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ABSTRACT

Heating and cooling account nearly 60% of world total energy consumption and highly
depending of conventional energy sources generated by fossils fuels. As the scarcity of oil
reserves becomes the jargon issues in all part of the world today, researchers have to look
into a robust investigation on finding the alternative energy to alleviate the dependency of
conventional energy. Furthermore, if the phenomenon of using fossil fuel remain as the
primary energy sources, it would affect adversely on the greenhouse gas emission. In 2008,
The Climate Change Act by the UK Government had targeted that 34% cut in 1990
greenhouse gas emissions by 2020 and, at least, an 80% cut in emissions by 2050.
Therefore, to achieve this target, more low carbon technology needed to realise the future
reduction of emission. Renewable energy technologies such as solar, wind, geothermal and
such thought to become the solution to reducing the demand for conventional energy.
However, their instability considered as problematic for future energy demand. Thus, a more
efficient management of energy demand, coupled with efficient energy storage systems is

required.

The aim of this study is to develop novel Thermochemical Heat Storage system (THSS)
using off-peak power and renewable sources to minimise energy demands from fossil fuels
and reducing GHG emissions. Thus, this could be achieved by developed and constructed
a unique adsorption heat pipe using a high energy storage density of the hanocomposite
Thermochemical material. Other than that, this unique adsorption heat pipe was integrated
with a heat-pump circuit for desorption process. In this study, a Novel Thermochemical Heat
Storage has been theoretically model, built and tested on a lab scale and a domestic-scale
prototype. The chosen Thermochemical Material (Vermiculite + CaCl,) reacting with pure
water vapour operates within a closed system. Other than that, result from thermal analysis
shown that Vermiculite + CaCl, could attain higher heat storage capacity of 374 kJ/kg. The

heat storage system of this work based on reversible thermochemical reactions, such as
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adsorption and desorption of composite Thermochemical materials which exhibits very high
energy storage density (up to 364 kWh-m?® of material storage). The small scale
experimental investigation has found this THSS has the maximum adsorption temperature
of 45.07°C to 71.12°C with the corresponding Coefficient of Performance (COP) of 0.53 to
1.34. Another investigation on Solar Heat Solar collector (SHSC) has carried out numerically
and experimentally. The numerical study predicted that the temperature lift achieved at 42°C
of using 10m? of the solar collector. Hence, this SHSC has shown the possibility of
integrating the TCM (Thermochemical material) with solar thermal energy. Lastly, a
domestic scale THSS has revealed that the highest temperature uplift from the adsorption
process at 57°C. The economic analysis of a domestic scale THSS has shown that this
system will receive payback in 7.5 years with the internal rate of return (IRR) 15.25%.
Furthermore, emission analysis demonstrated that this system would reduce 34% of COz in

20 years of its lifespans.
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NOMENCLATURES

A Heat transfer area, [m?]
Astp Heat transfer area between adsorbent material and adsorbent pipe, [m?]

C Specific heat, [kJ /kg - K]
COP Coefficient of performance [-]

D,  Effective surface diffusion [m?/s]
DsO Pre-exponential term [m?/s]

Ea Activation energy of surface diffusion, [ J/mol]

E4 Energy storage density per unit mass [Wh/g]
Eyqr Energy storage density per unit volume [kWh/m?]

Fr Collector heat exchanger efficiency [-]

h Heat transfer coefficient, [ W /m? - K ]

hg,  Heat transfer coefficient from adsorbent material to adsorbent pipe
[W/m?.K]

hy enthalpy of the refrigerant at the inlet of the compressor [kJ/kg]

h, Enthalpy of the refrigerant at the outlet of compressor [kJ/kg]

hs Enthalpy of refrigerant from the outlet of the condenser coils of the
system [kJ/kg]

AH,  Reaction enthalpy [kJ/mol]

AH,, Reaction enthalpy per kg of water vapour [kJ/kg]

ID Pipe Internal Diameter, [m]

I total solar radiation [kW/m?]

K calorimetric constant [-]

K, - @, Effective coefficient of mass transfer, [s™]

L Evaporation latent heat of refrigerant, [kJ /kg ]

mg, air mass flowrate from dehumidifier [kg/s]

m,,  air mass flowrate from collector to fan-coil [kg/s]
myqy  air mass flowrate during discharge/desorption [kg/s]
M Mass, [kg ]

n Constant related with the property of adsorbent
Neol collector efficiency [-]
Ne charging efficiency [-]

Ny volumetric efficiency [-]
Neomp COMpressor efficiency [-]
N rotational speed [rpm]

OD  Pipe Outside Diameter, [m]
P Vapour pressure [ KPa ]

PS Saturated vapour pressure corresponding to adsorbent temperature [kPa]
AQ Heat Flow [mW]
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Qus
Qloss
Qer
Qchar
Qwa
q

Solar heat gain [kW]

Heat loss [kW]

Heat transfer from solar collector to the adsorbent [kW]

Heat from charging/desorption process [kW]

Water flowrate [kg/s]

Adsorption amount per kilogramme of dry adsorption, [kg/kg ]

dqg/ dt Adsorption rate, [kg/kg-s]

Equilibrium adsorption content at TS and P
Isosteric Heat of Adsorption, [kJ /kg ]

Particle radius, [M ]

Length of the compressor [mm]
heat loss coefficient [-]

Density [kg / ms]

Temperature, [ K]
Temperature Lift (°C)

time [s]

Absorption/transmission coefficient [-]
Desorption time [hr]

Maximum porosity in per kilogramme of adsorbent [m3/kg]

specific volume at the suction side [m?]
displacement volume [m?]

Fan energy [kW]
total ideal input electric power to the compressor [kW]
Reaction advancement during charging /desorption [-]

Reaction advancement during discharge/adsorption [-]
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SUBSCRIPT

a atmosphere/ambient/air
ads  adsorption

Al Aluminium

€W  Evaporator wall

eva Evaporator

dis discharge

d indoor

f final
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1. INTRODUCTION

1.1 Background

Climate change, global warming, heat islands and high-energy consumption are
interrelated and are becoming issues in current industrialisation and globalisation
agendas. As predicted by EIA (2013), from 2013 to 2040 the world energy consumption
will be increased from 600 quadrillion Btu to approximately 800 quadrillion Btu (see
Figure 1.1). This scenario will have an adverse effect on global carbon dioxide
emissions (see Figure 1.2) with an approximate predicted marginal increase from 12 to
30 billion metric tonnes between 1990 and 2040. With the depletion of fossil fuels for
energy generation, researchers all over the world are investigating the most sustainable
alternative energy sources for all inhabitants. As fossil fuel resources such as oil,
natural gas, and coal are becoming scarcer and more expensive, many energy
conservation strategies are more feasible to employ. Furthermore, it is necessary to
find more sustainable, efficient and economical ways to utilise energy not only in the
field of energy production, transmission, distribution and consumption, but also in the

area of energy storage (ES) (Lee, 2013).
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Figure 1. World energy consumption, 1990-2040
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Figure 1.1: World energy consumption, (EIA, 2013)
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Figure 1.2: Carbon dioxide emission, (EIA, 2013)

Residential and commercial building energy consumption makes up 20% to 40%
(Lombard et al. 2008) of world primary energy consumption. In the UK, energy use in
the domestic sector accounts for around 30% of total energy consumption and has

risen by 23% over the last 35 years (Utley & Shorrock, 2008). Furthermore, space
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heating still accounts for over half of energy use in the housing stock (DECC, 2013).
Therefore, the need to supply an alternative energy source for building applications is
a significant challenge for all countries in order to mitigate the use of primary energy

from fossil fuel.

Qi 1.6%

Renaswalbas
15 5%

Coal 35.0%

Qul 0.8%
Gas 28.5%

Muckaar
18 6%

Figure 1.3: U.K. energy mix (DECC, 2011)

The typical alternative energies that have penetrated the market, and which are
generated as part of the energy mix for the national grid, are renewable energies such
as solar, biomass, geothermal and hydropower. For instance, renewable energy in the
United Kingdom forms nearly 15.5% of the total energy mix (see Figure 1.3). However,
using such energy involves some drawbacks and limitations such as inconsistency in
supply and demand. Drawbacks such as this require alternative or new technologies
for storing the energy for end-use. Means of retaining the stored energy is another
challenging issue that needs to be investigated. Therefore, this research aims to
develop a novel Thermochemical Heat Storage system using off-peak power and low

energy sources to minimise energy demands from fossil fuels.
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1.2 Statement of Problems

One problem is that the storage of energy plays a vital part wherever the supply cannot
be controlled to meet the demand. Solar power has great daily and seasonal
fluctuations in supply, and its demand varies, and therefore, some energy storage is
necessary for the most of its applications. Because solar radiation cannot be stored as
such, it needs to be converted into electrical, mechanical or thermal energy, and for

that the appropriate storage device is required (Ouden, 1982).

In previous energy systems, energy demand has been relatively stable, and the supply
chain has only needed to produce energy to meet demand directly and on time.
However, instability of daily and seasonal energy demand has become more visible
recently due to generated energy and the supply cannot be delivered to meet the
demand directly (Paksoy, 2007). Furthermore, energy production from renewables and
decentralisation of power plants induces instability of energy demand (Paksoy, 2007).
Figure 1.4 illustrates the phenomenon of the volatility of renewable energy supply and
demand. The additional technology of energy storage solutions is needed to bridge the

gap caused by the daily and seasonal changes of renewable energies.

Supply Demand
Present Stable » Stable
I,
Future .Storage -
Renewable & - Daily & Seasonal
decentralized energy change

Figure 1.4: Trend shift of energy relationship between energy supply and demand
(Paksoy, 2007)
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Renewable energies such as solar power have some limitations such as low solar
intensity during the winter in countries with cold climates or during rainy season for hot
and humid countries. These constraints will require development of new technologies
for energy storage in order to meet the needs of the supply and demand for building
applications, such as heating and cooling. Many researchers have investigated energy
storage solutions including thermal energy storage. For example, application Phase
Change Material (PCM) has been investigated as a possible solution by Regin et al.,
2008; Zhang et al., 2008; Tay et al., 2012; Mosaffa et al., 2013). However, low thermal
conductivity was reported by previous researchers (Castell et al., 2008; Medrano et al.,
2009; Tay et al., 2013) which would lead to low heat transfers and therefore difficulty in
meeting the supply and demand for building applications. Furthermore, an organic
material such as paraffin is expensive (Sharma et al., 2009) and would be
uneconomical and unsuitable for long term use as energy storage for building
applications in the future (Delgado et al., 2012; Cabeza & Mehling, 2003). Other
methods of energy storage such as sensible energy storage which involve using water,
including ice thermal storage or solar ponds, have been investigated by Ezan et al.
(2011), Abdullah et al. (2013), Sanaye & Shirazi (2013). However, the storage density
of water can only reach 0.2 GJ/m? (for a typical storage tank) whereas the storage
density of a thermochemical energy storage system could reach up to 0.5-3 GJ/m3
(Abedin & Rosen, 2012). Furthermore, the temperature range for a thermochemical
energy store could reach up to 200°C compared to the 110°C reached by water. Hence
this shows that thermochemical energy stores can store approximately 90% more
energy than water for high-temperature applications. Another problem associated with
sensible heat storage is heat loss and the high volume of space required for storing.
This would involve inefficient systems and a large footprint of space for energy storing

in building plans.
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Thermochemical materials (TCM) have higher energy densities compared to latent
PCMs or sensible (water) storage media due to their high heat rate of adsorption
ranging from 1000 to 6000 kJ/kg (Sur and Das, 2010). Because of a higher energy
storage density, thermochemical energy storage systems can provide more compact
energy stores compared to latent and sensible energy stores. This attribute is
particularly beneficial where space for the energy is limited or valuable (Abedin &

Rosen, 2011).

Thermochemical energy storage (TES) effectiveness and compactness relies heavily
on the design of the adsorbent material/bed of the system. Substantial research on
adsorbent materials such as composite materials and liquid media have been carried
out (Zhu et al., 2006; San & Hsu, 2009; Huang et al., 2010; Hongois et al., 2011;
Tanashev et al., 2013). These studies have analysed the possible composite materials
with the highest potential energy storage density for the energy storage applications.
Thermochemical energy storage systems are relatively compacted, which is achieved
by using new nanocomposite materials. Based on this literature, the aims of this study
is to develop the high performance of energy storage systems using a Thermochemical
Heat Storage System (THSS) that uses an adsorbent heat pipe with high thermal
conductivity and high heat storage density, which would be economically attractive in

the long term for use in building applications.

1.3 Objective and Scope of the Project

To achieve the above aims the following objectives were independently investigated.

The overall goals of this research were:

a) To develop a unique adsorbent heat pipe with a high thermal performance that
is economically feasible for long term usage.

b) To develop a highly efficient reactor (adsorbent bed) and evaporator.
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d)

f)

To analyse various hanocomposite adsorbent materials within the parameters
of high energy storage densities, low desorption temperatures, compactness,
and affordability.

To reduce the energy usage of a heat pump via an off-peak energy source or
renewable energy source such as solar or ground heat with high Coefficients of
Performance (COP).

To develop a solar heat storage collector and to analyse the efficiency of using
renewable energy that is integrated with a solar collector.

To develop a domestic-scale prototype of thermochemical heat storage

systems based on diurnal space heating and domestic hot water systems.

1.4 Scope of the Project

To successfully meet the above targets, the scopes of the project are divided into six

separate areas:

a)

b)

d)

To review the background and literature reviews of past work on heat pipe and
thermochemical energy storage, solid reactant materials and working fluids for

building applications.

To develop a mathematical model and thermodynamics analysis on adsorbent
heat pipes and the efficiency of an adsorbent bed with regard to charging,
storing and discharging. Analysis of the COP of a heat pump generated with
low-grade energy/an underground heat source.

To build-up and test a small-scale THSS and validate the concept of an
adsorbent heat pipe reversible process using a selected adsorbent material.
To develop a model and a small-scale solar heat storage collector (SHSC) for

space heating application in the building.
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e) To carry out experiments on a domestic-scale of Thermochemical Heat Storage
Systems (THSS) with an actual domestic hot water/heating usage pattern in the
UK.

f) To discuss the technical, economic and environmental benefits of the proposed

systems.

1.5 Novelty and Timeliness

The aim of this research is to develop a novel THSS system using off-peak power
and renewable sources to reduce energy demands from fossil fuels. The novel
THSS system will include:

a) A novel adsorption heat pipe which incorporates a reactor section (adsorbent
section) and an evaporator section within the design. A unique configuration will
enhance the heat transfer and improve the overall performance of the energy
storage system.

b) Unique adsorbent materials including silica/zeolites/molecular sieves and
nanocomposite adsorbent materials (vermiculite) that have been scientifically
synthesised.

c) Experimental evaluation on a laboratory scale of THSS using a selected
nanocomposite material of Vermiculite+CacCl, incorporated via a unique design
of a heat-pump circuit.

d) Experimental evaluation on a domestic scale of THSS using a selected
nanocomposite material of Vermiculite+CaCl, incorporated via a heat-pump

circuit and a simulated low-grade heat source using a water tank.

This research will lead to a novel THSS integrated with a heat pump, which can

reduce annual heating demands and increased heat pump efficiency, compared to
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the conventional heat—pump systems. The advanced material development
underpinning this study will accelerate the viability of thermal storage technology by
delivering affordable, compact thermal stores. It is, therefore, timely concerning its
considerable capability of saving energy and reducing the amount of CO; emissions

into the environment.

1.6 Methodological Approach

The project work involved the following stages:

tage 1| gy >*5€ |  —
Chapter 1 Chapter 3 Chapter 5 Chapter 7
eIntroduction eThermochemic Lab scale Domestic Scale
al Materials Prototype Of Prototype
Synthesising THSS _
and eEconomic &
Chapter 2 Optimisation Environmental Analysis
eliterature
Review
Chapter 4 ShapEaio
. Lab Scale Chapter 8
eMathematical .
Modelling Prototype eConclusion and Further
SHSS Recommendations

Stage 1: Background and Literature Review

Task: A literature review will be carried out to collect relevant information on the theory
of adsorption heating and cooling applications, energy storage theory, background,
thermochemical energy storage and implementation, the theory of adsorption,

adsorbent materials and nanocomposite adsorbent materials. The literature review will
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support the research by developing an understanding of the issues related to
thermochemical energy storage and its performance. It will act as a baseline for
development of high performance systems with improved compactness which will lead

towards more efficient energy storage systems for building applications.

Stage 2:

Task 1: Material Screening & Synthesising

Task 1 involves doing a material screening on the potential adsorbent materials such
as silica gel/CaCl,, Vermiculite/CaCl,, Zeolite/CaCl, and others composites materials.
The synthesis involves testing the temperature lift using the horizontal and vertical rigs,
specific heat using DSC and physicochemical examination on pore distribution using
MIP (Mercury Intrusion Porosimetry), ESEM (Environmental Scanning Electron

Microscope) & SEM (Scanning Electron Microscope).

Task 2: Mathematical Modelling

The mathematical modelling will be carried out in order to determine the temperature
of the adsorbent section. COP is established using a different type of refrigerant gas

(R134a or R1234yf) or solar energy.

Stage 3:

Task 1: Testing of THSS Using Small-Scale Rig in the Laboratory

Designed and constructed small-scale version of THSS to test the performance of the

novel systems.

Task 2: Modelling and Testing of Solar Heat Storage Collector Using Small-Scale

Rig in the Laboratory
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Modelling and experimental testing of a small-scale solar heat storage collector to verify

the performance of the novel systems.

Stage 4:

Task 1: Experimental Investigation of Domestic-Scale Prototype of
Thermochemical Heat Storage Systems (THSS)
A domestic-scale prototype of THSS theoretically modelled, designed and constructed

to test the performance of the novel systems.

Task 2: Economic and Environmental Analysis

Firstly, economic and environmental analysis conducted and discussed for household
application. Payback period and gas (CO,) emissions are estimated and evaluated.

Lastly, conclusions will be drawn and future work recommended.

1.7 Thesis Structure

The thesis is divided into nine chapters, including this introductory chapter. The study

will be presented in the following sections:

Chapter 1: Introduction
Chapter 1 covers the introductory section and the driving forces of this work. The
objectives, scopes, and novelty aspects of the project are detailed. In addition, the

methodological approach to fulfilling the objectives is provided in this chapter.

Chapter 2: Background and Overview of Thermochemical Heat Storage and

Materials

Chapter 2 introduces the background theory of thermochemical heat storage,

thermochemical materials and working pairs, and the theory of adsorption systems.
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Reviews of mathematical modelling methods commonly used by the current and
previous researchers and heat and mass transfers of thermochemical storage systems

are introduced here.

Chapter 3: Thermochemical Material (TCM) Screening, Synthesising and

Optimisation

Continuing from the review chapter, the selected TCMs will be subject to
experimentation. Therefore, Chapter 3 covers the material screening, synthesising and
optimisation of thermochemical materials that have the advantage of high heat storage
capacity, high porosity and that are environmentally friendly. The synthesising involves
temperature lifting through horizontal and vertical adsorption heat pipes, thermal
analysis using a differential scanning calorimetric (DSC) for the heat storage density
investigation and mercury intrusion porosimetry (MIP) for pore size distribution
investigation. This chapter also provides the evidence highlighting the thermochemical
material with the most potential, as selected based on the advantageous characteristics

mentioned previously.

Chapter 4: Performance Investigation of THSS

Chapter 4 describes the mathematical modelling of THSS using an Engineering
Equation Solver (EES) for the adsorption and desorption process. The type of
thermochemical materials was simulated, namely the Vermiculite + CaCl, (VCC). In the
desorption process, three types of heat source were analysed consisting of: i) electrical
element, ii) heat pump circuit, iii) solar thermal. In the heat pump circuits, two types of
refrigerant gases were analysed; R134a and R1234yf. The parameters used to analyse

the effect on system performance (COP & heat generated) were the type of adsorbent
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materials, the mass of the adsorbent material, the heating temperature, and adsorption

and desorption times.

Chapter 5: Experimental Investigation on a Small-Scale Prototype of THSS with

Heat Pump Circuits

The aim of this chapter is to carry out an investigation of small-scale Thermochemical
Heat Storage Systems (THSS-R134a) using a heat-pump circuit for the regeneration
of the heat source. The working pair for this prototype is the composite of vermiculite
impregnated with calcium chloride and water as the refrigerant in the evaporator pipe.
The integration with a heat-pump circuit is to analyse the performance of a THSS-
R134a using an off-peak power source in the desorption/charging cycle and utilising

renewable energy sources to minimise energy demands from fossil fuels.

Chapter 6: Modelling and Experimental Investigation on Solar Heat Storage

Systems

Chapter 6 introduces a build-up performance of a novel solar heat storage system that
involves the integration of a solar collector with the composite material of Vermiculite +
CacCl, to generate heat storage. A laboratory scale solar heat storage system has been
tested for its performance with dependent variables changes such as average solar
light intensities with an average of 850W/m? & 950W/m? to achieve the maximum
temperature of 60°C for desorption process. This section also provides a mathematical

model of solar heat storage systems using EES.
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Chapter 7: Experimental Investigation of a Domestic-Scale Prototype of THSS
Integrated with a Heat Pump.

This chapter provides an experimental investigation into a domestic-scale prototype
that could deliver an estimated 24kW of energy of basis diurnals. This section also
provides the design options for improving the heat and mass transfer of
reactor/adsorption pipes, evaporator pipes, plus the whole system configuration. Also
included in this chapter is the general discussion on the environmental, social and

economic benefits of THSS.

Chapter 8: Conclusion and Further Recommendations
Chapter 8 provides conclusions to each theoretical and experimental question in every
chapter, and gives further recommendations to those researchers endeavouring to

continue study in this area.
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2. LITERATURE REVIEW

2.1 Introduction

The solid/gas sorption or thermochemical sorption technologies have excellent
prospects. In addition to efficiently utilising solar energy or waste heat as primary
energy, they can use the non-polluting refrigerants with no moving parts, which makes
the system less noisy and it would require less maintenance. Therefore, heating or
cooling using adsorption cycles can be a real alternative to conventional vapour
compression machines. Additionally, these systems appear to have low ODP (ozone
depletion potential) and low GWP (global warming potential) (Wang et al., 2005) and
therefore protect the atmosphere. Sorption technologies are alternative systems that
are suitable for cooling and heating in buildings. Sorption technologies were introduced
in the Faraday era of the 1800s (Critoph, 2012) when ammonia was used for cooling.
Then from the 1920s, silica gel was selected as the adsorbent material. After the
energy price crisis in the 1970s zeolite became another option for sorption cooling, and
was considered as competitive to its counterparts (vapour compression systems).
Since then, according to Critoph (2012), adsorption refrigeration and heat pumping
technologies have not been developed further, either for technical or economic

reasons.

2.2 History of Thermochemical Energy Storage

Thermochemical Energy Storage started with the energy crisis in the 1970s when
research increased into better alternative energy and energy storage. In Sweden and

Switzerland, researchers pioneered the technology of a chemical heat pump using
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ammonia systems with NH4/Cl, LiCl, MgCl,, CaCl,, and FeCl,/ammonia as the chemical
substance working pairs (Paksoy, 2007). According to Paksoy (2007) a long distance
thermal energy store was introduced in Germany in 1970 and the application of this

technology continued into the 1980s.

In Japan from 1984 to 1992 the Agency of Industrial Science & Technology started
using ammonia with FeClz, NiCl;, Nal and NaScN/NHs; and halogenated inorganic
reactant/water of MgCl,, CaCl,, CaBr, and MnCl>/H>O as working pairs for chemical
heat pumps. Then the development of this research was examined by using CaO/H,0
working pairs for the chemical heat pump application (Ogura et al., 1991). Extending
this study, Kato et al. (1998) conducted a survey of the durability of the repetitive cyclic
operation of MgO/H>O and found that a magnesium hydroxide material showed high
durability during a repetitive magnesium oxide/water reversible reaction and higher
heat output performance than common magnesium hydroxide or magnesium ethoxide.
The solid reactor is the most critical piece of equipment in chemical heat pump design.
Therefore, to achieve better performance in these systems, enhancement of solid
reactor beds for the chemical heat pump has been carried out in Japan and the UK

respectively.

Darkwa & O’Callaghan (1997) investigated the thermochemical technology of inorganic
oxides for minimising energy consumption and pollution from automobile engines and
found that inorganic oxides such as calcium oxides can be stored for a very long period,
even at ambient conditions, without losing their potential for energy production. This

study was the first step in achieving viable thermal storage systems.
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2.3 Investigation of the Thermochemical Energy Storage (TES)

Technically, TES would also be in the mixed boundary condition of chemical storage
and sorption storage, as illustrated in Figure 2.1 (N'Tsoukpoe et al., 2009; Ding & Riffat
2012). Sorption can be termed as a phenomenon of fixation or capture of gas or vapour
(sorbate) by a substance in its condensed phase (solid or liquid), called sorbent (Hauer,

2007).

Sorption phenomena can involve both thermo-physical and thermo-chemical aspects
(Inglezakis et al., 2006). The heat of adsorption is usually less in physisorption
processes and large in chemisorption. The term “sorption” is a general definition which
includes both absorption and adsorption (Hadorn, 2005). The general term “sorption”

is used when both adsorption and absorption occur simultaneously.

CHEMICAL
STORAGE

Electrochemical

Electromagnetic
Photochemical
Photosynthesis

Thermochemical

without sorption

Chemical adsorption Physical adsorption
(Chemisorption) (Physisorption)

JOVH0LS
NOILd¥OS

Chemical absorption Physical absorption

Figure 2.1: Chemical storage and sorption classification (N'Tsoukpoe et al., 2009)
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TES is based on reversible chemical reactions (Shkatulov et al., 2012). The principle
of sorption in TES is based on performing a reversible chemical reaction (desorption)
which allows adsorption of heat in the course of the decomposition (desorption)
process that is endothermic. A reverse synthesis reaction is exothermic and results in
giving the stored heat back (Kawasaki et al., 1999; Hauer, 2008). The reversible
physicochemical reaction, C, is the thermochemical material (TCM). With the heat
supply on C, C can be disassociated into components A and B, which can be at any
phase and stored separately. Both A and B are termed as reactant/working pairs or a
sorption couple, and C will be formed with a heat release when to A and B are put

together (Yukitaka, 2007; Ding & Riffat, 2012).

C + Heat<=>A+B 2.1

TES can be further defined by its processes. TES processes are divided into three

phases:
i) Charging, also known as an endothermic reaction. A heat source is required
for the dissociation process of C.
i) Storing. This stage occurs after the charging process and A and B will be
formed and stored.
i) Discharging is where A and B are associated with an exothermic reaction

and material C is regenerated and the recovered energy released (see

Figure 2.2).
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CHARGING (Endothermic)
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STORING ﬂ
DISCHARGING (Exothermic)

Heat <af— g ' — .

Figure 2.2 Process involved in a thermochemical energy storage cycle (Abedin &
Rosen, 2011; Ding & Riffat, 2012)

TES is in the subcategories of chemical and thermal energy storage systems. It can
be divided into an open or closed system. In open systems, the gaseous working fluid
is released into the environment and the entropy released (Bales, 2007). However, in
closed systems, the working fluid and entropy are discharged into the environment via
a heat exchanger, and a closed system normally works with a closed working fluid that
is inaccessible from the atmosphere. As illustrated in Figure 2.3, the closed systems
can be divided into two (2) working principles; adsorption and absorption. For the
adsorption process, gas is bonded on the surface of a solid, while in the absorption

process, a new compound of the adsorbent and working fluid is formed.
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chemical and thermo-
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Figure 2.3: Classification of chemical and thermochemical storage

Chemical reactions offer larger energy storage densities compared to the sensible heat
and phase change materials due to the high energy processes involved in the
reversible destruction and reformation of chemical bonds. In thermochemical reactions,
the products of the endothermic reaction contain the energy as chemical bond energy,
which is retrieved by the exothermic reverse reaction. Consequently, the products are
stable at low temperatures and can be transported over long distances. Thermal
dissociation reactions are also attractive in this respect if the products of the

endothermic dissociation exist as two phases and are easily separable.

Some of the advantages of TES (Garh et al.,, 1985; Bales, 2005; Hadorn, 2006)

include:

(i) Long term storage - reactants and products can be stored at ambient temperatures

with consequent low energy losses.

M.W. Norhayati, 2016 20



Literature Review Chapter 2, PhD Thesis

(i) Compactness - energy is stored by breaking chemical bonds, with the resultant high
energy storage density approximately two times greater than sensible and latent heat

systems.

(iii) High efficiency - the storage subsystem can be integrated into a complete system,
thereby minimising waste heat losses (efficiency of thermochemical energy storage

ranges from 50-69% (Abedin and Rosen, 2012a).

(iv) Low cost - the basic chemicals are inexpensive and readily available, and ambient
temperature storage allows for less expensive containment material and eliminates the

need for insulation.

(v) Transportability - many of the possible chemical systems are composed of gaseous
and liquid species that are transported easily at ambient temperature and thus the

endothermic and exothermic reactors can be physically separated by long distances.

(vi) Recombination of the endothermic reaction products in a fuel cell.

(vii) The use of the reaction products as the working fluid in a thermodynamic cycle.

2.3.1 Absorption Process

Absorption is technically termed as a liquid-gas system and a promising storage option
because they can be pumped and used as the heat transfer fluid in solar collectors and
heat exchangers. It also can be defined as a process in which the sorbate diffuses into
the liquid or solid sorbent accompanying a phase change and/or a chemical reaction.
Materials recently investigated comprised of aqueous solutions of Calcium Chloride
(CaCly), Lithium Chloride (LiCl), Lithium Bromide (LiBr), Sodium Hydroxide (NaOH),

Potassium Hydroxide (KOH) and Ammonia (Lele, 2015). Absorption systems require
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energy for the regeneration process, typically known as the driven energy. An example
of driven energy in absorption systems is industrial waste heat, automobile exhaust,
and solar energy. Previous researchers have used absorption systems driven by
industrial waste energy (Ma et al., 2003; Romero & Rodriguez-Martinez, 2008; Quoilin
et al., 2011), automobile exhaust (Javani et al., 2012) and solar energy (Li & Sumathy,
2000; Katejanekarn et al., 2009; Crofoot & Harrison, 2012). Some of the researchers
had also placed emphasis on cascading absorption systems with a vapour
compression system to improve their performance (Wu & Eames, 2000; Eames & Wu,
2000). However, improvements on low COP are required in the reactor design, with

low manufacturing costs to be adopted in the long term.

2.3.2 Adsorption Process

Solids and the fluid adsorbed on the solid surface are referred as adsorbent and
adsorbate respectively. Adsorption may be due to a physical process referred as
physical adsorption, or physisorption, caused by Van der Waals forces or a chemical
process referred as chemical adsorption or chemisorption, involving valency forces
(Srivastava & Eames, 1998). The physical adsorption/physisorption involves only a
relative weak intermolecular force, whereas chemisorption includes the formation of a
chemical bond between the sorbate molecule and the surface of the adsorbent
(Ruthhaven, 1984). The general features, which distinguish physisorption and

chemisorption are illustrated in Table 2.1.
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Table 2.1 Comparison between physisorption and chemisorption (Ruthhaven, 1984)

Physisorption

Chemisorption

Low heat of adsorption (< 2 or 3 times
latent heat evaporation)

High heat of adsorption (> 2 or 3 times
latent heat of evaporation)

Non-specific

Highly specific

Monolayer or multilayer

Monolayer only

No dissociation of adsorbed species

May involve dissociation

Only significant at relatively low
temperature

Possibly over a wide range of
temperature

Rapid, non-activated, reversible

Activated, may be slow and irreversible

No electron transfer although
polarisation of sorbate may occur

Electron transfer leading to bond
formation between sorbate and surface

An adsorption process means the gaseous or liquid phase of a component is on the

inner surface of a porous material. During the desorption step, heat is put into the

sample. The adsorbed component, water molecules as illustrated in Figure 2.4, are

removed from the inner surface. As soon as the reaction is reversed, the adsorption is

started by combining water molecules with the sample. The molecules adsorbed and

the heat brought into the system during desorption will be released. The adsorption

step represents the discharging process (Hauer, 2007).

Adsorption

Heat

Inner Surface
of Adsorbents

Water Molecules

Desorption

Figure 2.4: Adsorption process of water vapour on solids (Paksoy, 2007)
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2.3.3 Open TES

In an open sorption TES, the air is transporting water vapour and heat in and out of the
packed bed of solid adsorbents/reactor, where the air is in contact with a liquid
desiccant. Meanwhile, the desorption mode or hot air stream enters the adsorbent
bed/reactor and desorbs the water from the adsorbent and exits the bed cooler and is
saturated (see Figure 2.5) (Hauer, 2007). The main chemical reaction of an open TES
is similar to equation 2.1. In an open TES, the heat transport fluid is not separate from
materials A, B and C. Open TES systems operate in an open loop coupled with the
ambient conditions, and an air stream transports water vapour and heat in and out of
the adsorbent bed/reactor of thermochemical materials (Hauer, 2007). TES in open
sorption systems was investigated by Hauer & Fischer (2011), Zondag et al. (2013) &
Bertsch et al. (2014). These authors had put emphasis on the high storage capacities
of these systems compared to sensible heat storages and the possibility to support

drying processes by the application of this technology.

Desorption Adsarption

air + E:} heat of air + heat of

water condensafion  water aevaporation
Salid Adsorbanit

) heat of
ar |l desorption aur Elh}ac'l-f;;?ifﬂn

Figure 2.5: Open sorption storage system using a packed bed of solid adsorbent
(N'Tsoukpoe et al., 2009; Hauer, 2007)
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Wu et al. (2009) did a numerical analysis on an open TES of composite adsorbent
materials, and the experimental analysis was designed to validate the theoretical
analysis. These authors found that the composite adsorbent material has the potential
of validating use of thermal storage materials for low-grade thermal energy storage
owing to its high specific storage capacity and low regenerating temperature as the
specific heat TES increased noticeably while the COP of the TES system decreased.
The energy and exergy comparison of open and closed TES has been investigated by
Abedin & Rosen, (2012) who found that for open storage of Zeolite, 13X as a thermal
material could achieve the energy and exergy of 69% and 23% respectively. In Japan,
Liu et al. (2013) did an experiment involving honeycomb filters made of a mesoporous
composite material for an open sorption thermal energy storage system. These authors
found that the composite mesoporous material supported with CaCl, showed potential
for storing low-temperature industrial waste heat with a high volumetric heat storage
density and concluded that the composite mesoporous material has the advantage of

a long duration for supplying stable heat with a low heat loss.

2.3.4 Closed Thermochemical ES

A closed TES is based on the same physical effect as the open storage. However, the
engineering is quite different from open sorption systems. The closed system could
precisely be described as evacuated or air-free systems. In closed systems
components, which do not exist in the atmosphere, can be used because there is no

connection to the ambience (Hauer, 2007).
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Figure 2.6: Operation principle of a closed thermochemical system (Hauer, 2007;
N'Tsoukpoe et al., 2009)

The typical example is the working principle of a closed TES, as illustrated in Figure
2.6, where water vapour is used as the adsorbate material. The heat is transferred from
the adsorbent using a heat exchanger and is stored in the condenser. In the desorption
stage, heat is transported to the absorber, and water vapour is condensed in the
condenser. During the adsorption, the heat is being delivered to the evaporator that is
taken from the absorber. Lu et al. (2003) investigated a closed adsorption cold storage
system with a zeolite/water working pair used for locomotive air conditioning. These
authors conclude from their experimental and thermodynamic analysis that this
working pair have large cold storage capacities of 600 kJ per 1 kg of zeolite.
Furthermore, they claimed that adsorption cold storage could make use of low-grade
thermal energy with no pollution and no energy losses. Bales (2007) constructed
laboratory prototypes of thermochemical storage units of a closed adsorption system
with silica gel and zeolite as a solid sorbent material and concluded that heat

exchangers are the key components of a thermochemical energy storage system.
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Other than that, they found that because of the low heat conductivity of zeolite and
silica gel, the distance of the adsorbing material from the thermal conduction surfaces

should be optimised.

Abedin & Rosen (2012) studied the energy and exergy of open and closed TES and
found that differences between energy and exergy efficiencies. These authors also
suggested that the selection of a TES for a particular application requires other factors
beyond the thermodynamic including environmental effects, economics,
thermochemical material degradation and cycling behaviour over time, reliability and
maintenance requirements. Some of the closed TES prototypes and experimental
studies are listed in Table 2.2. This material could be a potential to be adopted for the

THSS in the future.

Table 2.2: TES energy storage density

Working pair Thermal energy References
storage density

Silica gel/water 50 (kWh/m?3) Bales et al. (2008)

Zeolite /water 180 (kWh/m3) Bales et al. (2008)

Zeolite+MgSO./water 166 (kWh/m?) Hongois et al. (2011)

Silica gel+LiCly/water 163.6 (kWh/m?3) Yu et al. (2014)

Silica gel+CaCl,/Water 1000 kJ/kg Zhu et al. (2006)

BaCl,+vermiculite/ammonia 680 W/kg Veselovskaya et al.

(2010)

MgCl2/NH3 2000 kJ/kg Li et al. (2014)

Activated carbon + silica gel 378 W/kg Tso & Chao (2012)

+CaCl;

Mg(OH). + vermiculite 540 kJ/kg Shkatulov et al. (2012)
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2.4 Adsorbent Materials

The general term “sorption’ is used when both adsorption and absorption occur
simultaneously (Inglezakis & Poulopoulos, 2006). Adsorbents having a special affinity
for polar substances like water are termed "hydrophilic'. These include silica gel,
zeolites, and porous or active alumina. Non-polar adsorbents, termed “hydrophobic',
have more affinity for oils and gases than for water. These substances include
activated carbons, polymer adsorbents, and silicates (Srivastava & Eames, 1998). The

types of adsorbent materials are described in the following sections.

2.4.1 SilicaGels

Silica gels (SiO2.xH20) are solid amorphous structures formed by condensing soluble
silicates from solutions of water (about 5%) or other solvents. Advantages include
relatively low cost and relative simplicity of structural customisation. They are available
as large as spherical beads about 5 mm in diameter or as small as grains of a fine
powder. The temperature for use is at 200°C due to adsorption capacity loss when
overheated and the loss of water. The silica pore size ranges from 2 to 3nm (Type A)
to about 0.7nm (Type B) both of which are commercially available for all applications
(Srivastava & Eames, 1998). Silica gel has a large capacity for absorbing water,
especially in a high relative vapour pressure (0.5 P/Ps at 50% of relative humidity)
(Airxchange, 2007). Therefore, it is broadly used as a desiccant for humidification
purposes (Owen and Kennedy, 2009). The properties of silica gel are simplified as
seenin Table 2.3. Silica gel is utilised in applications such as drying gases, refrigerants,
organic solvents, transformer oils, desiccant packing and double glazing and the dew
point control of natural gas (Crittenden, 1998). Thus, from this review, we can see that

there is a potential for silica gel materials to be used for the heating of a building.
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However, the performances of this material need to be investigated experimentally to

come to a final conclusion on the appropriate desiccant material to be chosen for this

research.
Table 2.3: Properties of silica gel (Hauer, 2008)

Property Wide Narrow
Inner surface (m?/g) 300-500 600-800
Pore diameter (A) 25-50 10-15
Specific heat (kJ/kgK) 0.92-1.0 0.92-1.0
Heat conductivity(W/mK) 0.14-0.2 0.14-0.2
Packed bed density(kg/m3) 450 700

2.4.2 Zeolites

Zeolites are alumina silicate minerals. They are mined rather than synthesised.

Zeolites have a very open crystalline lattice that allows molecules like water vapour to

be held like an object in a cage. They have a high heat of adsorption and the ability to

hydrate and dehydrate while maintaining the structural stability that is useful for various

thermal storage and solar refrigeration systems. It is this hygroscopic property

combined with the rapid exothermic reaction that occurs when zeolites are taken from

a dehydrated to a hydrated form that make natural zeolites an efficient storage material

for solar and waste heat energy (Dincer & Rosen, 2011). The properties and chemical

composition of zeolite are simplified by Hauer (2008) as can be viewed in Table 2.4

and Table 2.5.
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Table 2.4: Chemical composition of zeolite

Zeolite Composition Pore SiO2/Al>O3
Diameter

Type A Nai2[(AlO2)12(S102)12].27H20 4.1nm 2.0-2.5

Type B Nage[(A|02)86(S|02)106].264. H20 7.4nm 2.0-3.0

Table 2.5: Properties of zeolite

Type A Type X

Inner surface (m?/g) 800-1000 800-1000
Specific heat (kJ/kgK) 0.8-0.9 0.8-0.9
Heat conductivity(W/mK) 0.58 0.58
Packed bed density(kg/m?) 750 700

Typical applications for zeolite are used for separation of oxygen from air, drying of
gases, drying of refrigerants and organic liquids and separation of solvent systems
(Crittenden, 1998). Previous investigations of storing zeolite as an adsorbent material
and water as the adsorbate material for TES were carried out by Tatlier et al. (1999) &
Lu et al. (2003). A few researchers, such as Restuccia et al. (2005), Atakan et al. (2013)
& Dawoud (2013) have moved forward to using a zeolite coating on the heat exchanger
to improve heat and mass transfer. These authors placed emphasis on investigating
the adsorbent kinetic behaviour during the adsorption process and claimed that this

method had increased COP of the systems.

