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Foreword

The 18™ International Conference on Sustainable Energy Technologies was a significant
international academic event in the domain of world sustainable energy technologies with
a theme of ‘Sustainable Energy Towards the New Revolution’. The conference aimed to
provide a forum for the exchange of latest technical information, the dissemination of up-
to-date research results, and the presentation of major topics including sustainable
energy, low carbon technologies, eco-cities, energy security and environmental policy.

Held from August 20t - 22" 2019 in Kuala Lumpur, Malaysia, the conference was a
collaboration between the World Society of Sustainable Energy Technologies (WSSET), the
Universiti Sains Malaysia and University of Nottingham. World-renowned experts and
scholars in the area, representatives of prominent enterprises and universities attended
to discuss new developments and achievements in the field, as well as promoting academic
exchange, application of scientific results, university-industry collaboration and
government-industry collaboration.

The papers contained in these proceedings focus on topics such as Energy Storage for the
Age of Renewables; Research, Innovation and Commercialisation in Sustainable Energy
Technologies; Integrating Planning & Policy, Architecture, Engineering & Economics;
Energy and Environment; Engineering Thermo-physics; and Systemic Change for Cities.

About 230 delegates from 30 countries attended SET2019; nearly 400 abstracts were
received and 190 papers have been published in the conference proceedings. The
proceedings have therefore been divided into three volumes. I hope you enjoy as much
as I did the breadth of work you will find in these proceedings.

We would like to thank all participating authors for their contributions to both the
conference and to the publishing of this book. We are also indebted to our international
scientific committee for their advice and seemingly endless review of papers. We would
also like to thank unreservedly Celia Berry, Zeny Amante-Roberts, Dr Mardiana Idayu
Ahmad and Professor Dr Norli Ismail for their tireless efforts in making SET2019 one of
the most successful conferences we have held. Also a huge thanks to our sponsors First
Solar, PCM Products Ltd and Professor Terry Payne.

Professor Saffa Riffat

Chair in Sustainable Energy Technologies

President of the World Society of Sustainable Energy Technologies
Fellow of the European Academy of Sciences

SET 2019 Chairman
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The high cost of food waste treatment by the traditional method and the hygiene problems caused by the
accumulation make the reduction and energy regeneration of food waste locally necessary. In this paper, a
combined gasification and CHP unit using Stirling engine system is modelled and evaluated. The process is aimed
to treat the food waste from the canteen in the campus of Shanghai Jiao Tong University. After pre-treatment, the
water content of food waste from the canteens at SJTU is less than 17%. By establishing a steady-state chemical
reaction equilibrium model, the characteristics and yield of syngas from food waste through gasification process
are analysed. When the equivalence ratio of gasification is 0.294, the results show that CO accounts for 18.4%
and H2 accounts for 22.6% in syngas, and the higher heating value is 5.61 MJ/m®. The syngas is fed to a Stirling
engine for power generation. The Stirling engine has low requirements of feedstock and is suitable for distributed
waste to energy systems. By providing with 1175kg/d of food waste during peak days, the maximum energy output
of the system is 131.7kW, and the overall efficiency of the system is N, =44.5% . with 21.6kW electricity and

110.1kW heat in hot water.

Keywords: food waste; gasification; Stirling engine; syngas



1. INTRODUCTION

Approximately 8 tonnes of food waste were generated at Shanghai Jiao Tong University (SJTU). The amount of
food waste is expected to further increase in future. Food waste has been transported to landfill and deposited after
drying at campus. When buried in landfill, food waste decomposes to form methane, a greenhouse gas, and
leachate that is harmful to land.

Comparing the anaerobic digestion (AD) process with gasification, the latter can deal with indigestible cellulose
and lignin which cannot be completed digested in AD, so the remaining waste will be less. Gasification also has
the advantage of faster processing speeds and smaller equipment size. Compared with incineration processes,
the gasification process can significantly decrease the emission of CO2 and NOx.

Compared with ICE, the Stirling engine has an independent combustion chamber, the cylinder structure is relatively
simple, and fuel with low calorific value and high impurity content can be used, which is less affected by tar and
carbon deposition. The amount of air and fuel mixture can be controlled more accurately, so emissions from
incomplete combustion will be greatly reduced. For a system of 1.5 MW biomass chemical energy, the electric
power ranges from 20.57 kW to 103.40 kW and heat power ranges from 1128.54 to 880.27 kW in a self-sufficient,
biomass based district heating system integrated with a Stirling engine and biomass gasification (Skorek-
Osikowska, 2017).

In this paper, a Stirling engine is driven by an auto-thermal gasifier, and the dried food waste from canteens at
SJTU was used as the feedstock of gasification. Syngas produced from gasification was predicted using a 0-D
kinetic model. A Chemkin model was used to predict the combustion of syngas. The performance of the Stirling
engine and the power generation and heat recovery from the whole system was discussed.

2. SYSTEM DESCRIPTION

An integrated gasification and Stirling engine system is depicted in Figure 1. The system is composed of two main
subsystems in which a Stirling engine is driven by an auto-thermal gasifier. The food waste is fed to the gasifier
after smashing and drying. Syngas produced by the gasifier flows through a gas-to-water heat exchanger to heat
water. After dust elimination by a cyclone, syngas is burned in a combustion chamber. The exhaust gas drives the
Stirling engine to generate power, and the cooling fluid also produces heat through a water-to-water heat exchanger
HE-2. The exhaust gas at the outlet of the Stirling engine has a high temperature, and the rest heat is collected
through the gas-to-water heat exchanger HE-3. The exhaust gas is discharged into the atmosphere after post-
treatment. The production of the whole system is electricity, hot water, exhaust gas and a small number of ash.
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Figure 1: An integrated gasification and Stirling engine system



3. MATERIALS AND METHODS
3.1. Feedstock

The dried food waste from Shanghai Jiao Tong University is fed into the gasifier. The analysis of feedstock is shown
in Table 1.

Table 1: Analysis of feedstock

Parameters Value

C (wt %) 50.65

H (wt %) 8.18

O (wt %) 35.03

N (wt %) 2.34

S (wt %) 0.20
Moisture (wt %) 17
Ash (wt %) 7.8

Chemical composition CH1.938005187

Equation 1: (Channiwala, 2002)

HHV, =0.3491F. —1.1783F;, —0.1034£;, —0.0151F}, +0.1005F5 —0.0211F,

Where:
. HHVf = higher heating value of feedstock, MJ/kg
For Fypn Fopo Fyn Fon F, : the mass fraction of element C, H. O. N. S and ash
3.2. Gasifier

Since the content of other elements except C, H, and O is extremely small, the influence of other elements is
ignored, and the reaction of nitrogen is not considered. The chemical reaction equation can be expressed as
follows:

Equation 2: (Sharma Shweta, 2016)

CH, O, +m(0,+3.76N, )+WH20—)1’IHZH2 +n,0CO+ng, CO, +ny, , H,O+ng; CH, +3.76mN,

The performance of gasification is cold gas efficiency, which can be calculated as follows:

E ti 3 77 Vs‘HHVv
quation o cG = e ——C—
mHHV, +Q,
Where:
- V; = volume flow rate of syngas, Nm3/s

- mj = mass flow rate of feedstock, kg/s
HHV;= higher heating value of syngas, MJ/Nm?
. HHVf = higher heating value of feedstock, Ml/kg

- Q, = other heat flux into the gasification, i.e. hot air, steam and solar



3.3. Combustion chamber

The simulations of adiabatic combustion temperature in the combustion chamber were carried out using the
premixed laminar burner-stabilized flame reactor module in the Chemkin Pro Package (Smith et al).

Equation 4: fy = (Dfad

Where:

- ty = actual combustion temperature, °C

- tad= adiabatic combustion temperature, °C

- (p = combustion temperature correction factor

3.4. Stirling engine

The Stirling engine is driven by temperature difference. Electric power generated by the Stirling engine can be
calculated as:

Equation 5: Oy = nel,SEQS
Where:
Uel,SE = electricity efficiency of Stirling engine
Equation 6: 7761,.5‘E =-2- 1078 ATSEZ -5- 1075 ATS‘E +0.2921 (Bartela, 2017)
Where:

- AZ;E= degree of cooling of exhaust gas in Stirling engine, ¢
Heat recovered from the cooling fluid of Stirling engine can be calculate as:
Equation 7: QSE = nq,SEQS
Where:
- = heat recovery efficiency from Stirling engine
- Q= heat transferred to Stirling engine from exhaust gas, kW
Heat recovered from the whole system is:
Equation 8: Q: Q1 + QSE + Q3 1Y)
Where:

- Q1 = heat recovered from gas-to-water heat exchanger HE-1, kW

- QSE = heat recovered from Stirling engine, kW



- Q = heat recovered from gas-to-water heat exchanger HE-3, kW

4. RESULTS AND DISCUSSION
41. Syngas

The temperature of feedstock is 25°C and that of the inlet air is 28°C. This paper studies the effects of equivalence
ratio on food waste gasification. By simulation, the mole fractions of different components in the syngas are shown
in Figure 2. With an increase of the equivalence ratio (ER) from 0.07 to 0.4, the mole fraction of nitrogen increases
significantly from 25.1% to 49.4% 2. It is the main cause of the decrease of the higher heating value of syngas from
9.44 MJ/Nm?® to 4.64 MJ/ Nm3. The mole fraction of hydrogen increases when the equivalence ratio is low
(ER<0.15) and then decreases. The mole fraction of carbon monoxide mainly increases with the increases but
starts to decrease when the equivalence is over 0.36. The mole fraction of carbon maintains relatively constant
between 6.6% and 12.2%. The mole fraction of methane drops fast with the equivalence ratio increasing, and the
methane in syngas is near 0 when the equivalence ratio is over 0.38 (Figure 2).
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Figure 2: Mole fraction of syngas composition as a function of equivalence ratio of gasification

As the gasification is an exothermic reaction, the reaction temperature of gasification increases with the
equivalence ratio, which is shown in Figure 3. When the equivalence is over 0.37, the hydrogen production begins
to decrease with the increase of air inflow. Similarly, when the equivalence is over 0.39, the carbon monoxide
productions begins to decrease in the same time. As a result, the cold gas efficiency is in peak, reaching 83.9%,
when ER=0.37.
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Figure 3: Reaction temperature and cold gas efficiency as a function of equivalence ratio of gasification



3.1. Combustion chamber

The gas temperature at the inlet of the combustion chamber is 150°C. Assuming that the syngas is completely
burned in the combustion chamber and there is no heat dissipation, we can get the adiabatic combustion
temperature of syngas as Figure 4. As is known when calculating the syngas composition, with the increase of
equivalence ratio of gasification, the heating value of syngas decreases, so the adiabatic combustion temperature
has a whole trend of decrease. However, the adiabatic combustion temperature stays steady from 1538°C to
1545°C when the equivalence ratio of gasification is between 0.20 and 0.34. When combustion temperature
correction factor ¢ = 0.75 , the actual combustion temperature varies from 1154°C to 1157°C.
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Figure 4: Adiabatic combustion temperature of syngas in the chamber as a function of equivalence ratio of gasification
3.2. Power generation and heat recovery

Since the degree of cooling of exhaust gas in the Stirling engine is an important influencing factor of power

generation of the Stirling engine, this paper researches the effects of degrees of cooling in the Stirling engine AZ;E
from 100°C to 600°C on the overall power generation and heat recovery. Efficiency of electricity generation in the

engine decreases from 28.7% to 25.5% when AZ;E increases from 100°C to 600°C. Efficiencies of gas-to-water

exchangers are 70% and heat recovery efficiency from the engine Uq,SE =45%. Taking the equivalence ratio of

gasification as 0.294, the mass of food waste needed to be handled during peak days is 1175kg/d.

As Figure 5 shows, the power generation of the system increases from 5.3 kW to 25.6 kW but the increasing speed

drops when AZS"E increases from 100°C to 600°C. Meanwhile, the heat recovery from the whole system decrease
from 125.9 kW to 105.4 kW.
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Figure 5: Electric power and heat output of the system as a function of degree of cooling of exhaust gas in Stirling engine



Meanwhile, as Figure 6 shows, the efficiency of electricity of the whole system 7], increases from 1.8% to 8.6%
when & increases from 100°C to 600°C, and the efficiency of heat generation of the whole system 77
decreases from 42.6% to 35.7%. The overall efficiency of the whole system has a slight increase at first and then
decreases a little. When the degree of cooling of exhaust gas in the Stirling engine AT, =375C, the overall
efficiency of the system 7], is at the peak, 44.5%. When the electricity efficiency of Stirling engine
Nose =26.3%> the efficiency of electricity of the whole system 7  =7.3% and the efficiency of heat generation of
the whole system n,=372%- Therefore, the maximum energy output of the system is 131.7kW, with 21.6kW
electricity and 110.1kW heat in hot water.
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Figure 6: Efficiency of electricity, efficiency of heat generation and overall efficiency of the whole system as a function of degree
of cooling of exhaust gas in Stirling engine

5. CONCLUSIONS

In this paper, the dried food waste from canteens at SJTU was used as the feedstock for gasification. Different
syngas compositions, reaction temperatures and cold gas efficiencies were compared under different equivalence
ratios. A Chemkin model was used to predict the combustion of syngas and the performance of the Stirling engine
and power generation and heat recovery from the whole system was discussed. The main findings were as follows:

1) The cold gas efficiency of gasification reached the peak, 83.9%, when the equivalence ratio was 0.37;

2) The combustion temperature has a trend to decrease when the equivalence ratio of gasification increases,
but stays steady when ER=0.20~0.34;

3) Taking the equivalence ratio of gasification as 0.294, the maximum energy output of the system is 131.7kW
and the overall efficiency of the system 5; = 44.5% , with 21.6kW electricity and 110.1kW heat in hot water.
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High moisture content of indoor air can have serious health implications for occupants. Conventionally,
dehumidification in buildings is realised by mechanical vapour compression, while desiccant materials with a high
attraction for water vapour show promise for environmentally-friendly indoor air conditioning without overcooling or
reheating problems. For dehumidification, solid desiccant materials rely on the adsorption of vapour molecules onto
the surface to retain moisture, which is different from the liquid desiccant materials which absorb water molecules
into the solution. Solid desiccant materials are of great importance to the solid desiccant-based system because
the material characteristics affects the system performance markedly. Vermiculite as a natural and safe material
has a long history of use in gardening and commercial horticultural, having great absorptive capabilities because
of the concertina-like structure. However, few studies have been presented regarding its application for built
environment and dehumidification performance for indoor humidity control. Composite desiccant materials are
receiving wide attention owing to their improved property for dehumidification and regeneration. In this study, two
vermiculite-based composite desiccants have been synthesised, with vermiculite used as a host matrix and CaClz,
MgSO4 as hygroscopic salts. Experimental tests have been conducted under various operating conditions using
an advanced environmental chamber to simulate a hot and humid indoor environment. The experimental results
demonstrate the feasibility of using vermiculite-based desiccants for indoor humidity control. Compared with silica
gel-CaCl2, improved dehumidification performance is achieved by the vermiculite-based composite desiccants.

Keywords: solid desiccant;, composite desiccant; dehumidification; humidity control, building applications



1.  INTRODUCTION

Air dehumidification plays an important role in achieving indoor thermal comfort, especially in hot and humid
climates. Various dehumidification technologies have been developed for use in the built environment, for example
cooling coil, solid and liquid desiccant dehumidification and electrochemical dehumidification (Zhang, 2008).
Mechanical vapour compression has been widely adopted to meet indoor cooling and dehumidification demands;
this method cools air to dew point temperature to provide dehumidification and consumes more energy to reheat
supply air to the desired temperature (Xiao et al., 2011). The drawbacks of conventional mechanical vapour
compression also have other concerns, such as leakage, bacterial breeding, and fungi due to water condensation
on the surface of the cooling coil. Alternatively, the desiccant-based technology provides an energy-efficient and
cost-effective solution for indoor dehumidification. Desiccants such as hygroscopic substances are featured with
strong affinity for water vapour and can be classified into solid and liquid desiccants depending on physical state.
Comparatively, the solid desiccants are safer and more economical to utilise for dehumidification, relying on the
adsorption of vapour molecules onto their surface to retain moisture (Yang et al., 2015). In recent years, a variety
of new solid desiccants has been developed with improvements in water/vapour adsorption capability, regeneration
ability, durability and stability (Pallav, 2018), for instance porous physical adsorbent and composite desiccant on
the basis of two different desiccant materials. Figure 1 presents the detailed classification of the available solid
desiccant materials based on the review of the literature (Zheng et al., 2014, Sultan et al., 2015, Jani et al., 2016,

Rambhad et al., 2016, Wu et al., 2018, Pallav, 2018, Jani et al., 2015, Henninger et al., 2009).

Solid Desiccant Materials
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Activated Carbon Carbon-based

Binary salt confied composite

Figure 1: Classification of solid desiccant materials

Silica gel is the most common solid desiccant, being chemical inert, toxic-free, long life, low abrasion, low cost and
having great feasibility under different conditions. The characteristics of silica gel and its applications have been
widely explored both experimentally and theoretically. It has been stated in literature (Barbé et al., 2012) that silica
gel is suitable for dehumidification at high relative humidity condition (e.g. 60-90%RH) at an indoor temperature
range of 21 to 32°C. However, its high regeneration temperature (100-120°C) limits building applications. To address
this shortcoming, a variety of composite desiccant materials have been developed by combining silica gel with
other solid or liquid desiccants such as lithium chloride (Yu et al., 2014), calcium chloride (Wu et al., 2007) and
strontium bromide (Courbon et al., 2017). Chen et al. (2015) developed a composite material using silica gel and
two different types of polymers for dehumidification and an improvement of 41% in the sorption capacity compared
with pure silica gel was observed. Because of the improved performance, various combinations of desiccant and
salts have been investigated and composite desiccants are typically available in silica-based, mesoporous silicate-
based and carbon-based. The dehumidification performance of composite desiccant materials depends greatly on
the host and immersed salts which implies the importance of an optimal selection of the component materials and

optimisation of material composition.

In terms of salts used for composite materials, the common types include halides, nitrates, sulphates of alkali and
alkali earth metal that adsorb weakly on the surface of host material (Gordeeva and Aristov, 2012). Salts could
offer an additional contribution to the sorption capability of the composite material compared to a single solid
desiccant material. Instead of impregnating a single hygroscopic salt, more attention has been paid to applying salt
mixtures into host materials for enhanced sorption ability. Alternatively, natural mineral clays can be another option
as the host due to the material availability and low cost. Vermiculite is a natural, inorganic and non-toxic mineral
that has been widely accepted from the building industry to gardening. Owing to the features of lightweight,
chemically non-reactive, fire resistant and odourless, vermiculite has been a popular candidate for composite
materials, especially for thermochemical storage applications. The macro-porous structure and high specific
surface area make vermiculite perfect for salt impregnation to eliminate the deliquescence problem of salts. For
instance, Zhang et al. (2016) assessed the thermochemical characterisation of vermiculite-SrBr.. Casey et al.
(2017) investigated the performance of nano-composite energy storage absorbents vermiculite-CaCl> and
vermiculite-CaClz-LiNOs for domestic scale thermal energy storage. Jarimi et al. (2017) discussed nano-composite
materials using MgCl2-MgSO4, CaClz-LiCl and MgSO4-CaClz salts mixtures impregnated into vermiculite. Their
characterisation analysis demonstrated that the vermiculite-based composite materials are promising candidates
for thermochemical heat storage systems compared to composite materials with individual salts. They also
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suggested that vermiculite is appealing for building applications, because of low costs (e.g. $0.21-0.4/kg) and low
regeneration temperature in the range of 50-80°C. On the other hand, Kumar and Yadav (2017) synthesised a
composite desiccant using vermiculite, CaClz and sawdust for fresh water production. Based on their experimental
results, the composite material demonstrates great capabilities of adsorption and desorption.

In terms of indoor dehumidification application, vermiculite-based composite desiccant materials have not been
widely adopted and evaluated. In this study, the feasibility of vermiculite-based composite desiccants for indoor
dehumidification is evaluated through experimental work. Dehumidification performance of vermiculite-CaClz-
MgSOa4 and vermiculite-CaClz are also compared with that of silica gel and silica gel-CaCla.

2. COMPOSITE MATERIAL SYNTHESIS

In this study, two vermiculite-based composite desiccant materials (vermiculite-CaCl. and vermiculite-CaClz-
MgSO4) has been synthesised by impregnating hygroscopic salts CaCl. and MgSOs to the host material
vermiculite. In addition, the composite desiccant material silica gel-CaClz has been also produced for comparison.

2.1.Material selection and characteristics

Vermiculite is present as a lightweight filler and the thermophysical properties of vermiculite is listed in Table 1.

Table 1: Thermophysical properties of vermiculite (Aydin et al., 2015)

Specific Heat Specific Surface area Porosity Sorption Ability (water)
Vermiculite 1.08 kd/kg.K 80-10 m3/g 2.8 cm®g 0.03 kg.kg

Silica gel is an amorphous form of silicon dioxide and is presented as porous beads or granules. It absorbs water
vapour up to 40% of its dry mass through physical adsorption into its internal pores without any chemical reaction
(Zendehboudi et al., 2018). The salts used in this study are highly hygroscopic CaCl. and MgSOa, which are
deliquescent and dissolve without proper containment within a host matrix (Jarimi et al., 2017). The deliquescence
relative humidity values of CaClz and MgSOa are 28.1% and 92% at 25°C respectively (Rumble et al., 2018). CaClz
has been regarded as a promising salt regarding sorption rate, heat storage capacity, hydrothermal performance
and cyclic capability. On the other hand, MgSO4 has high energy storage density and fast sorption kinetics. Using
CaCl-MgSO4 impregnated into vermiculite contributes to a lower regeneration temperature of the composite
desiccant material, which is feasible for building application.

2.2, Material synthesis

Five steps have been followed to prepare the composite desiccant based on the method pioneered by Aristov et
al. (1996). For mixtures of salt solutions of CaCl.-MgSOQs, saturated solution of CaCl. and MgSO4 were mixed with
a mixing ratio of 2:1.

1.  Weigh the required amount of vermiculite and fully dry the vermiculite using an oven to remove water;

2. Prepare saturated salt solution;

3. Mixthe saturated salt solution with the host material vermiculite by adding the solution into the vermiculite
in a container and constant stir as the salt solution soaks into the pores of vermiculite;

4. Ensure the vermiculite is uniformly impregnated by the salts by visual check whether a fully wetted
transition takes place;

5. Dry the wetted composite material by placing into an oven to evaporate the water for full dehydration and
ensure the salts are confined within the vermiculite.

In addition, silica gel- CaCl. composite adsorbent was produced by impregnating calcium chloride into the pore
volumes of the host silica gel which mainly comprises the preparation of the aqueous of calcium chloride and the
immersion of the silica gel in the solution. Aqueous CaClz solution was prepared with mass concentration of 50%
and was kept under ambient temperature for few hours for stabilisation and preventing crystallisation. The silica
gel was prepared in a tank and the tank was placed in a water bath with a constant temperature of 90°C. Then the
prepared aqueous solution was added to the tank, so that the silica gel soaked into the solution. Grains of
microporous host silica gel were immersed thereafter in the solution and kept for 24-36 hours to allow the CaCl:
solution to penetrate and fill all the pore volumes. Then, the composite desiccant was taken out from the tank and
washed with water to avoid calcium chloride on the surface of the composite desiccant. After washing away the
salt, the composite desiccants were placed inside an oven for drying under 80°C. During the drying process, the
composite adsorbents were being taken out and weighed from time to time until their weight losses were found
negligibly small.
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Scanning Electron Microscope (SEM) was also used to visualise the morphology and microstructure of the
produced composite desiccant. It can also be used to check whether hygroscopic salts are binding uniformly inside
the matrix of the host material for better mass and heat transfer performance. An energy dispersive X-ray
microanalysis (EDX) system was adopted, which is Philips (FEI) XL30 SEM. Figure 2 presents the SEM photos of
vermiculite, vermiculite-CaCl, vermiculite-CaCl-MgSO4 and silica gel-CaCk. As seen from Figure 2a, raw
vermiculite has thin lamellas that provide sufficient surface area for accommodating a great quantity of salts. It can
be noted in Figure 2b and 2c, unique structures have been formed on the vermiculite surface by impregnating salts.
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Figure 2: SEM photos of (a) vermiculite, (b) vermiculite-CaClz, (c) vermiculite-CaCl2-MgSOa4 and (d) silica gel-CaClz
3. EXPERIMENTAL SET-UP

Experimental tests have been conducted in the Marmont Laboratory, University of Nottingham, UK. In order to test
the dehumidification performance of the composite desiccant materials, a desiccant box has been designed and
built, as seen in Figure 3. For testing, the composite desiccant material is placed on the wire mesh trays inside the
desiccant box, so that it could dehumidify the passing moist air effectively. The inlet of desiccant box is connected
to the environmental chamber, which is capable of providing air flow under different conditions.

12



® Desiccant Box
—l @ Inlet & —»
Solid Desiccant
——
Fan
{..i,
—_— @ Outlet
Environmental Chamber

P
@ Humdity and Temperature Sensor

~» Air Flow

Figure 3: Schematic graph of the desiccant test rig

The main measurement instruments with their respective accuracies are listed in Table 1. A K-type thermocouple
is used to measure the ambient temperature. Sensirion humidity and temperature sensors are installed at the air
inlet and outlet of the desiccant box and corresponding air velocity is obtained by a Testo anemometer.

Table 1: Specifications of measurement instruments

Device Measurement Range Accuracy
RS K-type thermocouple probe 0-1100°C +0.75%
- - -40 to +125 °C +0.75%
Sensirion EK-H4 humidity sensor 0-100% RH +2%,
Testo thermo-anemometer 405i 0-30 m/s +5%

Thermophysical properties of the moist air are determined based on the measured air temperature and relative
humidity by referring to equations 1-3 (Tsilingiris, 2008)

4039.558

Equation 1: P, = 12.062 —
T+235.379
Equation 2: %RH = PP—‘” x 100
Equation 3: w=0.62198 2=
Pa-_Py
Where:

- Ps= Saturated vapour pressure (bar)

- RH = Air relative humidity (%)

- Pw=Partial pressure of water vapour in the air (Pa)
- = Air humidity ratio (kg/kgdryair)

- Pa= Atmospheric pressure of moist air (Pa)

In this study, the dehumidification performance is mainly assessed by moisture removal, which represents the
change in the air humidity ratio across the desiccant box (i.e. Winier — ®outiet)-

4. RESULTS AND DISCUSSION

Experimental tests have been conducted under different conditions which has been realised by varying the supply
conditions of environmental chamber.

4.1.Dehumidification performance of vermiculite-CaCl,

Tests have been conducted to evaluate the feasibility of Vermiculite-CaClz for indoor dehumidification performance
in hot and humid regions. Figure 4 shows experimental results under inlet conditions with temperature ranging from
26-28°C and relative humidity 60-70%. The results show that Vermiculite-CaClz is capable of absorbing moisture
from the air to achieve dehumidification demand. It can also be seen that the test conditions affects the
dehumidification performance of Vermiculite-CaClz as higher moisture removal is observed at a hotter humid
condition.
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Figure 4: Moisture removal by Vermiculite-CaCl2
4.2.Dehumidification performance of vermiculite-CaCl,-MgSO,

To investigate the feasibility of Vermiculite-CaCl-MgSO4 for indoor dehumidification performance in hot and humid
regions, tests have been carried out under different humidity conditions. The inlet condition supplied by the
environmental chamber varies from 27-32°C and relative humidity 60-80%. Figure 5 presents the results of
moisture removal performance during testing period. It can be noted that the composite desiccant material is
feasible for dehumidification as moisture in the air can be effectively absorbed. Compared to the results of
Vermiculite-CaClz, better dehumidification performance is obtained by Vermiculite-CaCl.-MgSOas. Due to the limited
amount of composite materials used for testing, the moisture removal reduces gradually with time as desiccants
may become saturated by absorbing moisture from the air. The dehumidification performance varies with the
operating conditions, but the difference is not very significantly as seen in Figure 5.
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Figure 5: Moisture removal by Vermiculite-CaCl2-MgSO4
4.3. Comparison with Silica gel and Silica gel-CaCl;

In order to compare the dehumidification performance of Vermiculite-CaClz and Vermiculite-CaCl>-MgSO4 with
silica gel and silica gel-CaCl, tests have been implemented for silica gel and silica gel-CaClz under hot and humid
conditions. Figure 6 demonstrates the moisture removal of silica gel and silica gel-CaCl> respectively.
Comparatively, higher moisture removal can be archived by both Vermiculite-CaClz and Vermiculite-CaCl-MgSO4
under similar hot and humid condition, which indicates better dehumidification performance can be realised by
using vermiculite-based composite desiccant.
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Figure 6: Moisture removal by silica gel (left) and silica gel-CaClz (right)

Another performance evaluation metric can be used for comparison is the dehumidification effectiveness (i.e
Equation 4), which is defined as the percentage of moisture removed in the desiccant box.

. Winlet—Woutlet
Equation 4: g = —thtet outiet
Winlet

Where:

- Winet — Woutter = air humidity ratio difference at inlet and outlet of desiccant box (kg/kgadryair)
- & = Dehumidification effectiveness

The highest dehumidification effectiveness of the Vermiculite-CaCl-MgSOa is 18.10%, while for Vermiculite-CaClz
is 12.73%, 6.58% for silica gel-CaCl2 and 4.16% for silica gel.

5. CONCLUSION

In this study, the feasibility of using vermiculite-based composite material as desiccants for indoor dehumidification
was assessed. Two different vermiculite-based composite desiccants (Vermiculite-CaCl> and Vermiculite-CaClz-
MgSO0a4) were produced and tests were conducted to investigate the dehumidification performance under different
humid conditions. The experimental results reveal that the economical vermiculite-based composite desiccant
materials can be an alternative option for indoor dehumidification humid regions. Compared to the dehumidification
performance of silica gel and silica gel- CaClz, better dehumidification performance was observed for both
Vermiculite-CaClz and Vermiculite-CaCl-MgSOa. Further investigations on different vermiculite-based composite
desiccant materials under a variety of operating conditions are recommended for future work and the regeneration
capacity can be evaluated for building application.
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With energy consumption for heating areas increasing, the application of solar energy has become more and more
widespread in recent years. However, shortages due to discontinuity and weak guarantee rates are the main
limitations of solar energy. The aim of this study is to define and validate a new heat storage system with an
ammonia water resorption heat pump based on concentration difference, which would improve the utilisation range
and time of solar energy in heating areas. The system can be divided into two parts: one is for heat storage in day
time, while the other part is working for heating at night. A theoretic model is established and analysed based on
thermodynamics and properties of ammonia water. The results of the simulation show that the coupled working
pressure ranges (the high pressure and low pressure of the system) are determined by the given temperature of
the absorbers and generators in the cycle. With optimising the pairs of the pressure in the given condition (the
high/low pressure generator/ absorber of 90°C, 45°C, 40°C and 5°C), an acceptable pair of working pressure is
carried out (1.6Mpa/0.48Mpa), and the coefficient of performance (COP) could reach about 1.51, while the energy
storage density (ESD) could also reach about 54kwh/m?.

Keywords: heat storage; concentration difference; ammonia water; resorption heat pump
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1. INTRODUCTION

Due to the instability and intermittent nature of solar radiation, energy storage systems are usually required in solar
air conditioning systems to achieve continuous and stable operation and to prolong the working hours of solar air
conditioners. At present, solar energy storage systems mainly have three forms: sensible heat storage, phase
change energy storage and thermochemical energy storage (lbrahim et al, 2017; Mohamed et al, 2017). Currently,
sensible heat storage and phase change energy storage is the most researched, and the most extensive application
of sensible heat storage in practical engineering is also the most mature (Zhang et al, 2016). Due to the
shortcomings of low energy storage density and heat loss in sensible heat storage (Dincer, 2002), related scholars
have, in recent years, begun to research thermochemical energy storage technology with higher energy density
and smaller heat loss (Cot-Gores et al, 2012; Deshmukh et al, 2017). They have also summarised the current
research progress on the mechanism, classification, cycle and materials of solar energy absorption and adsorption
energy storage systems.

Wilbur et al. (Wilbur & Mitchell, 1975) analysed the performance of the storage system of two storage tanks and
found that the size of cooling tower shrunk in concentration difference cooling storage system to that in a normal
system. Ibrahim (Ibrahim et al, 2017) also conducted a theoretical study on the characteristics of the solar-driven
lithium bromide solution concentration difference cooling storage system with two solution tanks, and analysed the
effects of cooling storage temperature and pressure on performance. The results showed that the system
coefficient of performance (COP) is 0.69 and the energy storage density can reach 119.6 kWh/m? in a complete
cooling charging and discharging cycle.

Han (Han et al, 2017) proposed a novel heat-driven ammonia water energy storage system. It is found that the
generator inlet temperature and inlet concentration have a positive effect on ESD, while the effect of ambient
temperature could be neglected. Additionally, the maximum ESD could reach 523 MJ/m® when the generator
temperature and inlet concentration are 180°C and 0.7 kg/kg respectively.

In this paper, a novel heat storage system is proposed and a mathematical model is established to validate the
feasibility of the system. Then, a series of indices are proposed to evaluate the performance of the system. Finally,
some parameters are analysed to seek the impact on the system performance.

2. SYSTEM DESCRIPTION

The schematic diagram of the energy storage system is shown in Figure 1. The system consists of the following
components: high pressure generator (HPG), high pressure absorber (HPA), low pressure generator (LPG), low
pressure absorber (LPA), solution heat exchanger (SHX), solution pump (SP), the throttle valve (TV), solution
mixing tank (SMT), strong solution tank (SST), weak solution tank (WST) and pipelines. The whole system has two
modes: energy charging mode and energy discharging mode, and the detail working principle of the system is
described as follows.

The energy charging mode: shown in Figure 1(a). The initial solution flows from point 0 to point 4 through the heat
exchangers and the solution pump. In this stage, the concentration of the solution keeps constant, while the
temperature gets higher. Then the solution is separated to two flows to flow into the HPG and HPA. In HPG, the
ammonia solution is heated by the heat source (such as solar energy), and generates high pressure vapour as well
as weak solution. After that, the weak solution would flow into the weak solution tank and be stored, while the high
pressure vapour flows into the HPA and then is absorbed by the solution flows from point 6. Finally, the
concentrated solution generated from HPA flows into the strong solution tank. In this process, the concentration
difference between the two solution tanks is produced.

The energy discharging mode: shown in Figure 1(b). The concentrated and diluted solution generated in energy
storage mode flows from the solution tanks to LPA and LPG, respectively. In LPG, the solution gains heat from
ambient air and generates low pressure vapour and diluted solution in state 13. After flowing into LPA, the low
pressure vapour is absorbed by the weak solution from WST. In this process, the LPA releases heat to the supply
water, which is used for floor heating in winter. Finally, the solution at point 13 and point 14 get mixed in SMT, and
then flows through heat exchanger and solution pump into the SST.

It is remarkable that in this system the temperature of the heat source is not so strict, which means that the system
could work steadily in a quite loose temperature range. Therefore, even when the solar energy is considered
inadequate in winter or cloudy weather, the system could couple the solar collectors well.
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Figure 1: Schematic diagram of the system

3. MATHEMATICAL MODEL

To evaluate the feasibility and performance of system, a numerical model is built and analysed in Matlab (2017b),
while the thermodynamic properties of the ammonia water are obtained with Refprop9.1.

3.1. Simplification assumptions

By consulting the results presented in previous literature, analysing the dynamic impact of the ammonia water on
the system would not only make the whole model more complicated, but would also have little meaning (Jia & Dai,
2018). In this paper, the mathematical model of the system is conducted based on thermodynamic analysis. To
simplify the model, some reasonable assumptions are made as below:

1) The system runs under steady state;

2) Pressure drops and heat loss along the pipelines and main components are neglected;

3) The output solutions of the HPG, HPA, LPG and LPA are saturated;

4) The solution flowing through the throttle valve is an adiabatic process;

5) The solution flowing through the solution pump and mixing in the SMT are all adiabatic processes.

6) The energy charging mode runs six hours per day, which the energy discharging mode runs 12 hours per day.

3.2. Balance equation of each component

The main components of the system include: HPG, HPA, LPG, LPA, solution pumps, solution heat exchangers,
throttle valves, solution mixed tank, solution separated tank, strong solution tank and weak solution tank. Each
component can be regarded as a CV (control volume) with energy transfer and mass transfer. Then a series of
equations can be obtained according to the mass and energy conservation equations:

Equation 1: Conservation of mass: Zmom —me =0
i i

Where:

- M=mass flow of the solution or vapour (kg/s)

Equation 2: Conservation of NHs: Z(mom Xout ) - Z(mf” Xy ) =0

i i
Where:

- X = concentration of the solution or vapour
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Equation 3: Conservation of energy:

I
(e

Where:
- h = enthalpy of the solution or vapour (J)

- O = heat flow exchanged of the component (J/s)

- W = work flow exchanged of the component (J/s)

Apply the Equation 2 in the component LPG and LPA, we can get:

Equation 4: ammonia conservation in LPG: ny X5 +mv2 Xp—My, X, = 0
Equation 5: ammonia conservation in LPA: n’ll 4 .X'l 4 —mvz sz —mg, Xg, =0

3.3. Solution process of the model

With the assumptions in section 3.1, we can get that the mass flow and concentration in generators are related to
those in absorbers. Then we can get the circulation ratio  f* and coefficient k of the LPG, LPA, HPG and HPA:

m X, X.

5 1 7
Equation 6: circulation ratio f of HPG: ﬁ ==
m, X5 =X

Equation 7: coefficient k of HPA:

mvl xlO xlS
My Xy ~X;3
Equation 8: circulation ratio f of LPG: fz ===t

Equation 9: coefficient k of LPA:

The main parameters can be obtained in Table 1.

Table 1: Main parameters in each component

State points Mass flow rate Pressure
1 m7+m10 PL
2 m1 PL
3 m1 PH
4 m1 Pu
5 f1*mv1 Pu
6 (k1-1)*mv1 Pu
7 (f1-1)*mv1 P
8 (f1-1)*mv1 P
9 (f1-1)*mv1 PL
10 k1*mv1 Pu
11 k1*mv1 Pu
12 f2*mv2 PL
13 (f2-1)*mv2 PL
14 mv2*k2 PL

HPV 2*f2*mv2/k1 Pu
LPV 1 PL
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Then the results can be obtained by following the computational flowchart in Figure 2 after multiple iterations.

/ Assign values 7, Ty, T3 and T, /

v

Calculate range of Py and P

Ak

/ Assign values Py and P /

Calculate m;, x;, T}, h;, f; and k;

7> X4 || X3 > x12 || X13 < X013
lAi<1lllk<1

Calculate thg’ tha, leg, lea, and Q,

(9, ¥12+0,,*6+0,*12)~(Q,, *12+0,,, *6
(Q, *12+0,, *6)

)

Calculate COP and ESD

v

/ Output results /

End

Figure 2: The computational flowchart of the mathematical model

3.4. Performance indices

In this paper, performance of the energy storage system is evaluated in terms of the coefficient of performance
(COP) and the energy storage density (ESD) of the system

— tha + 2lea + 2Q0

hpg

Equation 10: COP of the system: COP

Where:

QO = the heat flow exchanged between the supply water and the two-phase flow solution (J/s)

12(0,,+ Q)

Equation 11: ESD of the system: ESD =
1000V
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Where:

V' = the total volume of the solution tanks (m?)

4. RESULTS AND DISCUSSION

The performance of the system in terms of feasible Pn/PL pairs, heat source temperature, COP and ESD are
investigated as following:

4.1. Feasible Pu/P. pairs
The feasible Pw/PL pairs are calculated as Figure 3 under the initial conditions in Table 2.

Table 2: Initial working conditions

Parameters Values (°C)
HPG outlet temperature T7 90
HPA outlet temperature T10 40
LPG outlet temperature T13 5
LPA outlet temperature T14 35

As is shown in Figure 3, the minimum Px and P of the system under the given conditions are respectively 0.1 MPa
and 0.54Mpa, which the maximum Pn of the system could reach 1.52MPa. In addition, for given high pressure Pn
values, the range of PL extends with the increase of the Py value. The reason for this phenomenon is that the
concentration of ammonia solution flows out of HPG and HPA increases with the high pressure, which results that
the LPG and LPA could work in a wider PL condition. Furthermore, it is remarkable that the feasible P /PL pairs
are only obtained in the given conditions in Table 2. If the initial condition changes, the ranges of the pressures
should be calculated again.
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Figure 3: Feasible P+/PL pairs

4.2. Influence of Py/P.on COP and ESD

By consulting the results in section 4.1, a series of pressure ranges are chosen to evaluate the impact on system
COP and ESD, and the results are shown in Figure 4 and Figure 5. In Figure 4, the curve shows the relationship
between COP/ ESD and the low working pressure of the system, when the high working temperature is set as 1.45
MPa while the other conditions are the same as Table 2. From Figure 4, we can get that the ESD of the system
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increases with the increasing low working pressure, and the system ESD could reach about 50 kWh/m3. Similarly,
the ESD of the system rises with the pressure at the beginning. But when the pressure reaches about 0.4 MPa,
the system COP begins to drop when the pressure increases continually, and the maximum COP of the system is
about 1.4 under the given condition.

