced in Eq. (26).

ky

T1

a k,

T, b

ks

T3 c R?

Sorption (88 to 31 °C)

196 0.54 0.00

0.0016 625 0.5 0.0037 270 0.45 0.0009 1110 0.05 0.97
Desorption (31to 89 °C) 0.0024 416 0.45 0.0051

14 714 0.01 0.97

The sorption/desorption rate constant (k,qs/4es) IS related to the effective diffusivity

by Eq. (27) for the coated sorbent layers [161], where D, and l...teq are the effective
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diffusivity and sorbent coating thickness, respectively. Using Eq. (27), the average
effective sorption diffusivities for the three regions shown in Figure 39a are D, =
48x107" m?s’, D, =1.1%x107° m?s” and D3 = 2.7 x 107** m?s™. The average
effective diffusivity of the coated FAM-Z02 sorber bed is 6.3 x 1071t m?s™ for T,4 and
Tevap Of 30 and 20 °C. Although, the obtained D, is a function of the sorption system as
well as the sorbent material, this value is in line with D, of 1.70-19.7 x10""" m? s™, reported
by Freni et al. [151] for 0.1 mm coated SAPO-34 for temperatures of 50-80 °C.

kads/des (sH =3 De/l?oated (27)

Table 15 lists the required time to reach 70, 80 and 90% of the equilibrium water
uptake, as well as the specific charge/discharge power, and ESD corresponded to these
times for cold storage application. Specific discharge power (SP4ch co1q) has @ maximum
of 485 W kg™ at tgqq,, when 80% of the maximum uptake is achieved. As shown in Table
15, the specific charge power (SP.y) is higher for the shorter charging times since its
maximum value happens in the very beginning of the charging period. The maximum
instant specific charging power is 6.605 kW kg at 11 s of charging period and the
maximum averaged specific power, based on the minimum charge time, is 4092 W kg’
and occurs at 24 s of charging time. ESD always increases through the time to 0.494 MJ

kg™, when the equilibrium uptake is reached.

Table 15. Required time for the cold storage S-TES to reach 70% (at t;qo,), 80% (at tggo,) and 90% (at
tagv,) €quilibrium water uptake and charge/discharge SP 14 and ESD 14 at these times.

t70% tso% toow t100% |SP70% SPsow SPoos SPioow |ESD700 ESDgog, ESDgge, ESD1goos
s Wkg' MJkg " (based on m)

Discharging
(90 to 30 °C)

Charging
(30 to 90 °C)

619 725 883 1850|478 485 473 267 |0.296 0.352 0.418 0.494

356 424 522 1210]1689 1546 1363 663

5.4.2. Temperature distribution inside the sorber bed

Figure 40a shows the locations of the attached thermocouples (TCp,1, TCb2, TCp 3,
and TCy4) on the surface of the sorbent coating layer. The tips of thermocouples are

carefully attached to the coated sorbent by a small piece of aluminum tape at the locations
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shown in Figure 40a, which avoided blocking the sorbate penetration into the coated

sorbent layer.

Figure 40b shows the temperature and uptake variation of the coated sorbent of
the S-TES for long desorption and sorption periods; thermal and uptake equilibrium
conditions are reached. The temperatures at the sorbent layers at these four different
locations were close to one another under equilibrium condition (i.e. less than 1 °C
temperature difference), and the maximum temperature difference between the
thermocouples was in the switching time between the sorption and desorption process
and was 5 °C. Hence, the averaged of these values through the time was used as the

sorber bed temperature for the dynamic study of the coated sorber bed.

The similarity between the sorbent temperatures at different locations of the sorber
bed demonstrates the uniformity of heat transfer inside the coated sorber bed. However
the sorbent temperature under equilibrium condition was 2 °C higher than the inlet HTF
temperature during the sorption process and 3 °C lower than the inlet HTF temperature
during desorption process, as depicted in Figure 40a. This indicates that the heat transfer
resistance inside the full-scale sorption system that originates the water uptake difference
between the full-scale sorption systems and TGA measurements, presented in section
5.4.3. In spite of the immense thermal mass of the full-scale system, thermal equilibrium
was reached faster than the water uptake equilibrium. The maximum temperature
difference between the surface of the coated sorbent layer at TCy 3 (see Figure 40b) and
the outlet temperatures of HTF was 16 °C for the sorption and 20 °C for the desorption,

which happened at the beginning of sorption and desorption processes.
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Figure 40. (a) Coated HEX with attached thermocouples on the surface of the
coated sorbent, including: TCy 1 and TCy 2 in the front of the sorbate flow, and TCy 3
and TCy 4 at the plane farthest from the sorbate flow; (b) uptake and temperature
variation inside the coated sorber bed vs time.

5.4.3. Effects of the sorption configuration on the sorption TES
performance

Sharafian et al. [158] conducted similar mass measurement with a sorber bed HEX
identical to that of the present study, packed with 1.5 kg of 2 mm FAM-Z02 pellets. Figure
41 shows the comparison between the storage performance of the present study and ref.

[158], and the following can be noted:

= Asshown in Figure 41a, the rate constant of sorption in the thin-layer coated sorber
bed is significantly higher than that of the loose grain (i.e. k,qs of 2.11x1073 s for

the coated bed compared to k.45 of 5.03x10* s for the loose grain bed).
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However, the maximum reachable uptake for the loose grain bed is higher than
the maximum uptake of the coated sorber bed (i.e. 0.28 kg kgass™ compared to
0.20+0.01 kg kgaas™'). The equilibrium water uptake of 0.22 kg kgass' was measured
by a thermogravimetric sorption analyzer (IGA-002, Hiden Isochema), in our lab,
for the coated FAM-Z02 at Tges = 90 °C, Thqs = 30°C, Tgcy = 20°C [162]. The
difference between the maximum achieved water uptake in the present full-scale
study and the thermogravimetric measurement is due to the heat transfer
resistance inside the full-scale sorber bed, which causes a temperature difference
between the actual sorbent temperature and the desired operating condition, as
explained in Section 5.4.2, and also the uncertainty of the measurement,

presented in Appendix C.

As shown in Figure 41b, SP4ch coldideals EQ- (18), of the coated bed reaches a
maximum of 560 Wkg™" at 10 min, and after 43 min, SPych co1d,ideal Of the coated
sorber bed slightly drops below that of the loose grain bed. At 43 min, the net water

uptakes of the loose grain and coated beds are equal (0.20 kg kgaas™).

ESDo1d,ideals EQ- (19), shows the same trend as the net uptake (see Figure 41c).
Hence, one can conclude that the coated bed is preferable for short-duration
energy delivery applications, where fast discharge is the main target. The loose
grain bed is suitable for longer discharge time, because of its higher sorption
capacity. Therefore, to provide certain required energy, more amount of coated

sorbent is required compared to the loose grain sorbent.

However, for the system-level optimization of an S-TES, assessment of the sorber
bed ESD (ESDy,4) is more practical. The active volume of the coated sorber bed is
3835 cm? with 0.766 kg of FAM-Z02 and the active volume of the loose grain bed
is 2876 cm? with 1.5 kg of the sorbent. As shown in Figure 41d, the ESDpeq cold ideal
of the loose grain bed is significantly higher than that of the coated bed for all
discharge times. For discharge time of 60 min, ESDyeq co1d,ideal Of the loose grain
bed is 3.45 times higher than ESDyeq cold,idear Of the coated bed (0.345 GJm™
compared to 0.1 GJm?3).

For a fair comparison between the coated bed and loose grain bed, the possibility

of improving ESDyeq coldidear Of the coated bed by increasing the thickness of the
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coating layer should be studied. Regardless of the fin spacing, increasing the
coating layer to 2 mm (similar to the diameter of the loose grain particles), reduces
the sorption rate constant to 4.747x10° s, using Eq. (27), which is 10.6 times
lower than the sorption rate constant of the loose grain bed (5.038x10* s'). To
keep the sorption rate constant of the coated bed at least equal to the rate constant
of the loose grain bed, the coating layer should be 0.6 mm, which is suitable
considering the fin spacing of 2.54 mm. For the 0.6 mm coating layer, the maximum
ESDped,coldideal 1S Predicted to be 0.2 GJ m?3, which is still lower than the
ESDped,coldidear Of the loose grain bed (0.345 GJ m™). Therefore, for volumetric
optimization, the coated bed may be less desirable compared with the loose grain
bed because of the higher system-based volumetric ESD along with less

complexity and lower cost of the loose grain packed beds.
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Figure 41. (a) Net water uptake, (b) specific discharge power (Eq. (18)), (c) material-
based ESD (Eq. (19)), and (d) sorber bed-based ESD, obtained from ESDyeq coid ideal =
(Aw hgg ms)/Vhed nex, Of 0.3-mm coated FAM-Z02 sorption TES compared to a 2-mm

diameter FAM-Z02 loose grain (ref. [158]) for cold storage applications. The charging is
done long enough to ensure that the S-TES is fully charged. Active volume of coated
sorber bed is 3835 cm?® (4, = 2.8 cm?) and loose grain sorber bed is 2876 cm?® (A, =
2.1 cm?); Tges = 90 °C , Tags = 30 °C, Tgcy = 20 °C, (Woo)coated = 0.20 &+ 0.01 kg KGaas™".

5.4.4. Effects of the heat exchanger to sorbent mass ratio on the
storage performance of heat storage

The discharged energy to the HTF (Eq. (22)) can be also obtained from the energy

balance of the sorber bed, as follows,
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dch dw

Qdch,heat = f mg {Ahsorp E - d[{(cp,s tw Cp,lw) + Cbed,HEX r}Ts]/dt

0

(28)

— cpyw(Ts — Tevap)‘i—i’} dt
where the first term in the right-hand side is the sorption energy, the second term includes
the sensible heat of the sorbent material, adsorbed water, sorber HEX, and the last term
is the sensible energy of the refrigerant water vapor from the evaporator to the sorber bed.
The ratio of the HEX mass to the sorbent mass (r) has an important effect on the
performance of an S-TES. Lower r leads to higher thermal energy efficiency, but can also
lower heat transfer rate in the sorber bed [163]. For seasonal heat storage, where the
storage medium has been cooled to the ambient temperature, a portion of the sorption
energy is required to heat up the sorber HEX, sorber mass, and adsorbed water. Figure
42 shows the discharged energy and ESDyeqpeat for v of 1 to 6, for cyclic and seasonal
storage systems, calculated from Eq. (28), and measured data (Eq. (22)) of the present

study at r of 3.3, and the following can be noted:

= The measured values in the present study (at r = 3.3) under cyclic operation are
0.646 MJ for Qgch heat @and 0.196 MJ kg™ for ESDyeg heat» Which is in good agreement

with the calculated values from Eq. (28).

= By optimizing the sorber bed to r of 1 from 3.3, ESDyeq heat IS predicted to become
twice, for the cyclic operation. This indicates that there is room for improving the

ESDped neat Dy decreasing the mass ratio of HEX to the sorbent.

= For seasonal application, the discharged energy decreases from 0.413 to 0.383
MJ over a range of r from 1 to 6, since a greater portion of the sorption heat is

required to heat the system from the ambient to the sorption temperature.

= For cyclic operation, greater thermal mass (higher r) increases the sensible heat
of the desorption process, and consequently, the total discharged energy in the
sorption process. The discharged energy has increased from 0.580 to 0.679 MJ

when r is increased from 1 to 6.

= Considering the ESD;.,; as a function of the total mass of sorbent and HEX
(ESDpegneat), both seasonal and cyclic operations show a descending trend with r.

ESDypeq neat fOr cyclic operation is 3 times higher for r of 1 (0.379 MJ kg™') compared
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to 0.127 MJ kg for r of 6 and for seasonal application 3.8 times higher for r of 1
(0.270 MJ kg™") than r of 6 (0.071 MJ kg™).

* Forrof 1, the predicted seasonal ESDyeq heat iS 71% of the cyclic ESDpeq heat, While

for r of 6, the predicted seasonal ESDyeq heat IS 96% Of the cyclic ESDyegq.
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Figure 42. Discharged energy and sorber bed energy storage density
(ESDped heat) based on the total mass of the sorbent material and the heat
exchanger versus the mass ratio of the metal mass of the sorber heat
exchanger and the sorbent mass, for a FAM-Z02 coated sorption storage.
Cycle time of 30 min is considered for the cyclic operation, while 15 min for
the charging process and 15 min for the discharging process are considered
for the seasonal operation. Tges = 90 °C, To4s = 30 °C, and Tgcy = 20 °C.

5.4.5. Effects of cycle time on the sorption TES performance

Figure 43 shows the effect of the cycle time on the net water uptake and specific
discharge power for the coated S-TES under cyclic operation. Increasing cycle time leads
to an increase in the net water uptake up to the cycle time of 60 min (see Figure 43a). For
higher cycle times, Aw remains constant at 0.20+0.01 kg kgass™', i.e. the maximum

achievable water uptake under the operating conditions listed in Table 13.

From the energy balance for the evaporator, the discharged energy of the cold
storage (Eq. (15)) can be calculated from Eq. (29). The first term in the right-hand side
includes the sensible heat of water inside the evaporator and the evaporator HEX and the

second term represents the vaporization enthalpy. Figure 43b shows the specific
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discharge power of cold (SP4ch cola) @nd heat (SPych heat) Storage. SPych colq reaches its
maximum (468 W kg™") for the cycle time of 30 min, but thereafter it drops rapidly because
of no changes in the net water uptake for cycle times of more than 30 min. SPych heat iS
1251 W kg™ for 10 min cycle time and drops to 249 W kg™ for cycle time of 120 min. For
cycle times of 10 to 120 min, SP4¢h heat dO€s Not show an optimum since, as explained in
Section 5.4.1, the maximum SP4.p heat OCCuUrs at the beginning of the discharge process
(24 s).

tdch

m m dw
Qdch,cold = f ms {d [(Cevap ren_vsap + Cplw %) Tevap] / dt + hfg E} dt (29)

0
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Figure 43. Effects of cycle time on the (a) net water uptake and (b) specific

discharge power of a 0.3-mm coated FAM-Z02 heat and cold sorption TES.

Ties = 90 °C , Tags = 30 °C and Tgcy = 20 °C.

For cyclic operation, the sensible heat from the desorption process, second term
in the right-hand side of Eq. (28), is also added to the sorption energy. Figure 44a shows
the share of the sorption energy, Eq. (30), and sensible heat from the total discharged
energy. As shown in Figure 44a, for shorter cycle times, since the sorber bed is not
completely desorbed, the majority of the discharged energy is accounted for the sensible
heat and thermal loss, i.e. 64% for 5 min cycle time. The total thermal mass of the sorber
bed includes thermal masses of the sorbent material (23%), HTF (32%), HEX copper
tubes (28%), and aluminum fins (17%). Sorption energy share increases by cycle time,

reaching a maximum of 70% for the cycle time of 30 min. As shown in Figure 44b, for the
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completely charged sorber bed, the share of sorption heat to the total discharged energy

reaches an almost constant value of 74% after 15 min of the discharging process.

Qads = Aw my Ahsorp (30)

L @ Sensible heat share BSensible heat share

1 [ mSorption heat share 08 | WSorption heat share

%0.8 ESB = 6 !IEI!
20.6 g s
5 =04 | .
00.4 O% _

0.2 0.2 1

0 0

5 10 15 20 30 60 120 5 10 15 20 25 30 35
tcycle (mm) tdch (mln)

(a) (b)
Figure 44. Sorption energy and sensible heat shares from the total discharged energy
for (a) various cycle times (5 to 60 min) and (b) various discharging times for the cycle
time of 120 min. Tges = 90 °C, Tadgs = 30 °C, Tecu = 20 °C.