2.4.3 Activated Carbons

Like other adsorbents, carbons have a large internal surface and especially large
capillaries. This capillary volume gives them a high capacity to adsorb water vapour at
a relative humidity of 45 to 100%. Activated carbons are made by pyrolysing and

carbonising source materials, such as coal, lignite, wood, nut shells and synthetic
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polymers, at high temperatures (700 to 800°C). Activated carbons are available in
many forms including powders, micro-porous, granulated, molecular sieves and carbon
fibres. The activated carbon in the powdered form (15 to 25 mm particles) is used for
adsorption of liquids and in granulated (sieved granules of 4 to 20 mesh or about 3 mm
to 0.8 mm diameter) or pellet (extruded pellets of 4 to 6 mm length) forms for air
purification and gas separation. Activated carbon in microporous form has a molecular
sieving ability and is widely used for separation of nitrogen and oxygen in the air.
Activated carbon fibre (diameter of 7 to 15 mm) is made by carbonising synthetic fibres
and is available in forms of mats, cloth, and fibre chips and is used for air and water

purification (Ruthhaven, 1984; Suzuki et al., 1991).

2.4.4 Metal Oxides

Metal oxides including titanium oxide, zirconium oxide, and magnesium oxide have
been used as adsorbents for special applications involving chemisorption. For
example, cerium oxide is used for adsorption of fluoride in waste water (Suzuki et al.,
1991). Previous investigations involving use of metal oxide for TES were conducted by
Kato et al. (2009), Shkatulov et al. (2012) & Miguel et al. (2014). These authors
reported that metal oxides have high-temperature lift during the exothermic process.
However, these TCMs required high regeneration temperatures of 200-300°C.
Therefore, this temperature will only be captured from the industrial waste heat or high

solar intensities.

2.4.5 Vermiculite

Nowadays researchers have put effort into using more environmentally friendly and

cheap materials such as vermiculite. Expanded vermiculite (a common agricultural
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product) is chosen as the porous matrix for the composite sorbent due to its
macroporous structure that is expected would prevent agglomeration of the salt and
improve mass transfer. Veselovskaya et al. (2010) have investigated novel ammonia
sorbents with a “porous matrix modified by active salt” for adsorptive heat
transformation by using a BaCl./vermiculite composite for a lab-scale adsorption
chiller. From their investigation, they concluded that this material can provide efficient
operation of the chiller using a low potential heat source (80—90°C) giving COP of 0.54
+ 0.01 and SCP ranging from 300 to 680 W/kg. However, in another investigation of
similar materials done by these authors it was highlighted that the disadvantage of
barium chloride (BaCly) (in comparison with calcium chloride) is that it has a molar
mass almost twice as high (208 and 111 g/mol respectively). This leads to a lowered
ammonia uptake related to a unit mass of sorbent. Therefore, to improve the
performance of using vermiculite as the host matrix, due to its larger pore size and
surface area compared to another common adsorbents (silica gel, zeolite, molecular

sieve), is one of the objectives that thrives in these research investigations.

Preliminary physical properties and densities of vermiculite are shown in Table 2.6 &
Table 2.7. From this review, vermiculite might be considered as the adsorbent material
with most potential to be adopted in a THSS prototype due to the fact that this material

is the cheapest and most commercially available in the market.

Table 2.6: Properties of vermiculite (Dupre Chemical, 2011)

Typical Properties

Sintering Temp 1260°C
Melting Point 1330°C
Thermal Conductivity 0.063 W/m?K
Specific Heat 1.8 kJ/kg_;K
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Table 2.7: Particle size and loose bulk density of vermiculite (Dupre Chemical, 2011)

Nominal Particle Size Loose Bulk Density
(mm) (kg/m®)
Large Grade (Micafil) 3-15 70
Medium Grade 2-8 85
Fine Grade 0.5-3 100
Superfine Grade 05-1.7 105
Micron Grade 0.1-1.0 120

2.5 Refrigerant for THSS

2.5.1 Water

Most of the research has been keen to choose water as the refrigerant in THSS
because water is natural and environmentally friendly with zero ODP (ozone depletion
potential) and GWP (Global Warming Potential), as well as being inexpensive.
Furthermore, water is an excellent refrigerant with good thermodynamic properties
since it is neither toxic nor flammable. According to a study conducted by Zhong (2006),
as summarised in Table 2.8, water has the highest latent heat of 2258 kJ/kg (at 100°C)
which gives an advantage of being able to extract the heat during the evaporation
process. Furthermore, it would be able to attain high energy storage density of
2163kJ/m®. Few examples of previous research on using water as the refrigerant pair
with zeolite (Lu et al., 2003; Hu et al., 2009; Schnabel et al., 2010), silica gel (Restuccia
et al., 2005; Bales, 2007) and a composite (Pons et al., 1996; Chan et al., 2012). These
investigations involve a laboratory-scale adsorption cooling system. There are few or
insignificant studies done on extracting the heat for heating systems using methods

such as underfloor heating or hot water storage via an adsorption heat pump.
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Table 2.8: Lists of some common refrigerants with high latent heat.

Refrigerant Boiling Latent Latent Heat ODP GWP
Point (°C) Heat per Unit
@ 1 bar (kJ/kg) Volume
(kJ/m?3)
Ammonia -34 1368 932 0 0
Formaldehyde -19 768 626 0.02 620
R32 -52 382 463 0 675
Chlorine -34 288 450 1 4000
R22 -41 235 331 0.05 1700
Water 100 2258 2163 0 0
Sulphur Trioxide 45 508 905 n/a n/a
Methanol 65 1102 872 1 2.8

2.5.2 Ammonia

The next possible option for a refrigerant for the adsorption heat pump is ammonia.
This refrigerant has the second highest latent heat of 1368 kJ/kg (at-34°C) with zero
ODP (ozone depletion potential) and low GWP (Global Warming Potential). An
experimental investigation using ammonia as working pairs for an adsorption heat
pump has been carried out by Critoph (1998) & Veselovskaya et al. (2010). Ammonia
is widely used as a refrigerant in adsorption systems due to its advantages such as
high enthalpy of evaporation, stability, wide temperature range and low freezing
temperature (Anyanwu & Ogueke, 2005). However, poor heat and mass transfer
performance caused by the phenomena of agglomeration and swelling during the
reaction with ammonia, make the choice of proper composite adsorbents important
(Yang et al., 2009). However, most of these investigations involved only cooling
applications; fewer concentrated studies on the heating application in the building.
Therefore, this study could bridge the gap between research applications on employing

adsorption heat pumps for heating purposes in the building. This system will become
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an alternative to a conventional heating system such as electrical heating or a boiler

that require high energy and consequently produce high levels of CO, emissions.

2.6 TES Working Pairs Materials

There are several possible adsorbent/adsorbate working pairs that can be used in TES.
The choice should be made carefully since the performance of the system differs
according to the chosen working pair. The proper selection is largely based on the
temperature of the heat source, the desired characteristics of the TES, the properties
of the working pair constituents and the affinity between them (which depends on the
chemical, physical and thermodynamic properties of the substances), and even on
their cost, availability and environmental impact. Choice of adsorbate will also affect
the performance of TES. The adsorbate, or refrigerant, must fulfil the following

requirements (Sur & Das, 2010):

e Evaporation temperature below 0°C (for refrigeration purposes; it can be higher
in the case of air-conditioning applications).

¢ Small molecular size so as to facilitate the adsorption effect.

¢ High latent heat of vaporisation and low specific volume when in the liquid state.

¢ High thermal conductivity,

e Low viscosity.

o Thermally stable with the adsorbent in the operating temperature range.

o Chemically stable in the operating temperature range.

¢ Non-toxic, non-corrosive and non-flammable.

e Low saturation pressures (slightly above atmospheric pressure) at normal

operating temperature.
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e The absence of ecological issues, unlike common refrigerants.

Such factors listed above need to be considered when selecting the working pair for a
Thermochemical Heat Storage System (THSS). An extremely porous desiccant will
increase the exposed surface area, and so higher rates of absorption ensue. In
addition, the appropriate concentration of the vapour local to the desiccant and the
diffusion through the desiccant are essential to ensure the absorption below the
desiccant beds surface (i.e. the subsequent layers). Raising the thermal conductivity
of the desiccant will enhance the rate of heat transfer, resulting in a greater driving
potential (e.g. pressure and temperature differences) between the adsorbate and the
desiccant (Tahat et al., 1995). The characteristics of thermochemical material (TCM)
has been reviewed by N'Tsoukpoe et al. (2009), Ding & Riffat (2012), Yu et al. (2013).
Most of these reviews summarise the current TCM, which is used for various
applications such as heating and cooling applications. The performance variables such
as energy storage density and temperature reaction can be seen in Figure 2.7. As can
be seen, thermochemical materials (TCM) have the highest energy storage density
when compared to latent and sensible energy storage materials. Heat from the
chemical reaction of CaCOs has the highest energy storage density of approximately
7000 MJ/m® compared to silica gel at 1000 MJ/m3. PCM materials have the third
highest energy storage density of approximately 700MJ/m? when compared to water

at 200MJ/m3. The temperature lift for chemical reactions is in the range of 400°C to
1000°C, which is considered as an appropriate temperature for industrial applications.
Besides this, the TCMs have excellent repetitive storage properties, and there is no

heat loss to the environment during storage. Furthermore, with their high energy
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storage density, TCMs can provide more compact energy storage compared to latent

and sensible TES systems.
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Figure 2.7: Different energy storage materials (Hadorn, 2005; N'Tsoukpoe et al.,
2009)
Some of the TCM research on using metal oxides is shown in Table 2.9. The
magnesium sulphate heptahydrate or MgS0O4.7H,0 is investigated by Visscher &
Veldhuis (2005) and presented theoretically, an excellent potential solution regarding
solar energy storage with a high density of almost 780 kwWh/m? at a temperature level
of 122°C. Van Essen et al. (2008) have observed the same phenomenon in a study of
characterisation of this material and concluded that the application of magnesium
sulphate as a thermochemical storage material is quite problematic. Furthermore,
Balasubramanian et al. (2010) had developed a mathematical model on the TES of
salt hydrates using magnesium sulphate heptahydrate as a study case. These authors
found that MgS0O4-7H20 could not store heat due to energy lost by the salt to the
released vapour during the thermochemical reaction and suggested ways to improve

process performance, for example, by properly selecting materials for thermochemical
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energy storage. The process performance is enhanced by introducing a smaller heat
flux and considering materials that have larger thermal conductivities, higher specific

heat capacities, and lower thermochemical desorption rates.

Table 2.9: Characteristics of TCMs investigated by different authors.

Compound Dissociation Reaction ES Turnover | Realisation References
C A B density | Temperat Potential
of C, ure, °C %
GJ/m3

Magnesium MgS04.7H20 | MgSO4 | H2O | 2.8 122 9.5 Visscher & Veldhuis

sulphate (2005); N'Tsoukpoe
et al. (2009); G.
Balasubramanian et
al. (2010); Abedin &
Rosen (2011)

Silicon oxide SiO2 Si (07} 37.9 4065 9.0 Visscher & Veldhuis
(2005); Voort (2007)

Iron carbonate | FeCOs FeO CO:2 |26 180 6.3 Visscher & Veldhuis
(2005); Voort (2007)

Iron hydroxide | Fe(OH): FeO H0 | 2.2 150 4.8 Visscher & Veldhuis
(2005)

Calcium CaS04.2H20 | CaSO4 | H2O | 1.4 89 4.3 Visscher & Veldhuis

sulphate (2005)

Sodium NaSsH20 NasS H0 | 2.8 110 - lammak et al. (2004);

sulphate Boer et al.(2004)

Strontium SrBr2.6H20 SrBr2 H20 | 0.22 43 - Lahmidi et al. (2006);

bromide Mauran et al. (2008);
Abedin & M. Rosen
(2012)

Calcium Ca(OH)2 CaO H0 | 2.2 25 - Darkwa (1998);

hydroxide Fujimoto et al.
(2002);0gura (2003);
Darkwa et al. (2006)

A: Working Pair, B: Adsorbent, C: Adsorbate

lammak et al. (2004) investigated sodium sulphate (NaS-5H-0) in a modular chemical
energy storage system and found that sodium sulphate has a high thermal power
combined with a high energy storage density. However, in the same year Boer et al.
(2004) developed a prototype of sodium sulphate—water (NaS-H.O) as the working
fluid for the applications of solid sorption cooling systems and found that this material

is corrosive and suggested avoiding any direct contact of NaS with metal in the
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systems. Lahmidi et al. (2006) investigated a strontium bromide (SrBr».6H,0) base on
solar thermal processes of a heating/cooling application. They validated the simulation
through experimental studies suggesting that strontium bromide is a promising material
for TES for building applications. Another example investigation on strontium bromide
was conducted by Abedin & M. Rosen (2012) which used the reactant and water as
the working fluid in closed sorption storage systems. These authors highlighted that
properties of TCM such as durability and cyclic behaviour were the important factors

that affect the performance of TES.

2.7 Development of Composite Thermochemical Materials (TCMs)

In sorption technologies, composite working pair TCM with high energy generation and
enhancement of heat transfer has been reviewed (Ziegler & Grossman, 1996;
Srivastava & Eames, 1998; Cot-Gores et al., 2012). The composite adsorbents (or
complex compounds) made from porous media and chemical sorbents are commonly
a combination of metal chlorides and expanded graphite, activated carbon, active
carbon fibre, zeolite or silica gel. The objectives of using composite adsorbents are to
improve heat and mass transfer of chemical adsorbents and to increase the adsorption
guantity of physical adsorbents (Wang et al., 2006a). The addition of chemical sorbents
to the physical adsorbents could result in higher adsorption quantities than that of

physical adsorbents alone (Wang & Vineyard, 2011).

Cot-Gores et al. (2012) reported and listed the working pairs of sorption processes and
chemical reactions (see Figure 2.8). These authors claimed that use of composite
materials will improve heat and mass transfer performance in the reactive bed. A family
of new working materials for solid sorption has been reviewed by (Aristov et al., 2002)

and are known as “salt water sorbents”. These authors experimented on the composite
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material or “hygroscopic salt inside a porous matrix with open pores” of CaCl, and LiBr

as impregnated salts with different micro-macroporous silica gel as host matrices to

absorb 0.75g H-O of the dry sorbent for air-conditioning systems. They found that the

sorbed water could be removed with a low temperature of 70 to 120°C, and therefore

suggested that these new composite materials are suitable candidates for various

thermal applications which require low-temperature heat sources.
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Figure 2.8: Overview of working pairs tested in prototypes under experimental
conditions (Cot-Gores et al., 2012)
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Daou et al. (2006) studied the same hygroscopic salt of CaCl, and a hosting matrix
adsorbent of silica gel for refrigeration and air-conditioning applications. From this
investigation, they found that the SCP (specific cooling power) is increasing, and the
rate of desorption of the composite samples is higher than that of the pure silica gel,

which is found to be a function of the calcium chloride content.

Similar experiments of impregnation of CaCl, with silica gel, (Zhu et al. 2006;
Ponomarenko et al., 2010; Glaznev et al., 2011; & Tso & Chao, 2012) adopted this
TCM for the open sorption application. These authors found that the composite sorbent
provides great potential to obtain the small-size TES system with high energy storage
density that can be employ for low-grade heat storage (Zhu et al., 2006). Another
example study of open sorption systems was executed by Wu et al. (2007) who found
that the concentration of the CaCl, solution is a significant factor affecting the storage
properties. Moreover, they claim that the CacCl; solution of 30% showed the highest
and most stable storage capacity of 1020J/g at a low charging temperature of about

90°C.

Ponomarenko et al. (2010) synthesised the composite of CaCl,@SBA-15 with the
mass ratio Ca/Si = 0.58 via impregnation of nanostructured mesoporous silica SBA-15
with a saturated aqueous solution of calcium chloride. In their experiments, these
authors found that the dispersed salt forms dehydrated at a relative vapour pressure
2.5-4 times lower than the bulk one. This indicates the dramatic change of the salt
sorption properties due to the pore size effect which leads to the increase in the surface
energy of the confined salt and its hydrates. They suggested that nanostructured
mesoporous silica is a promising matrix for tailoring the particular sorbents of a “guest-

host” type.
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Tanashev et al. (2013) investigated the thermal conductivity of composite sorbents,
“salt in porous matrix”, for heat storage and transformation of CaCl,, MgCl,, and LiBr,
(salts) with matrices (mesoporous) silica gel and alumina. They found that the salt
solution leaks out of the silica mesopores and forms a liquid film on the external surface
of primary silica particles that strongly facilitates the heat transfer between adjacent
particles and enhances the bed heat conductivity. However, no such threshold
behaviour was found for CaClz/alumina composites probably because the structure of
the alumina pore leads to the formation of a confined salt solution that wets the alumina

surface and simultaneously occupies both meso/macropores of the matrix.

Yu et al. (2013) listed a new classes of materials, including aluminophosphates
(AIPOs), silico-aluminophosphates (SAPOs) and metal-organic frameworks (MOFs).
These new materials have recently emerged as promising porous materials for heat
storage, as shown in Figure 2.9. Apart from high energy storage density, there is some
limitation involved in using inorganic salt with the host matrix, such as corrosion. Due
to this, heat and mass transfer enhancement metal needs to be considered as an

addition in order to avoid corrosion inside the reactor for an extended period.
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Figure 2.9: New classification of TCM materials (Yu et al., 2013)
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2.8 Selected Studies on Current Thermochemical Heating/Cooling Systems

Adsorption heating/cooling systems are being widely investigated due to their
advantages such as high energy storage density, low toxicity, low regeneration
temperature and low cost. Veselovskaya et al. (2010) synthesised and tested a
laboratory-scale adsorption chiller using a composite adsorbent composed of BaCl;
impregnated into expanded vermiculite. They reported that vermiculite was chosen as
the porous matrix for the composite sorbent due to its microporous structure that is
expected to prevent agglomeration of the salt and improve mass transfer. Furthermore,
the authors used a flat plate heat exchanger as the generator to enhance the heat and
mass transfer. From this investigation, they found that the theoretical estimation of
adsorbent kinetics fitted well with the experimental results giving a COP of 0.54 and a
SCP ranging from 300 to 680 W/kg. Thus, they suggested that the proposed methods
and composite materials could effectively be applied to low energy heat regeneration
(80°C-90°C) cooling systems. The motivation behind using a plate heat exchanger is
to increase the area of heat transfer in the adsorbent generator. Furthermore, using a
metal plate may increase the thermal conductivity, and hence enhance the
performance of the adsorption chiller. This investigation has provided evidence that
using natural resources such as vermiculite will improve the heat and mass transfer in
sorption cooling technology. However, this investigation is based on lab-scale
prototype systems meaning further study is needed to apply the results as a final

cooling/heating system application in buildings.

Stitou et al. (2012) carried out an experimental investigation of a solar assisted THS

system used for air conditioning in a pilot plant for housing (see Figure 2.10). The plant,
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which has a daily cooling capacity of 20 kWh, consists of a solid—gas thermochemical
sorption processer that is assisted at 60—70°C by 20m? of flat plate solar collectors.
The solid reactive BaCl, and a phase change refrigerant, NHs, were used as the
sorption couple. From their studies, they found that the average efficiency of the solar
collectors needed to be at least 40-50% while the process COP needed to have about
30-40% efficiency. This investigation has shown that the solid-gas thermochemical
can be adopted for cooling systems to scale for the cooling demand of a building.
However, the integration of phase change material and TCM is technically a
complicated system to manufacture and commercialise. Therefore, simpler and
cheaper cooling/heating systems need to be investigated in order to alleviate high

manufacturing costs and to promote economical systems to be employed in the future.

Thermochemical
Solar heating loop sorption unit —

Fixto plate Solar
s V5
 J

coliectors

Thermochemical

‘ad Hol PCM slorage

s

Chilled water distribution loop

round cooling loop

Figure 2.10: View of the solar sorption pilot plant for air-conditioning, flat plate
solar collectors, and the thermochemical reactor design.

Another experimental study involving TES was carried out by Hamdan et al. (2013).
This study used a working pair of sodium chloride as a sorbent and water as a sorbate.

A few parameters that have been identified as influential to the performance in their
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experiments were the amount of vaporised water from the evaporator, the initial system
temperature and the effect of the type of salt on the increase in temperature of the salt.
The results showed that lithium chloride salt has more of an effect on the performance
of the heat pump than sodium chloride. Furthermore, the pump performance improved
with the increased amount of water vaporised. This experimental study shows that to
improve the performance of thermochemical energy storage, the water that is
vaporised is vital. Further investigation is required to follow up this conclusion, mainly
involving the kinesis of vapour transport and factors influencing the amount of water

that vaporises.

An integrated concept using solar thermal energy with sorption storage systems was
investigated by Hassan & Mohamad (2013). Using the available solar energy in a hot
and humid country, these authors developed a solar adsorption cooling system as
shown in Figure 2.11. As can be seen, the construction involved the use of a rotation
flat plate solar collector to attain maximum solar intensities for the desorption. From
this experiment, these authors found that the chiller produced a daily mass of 2.63kg
of 0°C cold water with the respective COP of 0.66. This investigation indicates that hot-
humid or hot—arid countries could utilise the surplus of solar energy by integrating with
a TES system. Furthermore, by using this concept, the COP of systems increased and
the energy required to desorb/dehydrate the material could be alleviated with free

energy sources such as solar energy.
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Figure 2.11: Schematic representation of the proposed CO-SAR system.

Finck et al. (2014) experimentally investigated a 3kWh of heat storage module for a
space heating application. Figure 2.12 shows the construction of the heat storage
module involving a zeolite coating on the fin-type heat exchanger adsorber. These
authors using the regeneration with solar collectors in a temperature range of 80 to 120
°C and a condensation temperature of 20 to 30°C. By using 41kg of zeolite, this system
could generate a heating power range of 730 to 1600W and a maximum energy content
of 14.3MJ (4kwh). However, further investigation is needed as the decreasing
temperature between desorption and condensation will lower the energy content. This
experiment showed that a larger scale 3kWh of heating storage could increase the
actual performance of a space heating system. The operating condition in this study
will become a reference for researchers investigating alternative methods to improve

the performance of TES systems.
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Figure 2.12: (a) adsorber/desorber unit (b) evaporator/condenser unit front
view (c) evaporator/condenser unit back view (Finck et al., 2014)

There are several other studies into both open and closed adsorption systems used for
various purposes as shown in Table 2.10. The materials used, storage type, method,
analysis and results are shown. It is clear from the broad spectrum of usage that
adsorption heat storage can be used in wide range of applications, including heat
storage, air conditioning, and ice making systems. However, research and
development on the use of THSS for hot water and heating applications for the building
is in crucial need of being investigated due to the limited amount of previous literature

on the subject.
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Table 2.10: Summary of adsorption heating/cooling systems

References Nature of Materials used  Concept Application COP Heating/cooling
research storage/Energy storage
density
van Essen et al. (2009) Experimental MgSO,4 Hydrate  Close sorption Heat Storage - 2.2 GJ/m3
Zajaczkowski et al. Experimental Expanded Close sorption Refrigeration 0.48~0.96 -
(2010) graphite (EXG)
and carbon
fibres (CF)
Hauer & Fischer (2011) Experimental Zeolite/water Open sorption Dishwasher - 1.05kWh to 0.80kWh per
washing cycle
Maggio et al. (2009) Numerical Lithium chloride  Close sorption Ice-maker 0.33 daily ice production (DIP)
—Silica gel of 20 kgm?
Veselovskaya et al. Experimental BaCl, Close sorption Air-conditioning  0.54 + 300 to 680 W/kg Cooling
(2010) /Vermiculite 0.01
Stitou et al. (2012) Experimental BaCl2/NH3 Phase change & Air-conditioning  1.5~2.3 0.8~1.2 kWh cooling
close sorption
Gong et al. (2012) Experimental Lithium chloride  Close sorption Air-conditioning  0.41 4.99 kKW cooling
—Silica gel
Ahmed (2012) Numerical Silica gel/Water  Close sorption Refrigeration 0.66
&Experimental
Zondag et al. (2013) Experimental MgCl»-6H,0 Open sorption Heat Storage 12 50W heating
Li et al. (2013) Numerical & CaCl»/NH; Solid —gas sorption Seasonal 0.60-heat 1043 kJ/kgsalt
experimental Storage recovery
0.34 - 579 kJ/kgsalt,
winter
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Alam et al. (2013)
Hamdan et al. (2013)
Yu et al. (2014)
Hassan & Mohamad
(2013)

Sadeghlu et al. (2014)

He et al. (2014)

Pan et al. (2014)

Finck et al. (2014)
Zettl et al. (2015)

Lele (2015)

Numerical

Experimental

Experimental

Numerical

Numerical

Experimental

Experimental

Experimental
Experimental

Numerical &
experimental

Silica gel/water

Lithium chloride
& Sodium
chloride
Lithium
chloride/Silica
gel

Activated
carbon-
methanol
Zeolite
13X/CacCl;
Zeolite
/activated
carbon
Activated
carbon —
CaCl,/NH3
Zeolite/water
Zeolite-
LiCl/MgSO4 &
MgCl2/MgSO,
SrBr2-6H-.0

Close sorption

Close sorption

Close sorption

Solar adsorption

Close sorption

Close sorption

Close sorption

Close sorption
Open sorption

Close sorption

Solar adsorption 0.3

cooling

Chemical Heat
pump

Thermal energy
storage

Refrigeration

Refrigeration

Refrigeration

Refrigeration

Heat Storage
Heat storage

Heat storage

0.66

0.5

0.25~0.35

0.197

0.78

10kW cooling

108 kWh/m? cooling

163.6 kWh/m? heating
2.63 kg cold water at 0°C

517 W/kg cooling

0.2kW/L (Volumetric
cooling power)

205.2 W/kg specific
cooling power/1.64 kW
cooling capacity

730 — 1600 W heating
5kWh —heating (70kg
composite material)

140 kWh/m?
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2.9 Mathematical Modelling  Simplification on  Thermochemical

Heating/Cooling systems

The performance parameters of the adsorption heat pump that are commonly used are
Coefficient of Performance (COP) and Specific Cooling Power (SCP). All the models
are based on adsorption phenomena, no matter if the model is simple or complex. One
of the radical equations describing adsorption phenomena is the adsorption equilibrium
(Yong & Sumathy, 2002). The mathematical modelling has been reviewed (Yong &
Sumathy, 2002) and in summary, most of the mathematical modelling of closed
adsorption systems is commonly broken down into three models of varying
complexities: i) the thermodynamic model, ii) the lumped parameters model, iii) the
heat and mass transfer model. Many researchers use the thermodynamic model to
investigate the overall performance of the adsorption refrigerant cycles, but in this
particular research the focal point will be on the adsorption heating in the condenser
section that is transferred via a heat exchanger or a heat pipe to the building.
Therefore, the selection of mathematical models shall be discussed regarding the heat

transfer through the condenser and evaporator sections of the system.

2.9.1 Thermodynamic Model

In most of the modelling applied to the thermochemical adsorption cycles, the
thermodynamic model is the simplest, in which details of heat transfer are not
considered. In this model, only first and second law analyses are performed, and this
kind of model is used to reveal the high-performance limits. The first law analysis gives
real clarification as to the expected performance of a cycle, and it is essential to carry
out the second law analysis in order to study the quality of the process that gives the

reason for the performance degradation. Most of the thermodynamic models use the
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Clausius—Clapeyron equation which assists to establish a relationship between the

saturated refrigerant vapour pressure and its temperature in the adsorption process.

Cacciola & Restuccia (1995) developed a thermodynamic model on a
reversible adsorption heat pump. These authors started the thermodynamic model
from a single bed model which was then developed into a two beds model, as
illustrated in Figure 2.13. The model used two of the adsorption systems either in a
heat pump or cooling operation and good heat/cold was produced during a complete
cycle per kilogramme of adsorbent. The calculated COP for cooling and heating were
in the range of 0.75 to 0.85. Therefore, it can be concluded that this model applies
appropriately to the two adsorbent beds, especially in the reversible mode of the

adsorption heat pump.
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Figure 2.13. Scheme of a double-adsorber heat pump. Phases: a) regeneration b)
desorption in bed 2 b') adsorption in bed 1 c) regeneration d) adsorption in bed 2 d’)
desorption in bed 1. Components: 1& 2) adsorbent beds C) condenser E) evaporator
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Later, Restuccia et al. (2004) moved forward on improving the investigation and
modelling of the selective water sorbent for solid sorption chiller. These authors
modelled a prototype of adsorption refrigeration with 1 kg of dry adsorbent SWS-1L
(silica gel and CacCl,) granules (0.8—-1.6 mm in size). A simplified model was used for
a single bed including the thermal capacities of the various components and
consideration of the adsorbent as a “black box”, as illustrated in Figure 2.14. They
concluded that the mathematical model of the prototype solid sorption chiller on this
composite material allowed the SCP (specific cooling power) to reach up to 0.6 at a
low desorption temperature of 90-95°C. However, there were some limitations which
affected the COP in this model namely heat losses, the heat capacity of the inert

masses and the lack of optimisation of the heat exchangers’ efficiency.
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Figure 2.14: Schematisation of the studied system and the parameters considered
for each component and the adsorber as developed by Restuccia et al. (2004)
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Daou et al. (2008) investigated the theoretical comparison of the refrigerating
performances of a CaCl, impregnated composite adsorbent with the host silica gel.
The validating data is measured on a purposely-constructed single-bed basic cycle
lab-scale adsorption chiller as illustrated in Figure: 2.15. The main features of these
models are the SCP which is defined as cooling power yielded by the evaporator per
unit mass of adsorbent and over the half cycle time of adsorption operation and the
mass ratio of normal silica gel. By using this model, these authors found that the
maximum COP value was 0.62 and that there was a good agreement between
experimental and theoretical results. However, low COP obtained from this
investigation due to the system is not designed to enhance heat and mass transfer,
and it was a conventional lab-scale adsorption chiller. Therefore, improvement in the
modelling and design of the system needs to follow to achieve higher COP and to

improve the design of the heat and mass transfer in the systems for real applications.
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Figure: 2.15: Experimental rig with the different instruments used for measurement.
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2.9.2 Lumped Parameter Model

The lumped parameter model is a predictive model for two
adsorbers/reactors/adsorbent beds. These models assume that each component of
the systems, such as the adsorber, evaporator, and condenser are homogeneous.
However, this model is limited appropriately to a water falling films evaporator and
water condenser heat exchangers. In Douss & Meunier's (1988) study, numerical
instabilities occurred especially in small time steps. Cho and Kim (1992) executed
theoretical and experimental studies on the recovery of a low-grade waste heat using
a silica gel/water adsorption cooling system. From their simulation, these authors
estimated the overall heat transfer coefficient for the three components (adsorber,
condenser, and evaporator) from the measured flow rate and temperature. They found
that the thermal performance of the system predicted by this numerical model had

shown good agreement with experimental data.

Sami & Tribes (1996) conducted a study on improving the lumped parameter
model to predict the dynamic performance of adsorption cycles with heat recovery.
These authors aimed to predict the performance of air-cooled evaporators and
condenser-type heat exchangers and have added new submodels. From their
experimental data it can be said that their model predicts the dynamic performance of
adsorption systems well, and there appears to be good agreement with the

experimental data.

Cacciola et al. (1999) reported a simplified dynamic model in integral form, to
evaluate the performance of an adsorption heat pump when heat transfer in the
adsorbent reactors is the only cycle time limiting factor. The main aim for this study is

to investigate the effect of an increasing amount of metal in the adsorbent bed and the
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COP of the specific power. These authors reported that an improvement in heat
transfer is achieved by increasing the metal content of the adsorber bed, but may result
in a reduction in the COP and can eventually increase the investment cost per watt
obtained. Therefore, it is crucial these important factors are considered when the effort
is made to increase the heat transfer in the reactor beds. It is a useful method for
comparison of different strategies, for improvement of the performance and

improvement of economic feasibility of heat pump systems.

Wang & Chua (2007) investigated and improved a lump-parameter design
model to study the water circulation heat recovery scheme as applied to two-bed silica
gel water adsorption chillers (see Figure 2.16). The improvements to this model were
the emblematic temperature trends typically found in the switching phase the chiller
operation, a loophole which the previous model overlooked. They claimed that the
previous model overestimate the system response time and the temporal hot water
outlet temperatures which would be over predicted the chiller COP. They concluded
that the lump-parameter model could clearly explain the water circulation heat recovery

scheme just like the distributed-parameter model.
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Figure 2.16: A schematic of a two-bed silica gel/water adsorption chiller manufacture

by Nishiyodo Kuchouki Co

Zhang et al. (2011) developed a simulation of the operating characteristics of the silica

gel-water adsorption chiller powered by solar energy. A lumped-parameter model was

introduced for the operating characteristics investigation by using programming tools

Matlab/Simulink. From their simulation results, they found that when the chiller was by

solar energy, the open flow of the hot water with a short cycle time and the closed flow

of hot water with a longer sequence time were better. Based upon this review, most of

the researchers used a lumped-parameter model due to its simplicity and its easy

integration with any numerical software system.
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2.9.3 Heat and Mass Transfer Model

Heat and mass transfer models are models in which the temperature or mass content
of the adsorbate varies not only with time but also with space, and the governing
equations are always partial differential equations. As such, it is necessary for optimum
design of adsorption machines. Based on the geometry of the adsorber, the models
can be grouped into one-dimensional, two-dimensional, and three-dimensional
models. The complexity and linearity of heat and mass transfer models excludes the
possibility of having an analytical solution. Hence, an alternative numerical method is
needed to meet the requirements for simulation of adsorbent bed dynamics (Yong &

Sumathy, 2002). The simplified mathematical models are summarised in Table 2.11.
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Ref Open/

Close

Thermodynamic Models

Cacciola & Close
Restuccia (1995)

Restuccia et al. Close
(2004)

Daou et al. (2008) Close

Lump Parameter Model
Cacciola et al.
(1999)

Close

Table 2.11:

TCM working
pairs

Zeolite (13X and
4A type)/water

Composite of
zeolite + CaClz +
water (SWS)

Silica gel/Calcium
chloride
(composite
adsorbent)

Zeolite/water

Summary of mathematical models used by different authors.

Heat/Mass balance
equation

Equation
Energy balance equation

Energy supplied to
evaporator

Qe =m z= Wmax ~Wmin )
[L(Te)— [reep1 (r)ar ]

[mepf (T con — T)]
f_W con/ev

= [mfcpf(Tin - Tout)]

con/ev

Adsorption heating:
Clausius — Clayperon
relationship

QCO
= ma[(wb - We)L(Tco)]

TE
dw
+ j ECWW(TZ —T,,)dT,
Tp

Adsorbent equilibrium
relationship

In(p) = a(w) + b(w)/
T

In(p) = alw) + b(w)/

Dubinin-Astakhov
model

In(p)

=(4g+4w

+ A, w? + Asw?3)
+(Bo+Blw+ BW2 +

T

Results/Comments

Evaporation temperature Te=5°C,
adsorption and condensation
temperature Ta = Tc = 40 °C.
Zeolite/water is the most suitable
pair to be used in domestic
applications in southern European
countries.

The cooling COP is 0.6 at low
desorption temperature (90-95°C).
Low specific power of the tested
device is due to the unoptimised
design of the adsorber heat
exchanger and grain shape of the
adsorbent.

The half cycle time reduced to the
optimal value of 50 minutes. A
maximum COP value of 0.62 is
predicted if the composite adsorbent
used in a single bed system.

Improvement in heat transfer by
increasing the metal content of the
adsorber bed may result in a
reduction in the COP and can
eventually increase the investment
cost per watt obtained.
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Wang & Chua (2007) Close

Zhang et al. (2011) Close

Heat And Mass Transfer Model

Tather et al. (1999) Close
Dawoud et al. (2007) Close
Hu et al. (2009) Close

Silica gel/water

Silica gel/water

Zeolite/water

Zeolite/water

Zeolite/H20
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Linear driving force

—Ea
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dt sz

Non-equilibrium
adsorption rate
equation

dy
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— 15D50€xp [_Ea/(RTb)

R}
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6807
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mZ

(T)
D,
= Doo
“exp(—Eq/(Rin* T))

Favourable agreement with the
experimental data at assorted
operating conditions. Lump-
parameter model can clearly explain
the water circulation heat recovery
scheme just like the distributed-
parameter model.

The heat source and the initial
temperature will influence the
performance of the systems.

The zeolite is synthese as a
continuous layer on heat exchanger
tubes.

Heat transfer is by conduction. A
constant micropore diffusion
coefficient is only capable of
describing the diffusion in the low
concentration region (below

5 g/100 g).

With the increase of cycle time, the
capacities of adsorption and
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Wau et al. (2009)

Niazmand &
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2.10 Heat and Mass Transfer Enhancement of an Adsorption Bed/Reactor

Among the three components (adsorber, evaporator, condenser) used in adsorption
refrigeration or heating systems, only the adsorber/adsorbent bed is of particular interest,
while the others are similar to conventional adsorption systems. The recognised
drawback of a solid/vapour adsorbent bed is the poor heat transfer. The heat and mass
transfers have critical roles in improving the cycle performance, and their optimisation is
one of the technical challenges to face in progressing adsorption refrigeration systems.
To optimise an adsorber, it is essential to control these limiting factors (Wang et al.,
2005). Some of the enhancement methods that have been studied in previous
investigations are a fin type adsorbent tube, an embedded adsorbent bed with a metal
foam, a consolidated adsorbent, an adsorbent coating, and a multi-tube adsorbent

coating.

2.10.1 Fin Type Adsorbent Tube Module/Heat Exchanger

A fin type heat exchanger is applied for heat transfer for cooling and heating systems,
such as in the radiator of an automobile cooling system or an evaporator coil for the air-
conditioning. The idea of using a heat exchanger as the adsorber tube is to increase the
heat transfer surface areas so the heat adsorption from the adsorbent material will easily
transport to the fins of the heat exchanger. However, this method involves parameters
that need to be optimised, such as the fin pitch and fin length which may affect heat and
transfer in the adsorbent bed. Kubota et al. (2008) investigated the cooling output
performance of a prototype adsorption heat pump with fin-type silica gel tube module
(FST) (Figure 2.17) to enhance the heat and mass transfer rate in the absorber bed. The
advantage of using this method is not only improving high heat transfer rate but also high
water vapour permeability of the packed bed through the stainless steel mesh. They

developed a prototype adsorption heat pump, equipped with the optimised fin-type silica
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gel tube (FST) module. The systems are manufactured and operated under various
regeneration temperatures, adsorption/desorption times and pre-heating or pre-cooling
time conditions. These authors did a numerical and experimental analysis of this system
and found that the maximum cooling output was 3.12 kW. From this investigation, the
authors concluded that this prototype AHP (adsorption heat pump) system could operate
by using thermal energy of 333—-353K as a regenerative heat source of silica gel, and this
system could continuously generate chilled water at 283K or lower for air conditioning.
This investigation put emphasis on using a variable number of fins, fin pitches, and fin
lengths to create a surface area ideal for enhancing the heat and mass transfers.
However, there were some limitations to the process at the desorption stage, where the
adsorber pressure became higher than the average pressure in the condenser, caused
by the restriction of the condenser’s cooling capacity. Therefore, more improvements
need to be made to resolve the problems associated with high pressure build up in the

adsorber, hence thus improving the cooling capacity of the systems.