In Figure 5, it is shown that the relationship between high working pressure and COP/ESD of the system under the
condition P. = 0.45 MPa. From the figure, we could obtain that the COP increases with the pressure, and the COP
could reach about 1.48 finally. The ESD of the system increases with the pressure when the pressure is lower than
1.42 MPa, but after that it drops significantly with increasing pressure and the maximum ESD of the system is about
48.5 KWhm?. Therefore, to realise better system performance, it is important to choose a suitable pair of working
temperatures.
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Figure 4: Effect of P. on COP and ESD (P+= 1450kPa)
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Figure 5: Effect of P on COP and ESD (P. = 450kPa)
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4.3. Influence of heat source temperature on COP and ESD

Due to the temperature limitations of solar energy collectors in winter, the heat source temperature is of great
importance to drive the system. In this part, the relationship between the system performance and the heat source
temperature is investigated. The initial conditions are the same as that in Table 2, and the Py and P. are 1.45 MPa
and 0.40 MPa, respectively. The impact of heat source temperature on system performance is shown in Figure 6.
From the results, the ESD of the system increases with the temperature, and finally reaches about 105 kKWh/m3,
As for system COP, the increasing trend with the temperature is significant before 92°C, after that the COP almost
keeps constant or slightly decreases with the temperature. On the one hand, to realise higher energy storage
density, higher driven temperature is necessary, on the other hand, we should also recognise that higher heat
source temperature may be hard to realise with solar energy, and the system COP also has less demand on very
high temperature.
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Figure 6: Effect of heat source temperature on COP and ESD (P+= 1450kPa, P.=400kPa)
5. CONCLUSION

In this paper, a novel energy storage system with ammonia water resorption heat pump based on concentration
difference is investigated. To evaluate the performance of the system, a mathematical model has been established
based on thermodynamics theorem, energy and mass conservation equations. The main results are:

(1) Under the given conditions, the range of high working pressure is from 0.54 MPa to 1.52 MPa, while the range
of low pressure is from 0.1 MPa to 0.5 MPa corresponding with the high working pressure.

(2) The ESD increases with low working pressure, and the COP increases with the pressure at the beginning, but
then drops after a certain point, while the phenomenon in that with high working pressure is in contrast.

(3) Both the system ESD and COP increase with the heat source temperature, but when the temperature is higher
than 92°C, the COP keeps almost constant. So simply enhancing the heat source temperature to a large
degree may have little influence on system performance.

(4) The minimum heat source temperature demand under the given conditions could reach 82°C, which could
extend the use of solar energy usage.
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#138: Simulation of a micro channel separate heat
pipe (MCSHP) under low airflow rate
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Water-cooled micro channel separate heat pipe (MCSHP) is an efficient cooling technology for data centres. To
optimise the design of MCSHP, some numerical models have been proposed. However, the matched air-side
and refrigerant side heat transfer correlations of evaporators in these numerical models were suitable to predict
the heat transfer performance of separate heat pipe where the Reynolds number is higher than 75; they are
unsuited to predict the heat transfer performance of MCSHP under partial load and low airflow rate. In this study,
a steady-state numerical model with a combination of e-NTU methods was developed. The existed air-side heat
transfer correlations of louvered fin heat exchanger and refrigerant side two-phase heat transfer correlations of
micro channel heat exchanger were tested in the model under different airflow rates with the optimal refrigerant
filling ratio. The mean absolute deviation between the selected model and experiment was less than 10%. By
using this model, the thermal performance under partial heating load and airflow rate were analysed. The
simulation results show that the MCSHP has superior start-up performance to ensure the data centre thermal
safety under low airflow rates (200m3/h-1500m3/h) and partial heating load rates (19.2%-51.1%). The developed
model can be used to improve the controllability and energy-saving performance of MCSHP.

Keywords: numerical model; micro channel separate heat pipe; heat transfer; correlation
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1.  INTRODUCTION

As a powerful engine for industrial intellectualisation, the number and scale of data centres are increasing rapidly.
The energy consumption of data centres accounts for 1.3% of the world's energy consumption (Ebrahimi, 2014).
In order to ensure thermal safety, the energy consumption of data centre cooling system accounts for 30% to 50%
of the total energy consumption (Ham, 2015; Ling, 2018). As one of the most widely used data centre cooling
system, Computer Room Air Conditioner (CRAC) has some shortcomings: (1) local hot spots due to airflow mal-
distribution; (2) low utilisation of natural cold source due to sensible heat transfer. Researchers have explored some
more efficient cooling systems, such as micro channel separate heat pipe (MCSHP) due to being closer to the
servers. The MCSHP is a kind of loop thermosyphon consisting of four sectors: a micro channel exchanger as the
evaporator, a coolant distribution unit (CDU) as the condenser, and two connecting pipes between them (Ling,
2016). The evaporator of MCSHP is located on the backplate of the rack, cooling servers by refrigerant two-phase
flow boiling heat transfer. By shortening air supply distance and latent heat transfer, this cooling method improves
the efficiency of the cooling system. Due to those advantages, some researchers have carried out more insightful
research on the heat transfer characteristics of MCSHP (Ling, 2016; Ding, 2016; Ling, 2016; Ding, 2017). The
results show that the MCSHP has a better utilisation rate of natural cold source than CRACSs.

Unlike the CRACs, loop thermosyphon has no pump drive, which reduces energy consumption of the cooling
system. Therefore, design of the evaporator and condenser exchanger is the main determinant of the heat transfer
performance of loop thermosyphon. In order to optimise the structure design, some researchers have established
numerical heat transfer models of loop thermosyphon with the airflow rate ranged from 1500 m3/h to 6000 m%h
(Zhang, 2015; Ling, 2015; Ling, 2017). According to recent research (China Data Center Annual Research Report
on Cooling Technology Development 2017), the average utilisation rate of data centres is only 50.61%, compared
with 29.01% for large scale data centres in China. To save energy, fans of the evaporator will adjust the airflow
rate according to the exhaust airflow temperature. The decrease of airflow rate will affect the air-side heat transfer
coefficient of the evaporator (Ling, 2016), and the air-side Reynolds number would be below 75, which exceeds
the prediction range of the existing air-side correlations of the louvered fin heat exchangers (Chang, 1997; Kim,
2002; Dong, 2007; Kim, 2008). Meanwhile, it has been pointed out that the partial heating load will affect the start-
up and heat transfer performance of heat pipe systems (Hong, 2015; Maydanik, 2017). At present, the existing
refrigerant side heat transfer correlations mostly fitted by the data obtained from normal operating mechanical
refrigeration systems and their applicability to MCSHP under partial heating loads needs further study.

This paper aims to establish a steady-state numerical model of a water cooled MCSHP under low airflow rate
(<1500 m3/h) and partial heating load with the optimal refrigerant filling ratio. In order to accurately predict the heat
transfer performance, e-NTU method with suitable correlations is used for the calculation of the micro channel heat
exchanger of evaporator and the plate heat exchanger of CDU. The simulation results and experimental results
are compared and verified. Finally, the thermal performance under partial heating load and airflow rate were
analysed.

2. EXPERIMENTAL METHODS
2.1.Experimental setup

In order to determine the optimal refrigerant filling ratio and thermal performance of MCSHP under low airflow rate,
the experiments were carried out in an enthalpy difference laboratory. The schematic diagram is shown in Figure
1. The heating load was simulated by indoor airflow provided by the enthalpy difference laboratory, the temperature
and humidity of indoor air were set at 35°C and 45%, respectively, which are the hot aisle temperature and humidity
regulated by Code for design of data centres (Code for design of data centres GB50174-2017). The hot air was
driven by eight exhaust fans to transfer the heat to the evaporator on backplate of the rack, and was cooled by
phase heat transfer of refrigerant inside the evaporator. Then vaporised refrigerant entered the CDU through the
vapor pipe, and was condensed by heat transfer with chilled water. The CDU of MCSHP was cooled by 12°C chilled
water supplied by a 30kW chiller, the chilled water flow rate was regulated by a variable frequency pump. Finally,
condensed refrigerant went back to the evaporator and entered the next circulation by gravity. The structure
parameters of MCSHP are shown in Table. 1. The exhaust airflow from the rack was collected by the containment,
and airflow rate was measured by the airflow measuring system of the enthalpy difference laboratory using air
enthalpy difference method. The rated airflow rate of those exhaust fans is 1800 m%h. During the test, the airflow
rate can be adjusted by controlling power of exhaust fans. Refrigerant temperatures and pressures at the inlet and
outlet of evaporator and condenser D-@ were measured by PT100 platinum resistors and AKS32 pressure
transmitters. Chilled water temperatures at the inlet and outlet of condenser ®-® were also measured by PT100
platinum resistors. Indoor, rack inlet and outlet air temperatures and humidity ?)-(©@ were measured by enthalpy
difference laboratory.
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Table 1: The structure parameters of MCSHP.

Structure parameters Value Structure parameters Value
Liquid/Vapor pipe diameter (mm) 25 Louver pitch Py(mm) 1
Liquid inlet diameter (mm) 16 Number of flat tube Nt 30
Vapor outlet diameter (mm) 19 Number of row N, 1
Transverse flat tube pitch Pr(mm) 8 Number of micro channel in flat tube 19
Micro channel pitch P (mm) 0.4 Plate length, Lc (mm) 466
Flat tube height H: (mm) 2 Plate width, Pw (mm) 111
Flat tube width Fw (mm) 25.4 Area of the plate, Ac (m?) 0.079
Flat Tube distance L (mm) 1580 Plate thickness, dc (mm) 0.4
Fin pitch Fp (mm) 2 Angle of the corrugation, 8 (°) 30
Fin thickness &t (mm) 0.105 Corrugation amplitude, bc (mm) 24
Fin width Br(mm) 25 Plate pitch, Pp (mm) 2.8
Fin width Hf(mm) 8 Number of plates 20
Louver angle 6 (%) 30 Number of plates effective in heat 18
Louver length L (mm) 7 transfer, N
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Figure 1: Schematic diagram of a MCSHP and testing facility.

2.2.Tests and results

Before thermal characteristics test of the MCSHP, the optimal filling ratio should be determined. It has been
reported that filling ratio is a main factor that determines the thermal performance of the MCSHP, and the optimal
filling ratio is independent of the variation of airflow rate (Ling, 2016). The test conditions are shown in Table 2.

The airflow rate was constant at 1800m3h during the filling ratio test, and the filling charge increased from 0.6kg
to 1.8kg, with each increase of 0.2kg, corresponding to the filling ratio from 27% to 84%. Figure 2 shows the cooling
capacity of MCSHP under various filling ratios. The cooling capacity is calculated as in Equation 1. The results
show that the cooling capacity of MCSHP increased with the filling ratio and reaches the maximum value when the
filling ratio reached 65%. With the further increased of filling ratio, the cooling capacity of MCSHP began to
decrease. It indicates that the optimal filling ratio of tested MCSHP is 65%.
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Equation 1: O =m,(hy o =y i)
Where:

- Q= cooling capacity of MCSHP (W)

- mw = chilled water mass velocity (kg/s)

- hwin enthalpy of the chilled water inlet (kJ/kg)

- hwout = enthalpy of the chilled water outlet (kJ/kg)

Then the thermal performance of MCSHP with an optimal filling ratio was tested under 600 m3/h -1800m3/h. The
air-side heat transfer coefficient decreased with the decrease of airflow rate, which resulting in the cooling capacity
of the heat pipe decreases. Under 600 m¥h airflow rate, the heat transfer capacity of MCSHP was 3642W, which
was 51.1% lower than that of normal airflow (1800 m®/h).

Table 2: Test conditions.

Range
Filling charge (kg) 0.6,0.8,1,1.2,1.4,1.6, 1.8
Indoor air temperature (¢ ) 35
Indoor air humidity (%) 55
Chilled water temperature (¢ ) 12
Chilled water flow rate (m3%h) 1.71
Airflow rate (m3/h) 600, 800,1000, 1200, 1400, 1600, 1800
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Figure 2: Cooling capacity under different refrigerant filling ratios.
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Figure 3: Cooling capacity and air-side heat transfer coefficient under low flow rate.
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7. SIMULATION MODELS

The simulation model of a MCSHP comprise three modules: a micro channel evaporator, a water cooled condenser,
and connection tubes. The models of evaporator and condenser used a finite volume method to predict the total
cooling capacity, air-side heat transfer coefficient and pressure drop, and refrigerant mass flow rate, heat transfer
coefficient and pressure. Each flow channel of working fluid inside the evaporator and condenser were divided into
100 segments. The heat transfer coefficient and outlet temperatures of refrigerant and other working fluids was
calculated by e-NTU method (Kim, 2002). The refrigerant thermodynamic properties were acquired from the NIST
Refrigerant Database REFPROP (Lemmon, 2002). The working fluids along the system cycle abides by momentum
(pressure), energy (enthalpy) and mass conservation, as follows:

Equation 2: J. dp =0

Equation 3: Idh =0

Equation 4: J. dm= 2m
Where:

- p = pressure of the working fluid (Pa)
- h = enthalpy of the working fluid (kJ/kg)
- m, mi = mass flow rate of the refrigerant (kg/h)

Figure 4 illustrates the flow chart of the simulation model of the MCSHP. As shown in Figure 4, the refrigerant mass
flow rate, enthalpy and pressure are unknown therefore three iterations are needed for simulation of the MCSHP.
Two heat transfer rates are needed to be supposed and two iterations are needed in one control volume. The heat
transfer coefficient and pressure drop of working fluids are calculated by correlations in Table 3.

Table 3: Heat transfer and pressure drop correlations for simulation.

Working fluid Item Correlation
Refrigerant Single phase Heat transfer coefficient Churchill, 1977
Pressure drop Gnielinski, 1975
Evaporator two-phase Heat transfer coefficient Gungor and Winterton, 1987
Sun, 2009
Shah, 1982

Kandlikar, 1990
Lee and Lee, 2001

Chen, 1966

Pressure drop Friedel, 1979

Condensation two-phase Heat transfer coefficient Han, 2003

Pressure drop Shah, 1988

Connection tubes Pressure drop Coleman, 2004

Air-side Heat transfer coefficient Dong, 2007
Kim, 2002

Chang, 1997
Kim, 2008
Pressure drop Kim, 2008

W ater side Heat transfer coefficient Dittus, 1985

The following assumptions were made for constructing this model:

(1) the refrigerant, air and water in the evaporator and condenser have a one-dimensional homogeneous
flow;

(2) the airflow is evenly distributed among the micro channel exchanger;

(3) the refrigerant flow rate, temperature and pressure are evenly distributed in every channel of evaporator
and condenser;

(4) the axial heat transfers and heat dissipation of working fluids are neglected.
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Figure 4: Flow chart of the MCSHP modelling.

3.1. Evaporator model and heat transfer correlations

In the evaporator model, airside and refrigerant side heat transfer coefficient of each segment were calculated by
heat transfer correlations using €-NTU method. Therefore, the applied correlations with insufficient prediction
accuracy will lead to inaccurate prediction of evaporator model and reduce the calculation accuracy of other
modules. The following heat transfer correlations have been widely used to predict the air-side heat transfer
m (2002); Dong (2007) and Kim (2008). Figure 5
describes the experimental results and the prediction results of these correlations under low airflow and Reynolds
number. Compared with the experimental data, Kim correlation (2002) predicted best with a mean absolute
correlations unpredicted the experimental results,
and their MADs are more than 30%. Thus, Kim (2002) correlation was selected to calculated the air-side heat

coefficient of micro channel heat exchangers: Chang (1997); Ki

deviation (MAD) of 9.62%, according to Equation 5. While other

transfer coefficient of MCSHP.

1 h I - hex
Equation 5: MAD = N%

exp

Where :

selecting

- hpred = heat transfer coefficient calculated by heat transfer correlation

- hexp = heat transfer coefficient obtained by experiments
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Figure 5: Experimental and predicted air-side heat transfer coefficients under low flow rate.

The correlations used for the heat transfer and pressure drop calculation are summarised in Table 3. The existing
two-phase boiling heat transfer correlations were fitted from the experimental data obtained by the mechanical
refrigeration system. Compared with the mechanical cooling system, the decrease of airflow rate will not just lead
to the decrease of wall heat flux, but to the decrease of mass flow rate. Thus, the suitability of existing correlations
in the micro channel evaporator of the MCSHP is unclear. During the development of the evaporator model, six
two-phase boiling heat transfer correlations (Chen, 1966; Gungor, 1987; Kandlikar, 1990; Lee, 2001; Sun, 2009;
Shah, 1982) suitable for microchannel heat exchangers are adopted.

3.2. Condenser model

In the plate heat exchanger model, water side and refrigerant side heat transfer coefficient of each segment were
calculated by heat transfer correlations using e-NTU method. When the refrigerant was in single phase, the
refrigerant heat transfer coefficient was calculated by Gnielinski (Gnielinski, 1975) correlation. Han (Han, 2003)
correlation was used to predict the refrigerant heat transfer coefficient in two phase region and the water side heat
transfer coefficient was calculated by Dittus (Dittus, 1985) correlation.

3.3. Connection tube model

In connection tube model, the vapor pipe, liquid pipe and collecting pipe in the MCSHP were considered adiabatic,
so the refrigerant flow inside them was treated as isoenthalpy flow. The pressure drop was calculated by Equation
6-10. Coleman (Coleman, 2004) correlation is used to calculate the compact pressure drop at the collecting pipe.

2
Equation 6: Ap, .= (/1/.1 + Z‘g'/)pz'l
4
Equation 7: Ap, =p,gAH
l1-o,

Equation 8: C=l-—n"—

2.08(1-0,)+0.5371

o _(2.26G,)’ )
Equation 9: Ap, = T[(l -o,C. )— 2C (1-C, )]
Equation 10: AD s =8P, +Ap +Ap,
Where:

- Apsr = friction pressure drop (Pa)

- Apg = gravity pressure drop (Pa)

- Apc = compact pressure drop (Pa)
- A =frictional resistance coefficient
- &= local resistance coefficient

- pr=refrigerant density (kg/m3)

- ur = refrigerant mass velocity (m/s)
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- G = refrigerant mass flux (kg/m?.s)

- AH = height difference of the tube inlet and outlet (m)

- 0Oc = ratio of microchannel cross-sectional area to collector cross-sectional area
- Cc = compact coefficient, g is the gravitational acceleration (m/s?)

8. RESULTS AND DISCUSSION
4.1. Model verification

The model was established in Matlab R2016a. Figure 6 shows the comparison of the cooling capacity between
experimental results and predictions under different airflow rates by using six existing correlations. As the figure
shows, Gungor, Kandlikar and Shah correlations had good prediction results with MADs of less than 5%. The MAD
of the predicted results by using Lee correlation was 9.4%. The prediction results by using Chen and Sun
correlations were lower than the cooling capacities of the experimental database with MADs of more than 10%.
The comparison shows that two strictly empirical correlations (Kandlikar, 1990; Shah, 1982) and one superposition
correlations (Gungor, 1987) showed good prediction accuracy for cooling capacities of the micro channel
evaporator under low airflow rate and partial heating load.
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Figure 6: Comparison of the cooling capacity between calculated and experimental results by six two-phase heat transfer
correlations.

The prediction results of heat transfer correlations on evaporator outlet temperature were also verified, those
parameters would affect the prediction accuracy of the evaporator wall temperatures, the refrigerant temperature
and pressure in other components. The results of four heat transfer correlations with higher prediction accuracy
are compared in Figure 7. According to the (ESA HP standard first issue PSS-49), when the maximum temperature
difference of the refrigerant in the evaporator is higher than 5°C, this phenomenon is considered to dry out. The
temperature difference between the inlet and outlet of the evaporator predicted by Gungor and Kandlikar
correlations were higher than the experimental data, and dry out was wrongly predicted under the airflow rate larger
than 1400m3h. Shah correlation showed good prediction accuracy of evaporator outlet temperature under the
airflow rate lower than 1200 m%/h, and its MAD was 6.2%, which is similar to Lee correlation (MAD=4.5%).
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Figure 7: Comparison of the refrigerant outlet temperature between calculated and experimental results by heat transfer
correlations.

As the starter engine of MCSHP, the prediction accuracy of mass flow rate in evaporator would affect the calculation
results of heat transfer performance and pressure drop of other parts. Prediction results of four correlations agreed
well with the experimental data; their MADs were all lower than 6% as shown in Figure 8. Lee correlation showed
the best predicted with the MAD of 2.7%.

Overall, cooling capacity, refrigerant evaporator outlet temperature and mass flow rate calculated by the Shah
correlation provided the best agreement with the experimental results. The Shah correlation will be used in the
evaporator model of the MCSHP.
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Figure 8: Comparison of the mass flow rate between calculated and experimental results by heat transfer correlations.
4.2 Analysis and discussion

Figure 9 shows the cooling capacity and airflow outlet temperature of the MCSHP under low airflow rate (200m3/h
-600m?/h). The cooling capacity of MCSHP decreased gradually with the decreasing airflow rate. Under 200 m?%/h
airflow rate, the cooling capacity was 1368W, which was 19.2% of the cooling capacity of MCSHP under 1800 m%h
airflow rate. The outlet airflow temperature of the evaporator was 13.5°C, which was lower than the exhaust
temperature specified in (Code for design of data centres GB50174-2017). The simulation results show that the
MCSHP has superior start-up performance to meet the data centre cooling requirements under low airflow rate and
partial low heating load rate (19.2%-51.1%).
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Figure 9: Cooling capacity and outlet airflow temperature under low airflow rate: 200m3/h -600m3/h.

9. CONCLUSION

In this study, a steady-state numerical model of a water cooled MCSHP with the optimal refrigerant filling ratio was
developed using e-NTU method under low flow rate and partial heating load. Finite volume method was used to
establish evaporator and the condenser models and integrate to simulate the system of the MCSHP. Four air-side
heat transfer correlations and six boiling heat transfer correlations were selected by comparing the predicted results
with the experimental results. Kim and Bullard correlation provides the most accurate prediction of air-side heat
transfer coefficient with the MAD of 9.62%. The MAD between the cooling capacity, refrigerant evaporator outlet
temperature and mass flow rate predicted by the developed model using Shah correlation and experiment results
were 3.3%, 6.2% and 4.7% under low airflow rate. The verification result showed that developed numerical model
can provide accurate prediction for heat transfer performance of MCSHP under low flow rate. The thermal
performance under partial heating load and airflow rate were simulated and analysed by the developed model. Due
to the superior start-up performance, MCSHP can ensure the data centre thermal safety under low airflow rate
(200m3/h-1500m?h) and partial heating load rate (19.2%-51.1%). The developed model can be used to improve
the controllability and energy-saving performance of MCSHP.
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In the present theoretical study, an indirect cooling of a concentrated photovoltaic (CPV) system with phase change
material (PCM) is carried out by using a new integration. The integration is based on using a heat transfer
medium/fluid to transfer the dissipated heat from the CPV system to the PCM. The new system allows separating
the PCM away from CPV which reduces the consumed power for the tracking system and avoids increasing the
overall thermal resistance of the CPV-PCM direct integrated system. The study is carried out using PCM plates in
parallel configuration and water at different flow velocities as heat transfer medium. A complete mathematical
model including the heat transfer through the PV, heat transfer medium, and PCM plates is presented and solved
by using ANSYS-FLUENT software. The results indicated that this indirect technique in cooling the CPV system
by using the heat transfer medium and PCM is more performant compared to conventional heat sink PCM.
Additionally, the CPV cell temperature decreases with increasing the flow velocity of the heat transfer medium. The
temperature of the cell does not exceed 78°C and PCM maximum temperature is kept below the limit of degradation
temperature.

Keywords: integrative passive-active cooling system; concentrated photovoltaic cells; thermal regulation; phase
change material
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1.  INTRODUCTION

Regulating the temperature of solar cell is very important to protect it from temporary loss in power or permanent
damage due material degradation (Royne et al., 2005). A well-designed solar cell cooling system should consider
many aspects such as: maximum temperature of the cell, uniform temperature distribution along the cell, system
durability and capacity. Different cooling techniques could be adapted which depend mainly on PV generation,
concentration technology and weather condition

Passive cooling systems using metal fins (Theodore, 2011) are suitable for single PV cell because the heat sink
could be extend in all direction without limitations (Royne et al., 2005). Other complex systems contain natural
circulation cycle (Royne, 2005) or involving phase change materials (PCMs) as a heat sink (Shokouhmand and
Kamekari, 2013) which is examined successfully for PV temperature regulating (Hasan et al., 2010; Nada et al.,
2018; Nada and El-Nagar, 2018). The melting process of PCM is examined numerically with CPV systems to
investigate the effect of inclination angles (Emam et al., 2017).

However, active cooling systems using air, water or other heat transfer fluid in an open or a closed loop is the most
effective method for high concentration ratio (CR) more than 10 CR. Two phase flow in microchannel heat sink
which is considered an effective active cooling technique, was practically investigated to regulate the temperature
of CPV system (Radwan et al., 2019). The immersion of PV panels in dielectric fluid was successfully investigated
experimentally (Liu et al., 2011) to cool it from both sides.

The blending between both of active and passive cooling technology is considered a good path to cross the
limitations of each techniques individually. PCM heat sink and forced flow of water jacket was modelled (Emam
and Ahmed, 2018a) to with CPV system. The main barrier to increase the CR of their design was the maximum
operating temperature of the PCM at which the material loss its original properties permanently and become non-
functional. The performance of a tracking-integrated concentrating photovoltaic-thermal (CPV-T) system with
immersed encapsulated PCM spheres had been experimentally examined. Results showed that compared with
the CPV-T system that only water cooled, the average increases of the electrical, thermal, and overall efficiencies
for the CPV-T system with PCM cooling are more than 10%, 5%, and 15%, respectively (Su et al., 2018).

From the previous literature review and to the authors’ best knowledge, it is clear that all previous studies used the
PCM in CPV cooling, the CPV system was in direct contact with the PCM. This direct contact technique of cooling
has limited the cooling capacity of the PV because of the limited contact space and its limitation by the phase
change temperature of the PCM. So, in the present study, an indirect cooling of the CPV with PCM is carried out
using a new integration technique. The integration is based on using a heat transfer medium between the PCM
and the CPV which transfers the dissipated heat from the CPV to the PCM. The advantages of this proposed
technique are (i) it solves the limitation of the contact area between the PCM and the CPV, and (ii) solves the
limitation of the PCM melting degradation temperatures in case of direct contact technique. In the present work, a
new system of cooling and thermal regulation of CPV cell is conducted using a closed loop of cooling water
integrated with a battery of PCMs enclosure to thermally regulate the cooling water temperature which used to cool
the CPV system. The current design allows higher contact area and temperature difference between the CPV and
the heat transfer fluid which mean the possibility to allow the system to work on high concentration ratio and achieve
higher thermal efficiency of the system. The stored heat in PCM enclosures can be taken back during the charging
process for any other applications such as heating systems or water desalination planets.

2. PHYSICAL MODEL

In the current work, the performance of low concentrated photovoltaics cell (CPV) with concentration ratio (CR) of
10 is investigated. The CPV is cooled by water in a direct contact back channel. The circulated water passes
through a battery/tank containing aluminum-capsulated Phase Change Material (PCM) panels of type RT 35HC.
The PCM panels regulates the water temperature before it goes back to the Panel. The performance of the CPV
with direct contact PCM-heat sink is also investigated in the current study under the same operating and design
conditions to compare the results of both systems. Figure 1 shows a schematic diagram of this PCM-cooling water
loop integrated technique.

As shown in Figure 1, the physical model consists of CPV section, PCMs battery/tank system and circulating pump
and piping system. The CPV section consists of the PV cell integrated from the back with the cooling channel
where the water passes through it to cool the cell. The PV panel consists of the cell covered from both sides by the
EVA layers. The cell with the EVA layer covered from the top by the glass layer and from the back by TPT layer.
The TPT layer is in direct contact with the water-cooling channel and the glass layer is subjected to the sun
simulator. The CPV is mounted with an inclination angle of 30° corresponding to the latitude angle of Alexandria,
(Egyptian city) to maximize the received solar radiation. The PV module optical and thermophysical properties of
the materials used in this study are given in Table 1.
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Figure 1: 2D Physical Model for both a) Direct Contact PCM and b) Closed loop integrated cooling systems
Table 1: The PV module optical and thermophysical properties of the used materials (Zhou et al., 2015)

Material a R T & p K G t
(kg/m3) (W/mK) (J/kg K) (mm)
Glass 0.04 0.04 0.92 0.85 2450 2 500 3.2
EVA 0.08 0.02 0.9 - 950 0.311 2090 0.5
Cell 0.9 0.08 0.02 - 2330 130 677 0.2
TPT 0.128 0.86 0.012 0.9 1200 0.15 1250 0.3

The Storage tank has height of 200 mm and a width of 50 mm The PCM battery section consists of nine PCM
panels enclosed in a tank. The capsulated PCM panel/plate is of dimensions 50 mm (length) x 5 mm
(thickness).with internal vertical and horizontal spacing of 5 mm. The capsulated PCM panels is covered with an
aluminium shell of 0.5 mm thickness. The PCM type inside the capsulated panels is RT 35HC. The volume of the
PCM inside either in the direct contact PCM or all encapsulated panels in the integrated cooling system is
2.2017*10-° m?3 per unit width with packing factor, the ratio between the volume of PCM and the water in the storage
tank, of 22.37%. The cooling duct behind the CPV cell in the closed loop cooling system is 5 mm width. The
thermophysical properties of the PCM and the aluminium shell are given in Table 2.

Table 2: PCM and aluminium thermophysical properties.

Thermophysical properties « PCM RT3?HC _Aluminium
(“Rubitherm,” 2015) (Kamkari and Groulx, 2018)
Thermal conductivity. (W/mK) (Solid / Liquid) 0.2/0.2 211/ -
Density (kg/m3) (Solid / Liquid) 880 (at 25 °C) / 770 (at 40 °C) 2675/ —
Specific heat capacity. (kd/kg K) (Solid /Liquid) 2/2 0.903/ -
Melting temperature (range) (°C) 34 — 36 (main peak: 35) -
Heat of fusion (kJ/kg) 240 -
Volumetric expansion, AV (1/kg) % 12 -

Four circulation volume flowrates of cooling fluid have been used 5*10-%,10*10%, 15*10-5 and 20*10°° m%/s per unit
width which generate four circulation velocities of the heat transfer fluid in the cooling duct in the closed loop cooling
system 0.01, 0.02, 0.03 and 0.04 m/s. The effects of these flowrates on melting process of the PCM and CPV cell
are investigated. A pump and piping system are used to circulate the heat transfer fluid between the CPV section
and the PCM battery section. The heat transfer fluid used in the circuit is pure water due to its availability, high heat
capacity and heat transfer and suitability for direct use for different applications.

3. MATHEMATICAL MODEL
3.1.Photovoltaic layers

The main mode of the heat transfer between the PV layers is transient conduction which is expressed by the heat
transfer diffusion equation (Radwan and Ahmed, 2017). The solar cell electric efficiency is calculated from (Xu and
Kleinstreuer, 2014). The power productivity per unit width of the solar cell can be given by the following relation
(Kant et al., 2016). While the fluid flow and heat transfer through the phase change material are governed by the
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conservation equations which are computed based on (Brent et al., 1988; Emam and Ahmed, 2018b). The average
solar cell temperature, stored thermal energy, and thermal efficiency of the CPV-PCM system over the period from
the initial time (f) to the complete melting time(tm) are calculated based on (Emam and Ahmed, 2018b):

3.2. Boundary and initial conditions

The convective heat transfer coefficient from the glass cover to the atmosphere due to the wind effect (Ahmed and
Radwan, 2017) and the radiation heat transfer coefficients between the glass cover and the sky are estimated by
the correlation (Rejeb et al., 2015). Adiabatic boundary conditions are applied for all outer walls of the system
except for the specified surfaces of the CPV.

3.3.Properties of heat transfer fluid

Pure Water is used as heat transfer fluid (HTF) due to its availability and suitability for direct use for different
applications. The thermophysical properties of the pure water as functions of temperature are used during modeling
based on the developed polynomial expressions of (Jayakumar et al., 2008).

4. MATHEMATICAL MODEL SOLUTION

In the current investigation, two comprehensive models were developed and solved numerically in two dimension
model considering all components have the same unit depth by using the commercial software ANSYS FLUENT
17.2. The first model is the integration between thermal model for CPV layers, closed loop water and melting-
solidification thermo fluid model for PCM. The coupled PRESTO and second-order upwind schemes were adapted
to solve and model the governing equations. The second developed model for comparison is direct coupling
between thermal model for CPV layers and melting-solidification thermo fluid model for PCM. The SIMPLE,
PRESTO and second-order upwind schemes were used to solve and model the governing equations at each time
step.

4.1. Mesh and time dependence study

A mesh independent test has been carried out for the integrated cooling system, it is found that 1173517 grids is
suitable after testing grid number of 380742, 494282, 577781, 698407 , 876321, 1173517, 1457431, 2120040 and
3103207 with error of 11.129 %, 10.260 %, 1.660 %, 7.550%, 1.101 %, 0.731 %, 0.915 %, 0.181 %, and 0 % based
on maximum number of grids. A time step independency test was carried out to choose the best time step for the
model calculations. The time step of 0.2 second is used after testing 0.1, 0.2, 0.3 and 0.5 second with error of 0 %,
0.3656 %, 0.4566 %, 12.379 %, 0.4566 % and 8.2492 %, based on minimum value of time step, to make balance
between solution accuracy and computational cost. For the case of conventional direct contact PCM cooling
system, the model is performed with 101655 elements with maximum grid size of 0.2 mm and time step of 0.2
second based on a model of the same configuration (Rabie et al., 2019). For both models, the error was kept below
10 for continuity and momentum equations and below 10 for energy equation.

4.2. Model validation

The validation of the numerical results is conducted by comparing the predicted results and the corresponding
experimental and numerical results. The direct contact PCM model is validated with (Kamkari and Shokouhmand,
2014) by comparing the liquid fraction of PCM domain with one wall under a constant temperature kept at 70°C of
the present model results with the experimental data of (Kamkari and Shokouhmand, 2014). Figure 2 (a) shows
this comparison for the variation of liquid fraction percentage. This figure shows that the comparison with (Kamkari
and Shokouhmand, 2014) demonstrates a good agreement between the current predicted results and the
experiments.
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Figure 2: Validation for the variation of liquid fraction and temperature with time

The second model of the present study (model of the heat transfer between the PCM and the PV) is validated with
the comparison with Said and Hassan (Said and Hassan, 2018) by comparing the predicted outlet temperature
HTF of different inlet velocities and temperatures which is going out from PCM-cooled duct with the experimental
results of (Said and Hassan, 2018). To conduct this comparison, the model was run under the same conditions of
(Said and Hassan, 2018). As shown in Figure 2 (b), the comparison shows a good agreement between the present
model and experiments which represent the coupling between HTF and PCM enclosure.

5. RESULTS AND DISCUSSIONS

The system is initialised with an initial temperature Tin = 33 °C and the PCM is in the solid state. For the glass
surface of CPV is considered under free convection boundary conditions with h=9.89 W/m?2 K due to a wind speed
of 1 m/s and Tamb = 33 °C. The CPV is studied at an inclination angle 30° and the glass surface is considered at a
constant concentration ratio of CR=10 sun of a constant sun solar intensity of 1000 W/m2. The model was run for
different velocities of the HTF. The model in case of the PCM tanks at direct contact of the CPV back surface was
also run at the same conditions for the sake of comparison. The study was carried out to express the system
performance including the silicon layer and glass surface local temperature, the PV power output, the efficiency of
the CPV and the monitoring of the PCM melting process by tracing the liquid fraction of each PCM enclosure. In
this section, the results of thermal behaviour and performance of the proposed integrated system and the direct
contact CPV-PCM system are discussed, evaluated and compared. Moreover, the effects of the velocity of HTF
on the thermal behaviour and performance of the proposed system are also presented, discussed and evaluated.

5.1. Effect of heat transfer fluid circulation velocity

In the following section, the effect of the HTF velocity on the temperature levels of the CPV cells and on its
performance (efficiency and net output power) are investigated.

Figure 3 shows the effects of HTF velocity on the transient average temperature of the solar cell for Water-PCM
integrated system. It is clear that the silicon temperature has a general upward trend over the entire time for all
cases. For four circulation velocities, the average silicon temperature sharply grows to 70°C on the first two minutes
and stays at this value without variation for another five minutes. After that, the silicon temperature slightly increases
to the end of the time to a value around 85°C. The disappearance of the constant temperature in the interval 2-7
min in case of high velocities can be attributed to the high heat transfer coefficient and high flow rate which rapidly
increase the fluid temperature at the inlet of the cell water channel. Comparing the temperatures histories at 0.01
to 0.04 m/s, it is noticed that, around the 17" minute, there is an exchange point of the cell temperature levels
between 0.01 to 0.04 m/s cases; where the temperature level of the silicon layer in case of 0.04 m/s is lower than
that of case 0.01 m/s before the 17" minute because the convection heat transfer is high due to the high HTF
velocity. But after the 17th minute, the silicon temperature in case of 0.04 m/s increases to become higher than the
0.01 m/s case. This can be attributed to the level of the HTF temperature which increases in case of 0.04 m/s to
become higher than that of case 0.01 m/s This means that, increasing the HTF velocity has a positive impact on
the cell temperature before the 17" minute and has a negative impact after this time because the heat storage
capacity of the PCM is constant which is consumed faster in case of 0.04m/s than in case of 0.01 m/s.
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Figure 3: Evolution of the average silicon temperature at different velocities with time

Figure 4 represents the effect of the HTF velocity on the efficiency of the solar cell and the generated net power
per unit width. As shown in the figure for all studied HTF velocities and types, the efficiency profile has a general
downward trend over the simulation time. For all cases, the efficiency drops sharply to 12% in the first 2 minutes
then continues decreasing gradually to reach about 11% at the end of the simulation time. The figure also shows
that, before the 17" minute, the efficiency in case of 0.04 m/s velocity is higher than that of case 0.01 m/s and the
reverse occurs after the 17" minute where the efficiency of 0.01 m/s case becomes higher than that of 0.04 m/s.
This can be attributed to the cell temperature levels of the two velocities before and after the 17" minute as
discussed early in Figure 3. It is remarkable that the efficiency curves also have an exchange point at the 17®
minute due to the reverse relation between silicon efficiency and its working temperature. On the other hand, for
all studied cases, the net power has a decreasing trend along the entire period of modelling. The figure shows that
the net power falls suddenly to be around 150 W/m in the first two minutes then gradually decreases to nearly 136
W/m for all cases, respectively., The figure also shows that before the 17" minute, the net power in case of 0.04
m/s is higher than that of 0.01 m/s and the opposite is true after the 17" minute. This trend can be attributed to the
trend of the cell temperature at the different velocities as described in Figure 3.
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Figure 4: Effects of HTF velocity on the solar cell efficiency

Figure 5 (a) shows the variation of the liquid fraction percentage during the simulation period for different HTF
velocities. It is clear that all cases have a general upward trend over the melting time. There is a constant start at
zero value for two minutes for all cases, then the curves gradually increase to the value of 100% liquid between 16
and 21 minutes for cases of 0.04 to 0.01 m/s, respectively. Then all liquid fractions stay constant at a value of 100%
to the end of modelling time. The figure also shows that after the 7 minute of starting the process, the liquid fraction
in case of 0.04 m/s is always higher than that of case 0.01 m/s and a complete melting in case of 0.04 occurs
before the case of 0.01 m/s. This can be attributed to the higher heat transfer coefficient and higher HTF mass flow
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rate which accelerate the melting process. While Figure 5 (b) shows maximum temperature of PCM during
simulation for the case of direct contact (DC) PCM and the case of PCM integrated with HTF with different
circulation velocities, The results shows that .DC PCM model exceeds the allowable working temperature of the
selected PCM which is 70°C according to the manufacturer (“Rubitherm,” 2015), while for the model of PCM
integrated with HTF the maximum working temperature do not exceeds the maximum working temperature and
stayed below 58°C during the modelling. The water as a HTF regulate the distribution of the heat energy with
convection.
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Figure 5: Variation of Overall Liquid Fraction and PCM maximum temperature with time at Different Velocities

Figure 6 illustrates the melting process of different HTF velocities. It is clear that the melting process for the closed
loop system finishes after 16" to 215t minutes for the different velocities of HTF while this process takes about 33
minutes to be completed for the case of DC PCM. It is remarkable that for all the combined systems, the first group
of the PCM enclosures starts and finishes the melting process early before the second and the third group of the
PCM enclosures. This can be attributed to that this group is the first group that meets the hot fluid coming from the
CPV cell. The subsequent group meets this fluid at lower temperature where it was cooled by the downstream
group of the PCM. The figure also shows that the melting process in case of 0.04 m/s is faster than other cases.
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Figure 6: Liquid fraction for different velocities after 5, 10, 15, 20, 25 and 30 minutes

Figure 7 shows the difference between maximum and minimum temperature along the silicon layer for different
circulation velocities. It is obvious that the temperature is more homogenous over the cell for higher circulation
velocity while the opposite is right for lower velocity. Low values of solar cell temperature uniformity cause the
thermal stresses and electrical resistance to decrease which enhance the performance of the CPV system and
increase the lifetime of the system.
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Figure 7: Variation of solar cell temperature uniformity with time for different circulation velocity

Figure 8 shows temperature distribution along the length of the cell for both glass and silicon layer for different
circulation velocities. It is obvious that the temperature of glass layer is slightly lower than the silicon layer for each
case because the effect of cooling by convection to the ambient. The glass temperature can be further cooled by
passing the cooling fluid in front of the glass surface which will affect directly on the performance of the CPV system.

Figure 9 shows the evolution of the average temperature silicon layer for different circulation velocity after 5 to 30
minutes with 5 minutes time step. It can be concluded that using variable circulation velocity can enhance the
performance of the CPV system and take the advantage of positive effects of both high and low velocities. Low
circulation velocity can be selected at the beginning of system cooling until complete melting of PCM, after that it
is recommended to increase the circulation velocity to increase the heat transfer coefficient to maintain the
temperature of CPV system at lower values.
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Figure 8: Local temperature of glass and silicon layer along the cell length after 30 minutes
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6. CONCLUSIONS

The new integrated CPV cooling system proves its reliability for regulating CPV cell temperature and store heat
energy in PCM as thermal battery for other applications. Changing the volume flowrate increase the performance
of the system to the point which consume all PCM charging capacity which could be extent by increasing the
volume of PCM. The following can be determined from the obtained outcomes:

- The presented integrated cooling system can regulate the temperature of the CPV system and keep PCM in
the limit of operating temperatures which cannot be obtained by DC PCM.