5.4.6. Charging process in the S-TES

Energy balance during the charging process of the FAM-Z02 coated bed for the
cycle time of 60 min is shown in Figure 45. The sorber bed is fully desorbed at 20 min of
charging process and thereafter the desorption heat, Eq. (31), does not change. After a
full water uptake of the sorbent materials, the heating energy which is given to the storage
medium is used to heat up the sorbent material, sorber HEX, HTF inside the HEX, and
thermal loss, which will be lost in the long-term storage applications and partially
recovered in the short-term storage. The charging energy, Eq. (20), can be also obtained

from Eq. (32), which is derived from the energy balance during the desorption process.

Qdes = Awcp My Ahsorp (31)

ten d + + T, d
0uy = f my { [{ (Cp,s w Cp(;ZV) CHEX 7'} s] — Mhgory d_(z)} dt (32)
0
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As shown in Figure 45, the charging energy calculated from the energy balance,
Eq. (32), is in good agreement with the measured charging energy and is lower than the
measured value due to the heat loss, especially at the beginning of the charging process,
where heat loss is significant. The ratio of the desorption heat to the total charging energy
varies between 51 to 82% for discharge times of 2.5 to 30 min, with a maximum of 82%

at 10 min, when 93% of the weight loss (Awg, = 0.19 kg kg, 1) is achieved.

Considering seasonal storage application, by increasing the charging time from 15
min to 30 min, the charging energy increases from 0.600 MJ to 0.640 MJ, and the thermal
efficiency (ny,) decreases by 6%. Finding the optimal charging time to minimize the
thermal loss is of great importance to increase overall thermal efficiency, particularly in

seasonal applications, and requires tracking or prediction of the water uptake changes.

14 | e Charging energy (Eq. 20)
12 ko Charging energy (Eq. 32)
' A Share of desorption energy
1 F x Share of sensible energy and thermal loss
go.a - :
o 06 | Q.
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Figure 45. Energy balance of the FAM-Z02 coated S-TES during charging process
under cyclic operation with a cycle time of 30 min (Aw., = 0.20 + 0.01 kg kg_4,), at
desorption, adsorption, condensation and evaporation temperatures of 90, 30, 20,
and 20 °C. e Charging energy Q., EQ. (20), Adesorption energy Qq4es, EQ. (31), %
sensible heat and thermal 0SS (Qsens+loss = @ch — Qdes), and -+ charging energy
calculated from Eq. (32).

5.4.7. Effects of evaporator/condenser temperature on the cold storage
performance

Effects of inlet coolant/chilled water temperature of the ECU on the kinetics of

sorption as well as the specific discharge power are shown in Figure 46, for the cold
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storage application. By decreasing the chilled water temperature from 20 to 15 °C, the
amount of water uptake reduces from 0.14 to 0.11 kg kg™ for a cycle time of 20 min,
because of the lower vapor pressure during the sorption process (see Figure 46a).
Consequently, as shown in Figure 46b, the instant specific discharge power decreases
from 0.563 kW kg™ for Tey,, of 20 °C to 0.406 kW kg™ for T,y,, of 15 °C for 10 min of
discharge. Low water uptake results in a lower amount of water desorption, as shown in
Figure 46, although the lower temperature of coolant fluid decreases the condenser
pressure, which increases the driving force for the desorption and consequently increases

the rate of desorption at the beginning of charging process (see Figure 46a).
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Figure 46. (a) Water uptake and (b) instant specific discharge/charge power of a 0.3-
mm coated FAM-Z02 S-TES for coolant/chilled water inlet temperatures of 15 and 20
°C. Tges = 90 °C and T,4s = 30 °C.

5.5. Summary of results

In this chapter, the sorption dynamics of a 0.3-mm coated FAM-Z02 sorber bed
was investigated for the heat and cold S-TES system for both cyclic operation and
seasonal storage. The measurement was conducted on a full-scale system, where the
weight of the sorbent, FAM-Z02, plus the sorber bed was about 25 kg. The main findings

of this study are summarized as follows:

= The uptake evolution of the full-scale FAM-Z02 coated bed showed an
exponential trend. Three uptake regions with different characteristic times
were observed: (i) the system-limited region with t of 625 s, (ii) the rapid

sorption region with 7 of 270 s, and (iii) the slow ending region with 7 of 1110
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s. It was determined that the thermal mass, as well as heat and mass transfer
resistances of the full-scale S-TES, were the main reasons for the slow
system-limited region. To improve the performance of the S-TES, this region

should be minimized.

Desorption rate constant was 1.48 times higher than the sorption rate
constant, due to the higher driving force (pressure difference between sorber

bed and ECU) and higher temperature during the desorption process.

The average effective diffusivity of the 0.3-mm coated FAM-Z02 S-TES was
measured at 6.3x10"" m2 s' for desorption, adsorption, and

evaporation/condensation temperatures of 90, 30, and 20 °C.

The coated sorber bed showed higher sorption rate (k,qs =2.11%103 s7)
compared to the loose grain bed (k.4 = 5.04x10* s™") with the identical sorber
bed heat exchanger. This makes the coated bed more suitable for short-
duration energy delivery, where the fast discharge is the main goal. However,
the ideal maximum achievable ESD_4 of the loose grain bed was higher than
that of the coated bed (0.661 MJ kgass' compared to 0.500 MJ kgaas™).
Moreover, the volumetric sorber bed ESDyeq c014. Dased on the active volume
of the sorber bed, was significantly higher for the 2-mm diameter loose grain
bed (0.345 GJ m™) compared to the 0.3 mm coated bed (0.100 GJ m3).

By increasing the mass ratio of the sorber bed HEX to sorbent material, r, the
discharged energy was predicted to increase for the heat storage under cyclic
operation, since an increase in the sorber bed thermal mass led to an increase
in the share of sensible heat in the total discharged energy. However, the
sorber bed ESDyeq neat Significantly decreased with r for both cyclic operation
and seasonal storage. For seasonal storage, ESDyeqneat Was predicted as
0.270 MJ Kgbed! for r of 1 and 0.071 MJ kgees' for r of 6. Moreover, the
possibility of improvement of the sorber bed under study by decreasing r was
highlighted; by decreasing r from 3.3 to 1, the ESDypcq heat Was predicted to be

twice.
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The predicted ESDyeqneat fOr seasonal storage was 62% of the measured

value from the current study for the cyclic operation for r of 3.3 (i.e. 0.196 MJ

Kgbed™! compared to 0.121 MJ Kgped').

For the completely charged coated sorber bed, the share of sensible heat and
thermal loss to the total discharged energy in the tested S-TES was 51% after
5 min of discharging time and reached an almost constant value of 26% after
15 min discharge. The total thermal mass of the sorber bed included thermal
masses of sorbent material (23%), HTF (32%), copper tubes (28%), and
aluminum fins (17%).

It was demonstrated that finding an optimal charging time was essential to
minimize thermal loss and increase thermal efficiency, particularly in seasonal
storage. By increasing the charging time from 15 min to 30 min, the charging
energy would increase from 0.600 MJ to 0.640 MJ, while the thermal efficiency

would decrease by 6%.

For cold storage, the material-based ESD 14 of 0.493 MJ kgass™ (0.320 GJ m-
%) and averaged specific discharge power of 267 W kg.ss™' were achieved. For
heat storage, the material-based ESD;,; of 0.934 MJ kgass™' (0.607 GJ m®)
and averaged specific discharge power of 504 W kgaqs' were achieved. For

the charging process, the averaged specific charge power was 663 W kgags™.
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Chapter 6.

Sorption thermal energy storage: experimental study
and modeling

Alongside the detailed heat and mass transfer analysis of the sorber bed,
presented in Chapter 4 and Chapter 5, the system modeling including all components, i.e.
sorber bed, evaporator, and condenser, is essential for performance prediction, design,
application feasibility study, and optimization. In this chapter, a lumped thermodynamic
resistance-capacitance model is developed and validated against the experimental data

collected for a lab-scale S-TES system.*

6.1. Background

To design, evaluate and optimize an S-TES system, developing a reliable easy-to-
use model is crucial. Three types of models were defined by Yong et al. [164]: (i)
thermodynamic steady-state models, (ii) dynamic lumped-parameter models, and (iii) heat
and mass transfer models. Thermodynamic steady-state models are simple but not
practical for the sorption systems due to the transient nature of sorption. However, such
models present the upper performance limits, which can be valuable in the early-stage

design and material selection.

The complexity and nonlinearity of the coupled heat and mass transfer make
developing an analytical solution highly unlikely without simplifying assumptions, which
leads to some limitations for model application. Numerical heat and transfer models
provide more details of the heat transfer and adsorption dynamic, although they are more
complex and may not be possible for modeling the whole sorption system, including all

the components.

Proper model selection is of great importance and should be done considering
complexity, accuracy, realistic assumptions, and computational time and cost. An

alternative approach in modeling the operation of S-TES, namely transient temperatures,

4 The results of this chapter were presented in International Sorption Heat Pump Conference
(ISHPC 2017) [8].
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uptake, and performance, is developing lumped-parameter models which require accurate
thermophysical and thermochemical properties of sorption materials as well as heat and

mass transfer coefficients in heat/mass exchangers.

6.1.1. The ideal closed S-TES cycle

The S-TES systems usually consist of two HEXs: sorber/desorber HEX and
evaporator/condenser HEX, as schematically shown in Figure 47a. However, a separate
HEX for the condenser is considered in some designs [56]. The ideal thermodynamic cycle
of the S-TES is shown in a temperature-pressure diagram in Figure 47b, consisting of 4
processes, which are preheating (1-2), desorption-condensation (2-3), precooling (3-4),
and sorption-evaporation (4-1). A brief overview of the cycle for the main processes is

given below.

Isosteric preheating process (1-2):

Before the charging process when the sorbent is cold and saturated with the
sorbate at wy,,x, heat is transferred from the driving heat source to the sorber bed, while
the valve between the sorber bed and the condenser is closed. Thus, the pressure inside
the sorber bed increases, while ideally, the uptake inside the sorbent remains constant
(i.e. at wyax)- The constant-uptake preheating (1-2) is valid if the volume of vapor inside

the sorber bed is negligibly small (i.e. low dead volume) [165].

Desorption-condensation process (2-3):

When the sorber bed pressure reaches the condenser pressure, i.e. saturation
pressure at heat sink temperature of T.,,q, the valve between the sorber bed and
condenser is open. Thereafter, the desorption-condensation process (2-3) starts and the
sorbate is desorbed from the sorbent and then condensed in the condenser, ideally at the
constant pressure (P.,nq) [165]. The constant-pressure desorption-condensation is valid
when the condenser HEX provides an infinite overall heat transfer coefficient, and hence,
the desorbed vapor shall be condensed immediately [165]. Moreover, for an ideal cycle,
the temperature gradient between the sorber bed and the driving heat source should be
negligible to reach the maximum desorption temperature [165]. This clearly indicates the
importance of designing superior HEX for sorber beds and reducing thermal resistance in

the heat transfer path, including TCR at the interface between the sorbent coating/particle
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and HEX surface. The desorption process proceeds until the sorbent water uptake

reaches the cycle minimum uptake (wp,i,) at state point 3 (see Figure 47).

Isosteric precooling process (3-4):

By rejecting the sorber bed heat to the district heating network or another heat
sink, sorber bed is cooled down and consequently vapor pressure inside the sorber bed

decreases. During the precooling process, the sorbent is ideally at constant uptake (wpin)-

Sorption-evaporation process (4-1):

When the sorber bed pressure reaches the evaporator pressure, i.e. saturation
pressure at Tey,p, the valve between the sorber bed and evaporator is open. The vapor
sorption by sorber bed continues until the sorbent is saturated at w,,,x. The heat of
sorption is transferred to the heating network as the useful heat [165]. In an ideal cycle,
the evaporation-sorption process takes place under constant pressure assuming that the

evaporator HEX has an infinite heat transfer capacity.
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thermodynamic cycle.

6.2. Lumped-parameter

In this study, a fully transient lumped-parameter model has been developed to

study the performance of a closed S-TES system, shown in Figure 47. The main

Temperature
(b)

model for closed S-TES

assumptions of the present model are [166]:

(i) Thermal equilibrium condition between the sorbate and sorbent,

(ii) Uniform sorbent particle size in a loose grain sorber bed, and/or uniform coating

thicknesses in a coated sorber bed,
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(iii) Negligible heat loss to the ambient for the cyclic operation,
(iv) Uniform water uptake in the sorbent, and

(v) Negligible vapor pressure losses in the sorbate flow, both from the evaporator
to the sorber bed and from the sorber bed to the condenser; during the sorption
process, the pressure inside the sorber equals that of the inside the evaporator,
and during the desorption process, the pressure inside the sorber equals that

inside the condenser.

6.2.1. Charging process modeling

During the preheating process, as explained in Section 1.4, the sorber bed is
heated by the heat source at desorption temperature, while it is disconnected from the
condenser. Hence, the energy balance of the sorber bed is given by the following

equation:

d[{ms (Cp,s + Wmax Cp,lw) + CHEX mHEX}Ts] /dt = mhfcp,hf(Thf,in - Thf,out) (33)

In Eq. (33), the left-hand side presents the change rate of the internal energy of
the sorber bed due to the total thermal inertia, including sorbents, adsorbed sorbate, and
sorber bed HEX. The maximum water uptake, which is achieved at the end of the sorption
process, is shown as wy,,x and assumed to remain unchanged during the preheating
process. The right-hand side in Eq. (33), represents the extracted amount of heat from the
heating fluid. Considering short time intervals, for the small temperature difference across
the heating fluid, the log mean temperature difference (LMTD) method can be applied.

Therefore, the outlet heating fluid temperature is as follows:

—Uped Abed) (34)

T =T, + (Tyrin — T ) €x
hfout s ( hfin s) p( mhf Cp,hf

where Uoq and Apeq are the sorber bed overall heat transfer coefficient and heat transfer
surface area, respectively. When the sorber bed pressure exceeds the condenser
pressure, the connecting valve between the sorber bed and condenser is opened, which
leads to an increase in the sorber bed temperature and pressure, leading to water
desorption. During desorption, the mass balance in the sorber bed is governed by Eq.
(35).
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d[{ms (cps + w cpiw) + cupx Mupx)Ts) / dt =

do | (35)
Ahygs Mg T 1MneCp he(Thein — Theout)

The first term in the right-hand side of Eq. (35) expresses the gained desorption
heat through releasing of the sorbate by means of the sorption enthalpy, Ah,q4s, and the
sorbate uptake, w. The energy balance in the condenser is shown in Eq. (36), which is

coupled with the temperature and the uptake changes in the sorber bed.

d[(ccond Mcond + Cp,lw mlw) Tcond] / dt
dw dw
= —Ly mg E t Cpyw Ms E (Ts — Tcona) (36)

+ Mcoolant Cp,coolant(Tcoolant,in - coolant,out)

The left-hand side term in Eq. (36) shows the internal energy change of the
condenser due to the thermal mass of the condenser HEX and the liquified sorbate. On
the right-hand side, the first term represents the released latent heat of condensation of
the desorbed sorbate, while the second term gives the released sensible heat of the
desorbed sorbate. The last term in Eq. (36) represents the total amount of heat transferred

to the coolant fluid with the outlet temperature, as follows:

—Ucond Acond
Tcoolant,out = Tcond + (Tcoolant,in - Tcond) eXp( . == == ) (37)

Mcoolant Cp,coolant

6.2.2. Storage period modeling

Under cyclic operation, i.e. without storage period, the heat loss from the storage
medium is assumed negligible. However, for the short-term storage, the component
temperatures are functions of the storage time, their surrounding temperature (T,), and

their thermal mass, as shown in Eq. (38).