Fin pitch Copper fin
e

Copper tube

heat transfer fluid
(water)

- | N

Fin length Silica gel Stainless steel mesh

Figure 2.17: Fin type adsorber heat exchanger

Veselovskaya & Tokarev (2011) studied novel ammonia sorbents with a “porous matrix
modified by active salt” for adsorptive heat transformation, with the testing on the
“BaCly/vermiculite” composite in a lab-scale adsorption chiller. The idea of using

vermiculite was to increase the mass transfer, a possibility due to its microporous
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structure and to prevent the agglomeration of the salt. The adsorbent was placed in the
plate heat exchanger as the adsorbent generator (see Figure 2.18). From this
investigation, they found that the theoretical estimation of adsorbent kinetics fitted well
with the experimental results giving a COP of 0.54 and a SCP ranging from 300 to 680
W/kg. Thus they suggested that the proposed methods and composite material could
effectively apply to low energy heat regeneration (80°C-90°C) cooling systems. The
reasoning for using a plate heat exchanger is to increase the area of heat transfer in the
adsorbent generator. Furthermore, use of a metal plate may increase the thermal

conductivity, and hence enhance the performance of the adsorption chiller.

! Slots for adsorbent

_|Water channels

Figure 2.18: Plate heat exchanger generator design

Another similar approach is to use the heat exchanger as a medium for enhancing the
heat and mass transfer in the adsorbent bed, as done by Aristov et al. (2012). This
investigation primarily placed emphasis on the reallocation of adsorption and desorption
times for optimisation of cooling cycles. These authors used a new composite,
LiNOg/silica KSK (SWS-9L)/water sorbent, and specifically synthesised it for adsorptive

chilling units driven by low-temperature heat (65-75°C). Composite SWS-9 was
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synthesised by impregnation of a dry commercial silica KSK into a saturated aqueous
solution of LiNOs. 3509 of sorbent grains 0.25-0.50 mm in size were embedded inside a
compact heat exchanger of a finned flat-tube type (aluminium) (Figure 2.19). From the
prototype investigation of the systems, the study found that with the adsorption phase
extended in duration by half, the desorption phase will be shortened. Practical
recommendations were also suggested to reallocate the length of adsorption and

desorption phases rationally.

Figure 2.19: Overall (right side) and detailed (left side) view of the A-HEX tested by
Aristov et al. (2012)

Apart from using the heat exchanger to increase the heat and mass transfer, these
authors had also extended the study to investigate optimisation of the grain layers of the
composite materials (Aristov et al., 2012). They have recommended that the adsorbent
grains have to be small enough to reach “grain size insensitive” mode, but still need to
be sufficiently large to avoid the pressure gradient along the layer. The advantage of this
method is that the heat transfer area could be increased with the use of conventional heat
exchanger fins. Furthermore, the adsorbent material will be easier to be fill up between

the fins or by coating the fins within the adsorbent. However, a limitation of this method

M.W. Norhayati, 2016 65



Literature Review Chapter 2, PhD Thesis

could be that the amount of mass of the adsorbent would be limited to the size of the heat
exchanger. Therefore, the scale of the heat exchanger would affect the performance of
the adsorbent systems. Another limitation could be the granule size of the adsorbent
material used to fill up the fins; the granule size needs to be small enough to fit into the
spaces between the fins. Conversely, the granule size would also have to be the optimum
size to be at its most efficient for the heat and mass transfer in the adsorbent
bed/adsorber. Thus, extensive experimental studies and models need to be developed
to validate the design and additional research data needs to be collected for adsorption

refrigeration and heating systems

2.10.2 Embedded Adsorbent Bed with Metal Foam

Another method of enhancing the heat and mass transfer in the adsorbent bed or
adsorber is by using an embedded adsorbent material with metal foam. The main idea of
this approach is to increase the thermal conductivity by using a metal that is higher than
the adsorbent material itself. Many researchers have chosen aluminium foam as the
metal embedded in the adsorbent material. This is because aluminium is less corrosive
than other metals when embedded with the adsorbent materials. Hu et al. (2009)
embedded a composite of zeolite and salt (NaCl) (Figure 2.20) with aluminium foam to
improve heat and mass transfer of automobile air-conditioning. This study used the hot-
wired method to measure the effective thermal conductivity of the composite material,
giving a reading of 2.89 W/mK. With the increase in cycle time, the capacities of
adsorption and desorption tend to reach equilibrium gradually, with the COP of thicker
adsorbents getting higher because of the effect of the heat capacity of the tube. The study
concluded that the composite zeolite/foam aluminium can improve the values of the COP

(0.1 to 0.6) and SCP (50 to 650 W/kg) greatly at short cycle time compared with
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zeolite/water systems. However, the application of this investigation is targeted to
automobile air-conditioning, and as in this case the regeneration of the adsorbent bed
mainly derived from the waste heat of the engine, it would be difficult to predict the results
within the actual system performance of an adsorption air-conditioning/heating system

for buildings.

(b) Surface of composite
zeolite/foam aluminum (with zeolite zeolite/foam aluminum
particles) (without zeolite particles)

Figure 2.20: Composite material of zeolite/foam investigated by Hu et al. (2009).

Another similar investigation which involves aluminium foam embedding with zeolite was
carried out by Bonaccorsi et al (2013). This study puts emphasis on the method of using
hydrothermal and microwave synthesisers and found that the microwave synthesising
was much faster than the conventional synthesising, though this does not detrimentally
affect the small pore molecular sieve zeolite (SAPO 34& SAPO 44) coating. On the other
hand, Bonaccorsi et al. (2013) had also conducted a study on using graphite foam as an
alternative to metal foam with zeolite SAPO 34 as the adsorber heat exchanger. The
experimental procedure is carried out by changing the porosity percentage of graphite
foam, the specific area, and the density. They found with a percentage porosity of 85%
the thermal conductivity could be improved by 24 W/m?K which is much higher than that

of aluminium foam. The advantage of using this method is that the thermal conductivity
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increased and thus increases the heat and mass transfer in the adsorbent bed. However,
this approach could have its limitations due to porosity size of the embedded adsorbent
bed. This phenomenon might be due to the adsorbent materials fill in the void area of the
foam. As a result, the porosity size might become smaller and affect heat and mass
transfer in the adsorbent bed. The tailoring of the embedding metal foam needs to be
evaluated in order to have the maximum size of porosity to enable more efficient heat

and mass transfer in the system.

2.10.3 Consolidated Adsorbent

A consolidated adsorbent is the compression of the prepared composite material to
become a compact composite block. Wang et al. (2005) have reviewed this technology
over the course of the last two decades since it was originally introduced in the application
of adsorption systems. From their review, they claim that the thermal conductivity and
wall heat transfer coefficient has been largely enhanced through the consolidated
adsorbent. Li et al. (2009) studied the heat transfer and sorption characteristics of a
consolidated composite sorbent for solar-powered thermochemical cooling systems. The
working pair for this investigation was a consolidated composite sorbent made from
barium chloride (BaCl,) and expandable graphite type mesh 80 (see Figure 2.21). The
experiments put emphasis on the effectiveness of heat and mass transfer in the systems
alongside the working temperature and working pressure that showed that the rate of
total conversion was very sensitive to the working temperatures and pressures. The
experimental result indicates that the compaosite sorbent can utilise solar energy or a low-
grade waste heat source with a temperature ranging from 75 to 90°C effectively, and that
the consolidated composite block with an apparent density of 250 kg/m? could incorporate

0.61 kg of ammonia per kg of the reactive salt. Furthermore, they assessed the COP
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obtained with the consolidated composite sorbent and found that it varied between 0.50
and 0.53 when the evaporation temperature ranged from 0° to 15°C, with a regeneration
temperature of 80°C, which is suitable for the solar-powered thermochemical ice-making

application.

Figure 2.21: Consolidated composite block

Li et al. (2009) had previously conducted a similar investigation using manganese
chloride MnCl; as a chemical to consolidate with the composite block. They found that
the average SCP varied between 200W/kg and 700W/kg when the evaporation
temperature ranged from -35°C to 0°C, and that the COP was 0.34 at the generation
temperature of 180°C. Both experiments have a similar methodology, but the heat source
for the MnCl; is much higher than that needed for BaCl, (180°C and 80°C respectively.)
This result indicates that the heat source for the MnCl, should regenerate with the main
heat source, and therefore a low-grade heat such as an underground heat source may
not be suitable. A limitation of this technology is that a compressed composite is
subjected to excessive mass transfer resistance corresponding to lower evaporating
pressure. In the case of low operating pressure fluids like water or methanol, mass
transfer limitations appear to be critical and need huge numbers of pores to be introduced

within the adsorbent or in an adsorber, which may make the adsorbent materials more
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expensive (Wang et al., 2005). From this review, it can be concluded that further
investigation is required to develop a more efficient and inexpensive method to adopt in

the long-term.

2.10.4 Adsorbent Coating

Many researchers have studied the use of an adsorbent coating on heat exchanger metal
fins, pipes or in metal foam. This type of adsorbent bed or adsorber could generate a
high speed of heat and mass transfer rate. Furthermore, diffusion in the adsorbent is
accepted as the primary mechanism of mass transfer since there is no void in coated
adsorbents. Liu et al. (2009) investigated the impact of adsorbent finishing and absorbent
filming on exchange energy efficiency of an air-to-air cellulose fibre heat and mass
exchanger of an open sorption cooling systems. The solid desiccant of a CaCl, coating
on the cellulose fibre membrane was compared with a film of the liquid adsorbent of LiCl.
A clear membrane is also considered in the heat and mass transfer investigations in their
study (see Figure 2.22). Experimentally, this investigation indicated that both methods
have potential for improving energy (enthalpy) exchange efficiency, particularly the
moisture transfer efficiency of the exchanger. However, they claimed that a major
difficulty is the complexity of the liquid desiccant that may be carried away by the passing
airstreams, which may have adverse impacts on occupant health and air quality. Thus
they suggested that adsorbent finishing is a more suitable option for improving the energy
exchange of the exchanger, although its efficiency was lower than that of the absorbent
filming. This research will contribute to the knowledge of coating the cellulose fibre
membrane as a means of improving the performance of heat and mass transfer for open

sorption systems. Detailed explanations and improvement of theoretical modelling will
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entail having more reliable and validated research data alongside the experimental

results.
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Figure 2.22: Schematic diagram of three types of cellulose fibre membranes (a) Clean
fibre membrane (b) Solid desiccant-coated fibre membrane (c) Liquid desiccant-soaking
fibore membrane (Liu et al., 2009).

Another method of adsorbent coating application is closed adsorbent coating, as done
by Schnabel et al. (2010). The authors investigated different phenomena, namely the
adsorption kinetics of zeolite coatings directly crystallised onto metal supports for heat
pump applications (Figure 2.23). From these studies they found that the heat transfer
resistance of the crystal and the metal layer of the zeolite A and X coatings seemed to
be lower than that of the reference sample, whereas the open pore structure of the zeolite
X sample reduced the effective conductivity of the layer. Later, Bonaccorsi et al. (2013)

investigated and synthesised a zeolite coating on stainless steel copper and aluminium
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heat exchanger fins using a method of in situ continuous growth (see Figure 2.24). From
this investigation, they found that there were a few possible factors which would affect
the performance of adsorption heat pumps such as the coating thickness, adhesion, and
protective action. A similar study into the adsorbent kinetic investigation was carried out
by Dawoud (2013) who found that the COP of the heat pump module increases almost
linearly with increasing zeolite layer thickness or the coated zeolite mass, but with slower

adsorption kinetics.

Figure 2.23: Pictures of the zeolite X coating (a) before and (bed) after the kinetic
measurement, as investigated by Schnabel et al. (2010)

18ku

Figure 2.24: Zeolite SAPO on stainless steel (a) and aluminium (b) (Bonaccorsi et al.,
2013).
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Another similar approach on using a coating of zeolite was studied by Atakan et al.
(2013), with their study investigating adsorption kinetics and isotherms of zeolite coatings
directly crystallised onto fibrous plates for heat pump applications. They found that high
contact areas provided by the zeolite and metal and the use of copper might be useful
for improving heat transfer while the thickness of the zeolite coating should be at the
optimum thickness to make sure that the stability of the coating is not compromised. From
these results they concluded that the direct crystallisation of zeolite on porous metal
fibrous plates might favour the stabilities of zeolite coatings, besides their heat transfer

properties.

2.10.5 Adsorbent with Multi Cooling Tubes

Another method used for enhancing the heat and mass transfer is by using multiple
cooling tubes filled with the adsorbent materials. Technically, this method is similar to the
adsorbent in the heat exchanger fins. Conversely, this technology is using multi-cooling
tubes instead of fins. Wang & Zhang (2009) investigated the design and created a
performance prediction of an adsorption heat pump with multi-cooling tubes. The method
used was to fill the multiple adsorber cooling tube with silica gel, as shown in Figure 2.25.
The mass of the adsorbent filled each adsorber of the AHP (adsorption heat pump). The
cooling capacity of the AHP is 2.5 kW with the driving heat source temperature of 85°C.
It was found in the results that the COP and the SCP of the designed AHP are 0.5 and
85W/kg respectively. However, they found that by increasing the hot water temperature,
the systems became less effective. Furthermore, they suggested that if adsorption
technology is brought forward into practical applications, the easier manufacturing
process needs to be considered. They had also pointed out that the wall thickness of the

metal sheet of the cooling tube is vital to the heat capacity of the metal. Consequently,
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they have suggested that a thin metal sheet is necessary in the manufacture of the

cooling tubes.

Thermal insulation layer

Adsorber A outlet — ST T TR LT T = Adsorber B outlet
H 4| Cooling tube
Adsorber A |4 H Adsorber B
Adsorber A inlet .:; ;:. Adsorber B inlet
Thermal insulating section
Cooling water in]ul=[ Cooling water outlet
Thermal insulating section

Chilled water inlet — _ Chilled water outlet

Partition

Figure 2.25: Adsorption heat pump with multiple cooling tubes by (Wang and Zhang,
2009).

A novel solar adsorption cooling tube has been developing by Khattab et al. (2012) for
the application of ice-making as illustrated in Figure 2.26. The authors used carbon and
methanol as the working pairs for the refrigeration. Their experimental results show that
the tube performance on sunny days in winter is as efficient as performance on summer
days (7kg /m? ice is produced), and on cloudy winter days about 4 kg/m? of ice is

produced. They also claimed that cooling of more than 7 kg/m? of water would cool the
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water to 10°C, which may indicate that this technology is suitable for the air-conditioning

system.

To
Pressure

Gauge Adsorber (solar collector)
EE—
Condenser
Valve —
Evaporator
—
EE—
Insulation Water box

Figure 2.26: Adsorption solar tube (Khattab et al., 2012)

2.10.6 Summary Heat and mass transfer enhancement techniques

It is crucial that heat and mass transfer enhancement techniques are investigated in a

Close Thermochemical Heat Storage System.

Table 2.12 summarises different techniques that have been used by previous
researchers to achieve the high energy storage density, the SCP and the COP of the

systems.
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Table 2.12: Summary of heat and mass transfer enhancement technigues

Ref Open/Close TCM working Nature Regeneration Techniques Application/ Results/Comments
Sorption pairs temperature
CC)

Fin type adsorbent tube Module/heat exchanger

Kubota et al. Close
(2008)

Dawoud et al. Close
(2007)

Veselovskaya et Close
al. (2010)

Riffel et al. Close
(2010)

Silica gel/water

Zeolite/water

Composite
BaCl,/vermiculite
/NH3

Silica gel/water&
zeolite/water

Experimental
& theoretical

Experimental
& theoretical

Experimental

Experimental
& theoretical

(59.85-79.85)

100

90

Silica gel
(65-90)
Zeolite
(70-90)

Fin type silica gels
tube module

Consolidate
zeolite layer with
heat exchanger

Composite
adsorbent material
slotted in the heat
exchanger
fin/plate

Fin type heat
exchanger
embedded with
silica gel/zeolite

Cooling output per unit absorber
doubled. Maximum cooling output
3.12 kW achieved under the
operation conditions.

Cell wall heat transfer coefficient
(oxw) of 230 W m2 K1, a micropore
diffusion coefficient at infinite
temperature (D) of 1.58 X 10
m?2s™? and an activation energy
(Ea) of 32.41 kJ mol-1

Low potential heat source (80—-90
°C) giving a COP of 0.54 and a
SCP ranging from 300 to 680
W/kg.

The conductivity (A) of zeolite is
higher than silica gel at 0.4 & 0.3
W/m.K respectively.

Heat transfer coefficient of silica
gel is higher that zeolite (h) (330 &
269.3 W/m? K)

M.W. Norhayati, 2016

76



Literature Review

Chapter 2, PhD Thesis

Aristov et al.
(2012)

Jiang et al. Open
(2014)

Consolidated Adsorbent
Li et al. (2009) Close

Li et al. (2009) Close

Silica gel/water

Silica gel/water

BaC|2 /NH3

MnCI/NH3

Experimental 80°C

Experimental cooling
& theoretical

Experimental 75 to 90

Experimental 180

Layers of loose
grains (with n
layer) (n=1, 2, 4,
and 8) located on
a heat transfer
metal support.
Composite silica
gel coated heat
exchanger
(CCHE).

Expanded graphite
composite
consolidated with
BaC|2 .

Expanded graphite
composite
consolidated with
MI’IC|2,

Cycle powers of prototypes are 2-
6 times lower than those
measured in LTJ (Large
Temperature Jump) test.

CCHE has better dehumidification
performance compared with
SGCHE (silica gel coated heat
exchanger.

The COP obtained with the
consolidated composite sorbent
varied between 0.50 and 0.53
when the evaporation
temperature ranged from O to
15°C and at a generation
temperature of 80°C the density
of 250 kg m~ (composite block)
could incorporate 0.61 kg of
ammonia per kg of the reactive
salt.

SCP varied between 200Wkg*
and 700Wkg* when the
evaporation temperature ranged
from -35°C to 0°C, COP of 0.34
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Adsorbent material embedded in metal foams

Hu et al. (2009) Close

Bonaccorsietal. Close
(2013)

Bonaccorsi et al. Close
(2013)

Adsorbent Coating
Liu et al. (2009) Open

Schnabel et al. Close
(2010)

Zeolite/H20/NaCl

Zeolite/water

Zeolite/water

CaCly/water

Zeolite A&
X/water

Experimental
& theoretical

Experimental

Experimental

Experimental
& theoretical

Experimental
& theoretical

95

Zeolite embedded
with aluminium
foams with NaCl
distributed in

between the zeolite.

Zeolite embedded
with aluminium
foams

Zeolite embedded
with graphite foams

CaCl; coated the
fibore membrane
and LiCl; filming
the fibre
membrane.

Zeolite coatings
directly crystallised
on metal supports.

at the generation temperature of
180 °C,

the heat sink temperature of
25°C and the evaporation
temperature of 30° C.

Zeolite/foam, aluminium
thickness 5 mm and cycle time 8
min, the SCP reaches the
maximum value 641 W/kg with
the COP 0.24.

Automobile air-conditioning
application.

Synthesis using microwaves
was much faster compare to the
hydrothermal method.

The thermal conductivity of a
graphite foam of 85% porosity
was 24 W/m K.

Improvement on energy
(enthalpy) exchange efficiency,
particularly moisture transfer
efficiency of the exchanger.

Directly crystallised sample
exhibited a better performance
of at least up to 85% of final
loading and heat rejection,
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Ge et al. (2010) Open

Bonaccorsi etal. Close
(2013)

Dawoud (2013) Open

Atakan et al. Close
(2013)

Silica gel
/polymer

Zeolite/water

Zeolite/water

Zeolite/water

Experimental
& theoretical

Experimental

Experimental

Experimental

60

90

The fin-tube heat
exchanging
devices coated
with silica gel and
polymer materials.

In situ direct
growth coating of
zeolite on heat
exchanger fins.
Adsorber heat
exchanger coating
with zeolite.

Adsorber heat
exchanger coating
with zeolite directly
crystallised on
fibrous plates

compared to the reference
sample consisting of a polymer-
zeolite structure glued on the
metal support.

Moisture removal of both
methods (silica gel/polymer)
increases significantly with the
increase of regeneration
temperature, and silica coating
obtains the COP of 0.6 when
regeneration temperature equal
to 70°C.

Surface coverage, adhesion and
mechanical properties should be
considered for a valuable
coating.

500um gives the effect of 7%
enhancement in the adsorption
speed on the small scale and the
COP of the adsorption heat
pump module has increased
almost linearly with increase of
the zeolite layer thickness for the
full-scale experiment. The COP
of adsorption heat pump ranges
from 1.16 to 1.25.

Directly crystallised zeolite
coating on fibrous plates will
stabilise the coating and heat
transfer properties.
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Adsorbent with multi cooling tubes

Khattab et al. Close Carbon/methanol Experimental <110°C Solar tube filled Summer days, (7kg /m? ice is
(2012) with carbon. formed), cloudy winter days
about 4 kg/m? of ice is formed.
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2.11 Conclusions of the Chapter

The theoretical investigation of the adsorption cooling/heating will clarify the
fundamentals of investigating the performance of the system. The theoretical modelling
will also act as a validation tool for many researchers in order to improve the heat and
mass transfer in the adsorbent bed, the coefficient of performance and specific cooling
or heating power of adsorption technologies. Most of the researchers are keen to apply
a lumped parameter method due to its simplicity and the fact that it can be solved
numerically using any modelling programme. However, a few of the researchers who
seek to conduct thorough investigation tend to adopt the heat and mass transfer model,
which is much more complicated and is solved analytically. Nevertheless, the lumped
parameter is the purest mathematical method due to its simplicity and because it is more

familiar for researchers in this field.

Adsorption cooling or heating is the most promising technology to alleviate high
dependency of energy use by adopting the conventional vapour compression systems.
However, the uptake of adsorption systems is still at the laboratory scale due to a few
drawbacks of low heat transfer in the adsorbent bed. The most common enhancement
method that this review revealed is embedding the adsorbent material in the heat
exchanger fins. Technically, most of the researchers have chosen insertion of metal
inside the adsorbent bed or adsorber. This method will increase the thermal conductivity

of the adsorbent bed which is relatively lower than metal.

The relevant parameters of investigating the heat and mass transfer enhancement of the
adsorption cooling system are the COP (coefficient of performance), SCP (specific

cooling power), adsorption/desorption time and maximum power (W) per mass (kg) of
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adsorbent material. The most desirable result from the adsorption systems is to attain 1
kW per kg of adsorbent mass. Other than that, apart from enhancing the heat and mass
transfer in the adsorbent bed, the working pairs are also becoming an important factor
to be considered. Furthermore, the regeneration temperature for the desorption process
should not be higher than the heat extracted through the adsorption process. From this
review, five working pairs have been noted for their high energy densities and low
regeneration temperature. These working pairs consist of silica gel+CaCl./water,

vermiculite +CaCly/water, silica gel +MgSOJ/water and vermiculite+MgSO./water.

These working pairs suggest that the regeneration temperature would be in the
temperature range that could utilise waste heat such as various heat engines, fuel cells
and motor vehicles. This alternative would be a more economical and sustainable
technology to adopt in the long run. In this review, most of the research investigated the
cooling/refrigeration applications and it was found that the literature related to heat
storage was minimal. Thus, more investigation needs to be conducted into the heating
applications in order to alleviate high dependency on fossil fuels as a primary energy

source and to promote more sustainable technology in the future.

Continuing from this review, brief methodology of this research and the thermochemical
materials screening, synthesis & optimisation will be discussed in chapter 3 and chapter

4 respectively.
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3. METHODOLOGY

This chapter introduces experimental and numerical methodologies that were selected

based on the literature review and objectives of research, as introduced in Chapter 1. As

outlined in section 1.6 this research consisted of four different stages, directed by the

process flow as seen in Figure 3.1, and a brief methodology outline in every chapter, as

summarised in Table 3.1.

Literature review and Material synthesising

and selection

development of
methodology

Mathematical modelling
of THSS

Numerical and
experimental
investigation of solar
heat storage collector

Experimental testing on
small scale prototype of [
THSS

Experimental
investigation and
economic and
enviromental analysis of
domestic scales of THSS

Figure 3.1: Process flow of THSS research
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Stage
1St

Literature Review
and Development
of Methodology
(Chapter 1&2)

Table 3.1: Brief methodology of THSS research

Description Task

Literature review was carried

out to collect relevant i.
information on theory of
adsorption heating and cooling
applications, energy storage
theory, background,
thermochemical energy storage
and application, theory of
adsorption, adsorbent material,
and nanocomposite adsorbent
material, mathematical
modelling of THSS.

Review of energy storage and
thermochemical energy storage
(TES).

ii. Review of heat and mass
transfer for THSS.

ii. Review of mathematical
modelling for THSS.

Method

Analysed and reviewed literature
on similar topics and
summarised the mathematical

~ modelling method, heat and
mass transfer enhancement,
and the composite material with
the most potential to be tested.
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2nd Executing material screening i. To investigate temperature lift i. Using a horizontal rig for
Material and synthesis to evaluate from selected composite material. adsorption temperature lift.

Screening and
Synthesising
(Chapter 4)

Mathematical
Modelling
(Chapter 5)

adsorbent pair materials such
as silica gel+CacCly,
vermiculite+CacCl,, and other
composites materials with high
adsorption temperature lift, high
heat storage capacity, high
sorption uptake, high porosity
and physical scanning on
structure.

The mathematical modelling
was carried out to:

i. Investigate the performance
of a composite material of

ii. To investigate temperature lift
and water uptake.

iii. To investigate the pore
existence and chemical scanning
on the composite materials.

iii. To investigate the heat storage
density of the selected composite
materials.

I. To find out mathematical
modelling methods,
independent parameters and

ii. Using vertical rig for adsorption
and desorption test.

iii. Using Environmental Scanning
Electron Microscopic for
hydrated sample and Scanning
Electron Microscopic for
dehydrated sample.

ii. Using differential scanning
calorimetry to determine the
specific heat of material and
calculate the heat storage
capacity.

i. Using lumped parameter method
to derive the formulae based from
the literature review in Chapter 2
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3rd
Experimental

silica gel +CaCl, and
vermiculite +CaCls.

ii. Investigate the performance ii.

of those two composite
materials using different
types of heat source for
desorption (heating clamp,
heat-pump circuit and solar
thermal).

Design and build a small scale

appropriate assumptions for the
chosen composite materials.

Determine an adsorption
equilibrium equation, the heat
balance equation and
performance parameter
equation such as adsorption,
heat and COP.

i. Finalise design from the

and formulae related to
performance investigation.

Calculate and analyse the
performance of the systems
based on the independent
variables’ set up, such as the
heating temperature, mass of
adsorbent material and the time.

To check the finalised design.

Testing On Small
- Scale Prototype
of THSS (Chapter
6)

prototype and investigate the
performance parameters, such
as temperature lift from
exothermic reaction and heat
storage density.

modelling result.

ii. Prepare the selected composite
material to be tested.

. Use similar method for preparing
the composite material in
Chapter 4.

Measure and monitor the
temperature lift in the adsorption
section and evaporator section.

iii. Test the complete systems for iii.
the adsorption process and

desorption process.

. Calculate/measure the water
uptake (g/g), heat storage
density (kWh/kg, kWwh/m?), and
coefficient of performance.
(COP).

iv. Analyse the performance of
the system based on changing
rate of the weight ratio
between the adsorbent
material and water.
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Numerical, Build
-up and
Experimental
Investigation of
Solar Heat
Storage Collector

To develop a numerical
analysis, build-up and execute
experimental testing on a small
-scale solar heat storage
collector using the concept of
an open sorption system.

i. To design a small scale solar
heat storage collector.

ii. To determine the independent
variables and dependent
variables to investigate the
performance of the SHSS.

iii. Investigate the performance of
SHSC using different concepts of
heat transfer consisting of air to
air heat exchange and air to
water heat exchange.

iv. To build a small-scale SHSC
and test its performance using
different solar light power.

i. Develop a design based on a
similar concept found in current
literature.

ii. Use current literature to determine
the formulae to calculate the
performance based on the set-up
independent variables such as mass

flow rate (m) [kTg], solar collector area
(4)[m? ] and time (t)[s].

iii. Determine the energy balance
eguation and calculate the
performance of SHSC based on the
three independent variables listed in

(ii).

iv. - Prepare the composite material
using a similar procedure as
found in Chapter 4.

- Put the dried composite
material inside the aluminium
cartridge of SHSC.

- Test the SHSC for the
adsorption and desorption test
and monitor the temperature
rise during both processes.

- Weight the composite material
before and after the test.
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4th

Build-up and
Experimental
Investigation,
Economic and
Environmental
Evaluation on a
Domestic Scale
of THSS

To build, test the performance
of and carry out the economic
and environmental evaluation
on a domestic scale of THSS.

i. To design the domestic scale of

THSS.

ii. To install the complete

domestic scale THSS for testing.

iii. To prepare composite
materials and test for adsorption
and desorption process.

iv. To execute economic and

environmental analysis based on

domestic heating systems.

Calculate thermal energy and
the COP from the experimental
testing data.

i. Develop a design base from a
similar concept found in current
literature.

ii. Finalise the design and install all
main components and subsystems.

iv.

Prepare the composite
materials similar to the
procedure in Chapter 4 with the
estimated amount of weight to
meet the demand of domestic
heat storage.

Load the material in the
adsorption section before the
test.

Conduct a leakage test to make
sure that the systems are in
perfect vacuum.

Conduct the adsorption and
desorption test and monitor the
temperature rise and drop
during both tests.

Estimate heating demand for
small households and energy
prices for gas and electric.
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Estimate the price impact due
to inflation rate.

Calculate the internal rate of
return (IRR) of the proposed
systems using a single payment
present worth factor (SPPWF).
Calculate the CO, emissions
based on the UK Guidelines
Outline further
recommendations on this
research.
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4. THERMOCHEMICAL MATERIALS SCREENING,

SYNTHESISING AND OPTIMISATION

4.1 Introduction

A thermochemical adsorption heat pump is considered more environmentally
friendly as it has the ability to use water as the refrigerant for heating and cooling
purposes. However, some limitations can be found involving the development of these
systems, namely the low thermal conductivity and poor heat and mass transfer
performance of the packed bed reactor. This is mainly related to the low thermal
conductivity of the metal salts - for example 0.1-0.5Wm K for metal chlorides (Hauer,
2008; Mauran et al., 1993; Wang et al., 2006b) and about 1WmK for metal hydrides
(Muthukumar & Groll, 2010) - the low heat transfer between the solid bed and the reactor
(heat exchanger) wall (Meunier, 1998) and the swelling and agglomeration phenomena

occurring during the sorption process with ammonia or water (Abhat & Huy, 1983).

One way to solve the problems related to heat and mass transfer is by using a
composite material in the adsorbent bed. Therefore, thermochemical heat storage
systems (THSS) can be based on the application of a unique adsorption heat pipe, which
uses a range of adsorbent materials including nanocomposite adsorbent materials (for
example, CaCl./silica or CaCl./vermiculite and water) as a working media. Furthermore,
composite adsorbents made from metallic foams, zeolites, and natural graphite have
good prospects for improving the heat transfer rates in the adsorbent beds, consequently

increasing the refrigeration or heat pump system performance (Pons et al., 1996). The
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principal mechanisms of water sorption that take place on a composite sorbent - salt
inside a porous host matrix - are (a) solid absorption (or a chemical reaction) which is
responsible for about 10-15% of the total sorption, and (b) liquid absorption (about 80%).
In addition, heterogeneous adsorption on the matrix surface which is responsible for 3-

4% can be neglected.

Objective

The primary objective of this chapter is to investigate material screening on the various
adsorbent materials impregnated with the hygroscopic salt solution. Emphasis will be
placed on the temperature uplift, water uptake (g adsorbate/g of adsorbent), high heat
storage capacity, strong physical structure and large pore size distribution, as can be

employed in THSS for building applications.

4.2 Synthesis of Composite Adsorbent Materials

A new working pairs family known as ‘salt water sorbent’ (SWS) is being investigated by
Aristov et al. (2002), Daou et al. (2006) and Glaznev et al. (2011). Composite adsorbents
incorporating inorganic hygroscopic salt in the porous matrix have been recognised as
promising materials for energy storage systems due to their enhanced sorption capacity
in comparison to common working fluids such as water, ammonia and methanol
(Gordeeva & Aristov, 2012). The salt water sorbent is composite adsorbents consisting
of two component systems, a host matrix component and another which is an inorganic
hygroscopic salt placed inside the pores of the host matrix. The concept of these
materials is basic; the organic salt known as S will react with a sorbate vapour V

(commonly water) which gives the results in the formation of a complex S.NV hydrate of
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the salt and sorbate molecules according to the reaction; S+ NV= S.NV (see Figure 4.1).
This principle is to allow the dispersion from the porous matrix where it affects the phase
composition and the sorption properties of the salt and provides heat and mass transfer
to salt particles located in the matrix grains. The structural differences of the composite
adsorbent compared to conventional adsorbent materials (silica gel, zeolite, or molecular
sieves) will improve its water adsorption capacity. This notion is widely investigated by
many researchers for multiple applications such as heating and cooling, drying, ice

making and others.

In order to develop composite adsorbents with the most potential for THSS the concept
of impregnation methods needs to be adopted, where the host matrix is impregnated
with an aqueous salt solution. The synthesis procedure involves initially drying the matrix
adsorbent (silica gel, molecular sieve, and vermiculite), filtration, drying the composite at

a high temperature and then finally weighing the adsorbent material.

impregnated

INITIAL STATE anhydrous salt hydiates

S ) \ L '
ey - ey
ol | sy

S ) \/

—ugj— -
/4 s L 4
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solution

solid crystalline

=

Figure 4.1: Mechanism of adsorption on composite adsorbent (Aristov, 2003)
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4.3 Experimental Investigation of Temperature Lift — Using Horizontal

Glass and Metal Heat Pipe

This experiment investigated the thermochemical performance of temperature lift in the
adsorbent pipe and conversely the temperature drops in the evaporator pipe. Two glass
vessels make up the main apparatus of this experiment. The first glass vessels were
used to hold the adsorbent material (adsorbent vessel) and the other held water
(evaporator vessel). Based on the principle of the mechanics of an adsorption pumping
pipe, a scaled heating system was applied as shown in Figure 4.2. It consists of two
vacuumed glass vessels separated with a valve through a steel pipe; one contains
water/wick, and the other one is filled with a dry adsorbent. The reaction will occur when
the valve is opened. The adsorbent will adsorb water vapour, and then water in wick will
begin to evaporate, and consequently the water vessel section is cooled while the
temperature in the adsorbent vessel is increased. The detailed construction of the

horizontal glass and metal wick is shown in Table 4.1.

L

B
5 g
2
2
"-":-"-F'

Figure 4.2: Schematic of horizontal glass and metal
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Table 4.1: The detail construction of the glass and metal wick

Iltem Description

Water vessel (evaporation section)
Water c/w wick

Pressure transducer

Ball valve connected to vacuum pump
Thermocouple for evaporator section
50 mm diameter stainless steel pipe
Ball valve

Thermocouple for adsorption section
Pressure transducer

10 Adsorbent vessel

11 Adsorbent material

12 Aluminium wick

13 Ball valve connect to vacuum pump
14 Aluminium wick

O NO®O U WNEF

)
T

”~

- . : _— b ; AR
@ (®) © @

Figure 4.3: Adsorption glass vessel showing aluminium mesh: (a) without adsorbent (b)
with adsorbent. Evaporation glass vessel: (c) without wick material (d) with wick
material.

To enhance the heat and mass transfer of water vapour in the adsorbent vessel, the
aluminium wick is used as a casing for the adsorbent material (see Figure 4.3 a&b).
Furthermore, round constructed aluminium meshes are used in the adsorbent pipe to

allow mass water evaporation when the vessel is evacuated (see Figure 4.3 c&d).
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4.3.1 Data Acquisition

The horizontal glass and metal rig is also equipped with the data acquisition apparatus
such as a data logger, a desktop computer complete with Data Taker software,
thermocouples, and digital pressure gauges. Figure 4.4 illustrates the multichannel data
taker DT 500 for the data acquisition of the glass and metal rig. The data will be monitored
by the desktop computer with the Data Logger software. The data were set to be at one-

second intervals to develop a more accurate and reliable output from the experiments.

Figure 4.4: Data Taker DT 500

4.3.2 Measuring Equipment

The major measuring equipment consists of the thermocouples and pressure sensors.
Thermocouples are used to gauge the temperature in the evaporation vessel and the
adsorption vessel. The pressure sensor is used to gauge the pressure in both vessels to
ensure vacuum conditions. The thermocouple used in these experiments is a K type,
with a temperature range of -50°C to 2000°C and the accuracy of £ 1.5° C, as shown in
Figure 4.5. A digital pressure sensor, UNIK 5000, is used to monitor the vacuum

pressure in the glass and metal rig. The accuracy of this pressure sensor is + 0.04% with
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the operating temperature range 55~125°C (-67~257°F) and pressure range -1 ~ 1.6

bary. All sensors were calibrated before the experiments were conducted.

i
/ 7!;_: - %

Figure 4.5: A photo showing a thermocouple attached to one of the vessels.

4.3.3 Experimental Procedure for the Horizontal Rig and Vertical Rig.

Adsorption Test

i. Prepare the composite material: spray with CacCl; liquid concentration and dry
the material in the oven at 150°C for about 24 hours.

. Installation of the adsorbent pipe and the evaporation pipe.

iil. Insulate the adsorbent pipe for the adsorption test.

V. Leakage test is conducted before the material is loaded inside the rig to make
sure that the adsorbent pipe is under vacuum conditions.

V. Weigh the dry material and calculate the mass of water to use in the
evaporator section.

Vi. Put the dry material in the multi-chamber perforated cartridge and then into

the adsorbent bed (adsorption section for vertical rig).
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Vii. Vacuum the system using the vacuum pump until the system is perfect
vacuumed and turn off to start the test.

viii. Monitor the temperature rise through data taker software. When there is no
more temperature rise and the adsorbent material is considered to be in the
equilibrium stage, stop the test by closing the separator valve.

iX. Dismantle both pipes and weigh the hydrated adsorbent material and water

quickly and reinstall the rig.

Desorption Test

i. Insulate the evaporator pipe using ice jacket for the desorption test.

. Repeat the leakage test again to confirm that the system is in a perfect
vacuum.

iil. Turn on the heating controller (with temperature set to 60°C) and keep the
desorption test running for up to 5 hours.

iv. Open the separator valve between the adsorbent pipe and the evaporator
pipe and monitor the temperature using Data Taker software.

V. Dismantle the rig and quickly weigh the mass of water and the adsorbent

material using a digital weigh machine.

4.3.4 Materials Preparation

From the literature review in Chapter 2, the five composite adsorbent materials with most
potential have been selected to be included in the material screening. These materials
are silica gel, vermiculite, and molecular sieve 10A (see Figure 4.7~Figure 4.11). These
materials were sprayed with a fully concentrated CaCl, or MgSOa4in a tray (Figure 4.12)

and dried in the oven for approximately 24 hours to ensure that the material was

M.W. Norhayati, 2016 97



Material Synthesising Chapter 4, PhD Thesis

completely dried, and there was no mass of water on the surface of composite materials.
This process ensures that the adsorption process is efficient, and the desired
temperature will be attained. The whole procedure of synthesising is illustrated in Figure
4.6. The host matrix of the molecular sieve was not impregnated with MgSO, due to
thermal instability, and because agglomeration occurs during oxidisation with
magnesium (Akolekar and Kaliaguine, 1994; Fernandez et al., 2002). The composite

adsorbents synthesised and tested with the test rig included:

i.  Silica gel with calcium chloride (CacCly).

ii.  Vermiculite with calcium chloride (CaCly).
iii.  Molecular sieve 10A with calcium chloride (CaCly).
iv.  Silica gel with magnesium sulphite (MgSQO.).

v.  Vermiculite with magnesium sulphite (MgSO,).
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Weighing

¢ Weighing the dried composite and water using digital weight
machine.

Figure 4.6: Procedure on synthesising of composite adsorbent.

Figure 4.7: A photo showing silica gel considered for test.
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Figure 4.9: A photo showing molecular sieve 10A considered for test.
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Figure 4.10: A photo showing dry calcium chloride considered as salt solution for
impregnation.

Figure 4.11: A photo showing of dry magnesium sulphate considered as salt
solution for impregnation.
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Figure 4.12: Photo is showing the tray of impregnated adsorbent material to be dried in
the oven.