- Increasing the circulation velocity from 0.01 to 0.04 m/s increases the performance of the system until
completely melting then the performance decreases for high velocities.

- Increasing the circulation velocity from 0.01 to 0.04 m/s increases the temperature regularity of the cell
which decreases thermal stresses and enhances electric performance of the system.

- Itis recommended to cool the CPV system from both sides because the glass temperature is still high.

- Using variable circulation volume flowrates which create different heat transfer coefficients can regulate the
temperature of the CPV system better than single circulation flowrate by creating balance between the CPV
system temperatures and discharging time of PCM.
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With the increasing attention on indoor air quality, the use of fresh air conditioning systems has become more
widespread in recent years. However, the dew point dehumidification method of conventional air conditioning
systems results in high energy consumption because the temperature of the air needs to be reduced below the
dew point temperature. The aim of this study is to evaluate the performance of a fresh air dehumidification system
using a heat pump with desiccant-coated heat exchanger for of moisture removal and coefficient of performance
(COP) in typical hot-humid outdoor conditions in Shanghai. The key equipment of the system is desiccant coated
heat exchanger (DCHE), which is fabricated by a conventional fin-tube heat exchanger with desiccant materials
coated on the fin surface. Cold capacity provided by a heat pump is used during the dehumidification process so
that the harmful effect of adsorption heat could be overcome and the efficiency of dehumidification could be
improved due to the DCHE. The waste heat caused by the heat pump is used to regenerate the desiccant material.
The experiment results show that the average moisture removal of the system is 4.67 g/kgDA and the COP is 5.20.
Higher moisture removal could be achieved in the optimised system at a lower air flow rate with a slight reduction
on COP. The COP of the dehumidification system is higher than conventional air-conditioner due to the
dehumidification of the desiccant.

Keywords: dehumidification; fresh air; heat pump; desiccant coated heat exchanger; COP
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1. INTRODUCTION

Thermal comfort can be improved for people living in hot and humid climates, especially in summer, by using air
conditioning. However, indoor air quality (IAQ) and the impact on energy consumption are of key concern: the
return air to indoors is treated to cool and dehumidify before re-entering the room to reduce energy consumption,
but this may lead to a poor IAQ due to indoor pollutants (Yu et al., 2009). In addition, modern buildings often adopt
airtight windows to have ensure soundproofing which causes a low fresh air exchange rate of about 0.3 to 0.5 times
per hour (Hsieh, Chuang, Hou, & Huang, 2018). Using a fresh air system for air conditioning is an effective method
to improve IAQ, however, the expense of energy consumption may increase with the higher heat and humidity load
of fresh air in summer (Dongmei, Shiming, Zhongping, & Ming-yin, 2013).

Air conditioning systems are one of the largest energy consumers in the construction industry, accounting for 20%
to 50% of total energy consumption in developed countries (Vakiloroaya, Samali, Fakhar, & Pishghadam, 2014).
Air conditioning loads could be divided into two components, namely the sensible heat load and the latent heat
load, with the latent heat load usually accounting for 20% to 40% of the total air conditioning loads. In a conventional
vapor compression cycle, the latent heat load of moisture content is reduced by decreasing the temperature of the
air below the dew point temperature. The air temperature may be too low for the air to be supplied directly back
indoors, so the reheat coil is used to increase the temperature of the air resulting in additional energy consumption
and low efficiency. In recent years, desiccant coated heat exchangers (DCHE) have been proposed by researchers
(Ge et al., 2010) to enhance the performance of dehumidification systems. Experimental results show that the
DCHE overcomes well the harmful effect of adsorption heat in desiccant dehumidification process, and good
dehumidification performance can be achieved under given conditions (Sun et al., 2017). Zhao et al. (2016) studied
a solar driven dehumidification system using DCHE with heat recovery. Results show the electrical COP can reach
13.83 due to the use of solar energy and heat recovery. However, the instability of solar energy is a disadvantage
to the continuous operation of the system.

In this paper, a fresh air dehumidification system using a heat pump with a DCHE is presented. A series of
experiments are conducted to study the performance of the system and the factors that affect the performance on
typical ambient condition of Shanghai.

2. DESCRIPTION OF EXPERIMENTAL SET-UP
2.1. Desiccant coated heat exchanger (DCHE)

As a novel humidity processing device, DCHE is fabricated by a conventional fin-tube heat exchanger with
desiccant materials coated on the fin surface. The schematic diagram of DCHE during dehumidification process
and regeneration process is shown in Figure 1. In order to overcome the harmful adsorption heat generated by
desiccant moisture adsorption during dehumidification process, cooling water flows through tubes to remove the
adsorption heat to keep a high efficiency of dehumidification. During regeneration process, hot air flows through
the surface of the fins of the DCHE to provide heat capacity to regenerate desiccant (during regeneration process,
cooling water does not flow) so that desiccant regains moisture absorption capacity. The structural parameters of
DCHEs used in the experiment system and the photo of the DCHE are presented in Table 1 and Figure 2,
respectively.
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Figure 1: Schematic diagram of DCHE during dehumidification process and regeneration process
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Table 1: Structural parameters of DCHE.

Component Parameters
Structural size (mm) 340x340x88
Mass (kg) 7.627
Thickness of the fin (mm) 0.15
Spacing of the fin (mm) 2
Outer diameter of the tube (mm) 9.87
Glue quantity (kg) 1.843

Figure 2: Photo of the DCHE

2.2. Experimental system description
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Figure 3: Schematic diagram and running modes of the fresh air desiccant dehumidification system

The schematic diagram of the studied fresh air desiccant dehumidification system is shown in Figure 3. The system
could be divided into two subsystems which are connected by air ducts and water pipes. The first subsystem is a
conventional vapour compression heat pump subsystem consisting of compressor, evaporator, condenser and
expansion valve by which hot air and cooling water could be provided. The refrigerant used in the heat pump
subsystem is R134a and a compressor with a rated power of 450W is used. The cooling water provided by
evaporator can be pumped to DCHE A or DCHE B through a 3-way water valves, and the ambient air can flow
through DCHE B or DCHE A by 4-way air valve after being heated by the condenser. The second subsystem is a
dehumidification subsystem which consists of two identical DCHEs, a 4-way air valve, air ducts, fans and other
fittings. Two DCHEs are placed on opposite sides of the four-way valve and the motor of the 4-way air valve can
be switched repeatedly between 0 and 90 degrees. The two air ducts are isolated from each other because of the
blade of 4-way air valve. With the switch of blade between 0 to 90 degrees, the dehumidification system can operate
in two running modes without the switch between evaporator and condenser in the heat pump subsystem: during
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mode 1, DCHE A is regenerated by hot air so that the desiccant can regain moisture absorption capacity; at the
same time, DCHE B is in dehumidification process with harmful adsorption heat overcome by cooling water flowing
through the tube of DCHE. During mode 2, DCHE A is in dehumidification process while DCHE B is in regeneration
process. Fan is installed at the ends of the air ducts respectively so that air can be drawn pass through the DCHEs.
With mode 1 and mode 2 switching, the dehumidification system can achieve continuous dehumidification. In
addition, the desiccant is used to treat the latent heat load of the process air so the temperature of the air does not
need to be lowered below the dew point temperature, which could increase the evaporation temperature of the
heat pump subsystem and improve system performance.

2.3. Measurements and data acquisition

Temperature, relative humidity and process air flowrate of inlet and outlet air were measured in the experiment. Air
temperature and humidity sensors with accuracy of+0.3°C and +2%RH were employed to test the temperature and
relative humidity of inlet and outlet air. Air flow rates can be calculated by the area of air ducts and the velocity of
process air, which was measured by a hot-wire anemometer with accuracy of+0.004m/s. Temperature and flowrate
of cooling water was measured as well. PT 100 temperature sensors with accuracy of+0.1°C were used to measure
the temperature of cooling water and water meters with accuracy of +1.0% were employed to test the water flow
rate. In addition, the electric power of all electrical appliances including compressor, fans and water pump, etc. was
measured by a power meter with accuracy of +1.0%. All these measurement data were collected into a computer
by a data acquisition instrument Agilent 34972A. The main parameters of the measuring devices in the experiment
are shown in Table 2.

Table 2: Parameters of test instrumentation

Parameter Sensor Accuracy Range
Air temperature Temperature sensor +0.3°C -30-70°C
Relative humidity Relative humidity sensor +2%RH 0-100%
Air flowrate Hot-wire anemom eter +0.004m/s 0-5m/s
Water temperature PT 100 +0.1°C 0-200°C
Water flowrate Water meter +1.0% 0-999m?3
Total electric power Power meter +1.0% 0-6600W

3. METHODOLOGY

3.1. Mathematical model

The fresh air dehumidification system consisted of the heat pump subsystem and the dehumidification subsystem.
The performance of the heat pump subsystem was calculated by the Program Solkane 9.0. A mathematical model
of DCHE during dehumidification process was developed by mass and energy conservation to predict the
dehumidification system performance. The following assumptions were considered to simplify the calculation: (1)
The process of the dehumidification system was at steady state; (2) Molecules of desiccant material were evenly
distributed in the heat exchanger surface; (3) Heat transfer consistence of the copper tube was negligible and its
temperature was assumed to be equal to that of the desiccant material; (4) Heat conduction as well as the mass
diffusion within both air stream and desiccant material was negligible.

The energy conservation equation of DCHE is given as:

Equation 1: E ti ti ) — =n —
quation nergy conservation equation ernlv (Tw,out Tw,in) ma ( ha,in ha,out)
Where:

- c,, = the specific heat capacity of water, kJ/(kg - K)

- M,,M, = the mass flow of water and process air, kg/s

- TW’,-,,,TW’OL,t = the inlet and outlet temperature of water, °C

- ha,in , ha,out = the inlet and outlet enthalpy of the process air, kJ/kg
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The mass conservation equation is given as:

Equation 2: Mass conservation equation m_(d ain ~ d avout )T =m, W
Where:

- da’ in’da,out= the inlet and out humidity ratio of the process air, g/kgDA

- T = the time of dehumidification process, s

- My, = the mass of desiccant coated on the DCHE, g

- W = the amount of moisture adsorption by desiccant, g

The amount of moisture adsorption by desiccant silica gel is calculated by the sorption isotherm, which is obtained
by Micromeritics gas adsorption analyser (ASAP2020) as shown below.

Equation 3: Fitting equation of desiccant

W =0.62731 x® - 0.60991 x? + 0.2468 x + 0.00418 [0<x<0.77,R* =0.9944)
W = -153 .60301 x° + 403 .12453 x2 - 347 .68326 x + 98.96314  (0.77 <x <1,R? =0.9984)
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Figure 4: The sorption isotherm of desiccant silica gel

Some supplementary equations for calculating the enthalpy and humidity related parameters are as follows:

Equation 4: Inlet enthalpy h,,=1.005¢t,, +d_, (2501 +1.86t,, )
Equation 5: Outlet enthalpy h, o =1.005¢, , +d, (2501 +1.861, )
Equation 6: Saturation pressure of water vapour P b= iexp 18.5916 — M
* 15 t+233.84
Equation 7: Relationship between humidity ratio d=0622 q
and water vapour pressure - B-P
q
Equation 8: Relative pressure X ='l:—"
b
Where:

- ta,in , ta,out= the inlet and outlet temperature of the process air, °C

- P qb"D q = the saturation pressure and water vapor pressure of process air, Pa

- B = atmospheric pressure (101325Pa)
- X = relative pressure
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3.2. Performance indices

In this paper, performance of the fresh air dehumidification system is evaluated in terms of instant moisture removal
Ade - as listed in equation (1), average moisture removal AdDE,avg’ as listed in equation (2), and coefficient

of performance (COP) of system, as listed in equation (3). The instant moisture removal Ad . , 9/kgDA, is defined
by the difference of humidity ratio of inlet and outlet air:

Equation 9: Instant moisture removal Ad = d
DE a,in

-d

a,out

d
In a cycle period, average moisture removal DE’a"g, g/kgDA, is more appropriate to describe the
dehumidification ability of system because of the variations of desiccant and system status, which is defined in
equation (2).

Equation 10: Average moisture removal Ad = Z:) AdDE
DE,avg
T

In order to investigate the overall efficiency of the system, coefficient of performance of the system is shown in
equation (3), which is defined as the ratio between enthalpy change of inlet and outlet air and electric power
consumed including compressor, water pumps and fans, et al.

Equation 11: Coefficient of performance of the _ Q _ m, (ha,in 7ha,out)
system COP= F - =)

e e
Where:

Pe = the electric power consumed including compressor and water pump, kW

4. RESULTS AND DISCUSSION

The fresh air dehumidification system was experimentally tested in conditions of typical ambient air during the
summer in Shanghai, China. The dynamic performance of outlet air of the DCHE was recorded to show the supply
air status. Also, the performance of the system including average moisture removal and coefficient of performance
(COP) was tested.

4.1. Dynamic performance analysis

Dynamic performance of the fresh air dehumidification system in terms of outlet air condition was experimentally
tested in this part. In the experiment, the operation parameters were as follows: the average temperature and
relative humidity of inlet air were 29.8°C and 60.29%, respectively, and the humidity ratio was 15.97 g/kgDA. Air
flow rate was 400 m%h, namely velocity of inlet air was 0.96 m/s according to the area of ducts. The average
temperatures of cooling water during dehumidification process was 19.7°C and the average temperature of heated
air in regeneration process was 45.9°C. The operation cycle time is 20 minutes.

Outlet air temperature and humidity ratio of one cycle time including dehumidification process and regeneration
process are shown in Figure 5. The cooling water temperature and regeneration air temperature are shown in
Figure 4 as well in order to describe the utilisation of cooling capacity and heat capacity. In the experiment, the
dehumidification process of one DCHE could be divided into two parts: in the first part (0-180s), a rapid decrease
of outlet air humidity ratio occurs because the cooling water flows into the DCHE rapidly and the high absorption
potential of the desiccant caused by previous half cycle of regeneration. However, the temperature of the outlet air
is still higher than the ambient temperature due to the effect of high temperature regeneration in the previous half
cycle. In addition, fluctuations occur due to the heat capacity caused by the previous half cycle of heated air
regeneration. During this part, the instant maximum moisture removal of the dehumidification occurs, which is 7.41
g/kgDA, and at this moment, the outlet air humidity ratio is 8.56 g/kgDA. In the second part (180-600s), with cooling
water flowing into DCHE continuously, the temperature of outlet air gradually decreases below 25°C, while the
humidity ratio increases slowly because the desiccant approaches saturation gradually but is still less than the
ambient humidity ratio. After the desiccant is approaches saturation, the DCHE switches to the regeneration
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process by 4-way air valve and 3-way water valves switching. The regeneration process could be divided into two
parts: in the first part (600-840s), the outlet air temperature and humidity ratio increased sharply with heated air
flowing through the DCHE after 4-way air valve switching. In the second part (840-1200s), the outlet air temperature
continued to rise, while the outlet air humidity ratio decreased slightly because the desiccant gradually totally
releases the water vapor adsorbed during the dehumidification process. During the dehumidification process,
average outlet air temperature and humidity ratio are 27.7°C and 9.91 g/kgDA, respectively. Meanwhile, average
moisture removal during the dehumidification process is 6.31 g/kgDA, while average moisture released is 6.38
g/kgDA during the regeneration process.
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Figure 5: Dynamic performance of the fresh air dehumidification system
4.2. Dehumidification performance of system

In this part, experimental tests of the fresh air dehumidification system were conducted on the Shanghai typical
summer conditions (temperature is 28.2°C - 30.1°C, humidity ratio is 15.7 g/kgDA to 16.1 g/lkgDA) with different
cycle times and air flowrates. The results are shown in Figure 6. Moisture removal and COP of system increases
first and then decreases with the increase of cycle time. When the cycle is 20 minutes, meaning 10 minutes in
dehumidification mode and 10 minutes in regeneration mode, the dehumidification system reaches the most
moisture removal 4.67 g/kgDA and the best COP 5.20. In a dehumidification cycle, at the beginning of
dehumidification process, COP was high because the large moisture removal adsorbed by desiccant and COP
reduced with the decrease of moisture removal adsorbed by desiccant as the process progressed. Therefore, the
average COP of the dehumidification system decreased with the increase of cycle time within a certain range.
However, when the cycle time was too short, the average COP of the system reduced because of the loss cooling
capacity caused by switching. The best cycle time of the dehumidification system was 20 minutes. Change in COP
of system with the increase of air flowrate has similar results. With the increase of air flowrate from 400 m%h to 650
m?3/h, the average COP of the system increased from 4.42 to 5.20, and decreased to 5.08 with the increase of air
flowrate from 650 m%h to 900 m%h. However, the average moisture removal decreased from 6.31 g/lkgDA to 3.35
g/kgDA with the increase of air flowrate from 400 m%h to 900 m3%h because the contact time between the process
air and the desiccant decreased with the increase of air flowrate.
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Figure 6: Influence of cycle time and air flowrate on performance of system
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4.3. Optimisation for the system

For desiccant, isothermal dehumidification is a better dehumidification process. However, in the system, in order
to achieve isothermal dehumidification, the air flowrate was increased to cause a higher evaporation temperature,
so that the mass transfer driving force was insufficient during the dehumidification process, which caused the
moisture removal to be low. The humidity ratio of supply air did not reach the supply air requirement of less than
10 g/kgDA, although the system COP was higher. In this part, the system was optimised for operation at a smaller
air flowrate (250m%h to 450m3/h) under both ARI Humidity and ARI Summer conditions to increase the moisture
removal to meet the air supply requirements. The results, which are shown in Figure 7, indicate that the moisture
removal decreased from 10.49 g/kgDA to 5.54 g/kgDA while COP increase from 4.41 to 4.85 with the increase of
air flowrate from 250 m3/h to 450 m%/h on the ARI Humidity condition. The outlet air humidity ratio could reduce
below 10 g/lkgDA as the air flowrate is in 250 m3/h to 400 m%h. Similarly, on the ARl Summer condition, the moisture
removal decreased from 7.81 g/kgDA to 3.04 g/kgDA while COP increase from 4.07 to 4.43 with the increase of
air flowrate from 250 m3h to 450 m3%h. The dehumidification system shows a better performance on the humidity
condition. According to calculations, the COP of a conventional heat pump system that could achieve the same
moisture removal under ideal rated conditions is also shown in Figure 7. The conventional heat pump system uses
the method of condensing to dehumidification, which is to reduce the temperature of the air below the dew point
temperature. Therefore, the larger the moisture required, the lower the evaporation temperature of the system,
which leads to a reduction in the COP of the conventional heat pump system. This novel fresh air dehumidification
system used desiccant to treat the latent heat load, which increased the evaporation temperature of the heat pump
subsystem and increased the COP of the system. Compared with the traditional heat pump system, the
dehumidification system had a COP increase of about 15% to 55%.

Table. 3 ARI Humidity and ARI Summer conditions
Relative humidity (%)

Temperature (°C) Humidity ratio (g/kgDA)

ARI Humidity 30 60 16.1
ARI Summer 35 40 14.3
14 — 6 10 .
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Figure 7: Influence of air flowrate on performance of optimised system on ARI Humidity and ARl Summer conditions

5. CONCLUSION

In this paper, a fresh air dehumidification system using heat pump with desiccant coated heat exchanger (DCHE)
was presented. A series of experiments were conducted on typical ambient condition of Shanghai to study the
performance including moisture removal and COP of the system and the factors that affect the performance. In this
research, the fresh air dehumidification system could achieve isothermal dehumidification by inter cooling based
the desiccant coated heat exchanger. The average moisture removal is 4.67 g/kgDA and the average COP of
system is 5.20 on the condition that the cycle time is 20 minutes and air flowrate is 650 m%h. The cycle time and
air flowrate are two factors that affect the performance of the dehumidification system. Higher moisture removal
could be achieved in the optimised system at lower air flowrate with a slight reduce on COP. The dehumidification
shows a better performance on humidity conditions.
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#143: Research on effective utilisation of solar
thermal energy by solar energy bench
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This study looks at the effective utilisation of thermal energy especially in a small power domain. In previous studies,
the author has clarified the effectiveness of using thermal energy applications for HEMS (Home Energy
Management System). In this HEMS, sensor network nodes were used which required an average power of several
hundred micro Watts to continue working. We set a challenge to utilise the energy of the temperature difference
between the human body and circumference and successfully achieved in excess of an average 100uW power.
Now we are interested in gathering more power from solar thermal energy. The first stage involved developing a
solar energy bench. The solar energy bench design was based on the solar cooker for gathering solar thermal
energy and was focused as the thermal energy raising the temperature of the dumped water used for heat retention.
The warming surface of the thermoelectric element was exposed in hot water to solar energy and the opposite
surface of the element was attached to the heat sink and exposed in the cooling side. In the first trial, we obtained
an electrical energy of almost 0.2mW which was very small compared to estimates. The first prototype had many
problems: heat insulation mechanism; heat collecting mechanism; heat transfer mechanism and especially around
the heat dissipation mechanism. Subsequently, the revised model introduced a water cooling mechanism on the
cooling surface. In the revised solar energy bench, successful results were achieved. The obtained power was over
3mW which is sufficient to keep the sensor network system working. The consideration about the power generating
characteristics between air cooling mechanism and water cooling mechanism will be discussed.

Keywords: thermal energy, solar energy, thermoelectric element, energy harvesting
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1.  INTRODUCTION

Nowadays, there is a movement towards power saving due to environmental problems such as global warming
and lack of power resources, and one of the effective methods of saving energy is HEMS (Home Energy
Management System). HEMS is a system based on sensing, communicating and controling the energy
consumption of life at home, and it is estimated to have the potential energy saving of 10% to 20%. Japan’s
government is establishing a HEMS project, and the goal announced by the Ministry of Economy was that HEMS
must be spread to all households (50 million households) by 2030 (Yoshikawa, 2017). Although HEMS is
considered to be the best method of solving energy problems, it has still not been disseminated widely. This is due
to three problems: one is the restriction of location freedom, another is the high initial cost, and finally the low
interest shown by individuals for domestic energy saving. Therefore a novel HEMS is proposed which is operated
with a sensor network eliminating the problems mentioned above. The biggest challenge in HEMS with sensor
networks is securing the power for each sensor network node to keep working. HEMS with sensor networks provide
relief, safety and comfort, and the power required is defined by many categories depending on the type of
application provided. This study considers a HEMS that uses 20uW power as the first step. A supply of about
100uW on average is necessary to obtain 20uW of usable power (Yoshikawa, 2012). In order to secure the power
required by the sensor node, we are looking to harvest energy from human body heat, room illumination, walking
vibration and so on. In previous research, the author has shown that 100uW of power can be secured in a house
(Yoshikawa & Awai, 2012).

For this study, we have examined the energy harvesting methods applied outdoors and solar power is the most
commonly used natural energy power generation. Solar power generation is a convenient method as power is
obtained simply by installing a flat panel, but some problems have arisen as follows:

(1) The natural landscape is marred with an array of huge panels;

(2) Ecosystems may be destroyed;

(3) Land does not develop naturally;

(4) Many panels are discarded after 20 years of life, and recycling is expensive;
(5) Some panels contain toxic substances such as Cd and Pb.

Although there are such problems, solar power is currently considered to be the core of new energy. Therefore,
this study focused on the use of solar thermal energy, which has a long wavelength, rather than the light energy of
the sun. When thermal energy is converted into electrical energy, generated power using thermoelectric elements
is performed in a room temperature range, but it has been shown that power generation efficiency is lower than
that of photovoltaic power generation. Here, we aim to generate power of mW class to operate the communication
terminal of the sensor network described above, not the large power represented by Mega solar. We defined the
"solar energy bench" that enables anyone to easily collect the power required for the operation of the sensor
network node with solar thermal energy, and started developing this solar energy bench. The concept is defined
that solar aperture area is smaller than 1m? and that power generation is possible by being set into the living
environment, specifically, locations considered were gardens, rooves, parks, etc.

2. TEMPERATURE DIFFERENCE POWER GENERATION FOR INDOORS

Previous research has experimented with temperature differential power generation in various indoor scenes. The
results are described in the experiments of low temperature range (20°C to 40°C) and high temperature range
(about 100°C)

2.1. Human body power generation

We have used a Peltier element for the temperature differential power generator which was attached to human
skin on its heating surface and attached to the heatsink on its cooling surface. Usually, the human body is constantly
around 37°C. The generating power was measured to account for various room temperatures and, to consider
human movement, we have also considered the situation when various convection was applied. The experimental
landscape is shown in Figure 1 and the results are shown in Figure 2. The Room temperature was selected as
5°C, 10°C, and 30°C corresponding to the Japanese seasons of winter, spring and autumn, and summer
respectively. Convection is selected as Om/s, 0.3m/s, 1.2m/s, respectively corresponding to the quiet state, a
momentary hand action, and swinging. Room temperature and convection is controlled by the incubator and PC
fan respectively (Yoshikawa, 2015).

The generated power is evaluated as the value of open voltage multiplying short current divided by 4 using I-V
property based on the data measured by the source meter. Relating to the temperature difference, winter is the
season for greatest power generation, the power is three times larger comparing to the generating power in
summer. Relating to the existence of the convection, the generated power at 1.2m/s convection is five times larger

60



comparing to the generated power when convection is not applied. As the result of this experiment, more than
100uW power generation is warranted during all seasons. And the results show the convection works effectively
for power generation. But these results show we can’t draw out the sufficient ability of the thermoelectric element
because the theoretical value of the generating power must be larger than those results (ref.3.2).
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Figure 1: Experiment Landscape Figure 2: Human skin power generation results

2.2. Hot water tank power generation

As well as previous experiment, we have evaluated the temperature differential power generation in higher
temperature region. The surface temperature of hot water tank in the waste incinerator arrives at 100°C.
Thermoelectric elements were attached to the outer surface of a hot water tank, as shown in Figure 3, inserting the
high thermal conductive silicon sheet.
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Figure 3: Water tank thermal power generation Figure 4: Hot water tank power generation result

The generated power was around 16mW which is 100 times larger than the power by human body power
generation under the condition that the temperature difference is 3 times larger and the number of thermoelectric
element is 14 times larger comparing to the human body power generation. Considering 4cm square conversion
as the same area of human body power generation, generated power is calculated as 1.2mW. Referring to the
theoretical consideration, generated power is proportional to the square of the difference of temperature. The
estimated power referring to the body generated power as 160uW results in 1.44mW which is comparable to the
experimented result 1.2mW, showing that we can’t draw out the sufficient ability of the thermoelectric element as
well as human body experiment.
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3. CONSIDERATION FOR THE DECREASE IN GENERATING POWER

We considered that the decrease in generated power may be due to the lack of temperature difference between
the two surfaces of the thermoelectric element. Therefore, the validity of the hypothesis was verified by numerical
calculation, and the difference from the theoretical value was clarified by experiments.

3.1. Numerical simulation for consideration for the decrease in generating power

As shown in the measurement results of the 2nd section, in the previous temperature difference power generation
experiments, the amount of power generation was lower than theoretical value of the thermoelectric elements. In
order to investigate the cause, numerical analysis was conducted using program code FEMAP on the transient
characteristics of the temperature around the thermoelectric element when one surface of the thermoelectric
element is heated and the other surface with heat sink is immersed in air.
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Figure 5: Calculation Model for Heat transmission Figure 6: Calculated result of Temperature transition

In this calculation, the temperature characteristic is shown when the temperature of the temperature controller is
30°C with respect to the room temperature of 15°C. When the heat sink is not attached, the temperature difference
between the heated surface and the exposed surface is almost 0°C (overlapping with solid line in Figure 6), and
the temperature difference of 3°C between cool surface and heat surface can be finally secured by attaching the
heat sink. This result shows the effect of being able to give a temperature difference by attaching a heat sink. On
the other hand it means even if a heat sink is attached, the temperature difference between two surfaces of the
thermoelectric elements is far below to the value originally intended to give as a temperature difference. It is
considered that this is due to the convection of air from the heat source and the heat conduction through the
thermoelectric element itself. It is considered that it is necessary to actively cool the cooling surface using external
power source in order to draw out the ability of the thermoelectric element itself, but in view of the fact that the
original our purpose is to extract the weak electric power, we can’'t use external energy. So we thought about
introducing a cooling mechanism that immerses the cooling surface in water. In order to verify the effect,
comparative experiments of air cooling system and water cooling system were conducted.

3.2. Experimental data in air cooling and water cooling referring to the theoretical value

We measured the difference in the amount of power generation in terms of heat radiation surface with air-cooled
and water-cooled. The temperature of the temperature control table was changed by 5°C from 20°C up to 40°C,
and the open end voltage and the short circuit current of the thermoelectric element were measured, and the
maximum output power is calculated by the product of the open end voltage and the short circuit current and
dividing by 4. In the measurement of a short circuit current, we have used shunt resistance. The experimental
scene in the air cooling and water cooling system is shown in Figure 7.
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Figure 7: Landscape of Temperature Different Power Generation Measurement for Air Cooling and Water Cooling

Next the theoretical consideration is shown. The generating power is decided by the product of thermal conductive
energy and thermoelectric element efficiency. Thermoelectric power is derived by following Equation 1.

Ty—-TeNI+2ZT -1

Equation 1: Thermoelectric element efficiency n= T T,
H JT+ZT+&
Ty

Where:

- TH, TL= Higher Temperature [K], Lower Temperature [K]
- ZT= Figure of Merit for Thermoelectric element

The thermal conductive power is derived by Equation 2.

Equation 2: Thermal Conductive Power QW] =1.163S A1AT/ b

Where:

- S = Area of Thermoelectric Element

- A= Thermal conductivity of Thermoelectric Element

- b =Thickness of Thermoelectric Element

- AT= Difference of Temperature between both surface of Thermoelectric Element

In the case of ZT=1, n is calculated as 0.0005 AT and using S=0.0016[m?], b=0.005[m], 1=0.25 [kcal/mh°C],
generated power P by thermoelectric element is calculated by multiplying 7 and Q and is shown as following
Equation 3.

Equation 3: Generated Power by Thermoelectric Element P [mW] =0.0456 AT ?

Here we show the results of fundamental air cooling and water cooling measurement, human body measurement,
hot tank measurement, and theoretical calculation in Figure 8. Figure 8 shows that there are double decades power
difference between air cooling and water cooling. And the experimental results of human body power generation
and hot tank power generation are closely related to the air cooling fundamental measurement results. Of cause
when we apply the convection, the generated power is approaching to the water cooling one. Here we have to pay
attention that the generating power by water cooing system is closely to the theoretical value. It means the water
cooling system is quite effective method for the energy harvesting.
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Figure 8: Generated power measured results for many kinds of application referring to the theoretical value.

4. SOLAR ENERGY BENCH DEVELOPMENT

For the reasons described in the background and through the previous experiments, we have started to study
outdoor temperature differential power generation replacing the indoor applications. It is most effective to use the
energy that is poured from the sun as a way to get heat outdoors. When considering the use of solar heat, the first
step is to collect solar heat efficiently in a specified area. Next is to store the gathered heat for a long time. Solar
Cooker is mentioned as the most compatible technology in the first step. There are various methods such as
parabola type and box type for solar cooker, but in our application, we have tried to make both type of solar cooker
and measured the generated power by them. The appearances of both solar cookers are shown in Figure 9 and
the experimental results are shown in Figure 10.
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Figure 9: Solar cooker type temperature differential power generator (Left: box type, Right: parabola type)
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Figure 10: Solar cooker type temperature differential power generator (Left: box type, Right: parabola type)
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These experiments are performed under the sun, and gathered heat energy is converted into electrical energy by
thermoelectric element (4cm square). The generated power of both solar thermal power generator arrived at 1.2
[mW] based on the normalised solar aperture as 1[m?]. The parabola type power generator has unstable power
generation characteristics because the thermal focus point is narrow and almost all of the parts are exposed to the
atmosphere so the wind blows around the heat storage box and the heat radiating area (around the heatsink).

This first prototype mentioned above has many problems for stable and effective power generation, so we have
made the revised one. Main revised points are shown as following.

The heat capacity of the heat storage container is too large, so the temperature has not risen in it.
The heat dissipation mechanism for cooling surface was not working well.

Both the heat receiving part and the heat radiating part were easily affected by the wind.

It was too large to handle.

(1
(2
(3
(4
(5) As for the parabola type one, it was difficult to create the structure without becoming complicated.

—_—— — — —

The revised solar energy bench and its details are shown in Figure 11. First of all, miniaturisation has been realised.
For one thing, we have designed the light collection cross section to the necessary minimum size. Furthermore,
in the height direction, the focal length is shortened and the light collection efficiency is increased by using two
matching lenses. The use of a lens is not only for downsizing but also serves to shield the heat storage unit from
the outside air. Next, in order to improve the heat retention characteristics, the heat storage portion is thermally
insulated by a heat retention material. Furthermore, it is the most important point that heat dissipation efficiency is
improved by using a water cooling mechanism in which the heat sink on the low temperature surface is immersed
in water.

Cone
(inside : Mirror)

heat retention material
Water(Hot)

Thermoelectric

Element —— Water(Cold)

Heat sink

Solar aperture: 12 [cm] diameter ~ Thermoelectric element: 4[cm] square

Figure 11: Overview of revised solar energy bench
4.1. Solar energy bench design concept

We have to consider for two points, one is saturation temperature, and the other is effective duration for power
generation. Saturation temperature is decided by the balance between solar power as the input, denoted by Ps,
and heat radiation or heat transmitting through the heat retention material as the output denoted by O, shown in
Figure 12.

P,: Solar Input Power
Ps=0 ¢ T b = 10008,M
A S; + Area for solar energy pours

TN A M Magnified scale
LN o The™ ; e
O :Transmitting power

{?J\/ O_SRAAT

b
ag’a Sg : Area for heat retention

AT: Difference between inside and outside

Figure 12: Explanation diagram for the derivation of the saturated temperature in the inner water tank
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Duration for power generation is decided by the time constant for the whole system. In this system volume of the
water in inner water tank is dominant. When we change the volume of water, time constant zis changed as 71, =,
73 and the temperature on the tank is changed shown in Figure 13. As the result, duration for power generation is
decided by the volume of water tank and the proper time constant must be selected referring to the daylight hours.
In this case we have chosen the value as 60 [cm®] considering to the compensation by heat retention material.
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Figure 13: Explanation figure of duration for power generation dependency on time constant

As explained above, the cone size is decided referring to the demanded solar power input as well as water tank
volume. We have made revised solar energy bench based on the five items | have shown and measured the
characteristics of it. The measurement was performed on sunny day afternoon in December. The time duration of
experiment is about two hours and the measurement is made for each five minutes. The result is shown in Figure
14 with the experimented result of first prototype solar energy bench (Box type). The generated power by revised
one is much larger than the first prototype although revised one has very small aperture area just as one tenth of
the area of first prototype. In this measurement we have calculated the maximum output power which is derived by
multiplying output voltage and short circuit current divided by four. At the same time we have measured the
temperature of inner (hot) and outer (cool) water. The difference of the temperature between inner and outer water
is about 10°C. Referring to the theoretical consideration, we can get about 4.6mW but we could get only 3.7mW
which was slightly smaller than that. We suppose that reason coming from the difference of temperature between
the thermoelectric element surface and water. As the result, we could get the good results getting more than 3mw
for a long time by revised solar energy bench. This result shows solar energy bench can be used for working of
sensor network node because the average power for whole day is estimated about 100uW.
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Figure 14: Measurement results for power generation of revised solar energy bench
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5. CONCLUSION

We have researched energy harvesting as an energy source to operate small wireless terminals for HEMS
applications until now. As the next step, we have started research on using a small communication terminal in
outdoors, assuming an outdoor sensing application. When considering outdoor energy harvesting, it is most
effective to use the energy pouring from the sun. Solar power is currently the most popular method of power
generation using solar energy, but solar power has the problems such that the efficiency of power generation is
decreased when there is no strong light or unstable energy supply, so we have started considering the use of the
solar heat energy for outdoor application as an alternative method. We have experienced that there exist a seriously
problem that we can’t obtain enough power using the thermoelectric element comparing to the theoretical value
from the background of researching various temperature difference power generation in HEMS until now. The
factor was assumed that the temperature difference between the two surfaces of the thermoelectric element was
not sufficiently secured, and numerical calculations and power generation experiments specialised for only the
power generation part were performed. The factor is that the temperature difference between both surfaces of the
thermoelectric element with the heat sink attaching to the heat radiation surface is estimated very small with a
value of a few tens of percent corresponding to the temperature difference we want to apply and the generated
power is measured as the value of several percent comparing to the value when radiation surface is immersed in
the water. Then we have made the prototype of water cooling solar energy bench and evaluated. As the results we
could get more than twenty times generating power than air cooling conventional one. The generating maximum
power is over 3mW and the average power is over 2mW for two hours. This means that about 100uW of power
can be obtained on average in one day by the small volume as 0.015 [m?] (25 [cm] cube containing water reservoir)
solar energy bench. We can conclude our solar energy bench can be used for power source of small sensor
network terminal.
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Building retrofitting is an important method to reduce energy consumption; however, considering the post-retrofit
building performance of traditional energy efficient interventions, the issue of indoor air quality, such as humidity
and sanitation, is often complained about by occupants. Therefore, independent controls for humidity and
temperature in air conditioning systems needs to be further improved using advanced technologies to improve
comfort levels in order to increase the retrofit rate of residential buildings. This paper presents an innovative hollow
fibre-based dehumidification-cooling system with pre-cooling solution for residential building retrofits, with the aim
of realising an accurate humidity control with less energy consumption compared to commercial heat pump-based
air conditioners. The proposed concept for a cooling and dehumidification system is a two-step process by applying
hollow fibre system, which consists a liquid desiccant dehumidification cycle, and a water evaporative cooling cycle.
The experiment results show that the maximum overall cooling and dehumidification COP reached 4.36 with outlet
air temperature of 27.6°C and humidity of 70.7%, when the inlet air has a temperature of 40°C and humidity of
80%, under the condition of pre-cooling degree of 0.3. Besides, the maximum dehumidification COP, and cooling
COP reaches 7.10 and 9.04 respectively, with pre-cooling degree of 0.5, under the NTU value of 4.5. Moreover,
an ltalian residential building used as a case study to investigate the energy saving performance with the
dehumidification and cooling performance under the hot and humid summer in Mediterranean area from May to
September. The simulation results illustrates that approximately 84% reduction of the cooling energy consumption
achieved (from 5.99 kWh/m2 to 0.96 kWh/m2) and 63% of comfort hours increased (from 4301 hours to 7031
hours), which is under humidity control section between 40% and 60% and temperature control section between
20°C and 22°C, if compared with a traditional commercial split air conditioner.

Keywords: building retrofit; hot-humid area; hollow fibre; liquid dehumidification; evaporative cooling
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1. INTRODUCTION

Air conditioning systems are recognised as an indispensable method of improving human beings’ thermal comfort
and living conditions since the early twentieth century. With growing concerns about the greenhouse gas emissions,
the aggravating primary energy shortage and increasing energy demand, the energy consumption of buildings is
at a critical stage, accounting for 40% of energy demand in Europe (LRg., W., 2006). According to the EU Directive
(Directive 2010/31/EU, 2010) in Europe, 6% of office, commercial and industry buildings are air-conditioned, with
a total volume of 20 million cubic meters. In hot and humid climatic conditions, air conditioning systems account for
more than 50% of the total building energy consumption (Pérez-Lombard, 2008; Lior, 2012). The current widely-
used vapour compression system plays a dominant role in the market. However, vapour compression systems
have the disadvantages of intensive energy consumption and low performance in hot and humid climate. Moreover,
the possible leakage of high GWP refrigerants will lead to the depletion of the ozone Layer, which further contributes
to the global warming and other associated environmental and social changes. Hence, the development of more
energy efficient and environmentally benign cooling systems remains a subject of much scientific research. In the
past few decades, evaporative cooling system have received much attention from researchers due to the fact that
it is more environmentally friendly (use of the water as working fluids), simple in structure configuration, and uses
less primary energy. Direct evaporative cooling systems work under the following principle: the incoming hot and
humid air gets into direct contact with the circulating water causing the evaporation of the water and the air
temperature will reduce accordingly. Subsequently, the evaporated water in the form of vapour will be absorbed by
the air leading to the humidity increase of the outlet air. As the key element in desiccant cooling systems, desiccant
is a material that has a significant capacity of holding water. With the advantages of light weight, corrosion resistant
and no liquid droplet carryover (Chen, 2016a; Chen, 2016b), hollow fibres have been considered as alternatives to
porous media or metallic materials for the manufacturing of dehumidifiers. However, work conducted by
researchers (Huang, 2012; Huang, 2016; Zhang, 2012; Zhang, 2014; Zhang, 2016) have mainly focussed on
theoretical modelling such as using free surface model (Zhang, 2012) with LiCl or CaCI2 as the liquid desiccant.
The application of aqueous potassium formate (KCOOH) solution as the liquid desiccant in polymer hollow fibre
integrated liquid desiccant cooling system has never been analysed by researchers (Zhang, 2012; Huang, 2012).
This paper presents a novel two-stage dehumidification and cooling system which is based on the integration of a
pre-cooled liquid desiccant dehumidification process and a pre-cooled water-cooling process. The system
performance is analysed with laboratory testing and serves as the input information to the simulation model. A
residential building case study in Italy is implemented by applying the innovative retrofit technology to demonstrate
the performance with the novel two-stage dehumidification and cooling system.