(Tie = Ta)/(Tio — Ta) = exp(—t/(R;iC})) (38)
where i indicate the component of the S-TES (i.e. sorber bed, evaporator, and condenser)
and T; o is the initial component temperature. The ambient convection resistance and the
lumped thermal capacitance are R; = 1/(h;_, A;) and C; = m;c;, respectively. For long-

term storage period, the component temperatures reach the ambient temperature, T,.
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6.2.3. Discharging process modeling

For cyclic operation or short-term storage, precooling of the sorber bed is required
prior to the adsorption process. The energy balance of the sorber bed during the
precooling process and the outlet cooling fluid temperatures are given by the following

equations, where w,,;, is the minimum water uptake at the end of desorption:

d[{ms (Cp,s + Wmin Cp,lw) + CHEX mHEX}TS] / dt = mcfcp,cf(ch,in - ch,out) (39)
—Upeq A
ch,out =T+ (ch,in - Ts) €xp <%> (40)
cf Cp,cf

The valve between sorber bed and evaporator is opened, as soon as the sorber
bed pressure falls below the evaporator pressure. The mass balance in the sorber bed is

given by Eq. (41).

d[{ms (cps + w cpiw) + cupx mupx)Ts] / dt
dw dw
= Ahsorp mg E — Mg Cpvw (Ts - Tevap) E (41)
+mcfcp,cf(ch,in - ch,out)
The second term on the right-hand side of Eq. (41) is the sensible heat transferred
from the evaporator to the bed through the adsorbed sorbate vapor. The energy balance

and the outlet chilled water temperature are given by Egs. (42) and (43).

d[(cevap Mevap + Cpaw mw) Tevap] /dt
dw dw
= —Ly, mg E + Cpw Ms E (Tcond - Tevap) (42)
+ mchilled Cp,chilled (Tchilled,in - chilled,out)
_Uevap Aevap )
Mchilled Cp,chilled

Tchilled,out = Tevap + (Tchilled,in - Tevap) eXp( (43)

6.2.4. Sorption uptake modeling

The non-equilibrium uptake change is calculated based on the classical linear

driving force (LDF) solution proposed by Glueckauf [167], shown in Eq. (44).

—_— = kLDF (a)eq - (1)) (44)
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The sorption rate constant, k; pr, is obtained by equation Eq. (45) for the sorbent
particles [168] and by Eq. (46) for the coated adsorbent layers [161], where Dy, E,, 7, and
l.0ateq @re the pre-exponent diffusivity constant, sorbent activation energy, sorbent particle
diameter and sorbent coating thickness, respectively. The coefficients of ki pr, Do, and

E, are extracted from the experimental data on the uptake changes and listed in Table 16.

kipr = (15 Dso exp(— E,/RT))/72 (45)
kLDF = (3 DSO exp(_ Ea/RT))/lgoated (46)

Table 16. Parameters of linear driving force model including sorption rate constant (k1 pr),
pre-exponent diffusivity constant (D, ), and sorbent activation energy (E,).

Parameter Loose grain bed Coated bed
kipr (s 5.1208x10* 2.1277 x 103
Dgo (m2s™) 5.55 x 10® 1.04 x 10°
E, (Jmol™) 30240 30240

6.2.5. Thermal resistance-capacitance (RC) network of a closed S-TES

The heat flow in energy Egs. (33)-(43) of the above-mentioned lumped-parameter
model can be illustrated as the proposed resistance-capacitance (RC) thermal networks
analogue to electric circuits in Figure 48. Sorption heat is represented as the current
source while the constant inlet temperatures of HTF, coolant and chilled water are shown
as a voltage source. All the resistance, capacitance, and heat source equations are listed
in Table 17.
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Figure 48. Simplified resistance-capacitance (RC) circuit model for the (a) preheating,
(b) desorption (charging), (c) storage, (d) precooling, and (e) adsorption (discharging)
processes in an S-TES system, considering negligible heat loss to the ambient.
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Table 17. Resistance, capacitance, and heat source equations for charging, discharging,
and storage periods, corresponding to the RC networks shown in Figure 48.

Parameter Formula
Charging
Preheating Desorption
Resistance between 1
R.as-ne  sorber bed and . [ _ (—Ubed Abed>]
heating fluid MaiCpnf [1 = exp\ =5, - Cphf
Resistance between 1
Reond—co CONdenser and - . [ _ (—Ucond Acond)]
coolant fluid McoCpco |1 = €XP Mt Cp hf

Resistance between
R,ds—cona CONdenser and
sorber bed

dw
1S ms )

Thermal capacitance

{ms (Cp,s + Wmax Cp,lw)

Caas of sorber bed + CHEXMHEX } {ms(cps + @ o) + Cupx Mg
Thermal capacitance

Ccond of condensgr - (Ccondmcond + Cp,lw mlw)
Heat source in ) AR dw

Gads sorber bed sorp Ms ™7~
Heat source in ) L dw

Gcond condenser wMs ™7

Discharging
Precooling Adsorption

Resistance between 1

Rads—ct sorber bed and . [ (—Ubed Abed)]
heating fluid i A LT
Resistance between 1

Revap—ch condenser and - Tc 1 — ex _Uevap Aevap
coolant fluid chCp,ch P\ e cpen

Resistance between
Revap-cond CcOndenser and
evaporator

dw
e

Resistance between
Rags-evap condenser and
sorber bed

dw
1S ms )

Thermal capacitance

{ms (Cp,s t Wnin Cp,lw)

Caas of sorber bed + ChEx MuEx) {ms (cps + @ cppw) + Chipx Mex}
Thermal capacitance
Cevap of condenser - (Cevap Mevap + Cpaw Mw)
Heat source in ) AR dw
Gads sorber bed sorp Ms E
q Heat source in ) L dw
evap condenser w s -
Storage
Resistance of sorber
Rads—amb bed 1/(hs As)

Thermal capacitance

Cads of sorber bed

{ms (Cp,s + Wmin Cp,lw) + CHEX mHEX}
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6.2.6. Model parameters

Sorption equilibrium properties

Experimental data of water sorption onto the microporous sorbent material is
widely described by Polanyi potential theory, using the sorption potential A(J mol™!), as
defined in Eq. (47) [169]. Among the isotherms based on the micro-pore filling theory of
Polanyi, Dubinin—Astakhov, Eq. (48), is widely used for describing sorption equilibrium
uptake for TES applications since it allows to directly obtain the differential heat of sorption
for storage applications and only has three unknown parameters [169]. These parameters,
the maximum sorbed volume, w, (kg kg™, characteristic energy, E (J mol'), and empirical
constant, n, can be determined by the thermogravimetric measurements [169]. It also has
been proved to correlate the uptake behavior of FAM-Z02 properly [104], [170]. The
parameters used in the equilibrium uptake Eq. (48) are listed in Table 18, using the TGA
data reported by Goldsworthy [135] for the sorbent particles, and McCague et al. [162] for
the coated FAM-Z02.

A=RTIn (%) (47)

Weq = Wo EXP (— (%)n> (48)

Table 18. The constants used in the water uptake equilibrium Eq. (48) for loose grain and
coated FAM-Z02. A = RT In(P,/P), w, (kg kg™"), E (J mol™"), and n are the Polanyi sorption
potential, maximum sorbed volume, characteristic energy, and empirical constant,
respectively.

Loose grain FAM-Z02 Coated FAM-Z02
Wy n E Wy n E
(kgkg™) (Jmol") | (kgkg™) (Jmol")
A < 2550 (Jmol™) 8910 A < 3550 Jmol™) 8197
Ads 0.31 3 0.29 3
A = 2550 Jmol™1) 7128 A =3550 (Jmol™1) 7840
A < 2450 (Jmol™) 7425 A < 4200 (Jmol™?) 8315
Des 0.28 3 0.28 3
A > 2450 (Jmol™1) 6534 A >4200 (Jmol™1) 7128
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Figure 49. Measured sorption equilibrium isotherm and fitted line to DA equation (Eq. (48))
for FAM-Z02 in the form of (a) 2 mm particles [135], and (b) 0.3 mm coating layer, collected
in our lab [162].

Heat exchangers design parameters

Since heat transfer plays an important role in the sorption dynamic, it is beneficial
to calculate the heat transfer coefficient between the sorber bed HEX and the sorbent
material. The heat generated in the sorber bed is removed by the HTF in the sorber bed
HEX, therefore, the overall heat transfer coefficient (Uyeq) is a function of (i) HTF
temperature, (ii) HTF flow rate, (iii) sorbent thermal conductivity, and (iv) HEX geometry,
design, and material. The overall thermal conductance, (UA)y.q, is evaluated using Eq.
(49).

(UA)poq = ~2dsdes (49)
ATads/des

ﬁads/des is the averaged temperature difference between sorption/desorption

processes and defined by LMTDags/des (EQ. (50)).

Thitin — Thtfout
1 ( Tads/des — Thtfin ) (50)
n

Tads/des - Thtf,out

LMTDads/des =

The arithmetic mean temperature difference (AMTD) is another approximate for

AT,4s/qes [118], [171], which is the difference between the average temperatures of HTF

and the sorber bed, as defined in Eq. (51).
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Thein + Thtf,out)

AMTDads/des = lads/des — ( 2

(51)

Overall thermal conductance of sorber bed (UA)p.q4, evaporator (UA)eyap, and

condenser (UA)onq are listed in Table 19.

Table 19. Model parameters of sorber bed, evaporator, and condenser HEXs.

Parameter Packed bed Coated bed
(UA)evap (WK™ 150 (Teyap = 10 °C)

250 (Teyap = 15 °C)
Aevap (m?) 0.49
(UA)cond (W KT) 167 (Teonq = 30 °C)

96 (Teong = 40 °C)
Acond (m?) 2
(UA)ave,ads HEX (WKT) - 98
(UA)maxadsuex (WK - 815 (beginning of sorption)
o Bty
(M) ads HEX (J KT 3351

6.3. Experimental study

A front view of a modular vacuum sorption system, built in our lab [71], is shown in
Figure 50. An off-the-shelf engine oil cooler, manufactured by Hayden Automotive (model
#1268), was chosen as the sorber bed, shown in Figure 50b. Two sorbent configurations
were studied: (i) packed bed with 0.5 kg of 2 mm FAM-Z02 particles (Figure 50c), and (ii)
coated sorber bed with 0.3 mm coating layer of FAM-Z02 (Figure 50d), fabricated by
Mitsubishi Plastics. Two TCS were used (details are described in Section 5.2) at 30 °C for
cooling down the sorber bed and at 90 °C for heating up the bed during the charging
process. As shown in Figure 50e, a custom-built capillary-assisted low-pressure
evaporator with inclined circumferential micro-groove enhanced tubes [172] was used as
the sorbate vapor generator. Details of the sorber HEX and evaporator are listed in Table
27 and Table 28 in Appendix E. A custom-built shell-and-tube HEX (Figure 50f) was used
as the condenser. The expansion valve was a needle valve with high precision flow
adjustment. A control valve was located between the sorber bed and evaporator, which

was aimed to isolate the sorber bed from the evaporator in the heat storage period. A relay
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switch was controlled automatically, using a LabVIEW program, to switch the connection
of sorber bed to TCS. Working pair specifications and operating conditions are listed in
Table 20.

T-type thermocouples (Omega, model #5SRTC-TT-T-36-36) with an accuracy of
0.75% of reading in degree Celsius and pressure transducers (Omega, model #PX309-
005Al) with 0—-34.5 kPa absolute pressure range and +0.4 kPa accuracy were used to
measure temperature and pressure. Two positive displacement flow meters (FLOMEC,
Model#OMO015S001-222) with an accuracy of 0.5% of reading in Lmin™!, were used to
measure the flow rates of sorber bed heating/cooling fluid (silicone oil) and chilled/coolant
(water). In order to dry the sorbent in the preparation step, the sorber bed was heated up

to 100 °C and outgassed, being connected to a vacuum pump for 8-12 hours.
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Figure 50. Custom-built experimental test bed: (a) front-view of the sorption closed
system including (1) and (2) sorber beds, (3) evaporator, and (4) condenser, (b)
off-the-shelf fin-tube sorber HEX with copper tube (black painted) and aluminum
fins, (c) packed bed with 2 mm FAM-Z02 particles, (d) coated HEX with 0.3 mm
layer of FAM-Z02, (e) custom-built capillary-assisted low-pressure evaporator, and
(d) off-the-shelf condenser.
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Table 20. Working pair specifications and operating conditions.

Parameter Packed bed Coated bed
Working pair AQSOA FAM-Z02 / water
Adsorbent particles diameter (mm) 2 -
Adsorbent coating thickness (mm) - 0.3
Adsorbent mass (kg) 0.5 0.766
Heating fluid mass flow rate (kg s™') 0.058

Cooling fluid mass flow rate (kg s™') 0.062

Coolant water mass flow rate (kg s™) 0.052

Chilled water mass flow rate (kg s™) 0.037

Heating fluid temperature (°C) 90

Cooling fluid temperature (°C) 30
Condensation temperature (°C) 30
Evaporation temperature (°C) 15

6.4. Results and discussion

6.4.1. Effect of the sorption-to-desorption time ratio on the storage
performance

Figure 51 shows the estimated sorption uptake and ESD of the S-TES versus the
sorption-to-desorption time ratio (r;). Considering total time (t., + tqcn) of 1800 s, the
maximum sorption uptake of 0.15 kg kgass™, heat storage ESD of 0.505 GJm™, and cold
storage ESD of 0.239 GJm™ were achieved. The optimum r, is between 1.5 and 2. Due
to the higher desorption rate compared to the sorption rate (as explained in Section 5.4.1),
increasing the sorption-to-desorption time ratio to 1.5-2 improves the storage
performance. One can conclude that finding the optimal r; for a certain total time is of great
importance. The theoretical model successfully can predict the trend and value of the

experimental data.
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Figure 51. (a) Sorption uptake and (b) material-based ESD of the cold storage (CS) and heat storage (HS)
vs sorption-to-desorption time ratio () for the 0.3 mm FAM-Z02 coated bed. The total time (t.p, + tgcn) of
1800 s is considered and operating temperatures are Ty¢in = 90 °C, Tegin = 30 °C, Teoolantin =
30 °C, Tehilted,in = 15 °C..

Considering the optimum r; of 1.625, Figure 52 shows the sorption uptake, ESD,
and SP for the total time (t., + tqcn) Of 525-4200 s. Both sorption uptake and ESD increase
by total time until the maximum uptake of 0.184 kg Kgads™!, ESDneat Of 0.604 GJ m, and
ESDcoiq¢ 0f 0.295 GJ m are reached. As shown in Figure 52c, a maximum SPc.q of 335 W

kgass ' is observed for the total time of 1050 s, while the highest SPheatis 1207 W kgads ™.