4.3.5 Results and Discussion from Temperature Lift Experiments Using

Horizontal Glass and Metal Rig

The main objective of this experiment is to investigate the temperature lift in the
adsorption vessel during the adsorption process. A total of five tests were conducted and
Figure 4.13 to Figure 4.17 illustrate results from the tests conducted, each with a different

composite material as the independent variable.
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Figure 4.13: The temperature variants of adsorbent and evaporator for silica
gel+CaCly/Water — Testl

Figure 4.13 shows the temperature variations from the adsorption test of silica
gel+CacCly/water. The results show that the maximum temperature rise in the adsorption

vessel is 72.40°C from its initial temperature of 25.90°C. Besides this, the evaporator
vessel showed a temperature drop of 8.10°C from its initial temperature of 21.05°C. The
temperature difference (AT) achieved from this test is 46.50°C for the adsorbent vessel

and 13.0°C for evaporator vessel.
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Vermiculite+CaCl,/water
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Figure 4.14: The temperature variants of adsorbent pipe and evaporator pipe for
vermiculite+CaCl,/water - Test 2

The next possible material available for THSS is the vermiculite + CaCl, (see Figure
4.14). This TCM gives a temperature lift of 67.30°C in the adsorbent pipe. This TCM
reached a maximum temperature at 2000s from the start of the test, a result that is
relatively similar to Test 1. The evaporator temperature showed a temperature drop down

to 8.90°C from its initial temperature at 20.50°C.
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Silica Gel+ MgSO,/Water
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Figure 4.15: The temperature variants of the adsorbent pipe and evaporator pipe for
silica gel +MgSOQO./water - Test 3
Test 3 was conducted to investigate the TCM of silica gel+MgSOs/water. Figure 4.15
shows the temperature variations from the adsorption process. The maximum
temperature lift achieved by this composite material was 60.50°C. Therefore, it can be
concluded that using an aqueous salt of MgSO.is not effective for inducing a temperature
lift during the adsorption process. This TCM could not achieve a higher temperature than
Test 1 & Test 2 by 4000s in the adsorption process. Consequently, this TCM has the

lowest temperature drop at 4.50°C in the evaporator section. From these results we could

M.W. Norhayati, 2016 105



Material Synthesising Chapter 4, PhD Thesis

suggest that this TCM is more suitable for cooling applications due to the low evaporation

temperature.
Molecular sieve+ CaCl,/water
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Figure 4.16: The temperature variants of adsorbent and evaporator for molecular sieve
+CaCl2/water - Test 4

Figure 4.16 shows the temperature variation of the TCM consisting of a molecular
sieve+CaCl,/water from the adsorption test. From the graph we can see that this
composite material achieved a maximum temperature of 68.20°C during the adsorption
process. The evaporator pipe showed a temperature drop at 6.40°C, a temperature
which is considered a suitable temperature for cooling in buildings. Furthermore, with a
maximum temperature of 68.20°C during adsorption process, this TCM would also be

suitable for use as a heating application in buildings.
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Vermiculite+MgSO,/water
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Figure 4.17: The temperature variants of adsorbent pipe and evaporator pipe for
vermiculite +MgSOs/water — Test 5

Figure 4.17 shows the temperature variations during the adsorption process of the TCM
of vermiculite+MgSOa/water. From the results it can be seen that this TCM has the lowest
temperature lift of 36.70°C, which is deemed insufficient for heating applications in
buildings. However, this temperature may be suitable for different applications such as
evaporative heating or cooling in buildings. The evaporator pipe showed a high of
13.77°C, a temperature that is not suitable for cooling. Therefore, it can be suggested

that this TCM is not appropriate to employ for use in the heat storage system.
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Figure 4.18: Adsorption temperature for tested TCMs from horizontal metal and glass
rig.

Figure 4.18 showed the comparison of adsorption temperatures of five TCMs tested in
the experiment using the horizontal glass and metal rig. The results indicate that these
TCMs reached the maximum temperature between 1000s and 4000s in the adsorption
process. The host matrix of silica gel, vermiculite, and the molecular sieve impregnated
with the aqueous salt of CaCl, achieved higher temperature lift ranges, ranging from
68°C to 72°C. The host matrix impregnated with the aqueous salt of MgSO, had the

lowest temperature lift from 36°C to 60°C. The aqueous solution of CaCl, has a higher
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temperature lift than MgSQOa. Within five hours of the adsorption process, all tested TCMs

return to their initial temperature.

4.3.6 Summary of Results from Horizontal Glass and Metal Rig

The experimental testing of the horizontal glass and metal rig is to investigate which
composite material will lift the temperature in the adsorbent pipe to the appropriate
temperature for heating applications in buildings. As can be seen from Table 4.2, silica
gel impregnated with CaCl, gave the highest temperature lift of 72.70°C meaning that it
is a potential candidate for use as the adsorbent material for this research. However, the
total duration of the adsorption process of this material is the second longest (55mins)
compared to all other materials tested. The molecular sieve + CaCl, displayed the
second highest temperature lift in the adsorbent pipe when compared to silica gel +
CaCl,. Unfortunately, this material took the longest amount of time to complete the
adsorbent process out of all the materials tested. This may be a limiting factor of this
material in heating applications due to the longer time required to transfer the heat from
the adsorbent pipe to another media such as a heat exchanger or heat pipe. Therefore,
we can conclude that a molecular sieve + CaCl. is not a suitable candidate for use in this
research. By looking at the adsorption process achieved in these experiments, the
fastest completion time was 23 minutes as achieved by use of vermiculite+MgSOa.
However, the temperature lift in the adsorbent pipe using this TCM was the lowest of all
materials tested (36.70°C). From these experiments, we can conclude that the most
suitable candidate is the vermiculite +CaCl, due to the high temperature lift of 67.30°C.
Furthermore, this material is considered the cheapest in comparison to other adsorbent
materials - £15.37 per 100 litres compared to silica gel at £66.20 per 0.5litres (Ding,

2013).
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Table 4.2: Summary of results from horizontal rig

Test 1 Test 2 Test 3 Test 4 Test 5

Description Silica Vermiculite Silica gel+ Molecular Vermiculite +
gel+CaClz +CaCl2 MgSO4 sieve (10A) + MgSO4
CaClz

Weight of Adsorbent
(grammes) 550 240 240 575 155

Weight of Water 100 100 100 100 100
(grammes)

Vacuum Pressure in -0.98 -0.98 -0.98 -0.98 -0.98
Pipe

(bar)

Adsorption Process 50 33 55 74 23
Completed (mins)

Max. Adsorbent 72.70 67.30 60.50 68.20 36.70
Temperature

Achieved (adsorption

section) (°C)

Min. Adsorbate 8.10 8.90 4.70 6.2 13.80
Temperature

Achieved

(evaporation section)

(°C)

4.4 Adsorption and Desorption Test with Vertical Glass and Metal Rig

Experimental testing using a horizontal rig has a limitation on installing a heat source for
the desorption process. This can be solved by using a vertical rig design which includes
the installation of an electrical heating clamp as the heat source. Aside from this
advantage, the design can help to solve the problems associated with water vapour
transport which occurred in the horizontal rig. The rig used in this experiment, illustrated
in Figure 4.19, consists of two (2) QVF DN50 glass pipes (300x300mm), which are
connected together vertically by a steel pipe assembly via DN50 stainless steel flanges.

The detailed construction of this rig is similar to the horizontal glass and metal rig used
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in the previous experiment but differs in that, this rig is installed with a heating plate
connected to an electric heater for the desorption test. For a good heat transfer between
water vapour and the sorption material a large contact area is required. This can be
achieved through the perforated multi-chambered adsorbent cartridge, which is made of
aluminium and copper and used as the adsorbent bed (see Figure 4.20). The details of
a schematic drawing of the vertical pipe are shown in Figure 4.21. The rig was fully
insulated during the adsorption process to prevent heat loss from the adsorbent pipe and
during desorption (Figure 4.22a), and the evaporator pipe was insulated using an ice
jacket to create a temperature difference in order to ease the evaporation of water vapour
(Figure 4.22Db). The ice jacket will also simulate the low-grade heat source available in a
real scale system. The evaporator pipe was also inserted with the aluminium and a cotton
wick (Figure 4.23 (c) & (d)). The idea of constructing this wick is to provide a large surface
area to enhance the heat and mass transfer of the adsorbate (water) in the adsorbent
pipe and the evaporator pipe. The temperature and pressure were measured using K-
type thermocouples and digital pressure sensor respectively. The rig was also equipped
with a data monitoring system to capture temperature and pressure behaviour in the
adsorbent pipe and the evaporator pipe. All the measuring equipment was calibrated

before the experiments were executed.
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Figure 4.19: A photo showing the vertical heat pipe for the adsorption and desorption
test.

Figure 4.20: The multi-chamber perforated cartridge used in the adsorption pipe.
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Figure 4.21: The schematic of the vertical adsorption heat pipe for the adsorption and

desorption test.
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Figure 4.22: Vertical glass pipe rig. (a) Insulated adsorption pipe for the adsorption test,
(b) insulated with ice jacket for desorption test.

Figure 4.23: Adsorbent pipe showing cartridge (a) without adsorbent (b) with
adsorbent. Evaporation pipe showing water container (c) without wick material (d) with
wick mat.
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4.4.1 Results and Discussion for Vertical Rig Test

The investigation into adsorption and desorption tests is designed to study the physical
performance of the selected composite thermochemical materials when adsorbing and
desorbing a mass of water from the evaporator pipe with a low regeneration temperature.
Based on the results of the temperature lift in the adsorption process from the horizontal
rig, two working pairs have been selected for this test: vermiculite+CaClz/water and silica

gel+CacCl./water.

Figure 4.24 to Figure 4.29 illustrated the temperature variations for the adsorption and

desorption process.

Adsorption Test Results

The main objective of this adsorption test was to investigate the temperature rise of
chosen composite materials within the vertical glass and metal rig construction. It is
important to note that during the adsorption test this rig was fully insulated to prevent

heat loss throughout the experiments.
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Figure 4.24: lllustration of temperature variation for adsorption test on vermiculite

Figure 4.24 shows the temperature variation for vermiculite+CaCly/water during the
adsorption process. It can be seen that the temperature of the adsorbent pipe increased
from an initial temperature of 21.50°C to 48.40 °C without of the system needing to be
re-vacuumed. This shows that the vertical rig works well with the vacuumed operations.
Consequently, the evaporator pipe has shown a low-temperature drop of 2.60°C, which
was not achievable using the horizontal rig. Hence using a vertical rig is far more efficient
compared to horizontal lift in terms of adsorption temperature increase and achievement

of a lower temperature in the evaporator section.
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Figure 4.25: lllustration of temperature variations of vermiculite+CacCl,/water in a six-

hour time frame of the adsorption process.

Additionally, it was found that when the rig was idle for an extended period, the

temperature of vermiculite+CacCl; could be maintained at a high temperature between

48.40°C and 36.50°C (AT = 11.90°C) (see Figure 4.25). This would indicate that this

composite material could maintain the appropriate temperature to be transferred to other

media such as a heat pipe or heat exchanger for the heating application, with a low-

temperature drop.
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Figure 4.26: lllustration of temperature variation during the adsorption test for silica
gel+CaCly/water - Test 2

A second adsorption test involving working pairs of silica gel+CaClz/water was conducted
and the temperature variation results are shown in Figure 4.26. From these results, it
can be seen that the adsorption pipe increased to 43.80°C from an initial temperature of
20.20°C. However, the temperature drop occurred quicker than that of working pair
vermiculite+CaCl,. Three hours into the adsorption process the adsorption pipe
temperature differed (AT) at 21.20°C. This is nearly double the temperature drop
compared to Test 1. The evaporator pipe showed a slightly higher temperature than Test

1 at 3.5°C.
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Figure 4.27: lllustration showing a comparison of temperature variations of two tested
working pairs.

From Figure 4.27 it can be seen that the working pair of vermiculite+CaCl, increased the
adsorption temperature immediately from the first vacuum. In comparison, silica
gel+CacCl, required re-vacuuming in order to achieve a higher temperature output in the
adsorption pipe. Within three hours of the adsorption process vermiculite+CaCl, showed
a lower temperature drop in the adsorption pipe compared to silica gel+CaCl; (see Table
4.3). This result indicates that vermiculite+CacCl; is better at maintaining the adsorption

temperature for a longer period than silica gel+CacCl,.
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Table 4.3: Summary of temperature variations of tested adsorbent materials

Materials Tin Ads Tin Eva Tr Ads Tr Eva Temperature | ATAds (°C) @
°C) (°C) (°C) (°C) Drop duration

Vermiculite+ 21.5 17.2 48.4 2.60 3°C @ 5mins 11.90°C @ 3 hr

CaCl2 /water

Silica gel 215 18.76 43.8 3.50 3C@ 22.20°C @ 3hr

+CaCla/water 6.5mins

Desorption Test

Another objective of this test is to investigate the effectiveness of the adsorbent material

to desorb a mass of water from the adsorbent pipe to the evaporator pipe with a low

regeneration temperature that can be drawn from waste heat or a low-grade heat source.

The desorption test was conducted using a clamp heater with a constant temperature of

60°C.
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Figure 4.28: lllustration of the desorption test on vermiculite +CaCl, /water
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Figure 4.28 shows the result from the desorption test of vemiculite+CacCl.. As the graph

shows, the temperature rise in the adsorbent pipe was 57.44°C, meaning we can

conclude that the temperature from the heating clamp transferred effectively to the

adsorption pipe. Furthermore, vermiculite+CaCl. could desorb back 23g of water from

409 of adsorbed water, giving a total water uptake of 0.56g/g. This would indicate that

an impregnated composite material could attain a higher energy storage density through

the thermochemical reaction and the ability to absorb more water compared to

conventional adsorbent materials.
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Figure 4.29: lllustration of temperature variations during desorption test for silica

gel+CacCl

Figure 4.29 shows the results from the desorption test for the working pair of silica

gel+CacCl,. As the results show, the temperature in the adsorbent pipe increased more
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quickly than that of vermiculite+CacCl,. The adsorption pipe temperature increased from
20.95°C to 63.02°C and the evaporator temperature exhibited a temperature drop to
9.32°C. Furthermore, from the analysis of the water uptake via the adsorption process
as seen in Table 4.4, the initial weight of dry vermiculite+CaCl, was hydrated from 49g
to 899 (40g of water being adsorbed by this adsorbent), giving a water uptake of 0.55g
H.O/g of adsorbent. Silica gel+CaCl. would absorb a small amount of water
(approximately 5g) which gives a water uptake result during the adsorption of 0.025g
H.O/g of adsorbent. Silica gel+CacCl, incurs a lower water uptake due to the fracturing
that occurs during the drying of the materials which can lead to agglomeration and hence

weaken the heat and mass transfer during adsorption.

Table 4.4: Amount of materials for experimental testing (grammes)

Materials M M AM M water
(Before (After (Adsorption) (After uptake
Adsorption) Adsorption) Desorption) | (gH20/Jads)
TCM1 | Vermiculite 49 89 40 66 0.55
+ CaClz
Water 60 37 23 59
(H20)
TCM 2 | Silica gel 198 203 5 195 0.025
+CaCl
Water 60 55 5 198
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Table 4.5: Comparison of results with previous research

Salt Host Matrix Water Remarks Ref
Sorption (g/g)
CacCl; Silica gel KSK 0.70 SWS-1L (Aristov et al., 1996;
Aristov et al., 2002)
Silica gel KSM | 0.25 SWS-1S | (Aristov et al.,
1996)
Vermiculite 1.13 SWS 1V (Aristov et al.,
2000)
Vermiculite 0.55 VCC Current study
MgSOg4 Silica gel KSK | 0.65 SWS 3L (Aristov, 2003)

The comparative analysis on water sorption from previous research for similar composite
materials summarised in Table 4.5 also indicates that impregnated vermiculite has a
higher water sorption compared to other impregnated adsorbent materials such as silica
gel. It can be inferred from these experimental results and literature that

vermiculite+CacCl; has high water sorption compared to silica gel+CaCls.

4.4.2 Conclusions from the Temperature Lift and Adsorption/Desorption

Investigations Using Horizontal and Vertical Glass and Metal Rigs.

From this survey, the most promising material to be adopted for the THSS is
vermiculite+CaCl, due to the capability of uplift of temperature to 67.50°C in the
adsorbent bed with a horizontal glass and metal rig. Furthermore, as concluded from the
adsorption/desorption test with a vertical adsorption heat pipe, this composite material
would be able to maintain a higher temperature in the adsorbent pipe for up to six hours
with a lower temperature drop (3hours at AT=11.90°C) compared to silica gel+CaCl-
(Bhours @ AT=22.20°C). From the adsorption test results it was confirmed that
vermiculite+CacCl, is able to absorb a significant amount of water under the vacuum

condition. It was found that vermiculite+CaCl; had a water uptake of 0.55g/g compared
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to silica gel+CaCl; which only had 0.025g/g. Additionally, during the desorption period,
with the desorption temperature at approximately 60°C, the hydrated vermiculite+CacCl.
was able to desorb the mass of water at 23g which gives the desorption water of 0.55g/g.
This shows that vermiculite+CaCl, would be able to desorb a mass of water with a low
regeneration temperature. Furthermore, the range of the regeneration temperature is
within that of available waste heat, such as the exhaust outlet from an air-conditioning
system or a boiler. From these results, the conclusion can be drawn that vermiculite
impregnated with CacCl; is the most promising adsorbent material to be adopted for the
THSS system as it has a high water uptake and high temperature lift. Additionally, on
looking at the environmental perspective, this material is considered a non-hazardous
and environmentally friendly material which will be more sustainable for future

generations as a whole.

4.5 Investigation of Microscopic and Physicochemical Properties of

Thermochemical Materials (TCM).

Further tests were conducted to find a suitable TCM for this study using a microscopic
experiment. To develop a highly efficient adsorbent pipe, the composite material should
have the capacity for adsorbing and desorbing the adsorbate (water or ammonia)
through its high porosity. However, published data on the composite adsorbent materials’
properties are very limited. This experiment is designed to examine the relationship

between pores and salt impregnation on the prepared composite TCM.

4.5.1 Microscope Scanning

A preliminary microscope scan of the prepared impregnated silica gel particle shows that

the pure dry silica gel surface and inner structure are stronger compared to a particle of
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a composite of silica+ CaCl, (see Figure 4.30). The patrticle of silica gel impregnated with
CacCl, displays signs of having ruptured into small pieces, as clearly shown in Figure
4.31. Similarly, structures of a particle of silica gel + LiNO3; show fracture lines using the
same scanning method (see Figure 4.32). There is currently a lack of literature related
to adsorption systems pertaining to cases of ruptures as investigated in this study.
However, it is assumed here that during the preparation of the composite material, the
composite material might have been exposed to a high temperature or chemical reaction

during drying which could lead to this rupturing.

The fracture of a composite material might also result in the agglomeration and swell of
and therefore low heat and mass transfer would occur. In the available literature, some
of the researchers emphasised the study of different working pairs to improve this
phenomenon. Tokarev et al. (2010) have explored a new novel adsorption material that
involved the composite of BaClz/vermiculite, BaCl,/y-Al,Oz and BaCly/ (carbon subunit)
with ammonia as the adsorbate. Through material synthesis, they found that the
phenomena of agglomeration and swelling did not occur during their sorption
experiments. Furthermore, they also found that this novel composite material has
improved the ammonia uptake with a corresponding increase in the COP of 0.3 to 0.6.
In this study we recognise this as a potential research opportunity to study vermiculite as
a host matrix due to its advantages as inducing a high adsorbate uptake. The literature
emphasising sorption studies of vermiculite impregnated with aqueous salts is rarely
published so this would be a new field of study. This material synthesis would bridge the

gap between employing composite TCMs within sorption technology.
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Figure 4.30: a) prepared saturated pure silica gel in an airtight casing and (b) a single
granule through a microscope (500um scale.)

Figure 4.31: (a) prepared saturated silica gel+ CaCl; in an airtight casing and (b) a
broken granule through a microscope (500um scale.)
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Figure 4.32: (a) prepared saturated silica gel+ LiNOz and (b) a single granule through a
microscope (500um scale.)

4.5.2 Electron Beam Microscopic Scanning

To have a visualisation of the effectiveness of impregnation of composite materials, the
existence of pores in each particle will be examined through the use of electron beam
microscopic scanning. The two most common methods currently used for existing
investigations are the ESEM (Environmental Scanning Electron Microscope) and SEM

(Scanning Electron Microscope).

Environmental Scanning Electron Microscopy (Hydrated Materials)

The prepared composite material, which needs to be analysed through DSC, is saturated
approximately forty-eight hours before testing. This ensures that the specimen is fully
saturated with water. An ESEM is capable of capturing images of the specimen in the

wet mode and thus it was used for this study. The ESEM was developed in the mid-
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eighties and its primary advantages lie in permitting the user to vary the sample
environment through a range of pressures, temperatures, and gas compositions. The
ESEM retains all of the performance advantages of a conventional SEM but removes the
high vacuum constraint on the sample environment. Wet, oily, dirty, non-conductive
samples may be examined in their natural state without modification or preparation. The
ESEM offers high resolution secondary electron imaging in a gaseous environment of
practically any composition, at pressures as high as 50 Torr, and temperatures as high
as 1500°C (Kimseng and Meissel, 2001). The ability of this electron microscope to scan
a wet specimen is necessary for scanning the composite specimens prepared for this
experiment. Due to these properties this equipment was chosen to investigate the
existence of water particles inside the porous matrix and salt solution on the surface of
impregnated composite materials.

The ESEM works, as shown in Figure 4.33, by acceleration of the electron column
which focuses a beam of electrons onto the sample surface. Interactions between the
sample and the beam of electrons cause a variety of signal emissions. The signals are
detected and reconstructed into a virtual image displayed on a computer display monitor

(Kimseng & Meissel, 2001)
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Figure 4.33: A schematic representation of an ESEM (Kimseng and Meissel, 2001).
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ESEM on Silica Gel+CaCl,

The impregnated silica gel+CaCl, scanned through the ESEM featured some of the
obvious signs suggesting existence of water particles, as shown in Figure 4.34 (a~b). As
the ESEM is able to scan when the subject material is wet, the silica gel + CaCl; particle
was fully saturated with the aqueous salt solution. As shown in Figure 4.35 (a~b), the
water particle is covering the surface of the silica gel particle and the crystallised salt
when the specimen was still in a saturated condition. This indicates that the impregnation
of the composite silica gel with the salt solution was successfully prepared as the
existence of crystallizing salt and water particle from ESEM scanning. However, the
pores of this composite material were hard to visualise. This might be due to the particle
of water covering the surface of this material therefore preventing the ESEM from
capturing the inner particles. On the other hand, when the specimens are dry, the

crystalline salt of CaCl; is clearly seen on the surface of the particle, which was shown

in Figure 4.36 (a~b).

Figure 4.34: ESEM images of a water particle on the surface of a silica gel granule and
a water particle bonding on two granules
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(@) |(b)

Figure 4.35: ESEM images of saturated silica gel+CaCl, with (a) a water particle
covering the surface of the particle and (b) the crystallised salt covered by a water
particle.

Figure 4.36: ESEM images of a composite of silica gel+CaCl, showing CaCl.
crystallisation after the material dried
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Figure 4.37: ESEM images & morphology of dry silica gel +CaCl..

Another analysis carried out was to determine the existence of a chemical element in the
composite material. The morphology of dry silica gel +CaCl; is shown in Figure 4.37
(a~b). From Figure 4.37b, the chemical elements of calcium (Ca) and chlorine (Cl) can

be seen in the x-ray, which indicates that the structure of CaCl, was formed in a
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crystalline phase and was not detrimentally affected by the adsorption or desorption
process. The morphology shows a peak of silicon (Si), meaning that the majority of
particles in the scan were silica gel. The additional additives such as aluminium (Al) and
sulphur (S) were from the aluminium pan and the sulphur from the previous impregnation

procedure that may have intruded in the sample.

ESEM on Silica Gel + Lithium Nitrate

Figure 4.38: (a) ESEM images of a silica gel + lithium nitrate mark and (b) enlarged
lithium nitrate on the surface of silica gel.

Figure 4.38 illustrates the magnification of silica gel + lithium nitrate through the ESEM.
These ESEM images show the formations of LINO3; on the surface of the host matrix of
silica gel when the material was dehydrated, and the existence of water particles was
not captured. This may be due to the lower percentage of water absorption when
compared to silica gel+CaCl,. The pore size of these specimens was also difficult to
analyse using the ESEM scanner. This may be due to the pore size of silica gel being

less than five ym and therefore could not be captured using the ESEM.
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Figure 4.39: (a) ESEM images of pores on the surface of silica gel and (b)lithium nitrate
on the surface of silica gel.

Figure 4.39 illustrates different perspectives from Figure 4.38. These images were
scanned on a different surface, and some pores were significantly more visible on the
surface. However, due to the particles rupturing into small pieces, some of the pores
might also be among the layer of ruptured structure of the silica gel. Due to lack of
literature reporting similar issues, the assumption of the existence of pores will be

removed from this investigation.
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Figure 4.40: (a) ESEM images and morphology of dry silica gel +LiNOs and (b) X-ray
pattern LiNOs,
The morphology of the scan of silica gel+LiNO3 is shown in Figure 4.40. This image
shows the major element in the particles is silicon (silica gel). The second peak of the
scan illustrates a prevalence of Oxygen (O) from the water particles (H.O) and LiNOs.
Other elements such as Chlorine (CI) are found in trace amounts due to contamination

from the previously prepared materials.
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ESEM on Vermiculite +CacCl,

With the use of ESEM scanning, as illustrated in Figure 4.41 (a) and (b), we have
exhibited that this hydrated composite material was covered with a layer of water around
the outside of the surface structure. This image therefore indicates that the saturation
procedure was successful. However, the scan could not quantify the percentage of water
absorbed during the saturation process. This problem may be resolved using a different
type of experimental procedure or other experiment rigs that could measure the amount
of water vapour absorbed by this material. The pore size of the vermiculite can be clearly

seen in Figure 4.41 (c) and (d).

Figure 4.41: ESEM images of vermiculite + CaCl;
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Figure 4.42: Morphology of vermiculite + CaCls.

From the scan, as shown in Figure 4.42, we can see that the elements chlorine (Cl) and
calcium (Ca) were two of the most common within the composite material. Other
elements, including aluminium (Al), titanium (Ti) and potassium (K), as well as others,

were from the host matrix of vermiculite, as shown in Table 4.6.
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Table 4.6: Typical chemical analysis of properties of vermiculite (Dupre Chemical, 2011.)

Material Percentage Material Percentage
Silicon (SiOy) 39.60% Iron (Fe203) 7.93%
Magnesium (MgO) 23.54% Calcium (CaO) 2.12%
Aluminium (Al203) 9.22% Titanium (TiO2) 1.02%
Potassium (Kz0) 6.11% Fluorine (F) 0.5%
Water impurities 9.96%

ESEM on Silica Gel+MgSO4

Figure 4.43 (a-d) show the surface scans of silica gel+ MgSO4, each with a different
maghnification. In the images it can be seen that the guest salt of MgSO, clustered in
various spots on the silica gel surface. However, the pore size could not be observed in
this scan due to the pore size of silica gel in super mesoporous size (2nm>Pores
Diameter>1nm) meaning it could not be visualised through the ESEM. Figure 4.43c
illustrates a fractured piece from the silica gel granule. This image clearly shows the host
matrix of silica gel as fractured after hydration, which will have agglomerated the TCM

and thus will be lowering the water sorption ability.
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Figure 4.43: ESEM images of silica Gel+MgSO.4

Scanning Electron Microscopic (Dehydrated Materials)

A scanning electron microscopic (SEM) was chosen for use on dehydrated materials in
order to investigate the existence of salt impregnation within the host matrix (vermiculite,
silica gel). This method has been used by many researchers for investigating the pore
size distribution of adsorbent materials adopted for Thermochemical Energy Storage
(Bales et al., 2008; Risti¢ et al., 2012; Myat et al., 2013; Zheng et al., 2014; Grekova et

al., 2014). In this particular experiment, the material needs to be dry before scanning
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can take place. The prepared, impregnated materials were kept in a vacuum container

in the lead up to the experiments in preparation.

SEM on Vermiculite + CaCl,

Figure 4.44 (a~d), show the surface structure of vermiculite+CaCl, at different
magnifications. These images show that the structure of vermiculite pores is in-between
the surface layer and some are in the spot forms (see Figure 4.44 a&b). This may indicate
that the vermiculite matrix has a higher porosity percentage than silica gel. This could be
an advantage for absorbing more water vapour during the adsorption process.
Furthermore, with a high level of porosity, the guest salt would be able to entrap not only
on the surface of the host matrix, but inside of the whole matrix form (see Figure 4.45).
Figure 4.46 has shown that the pore size of this material is possible to capture using the
SEM. This may be due to the size vermiculite pores falling into the category of a

microspores (Pores Diameter<2nm) structure.
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Figure 4.44: SEM images of vermiculite +CaCl; (a) magnified at 2000x, (b) magnified at
250x, (c) (d) magnified at 1000x.
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Figure 4.45: SEM image showing appearance of CacCl; in crystallised form on the
surface of vermiculite+CacCl..
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Figure 4.46: SEM image showing appearance of pore on random section of surface of
vermiculite+CacCl,
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Figure 4.47: Chemical element morphology of vermiculite +CaCls.
The material morphology in Figure 4.47 indicates that the aqueous salt compound
entrapped inside the vermiculite matrix consists of calcium (Ca) and chlorine (Cl). Other
chemical elements such as Au, K, O, and Si are some of the elements that make up
vermiculite. The peaks of Cl and Ca on the morphology diagram are showing that the

salt solution successfully impregnated the host matrix of vermiculite. This morphology
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noticeably differs from Figure 4.42 due to the scan being carried out on random sections

of the surface.

T e e KKal

SiKa1 CaKa1

Figure 4.48: Chemical element colour coding scan of vermiculite+CacCl.

Another chemical element scan was carried out through colour coding scanning as
shown in Figure 4.48. As can be seen from this scan, the chemical elements CI (red), K
(purple), Si (yellow), and Ca (green), were observed. These elements are derived from
the properties of vermiculite and aqueous salt of CaCl.. However, the properties are not
limited to these chemicals. These chemicals were captured above others due to the

higher number of particles that existed in the scanned sample.
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SEM of Vermiculite + MgSO4

Another SEM of vermiculite with the different guest salt of magnesium sulphate (MgSOa.)
is shown in Figure 4.49 a~d. This scan shows that vermiculite is not detrimentally
affected by the desorption process. There is no evidence of the structure of the host
matrix of vermiculite expanding. Figure 4.49b shows the enlarged surface from SEM
Figure 4.49a and this SEM illustrates that this layer of vermiculite could be considered
to be the pore structure. Figure 4.49d shows the presence of aqueous salt on the surface

and the layers of vermiculite.

98 WS4

AceV SpotMag Dot WD }
SE 98

Figure 4.49: SEM images at magnification (a) 200x, (b) 3200x, (c) 2000x and 4000x of
vermiculite+MgSO.,
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Figure 4.50: Morphology of random surface section of vermiculite +MgSOa.

M.W. Norhayati, 2016 145



Material Synthesising Chapter 4, PhD Thesis

A further chemical element scan conducted on Vermiculite+MgSO. is shown in Figure
4.50 a~b. The elements observed from Spectrum Two demonstrate that O, Mg, and Si
make up the majority of elements at the surface and others such as K, Au, Al, and Fe
are minimal. Hence, this shows that the maximum amount of salt impregnated the whole
surface of vermiculite and that the minimal amounts of metal are from the small sample

of vermiculite.

Mg Ka1_2 OKa1

S Ka1 SiKa1

Figure 4.51: Chemical element colour coding scan of vermiculite+MgSO,.

The colour coding scan clearly depicts the presence of MgSQOa in the Spectrum Two

surfaces of vermiculite. It can be seen that Mg (blue), O (grey) and S(red) are from the

M.W. Norhayati, 2016 146



Material Synthesising Chapter 4, PhD Thesis

agueous salt solution of MgSQO.. The Si (yellow) has derived from the host matrix of

vermiculite.

Summary of Microscopic Scanning

The microscopic scans using an ESEM and a SEM were carried out to analyse the
surface structure of an impregnated composite material of a host matrix of silica gel and
vermiculite. The ESEM analysis suggested that the host matrix of vermiculite can adsorb
water vapour through larger pores, and the aqueous salt becomes entrapped in its layers.
The visual analysis of porosity of the host matrix using the SEM suggested that
vermiculite+CacCl, and vermiculite+MgSO4 have a similar surface structure and that the
impregnation of salt was successful, as shown by the morphology of these two composite
materials. However, the host matrix of silica gel pores could not be visualised through
these means of scanning. Therefore, we conclude that the host matrix of vermiculite

could be a potential candidate for adoption in a Thermochemical Heat Storage System.

4.6 Investigation of Pore Size Distribution and Pore Volume of

Thermochemical Materials.

The main consideration in tailoring and optimising the composite material is to have the
optimum size of pore and volume distribution in order to achieve water vapour sorption
to maximum effect and thus attain high energy storage. In this study, the analysis of pore
size was conducted through the ESEM/SEM investigation. However, the morphology
scans were only carried out on a small particle and the pore size distribution could not
be analysed using the ESEM/SEM alone. A more detailed investigation is required to

analyse the pore volume and pore size distribution in the samples. The properties
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investigated in these experiments included specific surface area, pore volume (Vp) and
pore size distribution (dp) of selected potential candidates for the adsorbent material of
choice. These were executed using the Brunauer-Emmet-Teller (Brunauer et al., 1936)
and Barret-Joyner—Halenda (BJH)(Barrett et al., 1951) methods through Mercury
Intrusion Porosimetry (MIP) respectively. Therefore, another experimental study has
been carried out on the prepared material to determine the pore size and volume
distribution. Most of the researchers in this field using the technique of Mercury Intrusion
Porosimetry to determine pore size and pore volume in the adsorption research are

academics such as Kuravi et al. (2013), Casey et al. (2014) and Casey et al. (2015).

The term “porosimetry” is used as a blanket term to describe the measurements of pore
size, volume, distribution, density, and other porosity-related characteristics of materials.
All instruments assume a cylindrical pore geometry using the Young-Laplace equation,

(otherwise known as the Washburn equation):

AP = y(%+l)=M (4.1)

T2 Tpore

It relates the pressure difference across the curved mercury interface (r; & r, describe

the curvature of that interface) to the corresponding pore size (,,,¢) Using the surface

tension of mercury (y) and the contact angle (6) between the solid and the mercury
(Giesche, 2006). Therefore, referring to equation 4.1, we need to know the surface
tension (y) and the contact angle (6) of the specimens of the composite materials. By
measuring the volume of mercury that intrudes into the sample material with each
pressure change, the volume of pores in the corresponding size class can be calculated.
The volume of mercury that enters the pores is measured through a mercury

penetrometer. These devices are very sensitive and can detect a change in mercury
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volume of under 0.1uL (Micrometrics Instruments Corporation, 2014). In this study, the
surface tension of 485 dyne/cm and the contact angle of 140° were used to determine
the pore diameter. The change of mercury for this study was according to the
manufacturing data, which is 22.065uL/pF. The penetrometer was constructed of glass
(an insulator) and filled with mercury (a conductor). The stem of the penetrometer is a
capillary that acts as a reservoir for the analytical volume of mercury. (Micrometrics
Instruments Corporation, 2014). The illustration of the penetrometer is shown in Figure

4.52.

Electrical Contact

Sample
Sealed Sample Cup

e
'V/

Capillary tube
(Stem)

Cross-Sectional View of a
Mercury Penetrometer

(Pressure applied at this end

Figure 4.52: Cross-sectional view of penetrometer diagram (Micrometrics Instruments
Corporation, 2014).

4.6.1 Experimental Setup and Procedure

The matrix texture was analysed using the Micromeritics Instrument Corporation Auto
Pore 1V 9500 VI.09 which was chosen because it could determine a broad pore size
distribution (0.003 to 360 micrometres). The blank penetrometer was weighed before the

low-pressure test commenced and the data inserted into the programme. The systems
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consist of two types of pressure port, namely the low-pressure port and high-pressure
port which were shown in Figure 4.53. The low-pressure port was used to evacuate the
specimen, removing air and residual moisture from the pore systems. This procedure is
crucial in order to avoid possible air pockets and contamination issues. The specimen
particle is filled with mercury while the entire systems are still under reduced pressure.
The slow increase of pressure in the systems would allow the mercury to penetrate the
largest pores in the specimen or any voids between the specimen particles. In this study,
the low-pressure evacuation was set to 70um Hg and mercury-filling pressure was
0.51psia. The mercury-filled penetrometer was then weighed again before being
transferred to the high-pressure port. In the high-pressure systems, the specimen was
surrounded by hydraulic liquid, and pressure up to 60,000 psi was applied in an isostatic
method. These testing procedures were repeated on different composite materials.
During the low-pressure and high-pressure systems tests, the pressure flow was
monitored by means demonstrated by the schematic drawing as shown in Figure 4.54.
This schematic will highlight the pressure flow in the systems and errors or ambiguous

process flows would be detected by the pressure readings.
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e Low Pressure Port

High Pressure Port

Figure 4.53: Micrometrics Auto Pore IV 9500 photo (Micrometrics Instruments
Corporation, 2014).

Figure 4.54: A schematic of pressure flow inside the systems.
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4.6.2 Result and Discussion of MIP

The main objective of this experiment is to study the pore volume and pore size and
distribution of the composite materials that have been tailored to this study’s needs using
the host matrix of vermiculite impregnated with a saturated aqueous salt solution of
CaCl,, LINO3, and MgSQO.. Table 4.7 summarises the results of these studies. From
these results we understand that the raw vermiculite has the highest pore intrusion
volume of 4.12 mL/g compared to other impregnated composite materials. This suggests
that vermiculite may possess the potential for higher water adsorption and hence could
attain higher heat adsorption levels for cooling and heating applications. However, the
composite materials have lower intrusion volumes. Out of the three composite materials,
the composite material of vermiculite+LiNO3 has the highest intrusion volume of 2.476
mL/g. The second lowest is the vermiculite+MgSO,, and the lowest is vermiculite+LiNO3
with the value of 1.7737 mL/g & 1.6021 mL/g respectively. From this result we can predict
that the pores of the composite materials are filled with a layer of crystallised salt of
CacCl,, LINOs, and MgSOsthat may be affected by smaller pore volume. This also leads
to the assumption that the composite materials could attain higher temperature lifts

during the adsorption as achieved from the effectiveness of the impregnation procedure.

It is also possible for the density of the specimen to be determined by this experiment.
Table 4.8 summarises the calculated density of the TCMs tested. The table shows that
vermiculite+CaCl, has a high density of 0.49g/cc compared to that of vermiculite+LiNO3
and vermiculite+MgSO. (0.3204 g/cc & 0.4328g/cc respectively). The calculated values
are in agreement with the results from the MIP apparatus. This shows that the

impregnation of CaCl, garners more success than other salts because of its high density.
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Table 4.7: Summary of specimen characteristics from MIP.

Characteristic Units Specimens tested
Raw Vermiculite + Vermiculite + | Vermiculite +
vermiculite CaClz LiINO3 MgSO4
Total intrusion volume | mL/g 4.1185 1.6021 2.4762 1.7737
Total pore area ma2/g 15.001 28.963 35.757 34.369
Median pore diameter pm 3.1996 2.1921 5.5133 4.6221
(volume)
Median pore diameter pm 0.3126 0.0077 0.0073 0.0069
(area)
Average pore diameter | um 1.0982 0.2213 0.277 0.2064
(4v/a)
Bulk density at  0.51 | g/mL 0.2158 0.4891 0.3202 0.4325
pSia
Apparent (skeletal) g/mL 1.9368 2.2605 1.5464 1.8572
density
Porosity % 88.8599 78.363 79.2925 76.7129
Stem volume used % 53 54 54 46
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Table 4.8: Summary of specimen density.