2. PROPOSED INNOVATIVE CONCEPT AND SYSTEM SCHEMATIC

The proposed concept for evaporative cooling and dehumidification system is a two-step process, which is
assembled with independent solution cycles. The first is a liquid desiccant dehumidification process and the second
is a water-cooling process. The experiments were conducted in the laboratory of the Department of Architecture
and Built Environment, University of Nottingham. The schematic diagram is shown in Figure 1. The proposed
system comprised of two polyvinylidene fluoride (PVDF) hollow fibre units, air tunnels, solution pumps, and
circulation pumps, a fan, two solution tanks, two heat exchangers, one regenerator, and one boiler. There were
two similar core polymer hollow fibre modules with the dimension of the cross-section diameter of 0.2m and the
height of 0.5m. The hollow fibre modules used polyvinylidene fluoride (PVDF) material (manufactured by ZENA
Ltd.) consisting of 5000 fibres which had an outside diameter of 1.6mm and inside diameter of 1.4mm, an effective
pore size of 0.5um and a porosity of 50%. The flow meters were installed to control the solution flow rate inside the
fibres.

In this experiment, the fan imported hot and humid air from the environment chamber and flowed direct across the
first hollow fibre module. The strong potassium formate solution flowed inside the hollow fibres from top to bottom
by gravity allowing moisture to transport on the external fibre surface by the difference of the water vapour pressure
between the intake humid air and the liquid solution inside the fibres, which can reduce the humidity of the intake
air. Meanwhile, the pre-cooling solution can also induce the heat conduction from the external hot air to the solution,
which reduced part of the intake air temperature. Therefore, the intake air at point 1 with hot and humid status was
processed into point 2 with hot and dehumidified status. At the same time, the weak solution out of the hollow fibre
module flowed into the regeneration unit where most of the liquid water inside the weak solution evaporates, thus
the solution is once more strengthened. The hot strong solution was pre-cooled by heat exchange with cold water.

Then, the hot and dehumidified air cross-flowed the second hollow fibre module from point 3, making contact with
the cool surface of the external hollow fibres, and through to the outlet at point 4 with cooled and dehumidified air.
The cool water flowed through the inside of the hollow fibres, absorbing the heat from the passing air by heat
conduction, reducing the temperature of the air passing through, with the air keeping an almost constant relative
humidity. The water was cooled in a heat exchanger, and pumped back to the cold water tank.

In conclusion, from the perspective of the heat and mass transfer, the air conditioning process can be separated
into two steps. In the first step, the hot and humid air was dehumidified by the liquid desiccant strong solution, and
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the pre-cooled solution can increase the dehumidification efficiency. At the same time, the air was also pre-cooled.
In the second step, the pre-cooled and dehumidified air experience further cooling to be a desired cooled and
dehumidified air, which satisfy the requirement of the indoor comfort environment.
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Figure 1: Schematic diagram of the innovative system
3. SYSTEM PERFORMANCE ASSESSMENT

3.1. Assessment standard
Air side moisture remove rate (MMR)

Air side moisture remove rate (MRR) indicates the dehumidification capacity, which is in the unit of kg/s. It depends
on the both the dehumidification efficiency and the air mass flow rate, which can be calculated by the following
equation:

Equation 1: MMR = mig x (Wgin — ©g out)
Air side cooling capacity (Q.)

The air side effectiveness cannot reflect the heat transfer ability correctly in the hollow fibre units. Because the heat
transfer effectiveness is applied in the unit of heat exchanger without mass transfer. However, in the hollow fibre
units, there are conjugate heat and mass transfer phenomenon. Therefore, it is important to use the cooling
capacity to evaluate the real cooling ability, which can be calculated by the following equation:

Equation 2: Q¢ =mig * (ha,in - ha,nut)
Air side pre-cooling degree (PCD)

One of the purposes of this study is to find the impact of the pre-cooling solution on the dehumidification and cooling
effectiveness. Therefore, to better describe the degree of pre-cooling action and compare with varied inlet situation,
the non-dimensional parameter pre-cooling degree (PCD) is defined as the ratio of the actual inlet temperature
difference with pre-cooling action and the maximum temperature difference without pre-cooling action, which can
be calculated with the following equation:

d _ (Tsol,out _Tsol,in)with pre—cooling

Equation 3: pc

(Tsol,out_Tsol,in)without pre—cooling
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3.2. Combination process

The combination of the desiccant dehumidification and water-cooling process is described in Figure 2, with process
line from 1 to 2’ and 2’ to 4, respectively, which is compared with the conventional air conditioning process (line: 1-
2-3-4) in the psychometric chart. It is obvious that the process from 1 to 2’ is mainly with the function of the
dehumidification, and the process from 2’ to 4 is mainly with the function of the cooling. The outside air inlet
temperature and humidity is 30°C and 70%, respectively, which does not provide thermal comfortable for the
occupants. The first process stage with pre-cooled 15°C liquid desiccant can adjust the inlet air to the state of
24.7°C and 61% (as shown in Table 1). Besides, the second stage with pure water cooling, decreases the
temperature of the air from 24.7°C to 19.8°C, while maintaining relative humidity. Compared with the conventional
air conditioning process, 26% of primary energy saving is reached by applying the novel two-stage air conditioning
process.

@ 1-2->3-4: Conventional
air conditioning process

(@ 1-52"->4: Novel two-stage
air conditioning process
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Figure 2: Comparison of conventional and novel air conditioning process in psychometric chat

Table 1: Performance of combination of two-stage dehumidification and cooling process

No Initial condition First stage Second stage overall performance
Tinitiaz RHim'tiaz Tsol,in,l dpc Tout,1 RHout,1 Tsol,in,z dpc Tout,z RHout,Z MMR QC EER
1 30 70 21.3 0.09 25.39 65.73 17.5 0.10 21.14 65.66 1.02 434 3.65
2 30 70 13 0.35 23.44 56.71 16.1 0.17 19.65 56.81 1.40 701 4.27
3 30 72 15 0.30 24.53 61.97 18 0.08 20.79 60.85 1.24 611 3.73
4 30 70 15 0.30 24.70 61.00 16.6 0.26 19.80 61.00 1.33 640 3.90
5 30 75 14.2 0.27 25.01 66.53 17.2 0.12 21.39 67.29 1.25 560 3.41
6 40 75 21 0.22 32.80 71.70 20.1 0.19 24.48 70.65 243 1407 4.00
7 40 80 23.2 0.17 34.50 70.60 19.7 0.3 27.6 70.70 2.76 1534 4.36

4. CASE STUDY
4.1. Site introduction
In this research, a demonstration site case study was chosen located in a housing estate in the Martellago

commune, the Province of Venice, the Italian region of Veneto to illustrate the system’s performance of the two-

stage humidification-cooling process. It is at a latitude of 45°33’N and longitude of 12°10’E and the location of the
demo site in geographical are illustrated in the Figure 3 with different map scale.
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Figure 3: Location of case study demo site

The research building is a semi-detached multifamily house, which is occupied by four people (two families), which
was constructed in 1960s with a total of 158m? space area. Figure 4 illustrates the ground floor plan with one of
the families. The ground floor living room is demonstrated in Figure 4 as the research object, which will be simulated
with applying the technology to adjust the humidity and temperature in the living room. The ground floor has a
totally floor area of 80m2. The previous cooling system is a portable air conditioner with air-to-air heat pump, which
was mounted in 2007, and has a maximum cooling capacity of 2.4 kW. From the technical view, the overall energy
efficiency rate (EER) is approximately 2.5 with maximum air flow rate of 300m3/h.
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Figure 4: Ground floor plan and research room object

The weather of the demo site is Mediterranean climate with hot and humidified character, especially in summer.
Figure 5 illustrates the state frequency of each hour in the summer from 15t of June to 30" of September with high
frequency of humidified air more than 75% in average, which makes the occupiers feel damp and unpleasant.
Besides, there are still a large number of the hourly temperature higher than 24°C with relative humidity higher than
70%, which makes the occupants feel hot and damp. Therefore, to improve the indoor comfort level especially in
summer, the dehumidifier and the cooler must be applied as an energy efficient retrofit intervention, which also
helps to increase the building retrofit rate of residential building section of EU.
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State frequency (location of state point per simulation time step, red being areas most frequented)
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Figure 5: Frequency of hourly air state in psychrometric chart (red being area are the most frequented)
4.2. Methodology

This research used experiments and integrated simulation methodology, which integrates the basic performance
coefficient from the laboratory experiment as the technical data and inputs the performance data to the building
energy model in the Integrated Environmental Solutions Virtual Environment (IESVE) software. The aim of the
study is to work out the post-retrofit building performance including energy consumption and comfort level related
to the retrofit with the two-stage dehumidification and cooling system.

Table 2 summarises the system’s performance with four key indicators including sensible heat effectiveness in the
first stage (liquid dehumidification process), sensible heat effectiveness in the second stage (water cooling
process), moisture removal rate in the first stage (liquid dehumidification process), moisture removal rate in the
second stage (water cooling process). Besides, the four key indicators are demonstrated with pre-cooling degree
varied from 0.1 to 0.5, which is based on average summer season ground water temperature (calculated between
June to September), as is shown in Table 3 with relative different ground water depth. It is obvious that with the
increase of the ground water depth, the average ground water temperature decreases from 19.37°C at 0.5m depth
to 16°C at 4m depth. Moreover, Energy efficient rates (EER) with varied pre-cooling degree and ground water depth
are summarised in Table 4, which is calculated according to the experimental performance of the two-stage
dehumidification and cooling process. It is obvious that the system EER increases with a higher pre-cooling degree,
and decreases with a deeper of the ground water depth, which indicates the highest EER of 7.98 with 0.5 degree
of pre-cooling and 0.5m of ground water depth. And the lowest EER occurred with 2.38 when there is 0.1 degree
of pre-cooling and 4m ground water depth.

Table 2: System performance with varied pre-cooling degree

dpc esen,1 g€sen,2 MMR1 MMR2
0.1 29.00% 56.80% 0.45 0.45
0.2 36.84% 43.64% 0.79 0.66
0.3 33.77% 46.29% 0.89 0.53
0.4 34.43% 42.49% 0.91 0.8
0.5 35.00% 38.44% 1.09 0.89

Table 3: Ground water temperature in varied ground depth

Ground water depth 0.5m 2m 4m
Ground water temperature 19.37°C 17.83°C 16.00°C
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Table 4: Energy efficient rates (EER) with varied pre-cooling degree and ground depth

Ground water depth
System EER

0.5m 2m 4m
0.1 2.61 2.47 2.38
Pre- 0.2 4.24 3.72 3.40
cooling 0.3 5.05 434 3.90

degree
(dpc) 0.4 6.47 5.44 4.79
0.5 7.98 6.60 4.83

Table 5 defines the indoor comfort level with different temperature and relative humidity levels, with 7 categories
of temperature ranges and 6 categories of relative humidity, which can be simply divided into three attitudes,
including unpleasant, acceptable, and comfortable. The comfortable zone is defined as the temperature varied
between 20°C and 22°C with relative humidity varied between 40% and 60%. The acceptable zone is defined as
the temperature varied between 18°C and 24°C with relative humidity varied between 30% and 70%. Besides, any
point of air state exceeding the acceptable zone will make people feel unpleasant. Therefore, this paper will apply
the definition of the comfortable degree to make an assessment on the indoor thermal environment of the simulated
post-retrofit building performance.

Table 5: Comfortable level definition of temperature and relative humidity

T RH
<18 Cold, unpleasant >80% damp, unpleasant
18-19 Cold, acceptable 70%-80% slightly damp, unpleasant
19-20 Slightly cold, acceptable 60%-70% Slightly damp, acceptable
- o/ _R0°
20-21 Comfortable, pleasant 50%-60% Comfortable, pleasant
21-22 40%-50%
22-23 Slightly warm, acceptable 30%-40% slightly dry, acceptable
23-24 Warm, acceptable <30% dry, unpleasant
>24 Hot, unpleasant

4.3. Results

Integrating the two-stage system performance acquired in the experiments with the IESVE building energy model,
results estimation of the post-retrofit indoor environment state are carried out under varied working conditions.
Post-retrofit performance with thermal comfort and energy section are analysed with definition of different comfort
degrees.

Figure 6 indicates the hourly hydrothermal state before and after retrofit. As shown in the figure, the baseline points

before retrofit are mainly concentrated in the hot and humid area with temperature higher than 24°C and relative
humidity higher than 70%. Compared with the baseline, the post-retrofit results of three system working conditions
under 4m-0.5dpc, 2m-0.5dpc, and 0.5m-0.5dpc are more concentrated in the acceptable zone. Working condition
of 2m-0.5dpc, and 0.5m-0.5dpc are more attractive due to its’ location in the comfortable zone.

Figure 7 and Figure 8 look into details of thermal satisfied hours and thermal comfort percentage according to
occupants’ perception. It is found that the thermal comfort hours under working condition of 0.5m and 2m ground
water depth are much better than at 4m ground water depth, due to the low ground water temperature with an

average of 16°C in summer, which make the processed air temperature lower than the comfortable level. Besides,
the highest 2475 comfortable hours occurred with the condition of 0.5m ground water depth and 0.1 pre-cooling
degree, which accounts for 85% of the overall assessed hours. Under 0.5m ground water depth, the thermal
comfort varied from 67% to 85%, which is slightly higher than the condition of 2m ground water source, with the
thermal comfort varied from 56% to 79%. The worst performance occurred in the working condition of 4m ground
water depth with only 3% to 31% of thermal comfort proportion, because most of the comfort states are transferred
into acceptable states under low ground water temperature.
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Figure 6: Hourly hydrothermal state before and after retrofit

2500
2000
Z 1500
=
=]
= 1000
500
0
& (o C«
&"0 »@Q »"’sz 5 »"‘& & »@ »'”& »"’sz »“sz »9 »‘w »”bQ s »"& »9
A S & & & .»& WO W

Thermal comfort percentage

Ground water depth - Pre-cooling degree

u Comfortable ™ Acceptable = Unpleasant

Figure 7: Thermal satisfied hours

100%
90
80
70%
60
50
40%
30
20
10!
0%
. c bQ & bQ & §Q

G G
N N N & §
Q,»s"“ i R T I
FEETEE W

s 3

RS

S

‘u G

Ground water depth - Pre-cooling degree

= Cold, unpleasant ® Cold, acceptable = Slightly cold, acceptable * Comfortable, pleasant

® Slightly warm, acceptable ® Warm, accep B Hot, unpleasant

Figure 8: Thermal comfort percentage according to occupants’ perception

75



Figure 9 and Figure 10 have a deep understanding on the humidity satisfied hours and humidity comfort
percentages according to occupants’ perception. It is found that humidity comfort hours under working conditions
of 0.5m and 2m ground water depth are much better than at 4m ground water depth, due to the ground water
temperature with an average of 16+ in summer is lower than the dew point, which induced a very high relative
humidity with condensation of the moist air. Besides, the highest 2531 unpleasant hours occurred with the condition
of 4m ground water depth and 0.1 pre-cooling degree, which accounts for 86% of the overall assessed hours.
Under 0.5m ground water depth, the humidity comfort varied from 12% to 53%, which is slightly higher than the
condition of 2m ground water depth with the thermal comfort varied from 9% to 47%. Moreover, humidity results
show that with increasing of pre-cooling degree, the comfortable and acceptable hours are also increase in the
same trend.
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Figure 9: Humidity satisfied hours
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Figure 10: Humidity comfort percentage according to occupants’ perception

Two recommendations with high energy efficiency are summarised in Table 6, which is compared with the baseline.
As is shown in the table, the baseline has approximately 12% of thermal comfort rate, and 7.7% of humidity comfort
rate, which shows that most of the time in the summer is unpleasant for the local residents. Applying the innovative
two-stage dehumidification and cooling system, the comfort rate increased to 67.0% and 74.9% under working
conditions of 0.5m and 2m ground water depth and the same 0.5 degree of pre-cooling. Besides, the relative
humidity comfort rate increased to 53.4% and 47.4% under the relative conditions. Moreover, compared to the
primary energy consumption of the cooling section of around 5.99 kWh/m2 in the baseline, the proposed system
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achieved 84% reduction to 0.96kWh/m? and 79% reduction to 1.25kWh/m?, under working conditions of 0.5m-
0.5dpc, and 2m-0.5pdc, respectively.

Table 6 Recommendations and post-retrofit energy performance

Temperature Comfortable Relative Comfortable System Primary Energy
comfortable rate humidity rate EER energy reduction
hours comfortable consumption rate
hours (KWh/m2)
Baseline 352 12.0% 225 7.7% 25 5.99
0.5m- 1962 67.0% 1563 53.4% 7.98 0.96 84%
0.5dpc
2m-0.5pdc 2194 74.9% 1389 47.4% 6.60 1.25 79%

5. CONCLUSION

This paper proposed a novel two-stage dehumidification and cooling system which is based on the integration of a
pre-cooled liquid desiccant dehumidification process and a pre-cooled water-cooling process. In the laboratory test,
the combined system has the energy efficiency rate varied from 3.41 to 4.36 under varied test conditions, with
maximum cooling capacity of 1534W, and maximum moisture removal rate of 2.76 kg/s. Moreover, a demo site
case study was chosen to demonstrate the system performance of the two-stage humidification-cooling process,
located in a housing estate in Martellago, Italy. With air regularly at a relative humidity of more than 75%, and
temperature higher than 24°C, the occupiers feel damp and unpleasant. Therefore, to improve the indoor comfort
level especially in summer, the two-stage dehumidifier and cooler is applied as an energy efficient retrofit
intervention in the 60s’ residential buildings. Integrating the two-stage system performance acquired in the
experiments with the IESVE building energy model, results estimation of the post-retrofit indoor environment state
are carried out under varied working conditions. Two recommendations with high energy efficiency are suggested.
Applying the innovative two-stage dehumidification and cooling system, the comfort rate increased to 67.0% and
74.9% under working conditions of 0.5m and 2m ground water depth and the same 0.5 degree of pre-cooling.
Besides, the relative humidity comfort rate increased to 53.4% and 47.4% under the relative conditions. Moreover,
compared to the primary energy consumption of the cooling section of around 5.99 kWh/m? in the baseline, the
proposed system achieved 84% reduction to 0.96kWh/m? and 79% reduction to 1.25kWh/m?, under working
conditions of 0.5m-0.5dpc, and 2m-0.5pdc, respectively.
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Concentrator photovoltaics is a promising technique for enhancing the utilisation of solar energy while decreasing
the system cost. Employing the concentrator photovoltaics allows the replacement of expensive solar cell area with
lower-in-cost lenses or mirrors. However, concentrating the solar radiation on solar cell leads to a dramatic rise in
its temperature, and reduction in its efficiency and lifetime. Passive cooling is considered in this work as it is
noiseless, and no maintenance or power is required to keep it working. The effect of attaching fins along with phase
change material (PCM) to the back of the solar cell under concentrated radiation on the thermal management of
concentrator photovoltaics is numerically investigated. In addition, uncooled concentrator photovoltaics,
concentrator photovoltaics integrated with metal sheet heat spreader and Concentrator photovoltaics attached to
horizontal fins are examined with the aim of comparing with fins filled with PCM case. The solar cell temperature,
as well as liquid fraction of phase change material, are the key judging parameters. The results show that adding
the PCM to fins can effectively enhance the thermal regulation of the concentrator photovoltaics compared to other
methods, permitting a further increase of the concentration ratio and allowing for waste heat recovery from the
system. However, the phase change material thermal regulation time is limited and determined by the amount of
phase change material used as the wax is acting as a thermal insulator after it fully melts.

Keywords: Phase change material — concentrator photovoltaics — passive cooling — energy storage
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1.  INTRODUCTION

Solar energy is almost the perfect choice to replace regular non-renewable energy resources; in particular, it is
free, eco-friendly and it is abundant. Using photovoltaics allows the direct transformation of solar irradiance to
electric energy with relatively high efficiency ranges from 10% to 40% according to its type and working conditions
(Philipps et al., 2015). However, the wide utilisation of photovoltaics as the main source energy is restricted due to
its high capital cost, low energy density and instability of energy production. Recently, concentrator photovoltaics
(CPV) have been considered as a promising technique to decrease the solar energy system cost, increase its
efficiency and recover the waste heat. The key advantages of CPV are that it permits the replacement of expensive
solar cell area with lower cost lenses or mirrors. Consequently, it enables the use of high efficiency advanced solar
cells such as multi-junction solar cells with a conversion efficiency of about 46%.

The conversion efficiency of solar cells does not exceed 46% and the rest of the irradiance is transformed to thermal
energy. The rise of solar cell temperature reduces its efficiency while thermal stress dramatically decreases its
lifetime and may damage it completely if the temperature exceeds a certain level. Subsequently, a proper cooling
method should be used to keep the viability of the CPV. Zhou et al. (2015) have developed a three-dimensional
finite model to simulate the effect of the temperature distribution on the solar cell efficiency and this concluded that
increasing the solar irradiance on the cell enhances the productivity but increases the solar cell temperature and
reduces the system efficiency. Additionally, it is reported that the solar cell has the higher temperature through the
PV module and increasing wind speed significantly decreases its temperature.

In this work, passive cooling is considered as it is noiseless, and no maintenance or power is required to keep it
working. Different types of passive cooling can be utilised including phase change material (PCM), heat pipes and
fins as a heat spreader. Emam and Ahmed (2016) studied numerically the effect of integrating phase change
material with a CPV system for different inclination angles under concentration ratios (CR) of 5 and 20. They
reported that adding PCM to CPV can reduce the solar cell temperature to about 53°C at CR of 5. Furthermore,
the inclination angle has a huge effect on the cooling capability of PCM. Manikandan et al. (2019) examined
numerically the cooling of horizontal concentrated photovoltaics with fins only and by increasing the 3mm PCM fins
by 0.75mm they reported that the solar cell efficiency increased by about 15% by using fins with PCM. Huang,
Eames and Norton (2006) investigated the effect of adding fins filled with PCM RT25 and reported approximately
30°C reduction in cell temperature compared to the regular flat aluminium sheet.

As shown in the literature, there is not enough work assisting the effect of filling fins with PCM. The current study
investigates the effect of adding PCM to CPV cooled with aluminium fins of different lengths. The study conducted
under low concentration ratio (CR) of 8 at negative inclination angle to mimic the case using Fresnel lens
concentrator.

2. PHYSICAL MODEL

In the current study, 3 different configurations have been studied. The first is PV layers attached to aluminium
plates (O fins) to simulate uncooled condition. The thermal, physical and optical properties of the layers are shown
in Table 1. In the second setup, 45 aluminium fins heat sink were attached to the back of PV layers and subjected
to forced convection, with fin lengths of 30 mm, 45 mm and 60 mm. The third setup integrates PCM with the fins
by filling the fin cavities with paraffin wax from Rubitherm Company with a melting temperature of 35°C (RT35HC).

Table 1: The optical and thermophysical properties of Photovoltaics layers and fins.

Material Specific Thermal Density Layer Absorptivity  Reflectivity =~ Transmissivity =~ Emissivity
heat conductivity  (kg/m?) thickness
(J/kg K) (W /m K) (mm)

Glass 500 2 2450 3 0.04 0.04 0.92 0.85
Silicon 677 148 2330 0.2 0.9 0.08 0.02 -
(cell)

EVA 2090 0.311 950 0.5 0.08 0.02 0.9 -
TPT 1250 0.15 1200 0.3 0.128 0.86 0.012 0.9
Aluminium 903 211 2675 5 - - - -

The PCM used for cooling CPV should have a high fusion heat so that it can store more energy for an extended
period of time. In addition, the PCM melting temperature must be selected carefully to suit the ambient temperature
since lower melting temperatures lead to better PV efficiency but it will not fully solidify at night. Moreover, the heat
will flow from the surroundings to the PCM instead of following from the PCM to the surroundings. Paraffin wax
RT35HC has been selected due to its proper melting temperature (Emam, Ookawara and Ahmed, 2019), high
latent heat and thermal stability. Table 2 shows the thermophysical properties of the selected RT35HC PCM
materials.
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Table 2 : The thermophysical properties of materials (Huang et al., 2008)

Thermo-physical properties RT35(PCM)
Melting point, (°C) 35.8
Heat of fusion, (kJ/kg) 191

Thermal conductivity
Solid, (W/ m K)

Liquid, (W/ m K) 85
Density

Solid, (kg/m?)

Liquid, (kg/m?3) ggg
Specific heat capacity

Solid, (J/ kg K)

Liquid, (J/ kg K) 5188
Thermal expansion coefficient, (K- 0.0091
Kinematic viscosity (mm?/s) 33

The three setups are subjected to uniform concentrated solar irradiance. The uncooled setup and cooled fins setup
are investigated under different concentration ratios (CR) from 1 sun to 10 suns and the fin-PCM cooled setup is
subjected CRs of 5 and 8 suns. The schematic drawing of the 2-dimensional model with all dimensions and
boundary conditions is illustrated in Figure 1. It could be seen that the PV is considered to have of 5 different layers
starting with 3mm thick glass on the top followed the solar cell encapsulated between two ethylene vinyl acetate
(EVA) layers and finally a Tedlar (TPT) layer at the attached to the back of the module. Figure 2 shows the third
setup schematic diagram where the cavities between fins are filled with PCM and thin 0.5mm aluminium sheet is
added to the back of PCM to protect and hold it.

Glass Glass

— Vwind CO EVA layer :: Vwind EVA layer
— Tamb qrefl @ Silicon layer — Tamb qrefl Silicon layer
O Tedlar layer CO Tedlar layer
qconv,g—a CO Aluminum qconv,g—a CO Aluminum
D Adiabatic Adiabatic
—>  Concentrated solar

D prCM
—>  Concentrated solar
irradiance

irradiance

(conv.f 7\

qconv,l

Figure 1: Passive cooling using fins only. Figure 2: Passive cooling using fins filled with PCM.
3. METHODOLOGY

A comprehensive 2-dimensional model including the full photovoltaics layers, fins and PCM was developed using
Ansys 19.1. The model had the ability to predict the CPV local and average temperature in addition to the liquid
fraction for the phase change material. The optical and physical properties of photovoltaic layers were assumed to
isotropic and independent of the temperature. In addition, the thermal contact resistance were not considered
(Radwan and Ahmed, 2017). The heat was transferred through the PV layers and the fins through conduction
according to heat transfer diffusion equation as follows:

aTi(X!y) — k‘(azTi(X,Y) + azTi(X,Y)
ot "oox? oy*?

Equation 1: piC,, )+q, where i=12,.,n
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Where:

- Cp,= the specific heat capacity (J/kg)
- pi~=the density (kg/m3)

- Ki = the thermal conductivity (W/ m K)
- Ti(x, y) = the temperature (K)

- qi= internal heat generation (W/m?3)

Cell the absorbed solar irradiance through the EVA, glass and can be referred to as source term calculated using
Equation 2. The source term is substituted as internal heat generation in Equation 1 (Zhou et al., 2015) .

(1-1,)xG(t)xa, x1, x A,
Vv

i

Equation 2: q;,=

Where:

- qgi= internal heat generation per unit volume in layer i (W/m?3)

- ne=the electric efficiency of the solar cell — value is set to zero for the other layers
- G(t) = the solar irradiance on the PV (W/m?)

- ai= the absorptivity of the layer i

- Ai=the layer i area (m?)

- Vi=the layer i volume (m?)

During the study, the PCM was assumed to be Newtonian, incompressible and unsteady. The phase transition of
PCM was modelled using a melting solidification model in Ansys which employed the enthalpy-porosity technique
to determine the existence of liquid or solid phase by means of liquid fraction quantity (A). Proper source terms Sx
and Sy (Darcy’s law damping terms) were added to the momentum equation to compensate for the change of the
flow velocity during the PCM phase transition. These source terms tend to have very high value in solid phase and
their value decreases by increasing the liquid fraction. Variation of the PCM density was estimated by Boussinesq
approximation to apply the thermal bouncy effect in molten PCM causing natural convection currents. The
governing equation for PCM transition process can be written as follows (Brent, Voller and Reid, 1988; Pal and
Joshi, 2001).

Ou Ov
_—— =
ox Oy

0

Equation 3: Continuity equation
Where:

- u = the velocity in x direction (m/s)
-y =the velocity in y direction (m/s)

_ _ ou oeu ou 10P y[aZu %u
Equation 4: Momentum equations — tu V—=-——+~ —t+t

x ox*  oy?

+ + T-T,,)cosO+S
o ax dy pox p ]gﬂ( o) *

ov. ov  _ov 10P u(oé*v o
T tu—+v—= + 5
ot ox oy poy p

v +6y—2j+g/3(T—T,e,)sin0+Sy

Where:

- u = the velocity in x direction (m/s)
-y =the velocity in y direction (m/s)
- pi=the density (kg/m?)
- M = the dynamic viscosity (Pa.s)

g = gravitational acceleration (m?/s)

B =thermal expansion coefficient (1/K)
- © =inclination angle
- Sx=Darcy’s law damping in x direction
- Sy=Darcy's law damping in y direction
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Equation 5: Energy Equation for molten PCM Q x +a—y Q E

Where:

- u =the velocity in x direction (m/s)

-y =the velocity in y direction (m/s)

- o= Thermal diffusivity of molten PCM (m?%s)
- H =Total enthalpy (J/kg)

6H_6(

aHj o oH
— =, — |+—|a,—
o x| Cax ) vl "t oy

Equation 5: Energy Equation for solid PCM
Where:

- as= Thermal diffusivity of solid PCM (m?%s)
- H =Total enthalpy (J/kg)

The system was initiated at an ambient temperature of 25°C. The upper layer of PV (glass) was subjected to forced
convection and radiation with the sky temperature while all the aluminium parts were subjected to forced convection
only. Sky temperature was assumed to be 6 degrees less than the ambient temperature (S P Sukhatme, 1996)
and the forced convection heat transfer coefficient was taken to be 10 W/m2.K, equivalent to a wind speed of about
1 m/s according to Notton’s law (Notton et al., 2005).

The computational domain was meshed quadrantally with a mesh size of 0.25mm and the time step is set to 0.2
seconds. The mesh size, as well as the time step was carefully selected according to a mesh and time step
independence test with consideration to average cell temperature and PCM liquid fraction. The model was validated
by comparing predicted liquid fraction development with time and fixed point transient temperature with the
experimental results obtained by Kamkari and Shokouhmand (2014). Kamakari's experimental consisted of 125mm
high PCM tanks filled with 50mm lauric acid; one wall of the tank was maintained at a constant temperature of
70°C. A good agreement with experimental results is shown in Figure 3.
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Figure 3: validation with Kalamkari’s experimental results a) liquid fraction , b) transient time

4. RESULTS AND DISCUSSION

In this section, the results obtained from the three setups are compared in terms of solar cell average temperature.
The solar cell temperature was known to be the key parameter in the performance of the solar cell where every 1-
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degree rise in the cell temperature reduces its efficiency by 0.4-0.5% (Jun Huang, 2011). Additionally, an increase
in the solar cell temperature significantly reduces its lifespan.
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Figure 4: Transient solar cell temperature for the uncooled setup ( 0 fins )

Figure 4 shows the variation in solar cell average temperature against time under 3 different concentrations for no-
fins setup. Increasing the concentration ratio to 5 suns led to a significant rise in the solar cell temperature of about
148°C within 14 minutes. Doubling the concentration ratio to 10 suns thrust the solar cell temperature to exceed
245°C in less than 10 minutes. Adding fins resulted in an excessive reduction in the solar cell temperature under
concentrated irradiance as a result of increasing forced convection heat transfer area as shown in Figure 5. The
maximum operating temperature for PV module is 85°C and a further increase in the temperature may lead to cell
permanent damage as the EVA layer begins to decompose (Radwan and Ahmed, 2017). Figure 5 shows the steady
state solar temperature for the uncooled setup and for PV integrated with fins with different length of 30mm, 45mm
and 60mm. Based on Figure 5, in the case of the no-fins setup, the CR was limited to 2 suns to fit typical PV module
operating temperature, adding fins with 30mm length allowed an increase in the concentration ratio to 6 suns while
fins with 45mm and 60mm increased the CR limit to 7 suns.
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Figure 5: steady state average solar cell temperature

Although adding fins only as a passive cooling technique showed a good improvement in the thermal management
of CPV and kept it within the operating temperature limit of up to CR8, but the CPV suffered from an extensive
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reduction in solar cell efficiency due to huge excessive temperature difference from the nominal PV working
temperature. Filling the fins with PCM resulted in a vast reduction of solar cell temperature for a period. Figure 6
shows a comparison between a transient average solar cell with a PCM of different fin lengths under CR5 of 5
suns, as shown using PCM of melting temperature maintained the solar cell at an average temperature of 48°C
during melting instead of 74°C, 65°C and 60°C for fins length of 30mm, 45mm and 50mm respectively. Increasing
the CR to 8 suns showed the same trend where the PCM sustained the solar cell average temperature at 56°C
keeping it far away from its maximum operating condition compared to 101°C, 87°C and 79°C for fins length of
30mm, 45mm and 50mm respectively.

Despite the great improvement of the solar cell temperature, this did not last for long; once the PCM had fully
melted, the solar cell temperature rose dramatically, exceeding the PV module working temperature. Figure 7
shows the liquid fraction development with time for 3 fin lengths under CR of 5 suns and 8 suns, the maximum
melting time for 60mm fins at CR 5 is 4000 seconds. Low thermal conductivity of PCM can explain this dramatic
rise in cell temperature. During the phase transition of PCM, almost all the received heat is absorbed in the form of
latent heat at melting range temperature but once the PCM fully melts, the absorbed heat rise the PCM
temperature. In addition, the low thermal conductivity of PCM prevents the fins wall from transferring heat to the
atmosphere. Consequently, the molten PCM acted as insulation for the fins.
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5. CONCLUSION

Fins are an effective passive cooling technique for low concentration photovoltaics up to 4 suns. Filling fins with
phase change material effectively reduces the solar cell average temperature by up to 45°C and allows for an
increase in the concentration ratio up to 8 suns. The thermal regulation period of PCM is limited by the mass of
PCM added. Once the PCM fully melts, the PCM acts as an insulator for the fins and the cell temperature rises
rapidly. Further research concerning the optimisation of PCM mass and enhancing PCM thermal conductivity is
recommended.
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Thermal desalination processes, such as the multi-stage flashing (MSF) and the multi-effect distillation (MED),
played a dominant role in seawater desalination within GCC countries, due to its high efficiency, low maintenance
and ability to operate in higher silt and salt concentrations However, these desalination plants are prone to having
high capital cost at >US$2000 per m3, almost two-fold higher than the membrane-based plants. The authors
proposed a tubeless direct-spray of seawater into an empty chamber of saturated states where the excess
enthalpy, between the differential pressures and temperatures of feed to those in the flashed chamber, is allowed
to flash into vapour under low vacuum. Being devoid of tube-based heat transfer resistances, the initial CAPEX will
be much lower, typically <US$800 per m3. Moreover, it can handle feed of high salt concentration without the fear
of scaling within the flashed vessel. To boost the flashing phenomenon, an injection of micro-vapour bubbles (MVB)
was incorporated into the seawater feed prior to its injection via the nozzles. The MVB embedded feed has the
potential to increase the flashed rates by two-fold due to the higher surface area of vapour bubbles at the point of
flashing.

Keywords: Direct spray seawater desalination; micro-vapour bubbles enhancement; thermally-driven desalination
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1.  INTRODUCTION

Thermally-driven seawater desalination methods have played a dominant role in the Gulf Co-operation Countries
(GCC) due to its ability to handle severe seawater feed conditions, namely the high dissolved salt concentrations
of feed up to 45,000 ppm (CI~ 55%, Na* 30.6%, SO%4 7.7%, Mg?* 3.7%, Ca?* 1.2%, K* 1.1%, Other 0.7%.), as well
as the fluctuating silt contents from shallower depths (Ng et al., 2017; Shahzad, 2019; Ouda, 2015; Shahzad,
2015). About 65% of the total desalination capacity in these economies is attributed to either the multi-stage flashing
(MSFs) or the multi-effect distillation (MEDs) methods. The robust operational characteristics and the low
maintenance cost of thermal techniques have led to longer plant life. In some instances, the actual operation of
plants were stretched beyond design life span by as much as 10 years. However, the main disadvantage of MSFs
and the MEDs plants is the higher initial capital cost (CAPEX) when compared with the membrane-based reverse
osmosis (RO). A typical CAPEX of thermally-driven plants may vary from US$1800-2200 per m3.day whilst the
seawater RO (SWRO) plants have a lower CAPEX of less than US$1200/m?.day.

Despite the higher CAPEX of the thermally-driven plants, the unit cost of potable water produced is lower due to
better energy efficiency (Ouda, 2015; Shahzad, 2015). Recent studies of energy efficacy reported in all practical
desalination methods that the consumption of primary energy revealed a higher figure of merit of MEDs up to 2-3
percentages points. When expressed in the universal performance ratio, defined as UPR = 2360/ (3.6*kWh_pe/m?),
typically UPR of MEDs are greater than 110 whilst the SWRO plants have lower UPR values, typically 100 to 105.
Despite these marginal differences in the energy efficacy, it is noted from these reports that all practical seawater
desalination methods are relatively inefficient. When compared to the thermodynamic limit (TL) for seawater
desalination, all desalination available hitherto are far from the ideal limit, i.e., the UPR 1L is 828; The TL
corresponds to a specific primary energy consumption defined by Gibbs energy for dissolved salts separation of
0.78 kWhpe/m? at 3.5% salt concentration and a water temperature of 25°C. These existing desalination methods
are merely 10 to 13% of the TL. Another point to note is that the lower unit cost of water from MSFs and MEDs
methods are a consequence of lower OPEX costs, particularly the effects of less scaling or fouling degradation in
the plants and less percentages of electricity consumption vis-a-vis to SWRO plants.

2. DIRECT SPRAY SEAWATER DESALINATION

Conventional MSF and MED stages have dense tube density to provide the required heat transfer area, either for
evaporative or condensing applications in the derivation of vapour or liquid. The material used in these tubes are
usually of cuprous nickel (10% Ni) or titanium to with stand the corrosive nature of brine (3.4 to 5% by weight). To
overcome the relatively high initial capital cost (CAPEX) of thermally driven desalination plants, we propose a direct
spray method of the seawater feed into a partial vacuum chambers where the latter chambers are maintained at a
lower saturated conditions of pressures and temperature. The relative difference in the thermodynamic states to
the designed stages enables the exploitation of the excess enthalpy of the brine as it emerges from the spray
nozzles.

Being tubeless in the vessels, the direct spray of externally heated seawater (typically up to 65°C at the top-brine
stage) has two distinct advantages: Firstly, initial design cost of the evaporator and condenser vessels are greatly
reduced, typically in terms of unit cubic meter of distillate per day, its CAPEX can be less than US$700/m3.day.
Secondly, the spray of brine into an empty chamber of each stage can mitigate the scale formation as there are
virtually no dry spots within the chambers. Consequently, the direct depressurization of the liquid brine in the
nozzles resulted in the formation of liquid droplets. The corresponding excess water enthalpy held by the droplets,
as they emerged from the nozzles would result in the “vapour flashing” phenomenon, i.e., water vapour evaporates
from the surfaces of liquid droplets, reducing its diameter as the droplets travelled down the trajectory paths.

The generated vapour in the evaporators then migrates across to the adjacent condenser chambers. Being set at
a few degrees lower in vapour temperature within each evaporator to condenser pair, the favourable temperature
gradient, the vapour condenses onto the cooler surfaces of distillate or potable water droplets which is drawn from
the subsequent lower stages. In this paper, two sets of experiments were organized: (i) the tests with RO or potable
water to validate the suitability of direct spray evaporative effects and (ii) the tests with intake seawater feed from
the Red Sea. Appropriate measures of insulation were taken to minimize the leak leaks or heat infiltration from the
ambient. For convenience, an electric heater of nominal heating rate of 1.5 kW is used for temperature control for
the feed to the top brine stage.

3. THE EXPERIMENTAL SETUP AND WORKING PRINCIPLE

A lab-scale direct-spray seawater desalination system has been constructed in the laboratory of King Abdullah
University of Science and Technology (KAUST). It comprises three major components, namely, 1) evaporator, 2)
condenser, and 3) other supporting components such as the spray nozzles, in-line feed heaters, water pumps,
vacuum pump, distillate tank and heat exchangers. Figure 1 shows the schematic of the experimental setup with
an inter-connecting pipe for vapour transfer from evaporator to condenser chambers whilst Figure 2 illustrates the
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(direct spray seawater desalination) DSSD facility at KAUST. The top of the evaporator is partitioned to contain the
seawater feed at a desired pressure (P) and temperature (T). Water droplets are formed when the seawater feed
passes through the nozzle. Owing to the pressure (hence local saturation temperature) difference, there is an
accumulation of liquid enthalpy in the water droplets, resulting in evaporation or flashing of the seawater from the
surface of droplets, and causing the separation of dissolved salts to give potable water. The water vapour produced
in the evaporator is drawn to the adjacent condenser chamber through a connecting pipe due to pressure difference
created by spraying of cooler water in latter chamber. The combined distillate exits the condenser to a weighing
scale for recording of the distillate flow rates.
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Figure 1: A schematic of the evaporator-condenser pair for direct spray seawater desalination (DSSD)
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4. RESULTS AND DISCUSSION

Seawater heated, to a pre-set feed water temperature typically from 35 to 65 Celsius, is sprayed to the evaporator
to effect the flashing phenomena. The advantage of using a low-temperature feed is because they are available in
abundance from renewable solar energy or exhaust of processes. The injected seawater matches the pressure
needed by nozzles operating at two or more bar, producing water droplets of diameters less than 40um. The fine
droplets enhances the flashing effect and water vapour is generated from the surfaces of droplets. Figure 3 shows
a pictorial view of the water droplet jet in a 120° cone jet whilst the droplet sizes distribution are shown in Figure 4.
A similar type of water jet droplets is used within the condenser chamber. Water vapour produced from the
evaporator migrates across to an adjacent similar condenser vessel where concomitantly a jet of potable water is
sprayed. The cooler surfaces of the water droplets permit vapour to condense, producing a stream of distillate
which is then collected. Experiments of the direct spray desalination are conducted across a range of seawater
water feed temperatures, starting from 35°C to 55°C in step of 5K. Such a low temperature range can be readily
obtained from either the waste/exhaust heat or the renewable solar sources. The second parameter of control in
the direct spray experiments is the temperature difference across the evaporator and the condenser. A total of 3
temperature differential ranges were conducted, namely (i) 3-5K, (ii) 5-7K, and (iii) 7-9K. Together with the feed
temperatures, these parameters determines the rate of flashing in the vessels. The nozzle requires a feed water
pressure of 2 bar at a flow rate of 2.5 I/min. To avoid clogging from suspended particles in the feed, a 5 micro filter
is used prior to the inlet to the nozzle.