115



0.24

. @® Measured
< 0.2 | ---Model ’___* _______
& 016 f *
Y4 F 5
g 0.12 1 ,’
3 008 f 2
004 t e r= ty/ty=1.625
0 TN Laig a1, Lis i a1 aa

0 2000 4000 6000

tonttacn (S)
(a)

1 ® Measured (HS)
- ---Model (HS)
508 [ & Measured (CS)
e [ ---Model (CS)
06 PETL . B
S 4 !
(A 04 N ,a‘
Wop po 4T
. i ./
: i I’t= tdch/tch= 1625
0 " .‘. ...... Lo a1 L
0 2000 4000 6000
tonttacn (S)
(b)
Lo - ® Measured (HS)
— [ . - --Model (HS)
T, 1200 F *\ ¢ Measured (CS)
kS L T ---Model (CS)
2 a0 | b
g - \} rt= tdch/tch= 1625
o g
CD 400 I .—”~‘§’~_§ . ~~~~~~
Il SR
O ......... Lo 1111 [

0 2000 4000 6000
tonttacn (S)
(c)
Figure 52. (a) Sorption uptake, (b) material-based ESD, and (c) SP of heat storage (HS) and cold storage

(CS) versus total time (t.p, + tqcp) for the 0.3 mm FAM-Z02 coated bed. 3 is 1.625.
Operating temperatures are Ty¢in = 90 °C, Tegin = Teoolantin = 30 °C, and Tepijjeq,in = 15 °C.
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6.4.2. Temperature changes: Model validation

Apart from the overall performance indicators such as ESD and average SP, the
model should be able to predict the transient performance of S-TES, particularly for
temperature regulation and peak load shaving applications. As shown in Figure 53, there
is a satisfactory agreement between the measured temperatures and the model results,
both for the loose grain (Figure 53a) and coated (Figure 53b) heat exchangers; the
maximum temperature relative difference is 4% for loose grain bed and 3% for coated
bed.
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Figure 53. Temperature variation in the sorber bed, evaporator and condenser versus
time, for (a) loose grain and (b) coated sorber bed — comparison between the
theoretical model and experimental results. Ty¢in, = 90 °C, Tefin = Teoola in = 30°C,
Techilled,in = 15 °C, 7 = tqcn/ten = 1, @nd toy + tgen = 1200 s. The experimental data for
loose grain and coated bed is presented in Appendix F.

6.4.3. System-based ESD: Loose grain vs coated bed

Figure 54 compares the system-based ESD of the coated and loose grain S-TES
for heat and cold storage under cyclic operation. In both cold and heat storage at different
cycle times, ESDgy is higher for loose grain sorber bed. ESDgy et is significantly higher
than the ESDgy 014 beCause: (i) heat of sorption, which is the useful energy in the heat
storage, is more than the evaporation cooling, which is the useful energy in the cold

storage, and (ii) sensible heat that is delivered to the bed in the charging process, is used
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at the beginning of the sorption process as a part of the heat delivery. At cycle time of
1800 s, i.e. 600 s of charging and 600 s of discharging, ESDys co1q Of l0OSE grain sorber is
1.66 times higher than ESDgy o4 Of coated sorber, 0.106 GJ m-3 compared to 0.064 GJ
m3. ESDgys heat Of l0OSE grain sorber is 2.63 times higher than ESDy 1,ea: Of coated sorber,

0.386 GJm™ compared to 0.147 GJ m*.
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Figure 54. System-based ESD of (a) heat and (b) cold S-TES systems for loose grain (L)
and coated (C) bed versus cycle time under cyclic operation. Operating conditions are as
follows: Thein = 90 °C , Tefin = Teoolantin = 30 °C , and Tepinedin = 15 °C. The ESD is per
active volume of the sorber beds; active volume of the coated sorber bed is 3835 cm?
(A = 2.8 cm?) and active volume of loose grain sorber bed is 1013 cm? (4, = 0.74 cm?).

6.4.4. Effect of heating fluid temperature on the storage performance

Material-based ESD versus heating fluid temperature is shown in Figure 55a for
loose grain and in Figure 55b for coated FAM-Z02. By increasing the heating fluid
temperature from 70 to 90 °C, ESDneat changes from 0.250 to 0.436 GJ m=3, a 74%
increase, for the loose grain bed, and from 0.245 to 0.378 GJ m, a 54% increase, for the
coated bed. Similarly, by increasing the heating fluid temperature from 70 to 90 °C, ESDcoiq
increases from 0.022 to 0.094 GJ mfor the loose grain bed and from 0.069 to 0.135 GJ

m-3 for the coated bed.

Average SP versus heating fluid temperature is shown in Figure 55c for loose grain
and in Figure 55d for coated FAM-Z02. By increasing the heating fluid temperature from
70 to 90 °C, SPheat increases from 640 to 1119 W kgaqs™” for the loose grain bed and from
627 to 970 W kgaas ' for the coated bed.
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Figure 55. Material-based ESD of cold and heat storage versus heating fluid temperature
for (a) 2 mm loose grain packed bed and (b) 0.2 mm coated FAM-Z02 sorber bed and
average SP for (c) 2 mm loose grain packed bed and (d) 0.2 mm coated FAM-Z02 sorber

bed. ch,in = Icoolantin = 30°C, Tchilled,in =15°C, re=1, and tcycle =

tech + tdch =

1200 s.

6.4.5. Effect of cooling fluid temperature on the storage performance

Figure 56 shows the effects of the cooling fluid temperature on the ESD and SP

for 2 mm loose grain FAM-Z02 sorber bed. An increase in the cooling fluid temperature

leads to a decrease in ESD and SP. By increasing the cooling fluid temperature from 30
to 45 °C, the ESD and SP are estimated to decrease by 24%.
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Figure 56. (a) ESD and (b) SP of heat storage 2 mm loose grain FAM-Z02 sorber bed
vs cooling fluid inlet temperature. Tygin, = 90 °C, Tehiited,in = 15°C, 7 = 1, and t¢ycle =
tCh + tdch =1200s.

6.4.6. Effect of chilled water temperature on the storage performance

Effect of the chilled water temperature on the storage performance is shown in
Figure 57. An increase in the chilled water temperature leads to a higher sorption pressure,
which improves storage performance. As shown in Figure 57a, sorption uptake increases
from 0.045 kg kQads™ for Tenineqin Of 5 °C to 0.069 kg Kgass™ for Tepipedin Of 30 °C.
Improvement in ESD and SP due to an increase in the chilled water temperature is higher
for the cold storage compared to the heat storage. As shown in Figure 57b and Figure
57c, by increasing the chilled water temperature from 5 to 30 °C, 47% improvement is
observed in ESDgo¢ (from 0.074 to 0.109 GJ m™®) and SPgoq (from 191 to 280 W kgaas™'),
while 10% improvement is estimated in ESDheat (from 0.383 to 0.421 GJm3) and SPheat
(from 982 to 1080 W kgaas'). As shown in Figure 57d, changes in COPheat due to the
increase in the chilled water temperature is negligible (0.5% improvement), while COP coiq

increases by 34% when Tcpjjeqin increases from 5 to 30 °C.
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Figure 57. (a) Sorption uptake, (b) ESD, (c) SP, and (d) COP of heat storage and cold
storage versus chilled water temperature. Thfin, = 90 °C , Tefin = Teoolantin = 30 °C, 7 =
tdch/tch =1,and tcycle = tech + tich = 1200 s.

6.5. Summary of results

An accurate transient lumped-parameter RC model was developed for a closed S-
TES, which considered the equilibrium and kinetics properties of the sorption working pair
candidates as well as heat and mass transfer coefficients in the sorber bed HEX. The
present model was successfully validated with the experimental data, which was collected
from a custom-built S-TES in our lab, under various operating conditions. The model could
be used for the material selection, application feasibility studies, design optimization,

performance evaluation, and parametric study.

For cyclic operation, ESD of heat storage was significantly higher than the ESD of
cold storage, because (i) heat of sorption, which was released in the heat storage, was

more than the evaporation cooling, which was delivered during cold storage, and (ii)
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sensible heat that was delivered to the bed in the charging process, was used at the
beginning of the sorption process as a part of heat delivery. System-based ESDs, for both
cold and heat storage, were higher for loose grain sorber bed compared to the coated
one. At cycle time of 1800 s, the ESDy o1 Of the loose grain bed was 1.66 times higher
than that of the coated sorber (0.106 GJ m compared to 0.064 GJ m™) and ESDgys heat Of
the loose grain bed was 2.63 times higher than ESDgys hea: Of coated bed (0.386 GJ m-3
compared to 0.147 GJ m™3).
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Chapter 7.
Thermo-chemical energy storage systems

As discussed in Chapter 3, composite sorbent of silica gel+CaCl, shows high
theoretical ESD potential for heating and cooling in residential applications. Hence, the
performance of a lab-scale S-TES with silica gel+CaCl, is investigated and the effects of
storage time and adding high-conductive additives on ESD and specific power are

presented in this chapter.®

7.1. Experimental study on the performance of a salt
composite S-TES

Our custom-made S-TES prototype is shown in Figure 58, which consists of (i) two
fin-tube sorber beds, (ii) a shell-and-tube condenser, and (iii)) a custom-built capillary-
assisted low-pressure evaporator. The detailed description of the setup is provided in
Chapter 5 and Chapter 6, and some upgrades have been made to the S-TES system
including installation of four-way valves for faster desorption to adsorption temperature
switches, especially for cyclic operations, and larger diameter pipes and gate valves
between the evaporator and sorber beds. Moreover, the HTF of the sorber bed is water,
unlike Chapter 5 and Chapter 6, where silicon oil is used. The operating temperatures of
desorption, condensation, adsorption, and evaporation are 90, 30, 30, and 15 °C,

respectively, and the flow rate of HTF and chilled water are 7.6 and 6.1 L min".

One of the sorber beds is filled with 1.302 kg silica gel-CaCl, (SG-CC: 55 wt%
B150 silica gel, 30 wt% CaClz, and 15 wt% PVA) with the HEX-to-sorbent mass ratio of 1.94,
while the second one is filled with 1.513 kg silica gel-CaCl,-graphite flake (SG-CC-G: 42
wt% B150 silica gel, 23 wt% CaCly, 20 wt% graphite flakes, and 15 wt% PVA) with the
HEX-to-sorbent mass ratio of 1.67. Therefore, the CaCl, to silica gel mass ratio is kept 0.55

for both samples. Table 21 lists specifications of the sorbent composites with and without

5 The results of this chapter were presented in: (i) Heat Powered Cycles (HPC 2018) conference
[9], and (ii) 5th Experts meeting of the Joint IEA Technology Collaboration Programs on Solar
Heating and Cooling (SHC) Task 58 and Energy Conservation through Energy Storage (ECES)
Annex 33 on Compact Thermal Energy Storage R&D, May 1-3 2019.
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graphite flakes. By adding graphite flakes, the thermal conductivity of the new composite
improved by 2.36 times from 0.098 to 0.231 W m'K™".

Figure 58. (a) S-TES prototype, including: two sorber beds (1,2), condenser (3), and
evaporator (4), (b) sorber bed (1) packed with silica gel+CaCl, with the HEX-to-sorbent
mass ratio of 1.94, and (c) sorber bed (2) packed with silica gel + CaCl; + graphite flakes
(20%) with the HEX-to-sorbent mass ratio of 1.67.

Table 21. Specification of the sorbent composites: (i) silica gel + CaCl,, and
(ii) silica gel + CaCl, + graphite flakes (20%).

. Silica gel + CaCl; +
Slllc?\sgg-lgc():aCIz graphite flakes (20%)
(SG-CC-G)
Composition 55% B150 silica gel 42% B150 silica gel
30% CaCl; 23% CaCl;
15% PVA 15% PVA
20% graphite flakes
Mags (kg) 1.302 1.513
Kags (Wm-'K") 0.098 +/- 0.002 0.231 +/- 0.006
Cpads (MIM2K-1) | 0.42 +/-0.06 0.45 +/-0.03

7.1.1. Experimental procedure

Each bed is examined separately. Prior to the experiments, the entire sorption
system is evacuated at 90 °C for 8-10 hours to remove the residual gas. To study the
effect of storage duration on the performance, the S-TES is discharged in a cyclic mode

(no storage time), and afterwards, for various storage durations. In cyclic operation
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(considered as a baseline test), periodically a quick degassing (few seconds) is performed
between the half-cycles, to prevent possible accumulation of non-condensable gases in
the condenser. As shown in Figure 59, after 5 to 6 cyclic operations, short-term storage
times are considered before the discharge process. Sorption and desorption periods of 35
min are considered. For seasonal application, the system is turned off and reaches the
ambient temperature, which takes around 1 day for this testbed. In the discharging
process, after the evaporator reaches a constant temperature of 15 °C, the valve between

the evaporator and the sorber bed is opened and water vapor goes to the sorber bed.

Cyclic operation Seasonal
A /_)\ﬁ
4 N
alpo|afp]alo]alolalo|S|alp] $ [alp] § [A|D| store (A
plE|p|E|D|E|D|E|D|E|[O|(D|E| O |D|E 0 DIE| (1-2days) |D
s|S|s|s|s|s|s|s|s|s|Bfsfs| B [s|S = s|s S

Figure 59. Experimental procedure for studying the effect of storage time on the
performance of S-TES. It includes 5-6 cyclic operation, a few short-term storage periods,
and seasonal storage condition, which is achieved after 1-2 days.

7.2. Results and discussion

7.2.1. Temperature changes in the sorber bed and evaporator

Inlet and outlet temperatures of the sorber bed HTF and inlet and outlet
temperatures of the evaporator chilled water are shown in Figure 60a and Figure 60b for
the composite of SG-CC-G. As depicted in Figure 60, after five cyclic charging-
discharging, storage times of 35, 70 and 105 min are considered. The maximum
temperature rise/drop of the HTF in the switching time is 56-58 °C. After the charging
process and during the storage period, the temperature of HTF reduces exponentially and

it reaches the ambient temperature for seasonal application.
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Figure 60. (a) The temperature of heat transfer fluid of the sorber bed with Silica
gel + CaCl, + graphite flake and (b) temperature of evaporator chilled water vs

time.
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7.2.2. Effect of storage period on the ESD of the S-TES

Figure 61 shows the effect of storage duration on the heat and cold storage ESD.
Cold ESD slightly decreases from the cyclic mode to a few minutes of storage and
seasonal application. S-TES systems are known for having no cold energy loss [28], and
this drop in the cold ESD is due to the uncertainty of the experiment, as shown in the error
bars in Figure 61, and possible pressure build-up inside the condenser, as a result of
existence of non-condensable gases by the corrosion reactions in the salt composite
sorber bed. The residual gases add to the mass transfer resistance inside the sorber bed
and, other than using corrosion-resistant materials and corrosion-protection layer, as

stated in ref. [173], occasional degassing is necessary for long-term use of a closed

sorption system, due to the residual gases and leakage.
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For heat storage, a significant decrease is observed from the cyclic operation
mode (1.03 MJ kg™) to seasonal application (0.43 MJ kg™), due to sensible heat loss in
the sorber bed and, in part, due to the possible non-condensable gases in the condenser.
The S-TES heat storage systems are more suitable for short-term storage rather than
seasonal applications, where a part of the input sensible heat can be discharged as well.

ESD of 1.1 MJ kg™ is achieved for SG-CC S-TES under cyclic operation.

1.6
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Figure 61. Effects of storage duration on the ESD of SG-CC-G S-TES for cold
and heat storage. Storage periods of 35, 70, and 105 min, as well as cyclic and

seasonal operations, are considered.
Operating conditions are: Tges=90 °C, Tads=Tcond=30 °C, Tevap=15 °C, and charge
time of 35 min.

7.2.3. Effect of high-conductive additives on the discharge power

Figure 62 shows the specific discharge power of the SG-CC and SG-CC-G sorber
beds for heat storage. The discharge power based on the active mass of the sorbent (i.e.
silica gel and CaCly) is higher for the composite with graphite (732 W kg™') compared to
the composite without graphite (573 W kg™), because of the higher thermal diffusivity of
graphite flake, which expedites the discharging process and makes it more suitable for

fast-heat delivery applications

However, the average specific discharge power based on the total mass of the
sorbent (i.e. including the graphite mass for the SG-CC-G bed) is slightly lower for the SG-
CC-G bed (476 W kg') compared to the SG-CC bed (487 W kg™"). Hence, adding graphite

does not improve the average specific power based on the total mass in this study. The
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discharge power for the first 10 min is still higher for the bed with graphite flake (1.30 kW
kg™) compared to the bed without graphite flake (1.25 kW kg'). One can conclude that
adding graphite makes the composite suitable for fast-heat delivery applications,

regardless of the total ESD and system compactness.
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Figure 62. Effect of high-conductive additives on ESD and discharge power
and (b) effects of storage duration and residual gas on ESD.