Specimen Specimen Penetrometer Penetrometer Penetrometer Density of Hg Mass  Volume Specimen Volume Bulk Bulk

(9) (9) +specimen + specimen (g/cc)(@25°C)  of Hg of Hg mass of Hg+ specimen specimen
(9) +Hg (9) after test specimen volume density
(ml) (g9/cc)
Blank 0 60.4633 ‘ 60.4633 ‘ 150.1388 ‘ 13.534 89.6755 6.6259 - - - -
Vermiculite +CaClz 0.3832 60.4733 60.8605 139.9389 13.534  79.0784  6.6259 79.0784 5.8429 0.7830 0.4894
Vermiculite +LiNO3 0.2439 60.4636 \ 60.7075 \ 140.0807 \ 13.534 79.3732  6.6259 79.3732 5.8647 0.7612 0.3204
Vermiculite +MgSO4 0.2934 60.5041 60.7975 141.2978 13.534 | 80.5003 6.6259 80.5003 5.9480 0.6779 0.4328
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Figure 4.55: Pore volume of raw vermiculite and other composite vermiculite
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Figure 4.56: Pore size distribution of raw vermiculite and other composite vermiculite

adsorbents.
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Apart from the pore volume comparison, another important factor that may affect the
performance of the thermochemical heating pipe system is the pore diameter. From the
results of the experiment, we see that the composite materials of vermiculite+LiNO3 have
the higher pore diameter compared to that of vermiculite+CacCl, and vermiculite+MgSOQ..
However, it was reported that LINOs had a lower energy storage density compared to
CacCl, (Jabbari-Hichri et al., 2015). The pore volume and pore size distributions of raw

vermiculite and other vermiculite based composite adsorbents are shown respectively in

Figure 4.55 and Figure 4.56. The pore volume of raw Vermiculite was observed to be
around 4.12 cm®/g, which is much larger than that of other vermiculite-based composite
adsorbents, which pore volumes range between 1 cm®g and 2 cm?®(g. Therefore,
impregnation of CaCl, can be chosen as the potential candidate to be employed for the
THSS. The pores of the composite adsorbents have been filled with hygroscopic salts
after impregnation, significantly reducing the pore volume of the composites but overall
improving their adsorption and energy storage density properties. This would indicate
that vermiculite has a high capacity for adsorbing water vapour compared to other
impregnated hydrophilic materials such as silica gel. Consequently, this would also
suggest that impregnated vermiculite would attain a high heat storage density and

consequently a high level of efficiency for the THSS.
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4.7 Thermal Analysis Investigation

The thermal analysis is based on the detection of temperature changes in the heat
content (enthalpy) or the specific heat of a sample. When thermal energy is supplied to
the sample, its enthalpy and temperature rise by a determined amount for a given energy
input and specific heat of the sample. The specific heat of the material changes gradually
in temperature when in a particular physical state, but changes discontinuously during a
change of state. As the sample temperature increases, the supply of thermal energy may
initiate a physical or chemical change in the sample, such as melting or decomposition,
and also bring about a change in enthalpy, the latent heat of fusion and the reaction
heat. Such enthalpy changes are detected by thermal analysis and then viewed

comparatively with the processes occurring in the sample.

Thermal analysis involves a wide variety of techniques (Friedli, 2015):

a) dynamic adiabatic calorimetry,

b) differential thermal analysis, DTA

c) differential scanning calorimetry, DSC

d) thermogravimetric, TG

e) thermal mechanical analysis, TMA

f) dynamic mechanical thermal analysis, DMTA
In this study, the DSC was used to analyse the specific heat of prepared composite
material because this method was often used for optimising formulations, material
selection and analysis of finished products. Furthermore, the measurement of heat flow
through the samples provides quantitative and qualitative analysis about physical and
chemical changes that comprise endothermic and exothermic reactions or changes in

heat capacity (Dyball, 2013).
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4.7.1 Introduction

The DSC technique is part of the thermal analysis group. The DSC machine can be used
to determine specific heat, thermal effect, purity, polymorphism, glass transition,
oxidative stability, chemical reactions, reaction Kkinetics, melting behaviour,
crystallisation and measurement of endothermic and exothermic processes as a function
of temperature or time (temperature range RT-750°C). There are several types of
thermal analysis that could be done using the DSC machine. In this case, the method of
testing would be determined by the researcher depending upon which type of data
analysis is of interest to them. The energy storage density of the composite material is
also determined by Differential Scanning Calorimetric (DSC) analysis using DSC Q10
apparatus, in accordance with BS11357-4:2013 . For this means of testing to attain the
energy density, the theory of sensible heat storage on materials is used to determine the
specific heat of the materials and the working temperature. Some of the experiments
use the DSC method to determine the specific heat of silica gel (host matrix) and CaCl,
(guest salt) (Ponomarenko et al., 2010; Aristov & Restuccia, 2000), magnesium
hydroxide with vermiculite (Shkatulov et al., 2012) and magnesium sulphite and zeolite
(Hongois et al., 2011). However, no study related to the specific heat of vermiculite
impregnated with different types of salt hydrates, such as lithium nitrate and magnesium
sulphate, have been reported yet. Hence, it is important this experiment be followed by

further research.

4.7.2 Theory

The energy storage density of the composite material can be determined through

analysis using DSC TA Q10 apparatus. Aristov & Restuccia (2000) give a

M.W. Norhayati, 2016 158



Material Synthesising Chapter 4, PhD Thesis

comprehensive explanation of a similar method for determining the specific heat of
various composite impregnated adsorbent materials in their paper, and it is a similar
approach which we will adopt in this experiment. Technically, the temperature of the
sample and reference can both be maintained at the temperature predetermined by the
programme. The amount of energy, which has to be supplied or withdrawn from the
specimen and the reference, is the parameter portrayed as the ordinate of thermal
analysis curve (see Figure 4.57). The rate of energy absorbed by the specimen is
proportional to the specific heat of the specimen since the specific heat at any
temperature determines the amount of thermal energy necessary to change the
specimen temperature. The DSC operates on the principle that using the same
increasing temperature profile, the rate of flow of heat, h (i.e. AQ/AT) into the pan
containing the sample will differ from the rate into the reference (empty) pan. The
difference in flow can be attributed to the heat capacity of the sample, providing all other
conditions are identical. For a continuous scanning test, three runs using the same
temperature profile are carried out to determine Cp (Casey, 2013). The C, of the sample
can be calculated using the heat flow rates from the baseline hy (hsbase), sSample (hysp),
and reference (hyrer) runs along with the mass of the sample (msp) and reference (Mrer)

using Equation 4.2

C . Myef (hfsp_hfbase) 4.2

C
pref Msp (hfref_hfbase)

DSp =
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Figure 4.57: Example heat flow curves and temperature profile from a DSC test.

4.7.3 Experimental Setup and Procedure

Before the testing began, the composite material was saturated using a potassium
nitrate solution for 24 hours. The saturated material was then placed in an airtight bottle
to test with the DSC machine. Each granule has been put on the small aluminium pans
(see Figure 4.58) and weighed using the digital electronic scale machine (see Figure
4.59a). The weight was recorded in the data acquisition system. The specimen was
contained within the aluminium pan using a lid held down with a clamp, as shown in
Figure 4.59 (b). The material was placed in the specimen oven as shown Figure 4.60 (a-
b). The experimental programme was written into the software, name as “specific heat”
in the computer file. The procedure for testing started by equilibrating at 20°C and the

specimen was left in an isothermal state for about 5 minutes. Then, the heating process
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began with about a 5°C increase per minute to a maximum of 130° C, and finally, the
specimen was left in an isothermal state for about 3 minutes before test completion. The
test was started by placing the baseline of the specific heat test, that was tested using
the empty aluminium pan, in the furnace using the method described above. The time to
complete the baseline test took about thirty-seven minutes. When the test was finished,
the reference material (sapphire) was placed on one of the empty aluminium pans as
shown in Figure 4.58 (a-b) and aluminium caps in (c-d). Then, the method of testing was
repeated as according to the baseline procedure and the data saved in the data
acquisition software. When the test for reference sample was completed, the reference
sample was replaced with the prepared composite material (a single granule of the
specimen) in the aluminium pans, and the test was repeated. Each specimen material
test was run three times so as to have valid and reliable data for analysis. The summaries
of the operating conditions of the test are shown in Table 4.9. From this chart, it can be
seen that the initial and final temperatures were determined based on the heat source
that could use the least amount of energy from solar thermal sources or heat pump

systems.

Table 4.9: Summary of operating condition for the specific heat testing.

Instrument Method Description
Heating rate 5.00° C/min

Initial temperature 20°C

Final temperature 130°C

Sapphire sample mass 14.9 mg

Pan Aluminium hermetic
Purge gas Nitrogen 50ml/min
Method 1 Equilibrated at 20° C
Method 2 Isothermal for 5 minutes
Method 3 Ramp 5° C/min to 130° C
Method 4 Isothermal for 3 minutes
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Figure 4.58: Empty specimen pan (a), cap (b&c) and single granule specimen place on
the pan (d).

Figure 4.59: Single granule of specimen weight using electronic digital scale (a) and
clamps (b).
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Figure 4.60: Inner part of specimen furnace (a), cover of the specimen furnace (b).

4.7.4 Procedure onimpregnation of composite material

The composite materials were prepared before the DSC test was conducted. Firstly, the
host material (silica gel or vermiculite) was dried in the oven at a temperature of 150°C
for 24 hours. Then, the materials were allowed to cool naturally to room temperature
before being sprayed with the saturated salt solution of CaCl,, LINOs, and MgSOa. The
impregnated composite material was then dissolved completely over a time of two hours
to make sure that the solution would fill the pores of the host matrix. Finally, the
impregnated composite material was dried again in the oven at the same temperature

of the host matrix; 150°C for 48 hours.

The materials that were tested in these experiments are:
i Pure silica gel
i. Silica gel + CaCl;

iil. Silica gel + LINOs
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iv. Vermiculite + CaCl,

V. Vermiculite + MgSO.

4.7.5 Results and Discussion of DSC analysis

Figure 4.61 illustrates the DSC thermograms of tested composite materials. It can be
seen that the heat flow peak of these materials varied and this might be due to the
inhomogeneous mass used in DSC. Furthermore, the aqueous saturated salt solution
may have had the effect of creating the valley in the thermograms. This area under the
peak of these thermograms will determine the heat flow, and hence the specific heat is
known. The lower valley will give a reading for the high heat storage density of the
specimen tested. It can be seen that the TCM of vermiculite +CaCl,/MgSO4 has the
lowest valley of 32.79mW/mg to 32.36mW/mg, whereas the lower valley value for pure
silica gel and composite silica gel is 25.35 to 31.73mW(/g. This result suggests that the
TCM with the host matrix of vermiculite has a higher high heat storage capacity

compared to silica gel.
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Figure 4.61: DSC thermograms of composite specimens. Pure silica gel (a), silica
gel+CacCl; (b), silica gel+LiNO3(c), vermiculite+CaCl(d), and vermiculite+MgSQOa(e).
The comparison of heat storage capacity analyses is accordance with Figure 4.62. From
the DSC analysis tests of pure adsorbents and composite materials, it was found that
vermiculite+MgSO, attained a higher heat storage capacity reading of 407 kJ/kg
compared to vermiculite+CaCl, with a reading of 374 kJ/kg. The host material of silica
gel had shown a lower heat storage capacity in the range of 163 kJ/kg to 208 kJ/kg
respectively. We can assume from these results that the host matrix of vermiculite could
attain a higher heat storage capacity compared to silica gel. Furthermore, from the

adsorption and desorption process that was previously conducted using the vertical rig,
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vermiculite+CaCl, achieved a temperature lift of 48°C compared to that of silica
gel+CacCl, at 46°C. Consequently, the regeneration temperature for vermiculite, applied
in the desorption test using the vertical rig was 60°C. However, the regeneration
temperatures of silica gel were in the range of (60°C-100°C) as reported by Demir et al.
(2008). This indicates that the host matrix of vermiculite is a more sustainable material
to adopt in the long term due to the low regeneration temperature. Moreover, the low-
temperature regeneration can use wasted heat such as that from nuclear plants, various

heat engines, fuel cells, and motor vehicles.

Heat Storage Capacity (kJ/kg)
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300.00
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200.00 163.17

150.00

100.00
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Vermiculite + Vermiculite+CaCl2  Silica Gel + LINO3 Pure Silica Gel Silica Gel + CaCl2
MgS04

Figure 4.62: Heat Storage capacity comparison
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4.8 Conclusions in this Chapter

In this chapter, the work focused on material screening, synthesising, and optimisation
in terms of physicochemical analysis. Testing using horizontal and vertical heat pipes
has shown that the TCM of vermiculite+CaCl, has a high-temperature lift of 67.50°C
from the adsorption process. From the microscopic scan, we saw that the host matrix of
vermiculite has a higher porosity than silica gel. It is important to note also that the
hydration process does not detrimentally affect the structure of vermiculite. The MIP
analysis suggested that raw vermiculite has the highest pore volumes due to the
absence of salt inside the matrix. Furthermore, on comparing composites of vermiculite,
vermiculite+LiNO3; showed the maximum pore volume and percentage of porosity. From
these results we suggest that this material may be a potential candidate to be adopted

for the THSS.

The microscopic scan also suggested that vermiculite would be able to retain its original
structure in prolonged cyclic conditions. The most important factor to base the choice of
a TCM on is a high heat storage capacity. The DSC testing suggested that
vermiculite+CaCl, has the second highest heat storage capacity of 374KJ/kg. More
importantly, this TCM only required a low desorption temperature of 60°C that could be
taken from a low-grade energy source. However, in order to conduct a truly thorough
investigation on storing the TCM as a THSS, a theoretical analysis is required. This will

be the focus of the next chapter of this thesis.

M.W. Norhayati, 2016 167



Performance Investigation of THSS Chapter 5, PhD Thesis

5. PERFORMANCE INVESTIGATION OF
THERMOCHEMICAL HEAT STORAGE SYSTEM:
MODELLING OF THSS-ELEC, THSS-HP & THSS-

SOLAR

5.1 Introduction

The purpose of this exercise is to study the theoretical adsorption and desorption
process of a thermochemical heat storage system (THSS) when integrated with an
electric heat clamp, a heat-pump circuit, and using solar energy. A numerical model was
used to determine the regeneration temperature and THSS performance. The numerical
analysis was carried out using two different cycles; an adsorption cycle and a desorption
cycle. Three types of desorption methods considered in this models are: i) via electrical
heat clamp, ii) via heat pump circuit, iii) via the solar thermal collector. In governing the
eguations on describing the thermal performance of THSS, the basic refrigerant circuit
of a vapour compression system was used for the adsorption heat pump. This is because
the regeneration process is similar to the vapour compression systems which use the
R134A (THSS-R134a) and R1234yf (THSS-R1234yf) as the refrigerant gas. These
refrigerant gases were selected based on previous literature aimed towards investigating
adoption of low global-warming potential gases for the proposed systems. Furthermore,
it has been reported by Zilio et al. (2011) and Lee & Jung (2012) that R1234yf has four
global warming potential (GWP) and zero ozone depletion potential (ODP) compared to
the conventional R134a which is 1430 GWP (BOC, 2011). In addition, on utilising the

availability of solar energy, regeneration through solar heat has been considered. This
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system is known as THSS-SOLAR. In this study, both refrigerants were modelled on the
desorption process to investigate their effect on the performance of the THSS. For the
adsorption process, the heat of adsorption is calculated using the adsorption equilibrium
which is dependent on the pressure and temperature as in accordance with the Linear
Driving Force Method (El-Sharkawy et al., 2006; Aristov et al., 2006; Ahmed, 2012).
From the material synthesising and selection for this study, the material was chosen for
this numerical modelling is vermiculite+CaCl.. These composite material was selected
due to the high adsorption temperature. At the end of the modelling process, the
performance of THSS was discussed, and the conclusion was drawn by comparing the

three adsorption methods.

5.2 Methodology

The THSS cycle is similar to the basic heat pump cycle in that it consists of two main
operational phases, namely adsorption and desorption. The regeneration phase occurs
during night hours, when cheap electricity is available under the ‘Economy 7’ that is more
suitable for households with night storage heaters or that use lots of electricity at night.
For the electric heating element this model draws on a concept whereby the household
use the electric boiler. For the heat pump circuit, the model suggests using a heat pump
as the desorption method for the heat storage system in the home. Using solar energy
as the heat source may not influence the tariff change. The physical details of the THSS-
R134a/R1234yf system is illustrated in Figure 5.1. Table 5.1 lists the details of THSS-

R134a/1234yf.

In the heat pump circuit, adsorption loop is initially combined with the adsorbent in the
adsorbent pipe. As the compressor starts to operate, the heat from the refrigerant will

desorb the water vapour into the adsorbent pipe and then flow through the evaporator
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pipe. The latent heat is reversible, and water vapour is stored as a liquid in the adsorbent
pipe. Secondly, the heat pumping phase/adsorption loop will occur during the day.
Addressing the model on using solar energy as a heat source, the solar circuit will be
activated at the time when the solar intensity is sufficient for the desorption/charging
process. In this case, the maximum availability of solar insolation was in the month of
June based on Nottingham weather. The useful heat of adsorption in the adsorbent pipe

will be used for underfloor heating or domestic hot water during the day.
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Figure 5.1: Schematic of THSS-R134a & THSS-R1234yf
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Table 5.1: Descriptions of THSS-R134a/1234yf

No Description Size
Condenser Section
Pipe Type Cylindrical Borosilicate Glass
1 Condenser Pipe QVF glass, ID 50mm, maximum pressure
4 barg, maximum temperature :200°C ,
heat transfer area: 448 cm?, thermal
conductivity (A: 1.2 W/m.K), Density (p):
2.23 kg/dm?, specific heat (cp): 0.8
KJ/kg.K
2 Coil pipe V4" diameter coll
3 Adsorbent material 50gram Vermiculite +CaCl,
4 Valve to vacuum pump ball valve
5 Pressure sensor GP pressure transmitter
6 Thermocouple RTD thermocouple
7 Separation valve Swagelok ball valve
8 Compressor miniature DC inverter compressor
(ZH2024, Greatcool) displacement of
1.5cm3/rev, input power of 220W
Evaporator Section
Pipe type Cylindrical borosilicate Glass
9 Evaporator Pipe QVF glass, ID 50mm, maximum pressure
4 barg, maximum temperature :200° C ,
heat transfer area: 448 cm?, thermal
conductivity (A: 1.2 W/m.K), Density (p):
2.23 kg/dm3, specific heat (cp): 0.8
KJ/kg.K
10 Water 100 grams
11 Caoil Ya” diameter copper tube coll
12 Flanges Swagelok flange 50 mm diameter
13 Valve to vacuum pump Ball valve
14 Pressure sensor GP pressure transmitter
15 Thermocouple RTD thermocouple
16 Expansion valve R134a expansion valve

5.3 EES software

The Engineering Equation Solver (EES) is used for the modelling of regeneration via

heat pumps. The EES, which has built-in functions for the thermodynamic and transport

properties of many chemical substances including the refrigerants such as R134a,

R1234yf, is normally used for the heat pump. The advantage of this software is that the
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programmes allow user-written function, modules, and tabular data that would be useful
for reporting the output calculations. There are two major differences between EES and
other equation-solving software such as Matlab or Maple. Firstly, the EES allows
eqguations to be entered in any order with unknown variables placed anywhere within the
equations and the software will automatically reorder the equations for a more efficient
solution. Secondly, EES provides various built— in mathematical and thermo-physical
property functions that are useful for solving the engineering calculations. Furthermore,
transport properties were provided for all substances, and the library of mathematical
and thermo-physical property functions in EES are very extensive. EES also provides a
facility for entering and interpolation of tabular data, so that the data can be directly used
in the solution of the equation set. In this modelling, the COP of the THSS was
determined at different regeneration/desorption temperatures in the condenser (30-
60°C) and the output temperature of the condenser with 35-45°C for underfloor heating

and 55-60°C for domestic water heating.

5.4 TCM materials and working pairs

From the experimental report that was discussed in Chapter 4, the best possible
composite TCM was concluded to be vermiculite+CaCl,. The advantage of using these
composite material is that the regeneration temperature is low. It has been reported from
various experimental investigations that the required temperature to regenerate these
materials is between 60-80°C. These values were based on the previous experimental
set-ups by many researchers studying similar composite materials for adsorption cooling
or heating systems of vermiculite impregnated with CaCl,, such as the experiment done

by Aristov et al. (2002) & Restuccia et al. (2005). Water was chosen as part of the
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working pair for this TCM material due to high latent heat, affordability and minimal

environmental impact compared to ammonia.

5.5 Working Refrigerant Gas for the regeneration of THSS

The desorption methods were designed with two options; either heat pump working
refrigerant R134a or R12345yf. These refrigerants were chosen because they are the

most suitable refrigerants for use with a reciprocating compressor.

5.6 Physical Properties of THSS

The physical properties were the most important factor to be considered in the THSS
design. The physical properties that were involved in this modelling were discussed as

below.

5.6.1 Adsorption Pipe

Figure 5.2 illustrates the adsorption pipe of the THSS systems that is used as a glass
vessel for the adsorbent section. The internal parts of the adsorption pipe are inserted
with copper wire to increase the heat and mass transfer area and increase the thermal

conductivity of the adsorbent bed.

15mm x [— 1]

Copper cartridge

Aluminium wick

Adsorbent material

S55mm

Figure 5.2: Adsorption pipe and dimension
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5.6.2 Evaporator Pipe

The evaporator pipe is illustrated in Figure 5.3. This pipe has a similar design to the
condenser pipe with the same internal and outer diameters of 50mm and 55mm
respectively. However, the evaporator pipe is filled with water to act as the adsorbate.
The evaporator pipe was coupled with the adsorption section via a Swagelok pipe and

valve as shown in Figure 5.1.

l——_]

€—— Glass pipe

260mm #—— Cotton wick

thermocouple
water =

Figure 5.3: Evaporator pipe and Dimension.

5.7 Modelling of Transport of Heat and Adsorbate

The computer modelling for transport of heat and adsorbate is based on the principle of
the adsorption heat pipe coupled with the analytical method developed using EES
programme. Vermiculite, impregnated with CaCl, was selected to predict the
performance of THSS. The assumptions on governing the heat balance equation are
according to previous modelling (Di et al., 2007; Miyazaki et al., 2009; Zhang et al., 2011)

as listed below; -
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i) The temperatures of the adsorbent and adsorbate are assumed to be the
same at all times.
ii) A lump parameter approach is used in the present study to describe the

energy and heat balance equations for each element of the adsorption

systems.

iii) The pressure difference between the condenser and the evaporator was
neglected.

iv) The refrigerant adsorbed uniformly in the adsorber and was liquid in the
adsorbent.

5.8 Adsorption Isotherm

The numerical values in calculating this adsorption isotherm is based on the previous

model developed by Miyazaki et al. (2009).

q* = A(Ts) [%]B(TS) (5.1)
Where,

Numerical value for A

A(Ts) = Ag + A Ts + A, T?s + A3T3 (5.2)
Numerical value for B

B(Tg) = By + B;Ts + B,T?g + B3T3 (5.3)

The numerical values of A, — A; and B, — B; are provided in Table 5.2
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Table 5.2: Value of Parameter used for the adsorption isotherm (Miyazaki et al., 2009)

Parameter Value
Ao -6.5314
A 0.072452
Az -0.23951X10°3
As 0.25493 X 10°3
Bo -15.587
B1 0.15915
B, -0.50612 X 103
Bs 0.5329 X 10

5.9 Adsorption rate

The adsorption rate for the present study is estimated according to Miyazaki et al.(2009)

use of the Linear Driving Force Method (LDF) in equation (5) below.

d *
= ksay(q" — ) (5.4)

Where, q* is the possible equilibrium amount that adsorbs, for this study its numerical
value will be 0.55 based on the experimental results from the vertical adsorbent pipe.
ksa, is the overall mass transfer coefficient of the adsorbent or refrigerant pair and can

be written as:

15Dg
R}

ksa, =

(5.5)

Where, R, is the adsorbent particle radius and Dy is the surface diffusivity and can be

expressed by an Arrhenius equation as shown below:

Eq
Ds = Dy, exp (— E) (5.6)
Where, D, is the pre-exponential term, E, is the activation energy of surface diffusion.

One of the most important conditions for using Equation 5.6 is that D; must be constant
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(Chi. Tien, 1994). The value of D,, and E, were reported as 2.54 x10“*m?/s and 4.2

x10*J/mol respectively (Sakoda & Suzuki,1986).
5.10 Mass Balance of Adsorbate

In this study water is used as the adsorbate. Since the quantity of water which exists in
the gas phase is negligible in comparison with those in other phases, the mass balance
of adsorbate (water) is described as follows (Sakoda & Suzuki, 1983):

dq aMmy,
Mg —-+ —7=0 (5.7)
Where M, is the weight of adsorbent in the adsorbent bed, M,, is that of water in the

evaporator and t is time.

5.11 Heat Balance in the Adsorption Cycle

During the adsorption cycle, the movement of heat in the adsorption cycles was
considered. Figure 5.4. & Figure 5.5 illustrate the vapour transport during the adsorption
process. The heat balance of the adsorption pipe and that of adsorbent particles can be

expressed as:

d d
at (CsMT,) = Qst- Mg - d_Z - hstp 'Astp - (Ts — Tp) (5.8)

The left part of the model is the heat from the adsorption process through the adsorbent
material. The first term from the right provides the heat generated due to the
condensation of the desorbed water, while the second term provides the heat rejected
to the reactor pipe. The isosteric heat of adsorption @st, is thermodynamically derived
from the adsorption equilibrium given in Equation 5.1. Due to the difficulty of the

theoretical description of these phenomena and also for the simplification of this model,
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Qst was considered constant in this study as 2.8 MJ/kg, which was given in the literature

by Sakoda & Suzuki (1986).

For an adsorbent pipe with heat rejection to ambient, the temperature of the pipe is

determined by;

S (CMTy) = hygy * Agey - (Ts = Ty)) = hg - Aq - (T, = T,) (5.9)
Where C,, Mg, T; is the heat capacity, the mass and temperature of the adsorbent material
respectively, and T, is the temperature of adsorbent pipe, hgp,, A5 are the heat transfer
coefficient and area between the adsorbent bed and the adsorbent pipe wall, and
h, and A, are the heat transfer coefficient of the atmosphere and area between the
atmosphere and adsorbent pipe wall. For this study, the Euler method is used for solving
the numerical integration to determine the temperature of the adsorbent and evaporator

pipe according to Nellis & Sanford (2009).

(Tp,hstp,Astp)

Adsorption Pipe

Vermiculite+CacClz (Qst, dq/dt,Ts,Cs,Ms)

(Ta, ha) @E——————— |

/

Swagelok valve open

Evaporator Pipe

Figure 5.4: Heat transport of THSS during adsorption.
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Adsorption
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o
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Figure 5.5: Detail of vapour diffusion in the adsorption pipe.

The average temperature of water in the evaporator pipe can be determined by:

d d
it (CwMyTy) =hy Ay - (T, —Tg) —L - Ms - d_Z (5.10)

Right hand side of the equation denote the heat from the evaporator and the left hand
side denote the heat transfer from water to ambient. L is the latent heat of evaporation
that is assumed to be equal to Qst (isosteric heat adsorption). It is necessary to calculate
the heat transfer in the water tank, and thus h,, is determined by some experiments as
the temperature drop of a typical water tank. The results showed that the effective heat

transfer coefficient h,, is in the range of 400 - 600 W/m?K (Riffat et al., 2013).
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5.11.1 Parameters Adopted in the Simulation

The parameters used in this model can be divided into three categories (Table 5.3) which
consist of adsorption properties, the design condition, and operation condition

respectively, with the flowchart of the modelling process as per Figure 5.6.

The adsorbent particles in the adsorbent bed were assumed to transfer only through the

heat transfer glass wall. Its corresponding heat transfer area A, was regarded as the
total surface area of the glass pipe and the heat transfer coefficient, hy, , was estimated

by using the following equation as the approximation (Sakoda 1986):

ke
hetp = 25 (5.11)

Where d is the average distance between the heat transfer copper wire and k. is the
effective thermal conductivity of the packed bed, which was estimated at 1.35 W/m?K by
Tanashev et al. (2013). The heat transfer coefficient between the ambient air and the
container of the adsorbents (h,), is taken as 1.23 W/m?2K, which is often used as a similar
empirical value for composite materials (Miyazaki et al.,, 2009). The parameter for
vermiculite + CaCl, is difficult to find in the previous literature. Therefore, some
assumptions must be used for this modelling. The activation energy (Ea) for
vermiculite+CaCl, was estimated based on experiments of the dehydration of vermiculite
studied by R.Sh.Mikhail et al. (1970) with a reading of 3.7kcal/mole (15 kJ/mole). The
isosteric heat adsorption (Qst) estimation was based on a previous study done by Aristov

et al. (2000), with a reading of 39.4kJ/mole.
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Table 5.3: Simulation physical Data for selected composite material

Symbols Vermiculite Units
+ CaCl»
(VCC)
0 qoo (water uptake) 0.55 kg/kg
-g Dso (pre-exponential term) 254 x10* m?s
o) Ea (activation energy) 1.5x10% J/mol
o Qst (isosteric heat of adsorption) 3940 kJ/kg
QC- M, (Mass of adsorbent pipe) 0.75 kg
k=) M, (Mass of adsorbent material) 0.05 kg
a | M,, (Mass of water) 0.1 kg
2 M, (mass of evaporator pipe) 0.90 kg
<
Length (L) 0.26 m
Internal Diameter 0.05 m
Outside Diameter 0.055 m
Adsorbent bed Cartridge (empty) 0.67 kg
Copper pipe 25 Nos
turns
Fins Spacing 0.01 m
Agtp (Area of adsorbent cartridge) 0.045 m?
A, (Area of adsorbent pipe) 0.047 m?
” A,, (Area of water cartridge) 0.045 m?
Q@ h,(Heat transfer coefficient between adsorbent pipe 1.23 W/m?K
5 | and ambient)
S | hy(Heat transfer coefficient in evaporator (water 400 W/m2K
a cartridge)
© R, (adsorbent particle radius) 2.0x 103 m
% Cp (specific heat) 3.06 kJ/kgK
- (Aydin et
o al., 2015a)
T, (ambient temperature) 10 °C
> 2 Tin aas (initial temperature in adsorbent pipe) 20 °C
€ o Tj,w (initial temperature in water pipe) 17 °C
© S| T (adsorbent material temperature) 60 °C
é_é Tisolar (SOlar collector final temperature) 80 °C
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Figure 5.6 : Adsorbent pipe model flow
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5.11.2 Heat Balance in Desorption Cycle

Heat balance in the desorption cycle was numerically investigated using three different

heat sources consisting of an electrical clamp, a heat pump and solar thermal energy.

5.11.2.1 Desorption via Electric Clamp

In this numerical modelling, the regeneration via an electric heating clamp circuit is

considered.

Assumptions

On governing the equation during the desorption/charging via a heating clamp plate, the

systems have been formulated based on the following assumptions:

i. The temperature of the heating clamp is considered constant at all times.
. The ambient temperature is set at 25°C and is constant at all times.
The movement of heat in the desorption cycle is similarly considered as shown in Figure

5.7.

—

Top Flanges

Electrical heating plate

Qelec

Vermiculite+CaCl2

Adsorption pipe @ Ambient

Bottom Flanges ———————| |

Figure 5.7: Desorption via electric heating clamp
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S (CoMpTy) = —hyey - Asey - (Ts = Tp)—ha - Aq+ (Ty = Ta) + Qetec (5.12)

Where Cp, W, T, are the heat capacity, the mass and temperature of the adsorption pipe
respectively, h, & A, are the heat transfer coefficient of the atmosphere and area
between the atmosphere and adsorption pipe,hg,, A5, are the heat transfer coefficient
and area between the adsorbent material and the adsorbent pipe, and Q.. is the

electric clamp power.
5.11.2.2 Desorption via heat pump

In this numerical modelling, the regeneration via a heat pump circuit and pressure—

enthalpy correlation points are considered (see example Figure 5.8).

R134a
5x104 . : T -

104

— 7p°c —

3
10 3 — Condenser™ - 5

1/ Hgv
E:cpﬁlon--4 127°C f%:orr‘pleﬁﬁor

P [kPa]

if

Evaporator

102

101 L L . I I
0 100 200 300 400 500,

h [kJ/kg]

Figure 5.8: Pressure-enthalpy chart of the heat pump refrigeration cycle.
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Assumptions

On governing the equation during the desorption/charging by means of a heat pump

circuit, the systems have been formulated using the following assumptions:

Vi.

Vii.

The mathematical models are based on the single-stage R134a or R1234yf
vapour- compression refrigeration cycle in quasi-steady state conditions within
the investigative time interval.

The refrigerant in the evaporator and condenser coils exists as saturated vapour
and liquid respectively.

Expansion of the refrigerant is considered to be isenthalpic.

Pressure drops in the evaporator and condenser coil deemed to be less than
15kPa have a negligible effect on the thermal performance of the heat pump
system.

Thermal losses in the evaporator, piping system, and condenser are insignificant.
Compression of the refrigerant is considered to follow a polytropic process with
the index of 1.05-1.18.

The interaction between the principal components (evaporator, compressor,
condenser and thermostatic expansion valve) of the THSS-R134a/R1234yf are

considered.

M.W. Norhayati, 2016 186



Performance Investigation of THSS Chapter 5, PhD Thesis

Adsorption Pipe

Copper coil

Compressor (Qh)

Adsorption Material

Expansion valve
Swagelok valve open

<@—————Copper coil
Evaporator Pipe

Figure 5.9: Heat transport of THSS-R134a/R1234yf

Movement of heat in the desorption cycle was similarly considered, as shown in Figure

5.9.

d d

dat (CcpMcpTcp) = QstMSd_‘z_[ha "Ag (Tcp - Ta)] + Qn (5-13)
Where RHS denotes the heat in the adsorption pipe, and the first term of LHS is the
adsorption heat and heat transfer from the adsorption pipe to ambient. Qu is the heat

from the heat pump as:

Qu = m(hy — h3) (5.14)
This equation is based on the heat pump Carnot cycle, where h, is the enthalpy from
the refrigerant discharge temperature, hs is the enthalpy at the condenser temperature

and m is the mass flow rate of refrigerant.
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The compressor model

The compressor under consideration is a hermetic constant speed compressor, and the
mass of refrigerant pumped and circulated by the compressor is given as (Mempouo,

2011):

. Vany
m=n, % (5.15)

The pumped mass of the refrigerant by the compressor can also be expressed in terms

of the rotary speed (N) of the compressor as follows:

NVany
60171

m=n, (5.16)
Where V,; is the displacement volume rate, 7, the volumetric efficiency of the
compressor, and v, the specific volume at the inlet of the compressor. The displacement
volume (V,;) for a reciprocating-type compressor can be expressed as:

Sang

V., =
d7 4x60

(5.17)

The indicated power for compression can also be calculated in terms of the change of

the enthalpy of the refrigerant from the inlet h,to outlet h, of the compressor as follows:

VVcomp = Wy * Necomp = my-(hy — hz) (5.18)
Where W,;is the total ideal input electric power to the compressor, and 7.4y is the

general efficiency of the compressor.

The Expansion Valves Model

The throttling process is regarded as the isenthalpic process. The mass flow rate is

calculated as follows:

m, = kex\/ 2pin(Pc — Dev) (5-19)

M.W. Norhayati, 2016 188



Performance Investigation of THSS Chapter 5, PhD Thesis

Where, k., is a proportionality constant and is changed as required to maintain the mix
of gas and liquid in the evaporator and p. and p, are the condensing and evaporating
pressures (Pa) respectively. The thermostatic expansion valve is modelled as an orifice
through which the liquid is expanded from condensing to evaporating pressures. The
mass flow rate through it can be correlated according to the Bernoulli equation (Fu,

2014):

iy = CaA\2pin (e = Pev) (5.20)
Where p;, is the density of the refrigerant (liquid) at the inlet of the valve (kg/m?®), and A
is the minimum flow area across the orifice. C; is the flow coefficient, which depends
upon the aperture of the valve. The maximum value is reached when the valve is fully

open. C; is evaluated through the empirical equation (Fu, 2014):

Cq = 0.02 /pin + 0.63Vpy; (5.21)

Where v,,; is the specific volume output of refrigerant.

The Adsorbent Pipe Model/Condenser Coils

During the regeneration/charging process, the heat from the condenser coils will be
transferred to the walls of the adsorbent pipe. The heat in the condenser coils can be

determined by the following equation:

Qu = m(hy- hs) (5.22)
Where 1 is the mass flow rate of the refrigerant (m3/s), h, is the enthalpy heat refrigerant
from the discharge pipe of the compressor (kJ/kg), and h; is the enthalpy of refrigerant
from the outlet of the condenser coils of the system. The enthalpy heat is determined via

thermo-physical properties libraries available in the EES software.
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The Evaporator Coils

The heat from the evaporator coils transferred to the evaporator pipe walls can be

determined by:

Qe =m(hy — hy) (5.23)
Where m is the mass flow rate of the refrigerant flow in the evaporator (m?/s), h, is the
enthalpy heat from the outlet of the evaporator coils to the compressor (suction) (kJ/kg),
and h, is the enthalpy heat from the outlet of the expansion valve to the evaporator coils

(kJ/kg).

5.11.2.3 Desorption via Solar Heat

Methodology

The regeneration using solar energy as a heat source is described in the schematic
drawing in Figure 5.10. Firstly, the adsorption/discharge process will take place between
the sorption heat storage and evaporator/condenser through pressure differences under
vacuum conditions. The heat from the adsorption process will be transferred to the
domestic hot water storage. The useful heat will be used for domestic hot water or space
heating at the same time. After the discharge process is completed, the solar loop is
activated for the regeneration. The solar energy will be transferred the heat to the
adsorption pipe and will disassociate water vapour from the adsorbent material and
condense in the evaporator/condenser. In this system, a separate water vessel is used
for the desorbed and condensed purposes. In addition, the ground heat source loop will
be activated as a low-temperature heat source and heat sink for the
evaporator/condenser. This is also to ensure that the water vapour fully condenses
during the desorption process. The solar thermal collector will be charging the sorption

storage and domestic hot water storage if solar energy is accessible. For the working
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pair of vermiculite+CacCl,, the charging temperature is between 40 to 60°C. This charging

temperature can be achievable by using an evacuated collector.

AUXILIARY DWH

SOLAR THERMAL
COLLECTOR

g@ A doarnti
AeSerpHon
Vessel DWH STORE Hot water

/R outlet

Da
%

Evaporator /Condenser [E]/ % GROUND Seeeeeeeany|
([ = ——————————
SOURCE SPACE
HEATING
WATER
VESSEL

—Q

Figure 5.10: Schematic drawing of THSS-SOLAR

The energy balance of the evacuated tube collector can be expressed as (Duffie and

Beckman, 2013):

Qsotar = Ac " B+ [(Ht ' (Ta)net —-Up- (Tf - Ta)] (5-24)

Equation 5.25: Energy balance in the evacuated tube and evaporation heat.

QstMS%'i'[ha “Ag (Tew = T)] = A+ Fox [(Hy) * (ta) — UL * (Tf — Ta)] (5.26)

The right part of the equation denotes the adsorption heat and the heat transfer through
the adsorption pipe glass/wall. The left part of the equation is solar energy through the

evacuated tube collectors. Where A; is the collector area (m?), H; is the solar radiation
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per m?2 (KW/m?), ta is the absorption-transmission coefficient of solar collectors, U, is the
heat loss coefficient of solar collectors (W/m?2K), T is the collector surface temperature,
and T, is ambient temperature (°C). The assumptions used in this simulation are given
in Table 5.4. The collector area in this simulation varied from 10m? to 50m? depending

on the availability of solar intensity.

Table 5.4: Assumptions for solar heat regeneration

Constant Symbol Value

Total collector area A, 10m? to 50m?

Collector heat exchanger E, 0.86 (Aydin et al., 2014)

efficiency

Absorption — T«a 0.8 (Aydin et al., 2014)

transmission coefficient

Heat loss coefficient Uy 6.9 W/m2K (Aydin et al.,
2014)

Final temperature of Ty 80°C

solar collector

5.12 System performance Equation
The system performance of this small prototype was simplified as;

i.  COP of the systems via electrical clamp for desorption

cop, = —lads (5.27)

Qelectric

i. COP of the systems via heat pump circuit for desorption
_ Qads
Cop, === (5.28)
Qn
iii. COP of the heat pump circuit

COPy, =22 (5.29)

iv. ~ COP of the systems via solar thermal for desorption

COp; = —Jads (5.30)

Qsolar
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Where Qags is the heat generated due to the adsorption heating process at any time
(td), COP; is the regeneration/desorption via the heating element, COP, is the
desorption via the heat pump heating power, COPy, is the heat pump circuit and COP3
is the desorption via solar heat. The performance of the systems was calculated by
assuming that the heat extraction from the adsorption pipe and evaporator pipe
happened during the adsorption and desorption process. The heat transfer fluid was not

included in this numerical modelling.

5.13 Numerical result and discussion

The simulation for the THSS was based upon the adsorption heating process of using
the vermiculite+CaCl. conducted through an EES numerical calculation. The calculation

was analysed independently within the adsorption and desorption cycles

5.13.1 Adsorption Process

In this section, the results and discussion are mainly focused on the adsorption process
of the TCM materials and their behaviours under the influence of change in saturation

pressure (Ps) and adsorption uptake (d¢/d:).
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Figure 5.11: The effect of adsorption temperature vs. adsorption uptake and saturation
pressure and pressure ratio.