Table 1 depicts the distillate production rates expressed in L/min.m?% and depending of the feed water temperatures
and the degree of temperatures differences across evaporator-condenser, up to 9.28 L/min.m3 of distillate
production were obtained. The maximum distillate production rate is about 3% of the supplied excess enthalpy
supplied from the feed spray which is in agreement to the available literature (Miyatake, 1981a; Miyatake, 1981b;
Wellmann, 2015; Chen, 2016a; EI-Figi, 2007; Mutair, 2009; Mutair, 2010; Muthunayagam, 2005; Miyatake, 1985;
Ikegami, 2006; Chen, 2016b; Chen, 2018; Chen, 2017; Darwish et al., 1976; Gopalakrishna, 1987; Balaji, 2016).
A comparison with seawater tests shows that there is a reduction of distillate production up to 10%, due mainly to
the effects of salinity and the boiling point elevation up to 2K, as shown in Figure 5.

Table 1. A summary of the distillate flow rates in L per minute per unit volume of evaporator (L/(hr.m?)

Feed Water “ATEvap-Cond ATEvap-Cond ATEvap-Cond
Temperature (°C) =(3-5K =(55-7)K =(7-9)K
40 2.38 3.02 4.26
50 3.14 5.09 713
60 6.34 8.02 9.28

"ATe.c = AT_vapour (Evaporator to Condenser), and diameter of vessel = 0.32 m, high = 0.70 m

Figure 3: A picture of the water spray jet with fine distribution of water droplets covering an angle of 120 degrees.
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Number Distribution

Figure 4: The typical distribution of droplet diameters versus percentages of droplets.
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Figure 5: A comparison of seawater and RO water in a DSSD experiments at the same boundary conditions.

The pump in the direct spray consumed about 400 W _eiec. delivering 2 //min at a mano-metric head of 30 m to the
nozzles. The heat input to the evaporator feed varies from 260 W to 1200 W across a waste heat or solar thermal
heated exchanger. Depending on the feed temperatures and the temperature differences between evaporator and
condenser vessels, the distillate production rates are determined. Experiments indicated that the highest distillate
production realm occurs at the boundaries of both mentioned parameters, and the limiting region is dictated by the
scaling limits of seawater. For a fair comparison, both types of derived energy (electricity and thermal energy) are
converted to the primary energy input using the relevant conversion factors as reported recently (Shahzad, 2019).
As shown in Table 2, the universal performance ratio (UPR) of direct contact flashing distillation varies from 20 to
98 which compares well with the conventional seawater methods, namely about 90 for SWROs, and 105 for the
MEDs.

Table 2: Universal performance ratio for the direct-spray evaporative desalination method is depicted. The energy efficacy,
expressed in terms of the primary energy, is the same as the conventional commercial methods of literature. However, the
capital cost needed is far less than the conventional methods.

Temperature
difference
(DT) across
heater RO water Seawater
**Total "Total
Primary Primary
Feed (RO) (SW) energy kWh_ Distillat  energy
Temp Distillate  consump- pe/m e consumption  kWh_p
. (0C) (m3/h) tion (W) 3 UPR (m3/h) (W) e/m3 UPR
35 3.75 1.87 0.02527 814.84 31.24 20.68 0.0242 807.40 33.38 19.36
40 5.47 3.29 0.04446 821.64 14.27 45.27 0.0515 813.02 15.79 40.92
45 6.99 6.49 0.08770 827.66 8.98 7194 0.0839 825.68 9.84  65.67
50 7.19 8.69 0.11743 828.45 8.60 75.14  0.0897 834.38 9.30 69.48
55 83 853 0.11527 832.84 8.09 79.88 0.0982 833.75 849  76.13
60 8.04 8.54 0.11540 831.81 6.63 97.41 0.1149 833.79 7.26 89.01
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" The conversion factors of electricity and thermal heat sources are 1/0.5 and 1/35.33, respectively [2]. The UPR is defined as
UPR=2326/ (3.6*kWh_pe /m3). The primary energy consumption of a desalination method is given by
{(kWh_elec*1/0.5) + kWh_thermal / 35.53)} where the derived energies are converted to the primary energy by their respective
exergy based conversion factors (Shahzad, 2019).

5. CONCLUSION

In summary, a direct-contact spray desalination experiments have been successfully conducted at assorted
parameters and the two major factors that has significant impact to the production of distillate are the temperature
of feed spray and the temperature differential across the evaporator and condenser chambers. It is observed that
the optima for distillate yield resides at the boundary corner of the operational regime, that is, it occurs at the highest
feed source temperatures and the highest temperature potential available at the evaporator and condenser. From
the experiments, the highest rate of distillate production can be achieved per cubic meter of chamber volume, with
65°C feed and a temperature difference between evaporator-condenser pair of 9K is about 9.5 I/h.m3. In the single
stage design, the energy efficacy of the direct spray evaporative desalination process can achieve a universal
performance ratio (UPR) of 97 which is comparable to all existing desalination efficacy level. With multi-effect
designs, however, an optimal combination of the number of stages can be inserted at an optimal DT in each
evaporator-condenser pair, exploiting synergistically the feed enthalpy to achieve a two-fold increase in the UPR
vis-a-vis the exiting desalination methods available hitherto.
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Recently waste heat recovery has an important presence into our daily applications. Thermoelectric generators
present a possible way to harvest waste heat and make a contribution to energy sustainability. In this study a
thermoelectric generator module employed along the chimney which is used to collect the waste heat recovered
from the combustion flue gases of almost 330°C. In order to enhance the thermoelectric generator performance, a
water-cooled micro heat sink is integrated to the system. A CFD Numerical model using ANSYS-Fluent was used
to predict the flow field and heat transfer through the micro heat sink. Additionally, by using the Fluent User Defined
Functions (UDF) the thermoelectric generator performance was also predicted where the thermal-electrical fields
solved simultaneously. The results showed the effect of applying parallel microchannels and the effect of changing
the flow characteristics on the output power of the thermoelectric generators. The proposed system efficiency
increasingly improved with the applying of microchannel heat sink. The effect of applying multiple micro heat sink
configurations are also presented. The results corroborate previous experimental and theoretical studies.

Keywords: waste heat recovery system,; microchannels; teg; thermoelectric generators; energy sustainability
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1. INTRODUCTION

Energy sustainability has become one of the most pressing issue we face in our daily activities. Consuming fossil
fuels with the effect of combustion products affects directly on environment and strategic storage of it. One of the
most effective methods to sustain our energy consumption is by applying waste heat recovery methods to most
fossil fuel applications. Thermoelectric generators (TEG) is one waste heat recovery method that can convert heat
directly into electricity with no need for combustion processes or moving parts; simply a solid-state energy
conversion device. Many researchers have studied the performance of TEG when applied to exhaust gases from
combustion chimneys (Champier, 2017). Most studies focus mainly on TEG materials development and
composition but the thermal management of the hot and cold sides of the TEG module has significant importance
on improving the TEG system energy production (Rezania et al., 2013). In the case of power generation, there are
a few important studies that were carried out using based, the thermal resistance of the system and developing
analytic models to predict the performance of micro heat sinks and TEG (Yazawa and Shakouri, 2011). Chen,
Rosendahl & Condra (2011), Rezania et al. (2013) and Eldesoukey & Hassan (2019) proposed a three-dimensional
TEG model and the thermoelectric processes of Thomson Peltier, and Seebeck effects were integrated with Joule
heat source terms by applying a finite volume method numerical model solved by a computational fluid dynamics
simulator (ANSYS FLUENT).

For the thermoelectric generators modules, by increasing the convective surface area, high density of heat
dissipation provided at the two-sided module, microscale heat transfer systems can enhance the thermal coupling
to the hot and cold surfaces (Kandlikar and King, 2013). Therefore, the challenge is to design an effective heat
exchanger within microelectronic dimension restrictions (Kandlikar and King, 2013). Microscale single-phase heat
transfer has been widely used in industrial and scientific applications (Rezania and Rosendahl, 2012). Using
microchannel heat sinks provides low weight and compact energy systems, compared to the traditional macroscale
heat sinks, and increases modularity. In contrast to macrochannels, a reduced flow rate in the microchannel heat
sink is enough to maintain the same average temperature difference between the hot and cold sides of the TEGs.
Using microchannel heat sinks also increases the Nusselt number in the channels (Sajid, Hassan and Rahman,
2017).

Research has indicated that, based on equal hydraulic diameter and equal Reynolds number, heat sinks with
rectangular channels had less thermal resistance but required more pumping power than heat sinks with circular
channels. In this work, the thermal effect of the TEG on conventional channel, MiniChannel and parallel
microchannel heat sink and the thermal reaction between them are considered. Based on the operating conditions
of a commercial TEG module, the three-dimensional governing equations for fluid flow and heat transfer in addition
to thermal and electrical fields of the TEG module were solved instantly in the laminar flow regime by using FVM
and the commercial computational fluid dynamic (CFD) solver, ANSYS FLUENT by applying User Defined
Functions (UDF).

Considering the maximum temperature limitation for Bi2Te3 material as negative (n) and positive (p) legs, the
thermal performance of the flow was studied along the three heat sinks with isothermal hot surface of the TEG and
a wide range of pressure drops (Reynolds number). By considering the maximum temperature limitation for Bi2Te3
material (600 K) in this work was applied.

2. MATHEMATICAL MODEL

The physical model of the present case study is composed of 3D TEG with dimensions (40mm *40mm) mounted
on a chimney wall that provides constant temperature at the hot side of the TEG of 600 K while the cold side is
cold by Parallel Microchannel heat exchanger consisting of eight channels with 4 mm width and a height of 150
microns as shown in Figure 1. The mathematical model of the present physical model includes the mathematical
model of the TEG and the mathematical model of the case study of the TEG mounted on the chimney wall. The
mathematical model is constructed at steady state conditions of the TEG and the studied case. In this model, the
TEG materials properties such as the thermal conductivity, Seebeck coefficient, and electrical resistivity, etc. and
fluid properties are temperature dependent.
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Figure 1: Physical model of the case study
2.1.TEG Model

Simplified models of the TEGs are not enough to accurately predict the detailed performance of the practical TEG
systems with multidimensional construction. Also, they cannot precisely transfer non-uniform heat flow or
temperature distributions boundary conditions to the thermoelectric model (Jang, Tsai and Wu, 2013). So, in this
work, a 3D complete model of the TEG is presented coupling the electrical TEG model, and the thermal TEG model
as follow:

Equation 1: the electric field governing equation inside a control volume for solid regions related to the thermoelectric
phenomenon.

-

- - J
Ve =—aVT —=
¢ o
Where:
- V¢ = electrical Potential gradient, V/m
- a = Seebeck Coefficient, V/IK
- VT = Temperature gradient, K/m
- o = electric Conductivity, Siemens/m
-] =current density vector, Amp/m?2
Equation 2: The electric potential (EP) equation in the solid regions. v- [O‘ﬁd)] +S,.=0
Where:
- S, = Electric Potential Source Term, Amp/m?
Equation 3: The current density expression from Equation 3. f = —0‘|7¢ —oa |7T
S —L = ¥ _ S N—L
Jx=—05-—oa—, Jy = O‘ay Jaay, Jz=—03 oa—
Where

Jx» Jy» Jz = components of the current density vector

Equation 4: The dot product for both sides of equation (3) with the operator 7. 7 J==V- [6|7¢] _ [JaVT]

Equation 5: The conservation of current density at steady state. V-j=0
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Equation 6: The Combination of Equation 4 and 5. 7- [0 |7¢] +7- [aa |7T] =0

Equation 7: The electrical source term Se represented from Equation 2 and 6. Se = |7 . [aa VT]

Equation 8: The three-dimensional Cartesian form of the electrical source term Se.

S _d(oa) <6T)2 <6T)2 <6T)2 62T 92T 92T
e="ar [\ax) T\5y) T\&z) | 7%tz T a2

Equation 9: The heat energy equation for no translation or rotation motion of the solid zones.

. oT
v-[kVT] + S, = (pmcp)a

Where:

-k =thermal conductivity coefficient, W/m.K

- 8, = Energy Equation Source Term, W/m3

- py,= mass density, kg/m3

- specific heat, J/kg.K

-t =time,s
Equation 10: The general energy equation by adding the Thomson heat and Joule heating terms for thermoelectric phenomenon
at steady state.

oT |]|2

S, daq =
V-g=-V-[kVT] = PmCp 5+~ E}]-VT

Where:
- g = heat flux vector, W/m2

- ﬁ = the volumetric Joule heating term, W'm?

- [T da 51 . ¥T = Thomson heat term, W/m3
Equation 11: At steady state; the energy equation used by ANSYS Fluent can be expressed by.
V-[kVT]+5S,=0

Equation 12: Therefore, from the Equations (10) and (11), the source term Sh can be expressed as follow.

712

Equation 13: Equation (12) in three-dimensional Cartesian form, the heat source term is expressed by.

_oT ity iz
[J"ax ]yay J2 z]+[ o

As, d(;“) and Z—;’ can be easily determined from temperature dependent material properties. The first derivatives of

temperature and electric potential in x,y,z directions in the previous equations can be determined using gradient
UDF Macros of the Fluent for temperature and electric potential gradient respectively.

For the problem of the second derivative inside Fluent solver, Used Defined Scalars (UDS) is used to adapt these
equations for the Fluent solver as shown in Equation 14.

Equation 14: Substitution of temperature gradient components in terms of UDS.

or = UDSO0 or = UDS1 or = UDS?2
ax * 9y ' 9z
Equation 15: The source terms Se as a function of UDS from Equations 8 and 14 :
d(o duDS0 0UDS1 auUDS2
s, = u[(unso)2 +UDSD? + (UDSV?] + o[ ——+ == 4+ ]

For the coupling of the energy equation output data and the potential equation, individual components of the electric
current density can be accessed and stored in User Defined Memory UDM and to be used by Fluent solver.
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Equation 16: Memorising of current density as function of UDM.
Jjx = UDMO, jy = UDM1, j, = UDM2

In addition to the benefit of coupling the energy and potential equations with this method, it reduces the
computational time due to reducing the required memory size per iteration.

Also, the source term Sy is expressed by:

Equation 17: The source terms Sh as a function of UDS and UDM from Equations 13 and 16
da 1
Sy = Tﬁ [UDMO * UDSO + UDM1 * UDS1 + UDM2 * UDS2] + —[UDMO0? + UDM1? + UDM2?]
o

2.2.Heat Transfer Model

For the cooling water flow inside the microchannels, the conservation of mass, momentum, and energy equations
are used and solved by conventional conservation laminar flow equations as noted in (Soliman and Hassan, 2018).

Equation 18: Conservation of mass for cooling water. |7 (pl_/)) =0

U

Equation 19: Conservation of momentum for cooling water. . (pl_/) l_/)) =-7P + 7. (u vV )
Equation 20: Conservation of energy for cooling water. l_/) ﬁ(pCWTW) =V. (kw VTW)

Equation 21: The convection heat transfer coefficient for the wind obtained by(Notton et al., 2005):  h,,iq = 5.82 + 4.07v
Where:

- p = water density, kg/m?

- 17 = water flow velocity vector, m/s

- P =water flow pressure, Pa

- u =water dynamic viscosity,Pa.s

- C, =water specific heat, kd/kg.K

- T, =Water Temperature, K

-k, = Water thermal conductivity, W/m.K

3. NUMERICAL SOLUTION

The previous governing equations with the boundary conditions and the programmed UDF integrated inside
ANSYS-Fluent are solved numerically by the commercial ANSYS-FLUENT18 software. The physical model
geometry was created by using DESIGN MODELER software and the grid of the model is carried out using
MESHING software and all are used in ANSYS Workbench. A mesh independent test is performed to select the
best number of meshes for the numerical solution of the previous mathematical models. Figure 2 shows the
variation of the output power from the TEG with a different number of elements. The power is calculated based on
the TEG cold surface temperature of 300 K and hot surface temperature 600 K. Figure 2 indicates that after the
number of elements reaches over 108, the output power is virtually constant. The number of elements 1,100,084
is chosen and it is found enough for the model in the present study, adequate to satisfy the convergence criteria
for the numerical solution of the different mathematical equations and saves computation efforts without loss in
solution accuracy.

3.1. Model validation

The validation of the present model is carried out by using the numerical and experimental results of Chen et al.
(Chen, Rosendahl and Condra, 2011) for the same operating conditions. The TEG used is the same thermoelectric
module used by Chen where its cold side is fixed at a temperature (Tcad) of 303 K, and its hot side is set at
temperature (Thot) changing from 340 K to 430 K. All the parameters and configurations and input data are taken
as the same as the Chen model. Figure 3 shows a comparison of the present model results and the numerical and
experimental results of Chen et al. (2011) for the output power of the TEG with change the value. Moreover, the
same comparison between the current model results and the results for Chen for the TEG electric current is shown
in Figure 4. Figures 3 and 4 show good agreement between the current model results and the experimental and
numerical results of Chenet et al. (2011). The validation also indicates that the present numerical results agree
very well with Chen'’s experimental results rather than his numerical results for the output power and electric current
of the of the TEG. This means that the current numerical solution gives more accuracy and reliability in calculations
and more adequate interface dealing with the electric and thermal field parameters. Figure 6a shows the
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temperature distribution through the TEG legs for Thot=600K, Tcot=300K and load resistance =3.4 Q. The
temperature distribution on the TEG legs for the same conditions of Figure 6a is shown in Figure 5b. Figure 5a
illustrates well the ability of the present mathematical model of the TEG to present temperature distribution through
the TEG legs in a three-dimensional form. Figure 5b also indicates the decrease of the temperature through the
TEG legs from the hot side to the cold side
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Figure 2: Variation of the TEG power output at different numbers of meshes
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Figure 4: Comparison of the electric current of the present TEG model results and Chen et al. (2011) results
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oo
(a) (b)
Figure 5: a) Temperature distribution for the present TEG module's n-p legs at Th=600K, Tc=300K and REL=3.4 Q

b): Detailed temperature contours for the TEG legs
3.2. System Configurations

The current study based on three configurations shown in Figure 6 classified as per the smallest dimension of the
channel as mentioned in Kandlikar and King (2013) which are as follow: Configuration 1 (G1) and configuration 2
(G2) consist of conventional and mini heat sink with width 40 mm and single channel with 10 mm and 3 mm
respectively; where configuration 3 (G3) consists of micro heat sink with eight microchannels of width 4 mm and
height of 150 microns with strips between them of 1.14 mm width. All the three configurations use water at 300 K
as a coolant. The boundary conditions for the three configuration are the same where the flow is to be a laminar
flow and the inlet velocity is uniform at the inlet. The top of the channels is affected by heat transfer coefficient due
to wind speed while the side surfaces of the TEG is set to be adiabatic

Configuration (1) - G1 Configuration (2) - G2 Configuration (3) - G3
(Conventional-Channel) (Mini-Channel) (Micro-Channels)

Figure 6: Geometrical configurations for cooling TEG module by three different heat sinks
4. RESULTS AND DISCUSSION

The chimney is used in many industrial applications where the flow gases temperature inside the chimney maintain
the hot side of constant temperature of Thot = 600 K. The TEG is an effective way to recover the heat loss from the
chimney and transfer it directly into useful electrical energy as illustrated previously. The used TEG in this study is
a commercial module consists of 127 couples, the entire module dimensions are 40mmx40mm x3mm where each
n-leg or p-leg has dimensions of 1.4mmx1.4mmx1.6mm as shown in Figure 7. The thermophysical properties of
the used TEG are illustrated in table1 which are temperature dependent.

Figure 8 show the total power delivered by the TEG module for three configurations of TEG cooling system which
are Parallel Microchannels G3 and configurations of single conventional and mini channel (G2 and G2) of the same
width 40mm and with different channel heights of 10 and 3mm respectively for the same Reynold number laminar
flow range of (20-300). The results show that by the using of parallel microchannel heat sink as in G3 gives more
total power produced from the TEG module while G2 for the mini-channel gives more than G1 for the conventional-
Channel. The percentage of the produced power for G3 is almost 200% of that produced of G2 and 250% compared
by that produced by G1 at the same Reynold number (Re=300).
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Figure 7: Geometry of the used TEG module with the basic unit built in of the n-p couple

Table 1: Thermophysical Properties of the TEG legs (n-p) types

Property Description
Op =(5.921376x1013)T3-(3.274207%10°)T?+(2.422355%10-6)T-2.743842x 10+
on =(1.291689x10-13)T3+(1.074408x10°)T2-(9.271759%107)T+8.95888x% 10
Pp =(2.248899x%10°14)T3-(1.250867%1010)T2+(1.388189x107)T-2.244786% 105
pn = (-1.24614%10-14)T3-(6.429015%x1011)T2+(9.103036x 10-8)T-1.049646 %105
kn (W/m.K) = (-1.592653x109T3+(2.905845x%10°)T2-(1.58323x102)T+3.727526
ko (W/m.K) =(1.251606x107)T3-(1.242845x104)T2+(3.873788%102)T-2.362707
10
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Figure 8: Total produced power for water cooled configurations

Although the G3 gives much more produced power, also it consumes much more pumping power as the friction
loss is greater in micro channels than in conventional or mini channel as shown in Figure 9. Pluming power
consumption for the G3 is greater than that for G1 and G2 by almost 1.2x10° times. By realising the fact that the
working fluid is flowing at a very low Re within laminar flow ranges for 20-300 Re the consumed power is found to
be almost 0.6 W for Re=300 where for G1 and G2 is almost none compared to produced power from these
configurations. The results show that at certain Re values the net output power will decrease with the increase of
the fluid flow velocity as the friction will rise and the temperature difference will remain almost constant. While for
G1 and G2 the friction remains very low relative to the produced power.

Figure 10 shows that the key parameter to increase the output power of the TEG module is that the cold side
temperature of the TEG where the results shows that G3 give the lowest Tcoa of all Re number ranges which lead
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the micro channel configuration on the top of the three configurations producing power at low laminar flow
characteristics.
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Figure 9: Pumping power for water cooled configurations
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Figure 10: TEG cold side average temperature
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Figure 11: Temperature difference between the hot and cold sides of the TEG module at different flow conditions

The difference in cooling effect between the three geometrical configurations of the heat sink can be easily noticed
from Figures 10 and 11 where the temperature difference between the hot and cold sides of the TEG module is
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presented at different Re values. This identifies that G3 has the most significant cooling effect by almost 90% and
42% increasing from G1 and G2 respectively at Re=50 where that increment decreases by increasing Re values.
These results ensure the results obtained from Figure 8 where the difference in output produced power is related
directly on the temperature difference of the TEG sides and it appears that at Re=50 the temperature difference
increment ratios of 90% and 42% resulted in 340% and 120% in produced power between G3 and the other two
configurations. When the increment ratio decreases, the output power ratio decreases also, which confirms that
improving the cooling effect thus directly affecting the temperature difference has an important role in improving
power produced from TEG systems.

5. CONCLUSION

In summary, the cooling of the TEG module has a significant importance in producing power generated. Cooling
by conventional, mini and micro channels were applied to the TEG module. Using microchannels in the heat sink
raised the power produced by almost 340% of that produced from conventional and 120% for the MiniChannel heat
sink. Pumping power increases by increasing the flow velocity but under laminar flow conditions for all
configurations it can be neglected. Using microchannel heat sinks provides low weight and compact energy
systems, compared to the traditional macroscale heat sinks which needs more focus in future research to optimise
it with larger scale TEG system.
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The volume of Indonesian tea exports to the European Union (EU) decreased by 43% in 2014 because of the EU
setting a maximum residue limit of anthraquinone (AQ) for tea as 0.02 mg/kg. The content of AQ in tea leaves
increases during the process of the withering and drying, especially when there is incomplete combustion of
firewood, the energy source for withering and drying of tea leaves. This study aims to develop and test a new
concept for the direct use of low-temperature geothermal energy with a heat pipe heat exchanger (HPHE) for the
withering of tea leaves as a solution for energy sources free from AQ. The geothermal fluid simulators used water
heated by a 9000W heater and flowed by a pump. The HPHE consisted of 42 heat pipes and 181 fins. The heat
pipe was 700mm long with an outer diameter of 10mm; the fluid in the heat pipe worked using water with a filling
ratio of 50%. Each fin was made of aluminum with a thickness of 0.106mm and a size of 76mm x 345mm. The
results show that the effectiveness of the HPHE varied from 66% to 79.59%. For 100g of fresh tea leaves, the
heating energy produced ranges from 15.21W to 45.07W, meaning it can wither tea leaves from 80% to 54% of
the wet base (w.b.) in a time varying from 11h 56m to only 49.6 minutes. The Page mathematical model is the best
model to represent the behaviour of the tea leaves with this HPHE system. The use of an HPHE is a new concept
for the direct use of low-temperature geothermal energy for the withering of tea leaves, which is acceptable and
feasible to use as renewable energy in the tea-making industry and as a substitute for fossil fuels.

Keywords: heat pipe heat exchanger, low temperature geothermal energy, anthraquinone, tea leaves, withering,
drying
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1.  INTRODUCTION

Tea contains antioxidants which are very useful for the body. These antioxidants can help in protecting against
various diseases, including heart disease and reducing the risk of cancer (Chacko et al., 2010, Suliburska et al.,
2012). Tea is a healthy drink that is extremely well-known worldwide. Indonesia is one of the most abundant tea-
producing and exporting countries globally. The tea export destinations of Indonesia include Australia, Africa,
Middle East, USA, Canada, Russia, Asia, and the EU.

However, aside from the importance of consuming tea, there is some concern in the processing of fresh leaves.
The most crucial stage in tea processing is withering and drying, which uses firewood as the heat source (Azapagic
et al., 2016). Because this involves the process of burning solid fuels (fuel wood, biomass), the probability of
incomplete combustion is extremely high. An incomplete combustion process produces polycyclic aromatic
hydrocarbons (PAHSs), which if distributed can increase the anthraquinone (AQ) residue in the tea leaves
(Pincemaille et al., 2014, Adisa et al., 2015, Abd El-Aty et al., 2014). If the content is excessive, AQ can be highly
dangerous for human health.

To protect consumer health, through the regulation of commission no. 1146/2014, the EU has set the maximum
limit of residual AQ for tea as 0.02 mg/kg. Based on the research conducted by Putra et al., it was concluded that
some teas from Indonesia contained AQ exceeding the threshold set by the EU (Putra et al., 2017a). The regulation
caused the tea export from Indonesia to the EU to decrease from a volume of 17,000 tons in 2013 to 10,000 tons
in 2014, i.e. a decrease of 43% (International Tea Committee, 2016).

The increase in AQ content occurs during the process of withering and drying of the leaves (Wang et al., 2018),
especially when there is incomplete combustion of the firewood which is used as the energy source. This research
discusses approaches and other sources of energy for this process. Regarding this issue, the standard solution
until now is the use of industrial diesel oil (IDO) (Vidanagama and Lokupitiya, 2018). However, the problems with
this are that the use of IDO is highly dependent on the oil prices, which affects the production costs, and that as
this energy use increases, the rate of global warming also increases.

Indonesia is rich in geothermal resources, with a total potential of approximately 28,617 MW, spread throughout
the country (Nasruddin et al., 2016). Sources of low-temperature geothermal energy that are located at shallow
depths are mostly found in the area of the geothermal resources of Indonesia (Prasetya et al., 2017, Pikra et al.,
2015). Therefore, the potential for using it directly for the withering and drying of agricultural and plantation
commodities is high (Afuar et al., 2016, Zlatanovic¢ et al., 2013).

Research related to the utilisation of geothermal energy for drying has been carried out by Afuar et al. (2016). They
designed a tomato drying system using heat exchangers. In the tomato drying process, water content must be
reduced from 95.7% to 26% and it requires a drying air temperature of 50—70°C. Drying 1 ton of tomatoes per day
requires 7 kg/s of geothermal water. Prasetya et al. (2017) identified the manifestation of geothermal energy at a
rate of 3 kg/s and temperature of 87°C flowing into a multilevel system consisting of several applications (Prasetya
et al., 2017). The three applications chosen were cacao drying, egg hatching incubation machines, and a new
tourism site called geothermal therapy. From the technical and economic aspects, it is highly advantageous to
perform the improvement and optimisation of the direct use of geothermal energy.

Until now, the direct use of geothermal energy has commonly been performed by either withdrawing geothermal
fluids (specifically by a pump), or flowing (based on the difference in the soil height). Regardless of providing
electricity or ground height difference, the use of pumps and pipe production is highly susceptible to scaling and
corrosion because the geothermal fluid has a high silica content and corrosive properties (Franco and Vaccaro,
2013, Pambudi et al., 2015). The application of a heat pipe to capture the geothermal energy without withdrawing
and draining the fluid is one solution to this problem.

The application of a heat pipe as a heat exchanger is already well tested for several applications, such as battery
cooling, passive nuclear cooling, electric motor cooling, and air conditioning in rooms (Putra et al., 2016, Kusuma
et al., 2017, Putra et al., 2017b). Kerrigan et al. designed heat pipe radiators to utilise low-temperature geothermal
energy (Kerrigan et al., 2011). Radiators that use heat pipes have numerous advantages compared to conventional
radiator panels, where the power panels can reduce the thermal mass significantly. In their next study, Kerrigan et
al. modified the number of heat pipes and number of fins used and the results were significantly improved; the
power density increase could reduce the thermal mass (Kerrigan et al., 2013). The use of heat pipes for melting
ice and snow applications utilising heat from within the earth has also been conducted with satisfactory results
(Zorn et al, 2015).

A new concept is needed to use low-temperature geothermal energy directly for the withering and drying of
agricultural and plantation commodities, without employing pumps or different heights for the withdrawal of liquid
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fluids. This paper proposes using a heat pipe heat exchanger (HPHE). To provide a solution to the problem of AQ,
the commodity chosen in this study is tea leaves.

Research related to the drying characteristics of tea leaves has been carried out by several previous researchers.
Ghodake et al. (2006) carried out the characterisation of the 25 varieties of tea harvested from the tea garden of
Kharagpur, India. Data analysis uses the approach of 2 models from Henderson-Pabis and Page. The energy
source was an electric heater. The Page model provides a better prediction of the characteristics of the tea leaf at
temperatures higher than 35°C. Panchariya et al. (2002) developed a drying tool model suitable for drying black
tea, investigating the effects of temperature and air velocity on the model coefficients that can describe the drying
characteristics of black tea. The energy source for drying black tea was an electric heater that can be adjusted to
the temperature as desired. The results show that the Lewis model is adequate in describing the drying behaviour
of one layer of black tea particles. Dutta et al. (Dutta and Baruah, 2014) used fire from biomass gasification as an
energy source for drying tea. The investigation of a thin layer of drying of fermented tea (Camellia sinensis) kinetics
was conducted at air temperatures of 80, 90,100, 110°C with the speed of each drying air 0.50; 0.65; 0.75 m/s.
The modified Page model provides better predictions regarding the drying kinetic of black tea thin layers followed
by the Lewis model.

The main objectives of this study are as follows: (1) the development of suitable test equipment for the withering of
tea leaves using an HPHE for withdrawing heat from geothermal energy; (2) investigating the effect of temperature
and hot air velocity on the velocity and identification of suitable mathematical models which can describe the
characteristics of Indonesian tea drying and drying when using the HPHE; (3) determining the energy needed to
remove moisture from tea leaves when using the HPHE system by a thermodynamic analysis. A limitation of this
study is that qualitative results, such as the taste and aroma of tea after the withering and drying process with this
system, have not been discussed here. Based on our literature survey, research related to the application of heat
pipes for the withering or drying of tea leaves has not been conducted previously.

2. MATERIALS AND METHODS
2.1. Experimental Design

In this study, the HPHE consisted of 42 heat pipes in a staggered arrangement and 181 fins. The heat pipe was
made from copper with the wick in the form of sintered copper; the fluid used was water with a filling ratio of 50%.
The heat pipe had a 700mm length and 10mm outer diameter. The adiabatic area was wrapped in glass wool and
polyurethane, serving as its thermal insulation system. Each fin was made from aluminium with a thickness of
0.105mm and size area of 76mm x 345mm. The lengths of the condenser, adiabatic, and evaporator areas for the
HPHE were 350mm, 100mm and 250mm, respectively. The dimensions of the HPHE and fins can be seen in
Figure 1.

345 mm

(b)
Figure 1: Sizes of the (a) HPHE and (b) Fins
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Figure 2: (a) Schematic of the experimental withering set-up; (b) Positions of the measuring instruments

Geothermal fluids were simulated with heated water with a heating capacity of 9000W to achieve temperatures
from 40 to 80°C with a maximum flow of 18 L/min. Hot water flowed into a water bath in which the evaporator area
of the HPHE was submerged. Hot water flowed with a pump which was connected to an inverter so that the flow
of hot water could be controlled according to the variations in testing. Air for the withering and drying was ambient
air and flowed with a fan, which was connected to the inverter so that the air flow could also be adjusted. The
ambient air which entered the system became hot after passing through the HPHE condenser area. The heat used
to heat the air was taken from the hot water that flowed in the evaporator part of the HPHE. The heated air was
used to wither or dry the commodity placed on the tray. The tray was connected to the load cell so that the weight
of the product could be measured in real time during testing. All the equipment was then assembled in the
experimental set-up shown in Figure 2 (a).

The sensors used, and their placements, can be seen in Figure 2 (b). Type K thermocouples were connected to
the cDAQ NI-9214 module, and the relative humidity sensor used THD-D Autonics type connected to NI-cDAQ
9201. For the measurement of hot water flow, a thermocouple was placed in the hot water area entering the
evaporator HPHE (T water, i); the hot water area exited the evaporator HPHE (T water, o). To measure the airflow,
thermocouples and relative humidity sensors were installed on the side of the ambient air entering the HPHE
condenser area (T air, i; air RH, i); one side of the hot air exited the HPHE condenser area (T air, m; RH air, m),
and the other side of the hot air exited from the drying tray area (T air, o; RH air, 0). A load cell of capacity 1000 g
measured the tea weight in the drying tray connected to the NI-cDAQ 9237 module. The tray area was 360 x 360
mm?. The data acquisition (DAQ) module sent a signal to a computer with installed LabView software; hence, all
the signals from the sensors could be recorded in real time.

A portable hot wire Lutron AM-4204 measured the airflow in the ducting. The hot water flow was measured using
a Dwyer Flowmeter installed after the water pump. All the HPHE units, air ducting, water tanks, hot water pipes,
and all the measuring instruments used were arranged in one unit, as can be seen in Figure 3 (a).
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(b)

Figure 3: (a) Final assembly of the tea withering testing equipment; (b) Tea commodities in the drying tray, size 36 cm x 36 cm

2.2. Experimental procedure

The fresh tea leaves used in this study were tea picked from plantations in the Gunung Mas Tea Plantation area,
PTPN VIII located in Bogor, Indonesia. Before being placed into the drying tray, the tea leaves were measured
initially for their moisture content. The water content measurements were performed by applying 1980 AOAC
standards and ISO 712 (Association of Official Analytical Chemists, 1980; International Organization for
Standardization, 1985).

The experiment was conducted from 18.30 WIB to 07.00 WIB. The goal was to obtain a relatively constant
temperature and RH ambient. The variables considered were the drying air temperature and air velocity.
Considering the temperature range and amount of geothermal water available in several locations in Indonesia and
the actual temperature of the withering tea leaves, the heater in the water bath was set at water temperatures of
40, 50, and 60°C (Pikra et al., 2015, Prasetya et al., 2017, Ghodake et al., 2006). The flow of hot water was set to
a value of 18 L/s, which was used in previous studies for an optimal hot water flow (Imansyah Ibnu Hakim et al.,
2019).

Airspeed was chosen from the research of Panchariya et al., and set as a part of the independent variables at 0.2,
0.4, and 0.6 m/s (P.C. Panchariya et al., 2002). A steady state was reached after the apparatus was run for
approximately 1 h. After the temperature was stable and air velocity was at the specified value, 100 g of tea leaves
was placed on the tray, and the experiment was conducted for 4 h for each test variation. Figure 3 (b) shows the
condition of the tea leaves on the tray in the ducting. The 100-gram tea weight was chosen because it was adjusted
to the tray dimensions and according to a similar study by Panchariya et al. (P.C. Panchariya et al., 2002).

2.3. Analysis of data experiment

The performance of the HPHE can be indicated by the values of its effectiveness and heat recovery. For the value
of its effectiveness, according to El-Baky et al. (Abd El-Baky and Mohamed, 2007) with the assumptions that there
was no condensation on the freshwater flow and the specific heat which passed through the evaporator and
condenser is constant, the equation is

Equation 1: Effectiveness (%)
Tair,i_Tair,m

& =
Thot water,i Tair,i

Where:

- Tairi = Temperature of air inlet HPHE in condenser area (°C)
- Tarm = Temperature of air outlet HPHE in condenser area (°C)
- Thotwateri = Temperature of hot water inlet HPHE in evaporator area (°C)

The thin-layer drying model illustrating the drying phenomenon of these materials mainly falls into three categories:
theoretical, semi-theoretical, and empirical. The semi-theoretical model is generally derived by simplifying the
general solution of the second Fick law or modifying a simplified model, which is applicable in the range of
temperature, relative humidity, air flow velocity, and water content. Among the drying models of semi-theoretical
thin layers, the Henderson and Pabis models, Page model, Lewis model, and modified Page model are widely
used for the process of tearing or drying of tea leaves (Ghodake et al., 2006, P.C. Panchariya et al., 2002, Dutta
and Baruah, 2014). The mathematical model equations are presented in Table 1. In this analysis, the value of the
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equilibrium moisture content (Me) is considered to have a value of 0, because the relative humidity fluctuated and
the value was relatively small compared to M, and M (Purnomo and Indarti, 2018).

Table 1: Mathematical models for the process of withering and drying of tea leaves

No Model Name Equation of Moisture Ratio (MR)
. M — Me
1 Henderson and Pabis MR = = A, exp(—k,t)
Mo — Me
2 P mg= M Me _ kot™
age = = Pt
3 Lewi mr= MM _ kot
ewis S Mmoo exp(—k,t)
4 Page Modified mp= M Me _ ko)™
age Modifie: —Mo_Me—exp( ot)

Where:

- M =moisture content of tea leaves % (d.b.)
- Me = equilibrium moisture content % (d.b.)

- Mo =initial moisture content % (d.b.)

- ko =drying rate constant (h"")

-t =time(h)
- Ao = model coefficient
- n =exponent

2.4. Withering Model Validation

The curve of the withering/drying of the tea leaves is matched to the experimental data using two different
equations. x2, Erws, Ems, and R? are used as the main criteria for selecting the best equation to account for the
variations in the drying curve of the tea leaf samples and determine the most suitable model. The lower the above-
mentioned criteria, the better the match. The statistical values can be calculated as follows (Ghodake et al., 2006):

Equation 2: y square

_ Iivzl(MRexp,i - 1\/1Rpre,i)2

2
X N-n

Equation 3: Mean Square Error

2
_ ZIiV:1(MRpre,i - MRexp,i)
ERMS - N

Equation 4: Mean Bias Error
N
1
Eyp = [NZ(MRpre,i - MRexp,i)]

Equation 5: Coefficient of Determination
2
Iivzl(MRexp,i - MRpre,i)
2
ZIiV:1(MRexp,i - MRexpmean)

RZ=1-

Where:

- MR exp, 1= i-th experimental moisture ratio

- MR pre, 1= i -th predicted moisture ratio

- MR exp, mean = mean value of the experimental moisture ratio
- N=number of observations

3. RESULT AND DISCUSSION
3.1. Temperature and relative humidity profile

The experiment was conducted and the temperature profiles of the hot water entering the HPHE, hot water exiting
the HPHE, air entering the HPHE (ambient), air exiting the HPHE, and air exiting the drying tray can be seen in
Figure 4 (a). The entering water was set at a temperature of 50°C, with variations in the air velocity set at speeds
of 0.2, 0.4, and 0.6 m/s. It took approximately 1 hour from when the hot air heater was turned on until it was found
to remain stable at 50°C.
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When the variation in the flow velocity was 0.2 m/s, the hot water temperature of the HPHE exit was nearly 49.9°C,
or the temperature difference was approximately 0.1°C. This shows that the HPHE evaporator can absorb heat
from the incoming hot water and then transfer it into the side of the HPHE condenser, which can increase the air
temperature by 9.1°C. When variation in the flow velocity was 0.4 m/s, the hot water temperature of the HPHE exit
was approximately 49.8°C, or the temperature difference was nearly 0.2°C. In comparison, the difference in
temperature of the intake air and HPHE exit on the side of the condenser was approximately 9.32°C. When the
flow velocity of air was 0.6 m/s, the hot water temperature of the HPHE exit was near 49.7°C, or the temperature
difference was approximately 0.3°C. In contrast, the difference in the temperature of the air intake and exit of the
HPHE on the condenser side was nearly 9.35°C. This occurs because on increasing the air stream velocity, more
energy can be absorbed from the hot water. This phenomenon shows that the HPHE works appropriately. However,
on opposing the gusts of air, the temperature of the air coming out of the HPHE decreased. This is because the air
contact time with the HPHE is reduced by changing the air velocity (Hassan, 2013).