Operating conditions are: T4es=90 °C, Tads=Tcona=30 °C, Tevap=15 °C, and
fach= 35 min.

7.2.4. ESD vs COP of the S-TES

Figure 63 shows the heat storage COP vs ESD of the SG-CC-G bed for various
storage periods and desorption temperatures of 70, 80, and 90 °C. For 90 °C desorption
temperature, COP decreases by 62% from 0.70 to 0.25, and ESD drops by 55% from 0.95
to 0.43 MJ kg™', when cyclic operation changes to seasonal application. By increasing the
desorption temperature, a trade-off is observed between COP and ESD. As shown in
Figure 63, when desorption temperature increases from 70 to 90 °C, ESD increases from
0.63 to 0.95 MJ kg™, while COP decreases from 0.92 to 0.7.
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Figure 63. Heat storage COP vs ESD for the SG-CC-G S-TES under
desorption temperatures of 70, 80, and 90 °C and various storage periods.

7.2.5. Comparison between the STES with silica gel + CaCl: and STES

with FAM-Z02

Table 22. lists the specifications of the S-TES with 0.3 mm coated FAM-Z02,
discussed in Chapter 5 and Chapter 6, and S-TES with SG-CC under cyclic operation and
temperatures of 90-30-30-15 °C. By changing the coated FAM-Z02 to packed SG-CC, the
ESD.ds neat has been increased to 1.061 GJ m™ from 0.629 GJ m3.

Table 22. Specifications of the heat storage S-TES with FAM-Z02, discussed in Chapter 6, vs S-TES

with silica gel+CaCl,

FAM-Z02 (coated)

Silica gel + CaCl;

Mags (kg) 0.76
HEX-to-sorbent mass ratio 3.3
ESDads,heat (MJ kg™) 0.967
ESDags heat (GJ m3) 0.629

SPdch,heat,ave (W kg-1)

ATiitt (°C) 46

372 (at ThHTF = 36 L min_l)

1.302

1.94

1.1

1.061

485 (at myrp = 7.6 L min™1)
54

7.3. Summary of results

An experimental study was conducted to investigate the effects of storage time,

and high-conductivity additives on the overall performance of a salt composite S-TES. For
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heat storage, the S-TES was preferable for short-term storage, due to a 56% decrease in
ESD, from 0.95 MJ kg™ (no storage-time) to 0.43 MJ kg™ (seasonal applications) for SG-
CC-G. There was no significant difference between the heat storage averaged specific
discharge power of the SG-CC (487 W kg™) and SG-CC-G (467 W kg™"). However, the
averaged specific discharge power of SG-CC-G, for the first 10 min of the discharge
process, was higher (1.30 kW kg™' compared to 1.25 kW kg™'). Compared to the ESD of
0.629 GJ m3for the coated FAM-Z02 S-TES (in Chapter 5 and Chapter 6), ESD of 1.061
GJ m™ was achieved for the SG-CC S-TES.
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Chapter 8.

Conclusions and outlook

8.1. Conclusions

This PhD project was set out to assess the performance of low-grade heat-driven
S-TES systems. The focus of this study was on the thermal and sorption characterization
of the sorber bed, mathematical S-TES system modeling, and experimental testing of an

S-TES prototype.

In Chapter 1, an introduction to TES technology and particularly S-TES technology
was briefly presented and the state of the art in S-TES was reviewed. The key storage
performance indicators were introduced and quantified for various thermochemical energy
materials. In Chapter 2, a comprehensive literature review on the sorption and
thermochemical storage systems was presented. The main concerns in market
penetration of the S-TES systems were realized as (i) fulfilling the application-based ESD
target, while (ii) speeding up the response rate of the S-TES to the energy demand, and
(iii) reducing the charging time. Since the previous studies have mostly focused on the
investigation of small-amount of sorbent materials in terms of ESD, a major literature gap
was found for the performance assessment of the full-scale S-TES systems, in terms of

ESD, as well as sorption kinetics, and charge/discharge power.

In Chapter 3 properties of suitable sorbent candidates for storage were presented
and screening of sorbent material candidates was performed for four sorbent candidates:
(i) FAM-202 (SAPO), (ii) silica gel+CaCl. (composite sorbent), (iii) vermiculite+CaClz
(composite sorbent), and (iv) Na>S-H2O (salt hydrate). Although Na>S-H>O provided the
highest SP and ESD, there was evidence of outgassing of H>S, which made it unsafe for
the residential environment. Among the rest of sorbent candidates, AQSOA FAM-Z02
showed highest discharging rate (7x10* s™') and highest discharge SP (0.431 kW kg™).
Hence, FAM-Z02 was selected for further investigations on its thermal conductivity
(Chapter 4), sorption kinetics (Chapter 5), and storage system performances (Chapter 6).
Due to the low density of vermiculite+CacCls, the best candidate in terms of volumetric ESD
was silica gel+CaClz, which provided ESD of 1.563 GJ m? (1.6 MJ kg'). System

performance of silica gel+CaCl, S-TES was studied in Chapter 7.
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In Chapter 4, the experimental and theoretical study on the effective thermal
conductivity (ETC) and thermal contact resistance (TCR) of a FAM-Z02 packed sorber
bed were conducted and reported. The measured ratio of the TCR to the overall thermal
resistance of a loose grain monolayer of 2-mm FAM-Z02, sandwiched between two
aluminum fins, was 67% at 25 °C and atmospheric pressure. The proposed ETC model
demonstrated that under atmospheric condition, increasing thermal conductivity of a 2-
mm sorption packed bed by five times, from 0.2 to 1 W m™' K"', would increase the ETC
by 26%, from 0.216 to 0.272 W m™' K!, while by further improving the sorbent thermal
conductivity from 1 to 5 W m™' K!, ETC would increase by a lower rate (13% rise), from
0.272 t0 0.306 W m' K.

Moreover, for monolayer randomly packed bed, it was predicted that by decreasing
the particle resistance to one fifth, namely by increasing the particle thermal conductivity
by 5 times from 0.2 to 1 W m™' K, the overall bed thermal conductivity would increase by
38 % from 0.108 to 0.149 at 25 °C. However, by decreasing the TCR to one fifth, the
overall bed thermal conductivity would improve by 58%, from 0.108 to 0.171 W m"' K.
Thus, for monolayer sorption packed bed, treating the surface and applying thermal
grease between the fins and sorbents were found to be more beneficial and effective than
increasing the sorbent thermal conductivity, e.g. by using high conductive additives, which
also would reduce the sorption capacity of the packed bed due to lower active material.
On the other hand, for highly-packed S-TES with multi-layers of sorbent materials,
increasing thermal conductivity of sorbent particles showed higher heat transfer

improvement, compared to reducing the TCR.

It was also demonstrated that grain size had a significant effect on the heat transfer
in a packed bed sorber and for a certain volume of storage, optimal particle size should
be selected to provide better charge/discharge power for a targeted application. For
instance, at 25 °C and uptake of 0.3 kg kgass™, for a 1-mm fin spacing, the optimal grain
size was 0.25 mm, which provided a maximum overall thermal conductivity of 0.068 W m-
"K' and for 12-mm fin spacing, the optimal grain size was 2 mm, corresponding to an
overall thermal conductivity of 0.092 Wm-'K-'. Using the proposed model, the ETC charts
were provided for 0.5 and 2 mm FAM-Z02 for SC and randomly packed bed for both open
and closed packed bed sorbers. ETC of a 2 mm FAM-Z02 open-system, with water uptake

of 0.32 kg kgass™!, was predicted to be 3.3 times as high as the ETC of a closed-system
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(0.099 compared to 0.030 W m" K") at 10 °C, and 1.2 times as high as that of the closed
system (0.107 compared to 0.090 W m™'K-") at 80 °C.

In Chapter 5, an experimental study of in-situ mass measurement of a full-scale
coated FAM-Z02 sorber bed was reported. The measured water uptake evolution revealed
an exponential trend with three sorption regions with different characteristic times: (i) the
system-limited region with a characteristic time, 7, of 625 s, (ii) the rapid sorption region
with T of 270 s, and (iii) the slow ending region with t of 1110 s. It was determined that the
thermal mass, as well as heat and mass transfer resistances of the full-scale S-TES, were
the main reasons for the slow system-limited region. The desorption rate was observed to
be 1.48 times higher compared to the sorption rate, which is close to the values reported
in the literature for FAM-Z02, i.e. reported as 1.5, under operating temperatures of 90—
30-10 °C. The average effective diffusivity of a 0.3-mm coated FAM-Z02 S-TES was

measured as 6.3x10"" m?s™" under operating temperatures of 90-30-20-20 °C.

Moreover, the storage performance comparison of packed bed vs coated bed was
presented in Chapter 5. The coated sorber bed showed higher sorption rate of k.4, =
2.11x103 s' compared to the loose grain bed of k,4s = 5.04x10* s', with the identical
sorber bed heat exchanger. The coated bed was more suitable for short-duration energy
delivery target. However, the ideal maximum achievable ESD., 4 Of the loose grain bed
was higher than that of the coated bed (0.661 MJ kgads' compared to 0.500 MJ kQags™).
Moreover, the volumetric sorber bed ESDyeq ¢014, ased on the active volume of the sorber
bed, was significantly higher for the 2-mm diameter loose grain bed (0.345 GJ m?)
compared to the 0.3 mm coated bed (0.100 GJ m3).

In Chapter 5, the importance of the effect of the mass ratio of sorber bed HEX to
the sorbent material, r, on the storage performance was highlighted. The sorber bed
ESDyeq neat Significantly decreased with r, for both cyclic operation and seasonal storage.
For seasonal storage, ESDpeqneat Was predicted as 0.270 MJ kged™ for r of 1 and 0.071
MJ kgred' for r of 6. The possibility of improvement of the sorber bed prototype, under
study, by decreasing r was shown; by decreasing r from 3.3 to 1, the ESDyeq heat Was

predicted to be twice.

The predicted ESDpeq heat Of the studied S-TES prototype for seasonal storage was

62% of the measured value for the cyclic operation, i.e. 0.196 MJ kgoes' compared to
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0.121 MJ kgred'. For the completely charged coated sorber bed, the share of sensible
heat and thermal loss to the total discharged energy was 51% after 5 min of discharging
time and reached an almost constant value of 26% after 15 min discharge. The total
thermal mass of the sorber bed included thermal masses of the sorbent material (23%),
HTF (32%), copper tubes (28%), and aluminum fins (17%). Furthermore, it was
demonstrated that finding an optimal charging time to minimize the thermal loss was

essential to increase thermal efficiency, particularly for seasonal storage.

Developing a reliable mathematical model for S-TES systems was found an
essential task to optimize the design parameters and predict storage performance. In
Chapter 6, a fully-dynamic model was presented and validated, which contains the
equilibrium and kinetics properties of the sorption working pair candidates. The geometry
complexity of the sorber bed, evaporator and condenser were simplified through a lumped-
parameter resistance-capacitance model. Since the sorption properties reported from the
small-scale had not been found as proper representatives of the performance of full-scale
S-TES systems, the measured dynamic characterizations of the full-scale prototype

(extracted from the experimental results, in Chapter 5) were fed into the S-TES model.

Moreover, in Chapter 6, comprehensive experimental studies were presented for
both loose grain and coated custom-built sorp-TES systems, at various charge/discharge
time and temperatures. System-based ESDs, for both cold and heat storage, are higher
for loose grain sorber bed compared to the coated one. At cycle time of 1800 s, ESDgys 014
of the loose grain bed was 1.66 times higher than ESDgy .14 Of coated adsorber (0.106
GJ m= compared to 0.064 GJ m*) and ESDgys heat Of the loose grain bed was 2.63 times
higher than ESDgys heat Of coated bed (0.386 GJ m™ compared to 0.147 GJ m™®) under
temperatures of 90-30-30-15 °C. The proposed model was successfully validated under
various operating conditions with the experimental data collected in our custom-built
testbed. The model could be used for material selection, application feasibility studies,

performance evaluation, and parametric study.

In Chapter 7 effects of storage time and high-conductivity additives on the overall
performance of a salt composite S-TES with silica gel+CaCl, were reported. Compared to
the ESDheat of 0.63 GJ m for the coated FAM-Z02 S-TES (in Chapter 5 and Chapter 6),
ESDhreat of 1.1 GJ m was achieved for the silica gel+CaCl, S-TES under temperatures of
90-30-30-15 °C. Adding 20% graphite flakes to silica gel+CaCl, increased the initial
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specific power (SP) from 1.25 kW kg™ to 1.30 kW kg™, for the first 10 min. However, the
averaged SP of the composite without graphite was higher, i.e. 487 Wkg™" for silica
gel+CaCl, 467 W kg for the same composite with 20% graphite flakes, due to its more
active sorbent material. ESDneat Of the composite with graphite decreased from 0.95 MJ

kg™ for cyclic operation (no storage-time) to 0.43 MJ kg™ for seasonal applications.

The main novelties and findings presented in this study could be summarized as

follows:

= ETC and TCR of packed bed sorbers were modeled, as a function of the number
of sorbent layers, temperature, gas pressure, particle size, packed bed
arrangement, contact pressure, and surface characteristics. The innovative
features of the proposed model were: (i) considering all the key geometrical and
operational variables, (ii) obtaining the water uptake from the sorbent isotherm and
considering the effect of water uptake on the thermal conductivity, (iii) proposing
an asymptotic solution to cover randomly packed beds, as well as the SC and FCC

arrangements, and (iv) predicting the TCR in the sorber beds.

= Thermal conductivity of packed beds of FAM-Z02 particle, which is one of the best
candidates for fast S-TES and ACS with low desorption temperature of below 90
°C, was measured by a heat flow meter (HFM) for the first time. Randomly packed
beds of 1, 2, 4, and 6 layers of 2 mm FAM-Z02 particles were arranged and their
ETC and TCR were obtained by deconvoluting TCR from the total thermal

resistance.

= The relative importance of TCR to the total thermal resistance was investigated for
different temperatures and sorbent layers. It was shown that for a monolayer
sorbent between two metal sheets at 25 °C and under atmospheric pressure,
reducing the TCR by surface treating and using thermal interface materials, e.g.
thermal grease, was more effective and easier to implement, than reducing the

particle thermal resistance, by increasing particle thermal conductivity.

= The key importance of sorbent grain size on the heat transfer in packed bed sorber
was highlighted and optimal grain sizes were predicted as functions of the bed

thickness, application, and other operating conditions.
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The ETC charts, based on the equilibrium water uptake was presented for both
open and closed S-TES of FAM-Z02 packed bed, which is beneficial for ETC

prediction and design of S-TES system under real operating conditions.

In-situ mass and temperature measurement of a lab-scale coated FAM-Z02 S-TES
were conducted and the uptake evolution showed an exponential trend. Three
characteristic times were found for the uptake, which corresponded to three zones:
(i) the system-limited region, (ii) the rapid sorption region, and (iii) the slow ending
region. It was determined that the thermal mass, as well as heat and mass transfer
resistances of the S-TES, were the main reasons for the slow system-limited

region. To improve the performance of the S-TES, this region should be minimized.