Figure 5.11 exhibits the effect of increasing the adsorption material temperature (Ts) on
saturation pressure and adsorption rate (d4/d:). As can be seen from these results, the
increase in the adsorption temperature will decrease the adsorption uptake from
8.5kg/kg to 0.28kg/kg. However, the saturation pressure rises from 9kPa to 20kPa.
These results suggest that the increase in adsorption temperature will increase the
pressure ratio from 9kPa to 20kPa and the adsorption rate will decrease from 8kg/kg to
0.25kg/kg. This is because the reaction will take place during the adsorption cycle when
the water vapour is absorbed by the adsorbent material. Therefore, it could be predicted
that the adsorbent material temperature will be increased by the increase in adsorption

rate during this period.
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5.13.2 Desorption Process

The desorption method in this simulation has been described in section 5.11.2

5.13.2.1 Desorption performance of VCC using electrical heat clamp as heat source

The desorption performance on TCM material of VCC of using electrical heat clamp as
a heat source has been analysed. Two possible parameters that affected the
performance consisting of the heating temperature and desorption time was analysed

and discussed below.

i. Heating Temperature Effect

The desorption method using an electric heating clamp has also been
numerically analysed for VCC material, and Figure 5.12 illustrates the effect of
the heating temperature on the chosen parameters: heating power (Qelec),
temperature of the adsorbent material (Ts), adsorption heat (Qags), and COP;.
The increase of the heating temperature will increase the adsorption material
temperature (Ts) from 37°C to 41°C, a change that is an inverse proportional
correlation with the COP:. The COP: decreases from 11.85 to 0.04. This
phenomenon is predictable in this system as the work/heating power, according
to the product/fuel principle, cannot be higher than the heat generated by the

adsorbent material. This would reduce the COP of the whole system.
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Figure 5.12: Effect of heating temperature (Tw) on heating power (Qelectic), adsorption
heat (Qags), adsorbent bed temperature (Ts) and COP;.

il Desorption Time Effect

Figure 5.13 depicts the effect of the desorption time on the temperature of
adsorbent material (Ts), heating temperature (Tw), adsorbent heat (Qags) and
COP;. The heating temperature was set at a constant of 60°C. It can be seen
that within five hours of the desorption period, the adsorbent bed temperature
(Tp) increases from 47°C to 60°C and plateaus throughout the remainder of the
process. However, the adsorption heat (Qass) and COP of the systems
decrease from 0.38 to 0.02 and 0.28 to 0.01 respectively. These results
indicate that as time passed, the adsorbent material was in a state of semi-
equilibrium, and this will affect the performance of the THSS. Therefore, the

desorption time is needed to be optimised to increase the performance of the
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system. Again, prolonging of the desorption time needs to be avoided as it

would decrease the COP of the systems.
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Figure 5.13: Effect of time to adsorbent bed temperature, heating temperature,
adsorption heat and COP1.

5.13.2.2 Desorption Performance of VCC using a Heat-Pump Circuit with R134a as

Refrigerant Gas (THSS-VCC-R134a)

An analysis has been conducted on the performance of the THSS during desorption for
VCC using a heat-pump circuit incorporated with the refrigerant gas R134a. Four
possible influential parameters that may affect the THSS performance are: the heating
temperature effect, the mass of material effect, desorption time effect, and solar collector

area and they have been investigated and discussed below.
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i Heating Temperature Effect

Figure 5.14 shows the effect of heating temperature (Tw) (R134a) on the
adsorption heat and the compressor work. With the assumption that the constant
dry mass of VCC is 50g and with 60g of water, the compressor work increases
in a positive correlation with the heating temperature. However, the adsorption is
expected to be constant throughout the desorption process as no reaction will
occur. The heating temperature would also affect the COP system and the COP
the heat pump. With the assumption of an ambient temperature (T,) of 10°C, it
would be expected that the COPy, would decrease from 6.15 t01.33 with the
increase in heating temperature rising from 30-60°C, whereas it is expected the
COP2 would rise from 1.44 to 1.98. It can be predicted that as the heating
temperature increases, the hydrated composite material will reach semi-
equilibrium and lower energy levels will be required to disassociate the water

vapour.

Q[kw]

Th [°C]

Figure 5.14: Adsorption heat, condenser heat, COP, and COPup vs. heating
temperature (VCC-R134a).
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il Mass of Material Effect

Figure 5.15 illustrates the effect of mass adsorbent material effect and predicted
that with the assumptions of a heating temperature (Tw) of 60°C and an ambient
temperature (T,) of 10°C, the heat pump heating power (Qu) and the COP of the
heat pump will remain constant at 0.026kW and 1.41 respectively. However, the
adsorbent heat (Qags) and COP of the systems increased from 0.27 to 17kW and

0.042kW to 2.75kW respectively.

= Qads —»—Qy —a—COP, —+—COPyp
20 3
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Figure 5.15: Effect of mass change to heating power and the COP of the heat pump.

iii. Desorption Time Effect

Time dependence during desorption will also have an effect on the COPy, and
COP; as shown in Figure 5.16. With the assumption of the mass of VCC at

0.05kg, the mass of water at 0.06kg, and with a heat source temperature of 60°C,
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the COP of the systems (COP-) and COP of the heat pump (COPy,) decreased
from 0.92 to 0.03 and 1.4 to 0.02 respectively. In this case, the COP of the
systems is higher than the COP of the heat pump. Furthermore, the adsorption
heat (Qads) decreased from 0.233kW to 0.009kW; as time passed the heat will

have been lost to the immediate environment.
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Figure 5.16: Effect of time on adsorption heat (COP2 and the COP of the heat pump
(R134a).

5.13.2.3 Desorption Performance of VCC using a Heat-Pump Circuit with R1234yf as

the Refrigerant Gas (THSS-VCC-R1234yf)

In this section, an analysis has been conducted on the performance of the THSS during
desorption using a heat-pump circuit incorporated with the refrigerant gas of R1234yf.

Three possibly influential parameters that will affect the THSS performance are the
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heating temperature effect, the mass of material effect and the desorption time effect, all

of which have been in

vestigated and discussed below.

i Heating Temperature Effect

Figure 5.17 shows the effect of the heating temperature (TH) (R1234yf) on

adsorption heat, heat pump heat, the COP of the heat pump (COPyp), and the

COP of the system (COP-). We can see that the effect of this on the COPy, is

a decrease from 2.66 to 0.93, whereas the COP; has increased from 0.32 to

0.48. A higher COPy, compared to the lower COP3 is due to the small amount

of adsorbent materials using lower heating power than was estimated to be

required for the desorption process.
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Figure 5.17: Effect of heating temperature on adsorption heat and compressor work.

il Mass of Composite Adsorbent Effect

The increase of the VCC mass will increase the adsorption heat due to the

increase of potential energy to be extracted from this material. Therefore, as
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can be seen in Figure 5.18 with the mass increase, the adsorbent heat (Qads)
and the COP of the systems increase between the ranges of 0.28 to 46.6kW
and 0.006 to 1.05 respectively. The COP of the heat pump (COPwp) and the
condenser heat (Qx) remain constant because it is assumed that the heating
temperature (TH) and ambient temperature (T,) are constant. However, during
desorption, no reaction occurs. Therefore, we can only use this result to
compare the effect of a mass increase in the systems quantitatively. However,
we predict that if the mass of adsorbent material increases, it will increase the
heating power that is required for disassociating the water vapour from the

adsorbent material.

" Qaus ——Qu  —~—COPhp ——COP,

Q[kW]

Figure 5.18: Effect of mass change on adsorption heat and COP».
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iii. Desorption Time Effect

Time dependence will also have an effect on the COPy, and COP; as shown
in Figure 5.19. With the assumption that the mass of the VCC is 0.05kg and
the mass of water is 0.06kg, the COP of the systems (COP-) and the COP of
the heat pump (COPyp) are decrease from 9.4 to 0.005 and 0.92 to 0.08
respectively. From this result we can see that the COP of the systems is higher
than that of the heat pump. The adsorption heat (Qags) and the condenser heat
(Qw) have decreased because as time passes the heat is lost to the immediate
environment. As is similar to the TCM SGCC, five hours is considered an
appropriate amount of time for desorption, as the system will not be effective

for longer periods.
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Figure 5.19: Effect of time on COP, and COPhy.
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5.13.2.4 Desorption Performance of VCC using the Solar Thermal as the Heat Source

The analysis conducted using solar thermal energy for the VCC desorption process is
similar to that using the SGCC material. June was the month selected for the evaluation
of the THSS performance via solar thermal energy because the maximum solar intensity

was estimated to occur in this month.

i The Effect of the COP will Increase with the Expansion of the Solar Collector

Area

Technically, the larger solar collectors will increase the solar thermal energy
gain and Figure 5.20 shows this influence. The results demonstrate that with
the increase in collector size from 10 m? to 50 m?, the solar thermal heat gain
increased from 1.1 to 5kW. As a consequence of this, the COPz will also
increase from 0.01 to 0.35. The adsorbent heat remains constant because of
the constant mass of material used in the simulation, and it was assumed that
there is no reaction during the desorption process. The peak COP occurrence
in this result indicates that the solar thermal adsorbent heat is more than that
the solar intensities available and a constant COP occurs when the adsorbent

heat is relatively equal to the solar gain in the systems.
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Figure 5.20: Effect of solar collector size on the COP of the systems.

COP,

Table 5.5: Summary results of adsorbent heat (Qags) from the numerical analysis

M.W. Norhayati, 2016

Influence Factors Changing Qoads
Rate O a o = .

s E 3 > s

o S < Y Q

o © 04 - n
Heating 50-70°C 12->10 - - -
temperature
Heating 30-60°C 0.75>0.5 0.55->0.25 -
temperature
Mass Change 2-10kg - 0.27-> 17 0.28->46.6 -
Desorption time 1-24hr 0.38->0.02 | 0.23->0.009 | 1.18->0.02 -
Solar Collector 10m? -50m? - - - 0.245
area
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Table 5.6: Summary results of all COP from the numerical analysis

Influence Factors | Changing COP
s g 3 > &
o 8 — N o)
e o = 2
COP, COP; COP; COP3
Heating 50-70°C 11.85->0.04 - - -
temperature
Heating 30-60°C - 1.44->1.98 | 0.33->0.48 -
temperature
Mass Change 2-10kg - 0.27>17 0.06>48 -
Desorption time 1-24hr 0.28->0.01 | 0.92->0.03 | 9.4->0.05 -
Solar Collector 10m? -50m? | - - - 0.01->0.35
area

5.14 Conclusions of the Chapter

The modelling based on the composite materials of vermiculite+CaCly/water was
numerically analysed and discussed to evaluate which TCM has the most potential for
use in a THSS. Within this context, four parameters that influence the performance of a
THSS were investigated. These parameters were: heating temperature (Tw), the mass
of adsorbent material (Ms), desorption time (Tq) and solar collector area (Ac).
Furthermore, three methods of desorption were analysed in this study, consisting of the
heating element, heat-pump circuit and solar thermal energy. For the method of using
heat pump circuits as the heat source, two different refrigerant gases were evaluated,

namely R134a and R1234yf.

Table 5.5 summarises the simulation results of adsorbent heat (Qads) with all influence
parameters assessed in this study. The desorption method of using a heat pump circuit
will have affected the Qads When the heating temperature is increasing. The Qads Of using
electric heat clamp has higher than that of using the heat-pump circuit when the heating

temperatures were increased. The mass of materials increase had also affected the Qags.
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When the mass of composite material were increases, the Qags Will increased. The Qads
of using R1234yf was higher than that of R1234a ranges from 0.28 to 46.6kW and 0.27
to 17kW respectively. Qads behaviour is also highly dependent on desorption time. When
the time was increased, VCC of using R1234yf has the highest Qadss compared to other
desorption heat source method ranges from 0.02 to 1.18kW. Other than that, all the
desorption heat had decreased when the desorption time was increased for all heat

source methods.

Table 5.6 summarises the result of COP for all desorption heat source. It can be seen
that the increased of heating temperature will increase the COP of the THSS system.
According to product/power theory we predicted that the higher power input would have
an adverse effect on the COP. Therefore, the increase in the COP when the heating
temperature was increased was due to the small amount of mass (0.05kg) applied in the
simulation and thus less energy was required for the desorption process. VCC has
higher COP when using R1234yf compared to R134a ranges from 0.05 to 9.4 and 0.03
to 0.92. Nonetheless, the small-scale investigation shall need to be entail to realise the

THSS performance. Hence, this will be discussed further in the next chapter.
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6. BUILD UP AND EXPERIMENTAL INVESTIGATION OF
A SMALL-SCALE THERMOCHEMICAL HEAT

STORAGE SYSTEM (THSS)

6.1 Introduction

The aim of this Chapter is to carry out a preliminary investigation of a small scale
Thermochemical Heat Storage Systems (THSS-R134a) using a heat pump circuit for the
regeneration heat source. The working pair for this prototype is the composite of
vermiculite impregnated with calcium chloride and water as the refrigerant in the
evaporator pipe. The rig was reconstructed during from vertical glass rig used for the
materials synthesising experiments. However, in this experiments, this rig is modified
with a heat pump circuit using a mini compressor for transporting the refrigeration gas
as a heat source for desorption cycle. The system was also incorporated with the
condenser coils, evaporator coils, and an expansion valve. The integration with a heat
pump circuit is to analyse the performance of a THSS-R134a using an off-peak power
in desorption/charging cycle and utilising renewable energy sources to minimise energy

demands from fossil fuels (Wajid et al., 2016).
6.2 Equipment and Instrumentations
6.2.1 Adsorption Pipe

The adsorption pipe provided with a thermocouple and pressure transmitter for the
pressure and temperature measurement. Additionally, this pipe was also connected with

a vacuum pipe for the vacuum process before the adsorption process start. The
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adsorption pipe receives heat from the coil pipe filled with the refrigerant gas from the
compressor and then transferred the heat to adsorbent material while charging process.
During the adsorption/discharge process, the water vapour from the evaporator pipe
below will flow from the connecting Swagelok valve. The condenser used in this study is
the cylindrical type made of glass with a transfer area of about 448 cm?. The length of

glass pipe is 250mm and 50mm diameter (see Figure 6.1).
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Figure 6.1: Adsorption pipe with Condenser coil R134a circuits

6.2.2 Evaporator Pipe

The evaporator pipe is located below the condenser pipe that separated with Swagelok
ball valve and flanges (see Figure 6.2). Inside of the evaporator pipe consist of cotton
wick, perforates aluminium pipe and a Perspex pipe as a water container. The length
and diameter of evaporator pipe are similar to the condenser pipe. The evaporator pipe
is connected with vacuum pipe for vacuuming, thermocouple and pressure transmitter

for measuring the temperature and pressure.
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Figure 6.2: Evaporator Pipe with evaporator coil (R134a circuits)

6.2.3 Data Acquisition and Processing Systems

The data logger used was a dataTaker (DT500 series). It was used as an interface
between a Desktop computer and pressure sensors & temperature sensors. It is an
instrument that acquires data from the thermocouples and transfers the data via a serial
link to a control programme in the PC that it records the data using DeLogger™ 4 Pro
software an enhanced graphical package that allows reporting to a database and offers
remote dataTaker management features. Data collection through data-logging was

carried out, and the results were analysed to evaluate the THSS-R134a performance.

For this particular rig, the K-type thermocouple was chosen and all thermocouples were
connected to DT500 data logger and tested for calibration before the testing
commenced. Figure 6.3 indicates the location of all thermocouple & pressure sensors
positions. Pressures were measured with UNIK 5000 GE pressure transmitter with a

pressure range of -1 to 1.6bar.

M.W. Norhayati, 2016 210



Small-scale THSS experimental testing

Chapter 6, PhD Thesis

DSU : Discharge Service Unit

SSU : Suction Service Unit

TI:
T2
T3 :
T4 :
PS5 :
P6
T7
T8 :
T9 :
T10 :

nil

Evaporator Temperature
: Adsorption Temperature
HP inlet Temperature
HP outlet Temperature
Evaporator Pressure
: Adsorption Pressure

LP inlet Temperature
LP inlet Temperature
Ambient inlet Temperature

(OLPressure gauge

Discharge liffe

2 () R

Expansion
valve

T8 H ;
S from expansion
valve
il H
H

Refrigeifant liguid

PS5

T1

ted vapour
pvaporator

Satur

from

Figure 6.3: Temperature & pressure sensor position

6.2.4 Experimental Uncertainty

Any experiment incurs measurement errors, and when these are extrapolated, the

uncertainty is increased. Therefore, careful calibration of equipment can minimise the

error. Because of the errors and inaccuracies in equipment, measurement uncertainties

must be computed and maintained as low as possible to provide an accurate value of

the experimental parameters after calibration of the sensors. The basic equipment

uncertainties summarised in Table 6.1.

Table 6.1: Sensor uncertainties

Sensor Percentage
Error
Thermocouple 1.5
Pressure transducer | +£0.25
Vacuum gauge +0.01
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6.3 Methodology of the Investigation

The experiment was conducted in two different processes namely the
adsorption/discharge process and desorption/charging process. The discharge process
would only involve the vacuum pump and the adsorption pipe and evaporator pipe.
While, the heat pump circuit was not activated during this period. In addition, Swagelok
ball valve that separates both pipes is open for the water vapour transport to the
adsorption pipe. Then, during the desorption process, the heat pump circuit is activated
to evaluate the heat pump efficiency (COP) and the heat gain at the adsorbent pipe. The
basic equipment involves at this stage and the way they were set-up illustrated

schematically in Figure 6.5.

The heat gain in adsorbent pipe can be measured by mean of mass flow rate of the
refrigerant R134a through the copper pipe and the enthalpy change. The enthalpy was
determined from PH-diagram (pressure—enthalpy diagram) for the specific gas that
retrieved from EES software (see Figure 6.4). Data-taker was used to record
temperatures and pressures at the key points in the circuit (see Figure 6.5), and the
compressor power consumption (W¢) was recorded. Then these data were then
analysed using Microsoft Excel. The experiment performances obtained is compared
with simulation results. The constructed THSS is shown in Figure 6.6, and the details of

each component are summarised in Table 6.2.
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Figure 6.4: Pressure-Enthalpy (P-H) diagram for R134a circuits
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Figure 6.5: Schematic of THSS-R134a system
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Figure 6.6: Photo showing the constructed THSS-R134a

Table 6.2: Specification of main components in the THSS-R134a system

Description

No Name Type

1 Compressor Closed rotary
hermetic

2 Condenser Cylindrical

borosilicate Glass

3 Evaporator Cylindrical
borosilicate Glass

4 Expansion Thermostatic
Valve Expansion Valve
(TXV)

miniature DC inverter compressor (ZH2024,
Greatcool) displacement rate of 1.9cm?/rev,
maximum input power of 135W

QVF glass, ID 50mm, L: 250mm, maximum
pressure 4 barg, maximum

temperature :200°C, heat transfer area: 448
cm?,0.00196m?3, thermal conductivity (A: 1.2
W/m.K), Density: 2.23 kg/dm?, specific heat :
0.8 KJ/kg.K

QVF glass, ID 50mm, maximum pressure 4
barg, maximum temperature :200° C, heat
transfer area: 448 cm?, thermal conductivity
(A: 1.2 W/m.K), Density (p): 2.23 kg/dm?,
specific heat (cp): 0.8 KJ/kg.K

Universal, TN2 Danfoss, Control device, it
has a sensing bulb attached to the outlet of
the evaporator
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6.5 Experimental Procedure

In this experiment, two different modes allocated for the THSS-R134a systems namely
the adsorption/discharging and desorption/charging. On evaluating the thermal
performance of the THSS-R134a, a series of experiments were conducted at the
Sustainable Research Building Laboratory, Department of Architecture & Built
Environment, Nottingham University. The procedures that followed to carry out the

experiment were described as below.

6.5.1 Adsorption/Discharge Mode

Preparation

i. Make a note of the starting time

. Put the dry material in the wick and put the wick in the adsorbent bed

(Adsorption section).

iii. Close the adsorption and evaporator pipe using flanges.

iv. Leakage test in conducted before the material is loading in the rig to make

sure that the adsorbent pipe is under the vacuum condition.

V. Vacuum the system using the vacuum pump.

Vi. Make sure that the system is in perfect vacuum by monitoring through the

DataTaker Software.

Vil. All sensors were calibrated before the experiment conducted.

Testing Period

i. Close the vacuum valve for adsorbent and evaporator pipe
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Stop the vacuum pump

iii. Release the Swagelok ball that connects adsorbent and evaporator pipe.

V. Monitored the temperature rise through data taker software, when there is no
more temperature rise and the adsorbent material is considered in the

equilibrium stage, then stops the test by closing the separator valve.

V. Dismantle both pipe and weight the hydrated adsorbent material and water

quickly and installed back the Rig.

6.5.2 Charging/Desorption Mode

Preparation

i.  Make a note of starting time;

i. Repeat the leakage test again to confirm that the system is in perfect vacuum

condition.

iii. Close the vacuum valve and turn off the vacuum pump;

Testing Period

i.  Activate the compressor and wait for the temperature from the discharge line is

increase to 60°C;

ii.  Run the refrigerant compressor and control the sight glass to ensure that there

is enough refrigerant in the circuit and that the system is functioning properly;

iii. Let the experiment warm up for approximately 10 minutes; this brings the
compressor up to its operating temperature and pressure, then check the

temperature and pressure gauges on the low pressure and high pressure of the
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Vi.

Vii.

compressor for correct refrigerant charge and confirm the values with the vapour

compression properties of the R134a;

When the temperature is in steady state open the Swagelok ball valve that

connects adsorption pipe and evaporator pipe;

Monitored the temperature and the pressure through the Data Taker software;

Continue the desorption up to 5hours at a constant temperature;

When completed, dismantle the rig and quickly weight the mass of water and the

adsorbent material using a digital weight machine.

6.6 Performance equations

The equations used for analysing the experimental results are given in Table 6.3 below;

Table 6.3: Equations used in the analysis (Wajid et al., 2016)

Equation Equation Definition Units
No
6.1 - Qrhss Energy storage density per | kWh/kg
am = " Am unit mass
6.2 E Qruss Energy storage density per | kWh/m3
v = "y volume unit
6.3 Am= M,,= M, —M, mass increase kg
6.4 Qruss = Mg + Cps + AT Thermal energy releases in | kWh
adsorption pipe
6.5 . NVany mass flow rate of the kg/s
m= 1y 60v, refrigerant by the
compressor in term of rotary
speed
6.6 Weomp = Woi * Ncomp Compressor works with (kW)
= mi,(hy — hy enthalpy flow
6.7 Qnp = m(h,_ hj) Heat from heat pump (kW)
6.8 Qrass(t) COPryss )
COP. = ——
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6.7 Result and Discussion

6.7.1 Temperature variation of Adsorption Test

In this study, the primary objective is to investigate the temperature lift in the adsorption
pipe during adsorption test shown in Figure 6.7 to Figure 6.13. Other than that, the effect
of changing the mass of VCC and water were also being monitored, and the TCM weight

was measured before and after the experiments.
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Figure 6.7: Temperature Variations of Test 1
The experiment result of (Test 1) of using the mass of VCC of 50 and mass of water
100g shown in Figure 6.7. The amount of mass of VCC and mass of water used was to
test the experiment in a weight ratio of 1:2. We could see that the temperature rises

sharply in 360s of starting the adsorption process. The temperature lift achieved is
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71.10°C from its initial temperature of 24.60°C (AT of 46.50°C). The adsorption
temperature drops sharply after 360s and returns to its initial temperature at the end of
the test. The temperature drop sharply due to the adsorption pipe was not insulated
when the 1% test was conducted. The evaporator temperature had shown a temperature
drop at 15.0°C from its initial of 21.90°C (AT of 6.90°C). The evaporator temperature was
also shown a temperature rise at 360s and return to its initial temperature at the end of
the test. This results demonstrated a positive effect of using a mass ratio of 1:2 on the
temperature lift in the adsorption temperature. However, the temperature drop is

unavoidable due to the uninsulated pipe.
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Figure 6.8: Temperature variation of Test 2

Adsorption test carried out using a mass ratio of 1.1 (Test 2) and the results of

temperature variations at the adsorption and evaporation vessels of the rig shown in
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Figure 6.8. At this point, the adsorption pipe was insulated to prevent temperature loss
in the systems. The temperature in the adsorption pipe fluctuated from an initial
temperature of 24.6°C to the highest temperature of 54.40°C. The temperature was
noticed to be drop sharply from 54.60°C to 45°C in 8 minutes and gradually drop to its
initial temperature (22.00°C) in the 75™ minute of the whole adsorption process. Hence,
from this result, we can see that the adsorption vessel required multiple vacuumed to
increase to the highest temperature. For an efficient adsorption process, this should be
avoided due the increase of input power from the vacuum pump that will affect adversely

to the COP of the systems.
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Figure 6.9: Temperature variation of Test 3

Another test conducted on using a mass ratio of 1:2 is being repeated as the result is
shown in Figure 6.9. From this results, it can be seen that the adsorption temperature

rises sharply when the valve open. The temperature rises to 68.70°C from its initial
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temperature of 24.90°C and temperature difference at 43.80°C (AT) achieved. The
adsorption temperature returns to its initial temperature at the end of 4500s of the
adsorption test. The temperature lost to the ambient is gradually dropped when
compared to the same weight ratio in Test 1. Hence, with the help of insulation on both
vessel, the temperature loss can be reduced. The evaporator pipe showed temperature
drop at 17.50 °C from its initial temperature of 23.0°C. The higher temperature in the
evaporator pipe indicates that the water inside evaporator section was not fully

evaporated or successfully being transported during the adsorption process.
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Figure 6.10: Temperature variation of Test 4

Additionally, Test 4 conducted on repeating the weight ratio of 1:1 and the results are
shown in Figure 6.10. This result shows that the temperature rise in adsorption pipe is

lower than Test 2 that is 44.95 °C and 54.42 respectively. However, the temperature

drop in the evaporator pipe is higher than Test 2 that is 9.62°C and 12.76°C respectively.
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Hence, from this result, we could say that the mass ratio of 1:1 has shown a lower

temperature rise from the adsorption process.
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Figure 6.11: Temperature variation of the 1% cycle on Test 4
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Figure 6.12: Temperature variation of the 2" cycle for Test 4
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Additionally, to investigate the performance of THSS cyclic condition Test 4 repeated
using the same VCC in the 1% cycle. The results of this effect shown in Figure 6.11 &
Figure 6.12. This result indicates that, in the second cycle of adsorption, the temperature
rise is 39.6°C from its initial temperature of 22.2°C (Figure 6.12). Thus, this is evidence
that this adsorbent material could be use in the multiple cycles with only 0.18%
temperature deteriorate in the systems. Furthermore, in the 2" cycle of the adsorption

process, the temperature rise would be a sufficient to utilise as room heating systems in

a building.
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Figure 6.13: Temperature variations of Test 5
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| [

Figure 6.14: The THSS-R134a (fully insulated)

Another set of adsorption and desorption test carried out in Test 5 using the weight ratio
of 1:2 and the result is shown in Figure 6.13. The objective of repeating this test is to
investigate the performance of desorption test with fully insulated R134a circuit (see
Figure 6.14). As can be seen from the results, the temperature rise in adsorption pipe is
lower than that of Test 1, which is 57.40°C and 71.08°C respectively. Some limitation in
this system is that after a few repeated test, pressure loss ensued due to frequent

dismantling. This will affect the reaction and hence the temperature rise in adsorption

pipe.

M.W. Norhayati, 2016 224



Small-scale THSS experimental testing Chapter 6, PhD Thesis

Ads Temptestl =  —==-. AdsTemptest2 = cececcee Ads Temp test 3
— « « Ads Temp test 4 e = Ads Temp test 5
80
Mass ratio 1:2
70
60
mass ratio 1:1

O 50
g
>
w 40
@
Q ®ee - — e
qE_) 2 R
@ H ....................‘.‘.“.‘"“-..-.-.;:;-.;n:-r;-;r‘

20

10

0

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

Figure 6.15: Comparison of Adsorption temperature for all test

Figure 6.15 shows a comparison of adsorption pipe temperature for all test. These
results indicate that, the weight ratio of 1:2 (Test 1, Test 3 & Test 5) has higher
temperature lift compared to weight ratio of 1:1 (Test 2 & Test 4). Test 1& Test 3 can
achieve a higher temperature, without the help of vacuumed pump. However, Test 2,
Test 4 and Test 5, showing the fluctuation in the adsorption temperature due to repetition

in of vacuuming the systems during the test.

Table 6.4 showing the summary of all test and their performance during the adsorption
process. The 1% test conducted showing a positive increased in the temperature lift

(71.10°C), however, less efficient of maintained the temperature due to temperature loss

in the systems (average 15°C @ 3mins). With the result of this, the temperature
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maintained in 98 seconds of the adsorption Test. From Test 2 to Test 5, the adsorption
and evaporator pipe were insulated. Hence, from this point onwards the temperature
loss is in the range of 3 to 9°C in an average of 5 minutes of adsorption test. Hence,
proper insulation and vacuumed condition are vitally important to achieve high

adsorption temperature in these investigations.

Table 6.4: Summary of Temperature Variations of Vermiculite-CaCl,

Test Tin Ads | Tin Eva Tr Ads | TrEva | Ambient | Temperature | AT Ads | Remarks
(°C) (°C) (°C) (°C) (°C) Drop (°C) @
duration
Test 1 24.62 | 21.90 71.10 15.10 | 232 Average 98s Not
15°C @ insulated
3mins
Test 2 24.65 21.80 54.60 13.35 232 Average 9°C | 893 s Insulated
@ 8mins
Test 3 25.01 | 23.30 68.70 17.35 | 23+2 Average 5°C | 115s Insulated
@ 8mins

Test 4 23.41 | 20.80 45.00 9.74 2312 3°C @ 5mins | 100 s Insulated

(cycle 1)

Test 4 22.2 22.2 39.6 13.3 23+2 3°C @ 5mins | 145 s Insulated

(cycle 2)

Test5 24.10 | 20.60 57.20 13.30 | 23+2 2.5@ 5mins | 494 s Fully
insulated
heat
pump
circuits

Table 6.5 shows the mass change during the adsorption and desorption process. The
results of Test 1 indicate that the amount of VCC increased from 49g to 56g, which gives
79 of water being adsorbed during the adsorption process. Hence, this shows that less
water vapour needed to increase the temperature during the adsorption process. Despite
vapour transport is not entirely successful during the adsorption process, the
temperature rise at 71.10°C was relatively sufficient for hot water and room heating
applications. The highest water uptake is in Test 5 (0.37g/g), and the lowest water uptake
isin Test 2 (0.06g/g). The results are also showing that the mass ratio of 1:2 gives higher

water absorption (84% more) compared to the mass ratio of 1:1.
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Table 6.5: Result of mass change for the adsorbent and water

Test Date Materials M M AM water
(Before (After (Ads/des) uptake
Ads/des) | Ads/des) (gH20/Qdryads)
21/04/2015 | Adsorption | Test | V_CaClz 50 56 6 0.14
1 Water 100 93 6
(H20)
22/04/2015 | Desorption V_CaClz 56 57 1
Water 79 79 0
(H20)
06/05/2015 | Adsorption | Test | V_CaClz 60 67 3 0.06
2 Water 60 65 3
(H20)
07/05/2015 | Desorption V_CaCl 67 64 3
Water 65 60 3
(H20)
12/05/2015 | Adsorption | Test | V_CaClz 40 50 10 0.18
3 | Water 80 70 10
(H20)
13/05/2015 | Desorption V_CaClz 50 47 3
Water 88 91 3
(H20)
20/10/2015 | Adsorption | Test | V_CaClz 60 66 6 0.07
4 Water 60 54 6
(H20)
21/10/2015 | Desorption V_CaClz 62 60 2
Water 54 56 2
(H20)
10/11/2015 | Adsorption | Test | V_CaClz 50 67 17 0.37
5 | Water 100 83 17
(H20)
11/11/2015 | Desorption V_CaCl 67 75 8
Water 82 90 8
(H20)

6.7.2 Temperature variation during desorption Test

In this investigation the mass ratio effect on the desorption process also being

investigated. Figure 6.16 to Figure 6.20 exhibit the temperature variation during

desorption via a heat pump circuit (R134a).
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DESORPTION TEST 1 (MASS RATIO 1:2)
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Figure 6.16: Temperature variations of adsorption pipe, evaporator pipe, inlet & outlet
of the high-pressure loop, inlet & outlet of the low-pressure loop of the heat pump for
desorption Testl.

It can be seen in Figure 6.16, the discharge temperature (HP outlet — dark green line)
from the compressor is taking nearly 30 minutes to reach the desired desorption
temperature of 60°C for Test 1. The discharge temperature then maintained at 60°C in
3.3 hours of desorption period. There were slightly increased for the HP inlet temperature
from 3.3 hours onwards due to sudden changes in the compressor flow rate. Ads Temp
(red line) showing the temperature in the adsorption pipe. This temperature indicates the
heat transferred from the R134a circuits to the adsorption pipe. Additionally, temperature
difference (AT) at 14.56°C observed from the copper pipe to the VCC inside the
adsorbent pipe. This is because of low thermal conductivity of the glass vessel (A: 1.2
W/m.K). Other than that, at this point, both vessels were not insulated and the

temperature likely to lose to the ambient temperature. The lower part of the graph

showing the heat transfer from the evaporator circuits of R134a the evaporator pipe
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(water cartridge). It can be seen that the LP inlet (light green) (temperature of low-
pressure liquid discharge from the evaporator of R134a) and the temperature of
evaporator pipe had an average temperature difference (AT) of 7.40 to 8.80 °C. Hence,

the temperature loss in the evaporator section is 40% lower than the adsorption section.

DESORPTION TEST 2 (MASS RATIO 1:1)
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Figure 6.17: Temperature variations of adsorption pipe, evaporator pipe, inlet & outlet
of the high-pressure loop, inlet & outlet of the low-pressure loop of the heat pump (Test
2)

Figure 6.17 exhibits, the result from desorption Test 2 of using the mass ratio of 1:1. The
HP Inlet Temp, (discharge temperature of R134a from the compressor) marginally

increased from 1000s of the test and reached 58°C. Then, from 5000s second onwards
the temperature rose from 58 to 63°C and remain plateau throughout the desorption

process. The sudden increase in the temperature at 5000s is due to a slight increase in

compressor flow rate. The temperature difference (AT) from the HP inlet (light green line)
to the adsorbent material at 8.8°C on average. Some improvement showing a lower

temperature loss in the systems due to the pipe was insulated during this test. Other
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than that, the temperature different at the evaporator section at 7.0°C on average.
Hence, both sections have shown improvement on maintaining the temperature through

the desorption process.

DESORPTION TEST 3 (MASS RATIO 1:2)
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Figure 6.18: Temperature variations of Adsorption pipe, Evaporator pipe, inlet &
outlet of the high-pressure loop, inlet & outlet of the low-pressure loop of the heat
pump (Test 3).

The result of temperature variation from desorption process of Test 3 showed in Figure
6.18. Similar temperature rises from the start of the test when compared to Test 1 and
Test 2, however, at this point, the temperature of HP inlet reached a maximum at 65.30°C
and plateau throughout the desorption test. This was due to the constant flow rate of the

compressor, and sudden stop of the compressor does not occur throughout the process.
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The temperature difference from the HP inlet to the VCC at 10.0°C on average and from

the LP inlet to the evaporator pipe at 10.70°C on average.

DESORPTION TEST 4 (MASS RATIO,1:1)
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Figure 6.19: Temperature variations of Adsorption pipe, Evaporator pipe, inlet &
outlet of the high-pressure loop, inlet & outlet of the low-pressure loop of the heat
pump (Test 4).

Figure 6.19 illustrates the temperature variation during desorption of Test 4. From this
results, it can be seen that the HP inlet (dark green line) marginally increased from the
start of desorption test and reached to 62.0°C at the 2500s. At this point, the compressor
is running at full speed (6000rpm) and the compressor was automatically cut-off from
the 2500s to 4000s due to a technical problem. With the result of this, sudden
temperature drop occurred during this period. The compressor was turn on again, and

HP inlet temperature increased up to 69.30°C throughout the process. This was 6%
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higher than the manufacturer specification. The temperature different from HP inlet to
VCC (ads Temp — dark red line) was 11.40°C on average, whereas lower temperature

difference at the evaporator section which was at 3.90°C on average.

DESORPTION TEST 5: (MASS RATIO 1:2)
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Figure 6.20: Temperature variations of Adsorption pipe, Evaporator pipe, inlet &
outlet of the high-pressure loop, inlet & outlet of the low-pressure loop of the heat
pump (Test 5 fully insulate the heat pump circuit).

Additionally, Test 5 was conducted to investigate the performance of the heat pump with
a fully insulated heat pump circuit. Figure 6.20 showed the result of temperature
variations for Test 5. It can be seen that, using a maximum compressor speed of

6000rpm and fully insulated copper pipe, a high at 77.20°C achieved at the HP inlet
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temperature. The temperature at VCC reached a maximum at 65.50°C from 6000s
throughout the remaining of desorption test. This is equal to the material synthesising
experiments in Chapter 3 of using an electrical heat-clamp as the heat source for
desorption. Consequently, the temperature of the suction line (LP inlet) was at 7.8°C is
sufficient enough to create a temperature difference inside the evaporator pipe and to
condensed the water vapour during desorption. Furthermore, the same amount of water
condensed back to the evaporator during in 4 hours of desorption process (see Table

6.5).

6.7.3 Compressor performance

Figure 6.21 exhibits the effect of a change in condenser temperature to COP and heat
gain in the condenser coils (Qn). With a constant refrigerant flow rate, it can be seen that
the COP decreased by the change of condenser outlet temperature. Therefore,
optimisation of condenser temperature outlet needs to be considered to achieve the
performance of R134a circuit. Figure 6.22 shows that the COP decrease with the
increase in the condenser temperature. However, these changes increase the
compressor work. This result indicates that the temperature of condenser temperature

would affect adversely with the COP.
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Figure 6.21: The effect of COP with the increase in condenser temperature.
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Figure 6.22: The effect COP (comp), Heat gain, on the condenser pipe (Qh) versus the
evaporator temperature.
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Table 6.6 indicates the temperature variation during the desorption process. It can be
seen within 35 minutes of the desorption test; the compressor could attain temperature
rise of nearly 60°C. The temperature from the compressor outlet to the adsorption pipe
considered an appropriate temperature for the desorption process. The effect of COP of
R134a circuit would also be a temperature dependent. Additionally, temperature
variation in the condenser coil effect the COP and the heat gain (Qw). Furthermore, there
was relatively large variant between the measured compressor works (W) with
manufacturer data. The COP calculated from the experimental data was in the range of
1.38 to 2.88, while the COP calculated using the specification ranges from 0.87 to 2.42.
This result indicates that the experimental compressor work and manufacture data well

agrees.
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Table 6.6: Temperature variations and compressor performance during desorption process.

Time Eva. Ads. HP HP LP LP Ambient = Compressor = Refrigeran Compresso @ Heat COP(HP) COP %
(minutes) Temp Pipe inlet outlet inlet outlet (°C) (kW) (exp) t mass rwork (kW)  gain (Supplier Exp copHP
(°C) Temp (°C) (°C) (°C) (°C) flowrate (supplier Qh Wec) Wc variant
(°C) (T3) (T2) (1) (M3/s) data) (kW)
1 21.77 2549 34.88 31.99 -9.18 21.61 23.50 0.06902 0.000664 0.082 0.198 2.42 2.88 0.16
10 20.14  26.06 36.90 32.79 -9.04 21.19 23.50 0.0833 0.000664 0.082 0.19 242 2.38 0.02
15 6.25 30.92 50.21 3744  -7.02 8.36 23.50 0.0833 0.000664 0.148 0.191 1.29 2.30 0.44
30 2.49 35.45 54.88 39.79 -6.25 5.60 23.50 0.0833 0.000664 0.16 0.187 1.17 2.25 0.48
35 1.93 43.93 59.95 42.82 -5.16 7.69 23.50 0.0833 0.000664 0.179 0.183 1.02 2.20 0.53
240 5.58 53.44 64.17 48.12 -3.10 11.38 23.78 0.0999 0.000664 0.205 0.178 0.87 1.78 0.51
360 6.55 54.03 64.36 48.47 -2.89 12.07 23.76 0.0999 0.000664 0.205 0.177 0.87 1.78 0.51
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6.8 Overall performance of all test

Table 6.7, showing the overall performance of the THSS-R134a of the different mass ratio,

which is 1:1 and 1:2 respectively. Technically, heating storage with a 5.11X10“*m?* volume

of this THSS calculated ranges from 0.095~0.237kWh/m? with a corresponding COP of

0.53~1.34 respectively. Therefore, the overall performance of the system is highly

dependent on the mass of the working pair and the temperature lift during the adsorption

process. Thus, these experiments suggest that actual scale systems should use a most

appropriate mass for working pair to enhance the heat store and COP the whole systems.