‘ —=—T hot water, 0; —e— T hot water, i; —&— T air, i; —v— T air, 0; T air, m ‘

[-=—RH air, i; —¢— RH air, m; —+—RH air, o]
Velocity of air = 0.4 mis Velocity of air = 0.6 m/s

Velocity of air = 0.2 m/s L Velocity of air =0.4 m/s Velocity of air = 0.6 m/s © Velocity of air = 0.2 m/s )
50 = . . o

e

Temperature (°C)
Relative Humidity (%)

Time (hours) ) 6T\me zhoursi
(a) (b)

Figure 4: (a) Temperature profile; (b) Profiles of the relative humidity of air for various airspeed variations (0.2, 0.4, and 0.6 m/s)
at a temperature and hot water flow rate of 50°C and 18 L/min, respectively

Figure 4 (b) shows the value of the relative humidity of the air entering and leaving the HPHE system and air
coming out of the drying tray. It can be seen that the humidity of the air exiting the HPHE decreases because the
air temperature rises after passing through the HPHE system, which results in some of the moisture in the air being
evaporated. In addition, an increase in the air temperature will also increase the steam saturation pressure,
resulting in a decrease in the value of the relative humidity.

The air humidity in the HPHE system in this experiment was not conditioned, so that the relative humidity of the air
exiting the HPHE system also depended on the amount of ambient air RH. The average decrease in the relative
humidity in the HPHE condenser was from 71.92% to 33.09%. Besides being affected by the temperature, the
decrease in the relative humidity of the air exiting the HPHE was also affected by the speed of the air entering the
HPHE. A higher velocity of air entering the HPHE reduces the heat transfer duration; hence decreasing the amount
of heat absorbed (Hassan, 2013, Danielewicz et al., 2014). This is because the mass convection coefficient is a
function of Reynold's number and the relative humidity (Zhang et al., 2007)
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Figure 5: (a) Process of heating and drying on the Psychrometric chart (ideal); (b) Energy for the Withering base on the
Psychrometric Chart

From Figure 4 (b), it can also be seen that immediately after the tea leaves were placed in the drying tray, the
relative humidity of the air exiting the drying tray rose drastically and then decreased the withering time. This shows
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that shortly after the tea leaves are placed in the tray, much of the water vapour on the tea leaves was removed,
and subsequently, it decreased. The decrease in the water vapour on the tea leaves was caused by the hot air
from the condenser side of the HPHE blowing the vapour out of the system.

By knowing the initial and final water contents in the tea (w.b.), the amount of water vapour that is successfully
removed by this system can be calculated using the principle of mass equilibrium. The amount of water vapour that
is successfully removed during the test is also validated with the results of the weighing of the weight of the tea
leaves at the end of the test. The process of withering the tea leaves using the HPHE can be seen in the
psychometric chart in Figure 5 (a). From this process, the air properties for each test: absolute humidity,
temperature, and specific air volume in each process (point 1 to 3) can be seen. Thus, the amount of
drying/withering energy from the HPHE system in this study can be seen in Figure 5 (b).

The energy for the withering increased with increasing air velocity, meaning the process of withering the tea leaves
became fast. This is based on Figures 4 (a) and 4 (b), where the differences in the temperature and relative humidity
on the exit side of the HPHE and drying tray become increasingly smaller with the increasing speed of the drying
air. This also applies to the increase in temperature, which will accelerate the process of the withering/drying.

3.2. HPHE effectiveness

The performance of the HPHE system can be seen from the value of its effectiveness. From Figure 6 (a), it can be
noted that the highest effectiveness of the HPHE occurred at a variation in the air velocity of 0.2 m/s with a hot
water temperature and flow of 60°C and 18 L/min, respectively. In comparison, the least effectiveness occurred at
a variation in the air velocity of 0.6 m/s with the hot water temperature and flow of 40°C and 18 L/min, respectively.

The higher the temperature of the hot water flow, the higher the heat capacity that can be transferred by the HPHE.
With the increase in the temperature of the hot water received by the HPHE evaporator, the latent heat of the
working fluid in the heat pipe was rapidly achieved. This means the evaporation of the heat transfer to the
condenser in the heat pipe (under the saturation condition of the evaporator) also occurred more rapidly. The latent
heat of the working fluid had a major impact on the rate of heat transfer from the evaporator to the condenser so
that the heat pipe performance also increased. The trend of the characteristic values of the effectiveness is
consistent with the results of research conducted by Putra et al. (Nandy Putra, 2017).

Figure 6 (b) shows the difference in the temperature of the intake and exit air of the HPHE (ATc =Tair,o—Tair,i). It can
be seen that the increase in the temperature of the hot water received by the evaporator of the HPHE increased
the value of ATc. However, increasing the speed of the air flow reduced the value of ATc. Because the convection
heat transfer coefficient (h) is a function of the fluid velocity, when the air velocity increases, the convection
coefficient of the heat transfer of the HPHE condenser section will also increase. The HPHE system has the ability
to transfer heat at a fixed optimum value. When the heat value (q) released in the HPHE condenser section remains
constant, the convection heat transfer coefficient value increases because the air velocity increases. With a fixed
area of heat (A) heat transfer, according to the convection heat transfer equation: g = h.A. AT, the value of ATc
will decrease.
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Figure 6: (a) Effectiveness of Each Test Variation; (b) Amount of A Tc for each test variation.
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3.3. Withering Model

The measured moisture content of the tea leaves before being placed into the drying tray is approximately 80% of
the wet base (w.b.). The trend of the decrease in the moisture ratio (MR) is used as an indicator to determine the
duration of the withering process to achieve the expected water content of the tea leaves. For the tea leaves
withering process, the expected target of moisture in the tea leaves is 56% (w.b.) (Ghodake et al., 2006). Figure 7
(a) presents the comparison of the MR value patterns of all the test variations. The higher the hot water temperature
used for the withering process and higher the speed of the drying air, the faster is the drying process.
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Figure 7: (a) Comparison of the Moisture Ratio Curve (MR) for tea commodities for all variations in this test; (b) Fitting of
experimental results with mathematical models at air speeds of 0.2 m/s, speed and flow temperature of hot water = 18 litres /
minute, 50°C.

The results of the fitting of the MR experiment and four mathematical models can be seen in Figure 7 (b). The
summary of the results of this analysis is that the Page model consistently provides larger R? in comparison to the
other three models. In the research conducted by Panchariya et al., the values of R?, x2, and Emb received for the
mathematical model for the withering/drying of tea leaves were above 0.93 and below 9.0 x 10 and 0.018,
respectively (P.C. Panchariya et al., 2002). The Page model also consistently provides root mean square error
(ERMS) values, i.e. a low mean bias error (Emb) compared to the Lewis model, modified Page model, and
Henderson—Pabis model. Therefore, from this study, it can be concluded that the Page model is the best model to
represent the withering behaviour of the tea leaves. On selecting the Page model to be used to describe the process
of tea drift, for 100 gram tea leaves, the time to reduce the tea water content in various research variations can be
estimated, the results of which are given in Table 2.

Table 2: Tea leaves withering time estimation

Temperature of Velocity of Air The Air Temperature Exits Time to Withering of the Tea Leaf from
Hot Water (°C) (m/s) from the HPHE (°C) Moisture Content of 80% to 56% (wb)
0.2 37.53 11 hours 55 minute
40 0.4 37.33 8 hours 25 minute
0.6 36.15 7 hours 2 minute
0.2 45.39 3 hours 30 minute
50 0.4 44.85 3 hours 15 minute
0.6 43.38 3 hours 9 minute
0.2 52.39 1 hours 52 minute
60 0.4 51.84 1 hours 41 minute
0.6 49.96 49 minute

4. CONCLUSION

A new concept for the withering and drying of tea leaves is successfully built and tested under various withering
conditions. It is adapted to the operating conditions in the tea industry, and uses low-temperature geothermal
energy sources. The effectiveness of the HPHE increases with increasing temperature of the hot water, but
decreases with increasing air velocity entering the system. The effectiveness of the HPHE varies from 66% to
79.59%. For 100 g of fresh tea leaves, the heating energy produced varies from 15.21 to 45.07 W, so it can wither
the tea leaves from 80% (w.b.) to 54% (w.b.) in 11 h 56 m to 49.6 m. The Page mathematical model is the best
model to represent the withering behaviour of the tea leaves with the HPHE system.

111



The use of the HPHE in the direct utilisation of low-temperature geothermal energy for the withering of tea leaves
is acceptable and feasible to be used, specifically in the application of renewable energy in the tea-making industry
and for the substitution of fossil fuels. Further research is needed to optimise the drying conditions in the tea
industry for its upscaling business.
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Cost effective transparent renewable energy technology shows promise in helping to fulfill future micro- and nano-
segment energy demands. The application of transparent renewable energy devices could be substantial built in
to housing and other transparent sub-systems. Organic devices have a higher breakdown and greater open circuit
voltage whereas inorganic devices have low breakdown voltage and greater thermal saturation. Current disputes
can be standardised by a combination of both. The effect of organic-inorganic hybrid hetero-junctions band barrier
on leakage current and subsequent current density have been investigated for prospective green applications.
Instead of the commonly used p-type PEDOT:PSS highly conductive and thermally stable PTAA organic material
was employed in this study. PTAA is deposited on RF sputtered inorganic ZnO/ITO materials by a spin-coating
method at a thickness of 100 and 60nm for 1000 and 2000 rpm growth sequence respectively. Different
temperature annealed materials heterointerface J-V characterisation are accomplished. The band barrier and
annealing temperature show marked variations on leakage current, and current density are investigated. Grain
size, barrier height and leakage current relationships were realised from this study. Greater grain size shows higher
barrier height however, leakage current were found to be reduced at the greater grain size. Simulated hetero-
structure and corresponding optoelectrical properties were characterised by using general purpose photovoltaic
device model (GPVDM). PTAA as p-type emitter materials, its transparent properties were found promising in
absorbing particular energy bands paramount for the climate change scenario. Annealing temperature and growth
properties were shown to improve conversion performance of electrical energy.

Keywords: ZnO, PTAA, optoelectronic, renewable energy, band barrier, annealing
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1. INTRODUCTION

Cost effective renewable energy technology is essential to satisfy future micro and nano stage energy demands.
Organic solar cells (OSC) and detectors are new technologies which have a better inclination in converting light
into electrical energy. Despite first being proven seventy years ago, it is only recently that it is shown to be feasible
in energy applications (Kim, 2017; Bulovic, 2017; Dang, 2011; Zhang, 2018). In recent studies, OSC as a blended
and bulk hetero-junction (BHJ) solar cells have displayed their distinguishing features in terms of open circuit
voltage (Voc) and fill factor (FF) (Rani, 2018). Due to easy processing and lower cost, inorganic (metal oxide) -
organic hybrid technology is flourishing in optoelectronic fields. Organic devices possess a higher breakdown
voltage and its excitonic nature shows greater open circuit voltage. In contrast, inorganic devices have low
breakdown voltage and the greater thermal saturation current is standardised by a combination of organic-inorganic
materials in hybrid HJ. As a fundamental energy conversion device, its transparent range of applications with
optimum conversion efficiency and stability are crucial (Bulovic, 2017). A recent comprehensive review has realised
that diverse metal oxides interface engineering materials are vital for band barriers and carrier transport to enhance
efficiency and stability (Ghosh, 2019). High temperature processed inorganic emitter design on Si is costly and
non-transparency is not suitable for transparent devices. In contrast to well-known Si hybrid hetero-junction (HJ)
or diverse emitters on Si as energy conversion device (Chen, 2006; Ghosh, 2018), ZnO-based materials are
advantageous in optoelectronics device designs (Ozgiir,2005). The ZnO nanostructure with a greater band edge
which creates a substantial amount of barrier height to minimise energy loss. The organic layer thickness,
conductivity and n-type ZnO resistivity are critical parameters to administer device performance. Nevertheless, Si
HJ minimum barrier is supposed to enhance reverse saturation current that ultimately reduces Voc and short circuit
current density (Js). In contrast to Si-Si directional covalent bonding, II-VI ZnO material bonding is flexible to
accommodate a hetero-structure (HS) with minimum interface defects; as a result less thermal current leakage is
expected. The II-VI materials’ greater flexibility is accommodated by dissimilar materials on light-matter interaction.
The inter-band transition has greater columbic interaction due to electrons possessing a greater binding effect in
the conduction band thus stabilising the bound exciton or having greater binding potential with the PTAA materials.
This binding potential once greater than thermalisation energy KgT thus, stabilises against thermal effect and it
shows greater open circuit voltage, Voc (Ghosh, 2019).

Carrier transport stuffs are crucial to improving device’s optoelectronic properties. Organic materials carrier
transport purpose, p-type conductivity problem is resolved by the introduction of organic hole transport materials
(HTM) and it has opened up research interest in the transparent optoelectronic field. Previously all inorganic
transparent photo detectors (Tsai, 2011), solar photovoltaic devices (Patel, 2017) fabrication and performance
have been analysed. The p-NiO/n-ZnO materials interface barrier energy analysis has shown greater electron
barrier energy in comparison to the hole barrier energy. It has certainly huge scope for carrier recombination. The
barrier effect is significant to minimise the junction leakage current at high temperature and high breakdown voltage.
In our study replacement of traditionally used P3HT or PEDOT:PSS by highly conductive and thermal stable PTAA
(Poly-triarylamine) polymer of band edge greater than PEDOT:PSS (Khadka, 2017) was expected to perform well.
Inherently ZnO of n-type conductivity has lowest resistivity (Tsai, 2011), p-type PTAA with better interface
properties can minimise energy loss. PTAA has good chemical potential to stabilise excitonic properties thus
improving Voc (Khadka, 2017). It may possibly be due to higher barrier potential leading to less carrier
recombination loss. The electronic properties are related to quantum energy states of hetero interface. The
materials fabrication process and physical conditions are significant to control crystallinity. Hence, grain size and
leakage current for diverse barrier energy at the hetero-interface may differ. Active layer proper thickness, growth
parameters, related grain size effect on leakage current and optical properties on electrical performance have yet
to be precisely studied. Thermal stress and interface physical properties are highly correlated. In this respect PTAA
is highly stable even at elevated temperature. It was anticipated to increase p-type carrier conduction as a result
optoelectric properties were expected to be enhanced. Loss mechanism and barrier interrelation in organic
materials for energy conversion is so complex in comparison to inorganic materials. In this study inter-band
transition scenario barrier effect was investigated.
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Figure 1: Schematic hybrid PN junction (a); ZnO and PTAA energy level compare to others (b)
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The ZnO band barrier effect on interface property and how it acts to reduce energy loss will be studied. It is
anticipated that current density would be enhanced by minimising leakage current in PTAA/ ZnO HS and to reduce
energy loss thus optoelectronic energy conversion would be enhanced.

2. METHODOLOGY

2.1. Growth process

I T
(d) (e) ITO Glass

Figure 2: Substrate (glass and ITO) (a), RF sputtering (b), PTAA deposition (c), annealing (d), and schematic design (e)

ZnO/PTAA films were deposited onto ITO by radio frequency (RF) sputtering and spin coating method. ZnO was
initially deposited on ITO using RF spattering. The RF power is kept at 100 W with the mixture of Argon (Ar) and
Nitorgen (N2) gas at flow rate of 8 sccm at room temperature. ZnO film thickness of ~300 nm for 40 minutes
deposition. To achieve wurtzite structure, ZnO film is annealed at 400°C for an hour. Then it was loaded to the
organic chamber for spin coated PTAA deposition. PTAA (Lumtec) is initially dissolved and soaked in chloroform
for 12 hours to obtain 1% wt polymer mixture. It is deposited on the sputtered ZnO layer spin coating speed 1000
and 2000 RPM. PTAA layer was deposited at ~100 nm and ~60 nm for 1000 and 2000 RPM respectively.
Eventually the device is annealed with different temperature from 100°C to 150°C. RF sputtering stoichiometry and
growth rate of spin coating method are perceived some difficulties. Surface properties at highs temperature >130°C
are shown to be slightly degraded.

2.2. Characterisations

All transparent devices have a lot of potential in UV detection and energy conversion even during the day / night
cycle. After different temperature thermal annealing, optical and interface (current density-voltage, J-V) analysis was
performed by real measurements to explore the prospects for energy conversion. From XRD analysis, grain size
was measured and its relation with leakage current and barrier height (numerically calculated) were found. The
general purpose photovoltaic device model (GPVDM) software was used for HS model design and its interface
assessment.

3. RESULT AND DISCUSSION

ZnO as higher band edge materials precise HS and band barrier are realised from software design as shown in
Figure 3. Different thicknesses of the configuration energy absorption and dissimilar materials hetero-surface
abrupt energy level are revealed.
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Figure 3: Carrier accumulation due to abrupt interface band barrier (simulation data)
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Interface carrier generation and separation is dominated by the PTAA photo physical properties. Figure 4 shows
the interface barrier related photon distribution in PTAA-ZnO materials deposited on ITO. Simulation based
interface results found that the greater barrier ended with precise interface and marked photon distribution. It is
typical in HJ organic solar cell.
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Figure 4: Barrier related energy variance and photon distribution (simulation data)

For physical interface properties analysis, leakage current is potentially dependent on annealing temperatures.
Lower melting temperature of PTAA leads to reduced annealing temperatures. Leakage current density of the
deposited PTAA layer at 1000 rpm and J-V are shown below in Figure 5. The figure shows the analytical leakage
current properties of materials under different annealing temperatures. Irrespective of band barrier, annealing
temperature effect can be understood from the leakage current related semi-log current versus voltage analysis in
the range of -4 to +4 V. Certain anomalies are found though its proper cause is not yet understood.
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Figure 5: Thermal annealing effect on leakage current (a) and active layer current density by J-V analysis (b)

Compared to room temperature, high temperature annealing was expected to improve grain properties or HS
interface quality. As a result less electrical loss was shown in Figure 5 (a). Figure 5 (b) illustrates proper annealing
temperatures that resemble better crystalline quality and current density at 110°C. Above this temperature interface
or surface property starts to deteriorate although lessening of current density at high annealing temperature is not
yet clear. It may relate to the PTAA physical properties with temperature since the ZnO melting temperature is very
high. The crystalline quality or band barrier may be concerned with the trade-off between Voc and Js. Annealing of
the active layer possibly supports improving the crystalline quality thus reducing carrier recombination and improving
carrier transport properties.
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Figure. 6: Absorption trend in the active materials (simulation data)

The software based absorption analysis was done similar to the structure. The absorption spectrum minimal energy
absorption in ITO and ZnO layer was faced towards the optical source. Absorption in the active PTAA materials was
seen, however very sharp absorption close to the metallic contact area was possibly due to carrier accumulation at
the contact area as shown below in Figure 6. This is one reason for limited conversion efficiency due to improper
ohmic contract of p-type layer. However, the current density and leakage current variation with different growth and
annealing situations were studied. It could be a step ahead to optoelectric energy transfer in transparent conductive
layer for transparent optoelectric device studies.

Figure 7 shows the variation of barrier height with grain size for diverse annealing temperature at 1000 and 2000
rpm growth rate.
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Figure. 7: Interface barrier height variation with annealing temperature for 1000 rpm (a) and 2000 rpm (b) growth rate
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The trend of variation of barrier height was almost linear with grain size but higher temperature anomalies between
them may be due to thermal effect. PTAA was deposited in 2000rpm, the variation of barrier height reference to
grain size is shown to be very precise for the entire range of annealing temperature. Compared to 1000rpm growth,
2000 rpm thin film was found to be more consistent.

From the grain size and barrier height relationship, it is difficult to find carrier properties of hybrid hetero-structure.
Barrier height seems to be related to the photo-physical status of active materials in which hetero-junction or
interface area is significant. The interface barrier is shown to be dependent on grain size and annealing
temperature. Thus, the relationship of leakage current with barrier height for different growth rate were carried out.
The barrier height is quantum level energy barrier relating to materials excitonic interaction with temperature,
physical properties and growth parameters. Figure 8 shows the grain size relation with leakage current. Uniform
variation of barrier height with annealing temperature is observed for 2000 rpm as shown in Figure 8 (b). In this
aspect growth conditions and its diversity effect on organic materials were found. It may be related to leakage
current and energy loss.
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Figure. 8: Variation of leakage current with grain size at 1000 rpm (a) and 2000 rom (b) growth rate of PTAA.

The leakage current of 1000 and 2000rpm growth rate of PTAA were shown to have very similar trends with grain
size variation. At low temperature and low grain size, it seems to be lower however, it remains almost steady with
increasing temperature and grain size. Eventually at the highest grain size and barrier height it drops towards low
level. It may be due to an improvement of interface properties at the greater grain size which supports greater
barrier heights. From the analysis it was revealed that barrier height and grain size are influential in controlling
leakage current or PTAA/ZnO hetero-junction energy loss. Though greater barrier height resembles relatively high
series resistance however, particular band absorption by this device with greater barrier height may be beneficial
for applications in the climate change scenario.
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4. CONCLUSION

The electrical performance of p-type PTAA/ n-type ZnO transparent hybrid HJ device optoelectric energy
conversion was studied. Different growth strategies and annealing temperature were considered as contributing
factors to mark variations of interface quality or barrier effect. Thus diverse leakage current and current density
were observed at dissimilar growth conditions. Minimum leakage current at greater grain size and higher barrier
height were observed. Although Al contact is significant for fabricating cheaper devices however, Al metal contact’s
may support accumulate carrier, thus sudden energy absorption at the interface was observed. The Al work function
relation to p-type PTAA materials LUMO either, depends on PTAA carrier concentration, or annealing conditions
and are not yet understood. The effect of annealing temperature on optical absorption and PTAA carrier
concentration impact are essential to be studied further.

5. ACKNOWLEDGEMENT

This work was supported partially by the Fundamental Research Grant Scheme (FRGS) funded by the Ministry of
Education, Malaysia under. Grant No K086" and UMS grant GUG0183-2/2017.

6. REFERENCES

Bulovic, V. and Lunt, R.R., Massachusetts Institute of Technology, 2017. Transparent photovoltaic cells. U.S.
Patent 9,728,735.

Chen, C.H. and Shih, I., 2006. Hybrid organic on inorganic semiconductor heterojunction. Journal of Materials
Science: Materials in Electronics, 17(12), pp.1047-1053

Dang, M.T., Hirsch, L. and Wantz, G., 2011. P3HT: PCBM, best seller in polymer photovoltaic research. Advanced
Materials, 23(31), pp.3597-3602.

Ghosh, B.K., Khairul, A.M., Afishah, A., Saad, |., Rani, A.I.LA. and Ghosh, S.K., 2018. Analysis of emitter layer
diverse effects on electrical performance for prospective Si hybrid solar cell. CEAT 2018; Kuala Lumpur; Malaysia,
IET Conference Publications Vol. 2018, Issue CP749, 2018

Ghosh BK, Biswas TK, 2019; Emerging solar cell energy trade-off: Interface engineering materials impact on
stability and efficiency progression, Int J, Engrgy Res. 43(5) 1670-88; https://doi.org/10.1002/er.4298

Khadka, D.B., Shirai, Y., Yanagida, M., Ryan, J.W. and Miyano, K., 2017. Exploring the effects of interfacial carrier
transport layers on device performance and optoelectronic properties of planar perovskite solar cells. Journal of
Materials

Kim, H.S., Yadav, P., Patel, M., Kim, J., Pandey, K., Lim, D. and Jeong, C., 2017. Transparent Cu403/ZnO
heterojunction photoelectric devices. Superiattices and Microstructures, 112, pp.262-268.

Ozgir, U., Alivov, Y.I., Liu, C., Teke, A., Reshchikov, M., Dodan, S., Avrutin, V.C.S.J., Cho, S.J. and Morkog, H.,
2005. A comprehensive review of ZnO materials and devices. Journal of applied physics, 98(4), p.11.

Patel, M., Kim, H.S., Kim, J., Yun, J.H., Kim, S.J., Choi, E.H. and Park, H.H., 2017. Excitonic metal oxide
heterojunction (NiO/ZnO) solar cells for all-transparent module integration. Solar Energy Materials and Solar
Cells, 170, pp.246-253.

Rani, A.lLA., Mohamad, K.A., Ghosh, B.K., Saad, |., Ibrahim, P., Alias, A. and Rahman, A.A., 2018. Electrical
stimulation of different photoactive layer thickness on organic heterojunction solar cell. CEAT 2018; Kuala Lumpur;
Malaysia; IET Conference Publications.Vol.2018, Issue CP749, 2018

Tsai, S.Y., Hon, M.H. and Lu, Y.M., 2011. Fabrication of transparent p-NiO/n-ZnO heterojunction devices for
ultraviole photodetectors. Solid-State Electronics, 63(1), pp.37-41.

Zhang, Y., Kan, B., Sun, Y., Wang, Y., Xia, R., Ke, X, Yi, Y.Q.Q,, Li, C., Yip, H.L., Wan, X. and Cao, Y., 2018. Non

fullerene Tandem Organic Solar Cells with High Performance of 14.11%. Advanced Materials,
p.1707508.Chemistry C, 5(34), pp.8819-8827.

120



#158: Performance estimation of membrane-based
dehumidification using heat exchanger analogy
approaches

Gilbong LEE', Beomjoon LEE2, Chul Woo RoH3, Bong Soo CHoI*, Eunseok WANG®,
Ho-Sang RA®, Junhyun CHO’, Young-Jin BAIK®, Young-Soo LEE®, Hyungki SHIN™

Thermal Energy Systems Laboratory, Korea Institute of Energy Research, Republic of Korea
Tgiblee@kier.re.kr; 2beomjoon.lee@kier.re.kr 3chulwoo.rho@kier.re.kr
‘cbs@ekier.re.kr; Seswang@kier.re.k; Shsra@kier.re.kr; "jhcho@kier.re.kr
Stwinjin@kire.re.kr; %yslee@kier.re.kr; °hkeewind@kier.re.kr

The DOE’s 2014 reports evaluated membrane heat pumps technology as one of the most promising alternatives
to conventional vapour compression methods. The vapour compression methods maintain evaporator temperature
lower than dew points to deal with the latent heat load which generally occupies 20-30% of total cooling load. In
membrane heat pump systems, only the water vapour transfers and there is no phase change. This migration is
caused by the difference in vapour pressure before and after the membrane. A vacuum pump or blower is used to
make the pressure difference. However, there is no methodology for predicting dehumidification performance of
membranes when it is used as a part of cooling system. In this study, with the assumption that there is a similarity
between heat transfer and moisture pervaporation, the performance indexes of the membrane were derived using
well-known heat exchanger method, ¢-NTU models. The performance estimations were conducted for two
representative system layouts — bypass layout and vacuum layout. Simple relations between design parameters
were suggested, and these would give design guides for researchers

Keywords: membrane; dehumidification; e-NTU method; heat exchanger analogy

121



1.  INTRODUCTION

Since the release of the Department of Energy’s (DEO) Building Technologies Office’s report, "Energy savings
potential and RD&D Opportunities for Non-vapor-compression HVAC technologies" in 2014, membrane heat pump
technology has received a lot of interest. As its title implies, the main goal of the report is to analyse alternative
technologies to the vapour compression cycle which is one of the most commonly used technologies in the
residential and commercial heating, ventilation, and air conditioning (HVAC) applications. Research, development
and deployment recommendations were presented in the report based on technical potential, development status,
and non-energy benefits of each technology candidate. Figure 1 is the prime results of the DOE’s report. Technical
energy saving potential was suggested for various candidate technologies such as "thermoelastic", "evaporative
liquid desiccant", "membrane heat pump", "ground-coupled solid desiccant system", and so on. From Figure 1,
membrane heat pump seems to have high energy saving potential for domestic and commercial air-conditioning

sector.

Technical Energy Savings Potential (Quads/year)
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Figure 1: Comparison of technical energy savings potential (Quads/year)

Latent cooling load generally occupies 20-30% of total cooling load. The vapour compression cycle deals with
latent cooling load by maintaining evaporator temperature lower than dew points. Since low evaporator temperature
increases compressor work and decreases system efficiency, much research has been conducted to treat latent
load more effectively. When certain treatments are applied to the surface of the membrane, air-borne water vapour
can be selectively transferred through the membrane. Figure 2(a) shows this water vapour transport process. In
this situation, the side where dehumidification occurs is generally referred to as the feed side, and the side where
water vapours are added is the permeate side. Unlike in the adsorption cycle or absorption cycle, water vapour
can be moved without phase change. The migration is driven by the difference in water vapour pressure between
the front and back sides of the membrane.
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Figure 2: Dehumidification of membrane heat pump

Figure 2(b) shows various dehumidification processes on the psychrometric chart. In order to dehumidify the air
conditioner, we currently use the method of condensing and reheating as described in graph (a). On the other
hand, the membrane decreases vapour concentration without changing the temperature. Therefore air moves in a
vertical direction as shown in graph (d).

This dehumidification by membrane is the core part of the membrane heat pump system. However for the design
of the heat pump, there is currently no guide for the expected value of dehumidification performance of membrane
in HVAC applications. This is due to the fact that we still do not have enough information on membrane
dehumidification applications in the system level. Guidance is very helpful in the early stages of system design,
therefore simple expressions for performance of membrane dehumidification are suggested in this study based on
heat exchanger analogy approach.

2. MEMBRANE-BASED HEAT PUMP SYSTEM DESIGN

Figure 3 shows three representative system layouts for membrane heat pump applications (Woods, 2014). First,
as shown in Figure 3(a), humid air can be dehumidified by making the permeate side as the water vapour dominant
state and keeping its pressure lower than the water vapour pressure of feed side. Since water vapour pressure of
air is around 10 kPa, a vacuum pump is generally used to make the pressure of the permeate side lower than the
feed side water vapour pressure in layout 1.

Humid Dry .
. . Humid Dry
" ar 1) T
Water vapor ]
To ambient To ambient Bypass air
Vacuum pump Blower or Vacuum pump
(a) Layout 1 (vacuum layout) (b) Layout 2 (bypass layout)
Humid Dry
air :> o air

Water vapor

Ambient<]
(c) Layout 3 (two-membrane layout)

Figure 3: Membrane heat pump system layouts (Woods, 2014)
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However, vacuum pumps require a huge amount of power because of the extremely high pressure ratio. As a way
to reduce power consumption, a bypass layout is suggested where some of the outlet air of the feed side is
extracted as shown in Figure 3(b): its pressure is reduced, and then the extracted/low pressure air is supplied to
the permeate side for the dehumidification of feed air. A ring blower can be used to supply bypass air and lower
the pressure. In this case, a higher flow rate may be required. Another approach to reduce power consumption is
to use two membranes as shown in Figure 3(c). This layout is similar to layout 1 as the permeate side is water
vapour dominant. Layout 3 transfers vapour to the outside air by making the discharge pressure higher than the
water vapour pressure by using a compressor. To realise this method, a low pressure vapour compressor is
needed.

3. SIMPLE ANALYSIS APPROACH
3.1. Test of membrane dehumidification and concept to performance limits

As a solution to plume abatement and the water reduction of cooling towers, membrane module technology was
considered in our project. The basic structure of the membrane of interest was hollow fibre, illustrated in Figure 4,
which is currently commercialised in water purification and hemodialysis. Although hollow fibres are widely used in
the market for the purpose of filtering, pore size is not suitable for gas separation. A special surface treatment was
applied to allow hollow fibres to transfer water vapour selectively. Another research team is developing the surface
treatment technology using nanoparticles as shown in the centre of Figure 4. Through this, selectivity and
permeability can be obtained.
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- Widely used in the market ey 0 - noflow'ibers = TIber mocuies
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Figure 4: Hollow fibre membrane

Tests were conducted to evaluate the dehumidification performance in the cooling tower prototype. Since the
membranes were developed with operating pressures of around 0.6 bar, a ring blower was used as a fluid driving
machine. Figure 5(a) shows the test results of absolute and relative humidity of the feed side and the retentate side
in the unit test. In the system test, there was a significant difference in air properties of the feed side which was not
noticed while there was increased humidity ratio in the permeate side (Figure 5(b)).
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Figure 5: Dehumidification performance test
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As a step of validation on the test results, simple analysis on theoretical limits of performance was performed. The
operating conditions were as follows; the feed flow rate was 2000 CMH, the permeate flow rate was 200 CMH, and
the operating pressure was 0.6 bar. The following assumptions were adopted: 1) The system layout is bypass type;
2) The entire system is isothermal because there is no phase change; 3) Since dry air flow rate is much higher
than water vapour, volume flow rates of both feed and permeate are assumed constant.

The most ideal situation for the dehumidification is when the pressure of the permeate outlet becomes equal to the
pressure of the feed inlet. Then, the inlet and outlet relative humidity ratios of the feed side can be expressed with
pressure ratio rp (permeate/feed) and volume flow rate ratio C: (permeate/feed) as the following equation in Figure
6. As the smaller rp becomes and the larger C: becomes, the smaller the outlet humidity is obtained. In the tests,
the Cr was 0.1 and r, was 0.6. Then the ideal expectation of dehumidification becomes about 4%. Considering
performance degradation in actual application, expectation might be reduced to 2-3%, which may explain why there
was no significant changes in the outlet of feed air.

RHf,out _ 1-6G 08

RHf,in 1- Tp CT 0.6

. 0.4

C, = volume flow ratio
r, = pressureratio

(permeate / feed) 0 02 04 06 08 1
C, (pemeate / feed)

0.2

Figure 6: relative humidity ratios of the inlet and outlet
3.2. Simple analysis approach for bypass layout

Next, this concept was extended to extract simple expressions for more general situations of bypass layout.
Assumptions were as followings.

- Because there is no phase change, the whole control volume is considered to be under isothermal process.
By using gas equation, the density of water vapour becomes proportional to water vapour pressure.

- Since the dry air pressure is higher than the water pressure in the bypass method, the volume flow is
considered constant in both feed and permeate.

- The water vapour transfer is proportional to the differential pressure and the transfer coefficient U is
considered constant.

The water vapour movement of the bypass layout and the governing equations are illustrated in Figure 7. The
equations are similar to those of the counter flow heat exchanger where temperatures correspond to water
pressures.

Feed,,

<
Permeate,,

Feed,

Permeate,,
dmwater =U- p(Pf_ PIJ) dx
. dp,
Gl =V -p(Fr—F)
ClQp(Pp,out __ Pp,in)
= C1Q¢(Prin — Prour)

Figure 7: Water vapour transfer and governing equations

The well-known e-NTU equations of the counter flow heat exchanger is presented in Figure 8(a). By applying them,
simple analysis equations becomes like Figure 8(b). NTU for dehumidification is expressed with the volume flow of
the permeate side, gas constant R, temperature of water, and the total surface area A. The efficiency equation can
be expressed in the similar way where C: is the flow rate of permeate and feed. Finally the pressure ratio (or relative
humidity ratio) of the inlet and outlet of the feed side is expressed for bypass layout in terms of efficiency, pressure
ratio, and flow rate.
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Figure 8: Simple analysis for bypass layout applying heat transfer e-NTU method
3.3. Simple analysis approach for vacuum layout

The key difference from the bypass layout is that the permeate volume flow is greatly affected by the water vapour
transferred. Therefore constant volume flow assumptions becomes invalid in the vacuum layout. For simple
analysis, similar procedures were conducted with the following assumptions.

- Since there is no phase change, the assumption of isothermal is still valid.

- The mass value of the gas is proportional to the pressure. Also the constant volumetric flow assumption is
still valid in the feed side.

- There is only water vapour on the permeate side.

- The vapour transfer may increase the pressure or increase the volumetric flow rate. However the pressure
in the flow direction should not increase. Therefore the vapour pressure at the permeate side is assumed to
be constant.

With these assumptions, the performance of the feed and permeate sides were analysed. In the case of the feed
side, the volume flow of the feed is constant and the vapour pressure of the permeate is constant. Then the outlet
pressure of the feed is expressed with an exponential foam in following equations:

. dP,
€10 = ~U p(Pr=Ry)

Pf—R,  U-p
In—L—¥ = — "«
Prin— By C, Q¢

1 Froue =Py _ _U-A

Prin — Py C,0f

U-A
Pf,out =P, + (Pf,in_Pw)eXp(_C Qf)
1

In the case of the permeate side, the outlet flow is an unknown value. Whether total mass balance between feed
and permeate is used or differential equation of mass transfer is used, the permeate outlet flow is expressed with
the feed flow rate as follows:

40y _U-p ., _
dx - Cl (Pf w)/Pw
(Pf_PW)

(BB [ UA)
Qw = B, ( €xp ClQ'f )Qr

When the heat capacity ratio is 0, the efficiency of heat exchanger becomes “c = 1-exp(-NTU)". Because of the
assumption of no dry air flow on the permeate side, simple equations become:
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U-A
C1Qf
£= 1—exp(=NTU)

NTU =

Let Pfout =A 'Pfl'n
and Q, = GGy,

. (1-4A)e
TTe—(1-4)

Where:
- Cr =Capacity ratio between fluid devices
Feed side: Axial fan, sirocco fan, etc.
Permeate side: Vacuum pump
- &£ =Membrane exchanger efficiency
- (1-A) = dehumidification expectation

NTU is expressed with feed side flow rate.
3.4. Summary of simple analysis for membrane dehumidification

Table 1 summarises the results of the bypass layout and vacuum layout. In terms of system design, Cr, €, and (1-
A) are the main design parameters; Cr is the capacity ratio between fluid devices (such as fan and vacuum pumps);
¢ is the efficiency of membrane exchanger; (1-A) is the expected value of dehumidification. Therefore, the last
equations would be the starting points in designing dehumidification system with membrane technology.

Table 1: Summary of simple analysis approach

Bypass layout Vacuum layout
NTU = UA  UA —RTUA NTU—U.A
Cmin ClQp Qp Cle
1- —NTU(1 - C
£= exp( ( r) e = 1— exp(=NTU)
1 — Crexp(—NTU(1 - C,)
1_A=ECT(1_r7’) ¢ = (1-A4)e
1—-en,C, e—(1-4)

4. CONCLUSION

In this study, simple dehumidification performance expressions for bypass layout and vacuum layout were derived
using a heat exchanger analogy approach. The simple expressions for dehumidification performance of ring blower
and vacuum pump layouts are suggested with the main design parameters; Cr, €, and (1-A). Every HVAC system
needs fluid driving devices and each fluid driving device has its own performance data provided by manufacturers.
If the detailed performance data of fluid driving devices are applied, then performance expectation and guidelines
might be provided in the initial stage of membrane heat pump system design.

5. ACKNOWLEDGEMENT

This work was jointly supported by the National Research Council of Science & Technology (NST) grant by the
Korea government (MSIP) (No. CRC-15-07-KIER) and the Energy Efficiency & Resources Core Technology
Program of the Korea Institute of Energy Technology Evaluation and Planning (KETEP), granted financial resource
from the Ministry of Trade, Industry & Energy, Republic of Korea (No. 2017010000850).

127



6. REFERENCES

Energy Efficiency & Renewable Energy, 2014, Energy Savings Potential and RD&D Opportunities for Non-Vapor-
Compression HVAC Technologies: DOE. DOE/EE-1021.

Woods, J., 2014, Membrane processes for heating, ventilation, and air conditioning. Renewable and Sustainable
Energy Reviews, 33, 290-304.

Qu, M., Abdelazia, O., Gao, Z., Yin, Ho., 2018. Isothermal membrane-based air dehumidification: A comprehensive
review. Renewable and Sustainable Energy Reviews, 82, 4060-4069.

128



#159: Experiments on the effects of outdoor air-
based methods for water saving and plume
abatement of cooling tower

Gilbong LEE', Beomjoon LEE2, Chul Woo RoH3, Bong Soo CHOI*, Eunseok WANG®,
Ho-Sang RA®, Junhyun CHO’, Jongjae CHO®, Hyungki SHIN®, Jong Won CHol'®

Thermal Energy Systems Laboratory, Korea Institute of Energy Research, Republic of Korea,
Tgiblee@kier.re.kr; ?beomjoon.lee@kier.re.kr; Schulwoo.rho@kier.re.kr;
‘cbs@kier.re.kr; *eswang@kier.re.k; Shsra@kier.re.kr; “jhcho@kier.re.kr
8jjcturbine@kier.re.kr; hkeewind@kier.re.kr; "%jwchoi@kier.re.kr

Cooling towers are widely used for commercial, industrial and power plant cooling purposes. In Korea, coal-fired
power plants and nuclear power plants are generally located on the coast, while most combined-power plants are
located inland and use cooling towers to condense steam. The number of power plants operating will change
according to the government energy policies and in the future, it is expected that the need for cooling towers for
inland power plants will increase. Since power plants are massive water consuming facilities, methods for saving
water in cooling towers should be considered. Also, in industrial facilities, the plume, which often occurs when
relative humidity is high, constantly raises social conflicts between residents and manufactures. However, similar
technologies can be applied to water saving and plume abatement. In this study, we first investigated the
performance of the condensing module using outside air to reduce the relative humidity of exit air (outdoor-air-
condensing method). This module has the advantage that a cooling heat source is not necessary but an excessive
increase of fan air volume is required, and the structure for water recovery could become complicated. The
application of a membrane module which selectively transfers water vapour was also investigated (membrane
dehumidification method). The results showed excessive energy disadvantage to generate pressure differences.
Since the membrane method considered requires a high bypass airflow for higher dehumidification, it also has a
disadvantage similar to that of the outdoor air module. Finally the dehumidification / regeneration module (heat
pump method) was examined and this method gave the best performance in water saving and plume abatement.