A transient resistance-capacitance lumped-parameter model was developed to
assess the performance of a closed S-TES system. The main features of this
model were: (i) low computing time, (ii) being applicable to different working pairs
and operating conditions, and (iii) being fed by the sorbent kinetics characteristics,
overall heat transfer coefficients of sorber bed, evaporator, and condenser,
extracted from the experimental data. The model was proved to be accurate in
comparison with the experimental data and offered a reliable platform for the

design and optimization of an S-TES system.

Since a major literature gap was found for the performance assessment of the full-
scale S-TES systems, comprehensive experimental studies were carried on the
custom-built lab-scale S-TES in our lab to study storage performance under
various conditions, namely, i) coated vs loose grain sorbent configurations, ii)
various heat storage durations, iii) adding high conductive additives in the sorbent
material, iv) different operating temperatures, and v) different discharge-to-charge

time ratios.

ESD of 1.1 GJ m? was achieved for the silica gel+CaCl, custom-built S-TES

system.
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8.2. Future research

The developed models and outcome of this thesis can be applied to design,
optimize, and control efficient S-TES systems for the target applications. The followings

are the recommendations on future researches.

8.2.1. Tailored sorbent materials

Sorbent storage materials are the key element in the S-TES since they impose the
ideal sorption capacity of S-TES. In other words, an optimized sorber bed cannot
guarantee the target ESD when the material sorption capacity is not high enough,

considering the application operating condition.

For an efficient S-TES system, development of storage materials with high sorption
capacity and binding energy, high thermal diffusivity, and fast kinetics is essential.
Although adding high additive materials increases thermal conductivity and kinetics, ESD

decreases due to adding non-sorbent materials, as highlighted in Chapter 7.

8.2.2. Optimization of system design

Although promising ESDs have been reported for sorbent materials, system
inefficiencies associated with the storage system decreases the storage performance in
the system-level. Sorber bed is the core of the S-TES system, where coupled heat and
mass transfer occur. However, the common sorber beds suffer from low thermal
conductivity and low permeability [174]. Optimized sorber beds require higher heat
transfer surfaces to increase the heat transfer in the bed and provides higher kinetics and
higher charge/discharge power. Having said that, increasing the surface area increases
the HEX-to-sorbent mass ratio, which results in (i) lower ESD, (ii) lower SP, and (iii) lower
COP for seasonal storage since more sensible heat is required to heat up the sorber bed
with more extended surfaces. This trade-off should be considered for optimization of

sorber bed for the storage application.

Moreover, the sorbent configuration, i.e. coated, consolidated, and packed bed,

strongly affect the storage performance indicator, and finding an optimal coating thickness
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in coated beds [152] and optimal particle diameter in packed beds (Chapter 4) is essential

to optimize the performance of sorber bed.

Although compactness of evaporator/condenser unit (ECU) is of great importance
in the closed system since the vapor generator is a part of the storage volume, optimization
of ECU in S-TES systems has been overlooked, and mostly oversized ECU HEXs were

used to provide constant sorbate vapor and avoid restriction of sorption process.

8.2.3. Efficient operating and control strategies

Advanced cycles

Advanced sorption cycles have been used to improve the power and specifically
the thermal efficiency of the adsorption cooling systems, which can be used for S-TES
systems with at least two sorber beds, and continuous operation. Some of the advanced
cycles in the literature are: (i) heat recovery cycles (double-effect cycle) with heat recovery
between two the sorber beds [175], (ii) mass recovery cycles with transferring of vapor
adsorbate from the desorber bed to the sorber bed [176], (iii) internal heat recovery
between the condenser and the evaporator [177], (iii) cascading cycle [178], and (iv)

thermal wave [179].

Control strategy

In order to meet the heating/cooling demand, a mechanism to control the
heating/cooling output power and the temperature is required which is dictated by the
application. To fully exploit the TES in the buildings integrated with TES (BITES), an
effective control strategy is imperative. The transient lumped parameter model, presented
in Chapter 6, can be used to predict the thermal behavior of the TES system. Thereafter,
this prediction can be combined with optimization algorithms in order to determine the

optimal control inputs [180].

Moreover, the developed model in Chapter 6 can be used for simulating the
possible operating scenarios that may be difficult to investigate experimentally, to find the
optimal condition. For instance, finding the optimum charging time is of great importance,
as shown in Chapter 5, or in case of seasonal storage, the sensible heat can be stored in

buffer storage to increase the thermal efficiency of S-TES.
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System integration and application

Although thermochemical materials have shown promising storage performances
on the material level, the system integration and system performance test require further
investigations. System integration of TES consists (i) analysis of demands according to
the application boundary conditions, (ii) simulation of different scenarios, and (iii) prototype
development and application test [181], which requires an easy-to-use accurate transient
system model. Integration of TCES in building [35], and dishwasher [182] were
demonstrated. Moreover, simulation-based feasibility studies of the integration of TCES
into an industrial batch process with cogeneration energy supply [53], and in a closed
greenhouse [183], were performed. For wide-spread adoption of S-TES systems, more

application-based researches and demonstrations should be carried out.
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Appendix A.

Supplementary information on the equations used in Chapter
4

The equations used for the theoretical model in Chapter 4, to find the micro/micro-
contact and micro/macro-gap resistances, are listed in Table 23 (for more details, see refs.
[129], [136]).

Table 23. Equations used to find the thermal resistance of the unit cell, Reen, [129], [136]

Eq.
number

Equations Ref.

1

-1
(1/Rc,micro + 1/Rg,micro) + RC,macro

Reen =

(KW)  [129] (52)

-1
N 1
Rp + RG,macro

Remicro = [0.565 Hyic(0p/m,)]/ (ksF) (KW 1129] (53)
RC,macro = 1/(2ksamacro) (KW_1) [1 29] (54)
a

Ry micro = (2V2 0, a /{ k a21n<1+ 2 )} KW  [129] (55
g,micro ( Gp 2) T g¥L a +M/[2\/§0p] ( ) [ ] ( )

R 2
G,macro — — KW-1 129 56
mheg [0 (3=5) + B - 4] (w1121 69

2kp1 kp2
—__ P B “1K-1

= ko1t ks (Wm-'K-1) [129] (57)
Hpicro = 1 (dv/ao)cz (Pa) [129] (58)
oo =1pm, d, = V27 agmacro = 0.95(0,/my) (m) [184] (59)
1 = HBGM (40 —5.77k + 4.0K'2 - 0.61K3), K = HB/HBGM (Pa) [1 29] (60)
c; = —0.57 4+ 0.82k — 0.41k? — 0.06x3 [129] (61)
Hgem = 3.178GPa, 1.3 < Hg < 7.6GPa (Pa) [129] (62)
my, = /mgl +m3,,  mp =0.076 o [129] (63)
Op = /051 + 052 (m) [129] (64)
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Amacro _ {1.605/ P, 0.01 < Py <047
ay

3.51—251P, 047<P,<1
By = Py/Pou = 1/(1 + 1.37a(p/ay) 0%, a=2

an
Py = 1.5F/(maf)

ay = (0.75Fp/1£?)1/3

E = [(1 =)/ Epr + (1= v2)/Epa]
Pp = (1/pp1 + 1/pp2)_1
a, = erfc™*(2Py/H), a, = erfc™1(0.003P/H) —
H = ¢,(1.62(0y/00)/my)"
M=(2_aT1+2_05T2)< 2Yg )iA

arq ar; 1+yg) Pr
Py Ty
PgTo

Ay: mean free path value at reference gas temperature T, and
pressure P,

ar = exp[-057 ()] (557) + e (1 -

exp[-057 (TT;OT")]}

p = Mg/Mj

A= Ao,

i M, monoatomic gas
M= {1.4Mg diatomic/polyatomic gas

A=2 ’prz,—af, B=2 ’pg—bz, S=2(p—wy)+ M, wy =

az/(2p)

(m)

(kgmol-")

(m)

[129]

[129]
[129]
[129]
[129]
[129]
[129]
[129]

[129]

[129]

[136]

[136]

[129]

(65)

(66)
(67)
(68)
(69)
(70)
(71)
(72)

(73)

(74)

(73)

(76)

(77)
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Appendix B.

Thermo-physical and chemical specification of working
pairs: adsorbent and adsorbate

B.1. Adsorbent

B.1.1. AQSOA FAM-202

Table 24 provides the specifications of FAM-Z02, reported in the literature.

Table 24. Specifications of AQSOA FAM-Z02.

Material FAM-Z02

Provider Mitsubishi Plastic Inc.
Chemical formula Alo.56Si0.02P0.4202 [104]
Structure IZA code SAPO34 CHA [112]
Differential heat of adsorption (kJkgw') 3240 (298 K)[20]
Bulk density (kgm™) 0.6-0.7 [20]

0.822 (303 K)
0.942 (363 K) [20]
0.117 (303 K)
0.128 (363 K) [20]

Specific heat (Jkg'K™")

Thermal conductivity (Wm-'K-")

Particle diameter (mm) 0.1-2 [20]
Pore diameter (A) 3.8[112]
BET surface area (m?g™') 590 [104]
Micro-pore volume (cm3g) 0.2769 [104]

B.2. Adsorbate

Thermal conductivity of the humid air is calculated from eq. (78), where k, and k,,

are thermal conductivities of dry air and water vapor, respectively.

P P
K = ko (1 _RH Ijat) + ley RH =2 [185]  (78)
0 0
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Appendix C.

C.1. Uncertainty analysis for the experimental study in
Chapter 4

The operational definition of thermal conductivity, for HFM measurement, is
obtained from the following equation (ASTM C 518),

I = featib V Lped

AT (79)

where f..ip [W/(m?V)] is the calibration factor, and V [V] is the heat flux transducer
output. Therefore, According to the uncertainty propagation [186], the systematic error of

the thermal conductivity is as follows,

2 2 2 271/2
Sk _ (Sfcanb> +(6_V) +(5Lbed> 4 (84D (80)
k featib |4 Lped AT

where the last term in the right-hand side of this equation is calculated as follows,

son- (-]

The accuracies and relative errors of bed thickness, heat flux measurement and
calibration factor (supplied by the manufacturer) and external thermocouples are listed in
Table 25. The systematic uncertainty of thermal conductivity is 7-8%. The difference
between the thermal conductivity uncertainty of the experiment and the reported value by
the manufacturer is due to the thermocouple accuracy of the external thermocouples (+1
°C) compared to that of the embedded thermocouples in HFM (£0.01 °C). As mentioned
before, external thermocouples are used to eliminate the effect of thermal contact

resistance between the hot/cold plate and the sample.

Table 25. Accuracies and relative error of HFM measurements
5fcalib) (5Lbed) (5_V) 5(AT)

fcalib Lped v AT

5 0.01 0.008 - 0.036 2x10* 0.05

SLpeq (cm) 8T (°C) ov )

0.01 1 (external
thermocouple)
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Similarly, the uncertainty of thermal resistance is calculated as follows,

(e (21 (280)

Therefore, the maximum systematic uncertainty of thermal resistance is 7%. The

1/2
OR

R

(82)

random error from the repeatability measurement is negligible.

C.2. Uncertainty analysis for the experimental study in
Chapter 5 and Chapter 6

According to the uncertainty propagation [186], the systematic error in the

measurement of the evaporative cooling energy can be calculated as:

. 2 2
<5Qevap> _ (5mchined) N <5 (Tichitled — To,chilled)) (83)
Qevap . Mehilled Ti chitled — To,chilled
systematic

where the last term in the right-hand side of Eq. (83) is calculated as follows,

2 2
8(Tichitted — To,chilled) _ \/ < 0T chilled ) N ( 8T, chilled >

Tichilled — To,chilled Tichilled — To,chilled Tichilled — To,chilled (84)
= 0.042
The maximum systematic uncertainty of evaporative cooling energy is:
)
<M> =+/0.0052 + 0.0422 = 0.042 = 4.2% (85)
Qevap systematic

The random error of Qeyap, based on the maximum standard deviation, was 8%.
Therefore, the maximum uncertainty in the calculation of Qcyap Was 12.2% (8%+4.2%).

Therefore, the uncertainty of SP is as follows:

2 2 2
8SPeold _ <SQeVap> N (6mads) +(5tdch) _ 0122 = 12.2% (86)
SPco1d Qevap Myds tdch
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Appendix D.

Introduction to adsorption isotherms and kinetics

D.1. Adsorption isotherms equations

The maximum degree to which the adsorbent can accommodate the adsorbate

phase is represented by the adsorption equilibrium relationship between the adsorbed

amount of adsorbate, operating pressure,

and temperature. Some common adsorption

equilibrium relationships and their details are listed in Table 26.

Table 26. Adsorption isotherm models and their specifications [31], [187].

Model Equation Remarks
Henry weq(P,T) =K(T) P m Simple and linear relationship.
m Limiting case of low partial pressures (low
o concentrations)
'% Langmuir _ b(T)P m At low partial pressure, reduces to the Henry isotherm
5 Weq(P,T) = wo 1+ b(T)P and at high partial pressure, reaches the maximum
L saturation uptake; applicable for a wide range of
= pressure
m Based on the monolayer assumption
m Based on the assumption of surface homogeneity
Freundlich weq(P,T) = K(T)PY/™D m Simple relationship.
m  Only suitable for medium partial pressures (neither low
nor high pressures); not applicable over a wide range
_ of pressure.
_8 m Including the surface energy heterogeneity parameter,
= n(T).
g Sips K(T)pt/nM m Not valid for low partial pressure; does not follow the
= Weq(P,T) = Wo ————r—rmey Henry isotherm at low pressures.
e 1+ K(T)P ) . .
) At high partial pressures, reaches the maximum
2 saturation uptake.
Toth _ Kp™ m Including both partial pressure limiting cases (very low
Weq(P,T) = wo (1 + Kpm)1/m and high pressures); applicable over a wide range of
pressure.
Dubinin-  weq(P,T) m Temperature dependent relationship.
Radushke RTIn(P/Py) 2 m  Not being thermodynamically consistent at very low
T vich = w, exp (— <TO> ) pressures (at Henry’s law region).
L2 BEo m For both homogeneous and heterogeneous surfaces.
a
uEJ Dubinin-  weq(P,T) m More general equation compared to Dubinin-
Astakhov ( (RTln(P/P0)>n> Radushkevich
= Wq €X |\
o €Xp BE,
Brunauer, weq(P,T) m For multilayer adsorption
Emmett c P m For relative pressures, P/P0, between 0.05 to 0.30.
and Teller - p Py 5
BET 1-5 )1+ € -1 (5
en "0 phre ()
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D.2. Adsorption kinetics

The most common method to study the dynamics of adsorption systems, for the
small-scale assessment, is isothermal differential steps (IDS) using a thermo-gravimetric
system. The driving force for the water vapor adsorption is small pressure jumps and the
heat dissipation rate during the adsorption should be fast enough to guarantee the
isothermal condition and small differential change in the uptake [188], [189]. Assuming a
linear equilibrium uptake relationship, the analytical solution of the mass diffusion equation
is used in this model, which is valid for small uptakes (wyw-< 0.3). [190], [191]. Moreover,
the operating condition in the IDS method is not similar to that of a closed sorption TES
[192].

Volumetric large pressure jump (LPJ) method is a non-isothermal method, in which
the adsorption process is initiated by a large pressure rise around the adsorbent material
[193]. The sample measurement chamber is maintained at the adsorption temperature by
a cold plate located under the sample holder and after reaching an equilibrium condition,
the valve between the water vapor reservoir and the measurement chamber is opened
and consequently, the pressure is decreased due to the water vapor adsorption [188]. The
kinetic models which can be applied to LPJ method are not simple and also operating
condition of LPJ does not exactly follow a real adsorption cycle, where adsorption is driven

by the adsorbent temperature drop [194].