Additionally, the heat-source pipe should be installed in the reaction vessel (adsorption

pipe) to enhance the heat transfer and improve the dissociation of water vapour during the

desorption process (Wajid et al., 2016).

Table 6.7: Performance comparison of all test

TEST1 TEST2 TEST3 TEST4 TESTS
Mass ratio (mass of 1:2 1:1 1:2 11 1:2
dry adsorbent: mass
of water)
Maximum Adsorption 71.10 54.55 68.10 45.10 57.20
Temperature (°C)
E 3 m(KWh/kg) 0.237 0.127 0.186 0.095  0.1405
Eg,, (kWh/m?3) 474 254 372 190 281
COP THSS 1.34 0.71 1.05 0.53 0.8
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6.9 Validation of the simulation of the adsorbent temperature vs experiment

results for VCC

As can be seen in Figure 6.23, the numerical model fitted well with the experimental data.
Therefore, the numerical model had shown good agreement with experimental data.
Additionally, these results indicate that the adsorption temperature increased during 140
seconds from starting the process and the temperature drops marginally after 250 seconds.
Hence, this result indicates that proper insulation is crucial during the adsorption process to

retain the maximum temperature for heating purposes in the building.
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Figure 6.23: Theoretical versus experimental results of adsorption pipe temperature (Tp)
during the adsorption cycle of vermiculite+CacCl,
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6.10 Conclusions of the Chapter

From this experiment some key findings can be made such as;

e The overall performance of this storage system is highly dependent on the
temperature lift in the adsorption process. Hence, to achieve this, it does not only
depend on the mass of the water. However, the water vapour transport is also
crucially needed to be optimised. Good water vapour transport will achieve if the
systems are fully vacuumed throughout the cycle. Therefore, a leakage test is

crucially needed to be entail before the experiments conducted.

¢ Another important key finding in this experiments is that, the distance of transporting
water vapour need to be optimised to make sure that, the distance between the
adsorption pipe/reactor and the evaporator is close enough for the reaction took
place. Long distance for each pipe should avoided, as the water vapour
hypothetically transported via pressure different between adsorbent material and
water, and no force convection available in the systems.

e The amount of water left in the evaporator pipe after the adsorption cycle shows that
the water does not evaporate well, and the temperature drop is much lower and
need to avoid. Therefore, the amount of water used to need to be carefully optimised
to improve the systems. Furthermore, lower temperature drop in the evaporator pipe
shall be useful to utilise as the cooling in the building during summer months.

e Limitation occurs in these experiments with a maximum weight of the adsorbent
material of 60g. Therefore, it was difficult to make further analysis on the weight ratio

of the systems. However, this system shall be a good prototype example for a real-
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scale prototype, which would be more realistic for the real scale of heat storage
systems.

e To maintain a constant adsorption temperature proper insulation is crucially
considered during the adsorption and desorption cycle. Therefore, proper insulation
for the systems design needed to be resolved before the experiments taken place.

e The overall performance of using a miniature compressor proved that the small
scale THSS has COP range from 0.53~1.34 which is almost half as a commercial
heat pump available in the market. Furthermore, with the maximum condensing
temperature of 77°C & evaporating temperature of 4°C, this miniature heat pump
circuit can be utilised for many applications such as in an aircraft computer, portable

cooling or heating systems, miniature refrigeration or mini chilled water systems.
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/. PERFORMANCE INVESTIGATION OF SOLAR HEAT
STORAGE COLLECTOR (SHSC)-THEORETICAL,

BUILD —UP AND EXPERIMENTAL TESTING.

7.1 Introduction

Renewable energy technologies such as wind turbines, biomass boilers, and solar
PV/Thermal systems were widely being investigates to overcome the problems relates to
the scarcity of fossil fuel, global warming, and climate change. While the energy resources
these technologies are theoretically inexhaustible and abundant, there is often a large
barrier to their successful implementation, namely a mismatch between the production of
and demand for the energy they generate (Arteconi et al., 2012). Consequently, solar
energy currently seen as one of the most promising alternatives to more conventional
energy resources but require some energy management (i.e. gas and electricity). The use
of solar thermal energy has been broadly researched, accepted publicly and adopted for
heating, ventilation and air-conditioning in both domestic and commercial buildings (Aydin
et al., 2015b). Moreover, thermochemical energy storage was widely being investigated
towards the alleviation of the use of electricity or gas for heating and cooling in buildings.
However, the system could not commercially implement due to complicated in the system
design. To enhance the systems design and to be more environmentally friendly, the

abundant solar energy can be used for the regeneration of the sorption systems.

The integration of using solar thermal with energy storage systems has been investigating
by many researchers on using PCM energy storage (Enibe, 2002; Kurkli et al., 2002;
Mettawee & Assassa, 2006). However, most of these studies were using a concept from

flat plate solar collector integrated with PCM as the heat source for the charging cycle.
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These authors applying a concept of flat plate collectors in the design due to the reason
of PCM material needs to be enclosed and conceal during the phase change. However,
the limitation occurs in their investigation that the flat plate is relatively low efficient when
compared to an evacuated tube. Furthermore, some of the inorganic PCM could be toxic
and have complex melting behaviour. However, composite materials are thought to
become more stable, high energy storage density and require low regeneration
temperature (Daou et al., 2008; Fujioka et al., 2008; Wu et al., 2009). This material will
overcome the problem associated with complexity in PCM as an energy storage system.
However, most of this literature were focussing on experimentally studied on a close
sorption system. By far the close sorption systems has their limitations such as low COP
& complicated systems configuration, which make the systems difficult to compete with

the conventional heating systems.

Some of the researchers have studied experimentally and theoretically the integration of
the solar collector as a reactor/generator using a solid adsorbent material. In Nigeria,
Anyanwu & Ezekwe (2003), designed and constructed a solid adsorption solar
refrigeration systems using activated carbon/methanol as working pairs. These
researchers using a flat plate as the reactor/generator for the system. From their
experiments, they had found that the refrigerator had yielded the evaporation temperature
of 1.0~8.5°C with the useful cooling produce of 266.8kJ/m? of collector area. However, due
to pressure in the systems is not constant and desorption was patrtially completed and
hence affected the whole system performance. In this experiment, the evacuated tube
solar collector has been chosen to integrate with Thermochemical energy storage
(Vermiculite+CaCly). Hence, this exercise is to analyse through modelling and

experimental the integration solar thermal energy of the adsorption heat storage systems.
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7.2 The Mathematical modelling of SHSC

In this study, a thermodynamics analysis of an open solar heat storage collector system
is presented. The numerical analysis was carried out assuming UK climate conditions.
The composite adsorbent material chosen is vermiculite + CaCl, based on the extensive
material synthesising done by (Casey et al., 2014; Casey et al., 2015; Aydin et al., 2015b).
This material has promising properties when compared to other composite materials such
as Vermiculite + MgSQO,, Vermiculite+ LINO3;, and Vermiculite + LiBr. The properties such
as high heat storage capacity, reaction advancement, high heat and mass transfer, good
cyclic ability, low toxicity, low regeneration temperature and low cost which will think to be
the most promising candidates to be adopted for adsorption heat storage systems in a

long-term run.

The EES software has been used to perform the analysis. The different between this
model, when compared to Chapter 5 is that this numerical modelling using open sorption
storage system concept. Therefore, the reaction rate of adsorption process will be
considered as reaction advancement instead of adsorption isotherm as applied in the
close sorption systems. The formula of reaction explained in the discharging and charging

model.

All assumptions used in the modelling are listed in Table 7.1. To analyse the mass and
energy balance of the solar collectors, and fan, the manufacturer design data chosen as
constants. To analyse the reactions during the charging and discharging periods, the
properties for Vermiculite+CaCl, were taken from experimental studies and literature
sources (Janchen et al., 2005; Balasubramanian et al., 2010; Casey et al., 2014;
Barreneche et al., 2015; Aydin et al., 2015a). The amount of absorbent for the reactions
chosen as 10 kg and the total weight of the SHSC selected was set at 5 kg, which made

up of the glass material.
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Table 7.1: Assumptions use in modelling

Solar Adsorption

General

collectors & Assumptions
materials
I 0.5kW/m? (Aydin et al., Ta 25°C
2015a)
Fr 0.93 (Aydin et al., 2015a) Cow 4.18
kJ/kgK
Ta 0.75 (Aydin et al., 2015a) Cpia 1.008
kJ/kgK
Ul 4x1072 KW/m?C (Aydin et Mw 0.018
al., 2015a) kg/mol
Mecol 5kg Fan
Cpcol 0.84 kJ/kgK W 0.05kW
Material (V-CacCl,) Wpump 0.05kW
AH, 47kJ/mol (Casey et al.,
2014)
AHy 435.1kJ/kg (Casey et al.,
2014)
Cos 3.06kJ/kgK (Casey et al.,
2014)
p CacCl, 2100kg/m?

(Balasubramanian et al.,
2010)

p vermiculite

80kg/m?

pavg

175kg/m?3

7.3 Option 1: SHSC heat transfer through fan (air to air heat exchange)

The principal objective in this investigation is by integrating the solar collector as the
thermal storage for heating the building. The discharging cycle of a solar heat storage
collector (SHSC) depicts in Figure 7.2 showing that the cycle start with the humid air flows
with the help of small fan through the solar adsorption collectors. As the humid air enter
the adsorption collector, the reaction occurs, and this will create hot air exits from the
collectors. The hot air then will flow to the fan coil unit to heat the building. The air then
enters the dehumidifier where cold water is sprayed on for evaporates the vapour. After

this, a fan blows the air to the solar adsorption collector unit to complete the cycle.

M.W. Norhayati, 2016 244



Solar Heat Storage Collector Chapter 7, PhD Thesis

While in charging cycle, as depicted in Figure 7.1, the dry air will enter the dehumidifier
and the water sprayed will condensate the vapour. The dry air will exit from the
dehumidifier and enters the solar adsorption collectors. The heat from the solar collectors
will disassociate the water vapour from the adsorption materials. The charged (fully dried)
adsorbent is then kept dry, separate from the humidification unit (storage phase) for use
in the next system discharge cycle. A well-insulated typically sized 100m? house under

the UK climate conditions was considered in the present numerical study.

Vapour

orption

Solar
Adsorption
collector

Fan

Evaporative
pad

Humid Fan coil unit

air

Ground heat source
transfer to water

Figure 7.1: The SHSC in discharging cycle (Option 1)
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Figure 7.2: The SHSC in charging cycle (Option 1)

7.3.1 Analysis for charging process for Option 1

In the charging cycle, the fan blows inlet air to the solar adsorption collector. The energy

balance of the fan given in Equation 7.1 (Aydin et al., 2015a).

Wr=mg X Cpq X (T, —T) (7.2)
Where, m, is the mass flowrate of air and C , ,is the specific heat of the air. The total

solar heat gained by the collectors using Equation 7.2 (Aydin et al., 2015a)

Qus =Acor X E X[l X ta—=U X (Tf5— Tyl (7:2)

Where Acq is the total collector area, F:, the collector heat exchanger efficiency, I, the total

solar radiation, ta, the absorption/transmission coefficient and U the heat loss coefficient
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of solar collectors. T ,,T, ; are the solar collector and ambient temperature, respectively.

The collector efficiency, nco, calculated by using the equation below;

Necot = Jus_ (7-3)

I X Acol

The heat transferred to the adsorbent is equal to the difference of the energy carried by
the inlet and outlet air and heat from the solar collectors. Other than that, heat loss to the

surrounding also considered in this model, which derived in the equation below;

Qtr =1g X C pga X (T3 — T) + Qus — Qoss (7.4)
Total energy transferred to the adsorbent material in any time span, tc, will be equal to the
energy to provide dehumidification of the adsorbent where Equation 7.5 depicted. Here,
the first part of the equation represents the reaction energy, while the second part is the

sensible heating of the adsorbent in the solar collector.

t t
Qchar =N X X X AH, — {fwc mg X Cp,s X (Ts - Ta,s)dt + ftoc Meor X Cp,col (chol -
Ta,s)dt} (7.5)

The ratio of temperature to absolute humidity difference of input-output air at any time, tc,
calculated using Equation 7.6. Inlet temperature to the reactor calculated using Equation
7.1 & Equation 7.4. The outlet temperature of the air simulated according to the humidity

difference between the inlet and outlet air streams as according to Equation 7.6 (Aydin et

al., 2015a).
T3—T, _ AH,,
W3_W2]tc " Cpa +(ws XCpw) (7-6)

The charging reaction advancement X, is the ratio of total water vapour removed from
the adsorbent to the multiplication of the reaction stoichiometry coefficient, total mole of

adsorbent and molar weight of water, as depicted in Equation 7.7 (Aydin et al., 2015a).
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. tc
Mg X fto (W3_W2)dt

X, = (7.7)

VXN XMy W

According to the product/ fuel principle as according to (Dincer, 2002; Zondag et al., 2013;
Utlu et al., 2014; Aydin et al., 2015a), the charging process efficiency can be calculated
as the ratio of heat transferred to the adsorbent to the energy supplied to the system as

depicted in Equation 7.8.

_ Qtr
e = lourw)xt, (7.8)

7.3.2 Analysis of Discharging Process for Option 1

The discharge process can be analysed similarly to the charging process by considering
the inverse of the same reaction. Therefore, the fan energy consumption calculated using

Equation 7.9 (Aydin et al., 2015a).

Wf = Thad X Cp,a X (T6 - T7) (79)
Total energy generation in the reactor as the result of water adsorption independent on

the temperature lift (AT) of air and heat loss to the environment calculated according to

Equation 7.10.

Qgen = Mg X C p o X (T; = Tg) + Quoss (7.10)
The reaction advancement X, for discharging is a function of the amount of adsorbed
moisture as depicted in Equation 7.15. During the discharge process, the adsorption ratio
will approach saturation point and the instantaneous moisture transfer to the adsorbent
material will be decreases. Hence, the X, is crucially important for the solar heat storage

system (discharge from the SHSC) and reaction can be calculated in Equation 7.11

td td
Qa=n X X5 X AH, — {fto ms X Cp,s X (Ts - Ta,w)dt + ftO Meop X Cp,col (chol -
Tow)dt} (7.11)
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[TS -T, ] _ AH,
wy —wgl,.  Cpa + (W7 XCpy)

(7.12)
AT = Tg—T, (7.13)
Aw = wg —wy (7.14)
X, = Mg, % [ (wg-wy)de (7.15)

VXN XM

The energy transferred to the fan coil in the room calculated from Equation 7.16 below,
Qroom = Mg X C pa X (Tg — To) (7.16)

Consequently, the energy balance in the room calculated by analysing heating load

required by Equation 7.17
Qroom =U XA X (Tq —Tg) (7.17)

The heat loss coefficients (U-Value) and total area (A) of the individual building
components given in Table 7.2. Air changes per hour (ACH) are set at two for the
ventilation heat loss calculation (see: Equation 7.18). The total heat load of the building,

Q+ (kW) calculated according to Equation 7.19.

Table 7.2: Heat loss coefficients and surface areas of building components

Component U(W/m?3C) A(m?)
Window 2.8 25.83
Block Work 0.353 153.59
Floor 0.250 53.3
Roof 0.13 545
Qr =Qw +0Qp + Qf +0r+ 0y (7.18)
Qy =ACH XV X cpa X (Tg —Ty) (7.19)
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The total amount of water transferred from the air in the humidification unit calculated

using Equation 7.20.

(7.20)

. Wo—Wig
my, = Mgg X

1000

The efficiency of the discharging process defined as the ratio of net heat gain (recovered
heat) to the total energy supplied to the system by the fan and adsorbent material (inside
the collector) during the process (see Equation 7.21). Similarly, the coefficient of
performance, COP, of the system defined as the thermal energy gain per kWh electrical

power consumption of the fan only (see Equation 7.22).

_ Qa
Na = (Qgen"’Wf)X ta (721)
cop= -2 (7.22)
W Xtg

7.3.3 Result and Discussion from the modelling for Option 1

In this study, SHSC were investigated experimentally and numerically. The concept of this
numerical analysis is using a theory of an open sorption storage system. Therefore, the
reaction of advancement (X,), is used to calculate the adsorption isotherm instead of
adsorption rate in the close system in the previous chapter. The heat and mass transfer
considered in the adsorption and desorption process, and the modelling was carried out
separately. In the charging process, the mass flow rate, the collector size and time
dependence were shown in Figure 7.3~Figure 7.6 respectively. As for the desorption
process, a simulation was carried out independently of the effect of mass flow rate change,

(Aw) and (tg) respectively as shown in Figure 7.7~Figure 7.9.

a) Charging results
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The rise in mass flow rate of air inlet m. has significantly increase the solar heat (Q,s)
and heat transfer in solar heat storage collectors (SHSC) (Q,,-) as shown in Figure 7.3.
The increase of solar heat effect positive linearly with the rise of mass flow rate. Apart
from that, the outlet temperature (T3) of SHSC has significantly decrease from 150°C to
90°C. This might be due to the decrease in the final temperature in the solar surface
collector (T;s) which assumed from 100°C to 90°C to simulate the regeneration
temperature of chosen for the TCM. Other than that, the efficiency of charging and the
efficiency of solar collector is also increase by the rise of mass flow rate as well (see Figure

7.4).

1 O T T T T

Q (kW)

0] 0.01 0.02 0.03 0.04 0.05 0.06

me(Kg/s)

Figure 7.3: Results showing the effect of mass flow rate on collector heat gain and heat
transferred to the material for the charging cycle.
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Figure 7.4: Results showing the effect of charging cycle mass flow rate on inlet—outlet
temperatures, charging and collector efficiency.
Apart from this study, the effect of mass flow rate, the changes in the collector area also
being investigate using a quasi-stationary state condition on the mass flow rate of
0.07kg/s. Figure 7.5 lllustrated of this effect and it was shown that the outlet temperature
(T3), the heat transfer in the SHSC (Q;,), the solar heat (Q,s), increases linearly by the
increase in solar collector area. Thus, this modelling suggests that, there were no heat
waste by increasing the area of collector size. However, the size need to be optimise and
the available surplus heat could be stored for hot water during night-time. Other than that,
the inlet temperature (T,) does not affected by the increase of solar collector area, due to
the heat of heat transfer to the inlet temperature were from the humidifier that assume to

have a lower temperature compare to solar thermal.
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Figure 7.5: lllustrations showing the effect of collector area on inlet—outlet temperature,
heat gain from collectors and transferred heat to the adsorbent for the charging cycle

Other than that, the time-dependent analysis also has been carried out for the parameter
such as (Qys, Q¢+ T, T3, X, nc) as depicted in Figure 7.6. By assuming solar intensities of
0.5kW/m?(1) and collector area is 5m?that give approximate equivalent to 1.58kW of solar
power (Qus). This result shows that, the outlet temperature (T3) has decreased in 5hours
of charging from 130°C to 0°C as the time passed. However, the heat collected from the
solar intensities (Qus) and heat transfer in the collectors (Q«) decreased ranges from 1.6
to 0.64 and 1.06 to -0.42 respectively. The negative value of heat transfer to the collector
indicates that the most effective charging periods is in the first 5 hours. Other than that,
the efficiency of charging (MN¢) has decreased by the time change. As the material has
reach its equilibrium point, this give the reaction advancement (Xq) of 0.64(64%) and

efficiency (Nc) of 0.13 (13%) until the end of charging period (24hrs).
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Figure 7.6: lllustrations showing the effect of time on inlet—outlet temperature, heat gain
from collectors, heat transferred to the absorbent, reaction advancement and charging
efficiency for the charging cycle.

a) Discharging result
In an open sorption, the performance of the systems is affected by the change in mass
flow rate. The increase in mass flow rate will affect positively in the efficiency of
discharging (nq4) and instantaneously the heat generated (Qgen) and the reaction (Xq) (see
Figure 7.7). From this results, it can be seen that the Qgen increased from -0.6 to 6.12. The
efficiency of discharge fluctuated at the beginning of the process due to heat transfer to

the collector does not occur when the mass flow rate of water is at 0.03kg/s.
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Figure 7.7: lllustrations showing the effect of mass flow rate on discharging efficiency
and heat generation for the discharging cycle.

Other than that, the amount of water vapour transferred in the reactor/solar heat collector
is crucially need to be optimised to get high efficiency in the system. The quantity of water
vapour transfer in the systems will lead to an exothermic reaction in the systems. Hence,
this will result in a temperature lift in the reactor/solar heat collector. Figure 7.8, exhibits
the correlation between of absolute humidity change (Aw) and the temperature lift (AT) of
the systems. This result indicates that with the change of absolute humidity of 1g/kg to
10g/kg will give a temperature difference from 185°C. This effect would also increase the
heat generated (Qgen) from 0.8kW to 25kW. The efficiency discharge (Ng) has also
increased ranges in -0.2 to 0.1. However, this simulation suggests that there is evidence
that the increasing amount of absolute humidity will positively increase the heat generated

in the systems.
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Figure 7.8: lllustrations showing the effect of absolute humidity on discharging efficiency
generated heat and temperature lift for the discharging cycle.

Consequently, time-dependent has also an important parameter that affects the
performance of the SHSC. Dependent variables chosen to analyse the impact of the
change in discharge time (ts) were output temperature (Ts), temperature lift (AT), COP,
generated heat (Qgen) and reaction advancement (Xq). As can be seen in Figure 7.9, the
output temperature (Ts), temperature lift (AT) and COP decrease in the first 5 hours of
discharge time and remain constant until the end of the cycle (t=24hr). With a constant
mass flow rate of 0.07kg/s, the heat generated (Qgen) decreased from 0.35kW to -0.26kW.
Furthermore, the decreased on outlet temperature is insignificantly affected the heat
generated because it is assumed that the discharge heat (Qq) transferred the heat directly
to the SHSC. Apart from that, the temperature outlet to the room (Ts) decreased from

42.55°C to 14.86°C as time passed. Therefore, this simulation suggests that the first 5
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hour of discharging is the most productive period for the heat storage. Although the COP
of the systems has decreased from 7.8 to 0.78, this considers high compared to the

conventional heat pump systems.

T(°C)
Q(kW). COP

10

101 - - ' - 2
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Figure 7.9: lllustrations showing the effect of time on output temperature, COP &
generated heat for the discharging cycle.

7.4 Option 2: SHSC heat transfer through heat pipe and water (air to water heat

exchange)

Option 2, involve the heat transfer from the adsorbent material to the heat pipe heat and
heat sink to inlet and outlet of domestic water systems. The schematic of this option shown
in Figure 7.10 & Figure 7.11. The charging cycle is similar to Option 1. However, the

domestic cold water stops at this point.
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Figure 7.11: SHSS discharge cycle (Option 2)
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7.4.1 Analysis for charging process for Option 2

In the charging cycle, the analysis is similar to the systems using air as the heat transfer
media (see Figure 7.10). To simplify the modelling, the assumption made that there is no
water flow through the heat pipe. Therefore, during this cycle Equation 7.1 to Equation 7.9

can be repeated and duplicating the analysis is unnecessary at this point.
7.4.2 Analysis of Discharging Process for Option 2

The discharge process can be analysed similarly to the charging process by considering
the inverse of the same reaction (see Figure 7.11). However, in option 2, the heat from
the adsorbent material is transfer through a heat pipe inside the solar collector. Then, the
heat will be transfer through the end of the heat pipe (normally known as the bulb of the
heat pipe) to the inlet/outlet of the cold water (see Detail A). The analysis of the air from
the humidifier enters the solar collector are similar to Equation 7.9~Equation 7.15. The

heat transfer from heat pipe to inlet and outlet of the domestic water written as;

The energy balance of the water pump written as;

VVpump =m, X Cp,w X (Tyo — To) (7.24)

The energy transferred to the fan coil in the room written as;

Qroom = My, X Cp,w X (T11 - T10) (7-25)

Consequently, the energy balance in the room calculated by analysing heating load
required by Equation 7.17. The heating load inside the room is similar to Option 1 as

depicts in Equation 7.17~Equation 7.19.
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Similarly, the efficiency of discharge process and the COP of the system is defined as the
thermal energy gain per kWh electrical power consumption of the fan and water pump

(see Equation 7.26 & Equation 7.27)

— Qg
Ma = (Qgen + We+Wpump)x tq (7.26)

COP = Qa (7.27)
(Wg +Wpump )xtq

7.4.3 Result and Discussion from the modelling (Option 2)

a) Charging Results
The charging result for this option is similar to Option 1. Therefore, no repetition analysis

was carried out at this point as was assume that the results will be similar.

b) Discharge Results
The analysis of discharge has calculated by evaluating the change in mass flow rate (rm,,)
and time change (t;) to parameters (Tg, T19,T11,1a & COP). In this analysis, the fan flow
rate assumed as constant at 0.1 kg/s. It can be seen from Figure 7.12 that the increase

of water flow rate will increase the temperature of the room fan-coil unit (T11) from 5°C to
40°C. Similar pattern effected the discharge temperature from the collector (Tg) which is
increasing from 10°C to 90°C. This would also positively have affected the COP of the
systems which is increasing from -5.4 to 5.14. However, the discharge efficiency (Nd) is

decrease from 1.2 to 0.04.
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Figure 7.12: Result showing the effect of mass flow rate (1) to discharge temperature
(Tg), fan-coil outlet temperature (T11), the efficiency of discharge (No), reaction
advancement (Xq) and COP of the system.

Figure 7.13 exhibits the effect of discharge time (ts) to parameters of
(T8,T10,T11,n4 & COP). With a constant mass flowrate from the collector side (m, =
0.07 kg/s) and constant fan coil mass flowrate of (m,, = 0.3 kg/s), the discharge
temperature and room fan coil temperature is decreasing from 41.2 to 35.6°C & 41.0 to
25.09°C respectively. Furthermore, these temperatures were starting to decrease from 5
hour of discharging time. Therefore, these changes will also influence the efficiency of
discharge and the COP of the system to decrease from 0.83 to 0.03 & 4.9 to 0.83

respectively.
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Figure 7.13: Results showing the effect of discharge time to discharge temperature, fan-
coil outlet temperature, the efficiency of discharge and COP of the system.

7.5 Experimental investigation on small-scale prototype of SHSC

7.5.1 Material and Method

A novel adsorption pipe integrating with evacuated tube collector is developed and tested
in the Sustainable Research Building, University of Nottingham, UK. A schematic of SHSC
for discharge and charging process illustrated in Figure 7.14 & Figure 7.15. First, the
experiment starts with an adsorption process. The material was dried in the electrical oven
for 24 hours at 150°C. Then the materials were inserted in the evaporated pipe which
attached with the heat pipe in the middle of the semicircle perforated pipe (see detail A-

A). The ultrasonic humidifier was used to provide water vapour for charging process. In
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this cycle, the water vapour/mist will be sprayed inside the collector until the material
reaches approximately 70~80% absolute humidity. Instantaneously, as the water sprayed
inside the collector, VCC generated heat from the exothermic reaction. The adsorption
heat from the material transferred to the heat pipe inside the collector and water inlet on
the top of the collector. The temperature rises from VCC, inlet and an outlet temperature
of water flow through the heat pipe bulb measure though a K-type thermocouple every
one-second interval. The relative humidity in measured using a handheld digital relative
humidity meter every 15 minutes as the adsorption process started. When there is no
more temperature rise, the materials were weighed again to measure the absolute
humidity during the adsorption process. Then desorption process will be conducted to
completed the cycle. During desorption, a solar light simulator was used as the heat
source. The water inlet and outlet from the domestic waste sink was closed during this
process. The vapour outlet will be kept open, and the humidity of the water vapour
measured during this process. After 2 hours of the procedure, the materials were weigh
again to analyse the absolute humidity of VCC from desorption. The main concern in this
open or closed system is to get the lowest possible absolute humidity of the material during
desorption. Because this will affect the whole systems in the next cycle. However, in this
study, the water vapour sprayed inside the collector to create maximum reaction during

adsorption which is hard to achieve via a closed sorption system.
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7.5.2 Installation of the prototype systems

The construction of a lab-scale of a prototype SHSC is according to Figure 7.16. As can
be seen that a single evacuated tube used with the length of 2200mm and 70mm inside
diameter installed with a tilt angle of 45°. Four (4) halogen solar simulator (each 500W
maximum) was installed parallel with the solar collector to get the maximum heat from the
light (Figure 7.17). Inside of the collector, the perforated pipe was installed in front of a
heat pipe fins (Figure 7.19). This perforated pipe used for the storage of adsorption
material. The length of perforated pipe is 1400mm with semicircle diameter of 40mm. The
fin was painted with a solar paint to enhance solar absorption (Figure 7.18). The heat pipe
inserted through the heat pipe fins, and adsorption heat will be transferred during the

adsorption process (see Figure 7.19 & Figure 7.20).

Data
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/

Solar
collector

By
Ly

Figure 7.16: The construction small scale of SHSC
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Figure 7.17: Halogen lights

Figure 7.18: Solar coating on the heat pipe
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Figure 7.19: Removable perforated pipe for the adsorbent material installed inside the
collector (right: plan view, left: top view)

Figure 7.20: The heat pipe inserted through the fins
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7.5.3 Measurement procedure

The important parameter that needs to be determined in these experiments is the

temperature, the flow rate of water, solar intensities, humidity, and weight of the materials.

Temperature measurement

The temperature was measured using a K-Type thermocouple and the position of the
thermocouples was listed Table 7.3. All thermocouple and solar radiation intensities
connected to the data logger DT500. All thermocouples were tested for calibration before

the testing commenced.

Table 7.3: Thermocouple position

Number Descriptions

T1 Water inlet temperature (°C)

T2 Water outlet temperature (°C)

T3 Top material temperature (°C)

T4 Middle material temperature (°C)
T5 Bottom material temperature (°C)
T6 Collector surface temperature (°C)
T7 Ambient Temperature (°C)

Pyranometer

The solar simulator was used to gain a solar thermal power, and the measurement was
using Kipp and Zonen CMP 11 pyranometer with the sensitivity of 9.27 x 10° V/Wm2 (see
Figure 7.21). This pyranometer was mounted parallel to the angle of the solar collector.

Table 7.4 describes the details specification of CMP 11.
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Figure 7.21: Kipp & Zonen pyranometer

Table 7.4: Specifications for CMP 11

Spectral range (overall) 285 to 2800 nm
Sensitivity 7 to 14 pV/W/mz
Response time <5s

Temperature dependence of sensitivity (- | <1 %
10 °C to +40 °C)

Operational temperature range -40 °C to +80 °C
Maximum solar irradiance 4000 W/m?
Field of view 180 °

The flowmeter

The vertical flowmeter was used to measure the flowrate from the domestic water pipe to
the inlet and outlet of the heat pipe bulb. The range of flow rate is 3l//min~22l/min. The flow
rates tested in this experiment are 3l/min. The flowmeter was installed at the back of the

rig to ease the inlet pipe from the nearest domestic sink (see Figure 7.22).
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Figure 7.22: Installation of flowmeter

7.5.4 Performance equations

The experimental analysis of this study was according to the equation below;

Energy storage density per mass unit

E, = Zeumar [Whig] (7.28)

Am
Energy storage density per volume unit

Eqqy = Soumdr [KWh/m?] (7.29)

Vaa

Mass increase

Am = M,,,= M, — M, [0] (7.30)

Cumulative thermal energy generation

Qsusc = Mgy - Cp(To -T) [kWh] (7.31)
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COP of the systems;

QS SC t
COPruss = Qsotar((t)) (7.32)

7.5.5 Experimental Results and Discussion

This experimental result will predict the actual performance of SHSS systems in laboratory
scale on single evacuated tube collector. Two set of a test conducted which was involving
the adsorption and desorption process known as Test 1 & Test 2. The different parameters
involve in these two test are the weight of dry VCC and water vapour supply location which

shown the Figure 7.23 ~Figure 7.26.

Result on Adsorption and Desorption for Test 1: Water vapour supply at the bottom of

material

Figure 7.23, illustrates the temperature variation of the adsorption process on Test 1. In
this test, the water vapour supply was installed at the end of perforated pipe containing
VCC. Three thermocouple positions installed and monitored which were located at the
Top, Middle, and Bottom of the material. The first 1000s the domestic water supply valve
was open. However, there was no heat transfer observed from the collector to the water,
and therefore, the valve was closed at 1000s. When the water vapour sprayed at the
bottom of the material, there were temperature increases at the bottom and the middle of
material from its initial temperature from 24°C to 28°C. Conversely, the temperature
starting to increase from 3000s at the top of the material with maximum temperature at
26°C. This result showed that the temperature increase in highly depending on the water
vapour transfer from the humidifier. Furthermore, the amount of material is insufficient to
obtain the desired temperature similar to the closed sorption systems. Hence, due to low-

temperature lift in this experiment, the heat transfer to the domestic cold water would be
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unlikely to achieve. However, at the end of the experiments, the weight material increases

213g from its initial dry weight of 168g.
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Figure 7.23: Temperature variations of inlet and outlet of domestic water and material in
the perforated pipe for Adsorption Test 1

To complete the process cycle, desorption test was conducted, and the results are shown
in Figure 7.24. Despite the low-temperature lift in from adsorption cycle, desorption cycle
indicates that the solar light effectively transferred the heat to the solar collector. In just
one hour of desorption cycle, with average solar intensities of 950W/m?, the temperature
reaches its maximum at 64°C in the middle of material (purple line). The top and bottom
of the materials have the similar maximum temperature increase was 50°C, which gives
the average temperature increased at 54.3°C. Furthermore, at the end of experiments, the

desorbed moisture is 22g, which gives water desorption at 0.5g/g of hydrated adsorbent.
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Figure 7.24: Temperature variations of inlet and outlet of domestic water, material in the
perforated pipe & solar intensities for Desorption Test 1

Result for Adsorption and Desorption Test 2: Water vapour spray at the middle of material

As mentioned before, in Test 2, the water vapour sprayed in the middle of the perforated
pipe. Therefore, it shown in Figure 7.25, the middle material (purple line) has temperature
lift higher than that of the top & bottom of the material. This phenomenon was expected to
occur, as the reaction will start in the middle as the water vapour supply was in the middle
of the material. The temperature lift achieved in the middle of material was 30°C, which
was 2°C more than Testl. This was likely to happen as the water vapour was difficult to
move upward in Test 1. Conversely, the water vapour reacts immediately in the middle of

material for Test 2 as the contact point of material and water vapour was rather near.
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Therefore, from this analysis, it can be predicted that the vapour transport is crucially
needed to be controlled to the material as it would influence the reaction and hence, the
temperature lift in the systems. Interestingly, although the dry material in Test 2 is lower
by 35% from Test 1, the moisture uptake (Am) is 55% higher (see Figure 7.24). This may
be because the different percentage of CaCl; solution used in Test 1 and Test 2. In Test
1, the solution was prepared in 130%wt (2 litres of water, 1500g dry CaCly) ratio between
dry CaCl, and water. However, in Test 2, the solution material was prepared in 100% wt.
Therefore, due to a higher percentage of CaCl,used in Test 1, the salt might have blocked
the pores of Vermiculite. Hence, in preparing the material, using a large volume of the salt
solution not advisable because it will influence the absorption of water vapour in the host
matrix. Furthermore, it will lead to agglomeration between the host matrix and salt solution

which lowering the heat and mass transfer in the systems
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Figure 7.25: Temperature variations of inlet and outlet of domestic water, material in the
perforated pipe for Adsorption Test 2

Figure 7.26, illustrates the result during desorption cycle for Test 2. It can be seen that the
solar intensities have dropped from start to 1000s of the experiments. This was due to the
modification of pyranometer during this period. However, the light intensities managed to
maintain on average at 850W/m?2. As the result of this, 35g of moisture desorb from the
total weight of wet VCC of 195¢g which gives 0.18 g/g wet VCC. Despite the temperature,

lift is still low when compared to closed adsorption systems. However, the SHSC has
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proved that the integrating the solar thermal energy will improve the water desorption

percentage.
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Figure 7.26: Temperature variations of inlet and outlet of domestic water, material in the
perforated pipe & solar intensities for Desorption Test 2
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Figure 7.27: Cumulative energy for Test 1&Test 2

Figure 7.27 depicts the cumulative energy on Test 1& Test 2 in one or of the adsorption
process. From these results, it can be seen that the cumulative energy of Test 2 is higher
than Test 1, which were 79.95 Wh and 39.95 Wh respectively. Test 2 has higher
cumulative energy because of higher temperature lift (AT) at °5C and higher water sorption
(35% more than Test 1). With the result of this, the COP of Test 2 is greater that Test 1
ranges from 0.3 to 0.55 and 0.1 to 0.52 (see Figure 7.28). Other than that, it can be
predicted that the adsorption process is effective in the range of 1000 seconds and further
up to this period the COP is low due to no reaction occurred. Consequently, when
compared to previous experiments in Chapter 4 & 6, lower temperature lift occurred in this
experiments were due to low water uptake and low water vapour transport during the

adsorption process.
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Figure 7.28: Comparison of COP Test 1 and Test 2
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Table 7.5: Comparison between numerical and experimental results

Parameters Option 1 Option 2 Experimental
(Numerical) (Numerical)
Acol (Collector area) 5 5 0.49
(m?)
m,s 10 10 0.125-0.213
(mass of

Thermochemical
material) (kg)
COoP 7.89-0.78 5.6-0.83 0.1-0.55

7.6 Conclusions of the Chapter

In this study, a small scale of SHSS numerically & experimentally investigated. The main
aim of this study is to investigate the alternative method of using a solar thermal energy
incorporated with TES system. In the experimental investigations, it was also aiming to

identify the temperature lift in adsorption process of a single evacuated tube.

Modelling results in Option 1

The theoretical simulation of SHSC with the change in several parameters has
demonstrated in this study. This simulation suggests that with a constant mass flow rate
of 0.07kg/s, 5m? of the solar collector area, and solar intensities (1) of 0.5kwW/m? efficiently
would generate a heat storage for 100m? house with a heating temperature of 42°C. In
open systems, the water vapour transport which transferred by fans helps to improve the
reaction and hence the heat storage in the systems. Therefore, the increase in mass flow
rate of the system, it will instantaneously increase the heat transferred to the reactor/solar
heat collector. However, some limitation occurs on the decreasing of outlet temperature
in the process, which need to avoid. Therefore, the reactor design/SHSC design is crucial
to achieving high-temperature lift with a low-temperature loss in the systems. Apart from

that, this simulation suggested that the optimum mass flow rate is 0.07kg/s and the
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reaction time is in the first 5 hours of the process. Consequently, to make an up most
efficient and benefitting heat storage systems; hence, this is the period where the
optimisation is crucially needed to attempt. Other than that, for open systems, the inlet
temperature also crucially needs to be optimised to avoid the vapour condensate along

the ductwork, and this will affect the output temperature in the systems.

Modelling Results Option 2

The different modelling in Option 2 is the heat transfer from the collector to the domestic
cold water and then to the fan-coil unit in the room. From the discharge analysis, the
simulation results suggest that with air mass flow rate of (1, = 0.07 kg/s) & water mass
flowrate (m,, = 0.3 kg/s) & 10 kg of adsorbent material will sufficient to heat 100m? house
with fan-coil temperature of 41°C. Other than that, the optimum time for discharge would
be in the range of 5 hours. However, this would be the predicted performance as

suggested from the modelling result.

Comparison Modelling Results and experimental result

In the numerical study, it can be predicted that the temperature lift of 48°C could achieve.
However, in the experiments, the highest temperature increase was only 30°C (see Figure
7.25). This is because only 0.125-0.213kg of the composite material was used in the
experiments when compared to the numerical study of 10kg. Furthermore, the collector
area utilisation in the numerical study are 5m? compare to only a single tube of the collector
in the experiments. Other than that, in the numerical study, the water vapour transport via
a fan, however, in the experiments the water vapour was transferred through an ultrasonic

humidifier with a low mass flow rate. Thus, this will influence the water uptake and the
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reaction. Thus, further investigation needs to be entailed on improving the water vapour

transport which vital in close/open thermochemical energy storage systems.

According to the experimental results 79.95 Wh thermal energy is achieved using 0.026
m?3 of absorbent corresponding to 3075 Wh/m? energy storage density. In 2hr of desorption
cycle, nearly 50% of moisture was disassociated from the hydrate composite materials.
Thus, these experiments indicate that the composite material can be 50% dehydrate with

an average of 850W/m? solar intensities.