Keywords: cooling tower; water saving; plume abatement; outdoor air condensing
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1.  INTRODUCTION

Reduction of water consumption in cooling towers can be achieved through recovering evaporated water vapour
or dealing with a portion of the cooling load with a dry cooling system (Lindahl, 2010). In this study, an outdoor-air-
condensing method, membrane dehumidification method and heat-pump method were tested for recovering
evaporated water vapour. The first method condenses the nearly saturated wet air by outdoor air of relatively low
temperature. The second method dehumidifies cooling tower exit air by selectively transferring water vapour
through a membrane (Woods, 2014). The last method condenses water vapour and reheats wet air by combining
a heat pump cycle. Each method is applied as an individual module which is placed at the top of a conventional
cooling tower (Figure 1). With this modular approach, it is possible to separately apply modifications of each
module.

Add-on ’/ Flow optimizatoin

Membrane module

'
Figure 1: Approach to implement water-saving module on a cooling tower

2. CONDENSING MODULE USING OUTDOOR AIR (OUTDOOR-AIR-CONDENSING METHOD)

To select initial design parameters for a condensing module using outdoor air, a simulation tool for water
condensing in the module was developed by a co-working institute, Sogang University. Considering the results of
the simulation, the size and layout of condensing module was determined as shown in Figure 2. This module was
installed in the prototype (Figure 3) and the performance tests were conducted.

The modules were placed both below and above the water spraying nozzles. When they were in the lower position,
the whole surface of condensing nozzles were continuously wetted by the water droplets from the spray nozzles.
The wetted surfaces showed low heat transfer performance and the water condensing rate was 1-5% of water
consumption. When modules were in the higher position, parts of the surfaces were wetted and had improved heat
transfer performance. The water condensing rate was increased up to 8%. Figure 4 shows the water condensing
rate of the modules. When two heat exchangers (pitch 4.5mm and pitch 5.0mm) were used, the condensing rate
showed lower condensing rates than the one heat exchanger case (pitch 5.0mm). This was due to the increase of
flow resistance being too high to compensate for the increase of the heat transfer area. The best performance case
was pitch 5.0mm and 3,000 CMH air intake case which was similar to the results from the simulation.

Figure 2: Structure and layout of condensing module using outdoor air
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Figure 4: Test results of condensing module using outdoor air
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3. MEMBRANE MODULE (MEMBRANE DEHUMIDIFICATION METHOD)

The membrane module was designed based on the operation conditions shown in Figure 5. The condensing
module and membrane module were placed in the prototype (Figure 6). Lower back pressure is needed to generate
a pressure difference between the front and back surfaces of the membrane. A ring blower was used in this study
because the reference working pressure of the membrane was 0.7 bar. Figure 7 shows trends of humidity ratio
before and after the ring blower operation. Due to the selective transferring characteristics, the humidity ratio in the
extracted side of membrane (permeate side) increased more than 2.5 times that of the feed side, which perfectly
represents the membrane’s selectivity.
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Figure 7: Humidity ratio trends of membrane module

To measure water extraction through the membrane, the extracted air was cooled down by a chiller and the amount
of condensing water was measured. The rate was about 20% of the cooling tower water consumption. Considering
the fact that the humidity ratio was increased from 0.010 to 0.026, the net portion of membrane for water saving
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was estimated to be 12% of total consumption. When both modules were used, total 26% of consumed water was
recovered (Figure 8). The contributions of modules were 12% for the membrane module and 14% for the
condensing module.
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Figure 8: Overall water saving results of proto type
4. DEHUMIDIFICATION / REGENERATION MODULE (HEAT PUMP METHOD)

The hot and humid air leaving a cooling tower would become a white plume when the outdoor temperature is low
(Tyagi et al, 2012). This white plume is not environmentally harmful, however, there have been a lot of complaints
raised against white plume, and thus plume abatement has become an important factor around cooling towers in
Korea. Similar technologies can be applied to water saving and plume abatement except that additional heating is
preferred for plume abatement. To achieve both, a heat pump cycle application to the cooling tower was tested. A
preliminary duct test which simulated the cooling tower operation presented in Figure 9 was carried out. Relative
humidity of 75% and 95%, dry bulb temperature of 36°C and an air flow rate of 1,000 m%h were the test conditions.
Air-to-water heat exchangers were used for both dehumidification and regeneration processes.

T airflow rate
measurement

. T,RH
M\ water
heating heat exchanger: _ A

. T,RH

%coclingheatexchange%‘\ pump

condensate outlet condenser
. T,RH

e baffle oy
. T,RH

36°C, RH95%
1000 CMH

Thermo-hygrostat

Figure 9: Schematic diagram of dehumidification /regeneration module and heat pump system

When the supply temperature of water from the heat pump for dehumidification was 24°C and the supply
temperature for regeneration was 61°C, the air leaving the cooling tower became 51°C DB, RH 31% with inlet
condition of 36°C DB, RH 95%. The water recovering rate was 28.5% (cooling tower water consumption: 10.5 g/s,
water recovering: 3.0 g/s, air flowrate: 1,000 CMH). Figure 10 shows the inlet and outlet air status of
dehumidification / regeneration module. It was expected that the cooling tower would be safe from plume generation
even when the outdoor condition is 0°C, RH 95%.
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5. CONCLUSION

In this study, water saving in a cooling tower was investigated through recovering evaporated water vapour. An
outdoor-air-condensing method, membrane dehumidification method and heat-pump method were tested and the
effects are provided as a ratio to water consumption without any module. In the test with both the outdoor-air-
condensing method and membrane dehumidification method, it was expected that a total of 26% water
consumption would be recovered. The contribution of each water recovery method was analysed as 12% for the
membrane method and 14% for the outdoor-air-condensing method. A performance evaluation of heat pump based
dehumidification (water reduction) / regeneration (plume prevention) module was carried out. The water reduction
effect was analysed under cooling tower discharge air conditions of 36°C, RH (relative humidity) 95% and RH 75%,
and a flow rate of 1000 m%/h. The water recovered by the heat pump evaporator was about 3.0 g / s which
corresponded to 28.5% of the cooling tower water consumption. For plume prevention, the results would guarantee
that the cooling tower is safe from plume even when outdoor condition is 0°C, RH 95%.
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Wood fuel gasification in the downdraft process is characterised by specific modes. In comparison with traditional
modes, these do not have a pyrolysis zone in the fuel bed that precedes the fuel oxidation zone. Fuel is supplied
into the oxidising zone without charring, where it reacts with the intensive cold air flow from tuyeres. This study
aims to simulate conversion of particles in the gasifier close to the tuyeres. For this purpose the particles are burned
in the muffle furnace space and the ceramic channel simulating the presence of other bed particles at a first
approximation.

Burning of particles in the furnace space allowed determining different mechanisms of their combustion. A two-
stage process is observed in the range of tuyere velocities below 20 m s-1 and at its first stage the volatiles escape
from the particle and burn. At the tuyere velocities above 125 m s-1 combustion of particles is realised primarily as
a single-stage process. The intensive air flow reaches the fuel particle surface and initiates combustion of the
surface charcoal layer. In this case the stages of devolatilisation and char residue combustion run concurrently.

The combustion velocity of particles in the heated muffle furnace space increases steadily with the air flow rate (in
the studied range). The combustion velocity of particles in the ceramic channel increases first and then decreases
with the growing air velocity in the tuyere. These reqularities are explained by the cooling effect of the air flow on
the particles. Presumably, this cooling effect can be observed while gasifying the fuel bed, which leads to decrease
in the cold gas efficiency and increase in the tar concentration in the producer gas. At air velocity above 95 m s -1,
fragmentation of fuel particles commences. A layer of charcoal formed at an initial stage of burning heats up in the
intensive air flow and is separated from the particle surface.

Keywords: wood biomass; single particle combustion; gasification mechanism; particle fragmentation
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1.  INTRODUCTION

During solid fuel gasification different conditions for the reaction of solid particles with gaseous oxidiser are created.
At gasification in a fixed bed a gasifying agent reacts mainly with charred fuel rather than with raw fuel (Reed,
1998). Processes in the fluidised beds are characteristics by intensive mixing of fuel particles. Gas velocity in the
oxidising zone is about 0.5-2.5 m s for the bubbling fluidised bed, and 4-6 m s™ for the circulating fluidised bed
(Basu, 2006). Gas velocity at entrained flow gasification is 15-30 m s, but fuel particles 20-80 um in size in these
conditions move with the flow (Grabner, 2014). Relative velocity of solid and gaseous media turns out to be
comparatively low.

This paper investigates the process of unstratified downdraft gasification that is characterised by the lack of
pyrolysis zone in the bed (Svishchev, 2019a). Raw fuel that has not been subjected to thermal impact reacts with
an intensive tuyere air flow whose velocity from each tuyere reaches 10-40 m s™'. The described conversion
conditions make this process is different from other gasification processes.

For studying the mechanism of unstratified process we developed a technique and a rig for testing the combustion
of single particles in different conditions. Transition from a bed to an individual particle simplifies the experiment
and procedures for obtaining the experimental data. The main drawback of tests with a single particle is a lack of
surrounding particles that form the bed. It is worthwhile assuming that surrounding particles considerably enhance
the combustion rate of one another due to high turbulent constituent of heat and mass exchange processes. For
example, during graphite particle combustion in the fluidised bed, the Sherwood number increased drastically with
growth of inert material particles size (Hayhurst, 2002).

The single particles combustion mechanism includes the stages of the release and combustion of volatiles
(homogeneous process) and the combustion of a char residue (heterogeneous process). Depending on the
combustion conditions these stages can proceed sequentially or overlap each other.

Howard and Essenhigh have established a significant overlap of the stages of homogeneous and heterogeneous
combustion of polyfractional pulverised coal. When about 95% of volatiles were released, about 50% of the char
residue reacted simultaneously (Howard, 1967). Accounting for the coal fractional composition in the mathematical
model allowed the authors to establish a significant overlap of stages for particles less than 15 ym, from 15 to 65
um a slight overlap and staged combustion for particles larger than 65 microns. Tufano et al. clarified later the data
from Howard and Essenhigh. Detailed kinetic modelling indicated the overlapping of the stages of combustion of
volatiles and char residue even for coal particles of 100 ym in size (Tufano, 2019).

For fuels with a high yield of volatiles, such as biomass, staged combustion is typical, even for relatively small
particles 53—-75 pym in size (Zhang, 2019) and 0-100 um (Ye, 2019). However, spectral analysis of the radiation of
burning biomass particles with a size of 224-250 ym reveals a slight overlap of the stages of homogeneous and
heterogeneous combustion (Weng, 2019).

For large particles of biomass mainly staged combustion is characteristic. Remacha et al. found that the volatile
flux from the particle surface was an order of magnitude higher than the oxygen flux diffusing to the particle surface
(Remacha, 2018). The volatile flux protects the solid surface of the particle from oxidation by oxygen. However,
Manson et al. noted that the overlap of the stages caused by the asymmetric heating up of the particle when the
char residue began to react on one side, while the volatiles were still released on the other side (Mason, 2015).

The paper presents results of studying the combustion of large single wood particles. The process parameters
were varied during the experiment, and a ceramic channel was used for creating the conditions for conversion of
an individual particle similar to conditions for particles conversion in the bed.

2. AMETHOD FOR STUDYING THE PARTICLES COMBUSTION

For studying the particles combustion in an intensive air flow we proposed and tested our own method (Svishchev,
2019b). Following this method, a sample was placed into the heated space of a furnace and blown over by air from
a stationary tuyere (Figure 1). The temperature of the air entering the tuyere was about room temperature (20-
22°C). The sample was held by a thermocouple with an open junction. The sample can be burnt out completely or
removed from the furnace after desired period of time measured from the moment the particle was placed in the
furnace. Burning particles are quenched in the quenching chamber. After the tests the volume of particles, their
weight and shape were measured.

Particles of similar initial sizes and weight, prepared from the same wood piece (pine tree) were used for tests.
They were 12+0.1 mm cubical shape particles weighing 671+11 mg.
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Sample exposure in the furnace for different period of time allowed simulation of time-dependent change of mass,
volume and shape of a particle that was averaged by multiple samples. For charred particles the structure of internal
layers and their ultimate composition can be identified. This method for samples testing allows visual observation
of the burning process and measurement of particles temperature using a thermocouple.

(P) - pressure gauge

Flowmeter
% Quenching Electric valve
. Gas tap -24v
chamber 0o
o O é é% <« Compressed Control and
400-1200°C i

air acquisition

I - ‘ @ystem

Tuyere ID 2 mm

Water tank with pump
Video cameraﬁ

Figure 1: A schematic diagram of a rig for burning single fuel particles (Svishchev, 2019b)

In the first series of experiments the particles were burnt completely. In the course of the experiments we studied
the impact of such parameters as furnace temperature, and air velocity in the tuyere. Three heating temperatures
were used: 800, 1000 and 1200°C. The value of 1000°C corresponds to the range of temperatures achieved by
the fuel bed in the experiments with the quartz reactor (Svishchev, 2019a). Different air flow rates were tested for
each furnace temperature. Air flow velocity in the tuyere varied from 10 to 125 m s-'. The number of parallel samples
in the experiment was from 3 to 5.

In the second series of experiments a ceramic channel was placed into the furnace (Figure 2) that simulated
environment of bed particles. It was made of a ceramic tube and was placed in the furnace on a fireclay brick
support. An inner diameter of a channel was 20.5 mm, and clearance between particles edge and an internal wall
of the channel was 1.8 mm.

Holder Sample Tuyere

\
\ — | } <—Cold air
]

Ceramic tube

Figure 2: Schematic diagram of a ceramic channel

Heating temperature during the experiments was 600 and 800°C. Air velocity in the tuyere varied from 10 to 125
m s™'. In some experiments the samples were burnt out completely up to the moment of particle tear-off from a
holder by an air flow, or partially. In the latter case the burning particles were removed and then quenched following
the developed procedure.

3. RESULTS AND DISCUSSION
3.1. Mechanisms of particles combustion in the air flow

Combustion of single wooden particles follows three possible mechanisms depending on the air blow velocity. The
first mechanism was realised at an air blow velocity of 20 m s-! and lower. It was characterised by stage-wise
nature. After the particle ignition, a flame of burning volatiles was formed around it (Figure 3a). This flame obstructs
air penetration to the particle surface and prevents oxidation of a charcoal layer. A front side of a particle remains
cold and there was no flame near it.

Volatiles are released and burnt at the first stage. A flame envelope was torn off from the particle surface when the
temperature in its centre was as high as 330-350°C (Figure 3b). The flame base was located at the rear surface of
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a particle. After termination of intensive release of volatiles the carbon residue of a particle started to incandesce,
and a stage of carbon residue combustion commenced (Figure 3c).

(a) (b) (C)
“ m

77°C 327°C 813°C

Figure 3: Stages of particle combustion at a muffle temperature of 800°C and air flow velocity of 20m s-'. Temperatures under
the pictures are readings of thermocouple in the centre of a particle. Air was fed by a tuyere shown in the pictures on the right

(a) (b) (c)

147°C 187°C 274°C

Figure 4: Particle combustion at a furnace temperature of 800°C and air flow velocity of 125 m s-'. Figures below the pictures
are temperatures in the centre of a particle

A one-stage mechanism of particle combustion occurred at air velocity in the tuyere above 125m s™'. At the initial
stage of particle combustion its front edges and corners started incandescing, which evidences burning of a
charcoal layer in these places (Figure 4a). Flame during burning was not observed. Incandescent areas gradually
embraced the entire particle, but not its rear plane (Figure 4b). The particle centre remained relatively cold. lts
temperature was about 190-200°C, which was not sufficient for the wood to be intensively decomposed. The centre
of the particle was heated to the temperature of pyrolysis commencement only when the burning front came to it
directly (Figure 4c). In a single-stage mechanism of combustion the stages of volatiles released and of charcoal
residue burning occurred simultaneously.

In the range of air flow velocities from 20 to 125 m s™' a mixed combustion mechanism occurred. With the growing
velocity of air blow a two-stage conversion gradually changed over to a single-stage one. It is worthwhile mentioning
that the temperature impact on the ranges in which some or other type of combustion mechanism occurred was
not observed. This impact was most probably irrelevant.

There are flame-photometry methods for identification of tar concentration in the producer gas (Moersch, 2000).
Intensity of flame glow in a certain subspectrum happened to be proportional to the tar content in the burnt gas.
With the air blow velocity growth and with transition from a two-stage mechanism of conversion to one-stage
mechanism, the yellow colour of flame gradually faded. It can be assumed that the amount of tar coming to the
flame envelope was reduced due to its decomposition during filtration through a red-hot charcoal layer. This
conclusion is hypothetical and needs confirmation.

3.2. Experiments on particles combustion in the heated ceramic channel

Air velocity increase (from 10 to 20 m s at a temperature in the channel of 600°C, and from 10 to 40 m s at
800°C) first reduced particle combustion time and increased combustion process intensity (Figure 5). Further
increase of air blow velocity gave the opposite effect, i.e. it led to combustion time increase. This regularity was
conditioned by particles cooling by an intensive cold air flow. At a channel temperature of 600°C and at air blow
velocity of 120 m s the particle did not ignite, but charred (Figure 5a).

Time of samples combustion in the furnace at the air velocity increased from 20 to 125 m s*' steadily reduced.
Differences between dynamics of particles combustion in the furnace and that in the channel can be explained by
different temperature of air forwarded to the particle surface. Hot air from the free space of a furnace can be
captured by cold air flow coming from a tuyere. Temperature of the air coming to the particle in this case would be
higher than temperature of the tuyere air. When a ceramic channel was used, hot air from the furnace space was
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not ejected (Figure 2). It can be assumed that in the experiments with the channel the air coming to the sample
had lower temperature than air in the experiments without a channel.

At the air velocity of 20 m s' and temperature of 800°C, specific mode of particles combustion in the channel
occurs. Volatiles escaped from the sample inflame and form a ‘buzzing’ flame with strong whirling around the
particle. At the same process parameters, at the initial stage of combustion the sample combustion in the free
space of a furnace was accompanied by formation of ‘calm’ flame around the particle.
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Figure 5: Change in the particle centre temperature versus time at different velocity of tuyere air blow. Experiments with the use
of a ceramic channel heated up to 600°C (a) and 800°C (b)

Temperature of the air coming to the sample in the experiments with free space in the furnace was higher than in
the experiments with a ceramic channel. Despite such temperature differences the dynamics of particles
combustion as a function of time in some experiments was practically identical. Nature of changes in the weight of
residue for samples tested in the channel of a furnace at the air flow velocity of 20 m s-' was comparable (Figure
6). The general nature of changes in the weight of particles residue can be explained based on two assumptions.
First, air temperature had no notable impact on this mode of particles combustion; and second, flame whirling in
the channel intensified heat exchange processes and balances lower temperature of the air fed to the sample.

—e—Channel, air 20 m/s

~i—Channel, air 120 m/s

Residue mass, %

= =Furnace, air 20 m/s

—~Furnace, air 120 m/s

0 10 20 30 40 50 60

Time, s
Figure 6: Change in the particle residue weight versus time. Channel and furnace temperature was 800°C

At a channel temperature of 600°C and air velocity above 40m s-! a low-temperature mode of particles combustion
was observed. This mode creates conditions for smouldering combustion of a char layer formed on the sample
surface. Smouldering combustion commences on the rear side of particles and slowly goes over to lateral sides.
The front plane was not subjected to carbonisation. Released volatiles mixed with cold air and did not ignite. A
holder was strongly tarred in the course of this process.
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The effect of single particles cooling by tuyere air allows us to make a hypothesis on the nature of fuel gasification
in the downdraft gasification process. Some results reported in literature evidence continuous growth of
combustible components content in the gas with air flow rate increasing (Yamazaki, 2005), or growth followed by
a fall in the areas of high air flow rates (Dogru, 2002). The fall can be explained by cooling of particles of the bed
in the vicinity of tuyeres. Cooling can also affect the degree of volatiles conversion that are formed from the fuel in
this particular area and may cause high concentration of tar in the producer gas. Tar was not a desirable product
of gasification.

3.3. Particles fragmentation during combustion

Destruction of fuel particles into smaller ones is referred to as fragmentation. This phenomenon occurs in the
process of fuel combustion, gasification and pyrolysis (Caposciutti, 2019; Cui, 2016). There are two types of
fragmentation. Primary fragmentation is destruction of particles at stages of fuel drying and devolatilisation (Litun,
2018). It is due to mechanical stresses between different points of the same particle with different temperature, and
due to destructive effects of pressure of gas-vapour formed during pyrolysis. Secondary fragmentation occurs at a
stage of charcoal residues conversion and is conditioned by the particles porosity growth (Costa, 2015).

4.3s 45s . 54s

Figure 7: Particle fragmentation and preceding stages. Time elapsed after sample placing into the furnace was given under the
photos. On the right of photos a part of a holder was seen

In a number of experiments we observed the following mechanism of burning particles fragmentation (Figure 7).
First, within several seconds after placing a sample into the furnace it carbonised. Then the outer layer of charcoal
starts reacting with the air flow and rapidly incandesced (Figure 7, 4.5 s). The incandesced charcoal layer was
separated from the particle surface (Figure 7, 5.0 s). The major share of separated fragments remained fixed to
the particle and burned near its surface, but some fragments were separated and flew to the furnace space. In
Figure 7, 5.4 s the separated fragment can be seen in the top right-hand part of the photo. Particle fragmentation
was probably due to the following two causes: at rapid heating of the surface layer of charcoal an intensive pyrolysis
commenced in the underlying layers of a particle. Gaseous products formed putting pressure on the surface layer.
During heating this layer expanded, which facilitated its separation from the particle. Existence of a similar mixed
mechanism of fragmentation was mentioned earlier in literature (Litun, 2018).

Fragmentation, to a certain extent, is a stochastic phenomenon and probability of its occurrence can conveniently
be estimated by fragmentation event rate (Sreekanth, 2014). This parameter was calculated as a ratio between
fragmentation events and a total number of parallel samples tested under specified conditions. The number of
parallel samples in the experiment was from 3 to 5. From the standpoint of statistics this number was not large,
therefore, estimation of fragmentation event rate was rather approximate.

Fragmentation event rate to a great extent depended on the velocity of air coming to the particle from a tuyere, and
to a lesser extent - on the furnace temperature (Table 1). At the air flow velocity of up to 50 m s™' the fragmentation
occurred rather seldom and its event rate practically vanished. Starting from 60 m s the fragmentation events rate
grew, and in the range of 95-125 m s*! it was observed in the major share of particles. Strong dependence of
fragmentation event rate on the air velocity was consistent with the mechanism of process occurrence proposed
above. At high air velocity it intensively reacted with the charcoal layer on the particle surface. Rapid heating of this
layer accelerated particle pyrolysis and created temperature stresses in the charcoal layer.

Table 1: Fragmentation event rate (%) as a function of tuyere air velocity and furnace temperature

Air flow in the tuyere, m s™

T furnace, °C

20 40 50 60 95 125
800 0 0 0 0 100 80
1000 0 0 0 50 100 100
1200 0 0 0 0 100 100
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Fragmentation phenomenon is not desirable in the process of fuel combustion and gasification. It facilitates
formation of small charcoal particles and their removal from the bed with ash, which reduces efficiency of fuel
conversion and aggravates the problems of solid residue utilisation afterwards (Patuzzi, 2016).

4. CONCLUSION

During tests of single fuel particles in the experiments on the rig, different mechanisms of their combustion were
observed. In the range of tuyere air velocity below 20 m s, a two-stage process occurred. Volatiles were released
from the particle and burned at the initial stage of this process. Charcoal residue burned at the second stage of the
process. At the air velocity above 125 m s a one-stage mechanism of single particles combustion prevailed.
Intensive air flow reached the fuel particle surface and caused burning of a surface layer of charcoal. Stages of
volatiles released from fuel and of char residue combustion occurred simultaneously.

When particles burned in the heated muffle space, the rate of their combustion grew with the air flow velocity growth
(in the studied range). Rate of particles combustion in the ceramic channel first grew than reduced with the air flow
velocity growth in the tuyere. These regularities were due to the cooling effect of the air flow. Hypothetically this
cooling effect can be observed during fuel bed gasification as well, that would reduce the gasification efficiency
and raise tar concentration in the producer gas.

Specific combustion conditions of particles in the channel were observed during the experiment, when burning
volatiles formed a ‘buzzing’ flame with strong whirling around the particle. This whirling was assumed to intensify
the heat exchange process which, in turn, balanced relatively lower temperature of the coming air than that of the
burning sample in the furnace space.

At the tuyere air velocity above 60-95 m s the fragmentation of fuel particles commenced. A surface layer of
charcoal formed on the particle surface started to react intensively with the air oxygen, which caused its rapid
heating and separation from the particle.
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Energy harvested from ambient sources is generally low and unable to sustain high-powered devices. However,
with the current advancement in renewable energies, low-powered technologies are heading towards a more green
and sustainable source of energy. One of the most promising source of renewable energy is ambient vibrations,
and hence comes the concept of vibration energy harvesting. The primary goal in vibration energy harvesting
research is to produce a harvester capable of generating a high voltage and power output. Generally, sufficient
voltage is required for AC to DC conversion, whereas adequate power is necessary to sustain an electronic device.
This study analyse and compares the performance of three different cantilever-based electromagnetic vibration
energy harvester designs for low frequency and low base acceleration applications. The three designs consist of a
conventional Single-degree-of-freedom (SDOF) design, an Anti-phase design and a Two-degree-of-freedom
(2DOF) design. The mathematical model for all three designs were derived based on the Euler-Bernoulli beam
theory, Coulomb’s friction law and Faraday’s law of electromagnetic induction. Based on this model, the voltage
and power output of all three designs under optimum load resistance condition were analytical determined. Two
different frequency tuning methods were applied in where the first method involves geometrical frequency tuning
by changing the thickness of the cantilever beams and the second method is mass frequency tuning by increasing
the mass of a proof mass placed at the free end of the beam. Results showed that under the first tuning method,
all three designs produced sufficient voltage for AC to DC conversion. However, the Anti-phase design produced
a significantly higher power output and power density than the other two designs. The second tuning method
resulted in a significant increase in power output and power density as compared to the first tuning method.
However, the voltage generated was lower and in some instances, insufficient for AC to DC conversion.
Nevertheless, the 2DOF design produced the highest power output and power density at lower natural frequencies.

Keywords: electromagnetic vibration energy harvesting; voltage; AC to DC conversion; power; frequency tuning
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1. INTRODUCTION

Approaching the vision of Industry 4.0, the demand for small powered electronics such as wireless sensors have
drastically increased over the past decade. Normally, these electronics are powered by a small lithium battery.
While the battery itself has a low energy consumption, the life cycle assessment of these batteries demonstrated
a 736.35 kg CO2¢q carbon footprint (Liang et al., 2017). Additionally, the use of batteries may not be practical for
electronics placed in remote areas where accessibility is limited. Therefore, methods of extracting energy from the
ambient surroundings have been developed as a mean for providing a sustainable and green source of power.
One of the most promising source of green energy comes from mechanical vibrations.

The concept of vibration energy harvesting was first introduced in the late 90’s by William and Yates (1996).
Vibration energy harvesting involves amplifying ambient vibrations at resonance and converting it into electrical
power through different means, with the two most common conversion method being piezoelectric transducer and
electromagnetic induction. These two methods generally result in similar power densities (Arroyo et al., 2012).
However, piezoelectric transduction generates more voltage whereas electromagnetic induction has a higher
current. Ambient vibrations can range from 1.0 Hz to 200.0 Hz. However, most public structures exhibit a
fundamental natural frequency of less than 10.0 Hz (Rhimi and Lajnef, 2012). Additionally, the acceleration level
of ambient vibrations are very low and are usually less than 1.0 g-level (9.8 ms?) (Ab Rahman and Kok, 2011).
This makes vibration energy harvesting applications limited to low-powered devices due to its small power output.
One of its practical uses involves powering wireless sensor nodes for monitoring purposes (Li et al., 2019; Bradai
et al., 2018).

Many designs have been proposed over the past decade in an attempt to enhance the performance of a vibration
energy harvester. Qi et al. (2017) and Zhu et al. (2013) proposed a different arrangement of the Halbach array to
increase the power output of an electromagnetic vibration energy harvester. Klein and Zuo (2017) attempted to
improve the performance of an electromagnetic vibration energy harvester through velocity amplification. Thein et
al. (2015) performed a finite element optimisation to determine the optimum topology for a piezoelectric vibration
energy harvester that would result in the maximum power output. These designs mainly consist of a vibrating
cantilever beam or a vibrating mass on a spring. Erturk and Inman (2007) showed that under unloaded conditions,
the cantilever beam design can reach a 1.6 times higher amplitude than mass and spring system.

This paper analyses and compares the performance of three different cantilever-based electromagnetic vibration
energy harvester designs between a fundamental natural frequency range of 5.0 Hzto 10.0 Hz and an acceleration
level of 0.1 g-level. The first design is the common single-degree-of-freedom (SDOF) cantilever beam configuration.
The second design applies the concept of relative velocity and anti-phase vibration to maximise the power output
of the harvester. This design was proposed by Foong et al. (2019). Finally, the third design is a two-degree-of-
freedom design, modified from the first design by including a spring. Two different frequency tuning methods were
applied and the maximum root-mean-squared (RMS) voltage, average power outputs and power densities of all
three designs were analysed and discussed.

2. GOVERNING EQUATIONS

This section describes the governing equations used to perform the analytical analysis for the three designs. The
first design will be referred to as the SDOF design, and the second and third design designated as the Anti-phase
design and 2DOF design. The cross section of cantilever beams used in practical applications close resemble the
Euler-Bernoulli beam theory (Sun et al., 2013). The mechanism of an electromagnetic vibration energy harvester
is based on the principle of electromagnetic induction. Faraday’'s law of electromagnetic induction states that
voltage is induced in a conductor when the conductor experiences a change in the surrounding magnetic flux. The
rate of change of magnetic flux depends on the velocity of the conductor passing through a magnetic field relative
to source of the magnetic field. The higher the relative velocity of the conductor, the larger the induced voltage.

2.1. Voltage and power output equation for an electromagnetic circuit

Consider the following electromagnetic circuit configuration:

Vibrating

coil input Vi

Figure 1: Electromagnetic circuit configuration.
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Here, Rc and R. in Figure 1 refers to the coil resistance and load resistance and V. is the voltage generated across
the load resistance. The RMS voltage generated can be defined as

Equation 1: RMS peak voltage output of an electromagnetic 1
vigration ener hp t g P 9 Vi =—=NBL}v,
gy harvester.

NG

Where N is the number of turn of coil, B is the average magnetic flux strength of the magnets, L. is the effective
length of the caoil, fis the coil fill factor and v: is the relative velocity of the coil. The average power output at the
load resistance, PL, can then be calculated by

L
R, +R;

2
Equation 2: Average peak power output of an electromagnetic P - V7L
vibration energy harvester. L= R,

Much of the past research has demonstrated the existence of an optimum load resistance which would result in
maximum power. This value can easily be determined by plotting P. against R. and identifying the load resistance
value that corresponds to the maximum power output. Equations 1 and 2 demonstrate that the only mechanical
contribution towards the power output of an electromagnetic harvester is the relative velocity of the coil.

2.2. Equation of motion for SDOF design

Figure 2 illustrates the setup of the SDOF design and its schematic representation. The SDOF works by simply
vibrating a roll of conductor coil between two pairs of magnets, resulting in a change in the magnet’s magnetic flux
and hence inducing voltage. In this design, the magnets are relatively stationary with the base.

Clam
P Vibrating base

Base Y Cantilever beam

—> x

—— L ——>

Y
t AN

Magnets with
steel plates

Figure 2: SDOF Design and side view schematic representation.

Consider the case of a clamp-free cantilever with a proof mass loaded at its free end and subjected to a harmonic
base excitation motion at its clamped end. Based on Figure 2, the vertical motion of the beam at position x along
the length of the beam and time f can be described by

Equation 3: Vertical displacement of cantilever beam under _ it

harmonic base excitation. Zabs (x’ t) —Z()C, t) +le

Where zaps is the absolute vertical displacement of the beam, z is the vertical displacement of the beam relative to
the base, Y is the vertical displacement of the harmonic base input and w is the driving frequency of the base.
Using the method of separation of variables, the steady-state response of z(x,t) can be defined as (Kim et al., 2010)

o0
Equation 4: Evaluation of relative displacement using method of z ( X, t) _ Z 0, ( x) ., ( l‘)

separation of variables.
n=l

Where ¢n(x) is the beam eigenfunction and nn(t) is the response function. The subscript n in Equation 4 corresponds
to the mode number of the beam (n = 1,2,3 ...). These two terms can be described by the following equations:
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Equation 6: Response function of SDOF vibrating system. n, (t ) = 3
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Where L is the length of the cantilever beam, ¢, is the modal damping ratio and C,, A
constants derived from the inertial terms and boundary conditions of the beam and proof mass. @, is the modal
natural frequency of the beam and can be determined from Equation 7.

2
Equation 7: Modal natural frequency of clamp-free cantilever _ lz Eh
beam with proof mass. @, =4, 4
12pL

D, and F, are

n

Where h and O are the respective thickness and density of the cantilever beam. Substituting Equations 5 and 6
into Equation 4 and considering the steady-state amplitude (peak displacement) at first mode resonance where

n=l, o=@ and Ye'” =Y results in
Equation 8: Steady-state amplitude of cantilever beam at first 2 (x) _ Yo, (x)Fl
mode resonance. -

26

For an electromagnetic vibration energy harvester, ¢, is equal to the sum of contribution from the mechanical
damping, ¢,, , and the electromagnetic damping, ¢, (Ooi and Gilbert, 2015). The mechanical damping ratio of
cantilever beams can be estimated using the critically damped stress method proposed by Foong et al. (2019)

6n=0(20;,)" +S

Equation 9: Prediction of the mechanical damping ratio for

cantilever beams. E A 2
o =2hy| 2| G
2 L

Where Q , R and Sare constants determined from experiment and o, is defined as the maximum stress of the
beam under critically damped condition (¢,, =1). The electromagnetic damping can be estimated by

_(NBL 7y
~ 2m,ay (R +R))

Equation 10: Electromagnetic damping ratio prediction. .

Where m, is the effective mass of the beam and proof mass system. Equation 8 is valid for 0 <x <L . Normally,
the relative velocity of the coil needs to be evaluated based on the amplitude at the centre of the coil, which is
located at x > L . To evaluate the amplitude when  is larger than L, the following equation must be considered

YF, .
Equation 11: Evaluation of steady state amplitude for X > L . Z(X > L) = 2_g1|:(p1 (L) + (x - L)(/’l (L):|
1

Where @ (X) is the derivative of (x)with respect to x. Since the magnets are relatively stationary with the

base, the relative peak velocity of the coil, 7, at first mode resonance is defined as

Equation 12: Relative peak velocity of coil at first mode VP = 2o
resonance for SDOF design. roT A
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2.3. Equation of motion for Anti-phase design

The aim of the Anti-phase design was to increase the induced voltage generated in the coil by increasing the
relative velocity between the coil and the magnets. Referring to Figure 3, as the main beam vibrates, the two
support beams with the attached coils would vibrate in the opposite direction to the main beam due to the
displacement gradient of the main beam. This motion is often regarded as an anti-phase motion. When coupled
with two regular SDOF cantilever beams with attached magnets, the relative velocity between the coil and the
magnet increases since the magnets vibrates in the same direction as the main beam, which is anti-phase to the
coil. Nevertheless, the volume consumed by this design is larger than the SDOF design.

Magnets with Beam Clamp
Support beam  steel plates = T
- Q
Main beam Support 5| T Support
p Magnet beam z beam
cantilever beam g l i
Q Q
Q «Q
Beam o™= g
Clamp -
Magnet Vibrating Magnet
cantilever base cantilever
beam beam

Figure 3: Anti-phase design and top view schematic representation.

Generally, the equation of motion for the SDOF design is applicable for the main beam and the magnet cantilever
beams in the anti-phase design, provided that F, is greater than 0. However, it is only valid for the first mode

vibration. Assuming that the vibration of the support beams are negligible, the amplitude at the centre of the coil,
z, , can be determined by:

Equation 13: Amplitude at the centre of coil for Anti-phase z = YH |: o ( L) +x (/)i ( L):|
c

design. ¢ 9 G

Where L here refers to the length of the main beam and x,. is the horizontal distance from x = L to the centre of
the coil. Since the design consist of a pair of coil and magnets on each support beam, the electromagnetic damping
of the system is doubled. In this design, the magnet cantilever beams can act as an isolated system from the main
beam, making it possible for the magnet cantilever beams to have a different fundamental natural frequency than
the main and support beams. However, Foong et al. (2019) reported that maximum power is achieved when the
natural frequency of the magnet cantilever beams and the support beams are equal. Under this said condition, the
relative peak velocity of the coil for the anti-phase design is equal to

Equation 14: Relative peak velocity of coil at first mode P
resonance for Anti-phase design. Uy

= (Zm - Zc)wl
Where z,, is the amplitude of the magnets which can be determined from the SDOF equations. It is worth to

mention that the design would only produce favourable output if the coil can achieve significant amplitude when
compared to the magnets.

2.4. Equation of motion for 2DOF design

The 2DOF design in Figure 4 is similar to the SDOF design in terms of harvester setup and volume space. However,
a spring was introduced to the base of the cantilever beam in order to amplify the amplitude of the system. To
simplify analysis, the 2DOF design was modelled as a spring-mass system consisting of two springs, two masses
and two dampers. m,, k; and ¢ in Figure 4 corresponds to the mass of clamp and guiderail, stiffness of spring
and damping of spring respectively, whereas m,, k, and ¢, are the effective mass, effective stiffness and

damping of the cantilever beam and coil. In the actual design, a mechanical guiderail (HIWIN MGW9C model) was
attached to the spring to ensure vertical motion. This would undeniably introduce friction into the system as seen
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in the spring mass representation in Figure 4, denoted by £, . Although the friction force of mechanical sliders tend
to be generally small (HIWIN, 2012), it cannot be ignored when solving for low base acceleration level cases.

X2

Mechanical m; —T
guiderail

Cantilever beam

Magnets with

steel plates
Vibrating base

Figure 4: 2DOF design and spring mass model representation.

Assuming a massless spring, a sinusoidal base input and the Coulomb friction model, the governing equations for
a 2DOF system with a single friction contact surface is

X) + ¢ Xy + kyx, + X, — X, )+ k - = kY si t)-F
Equation 15: Governing equations for 2DOF design I e 117 €2 (x2 xl) 2 (xl x2) it sim (a) ) R

under sinusoidal base excitation. .. . .
my X, —Cz(xz _xl)_kZ (xl ‘xz): 0

Where Y is the amplitude of the sinusoidal base input. The damping constants, ¢ and ¢, , can be related to its
corresponding damping ratio by

¢ =26k,
Equation 16: Relationship between damping constants and ! A
damping ratio.

& =26\ kymy

Where ¢, and ¢, here correspond to the damping ratio of ¢ and ¢, . Note that ¢, is inclusive of the mechanical

damping of the beam and the electromagnetic damping. Equation 15 can be solved by considering the following
steady-state solutions

X (t) = 4, sin (a)t)+ By cos (a)t)
Equation 17: Form of steady-state solutions for 2DOF design.
X, (t) = 4, sin (a)t)+ B, cos(a)t)

Where 4, , B,, 4, and B, are constants which can be determined by substituting Equation 17 into equation 15
and equating the sine and cosine terms. Applying the trigonometrical identities, the steady-state amplitudes, X,
and X, , of the 2DOF design can be calculated as

X, =4 +B}

=44
Equation 18: Steady-state amplitudes for 2DOF design.
2 2
= 1/Az +B;

X,
The steady-state amplitude of the coil would correspond to X, . Similar to the case for the SDOF design, the relative
peak velocity of the coil at the fundamental resonance mode is

Equation 19: Relative peak velocity of coil at first mode P _
resonance for 2DOF design. Ve = X2
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Overall, Equations 12, 14 and 18 can be substituted into Equations 1 and 2 to determine the maximum RMS voltage
and maximum average power output of each design under first mode resonance.

3. RESULTS AND DISCUSSION

In this section, the power output of all three harvester designs were analysed and compared. Two different
frequency tuning methods were considered, namely geometrical tuning and mass tuning. For the geometrical
tuning method, the length and width of all cantilever beams (including main beam, support beams and magnet
cantilever beams) in all designs were set equal at 65.0mm and 10.0mm respectively. The thickness of the beams
however were adjusted to meet the fundamental natural frequency range of 5.0 Hzto 10.0 Hz. For the mass tuning
method, the same beam length and width were used, and the thickness of the beams was fixed at 2.0mm. Instead,
a cube mass measuring 20mm x 20mm x 20mm was placed on the coil (SDOF and 2DOF designs) and the main
beam (Anti-phase design). The natural frequency of the designs were then tuned by varying the density of this
cube mass. All cantilever beams were made from glass fibre. A base input of 0.1 g-level was applied to all analysis.

The same magnets and coil were used in all three designs. To estimate the average strength of the magnetic flux
acting on the coil, the magnets were simulated using CST Studio 2017 finite element software as seen in Figure 5.
The magnet arrangement in Figure 5 consist of eight neodymium magnets measuring 25.0mm x 10.0mm x 3.0mm,
horizontally spaced at 14.0mm apart and vertically spaced at 3.0mm apart. The poles of the magnets are inscribed
on the magnets in Figure 5, with N and S referring to the north and south poles respectively. Two steel plates
measuring 25.0mm x 48.0mm x 5.0mm were placed behind the magnets. The purpose of these steel plates was
to concentrate the magnetic field in the region of the coil. The red outlines in Figure 5 designate the area covered
by the coil, with each outline measuring 4.0mm x 10.8mm.