Aristov et al. [195] developed a large temperature jump (LTJ) method, which can
properly replicate the isobaric adsorption/ desorption process in an adsorption cycle. As
listed in Table 12, LTJ has been widely used to study kinetics and adsorption capacity of
FAM-Z02 for small-scale measurements. In this method, the vapor pressure over the
sample is kept constant, while the adsorption process is initiated by the adsorbent
temperature change due to the change in the HTF temperature, flowing under the sample
holder [195]. It is, nevertheless, not applicable for a large amount of adsorbent and

complex heat exchanger (HEX) medium [194].

Sapienza et al. [159] proposed a gravimetric LTJ (G-LTJ) method, which added a
real-time mass measurement to the LTJ approach. Their G-LTJ testbed was suitable for
a larger amount of adsorbent material in the range of 5- 600 g (adsorbent material + HEX)
and various adsorbent configurations (powder, loose grain, and coating) [159]. Although

G-LTJ is a reliable approach for adsorption dynamic study, the kinetic of a full-scale

163



adsorber bed, including the HEX (e.g., 0.636-260 kg, reported in ref. [196]) and adsorbent
material (e.g., 0.35-140 kg, reported in ref. [196]), undergoes more challenges in both
mass and heat transfer. Bulkiness of the storage system, particularly the sorber heat
exchanger, leads to (i) a decrease in thermal efficiency due to higher energy required to
heat up the mass of the sorber bed, and (ii) a decrease in ESD due to more volume of the

storage system and sensible heat loss by the sorber mass.

Accordingly, real-time mass measurement of the full-scale adsorber bed during the
adsorption/desorption process is beneficial for realistic dynamic analysis of the system

and optimizing the design and operating parameters.

Few studies are available in the literature focusing on the sorption dynamics of the
full-scale closed adsorption systems [42], [158]. Dawoud [42] presented a comparison
between the adsorption kinetics of a full-scale one-bed coated FAM-Z02 ACS and the
adsorption kinetics measure for a small amount of coated FAM-Z02, using LTJ method.
For the full-scale kinetic measurement, the net water uptake was estimated based on the
cooling load of the evaporator [42]. Sharafian et al. [158] performed an in-situ mass
measurement of two different finned-tube heat exchangers filled with the FAM-Z02 pellets.
In this work, a real-time in-situ temperature and mass measurement of a full-size adsorber
bed (~25 kg: 0.7 kg adsorbent, 2.87 kg heat exchanger and ~ 21.4 kg vacuum chamber
and the adsorbed water) was conducted for a 2 mm-thickness coated FAM-Z02 adsorber

bed of a short-delivery adsorption cold storage system.
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Appendix E.

Component specifications of the S-TES testbed

E.1. Specifications of sorber bed in the S-TES testbed

Table 27 presents the specifications of the finned tube adsorber bed used in
Chapter 5 and Chapter 6.

Table 27. Specifications of the adsorber bed used in the studied S-TES

Parameter Packed bed Coated bed
Metal mass of adsorber (kg) 2.87
Adsorber bed heat transfer area (m?2) 0.74 2.8
Fin spacing (mm) 2.34
Fin thickness (mm) 0.4

E.2. Specifications of the evaporator in the sorp-TES testbed

Table 28 presents the specifications of the capillary-assisted evaporator used in
Chapter 5 and Chapter 6.

Table 28. Specifications of the evaporator used in the studied sorp-TES
Parameter

Evaporator tube model GEWA®-K-2615 (Wieland Thermal

Solutions)
Evaporator outer diameter (mm) 12.7 (1/27)
Evaporator fin type Continuous and parallel fins
Evaporator number of fins per meter 1024 (26 fins per inch)
Evaporator fin spacing (mm) 1
Evaporator fin height (mm) 1.5
Evaporator inside surface area (m?m-) 0.024
Evaporator outside surface area (m?m) 0.124
Evaporator tube length (m) 4.3
Evaporator total heat transfer area (m?) 0.53
Evaporator effectiveness, ¢ 0.7
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Appendix F.

Experimental data for three cycles of sorption-desorption
and calculated water uptake, energy storage density, specific
power, and COP of the FAM-Z02 S-TES system

F.1. Experimental data of packed bed with 0.5 kg of 2-mm FAM-Z02

Table 29. Experimental data of the S-TES system with a packed bed filled with 0.5 kg of
2-mm FAM-Z02, for three sorption-desorption cycles.
t t Tambient TBed_in TBed_outTEvap_in Tevap_outTcond_in Tcond,out Pbed Pevap Pcond m.evap Q.evap Q.ads Q.des Q.cond
S min °C °C °C °C °C °C °C |kPa| kPa | kPa |L/min| W w w w
1 0.02 | 23.35| 308 | 323 | 154 | 154 | 30.5 | 30.5 |0.32| 1.36 | 6.57 | 2.23 | -0.7 |-152.0 [-149.3| -3.9
60 1 2365 | 310 | 339 | 152 | 14.0 | 304 | 304 |0.32| 119 | 6.49 | 2.24 |192.2|-313.7|-293.5| -2.4
120 2 233 | 309 | 34.0 | 151 | 13.9 | 30.3 | 304 |0.38| 1.21 | 6.49 | 2.22 |184.8|-324.8 |-303.8| -6.1
180 3 232 | 308 | 33.7 | 1561 | 13.9 | 30.3 | 30.3 |0.42| 1.22 | 6.47 | 2.25 |184.2|-302.5|-283.0| -5.3
240 4 23.06 | 30.7 | 33.3 | 151 | 14.0 | 30.3 | 30.3 |0.46| 1.24 | 6.48 | 2.23 |178.1|-284.2 |-265.8| -2.6
300 5 23.41 | 305 | 33.0 | 152 | 141 | 30.2 | 30.3 |0.50| 1.26 | 6.47 | 2.20 |167.2|-266.0 |-248.8| -10.9
360 6 22.85| 305 | 32.8 | 1563 | 14.3 | 30.2 | 30.2 |0.55| 1.28 | 6.45 | 2.22 |155.0|-242.4 |-226.8| -3.4
420 7 23.39 | 305 | 325 | 1563 | 144 | 30.3 | 30.3 |0.59| 1.30 | 6.46 | 2.25 |142.0|-214.1 |-200.3| -4.7
480 8 23.01| 304 | 323 | 1563 | 14.5 | 30.2 | 30.3 |0.62| 1.32 | 6.45 | 2.24 |124.5|-196.1 |-183.5| -6.7
540 9 2329 | 304 | 32.0 | 1563 | 146 | 30.2 | 30.3 |0.65| 1.34 | 6.44 | 2.20 |109.3|-178.1 |-166.6| -3.2
600 10 | 23.05| 305 | 318 | 16.3 | 14.7 | 30.2 | 30.3 |0.67| 1.35 | 6.44 | 2.21 | 94.1 |-144.5|-135.2| -3.1
660 11 2325 | 865 | 77.6 | 154 | 15.0 | 30.3 | 30.3 |4.94| 1.41 | 6.43 | 2.22 | 52.6 |1026.7|960.4 | -2.4
720 12 | 23.09 | 89.2 | 846 | 154 | 152 | 304 | 30.8 |6.69| 1.43 | 6.79 | 2.21 | 37.1 | 541.9 | 506.9 | -97.6
780 13 | 2345 | 904 | 87.0 | 165 | 1563 | 30.5 | 31.1 |6.78| 1.44 | 6.86 | 2.21 | 21.5 | 398.7 | 373.0 |-138.1
840 14 | 2342 | 909 | 881 | 165 | 154 | 30.6 | 31.2 |6.78| 1.45 | 6.89 | 2.22 | 12.2 | 331.3 | 309.9 |-139.7
900 15 2337 | 909 | 88.5 | 165 | 154 | 304 | 31.2 |6.73| 1.45 | 6.86 | 222 | 7.2 |279.8 |261.8 |-163.0
960 16 | 2347 | 909 | 88.7 | 165 | 1565 | 30.7 | 31.2 |6.67| 1.45 | 6.86 | 2.24 | 44 |251.4 |235.2 |-104.7
1020 17 | 23.54 | 90.7 | 88.8 | 155 | 1565 | 30.7 | 311 |6.62| 1.45 | 6.83 | 2.22 | 3.9 | 226.9 |212.2|-87.9
1080 18 | 2356 | 90.7 | 889 | 155 | 155 | 30.6 | 311 |6.57| 145 | 6.83 | 222 | 24 | 211.1 |197.5|-116.0
1140 19 | 2358 | 906 | 89.0 | 155 | 155 | 30.6 | 31.0 |6.51| 1.45 | 6.81 | 220 | 3.1 | 196.1 |183.4| -67.7
1200 20 23.64 | 906 | 89.1 | 155 | 155 | 306 | 31.0 [6.49| 145 | 6.79 | 220 | 1.0 | 174.2 |163.0 | -88.9
1260 21 2433 | 379 | 474 | 154 | 154 | 306 | 30.6 |1.54| 145 | 6.61 | 2.19 | 3.8 [-1032.2|-965.6| 7.7
1320 22 2375 | 314 | 387 | 154 | 151 | 30.5 | 30.5 |0.58| 1.36 | 6.52 | 2.23 | 63.7 |-781.1|-730.7| 1.2
1380 23 | 2379 | 308 | 346 | 153 | 14.3 | 30.5 | 30.5 [043| 1.23 | 6.51 | 2.21 |150.8 |-405.6 |-379.4| -2.3
1440 24 2323 | 310 | 340 | 152 | 14.0 | 304 | 304 |043| 1.22 | 6.49 | 2.21 |173.4|-319.7|-299.1| -4.7
1500 25 23.3 | 309 | 33.7 | 1561 | 141 | 30.3 | 30.4 |0.46| 1.23 | 6.48 | 2.22 |166.3|-293.4 |-274.4| -4.1
1560 26 2324 | 308 | 33.3 | 152 | 14.2 | 30.3 | 30.3 |0.51| 1.25 | 6.46 | 2.21 |158.5|-267.7 |-250.4| -3.0
1620 27 | 2348 | 305 | 329 | 152 | 143 | 30.2 | 30.3 |0.56| 1.28 | 6.41 | 2.20 |141.5|-246.8|-230.9| -8.4
1680 28 | 2351 | 305 | 325 | 153 | 145 | 30.2 | 30.3 [0.61| 1.31 | 6.34 | 2.22 [124.2|-212.3|-198.6| -4.8
1740 29 | 23.05| 305 | 322 | 153 | 146 | 30.2 | 30.3 |0.65| 1.33 | 6.28 | 2.22 |109.8|-182.3|-170.5| -2.4
1800 30 2347 | 303 | 319 | 1563 | 147 | 30.2 | 30.2 |0.67| 1.35 | 6.21 | 2.21 | 95.3 |-161.9|-1561.5| -4.2
1860 31 2311 | 866 | 77.7 | 154 | 15.0 | 30.3 | 30.3 |5.53| 140 | 6.09 | 2.21 | 50.9 [1020.8|954.9 | -0.3
1920 32 23.63 | 893 | 84.7 | 154 | 152 | 304 | 30.8 [6.60| 1.42 | 6.74 | 2.22 | 33.5 | 534.6 | 500.1 | -85.5
1980 33 23.8 | 905 | 87.1 | 1565 | 1563 | 30.5 | 311 |6.70| 1.43 | 6.85 | 2.22 | 22.2 | 396.6 | 371.0 |-132.5
2040 34 234 | 909 | 88.1 | 165 | 154 | 30.5 | 31.2 |6.69| 1.44 | 6.85 | 2.19 | 13.0 | 332.3 | 310.8 |-151.8
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t t Tambient TBed_in TBed_outTEvap_in Tevap_outTcond_in Tcond,out Pbed Pevap Pcond m.evap Q.evap Q.ads Q.des Q.cond
s min °C °C °C °C °C °C °C |kPa| kPa | kPa |L/min| W w w w
2100 35 23.65| 909 | 885 | 155 | 154 | 306 | 31.2 |661| 144 | 6.85 | 218 | 7.6 | 278.1 |260.2 |-141.6
2160 36 23.81 | 908 | 88.7 | 155 | 154 | 30.7 | 311 |6.58| 144 | 6.83 | 224 | 6.1 | 253.2 |236.9|-81.3
2220 37 23.69 | 90.7 | 88.8 | 155 | 154 | 305 | 311 [6.52| 144 | 6.81 | 222 | 2.4 | 226.8 |212.2|-135.7
2280 38 23.7 | 90.7 | 889 | 1565 | 154 | 30.7 | 31.0 |6.42| 144 | 6.79 | 224 | 2.0 | 209.1 |195.6 | -56.3
2340 39 2392 | 90.7 | 89.0 | 154 | 154 | 304 | 31.0 [6.38| 144 | 6.77 | 2.20 | -0.1 | 195.2 |182.6 |-111.8
2400 40 23.72 | 906 | 89.1 | 1565 | 155 | 30.7 | 30.9 [6.32| 1.44 | 6.75 | 2.21 1.5 | 178.0 | 166.6 | -37.7
2460 41 2403 | 379 | 474 | 154 | 154 | 304 | 30.6 |[145| 144 | 658 | 223 | 1.0 |-1026.1|-959.9| -33.5
2520 42 2369 | 314 | 387 | 154 | 15.0 | 304 | 30.5 [0.57| 1.35 | 6.49 | 2.23 | 59.5 |-785.2|-734.5| -12.6
2580 43 2353 | 30.7 | 346 | 152 | 142 | 304 | 304 |041| 1.22 | 6.46 | 2.18 |157.6 |-406.8 |-380.6| -3.1
2640 44 23.06 | 309 | 340 | 151 | 14.0 | 304 | 304 |042| 1.21 | 6.44 | 2.25 |176.3|-325.1|-304.1| -1.6
2700 45 23.3 | 309 | 33.7 | 1561 | 140 | 304 | 304 |0.46| 1.22 | 6.43 | 2.23 |170.0|-297.3 |-278.1| -5.4
2760 46 2321 | 30.7 | 33.3 | 152 | 141 | 30.3 | 30.3 |0.50| 1.24 | 6.42 | 2.18 |163.1|-273.3|-255.7| -7.7
2820 47 23.1 30.6 | 329 | 1562 | 143 | 30.3 | 30.3 |0.55| 1.27 | 6.41 | 2.23 |150.2 |-243.5|-227.8| -4.0
2880 48 23.38 | 305 | 326 | 153 | 144 | 30.3 | 30.3 |0.59| 1.30 | 6.40 | 2.19 |137.0|-219.8|-205.6| -4.0
2940 49 236 | 304 | 323 | 1563 | 146 | 30.3 | 30.3 |0.63| 1.32 | 6.41 | 2.23 |120.6|-194.2 |-181.6| -2.8
3000 50 2355 | 304 | 320 | 153 | 146 | 30.2 | 30.3 |0.65| 1.33 | 6.39 | 2.25 |104.7 |-166.7 |-155.9| -4.4
3060 51 2334 | 866 | 77.7 | 153 | 15.0 | 30.3 | 30.3 |[491| 140 | 6.38 | 2.21 | 55.9 [1022.5|956.5| -1.8
3120 52 23.1 89.3 | 84.7 | 154 | 1562 | 304 | 30.8 |6.63| 1.41 | 6.76 | 2.22 | 37.6 | 530.3 |496.1 | -93.6
3180 53 23.65| 906 | 871 | 155 | 153 | 305 | 31.2 |6.72| 143 | 6.86 | 2.25 | 24.8 | 397.0 | 371.4 |-135.5
3240 54 2405 | 908 | 88.1 | 155 | 154 | 305 | 311 |6.69| 144 | 6.85 | 2.22 | 12.8 | 318.5 |297.9 |-143.7
3300 55 2396 | 909 | 885 | 155 | 154 | 306 | 31.2 |6.65| 143 | 6.85 | 2.22 | 8.8 |280.2 |262.1|-125.9
3360 56 2356 | 90.8 | 88.7 | 155 | 154 | 306 | 311 |6.57| 144 | 6.82 | 220 | 4.8 | 240.9 |225.4|-119.0
3420 57 2355 | 90.7 | 88.8 | 154 | 154 | 305 | 31.0 |6.49| 144 | 6.80 | 223 | 1.2 | 226.1 |211.5|-106.6
3480 58 23.85 | 906 | 889 | 154 | 154 | 306 | 31.0 |6.46| 143 | 6.79 | 221 | 21 | 1971 |184.4|-87.2
3540 59 23.7 | 906 | 89.0 | 154 | 154 | 30.6 | 31.0 |6.40| 1.44 | 6.77 | 222 | 1.1 |189.9 (177.7| -81.7
3600 60 2352 | 906 | 89.1 | 154 | 154 | 306 | 30.9 |6.34| 144 | 6.76 | 223 | 0.3 |173.1 |162.0 | -69.3
Westimated[ESDcold ESDheat| SCP
kg/kg |GJ/m3| GJ/m?3 | W/kg
0.058 | 0.092 | 0.435 | 118.1
SPcoid | SPheat [COPcold|COPheat
Wikg | Wikg
236.57 |1116.1| 0.246 | 1.163
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F.2. Experimental data of 0.3-mm coated bed with 0.766 kg FAM-Z02