Comparison between the numerical result and experimental result summarised in Table
7.5. From this analysis, it can be seen that option 1 has a higher range of COP compared
to Option 2, which were 0.78 to 7.89 and 0.83 to 5.6 respectively. However, the
experimental result shows lower COP range of 0.1 to 0.55. The COP in experimental has
given a lower range because small amount mass for VCC (98% less) was used in the
experiments hence, lowering the reaction during for adsorption process. Furthermore, only
single evacuated tube solar collector used in the experiments. Hence, a large-scale of

SHSC needed to be entailed to realise the actual performance of the systems.

From the numerical and experimental results, further improvement of the design on small-
scale SHSS needed to be entailed to achieve higher temperatures of the absorbent.
Thereby full dehydration could be achieved and improved the cyclic operations of the
systems. Apart from that, this study shall be an alternative sustainable technology and
affordable for space heating applications. However, these experiments considered a small
scale of TES systems involving solar heat storage collector. A domestic scale of THSS

will be discussed further in the next chapter of this thesis.
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8. DOMESTIC SCALE PROTOTYPE OF THSS: BUILD-UP,
EXPERIMENTAL INVESTIGATION, ECONOMIC &

ENVIRONMENTAL ANALYSIS

8.1 Introduction

Designing a high heating capacity and efficient Thermochemical Heating/cooling storage
system is an important challenge in sorption technology. Few parameter has identified on
improving the design such as such as the high water uptake, good vapour transport, good
heat and mass transfer, no heat loss and low energy regeneration. In considering on
harnessing the availability of solar power, this will alleviate the energy required for
desorption/regeneration process. Previously, most of the closed thermochemical storage
systems that have been investigating were mainly using solar thermal as the heat source
for the regeneration/desorption process. Most these applications were focused on cooling
for buildings (Wang et al., 2008; Ogueke & Anyanwu, 2008; Louajari et al., 2011; Hassan &
Mohamad, 2013; Alam et al., 2013). Using solar thermal as regeneration energy might be
beneficial to hot climate countries. However, it may be difficult to realise in cold climate
countries with lower solar energy availability. Therefore, using the heat pump as a heat
source may become more economical to be adopted in cold climate countries. Many
researchers have been taking effort investigating the integration of sorption storage system
with heat pump (Banker et al., 2008; Banker et al., 2009; Cyklis 2014). However, a major
disadvantage of this system is that the mechanical and adsorption segments have largely
varied the cycle time. The mechanical compressor has a cycle time of a few milliseconds,

while, the adsorption segment requires several minutes to complete a cycle of the
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compression process. Hence, sufficiently large adsorbers will be necessary to ensure that
the mass flow rate through each of the compressor is simultaneous. Therefore, this
limitation will lead into a more detailed investigation for more efficient heat storage. More
importantly, compactness of system design will result in more economical and feasible to

adopted in residential housing.

Objective

In the literature review, most studies in the field of thermochemical adsorption systems
focussed on the application of air-conditioning, refrigeration, and ice-making systems. The
experimental investigation of THSS is still minimal or difficult to find in the literature.
Therefore, the aim of this chapter is to investigate the performance of a domestic-scale
THSS prototype that could utilise for space heating or hot water systems in the buildings.
This investigation also implicates of analysing the performance of using the heat pump as
a heat source on desorption period. Other than that, to minimise the electrical consumption
for the heat-pump, low-grade energy was used as a heat source on the evaporator side.
This alternative will simplify the concept of ground source heat-pump which commonly
available in the market. Although substantial studies have carried involving a close
Thermochemical heat storage system, however, using the heat pump as a heat source for
the desorption process as yet to be discovered. More importantly, the most efficient
Thermochemical heat storage design is vital to retain the heat stored in the systems and
utilising it in the next cycle. Therefore, in this study several design option discussed in

considering the factors that affected the performance of the systems.

8.2 Experimental set-up

The initial arrangement of a domestic-scale THSS shown in Figure 8.1. As can be seen

that, the THSS was constructed in a vertical arrangement. This structure is similar to the
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small-scale prototype. However, the evaporator section is located at the top of the
adsorbent pipe, whereas, the small-scale THSS the evaporator was at the bottom. The
current configuration was different due to the weight of adsorbent bed was 50% higher than
the evaporator section which required additional structure if the condenser section was on
the top. Other than that, this THSS has also incorporated with heat transfer fluid (HTF)
using water inside both sections which make the current configuration can be manufactured
easily. The adsorption section filled with 10kg of vermiculite+CaCl, and in evaporation
section filled with 5kg water to create a 1:2 mass ratio. The weight was estimated to meet

the demand of hot water boiler on typical diurnal of 24kW.

Bleed Valve Water Tank

-~ Heaters

Evaporator
Section

% w
aeui . O
5

Vacuum_

Pump X_'

Controller

| 10°C set-point

| N : —

= * Cold water system

Adsorbent =,
Section -

Heat Pump

; a Vent
Heat Pipe Hot water system

(pressurised at 2 bar)

Figure 8.1: Initial Arrangement of the Heat Pipe Assembly for Testing
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The main structures & operations of THSS describes as follows;

Vi.

Vii.

viii.

The water tank simulates as a low-grade heat source (ground source) for the
evaporator section.

Pipe arrangements through both evaporator and adsorbent sides of the THSS are
connected in parallel to optimise flow rate of HTF (heat transfer fluid).

On desorption/charging cycle, the heat pump provides a heat source via an HTF
across the heat-pipe, which is designed to allow the adsorbent in the adsorbent
section to dissociate Vermiculite +CaCl, and water vapour.

The water vapour was condensed at the low temperature inside evaporator section.
The ball valve on the heat pipe remains open during this operation.

Between charging and discharging the ball valve on the heat pipe is closed to protect
the adsorbent material from any contact with water.

During discharge of the system, the heat pump is turned off, and the temperature
difference between the hot water and the cold water systems is allowed to reduce
to zero. The ball valve on the heat pipe opened.

Water vapour from the evaporator section is allowed to move into the adsorbent
section where it will react with the dry adsorbent material to generate heat. This heat
will increase the temperature of the water in the hot water system that can be
monitored via a data logger.

Both hot and cold water systems filled with water/33% glycol mix to minimise

freezing inside the pipe.

8.2.1 Construction of THSS

The assembly design of the heat pipe shown Figure 8.2 below. As can be seen that, the

adsorbent and water cartridge arranged in hexagonally for easy fitting inside the evaporator
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and adsorbent section. The heat pipe system was constructed in stainless steel. The full
construction of THSS is shown in Figure 8.3 & Figure 8.4. As can be seen in Figure 8.3, the
THSS is integrated with the heat-pump circuit and a low-grade temperature heat source to
simulate as a ground heat source temperature for the heat-pump. Other than that, a load
(in the form of a car radiator) was added to the hot water system to ensure that the heat
pump would operate constantly. A 3kW inline Willis heater was also added to the hot water

circuit.

Evaporator
Cartridge

Evaporator Section \

{ Vacuum Outlet

Ball Va'uv'ej

Hexagonal
arrangement
of modulesin
evaporator
and
adsorption
sections

' Vacuum Outlet |

Adsorption Section

Adsorbent
Cartridae

Section

Figure 8.2: THSS Design
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Figure 8.3: Constructed THSS System
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Figure 8.4: Heat pipe section of constructed THSS
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8.2.2 Construction of Adsorbent & Evaporator cartridge

Figure 8.5 exhibits the adsorption section of the heat-pipe. As can be seen that, seven
number of pipe was extruded outside of the adsorption section to ease the connection with
the heat-pump circuits. Other than that, a K-type thermocouple was inserted into the pipe
before the full assembly taken place. The evaporator section has a similar construction with
the adsorbent section. However, the size of evaporator section is approximately half of the
adsorption section. Figure 8.6 illustrates the adsorbent cartridge construction using a
copper wire and aluminium wick similar with the small-scale prototype THSS. This
construction and the material was choosing to enhance the heat and mass transfer in the
systems. Other than that, evaporator sections in Figure 8.7 & Figure 8.8 showed that this
section has similar construction with the adsorption section, whereas, the evaporator
section cartridge using a cotton wool to ease the evaporation process. As mentioned in the
experimental set-up the cartridge was arranged hexagonally. Hence, Figure 8.9 indicates
the arrangement of cartridges inside the evaporator sections. Both sections were insulated

before connected with a ball valve as shown in Figure 8.10 & Figure 8.11.

N

il
e

Figure 8.5: Adsorption section
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Figure 8.7: Water cartridge for the evaporator section

Figure 8.8: Cotton wool installed in water cartridge in evaporator section
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Figure 8.10: Side view of adsorbent section (Fully insulated)
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Figure 8.11: Ball valve connecting both sections

8.2.3 Thermocouple Type and Position

A K-type thermocouple used for this THSS and Figure 8.12 illustrates the thermocouple
position for each section. The thermocouples were inserted at 156mm from top and bottom

of the flanges to ensure the temperatures inside both adsorption and evaporator section

was monitored through the data logger.

156mm

156mm

Figure 8.12: Cross section of Thermocouples position
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8.2.4 Heat Pump

The heat pump used in this THSS is the Kensa Shoebox 3kW, which operates on a single
compressor using R134a with a maximum delivered water temperature of 65°C. This
temperature is considered sufficient for desorption process for vermiculite+CacCl; based on
the experimental result for small-scale THSS. Other than that, to overcome with the
automatic cut-off operation with the heat-pump, the THSS was installed with a 3kW in-line

heater to maintained the hot water temperature during desorption.

Figure 8.13: 3kW Kensa Heat Pump
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8.3 Analysis equations

The equations used for analysing the experimental results are given as below;

8.3.1 Adsorption process

Thermal energy release in adsorption pipe can be calculated as below equation;

Qruss = Ms 'Cps - AT (8.1)
8.3.2 Desorption process

The heat source for desorption process gained from the heat-pump. Hence, the heat gained
from heat-pump is calculate using similar formulae in the mathematical modelling as depicts

below;
Qnp = ™(hy_ h3) (8.2)
8.3.3 Performance

The COP of THSS circuit at any time (t) instant calculated as;

Q (t
COPryss = LHE0 (8:3)

8.4 Experimental result and discussions
8.4.1 Initial trial issues and piping modification

A few trial has been conducted and found that the heat transfer from the water pipe to the
adsorbent material is weak, and affected the desorption process. The disassociation of
water particle from the hydrated adsorbent material was unsuccessful. This affected the
adsorption process in the next cycle, where it was also found that there a no temperature

different in the adsorption section. Hence, modifications were made to the heat pipe system
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to improve the performance for desorption. The piping through the adsorbent and
evaporator sections modified to a serial arrangement. This will reduce the flow rate of the
hot water through the adsorbent section and gave a longer path for the heat transfer. Other
than that, as the heat pump operates with automatic shut-off control systems, the heat-
pump was found to stops in the middle of desorption process. Hence, this will affect the
performance during desorption. Therefore, a heating load (in the form of a car radiator) was
added to the hot water system to ensure that the heat pump would operate over a longer
period and maintained a constant temperature. The revised arrangement is shown in Figure
8.14 and the thermocouple position illustrated in Figure 8.15. Table 8.1 indicates the

thermocouples number and descriptions.

Bleed Valve | Water Tank

i ' | Heaters
Evaporator : | ‘
Section ! ;
% % il |
To O : : Flow Control
V;ac:uumX_I Z’_I / ' Valve Controller
Pump ! . 10°C set-point
i > —m
' N Cold water system
Adsorbent; ;
Section -
| Heat Pump
Il

______________

Heat Pipe

Load

Hot water system
(pressurised at 2 bar)

Figure 8.14: Revised Heat Pipe Arrangement
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Figure 8.15: Final Schematic Arrangement for the THSS & Thermocouples position

Table 8.1: Thermocouple position and descriptions

Number Descriptions

T1 Top of Evaporator section temperature

T2 Bottom of evaporator section temperature
T3 Top of adsorption section temperature

T4 Bottom of adsorption section temperature
T5 Inlet temperature of adsorbent section

T6 Outlet temperature of adsorbent section
T7 Inlet temperature of evaporator section

T8 Outlet temperature of evaporator section
T9 Inlet temperature of radiator

T10 Outlet temperature of radiator

T11 Inlet temperature of heat-pump evaporator
T12 Outlet temperature of heat-pump evaporator
T13 Water tank temperature

8.4.2 Overall performance

The system has shown improvement when tested using a new piping arrangement. At the

adsorption process, the temperature of the adsorbent material reached 57°C and the
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temperature in the evaporator reached at 13°C. The temperatures at various points in the
system during desorption showed in Table 8.2. The calculated overall performance of the
systems shown in Table 8.3. The calculated heat gained from the adsorption process is
1407.6 kJ/kg with a corresponding COP of 0.13. The overall performance of THSS
estimated based on the temperature lift from the adsorption and desorption process. Lower
COP calculated is due low-temperature lift during the adsorption process. Nevertheless,
this system has the heat storage capacity of 364 kWh/m? calculated based on the density

of VCC (175 kg/m?)(Aydin et al., 2015a).

Table 8.2: Steady-State Temperatures Monitored in the Pipe System during desorption

Temperatures (°C)
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11

Not
8.3-89 [11.9-14.1/60.3-62.1 |monitored [59.2-85.8 (64.2-66.4 (6.3-9.3 [3.4-4.0 [52.0-55.2 (40.6-52.7 (4.4-7.9

Table 8.3: Overall performance of Domestic-Scale THSS

DESCRIPTION Result
Maximum Adsorption Temperature (°C) 57
Qruss(kI/kg) 1407.6
Qruss(KWh/m?) 364
COP THSS 0.13
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8.5 Economic Analysis

A simple economic analysis and environmental analysis presented in this section, including
sensitivity analysis methods of net present value (NPV) and internal rate of return (IRR)
using Single Payment present worth factor (SPPWF). The equation for SPPWF shown as
below:

P =F[1/(1 + i)"n] (Apostolakis, 2007) (8.4)

The factor ﬁ in equation 8.4 is known as SPPWF, where (F) represent the future worth,

n is years, (P), Present worth at interest of ‘i’ (per year).

8.5.1 Impact on energy price with inflation rate of 7%

Before the estimation of running cost being analysed, the energy price increased calculated
by using the assumption of the inflation rate of 7% each year. The energy price in this
analysis is referring to DECC (2015) and E.ON (2015) websites as below tariff:

i.  Gas: 7.29p/kWh for the first 2680kWh per year and then 4.79p/kWh

ii.  Electricity: the day units: 24.64p/kWh for the first 900kWh per year and then

15.88p/kWh, night units: 7.12p/kWh

Figure 8.16 illustrates the impact of the inflation rate to the energy prices. It is clearly shown
that, in 20 years of time, the gas price increased 17p/kWh and the electricity price increased
60p/kWh. Hence, this price increased will use to analyse the economic viability of THSS in

the next 20 years.
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Figure 8.16: Energy Price with inflation rate of 7%

8.5.2 Capital and Running Cost for THSS

The estimation of capital cost for the THSS listed in Table 8.4. The basis for estimating this
capital cost is using the construction cost of the THSS and other auxiliary equipment
included in the whole system such as heat pump and in-line heater. The capital cost also
included the labour cost and other cost incurred in real commercialise item such as VAT
(value added tax of 20%). Hence, with 50% estimated in the reduction of mass production
of this system, the total capital cost will be £5,217.10. The running cost for conventional

systems based on a 24kW boiler and Table 8.5 listed all input parameter for the calculations.
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Table 8.4: Capital Cost for THSS systems

Equipment £

THSS 4,000.00 (ETL Ltd, 2014)
Thermochemical material

(Vermiculite +CaCly) 443.00 (Aydin et al., 2015b)
Piping 300.00 (Ding, 2013)

3kW Willis heater 42.00 (Willis, 2015)

3kW Heat pump 2,950.00 (Kensa Heat Pump, 2015)
water tank 185.93 (Ding, 2013)
radiator 105.38 (Ding, 2013)

Total Cost exclude VAT & labour 8,026.31

Labour (10% of total) 802.63

VAT (20%) 1,605.26

Total 10,434.2

50% of mass production 5,217.10

Table 8.5: List of input parameters for THSS

Input parameters Value Units
Capital Cost 5217.10 £
Gas and electricity inflation 7 (Carbon, 2014) %
rate

Annual market discount rate 8 (Wu, 2014) %

The estimations of running cost and Net Present Value (NPV) of THSS indicates Appendix
F-1, the initial operation and maintenance (O&M) cost of £300 and annual growth of 3%.
Other than that, it was assumed that the running cost incurred from the consumption of 3kW
heat pump for desorption process at night—time. In this table, it can be seen that the annual
running cost for THSS are £546 and gives the NPV of £-13,458.02 in 20 years of lifespans.
The NPV is the present value of investment by the discounted sum of all cash flows received
from the project. Therefore, the negative value indicates that the amount of money spends
for the project. Furthermore, sensitivity analysis methods of the net present value (NPV)
and internal rate of return (IRR) are introduced to evaluate this proposed novel system. Both

NPV and IRR are primarily used in capital budgeting for companies to determine whether a
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new investment or expansion opportunity is valuable. Hence, with the investment prospect,
any company need to make a decision whether the investment will generate net economic

profits or losses for the company regarding NPV and IRR.

8.5.3 Payback period, saving and IRR

From the estimation of the running cost spends on THSS saving, the payback period of the
THSS can be calculated. This result shows that this THSS will pay for itself in approximately
7.5 years (see Figure 8.17). The 20 years of NPV are £13,458.46 (Appendix F-2) with the
internal rate of return of 15.25% (see Table 8.6). This value of IRR is higher than the
required rate of return (annual market discount rate, 8%), which means this system is viable

to be employ in term of 20 years’ system lifespan.
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Figure 8.17: THSS spend, saved and payback period
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Table 8.6: Discount rate of THSS

For Present Value
Discount rate 15.25% calculations
IRR is the discount rate that produces a Present Value of zero
20 year IRR for THSS

THSS Spend Total Present
Present Value | THSS- Present Value Value
-£13,458.02 £13,458.46 £0

8.6 Environmental analysis

The UK has targeted to reduce carbon dioxide (CO2) emissions by 80% below 1990 levels
by 2050 (Department of Climate Change, 2015). Hence, to realise this in the future, more
low-carbon technology needed to be employ. The THSS integrated with a ground heat
source and operated at the off-peak period will reduce the energy consumption of a
conventional boiler and hence reduce the CO: emission. The analysis for emission
reduction was based on the UK Guidelines and reports on employing low carbon technology
(Carbon, 2014). The emission factor used in this analysis are according to below equations;

Carbon Dioxide Emission (kg - CO,/year) = Electricity (kWh/year) x 0.517 (8.5)

Carbon Dioxide Emission (kg - CO,/year) = Gas (kWh/year) x 0.185 (8.6)

Figure 8.18 exhibit the cumulative emissions of THSS and Boiler in the next 20 years. From
these results, it can be seen that the boiler has higher Tonnes of CO, emissions compared
to that of THSS, which are 5648.95 tonnes CO;-e and 3728.21 tonnes COz-e respectively.
With the result of this, the emission will reduce 34% in 20 years of lifespans of the THSS.
The reduction of emission can be improved more if the heat-pump consumption is reduced

by using ground heat source which required lower energy (GSHP, 2016).
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Figure 8.18: Cumulative GHG emission for THSS and Boiler in 20 years of lifespan

8.7 Conclusions of the Chapter

In this chapter, the build-up and experimental of a domestic-scale THSS analysed and
discussed. The domestic-scale THSS has shown that a temperature lift from the adsorption
process is 57°C from the initial temperature of 11°C. This result showed that the domestic-
scale THSS has potential temperature uplift appropriate for heating purposes in the building.
However, limitation occurred during the desorption which the disassociation of water particle
from the hydrated composite material was not up to satisfactory level. Hence, more
improvement needed to be entail to overcome this limitation. Nevertheless, the analysis
was carried out based on the temperature lift and the usage of a heat pump during

desorption. Therefore, by using this basis, the energy storage per unit volume calculated is
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364kWh/m? with a corresponding COP of 0.13. The economic analysis has shown that this
THSS could receive its payback in 7.5 years with IRR (Internal rate of return) of 15.25%
This payback range is below ten years indicating that this system is viable to be employed
in the future. Other than that, from the emissions analysis results has shown that the CO-
emission of this systems is 3728.21 tonnes CO:* in 20 years of its lifespans. Hence, with
this will give the reduction of emissions of 34% up to the end of life of the systems. The
emission can be further reduced if the systems integrate with a ground source heat pump,
which consumes lesser energy compared to the conventional heat pump systems.
Furthermore, an actual installation of THSS system in a new or retrofit household shall be

more realistic and added reliable data in THSS research.
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9. CONCLUSIONS AND FURTHER WORKS

9.1 Introduction

Thermochemical Heat Storage System has received significant interest in the last few
decades to overcome the problems with high demand for cooling and heating in buildings.
Furthermore, with these systems will promote more low-carbon technology to be adopted
for a better environment. This thesis investigates experimentally and theoretically the
potential of the different type of thermochemical materials, a small-scale Thermochemical
Heat Storage Systems, a small-scale Solar Heat Storage collector and finally a domestic-

scale Thermochemical Heat Storage System.

9.2 Main conclusion

In this section, the principal finding of each chapter and key points conclude the research

contributions.

9.2.1 Literature Review (Chapter 2)

A detailed review concerning the Thermochemical Energy Storage technology
developments and possible thermochemical materials that were currently investigated by
researchers were discussed in Chapter 2. Findings from literature review showed that new
composite materials are known as ‘salt inside matrix' have high heat storage capacity,
improve heat and mass transfer of chemical adsorbents, increase adsorption quantity, low
desorption temperature and environmentally friendly. Most potential working pairs are of
using the host matrix of silica gel, vermiculite and metal chlorides due to their potentials
properties as mentioned before. Furthermore, the reviewed of mathematical simplification

has found that most of the researchers employing the lumped parameter model due to its
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most explicit and easy to integrate with any numerical software. Other than that, to
overcome with low heat and mass transfer (HAM) in THSS, the researcher used the method

of embedding the adsorbent material in the heat exchanger fins to enhance the HAM.

9.2.2 Thermochemical Material Screening, Synthesizing and Optimization (Chapter

4)

Most potential TCMs were selected for screening, synthesize, and optimize in Chapter 4.
From adsorption test of using horizontal glass and metal rig, it was found that Silica
Gel+CacCl; has the highest temperature uplift of 72.70°C compared molecular Sieve+CacCl;
and Vermiculite +CaCl, which is 68.20°C and 67.25°C respectively. Continuity from the
horizontal rig, another test has conducted using a vertical glass and metal rig. The different
between the horizontal rig and the vertical rig was the installation of heat source at the
adsorption pipe to use in desorption process. From these two configurations, the results
showed that pressure loss were insignificant in vertical rig. Furthermore, the temperature
increase during the adsorption process without repeating the vacuum pump. Two working
pairs were selected for these experiments based on the temperature lift from the horizontal
rig. The working pair consists of silica gel+CaClz/water and Vermiculite+CaClz/water. From
this test, vermiculite+CaCl, has chosen as the potential candidate for THSS due to high-
temperature lift of increased from initial of 21.46 to 48.36°C. Other than that, the temperature
drop is lower compared to that of the silica gel+CaCl,. Through the microscopic
investigations of Environmental Scanning Electrometry Microscopic (ESEM) and Scanning
Electrometry Microscopic (SEM) has found that, the TCM of using a host matrix of silica gel
showing a rupturing after the hydrating process. However, no significant changes in the
structure of host matrix of Vermiculite. Other than that, the host matrix of vermiculite showed
larger pores compared to silica gel. Hence, the ESEM and SEM results suggested that the

host matrix vermiculite has a strong structure when exposed to high temperature, and larger
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pores will give an advantage on absorbing water for adsorption process. This result was
defended by another investigation on pore size distribution and pore volume through
Mercury Intrusion Porosimetry (MIP). From this survey, it was found that Vermiculite has a
considerably large pore volume and large nominal pore size of 4.12cm®g and 4.0um
respectively. Other than that, from differential scanning calorimetry (DSC) had shown that

vermiculite +CacCl; has a higher heat storage capacity (374 KJ/kg) compared to silica gel.

9.2.3 Performance investigation of Thermochemical Heat Storage Systems (THSS)
with different type of heat source (electric, heat pump circuit using different

refrigerant gases of R134a and R1234yf & solar thermal) (Chapter 5)

Numerical analysis has conducted to investigates the performance of THSS using a
different kind of heat source for desorption which consisting of an electrical clamp heater, a
heat pump circuits and solar thermal. Four influence factors have included in the analysis
involve the heating temperature, change of mass of adsorbent material, desorption time
and solar collector area. From these simulations, Qads 0f heat-pump circuit was higher than
that of using the electric clamp. The Qads Of using heat-pump circuit of ranges from 0.0009
to 1.18 kW and Qads Of using electric clamp ranges from 0.02 to 0.38 kW. The COP of using
heat-pump circuit of R1234yf was higher than that of the electric clamp and solar thermal.

This COP ranges from 0.05 to 9.4.

9.2.4 Build up and experimental testing of a small-scale THSS (Chapter 6)

A small-scale THSS has built and tested for its performance in term of energy storage
density and COP. The build-up was based on the experimental in Chapter 3 and numerical
analysis from Chapter 5 of using Vermiculite+CaCl, and R134a for adsorption and
desorption process. The influence factor used based on the weight ratio between
Thermochemical material and water. The weight ratio used is 1:1 and 1:2. From this analysis

it was found the weight ratio of 1:2 has higher temperature lift of 57.20°C to 71.10°C with
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calculated heating storage capacity of 281kWh/m? to 474kWh/m?* and corresponding COP
of 0.53 to 1.34. Despite limitation to a small-scale, the result has shown that this TCM has
the potential to be employ for THSS. Furthermore, the R134a circuit build-up using the

smallest compressor that hitherto hardly found in the literature.

9.2.5 Performance investigation of Solar Heat Storage Systems (SHSS) (Chapter 7)

Another investigation involving a solar thermal energy incorporated with thermochemical
heat storage has conducted numerically and experimentally. Two design options consist of
air-to-air heat exchange and air to water heat exchange have numerically investigated.
From the numerical results of Option 1, it was found that with a constant mass flow rate of
0.07kg/s, 5m? of the solar collector area, and solar intensities () of 0.5kW/m? efficiently
would generate a heat storage for 100m? house with a heating temperature of 42°C. The
simulation results of Option 2 suggested that with air mass flow rate of (m,=0.07 kg/s) &
water mass flowrate (m,,= 0.3 kg/s) & 10 kg of adsorbent material will sufficient to heat
100m? house with fan-coil temperature of 41°C. Other than that, the optimum time for
discharge would be in the range of 5 hours. According to the experimental results 79.95 Wh
thermal energy was achieved using 0.026m? of absorbent corresponding to 3075 Wh/m?
energy storage density. In 2hr of desorption cycle, nearly 50% of moisture was
disassaociated from the hydrated composite materials. Thus, this experiment indicates that
the composite material can be 50% dehydrate with an average of 850W/m? solar intensities.
Despite of limitation on a single evacuated tube used in the experiments, this SHSC proved
the potential on harnessing the solar thermal energy integrated with thermochemical energy

storage.
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9.2.6 Domestic-scale prototype of THSS: building up, experimental investigation,

economic & environmental analysis (Chapter 8)

Lastly, in this investigation, a domestic-scale of THSS was built and tested for its
performance in terms of energy storage per unit volume and COP. Using a basis of a
household diurnal of 24kW and 10kg of TCM (Vermiculite+CaCl,), 57°C the temperature
from adsorption process achieved. With the result of this, the heat storage per unit volume
calculated is 364kwh/m?® with a corresponding COP of 1.2. Economic & environmental
analysis has also investigated on this domestic scale prototype by using the inflation rate of
7% on energy price, and Single Payment present worth factor (SPPWF) method. The THSS
will pay for itself in approximately 7.5 years with NPV (net present value) of £13,458.46 and
the internal rate of return are 15.25%. The environmental analysis has found that 3728.21

tonnes CO; will reduce in 20 years of its lifespans.

9.3 Further Works

This thesis presented research efforts towards the investigation of a novel Thermochemical
Heat Storage system, and it considered as a strong foundation for further work. The

following is a list of the suggested future work;

e This thesis has presented Thermochemical Material Screening, Synthesizing, and
Optimization. In this study, more works need to be entailed to investigate the kinetic
behaviour of a novel Vermiculite+CaCl, as it was limited to find in the literature.
Moreover, the measurement of water sorption was carried out by measuring weight
before and after experiments by dismantling the whole systems. This method may
affect the accuracy of water sorption measurements. Hence, more accurate method
of the synthesising need to be entailed such as using a high accuracy machine such
as Rubotherm magnetic suspension balance. The kinetic behaviour such as vapour

pressure and water sorption can be measure without interfering with the prepared
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sample. Moreover, to validate the heating temperature effect, more testing is
required to validate against the numerical results.

e This thesis has presented the small-scale of THSS investigation, and further works
are needed to have more detailed research data. The small-scale of THSS need to
be reconstructed with heat-source pipe inside the adsorption section to avoid
temperature loss at adsorption and desorption test. Furthermore, a method of
measuring a vapour transport required to be entail to ensure the effectiveness of
adsorption and desorption process.

e Similar works need to carry out in the domestic-scale of THSS system as limitation
occurs on low vapour transport in the systems. Two options have recommended to

overcome this problem were as follow:

= Option 1

Due to lack of disassociation of water vapour from hydrated TCM material,
some further works need to investigate. One other possible piping
arrangement option is to make the both section in serial connecting via a ball
valve (see Figure 9.1). Other than that to overcome with low vapour transport
in the THSS, an internal fan will install in the adsorption section during the
construction of the system. This will create a force convection inside the
heat-pipe and hence will improve mass transfer in the system. However, any
leakage from the installation needs to be avoided to ensure that the system

is perfect vacuum during the operations.
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Ball Valve

Internal Fan

Adsorbent Section Evaporator Section

t Ball Valve

Figure 9.1: Proposed Modification to Heat Pipe, Circulate Water Vapour
through Evaporator during desorption

= Option 2

Option 2 is by rearranging the adsorption section to be at the top of
evaporator section (see Figure 9.2). This arrangement is similar with the
small — scale THSS discussed in Chapter 6. As the water vapour technically
lighter than air, hence, the vapour will condense easier in the evaporator
section when it is saturated. Chapter 3 of this thesis has proved that 0.55%
of water disassociated from the hydrated TCM materials by using this
arrangement. If the hydrated TCM is effective or at least 80% of water
disassociated, this will improve the THSS cyclic operating conditions. Hence,
more reaction will occur in the next cycle of adsorption process and more

temperature uplift in the systems.

M.W. Norhayati, 2016 310



Conclusions and Further Works Chapter 9, PhD Thesis

Adsorbent
section

Ball Valve

Water
section

Figure 9.2: Option 2 piping arrangement
e Other than that, a heat exchanger and a fan-coil need to be included to investigate
the effectiveness of heat transfer to the building. Additionally, an integration of THSS
with dehumidification systems such as thermoelectric cooler (TEC) proposed by
Jiang (2014) will optimise the cooling temperature receive from the evaporator
section. Furthermore, a domestic-scale system required to build in the actual
household to realise the performance of Thermochemical Heat Storage systems on

optimising the supply and demands of heating in the buildings.
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APPENDICES

Al: Photographs of experimental apparatus
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Figure A-1: A photo is showing a Horizontal Metal and Glass Rig for the adsorption test.
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Figure A-2: Differential Scanning Calorimeter (DSC TA Q10) for measurement of specific heat
of the specimen
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Figure A-3: Greatcool Miniature Compressor

Figure A-4: Vacuum Pump used in Chapter 6
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Figure A-5: Data Taker DT500 used in Chapter 6

Figure A-7: Refrigerant receiver, AIRMENDER, capacity of 1.5 litres
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Figure A-9: Sight Glass

Appendix B: Calculation on Sample volume (MIP) for Chapter 3

Penetrometer + sample (g) = 60.8605

Sample (g) =0.3832

Penetrometer +sample +Hg (g) =139.9389

Mass of mercury = 139.9389 g-60.8605 g=79.0784¢g

Hence = V = m/p = 79.0784/13.8340=5.8429 mL

Bulk sample volume = 6.62599-5.8429g=0.783mL

Bulk density = bulk mass/bulk volume = 0.3832/0.783=0.489g/cc
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Appendix C: Compressor Specifications for Chapter 6

1. Specification

1.1 Basic parameters

Compressor Type

Hermetic rotary compressor motor

Use refrigerant R134a
Lubricating oil * 0il amount (ml) FPOE 68 « 40ml
The total mass ( including oil ) T00

Excluded volume

1. 9cem’ /rev

Motor Type Brushless DC Motor
Speed range 1800—-6000rpm
Voltage DC 24V

Current Range Max 12A

1.2 Performance

Test conditions for air conditioning
Category
3000r pm 3600r pm 4500rpm 5100rpm

Refriserating 245 305 375 425
capacity (W)

The input power 85 100 120 135

(W)
COP (W/W) 2.90 3.06 3.10 3.156

Appendix D: Specification of Rotary Vane Vacuum Pumps (Source: http://www.coleparmer.co.uk)

for Chapter 6

Specifications
Free air capacity
Max vacuum
Dimensions
Power (VAC/Hz)
Hp

Brand

Product Type

6.1 (173) cfm (L/min)
1x10*(1.3 x 10™) Torr (mbar)
19 3/8"L x 6 %2"W x 9 %"H
115/230 (50/60)

0.5

Cole-Palmer

Rotary Vane Vacuum Pumps
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Appendix E: 3kW Heat Pump Specification (Kensa Heat Pump, 2015) for Chapter 6

Phase Single
Nominal thermal kW rating 3

Power consumption 0.8kW
Co-efficient of Performance* 4.15

Max flow temperature °C 65

Electrical values at BO/W35

Rated voltage 220 - 240V / 50 - 60 Hz
Power supply rating amps 13

Rated current (max) amps 7

Typical running currently at 4

BO/W35 amps

Starting current amps 30

Acoustic performance 47dBA
Refrigerant circuit

Process medium R134a

Fill volume kg 0.7
Compressor type Reciprocal
Dimensions

HXW XL (mm) 530 x 475 x 370
Nominal weight kg 60
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Appendix F: Economic and Environmental Analysis

Table F-1: Estimate of THSS running cost and NPV

Note: THSS electric consumption when running =

kw (3 Kw heat pump)
Assumptions:
1 Operating cost growth= 3%)
2 Initial (O&M) cost= 300]
3 All currency in British pound
4 The heat pump run for the desorption at night time
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 1 1 1 1 1 1 1 1 1 1 1
Days| 31 8 31 30 31 30 31 31 30 31 30 31
Hours per day| 7 7 7 7 7 7 7 7 7 7 7 7 Total
Resultant hours| 217 19 217 210 217 210 217 217 210 217 210 217 2555
kwh| 651 588 651 630 651 630 651 651 630 651 630 651 7,665
Tonnes Co’-e 303.99 303.99 336.567 325710 336567 325710 336.567 336.567 325710 336,567 325.710 336.567 3,930.2 [Emitted
£/kwh (2015)(night) £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07 £0.07
Electricity Spend| ~ £4635 £41.87 £46.35 £44.86 £46.35 £44.86 £46.35 £46.35 £44.86 £46.35 £44.86 £46.35 £545.75|
Year, 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Capital cost (£)|  (5,217.00) - - - - - - - - - - - - - - - - - - - -
O&M cost(£) -£300 -£309 -£318 -£328 -£338 -£348 -£358 -£369 -£380) -£391 -£403 -£415 -£428 -£441 -£454 -£467 -£481) -£496) -£511 -£526
Electricity spend -£546 -£584] -£625 -£669 -£715 -£765 -£819 -£876) -£938 -£1,003 -£1,074] -£1,149 -£1,229 -£1,315 -£1,407 -£1,506 -£1,611 -£1,724 -£1,845 -£1,974] -£2,112
Total spend -£5,763) -£884) -£934) -£987) -£1,043) -£1,103 -£1,167) -£1,235) -£1,307) -£1,383) -£1,465) -£1,552, -£1,644] -£1,783 -£1,848] -£1,960) -£2,079 -£2,205] -£2,340) -£2,484) -£2,638,
Present Value using The SPPWF (Single Payment Present Worth Factor) Method |
Year 2015 2016 2017, 2018 2019 2020 2021 2022, 2023 2024) 2025 2026 2027, 2028 2029 2030) 2031 2032, 2033 2034 2035|
(n) Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20‘
Discount Rate (=i) 15%) 15%) 15%) 15% 15%) 15%) 15%) 15% 15%) 15%) 15%) 15%) 15% 15% 15% 15% 15%) 15% 15% 15%) 15%‘
(P/Fi%n) 1 0.868) 0753 0.653 0.567 0492 0427 0370 0321 0279 0242 0.210 0182 0.158 0137 0119 0103 0,090 0.078 0.067 0.059
Future Value in £| -£5,763) $883.95]  -9933.83]  -$986.83| -51,043.18] -$1,103.09 -$1,166.80]  -$1,306.66) 51730666 -$1,38337]  -$1,465.00  -$1,551.89 -51,644.40 $1,74290]  51847.79]  -$1959.51  -52,07853]  -92,20533]  -$2,340.45| 5248444  -$2,637.92
Present value in £|  -$5,762.75 -$767.02 $703.11 -$644.73 -$591.39 -$542.63| -$498.041 -5483.96| -$419.94) -$385.78] -$354.50] -$325.85| -$299‘60| -5275.541 -5253.48| -$233.25 -5214.69 -5197.65| -9182.01] -$167.65 -$154.46
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Table F-2: Estimate of THSS saving cost and NPV

heating demand kw

Assumptions:
Winter : 3 hour peak + 5 hours off peak
Summer : 3 hours peak +3 hours off peak

AN FEB MAR APR MAY JuN Jouc AUG SEP oct NoV DEC

Total days 31 28 31 30, 3 30 31 31 30 3 30 31

Peak hours 9% 84 9% 90| 9% 90| 9% %3 90| 9% 90, 9%

Off Peak hours 155 140 155 150 9% 90| 9 93 90| 155 150 155
Total hours 279 53] 28 20| 186 180 186 186 180 28 20 9 2734

kWh generated peak 2,232 2,016 2,23 2,160 2,232 2,160 2,232 2,232 2,160 2,232 2,160 2,232

KWh generated off peak 3,720 3,360 3,720 3,600 2232 2,160 2232 2232 2,160 3,720 3,600 3720
Total kWh d 5952 5376 5952 5760) 4464 4320 4464 4464 4320 5952 5760 5952 62736

p/kWh (2015) - 464 464 464 464 464 464 464 4.64) 464 464 464 464  Total
Total Gas Saved £103.56 £9354]  £10356)  £10022|  £10356)  £100.22 £103.56 £10356 £10022]  £10356 £100.22 £103.56_
Year| 2015 2016 2007 2018 2019 2020 2021 02 203 2024 205 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
gassaved|  £121939]  £130475|  £1396.08]  £149381 £1508.37 £1710.26 £1820.98)  £1958.08]  £2005.14] £224180]  £2398.73]  £2,566.64 £2,746.30 £293855  £314424]  £336434]  £3599.84|  £385183] 412146 £4409.96]  £4718566

Present Value using The SPPWF (Single Payment Present Worth Factor) Method

Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034
(n) Year 0 1 2 3 4 5 6 7 8 9 10 11] 12 13| 14 15 16 17 18 19 20
Discount Rate (=i ), 15.25%) 15.25% 15.25%) 15.25%) 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25% 15.25%
(P/Fi%,n) 1 0.868 0.753] 0653 0.567, 0492 0.427, 0370 0.321] 0279 0.242 0210 0.182] 0.158 0137, 0.119 0.103 0.090 0.078 0.067 0.059)
Future Value in £ £1,219.39 £1,30475)  £1,396.08]  £1,493.81| £159837 £1,710.26 £1,829.98 £1,958.08 £2,095.14)  £2,241.80 £2,398.73]  £2,566.64 £2,746.30 £2,938.55] £3,144.24 £3,364.34)  £3599.84]  £3,851.83 £4,121.46]  £4,409.96 £4,718.66H
Present value in £ £1,219.39 £1,132.15)  £1,051.15 £975.95 £906.13 £841.30 £781.11 £725.23 £673.34 £625.17 £580.44 £538.92 £500.36 £464.56 £43133 £400.47 £371.82 £345.22 £320.52 £297.59 £27630 £13,458.46
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