Table 30. Experimental data of the S-TES system with a 0.3-mm coated bed with 0.766
kg of FAM-Z02, for three sorption-desorption cycles.

t t Tambient Tbed_in Tbed_out Tevap_in Tevap_out Tcond_in Tcond_out Pbed Pevap Pcond m.evap Q.evap Q.ads Q.des Q.cond
s min °C °C °C °C °C °C °C |kPa|kPa| kPa |L/min| W w w w

1 0.02 | 24.22 | 29.87 |29.95| 14.90 | 14.91 | 29.67 | 29.66 |0.07 |1.37]| 4.29 | 215 | -0.8 9.7 -9.1 3.0

60 1 23.83 | 29.90 |33.34| 14.84 | 13.09 | 29.66 | 29.58 |0.43|1.06| 3.73 | 2.22 [270.2| 384.1 |-359.3| 16.8
120 2 23.96 | 30.01 |34.02 | 14.61 | 12.76 | 29.68 | 29.66 |0.53|0.98| 3.75 | 2.14 |275.8 | 447.7 |-418.8| 4.6

180 3 23.78 | 29.98 | 34.06 | 14.57 | 12.65 | 29.68 | 29.65 |0.58|0.94| 3.75 | 2.14 |286.2 | 455.6 |-426.2| 6.7

240 4 23.78 | 29.88 | 33.98 | 14.64 | 12.64 | 29.67 | 29.65 |0.62|0.93| 3.75 | 2.18 |304.5| 457.0 |-4276| 2.7

300 5 23.74 | 29.82 |33.89| 14.71 | 12.67 | 29.65 | 29.64 |0.65]|0.94| 3.75 | 2.18 |311.7| 454.8 |-4254| 1.4

360 6 23.70 | 29.75 | 33.81| 14.78 | 12.68 | 29.63 | 29.61 |0.68|0.93| 3.75 | 2.17 |318.5| 452.8 |-423.5| 5.7

420 7 23.81 | 29.73 |33.77 | 14.81 | 12.68 | 29.61 | 29.61 |0.71|0.94 | 3.75 | 2.17 |323.9| 4514 |-422.3| 11

480 8 23.82 | 29.79 |33.73 | 14.84 | 12.71 | 29.62 | 29.60 |0.75]|0.94 | 3.75 | 2.20 |326.4 | 4404 |-412.0| 2.9

540 9 23.77 | 29.76 | 33.73 | 14.87 | 12.74 | 29.62 | 29.60 [0.79|0.94 | 3.75 | 2.16 |320.6 | 443.1 |-414.5| 3.6

600 10 23.75 | 29.73 | 33.66 | 14.86 | 12.78 | 29.62 | 29.61 [0.83]|0.95| 3.75 | 2.16 |313.5| 438.9 |-410.6| 2.5

660 11 23.72 | 85.76 | 75.49| 14.97 | 13.96 | 29.61 | 29.90 [5.22]1.21| 4.24 | 2.21 |155.6 |-1146.5|1072.5| -61.9
720 12 23.86 | 88.23 |81.56 | 15.12 | 14.43 | 29.83 | 30.97 |6.66|1.27| 4.70 | 2.22 |107.4 | -744.0 | 696.0 |-247.3
780 13 23.88 | 89.42 |83.58 | 15.19 | 14.71 | 30.12 | 31.39 |6.83|1.31| 4.80 | 2.23 | 73.6 | -651.8 | 609.7 |-276.4
840 14 23.93 | 89.82 | 84.78 | 15.20 | 14.91 | 29.96 | 31.30 |6.83|1.34| 4.77 | 218 | 44.7 | -561.9 | 525.6 |-289.1
900 15 24.07 | 89.95 [ 85.43 | 15.24 | 15.06 | 29.90 | 31.10 [6.42]1.34| 4.71 | 218 | 27.6 | -504.5 | 471.9 |-259.1
960 16 24.10 | 89.90 |85.93 | 15.26 | 15.14 | 30.18 | 30.99 |6.01|1.36| 4.68 | 2.18 | 17.8 | -443.6 | 415.0 |-176.8
1020 17 24.13 | 89.87 |86.48 | 15.21 | 15.17 | 29.90 | 30.70 |5.67|1.37| 4.61 | 219 | 5.9 | -379.2 | 354.7 |-172.4
1080 18 24.24 | 89.82 |87.05| 156.22 | 15.19 | 29.84 | 30.58 [5.40|1.37| 4.58 | 218 | 4.4 | -309.3 | 289.4 |-159.6
1140 19 24.19 | 89.87 |87.52| 15.18 | 15.19 | 30.06 | 30.32 [5.19]1.36| 4.53 | 2.23 | -0.9 | -262.6 | 245.6 | -56.1
1200 20 24.40 | 89.83 |87.98 | 15.19 | 15.20 | 29.79 | 30.20 |5.06|1.36| 4.50 | 2.21 | -0.6 | -206.0 | 192.7 | -90.2
1260 21 24.68 | 37.30 | 48.12| 15.14 | 14.93 | 30.02 | 29.87 |0.79]1.26| 4.36 | 2.23 | 32.7 | 1207.3 -1129.4| 31.6
1320 22 24.29 | 30.89 [40.12| 15.00 | 13.83 | 29.80 | 29.87 |0.53]1.05] 4.35 | 2.20 [179.9| 1030.1 |-963.7 | -15.0
1380 23 24.14 | 30.17 | 35.35| 14.81 | 12.99 | 29.84 | 29.83 |0.42|10.93| 4.35 | 2.19 |277.6| 578.5 |-541.1| 3.1

1440 24 23.94 | 30.35 [ 34.54 | 14.69 | 12.71 | 29.79 | 29.79 [0.48]0.91| 4.35 | 2.20 |303.2| 468.4 |-438.2| 0.5

1500 25 23.99 | 30.20 | 34.30| 14.69 | 12.61 | 29.73 | 29.72 |0.54|0.90| 4.35 | 2.17 |314.3| 456.6 |-427.2| 1.8

1560 26 23.70 | 30.13 | 34.19| 14.73 | 12.59 | 29.70 | 29.69 |0.59|0.91| 4.35 | 2.17 |325.1| 453.0 |-423.8| 1.1

1620 27 23.89 | 30.05 [34.11| 14.78 | 12.60 | 29.67 | 29.66 [0.62]0.91| 4.35 | 2.17 |330.0 | 452.9 |-423.7| 1.5

1680 28 24.51 | 29.97 |34.07 | 14.79 | 12.58 | 29.64 | 29.63 |0.65|0.91| 4.34 | 2.15 |331.9| 456.7 |-427.3| 3.0

1740 29 23.84 | 29.72 |33.90 | 14.81 | 12.57 | 29.60 | 29.60 |0.680.92| 4.33 | 2.16 |337.2| 466.5 |-436.4| 0.9

1800 30 24.23 | 29.69 | 33.78 | 14.86 | 12.63 | 29.61 | 29.60 [0.72|0.92| 4.32 | 2.18 |339.5| 456.3 |-426.8| 1.7

1860 31 23.69 | 85.88 | 75.70 | 14.96 | 13.79 | 29.61 | 29.77 |5.43|1.18| 4.46 | 2.19 [178.3 |-1135.1|1061.9| -34.8
1920 32 24.00 | 88.31 |81.58 | 15.07 | 14.27 | 30.07 | 31.16 |6.73|1.25| 4.76 | 2.18 |121.1| -750.9 | 702.5 |-235.5
1980 33 23.86 | 89.60 | 83.61| 15.15 | 14.61 | 30.00 | 31.45 |6.76]|1.30| 4.85 | 2.19 | 82.4 | -668.1 | 625.0 |-313.1
2040 34 23.81 | 90.06 | 84.70| 15.15 | 14.81 | 29.93 | 31.26 [6.47|1.33| 4.78 | 2.18 | 53.0 | -598.2 | 559.6 |-286.6
2100 35 24.02 | 90.17 |85.47 | 15.20 | 14.98 | 29.84 | 31.06 [6.11|1.34| 4.72 | 2.17 | 33.5 | -524.4 | 490.6 |-262.9
2160 36 24.01 | 90.22 |86.20 | 15.22 | 15.09 | 30.16 | 30.90 |5.74|1.36| 4.68 | 2.20 | 19.4 | -447.8 | 418.9 |-160.3
2220 37 23.93 | 90.10 | 86.84 | 15.18 | 15.12 | 29.80 | 30.64 [5.42|1.36| 4.62 | 217 | 9.4 | -364.0 | 340.5 |-180.7
2280 38 24.00 | 90.12 | 87.49| 15.13 | 15.11 | 29.85 | 30.45 |5.18|1.36| 4.57 | 219 | 4.4 | -293.6 | 274.7 |-128.5
2340 39 23.86 | 90.12 [ 88.00| 15.12 | 15.11 | 29.97 | 30.18 [5.01]1.37| 4.52 | 217 | 0.9 | -236.8 | 221.5 | -46.7
2400 40 24.05 | 90.08 [ 88.42| 15.10 | 15.11 | 29.69 | 30.07 [4.93]|1.36| 4.49 | 218 | -1.0 | -184.7 | 172.8 | -80.4
2460 41 24.81 | 37.25 |48.42 | 15.08 | 14.85 | 29.97 | 29.82 |0.70|1.24| 4.36 | 2.18 | 34.2 | 1246.7 |-1166.2| 32.5
2520 42 24.53 | 30.94 [40.18 | 14.97 | 13.87 | 29.77 | 29.85 |0.39]1.06| 4.36 | 2.20 [168.2| 1032.0 |-965.4 | -17.6
2580 43 24.25 | 30.08 | 35.37 | 14.76 | 12.97 | 29.80 | 29.79 |0.40|0.94 | 4.37 | 2.18 |272.8 | 590.5 |-552.4| 2.9
2640 44 24.03 | 30.33 |34.52 | 14.64 | 12.68 | 29.74 | 29.72 |0.48|0.91| 4.36 | 2.19 |298.9| 467.3 |-437.2| 3.8
2700 45 23.99 | 30.26 |34.32 | 14.64 | 12.56 | 29.69 | 29.68 |0.55|0.91| 4.36 | 2.19 |317.6| 453.0 |-423.8| 1.8
2760 46 23.88 | 30.13 | 34.18 | 14.67 | 12.53 | 29.66 | 29.64 |0.59|0.91| 4.36 | 2.14 |318.6 | 452.2 |-423.0| 5.3
2820 47 23.84 | 30.08 |34.16| 14.73 | 12.55 | 29.65 | 29.63 |0.63|0.91| 4.36 | 2.15 |326.4 | 456.0 |-426.5| 4.8
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t t Tambient Tbed_in Tbed_out Tevap_in Tevap_out Tcond_in Tcond_out Pbed Pevap Pcond m'evap Q'evap Q'ads Q.des Q.cond
s min °C °C °C °C °C °C °C |kPa |kPa| kPa |L/min| W w w w
2880 48 23.70 | 29.90 | 33.99 | 14.74 | 12.53 | 29.60 | 29.59 |0.65|0.91| 4.35 | 2.19 |337.4| 456.2 |-426.7| 0.9
2940 49 24.36 | 29.86 |33.99| 14.84 | 12.63 | 29.65 | 29.62 |0.68|0.91| 4.34 | 2.21 |341.0| 460.6 [-430.9| 54
3000 50 23.97 | 29.73 |33.84 | 14.81 | 12.58 | 29.60 | 29.59 |0.7210.92| 4.33 | 2.19 |340.5| 458.3 |-428.7| 2.7
3060 51 24.01 | 85.98 [ 75.90 | 14.95 | 13.73 | 29.58 | 29.75 |5.48|1.17| 4.47 | 2.18 [186.3 |-1124.6|1052.0| -38.4
3120 52 24.11 | 88.32 |81.60| 156.12 | 14.25 | 29.91 | 31.21 |6.72|1.25| 4.78 | 2.18 |132.6 | -749.6 | 701.3 |-280.6
3180 53 24.22 | 89.50 | 83.59| 15.16 | 14.59 | 29.95 | 31.39 |6.73|1.30| 4.85 | 2.18 | 86.8 | -659.9 | 617.3 |-311.0
3240 54 24.13 | 89.79 | 84.57 | 15.18 | 14.82 | 29.81 | 31.16 [6.40|1.33| 4.78 | 2.18 | 55.3 | -582.5 | 545.0 |-292.9
3300 55 24.03 | 89.93 |85.34 | 156.19 | 14.97 | 29.94 | 30.94 [6.04|1.35| 4.71 | 2.20 | 33.4 | -512.0 | 478.9 |-216.7
3360 56 24.15 | 89.91 |86.04 | 15.22 | 15.09 | 29.92 | 30.89 |5.68|1.36| 4.67 | 2.19 | 20.2 | -432.6 | 404.7 |-211.2
3420 57 24.08 | 89.89 |86.71| 15.19 | 15.13 | 30.08 | 30.60 |5.37|1.36| 4.62 | 2.20 | 9.0 | -355.6 | 332.7 |-112.6
3480 58 24.07 | 89.84 |87.33| 15.18 | 15.16 | 29.94 | 30.29 [5.13]1.36| 4.55 | 2.20 | 2.6 | -280.2 | 262.1 | -75.7
3540 59 24.43 | 89.97 |[87.91| 15.22 | 15.20 | 29.83 | 30.15 [4.99]1.37| 451 | 215 | 2.6 | -229.7 | 214.9 | -69.3
3600 60 24.85 | 89.88 [88.32| 15.18 | 15.19 | 29.83 | 30.18 [4.92]11.37| 450 | 217 | -1.8 | -174.6 | 163.3 | -76.7
Westimated ESDcold|[ESDheatf SCP
kg/kg | GJ/m® | GJ/m® | W/kg
0.085 | 0.208 | 0.582 | 173.5
SPcold | SPheat [COPco1d| COPheat
W/kg | Wikg
347.030/970.004| 0.400 | 1.12
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