Figure 5: Finite element simulation of the magnet arrangement.

The average magnetic field strength was determined to be 0.26 T. The mechanical properties of the cantilever
beam and the specifications of the coil and spring (2DOF design) are tabulated in Table 1. These properties were
obtained and measured from available assets in the lab.

Table 1: Specification of cantilever beam material and coil.

Cantilever beam Coil Spring
Material Glass Fibre N 490 k (Nm-) 1017.8
E (Gpa) 25 Ly (mm) 50 S 0.08
P (kgm?) 1850 f 0.65 h, (mm) 40
Q (Pa) 3.476 x 109 R, (Q) 9.3
R 1
S 2.019 x 103

Where 5 refers to the height of the spring. One of the main concerns in vibration energy harvesting is volume

occupied by the harvester. Generally, it is desirable for a harvester to produce a high power output within a small
volume space. Therefore, the performance of a harvester is usually measured in terms of its power density, P, ,

which is quantified as the ratio of the harvester's maximum power output to its occupied practical volume. In this
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paper, a cuboid profile was assumed for the volume. The width and length of each designs are tabulated in Table
2, whereas the height of the volume was defined as a function of the maximum vibrating amplitude at first mode

resonance, a, . To allow a fair comparison, only one side of the anti-phase power output and half of its total volume
was considered.

Table 2: Practical volume for SDOF, anti-phase and 2DOF designs.

Volume dimensions SDOF Anti-phase 2DOF
Length (mm) 123 178 123
Width (mm) 44 52 44
Height (mm) 2a, +18 2a,+23 a +h, +9

All analysis conducted was under the condition of optimum load resistance to maximise the power output. Figure
6 shows the comparison between the maximum RMS voltage and maximum average power output for all three
designs under geometrical frequency tuning.

25 , , , , 40
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Anti-phase Anti-phase
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Figure 6: Comparison between the maximum RMS voltage and maximum average power of all three designs using the
geometrical frequency tuning method.

Figure 6 shows that the SDOF and Anti-phase designs display an increasing trend in voltage output against
frequency whereas the 2DOF design shows the opposite. The voltage outputs of the SDOF and 2DOF design are
almost similar, whereas the 2DOF design demonstrated a lower voltage output than the two designs for frequencies
higher than 5.9 Hz. Normally, a high voltage output is desired as the AC voltage from the vibrating coil must be
converted into DC output prior to application. A standard full bridge rectifier made up of four of Schottky diodes
which has a typical threshold voltage of 0.3 V (Yimaz et al., 2014) would consume 0.6 V per cycle. This means
that under geometrical tuning, all designs are capable of AC to DC conversion within the frequency range, although
the 2DOF design would result in a low DC voltage output at higher frequencies. In terms of power output, the Anti-
phase design displayed an approximately 7.5 times higher power than the other two designs, while the 2DOF
design demonstrated a somewhat similar power output to the SDOF design. Based on Equation 2, this suggest
that the optimum load resistance of the SDOF design is significantly higher than the other two designs. Figure 7
illustrates the same comparison as Figure 6, but under the mass frequency tuning method instead.
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Figure 7: Comparison between the maximum RMS voltage and maximum average power output of all three designs using the
mass frequency tuning method.

The mass frequency tuning method resulted in a significant increase in power output for all three designs as
compared to the observations made in Figure 6. This is consistent with the observations made by Foong et al.
(2019) in terms of power output. However, this method also caused a substantial drop in voltage output at lower
frequencies. This means that AC to DC conversion would not be possible for the SDOF design at frequencies lower
than 5.7 Hz and the 2DOF design at frequencies higher than 7.0 Hz if the same diodes were considered.
Nevertheless, below 5.7 Hz, the 2DOF design generated a larger power output than the other two designs. The
reduction in voltage and the increase in power output suggest that the mass frequency tuning method result in a
lower optimum load resistance value than the geometrical frequency tuning method. Figure 8 shows the
comparison between the power densities of all three designs under both frequency tuning methods.
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Figure 8: Comparison between the power and power density of all three designs using the geometrical frequency tuning
method (left) and the mass frequency tuning method (right).

The power densities of all three designs are observed to be higher when their natural frequencies are tuned by the
mass frequency tuning method, corresponding to the increase in power output. Despite having an approximately
35.0% larger practical volume, the Anti-phase design was observed to have a higher power density than the SDOF
design under both tuning methods. This shows that the Anti-phase design performs better than the SDOF design
regardless of how the natural frequency of harvester was tuned. Under the geometrical frequency tuning method,
the 2DOF design demonstrated the worst power density. However, the performance of the 2DOF design became
superior to the other two designs at lower frequencies when its natural frequency was tuned by the mass frequency
tuning method.

4. CONCLUSION

The performance of three different cantilever-based electromagnetic vibration energy harvesters for low frequency
and low base acceleration applications have been analysed. The natural frequency of the designs was tuned using
two different tuning methods and the voltage and power output of the designs under optimum load resistance
condition were analysed. When tuned using the geometrical frequency tuning method, all three designs displayed
sufficient voltage generation for AC to DC conversion. However, the Anti-phase design demonstrated a significantly
larger power output and power density when compared with the other two designs, despite having a larger practical
volume. Under the mass frequency tuning method, a substantial increase in power output and power density were
observed in all three design as compared to the geometrical frequency tuning method. However, the voltage output
in all three designs also dropped, causing the voltage generated by the SDOF and 2DOF designs to be insufficient
for AC to DC conversion within a certain frequency range. Nevertheless, the 2DOF design displayed the highest
power output and power density at natural frequencies below 5.7 Hz. Overall, the geometrical frequency tuning
methods resulted in a higher voltage output and under this method, the Anti-phase design displayed the best
performance. On the other hand, the mass frequency tuning method resulted in a larger power output and power
density, in which the 2DOF design displayed the most promising result at lower frequencies. Future works involve
experimental verification of the analysis performed here and design optimisation.
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This paper presents the results of a comparative study conducted on fuel properties of optimal diesel-biodiesel-
ethanol (DBE) blends. A nonlinear optimisation model formulated for DBE blending process with key fuel properties
as constraints and solved using the Lingo optimisation software. The model established ideal blending ratio for
DBE ternary fuel by maximising the net heating value (LHV) while meeting multiple fuel property constraints.
Applicable fuel mixing rules were extrapolated from previous literatures for anticipating the properties of the ternary
fuel blends. The model is executed at different scenarios by simultaneously varying the ethanol content in the blend
and blending ratios were estimated. Further, the ternary fuel blends were prepared, and key fuel properties viz.,
density, cloud point, pour point, acid value, water content, calorific value, kinematic viscosity, oxidation stability and
copper corrosion values were tested according to ASTM test methods and the results are discussed. All DBE
blends with anhydrous ethanol was found to be completely stable while fuel blends with hydrous ethanol showed
phase separation. Biodiesel acted as a good emulsifier with increase in its content in the blend, rectifying the phase
separation problems caused by higher ethanol content in the blends. Ethanol had higher effect on DBE blends
calorific value. The cloud point temperature did not to follow the Kay’s mixing rule precisely. All DBE blends found
to satisfy the Thailand fuel standard for pour point with values less than 9°C. The density of fuel blends followed
Kay’s mixing rule with minimum deviation. The density values of all BDE blends were within the range of 0.840 -
0.855 kg/m?, satisfying the Thailand fuel standard as well as the premium fuel quality standards. The acid value of
DBE blends increased by roughly 3% - 7% for each 10% of biodiesel added volumetrically. All the blends found to
have the acid value less than the ASTM limit of 0.3mg.KOH/g.

Keywords: biodiesel; blend ratio; diesel; ethanol; optimisation
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1.  INTRODUCTION

Researchers have identified that the use of biofuels as a substitute for petroleum products can address future
energy crisis /deficiency issues and pave way for global sustainable development. The major fuels alternatives
currently under commercial development are biodiesel and ethanol, because of their bulk availability and similarity
in properties with fossil fuels.

Biodiesel has fuel properties similar to that of petroleum diesel, making it a promising substitute fuel alone or as a
blend (Lin & Lin, 2006). However, two major drawbacks exist with bio-diesel/ diesel-biodiesel blends as they exhibit
poor performance in cold flow properties (cloud point and pour point) and kinematic viscosity. The higher viscosity
of biodiesel leads to difficulties in atomising to smaller droplets and delivering to the engine at lower temperature
(Lin & Lin, 2006). Thus use of biodiesel in existing automobiles have been found to require significant engine
modification. Ethanol is also considered as a potential alternate fuel for diesel, but the blended fuel shows phase
separation over a wide range of temperatures due to its polar nature and excess water content (Kwanchareon et
al., 2007). Recent studies have identified biodiesel's ability to act as a good emulsifier for diesel-ethanol blends
and can produce a stable fuel blend meeting diesel fuel properties, if mixed under appropriate ratio (Hussan et al.,
2013).

A majority of the works on diesel-biodiesel-ethanol (DBE) blends have been focused on experimental
characterisation of the blended fuel properties and evaluation of engine performance. Hussan et al. (2013) modified
the key fuel properties of palm biodiesel by blending it with ethanol and diesel. The chemical properties of biodiesel
was customised by ethanol and an optimal formulation was derived mathematically. But the study only considered
kinematic viscosity as a formulation constraint in estimating optimal blend ratio. Lin et al. (2013) studied the DBE
blending process developing a nonlinear optimisation model. The model established optimal DBE blends to
improve system profitability by considering economic constraints such as production cost, market demand, and
fuel prices along with fuel property constraints such as kinematic viscosity, density, lower heating value, cloud
point, cetane number, fuel stability and sulphur content. The author also highlighted that the multifuel blend ratio
will directly affect scheduling decisions and outcomes of the process control in petroleum refinery system.

In this study the fuel properties of DBE blends are evaluated. Optimal recipes for DBE blends were estimated
theoretically by developing a non-linear optimisation model for DBE blending process. Further the ternary fuel
blends are prepared according to refinery blending process and corresponding ASTM test methods were
conducted.

2. MATERIALS AND METHODS

The experimental investigation of emulsion stability and fuel properties of the DBE blends at estimated blending
ratios are carried out. Following, the emulsification characteristics and fuel properties are analysed, including
blends preparation, homogeneity, and emulsion stability tests.

2.1. Raw Materials

Hydrous and anhydrous ethanol with 95% and 99.9% purity are obtained from Thai Liqueur distillery. The base
high sulphur diesel (base HSD) from Bangchak Petroleum Plc. Ltd and palm oil biodiesel (POME) from Bangchak
Biofuels Plc. Ltd and B Grimm Green Power Pvt. Ltd (see Figure 1).

Figure 1: (1) Palm oil biodiesel, (2) Base HSD and (3) Anhydrous ethanol
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2.2. DBE blend preparation

The diesel biodiesel and ethanol are mixed to a homogeneous mixture via inline blending following refinery fuel
blending method. The final blends were kept in a glass vial with a screw cap to observe their physical appearance.
Twelve DBE fuel samples were prepared according to the recipes obtained from optimisation studies.

The laboratory tests were then carried out following ASTM test standards (See Table 1) to determine the essential
fuels properties. The experiments were conducted in the Renewable Energy Laboratory of National Metal and
Material Technology Center (MTEC), a member of National Science and Technology Development Agency
(NSTDA), Thailand. The experiments were carried out under controlled temperature and humidity to ensure
accurate results.

Table 1: DBE Blends quality testing and equipment

No Fuel Property Test Apparatus Test Method
1. Density Automatic density meter DMA-4500, Anton Paar (Austria) ASTM D-4052
Cloud point ISL, CPP 5Gs automatic cloud point pour point analyser, ASTM D-2500
Chemical House & Lab Instrument Co.,Ltd. (Thailand)
3. Pour point ISL, CPP 5Gs automatic cloud point pour point analyser, ASTM D-97
Chemical House & Lab Instrument Co.,Ltd. (Thailand)
Acid value Tirando 809 Potentiometric Titrator, Metrohm (Switzerland) | ASTM D-664
. Water content KF 831 Karl Fischer Coulometer, Metrohm (Switzerland) ASTM D-6304
6. Calorific value (LHV) bomb calorimeter model LECO-350 (LECO Corporation, ASTM D-240
USA)
7. Kinematic viscosity MiniAV single bath kinematic viscometer (Cannon ASTM D-445
Instrument Company, USA)
Oxidation stability Rancimat model 743, Metrohm (Switzerland) EN 14112
Copper strip corrosion | Copper strip corrosion bath ASTM D-130

3. EXPERIMENTAL ANALYSIS

The experimental investigation of emulsion stability and fuel properties of the DBE blends at estimated blending
ratios are carried out. Then the emulsification characteristics and fuel properties are analysed, including blend
preparation, homogeneity, and emulsion stability tests.

3.1. Homogeneity and emulsification characteristics of DBE blends

Each DBE blend was provided with a batch number from 1 to 12 according to the blending ratios. Visual observation
was carried out to analyse the homogeneity of the blends and effect on the emulsion stability. It was observed that
the increase in biodiesel content delivers the blend a darker coloration (Figure 2).

Figure 2: Homogeneity analysis of DBE blends
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All DBE blends exhibited excellent emulsion stability without separation. The batches 1 to 12 were analysed and
physically there was no agglomeration of liquid droplets or sediment layer occurring in the blends. Biodiesel in the
DBE blends acted as an emulsifier by increasing the stability of emulsions as they possess both hydrophilic and
hydrophobic properties. The volumetric ratios of each component and the homogeneity test results are provided in
Table 2.

Table 2: Homogeneity test of DBE blends at proposed blend ratios

Components (%.Vol)

Batch No Fuel Blend D B E Phase Description
1 DBEOpt-95 95 0 5 Homogeneous blend
2 DBEOpt-78 78 17 5 Homogeneous blend
3 DBE90 90 5 5 Homogeneous blend
4 DBE85 85 10 5 Homogeneous blend
5 DBES80 80 15 5 Homogeneous blend
6 DBE75 75 20 5 Homogeneous blend
7 DBE70 70 25 5 Homogeneous blend
8 DBE65 65 30 5 Homogeneous blend
9 DB-E6 72 22 6 Homogeneous blend
10 DB-E7 65 28 7 Homogeneous blend
11 DB-E8 58 34 8 Homogeneous blend
12 DB-E9 49 42 9 Homogeneous blend

The stability of DBE blends was found to increase with increasing amount of biodiesel in the blend. A
proportionately higher amount of emulsifier or biodiesel was required to stabilise the emulsions for even a minor
addition of ethanol in the blend. In this study, it was also observed that the water content in ethanol if exceeding
1% created a tendency to phase separation of the fuel blend. The biodiesel content in the blend acted as a binding
layer between diesel and ethanol. The surfactant property of biodiesel transformed ethanol's water content by
forming a microemulsion between the water and organic phases. The arrangement in biodiesel's amphiphilic
structure strengthened the basic linking among the different blending fuel (Méndez et al., 2006). The overall results
confirmed that biodiesel itself can properly perform as an emulsifier at ambient temperature conditions when the
amount of ethanol is less than 10% and hydrous ethanol is not suitable for fuel purposes.

3.2. Fuel characteristics

Calorific value: The net calorific value of each fuel blend is determined using Bomb Calorimeter LECO-AC350
(Figure 3) following ASTM D-240 test method. The calorific value of fuel is the quantity of heat energy discharged
amid the combustion of unit quantity of fuel. One of the main factor that decides the calorific value of final blend is
the water content in the base fuel. Regular diesel (45.6 MJ/kg) possess the highest calorific value among the three
base fuels, while ethanol has the lowest (27.5 MJ/kg).
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DBEOPpt95 blend with 95% base diesel and 5% ethanol was observed to have the highest calorific value of 44.7
MJ/kg by limiting the constraints to Thailand fuel standards. While considering premium fuel quality limits,
DBEopt78 showed the maximum value of 43.6 MJ/kg in comparison with other DBE blends. All the test results
observed to follow Kay’s mixing rule with minimum deviation from the predicted results (from Figure 4). The addition
of bio-fuels showed a considerable effect on lowering the heating value of DBE blends especially because of the
water con-tent in it. A decrease of approximately 10% in heating value was observed while using the DB-E9 blend.
The overall experiment results showed that all DBE blends have an acceptable energy content with all values
higher than that of biodiesel. However, high ethanol content blends are not recommended for existing heavy-duty
diesel engines.

Cloud Point (CP) and Pour Point (PP): The cloud point and pour point of DBE blends are measured as per ASTM
D-2500 and ASTM D-97 standard methods using ISL, CPP 5Gs automatic cloud point, pour point analyser
manufactured by Chemical House & Lab Instrument Co., Ltd (Thailand) (see Fig.5). The pour point and cloud point
are the lowest and highest temperature values used for characterising the cold flow properties of fuels. Here, in the
cold flow properties scenario ethanol excels by showing very low cloud and pour point temperatures, whereas
diesel and biodiesel fall behind exhibiting poor values. Even though CP and PP fuel properties are not given much
emphasise in Thailand due to the year round tropical climate, an experimental analysis is carried out to know more
about variation in cold flow properties of ethanol contained fuels.
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Figure 5: ISL, CPP 5Gs automatic cloud point, pour Figure 6: Experimental and predicted cloud points and pour points of
point analyser, Renewable Energy Lab, MTEC DBE blends

It was found that ethanol has an immense effect on maintaining the cold flow properties of DBE blends without
raising even with increasing content of biodiesel in the blend. Moreover, an addition of 1% ethanol in the blend
helped in balancing the incremental effect on Cloud Point and Pour Point temperatures caused by 6% of biodiesel
(DB-E7 to DB-ES8) (see Figure 6). Even though all DBE blends resulted in higher cloud point than regular diesel,
the results were found to be better than equivalent diesel-biodiesel blends. The experimental results precisely
showed that the cloud point temperature of DBE blends doesn'’t follow Kay’s mixing rule (no linear relationship).

Density: In this study, the specific gravity and density of DBE blends were measured by density meter DMA-4500
manufactured by Anton Paar (Austria) meeting ASTM D4052 standard (Figure 7). The density obtained for DBE
blends chosen for the study showed similar results with minimum deviation, with-in the range of 0.840 - 0.855
kg/m?, which is suitable for the premium fuel quality standard as per ASTM D4042. Also, the experimental results
were observed to follow Kay’s mixing rule with minimum error. The density of blends decreased with increasing
ethanol content attributing to the fact that ethanol low density, lowers the final density of the blends following a
linear relation. Also, a similar effect was found with biodiesel, resulting in higher tendency for increasing fuel density
with biodiesel content.

Oxidation stability: Oxidation stability one key fuel property that should be given most importance as is it the
measure of long-term stability and fuel quality. Especially for DBE blends, as it contains biodiesel and ethanol
which have higher tendency to become unstable, more concern should be given for this fuel property. Oxidation of
fuel mostly occurs when the fuel gets contact with higher temperature air or oxidative metals continuously. The
Metrohm 743 Rancimat meter is used to determine the oxidation stability of the DBE blends following EN 14214
method, given in Figure 9.
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Figure 10: Oxidation stability of DBE blends

The fuel samples were tested as per Rancimat instrument method by heating up to 110 °C. The test results are
shown in Figure10. The results show the induction period (IP) of POME is 22.3h and for commercial diesel is
130.6h which is significantly higher. While for ethanol due to the very low flash point (78°C) the induction period
was not able to determine. As the amount of diesel increases in the blends, the stability shows better results. But
the addition of even a small amount of ethanol showed an immense drop in DBE blends oxidation stability. This
can be due to the reduction of unsaturated components and amount of oxygen. Oxidation of biofuels is also affected
by storage time and condition, the pressure of the air, heat, and trace of metal and exposure to light (Barrufet &
Setiadarma, 2003). So, this could be the reason for lower oxidation stability of DBE blends. However, except for
DB-E9, all other DBE blends found to satisfy the ASTM limit with higher than 6 hour induction time.

Copper strip corrosion: Copper strip corrosion is the imperative variable in deciding the quality of fuel. This property
estimates how much harm or damage the fuel causes to the fuel and engine system components made of copper
alloys (brass). A copper corrosion bath (see Figure 11) is used for measuring the copper strip corrosion value. The
copper strip is kept in contact with DBE blends at 50°C for 3 hours and then compared with the ASTM standard for
Copper strip corrosion.

The experimental results for copper strip corrosion for base fuels and DBE blends are given in Table 3. All DBE
blends found to have a corrosion value of 1b after comparison with ASTM standard. The ASTM D130 states that
for fuels the copper strip corrosion should not exceed 3b and Thailand fuel standard limit for diesel is 1b. The
copper strip corrosion also relates to the acid number of fuels. As observed from the acid value results, it is due to
the higher acid number of biodiesel that resulted in higher corrosion value for DBE blends than diesel. The
experimental results showed that all DBE blends have a copper strip corrosion value of 1b, which satisfies both
ASTM and Thailand fuel standards.
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Table 3: Copper strip corrosion test result

Parameters Type of fuel Standard
ASTM
D130
D B E DBE
Blends
Copper strip 1a 1b 1a 1b Less than
corrosion 3b

Figure 11: Copper strip corrosion bath, Renewable
energy lab, MTEC

Water content: The water content is measured using Karl Fisher Coulometer given in Figure 12 following ASTM
D6304 method. The experimental results are given in Figure 13. Among all the tested samples DB-E9 found to
have the highest water content. Also, all DBE blends observed to follow increasing trend in water content with
increase in biofuel content in the blend, especially ethanol. Storage time and oxidation stability are some of the
reasons for the above-mentioned increasing trend. In the case of biodiesel and ethanol contained fuels, the water
content generally increases with storage time and initiation oxidation instability governed by the peroxide chain
mechanism. Also, the decomposition of unsaturated fatty acids can extend formation of hydroperoxides, the
primary oxidation products which can result in the increase of water content in DBE blends. The ASTM D2709
standard states that water content in fuels should not exceed 2000ppm. All DBE blends are found to have water
content values within the limits, satisfying the standard.
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4. CONCLUSION

The DBE blended fuel characteristics such as stability, properties are tested and the following conclusions are
drawn:

e Al DBE blends with anhydrous ethanol were found to be completely stable while fuel blends with hydrous
ethanol showed phase separation;

e Biodiesel was observed to act as a good emulsifier with increase in its content in the blend, rectifying the
phase separation problems caused by higher ethanol content in the blends;

* Al DBE were found to have an acceptable energy content, with the lowest for DB-E9 (9% lower than base
HSD);

e The cloud point temperature was found not to follow Kay’'s mixing rule;

e The density of fuel blends was found to follow Kay’'s mixing rule with minimum deviation;

e The acid values of DBE blends were found to increase by a maximum 7% for each 10% of biodiesel added
volumetrically;

e The addition of even a small amount of ethanol showed an immense drop in DBE blends oxidation stability.
DBEOpt95 showed the highest induction time of 46 hours while DB-E9 showed lowest, 5.5 Hours. Except
DB-E9, all other DBE blends found to satisfy the ASTM limit with higher than 6 hours induction time;

e All DBE blends have a copper strip corrosion value of 1b, which satisfies both ASTM and Thailand fuel
standards;
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e The DBE blends were observed to have an increasing water content as the biofuel content was increased
in the blend, especially ethanol. Still, all the blends were found to have the water content values with the
ASTM limit of 0.2% (2000ppm).
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Recently, many researchers have paid a lot of attention to growing concentrations of ultrafine particles in the
atmosphere. In particular, it has been reported that the air quality in indoor public places such as subway platforms,
underground markets and indoor parking lots are even 3-5 times worse than the in-flowing air from outside due to
the stationary air surroundings. Here, we designed and developed the electrospray-driven wet electrostatic
precipitator to effectively collect Sub-1 um particles on a subway platform. The electrospray is one of the most
attractive spray techniques to produce very fine and highly charged water droplets from high intensity electrical
potential between two oppositely charged electrodes. The particles (PM10, PM2.5 and PM1.0) collection
performance was investigated experimentally for different water supply and applied voltages at the conditions of
inlet dust load of 160-200 mg/m3, air flowrate of 5.5 m3/min and inlet air velocity of 1.0 m/s. Through measuring
the particle concentrations at both inlet and outlet ports by the optical particle sizer (OPS), we calculated the
maximum collection efficiency as 99.8%, 98% and 86.7% for PM10, PM2.5 and PM1.0, respectively.

Keywords: subway platform; ultrafine particle; electrospray; wet electrostatic precipitator; collection efficiency
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1.  INTRODUCTION

Recently, many researchers have shown interest in decreasing concentrations of ultrafine particles in the
atmosphere. This ultrafine dust causes respiratory conditions in humans, so people are increasingly interested and
worried about ultrafine dust. Therefore most countries are changing their perception of the environment and
tightening discipline for clean air by tightening pollution emission standards. In 2015, the Ministry of Environment
set the standard for PM2.5 as the emission standard, as well as the total airborne particulate matter dust (TPS)
concentration, at 25 ug/m® (the yearly average) (Kim and Kang, 2014: p621). In addition to reducing ultrafine dust
from power plants, incinerators and construction sites, research on technology to remove ultrafine dust from
underground railways, automobiles and roads is actively being carried out. Among them, subway stations are rich
with sub-1um ultrafine dust at high concentrations due to friction between the wheels and tracks of trains entering
the platform. In order to remove dust within this range at high efficiency, wetting methods using water can be
introduced since it is of a size that is not affected by conventional inertia, diffusion, or static electricity (Najafabadi
et al., 2014: p415) Thus, in this study, a modular electrospray precipitator was developed, incorporating
electrostatic spraying technology, which sprays a very small amount of water by high voltage. Borra et al. developed
a precipitator with a modular design to provide flexible scalability for processing capacity. Within each module, 30
stainless steel nozzles can be installed into one water tube; every 10 nozzle is directed towards two electrodes and
lower side (Borra et al., 2004: p1319). The performance of ultrafine dust reduction was studied by changing the
voltage applied to the nozzles, the strength of wind and the amount of water required through the modular
electrospray precipitator.
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Figure 1: Single module precipitator (left), dirty gas inflow and spray view of water (middle), schematic diagram of the entire
system of electrospray precipitator (right)

2. MAIN SUBJECT
2.1.Research method

Figure 1 shows the mechanism of aggregation within one module and the principle of aggregation of clams passing
through four modules. When the concentration of incoming dust was increased or the need to deal with faster flow-
rate crushed gases, the design of the system is such that it can be scaled by simply increasing the number of
modules. Figure 2 is a prototype photograph of a modular electrospray precipitator, designed with a structure
capable of inserting 10 nozzles each in the left, right and gravity directions of a 3/8 inch stainless steel nozzle into
each module and then spraying fine water volumes toward a stainless steel electrode plate facing a nozzle facing
left and right. The acrylic chamber under the stainless steel electrode at the bottom was used to collect the fine
dust slurry and transfer it to a separate wastewater treatment facility. The electrical conductivity of tap water used
in the experiment was measured at about 240 uS/cm. Ball flow meters, non-metallic diaphragm pump and air
compressor were used to control the high voltage water to the desired flow rate. Insulation with stainless steel tube
and surrounding areas was made using Teflon, polycarbonate (PC) which can be electrically insulated up to 65 kV.
The high voltage power unit had a maximum corona current of 3 mA which can be measured at a maximum voltage
of 50 kV; the negative electrode was connected to each water supply line in the module, and the ground was then
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increased to the stainless steel electrode plate. The concentration of fine dust was measured by using the optical
particle sizer (TSI, TSI3300) by fixing the supply dust concentration to 160-200 mg/m? through the dust supply
using hopper and screw, and by varying the flow rate of air into the precipitator and the voltage of the high voltage
device.

Figure 2: Prototype of the modular electrospray precipitator
2.2.Experimental result

To test the performance of this modular electrospray precipitator, the inlet dust concentration with the air flowrate
of 5.5 CMM was supplied at 160-200 mg/m3. The water flowrates in two water tubes at the top of the precipitator
module was set at 0.3 and 0.5 LPM respectively. Finally, the applied voltage was varied at 0, 20, 30 and 40 kV.
We calculated the collection efficiency of PM10, PM2.5 and PM1.0 through the information on the dust
concentration using the optical particle sizer (OPS) at the inlet and outlet. Figure 3a shows the collection efficiency
in electro- spraying water with the flowrate of 0.3 LPM. The linear increase of the collection efficiency per PM
according to the applied voltage and the smaller the particle size, the greater the slope of the efficiency increase
due to the applied voltage (Lopez-Herrera et al., 2004). As shown in Figure 3b, we also observed the collection
efficiency in supplying the water of 0.5 LPM, which also increases with the applied voltage. The collection efficiency
of PM2.5 was measured similarly for both 0.3 LPM and 0.5 LPM, however the removal efficiency for PM1.0 was
observed slightly higher for 0.3 LPM, which is attributed that the lower water flowrate produced the smaller and the
larger number of water droplets in electro-spraying mode.
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The smaller droplets can increase the probability of collision between water and dust (Kim et al., 2012). Table 1
summarises the collection efficiency of ultrafine dust from PM10, PM2.5 and PM1.0 using electrospray precipitator
consisting of four modules. The dust insertion concentration was 160-200 mg/m?, the air flowrate of 5.5 CMM, and
the two lower modules were sprayed with 1.5 LPM of water for cleaning only without any separately applied voltage,
it changed the flow rate of water to the top modules and shows the collection efficiency when applying an applied
voltage of 40 kV. The PM collection efficiency for each water flowrate was calculated as 99.8%, 98% and 86.7%
for PM10, PM2.5 and PM1.0 at 0.3 LPM also 99.8%, 97.2% and 83.3% at 0.5 LPM. We also investigated the
relative humidity variation at the inlet and outlet of the electrospray precipitator, which is summarised in (Table 1)
(Wang and You, 2013). The results give us information that the higher voltage produced the smaller water droplets
and thus the air became more humid.

Table1: The PM elimination efficiency for each water flowrate at air flow rate of 5.5 CMM and applied voltage of 40 kV

Electrospray (0.3 LPM, 40 kV) Electrospray (0.5 LPM, 40 kV)
Explanation
EP in EP out EP in EP out
PM10 204.32 0.475 160.72 0.243
Concentration PM2.5 13.20 0.372 10.60 0.216
(mg/m®)
PM1.0 0.50 0.066 0.38 0.064
PM10 99.8 99.8
Collection
efficiency (%) PM2.5 98.0 97.2
PM1.0 86.7 83.3
i 20 kV 37.7 57.2 45.1 59.8
Relative
humidity at 30 kV 40.3 57.6 44.9 60.7
(]
e 40 kv 40.3 57.8 44.6 60.8
PM10 100 100 100 100 When PM 10 is
. ) o
Size fraction PM2.5 6.5 78.3 6.6 88.9 100%,
(%) percentage of
PM1.0 0.2 13.9 0.2 26.3 each section

3. CONCLUSION

In this study, experimental studies were conducted to recognise the performance of ultrafine dust reduction in each
operation condition of a modular electrospray precipitator using tap water with an electrical conductivity of 240
uS/cm. For the performance test of a modular electrospray precipitator, the wind flowrate was 5.5 CMM and the
applied voltage was fixed at 40 kV and measured by the change in water supply of the top module. This was
calculated at 99.8%, 98% and 86.7% for PM10, PM2.5 and PM1.0, respectively at the top module water flowrate
of 0.3 LPM, and 99.8%, 97.2% and 83.3% for PM10, PM2.5 and PM1.0, respectively at the top module water flow
rate of 0.5 LPM. The modular electrospray precipitator developed was a modular type electro-spray precipitator
with the potential for large scalability depending on the desired treatment capacity. It was judged that it positively
acted to improve air quality such as subways, underground shopping malls, and underground parking lots as it had
the advantage of reducing the number of modules even in small areas.
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The electrospray is one of the most attractive spray techniques to produce very fine and highly charged water
droplets conically shaped. It uses highly concentrated free charges from high intensity electrical potential
between two oppositely charged electrodes. In this paper, we investigated the flow motion and the water droplet
size variation for different operating conditions such as flowrate, velocity, applied voltage, nozzle size, and
electrode distance. From visualisation works, we analysed the most influencing parameter to the flow motion and
droplet size, aiming at its application in various industries such as coatings, pharmaceuticals, or particle
precipitation. In particular, we focused on its application to trap ultrafine particles since the negatively charged
droplets can draw the positively charged ultrafine particle and agglomerate them. Experimental results show that
the water droplet size increased as the flowrate, speed, nozzle diameter increased and as the applied voltage
decreased.
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1.  INTRODUCTION

Recently, researchers have paid a lot of attention to electrospray technologies and their application to ultrafine
particle removal since it is attractive when applied to dust collection devices because of low initial cost, rapid
response, low energy consumption and low water need (Choi, 2017). Electrospray refers to a technique to spray
out highly charged fine liquid droplets; applying a high voltage to a liquid solution forming a high electric field
between a narrow nozzle and the plate (Kim, 2018). As seen in Figure 1, the fine liquid droplets are scattered from
a confined nozzle tip by the repulsive force among the charged droplets.

In more detail, when an insufficiently high voltage is applied to the liquid solution, the repulsive force in the liquid
flowing inside the nozzle is also low, and thus the droplet does not form a spray motion. In contrast, if the repulsive
force is higher than the surface tension of the liquid, the voltage is applied to the liquid solution and the spraying
mode starts due to the high repulsive force (Park, 1994). Previous research has found that the droplet size depends
on the liquid property, flowrate, nozzle geometry and electric field strength (Kim, 2012). This work was based on
the nozzle size of less than 100 micrometer in diameter using either water or alcohol solution, and the measured
droplet size was reported to range from 0.1 to 10 micrometer. However, such a small droplet size may not be
appropriate for collecting the fine particles inside a flue gas due to easy evaporation tendency. Hence, we decided
to investigate the electrospray motion in larger nozzles than 100 micrometer (Rulison, 1994), with sizes set at 0.5
and 1.0 mm in this study to capture the fine particles. Unfortunately, the droplet size prediction and motion variation
have been neither reported nor well established to date. As a first step in this study, we visually investigated the
water droplet size variation for different operating conditions such as voltage, flow rate, velocity, electrode distance
(electrical field strength) and nozzle diameter (Borra, 2004, Najafabadi, 2014).

Figure 1: Electrospray mechanism

2. METHODS

We prepared the visualisation setup for the electrospray using a single stainless steel needle as shown in Figure
2. A constant flow rate was adjusted to a needle using a syringe pump, and the liquid solution used in this study
was distilled (DI) water with an electrical conductivity of 0.5 yS/cm and a resistance of 2 MQ-cm.

Visualisation studies were carried out under various voltages from 25 to 45 kV (Choi, 2017), flow rates from 5 to
20 ml/min, velocities from 0.25 to 1.0 mm/s, nozzle-plate distance from 50 to 125 mm (Lopez-Herrera, 2004), and
nozzle diameter of 0.45 and 0.65 mm in order to observe the droplet size variation. In this study, droplets between
20 and 980 um in diameter were observed. As mentioned, the smaller liquid droplet may be more desirable to
collect fine particles, however the droplet size that is too small is easily evaporated or exhausted out together with
flue gas when installed to an actual dust collector. Therefore, in this study we chose the needle size for the
electrospray of 0.45 and 0.65 mm.
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Figure 2: Pictures of electrosprayed water droplets with increasing the voltage

To get a still image of spraying droplets, we employed DSLR camera (Cannon 5D MARK2) and super high speed
strobe light (LED). In a laboratory with a dark environment, we set the shutter speed as 2 s and instantly applied
the light during 5 ps, which gave us a very similar image to a high speed camera. To our knowledge, this may be
the first trial to capture the instant spraying image. After gathering the images, they were analysed using Adobe's
Photoshop program. The high-voltage power supply used in the experiment was designed to allow the maximum
voltage of 50 kV and the maximum current of 2.5 mA. Positive potential was connected to a stainless steel plate
and the negative potential was done to the needle connector as shown in Figure 3.

Figure 3: Experiment device

Before setting the maximum voltage, we gradually increased the negative voltage and observed the maximum
allowable limit to avoid an insulation breakage (spark-over) between the nozzle tip and the plate, which was 45 kV
in this study.

2.1. Experimental results
Influence of electrode distance

As the electrode distance increased, the droplet size was varied according to the flow rate (see Figure 4). At the
same electrode distance, the droplet size increased as the flow rate increased. The reason for this was that as the
amount of the droplet increased, the voltage exceeded the allowable limit. For the same reason, as the electrode
distance increased, the droplet size increased. Therefore, a minimum flow rate and short electrode distance were
required to maintain a fine liquid droplet.
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Influence of electrode distance
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Figure 4: Influence of electrode distance

Influence of applied voltage under the same water flow rate

As shown in Figure 5, droplet changes were observed by increasing the voltage at the same flow rate condition.
As with the results shown in the preceding Figure 4, at low voltages, the droplet remained large due to the allowable
number of permissible limits. However, as the voltage increased, the size of the droplet decreased because the
allowable number of liquid droplet increased. As the voltage increased, it was possible to make a condition to
generate a lot of fine liquid droplets. However, it should be reflected in the design conditions considering the
increase of operation cost and stability of the equipment.

Influence of applied voltage
under the same water flow rate.
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Figure 5: Influence of applied voltage under the same water flow rate.
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Influence of applied voltage under the same water velocity

Figure 6 shows the variation of the droplet by changing the water velocity under the same operating conditions as
the experimental method shown in Fig 5. As the nozzle inner diameter was reduced from 0.65 to 0.45 mm, the
water velocity increased from 5 to 0.25 mm/sec. The increased water velocity directly affected the size of the
droplet, which was about 40% smaller than the water velocity of 5 mm/sec. These results show that as the particle
size of the nozzle decreased, the flow velocity increased and the allowable number of voltage acted strongly.
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Influence of applied voltage under the same water flow velocity
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Figure 6: Influence of applied voltage under the same water velocity.
Influence of water velocity

The water velocity was increased from 0.25 to 1.0 mm/s in order to investigate the influence of droplet size and
water velocity (Figure 7). At a voltage of 45kV, the droplet size decreased as the flow rate increased to 0.75 mm/s.
However, if the flow rate was increased to 1.0 mm/s, the water droplet increased again, because the water velocity
had exceeded the limit of repulsion. That is, as the voltage and the water velocity increased, the droplet size may
decrease. However, when the repulsive force reaches the limit line, the water droplets combined with each other
to form a large droplet.

Influence of water velocity
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Figure 7: Influence of nozzle diameter.

3. CONCLUSION

In this study, we conducted the visualisation study on the electrospray using distilled water. Through various
experimental conditions such as voltage, flow rate, velocity, electrode distance and nozzle inner diameter, we
observed the droplet size variation and spray pattern. The droplet size was smaller when the applied voltage was
higher, the electrode distance was closer, the flowrate was smaller, the velocity was lower, and the nozzle size
was smaller, all of which were related to the repulsive force of water molecules passing through such a narrow
needle. When a relatively large droplet was found, it can be understood that a sufficient amount of negative charge
cannot be charged, so that it was possible to generate a fine droplet by reducing the flow rate or adjusting the inner
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diameter of the nozzle. It was also found that when the inner diameter of the nozzle was relatively small, droplets
become finer. Using a needle with a narrow inner diameter, it was possible to generate finer droplets with the same
amount of flow and voltage. The liquid column length at bottom of the nozzle was not influenced by the electrode
distance but by flowrate dominantly, which can give helpful information to design the dust collector to prevent the
spark-over.

In recent years, electrospray technology, which was mainly used in the coating field before, has recently been
attracting attention in the dust collecting industry due to its great benefit of low initial investment cost, low energy
use and small amount of water. We speculate that the effective removal of ultrafine dust by fine water particles
from the electrospray can effectively solve the air pollution problem in the near future (Choi, 2017).
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The aim of this study is to investigate the thermal properties of phase change material (PCM) from coconut oil as
energy storage for building applications. Coconut oil is classified as organic PCM from fatty acids made from
renewable feedstock. However, low thermal conductivity becomes one of the major drawbacks of organic PCMs
and needs to be improved. Graphene can be an effective material to enhance the thermal performance of organic
PCMs. In this study, we used coconut oil that has a latent heat capacity of 114.6 J/g and a melting point of 17.38°C.
PCMs were prepared by sonicating coconut oil into graphene, as supporting material. The mass fractions were 0
wt%, 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, respectively. The thermal conductivity test was performed
using KD2 Thermal Properties Analyzer under different ambient temperatures of 5°C, 10°C, 15°C, 20°C, and 25°C
simulated with circulating thermostatic bath. Latent heat, melting point, the freezing point were determined through
DSC testing. Thermal stability was determined using TGA testing. While morphology and chemical structure were
examined using TEM and FT-IR, respectively. From this study, the effect of graphene addition to coconut oil
indicates fluctuating increase where the highest improvement was seen in 0.3 wt% sample at 20°C. Latent heat
was decreased by 11% due to molecular movements within the PCM. However, TGA analysis revealed that the
composite PCMs showed good thermal durability in building temperature ranges.

Keywords: phase change material, coconut oil, graphene, energy storage, sonication
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1. INTRODUCTION

Thermal energy storage (TES) has become one of the solutions to overcome energy demands, mainly in urban
area due to the excessive use of air conditioning system in the building. Techniques of thermal energy can be done
through sensible heat, latent heat, thermo-chemical heat, or a combination of those techniques (Alva, Lin and Fang,
2018). Latent heat energy storage is considered to be the most effective to store and release a significant amount
of heat with an inconsiderable amount of temperature fluctuation (Zhou, Zhao and Tian, 2012). The material used
in latent heat energy storage is called phase change material or PCM, for short. In building applications, the PCM
is used to enhance the thermal comfort by reducing the frequency of internal temperature swings so that the desired
indoor air temperature can be achieved for a longer period (Sharma et al., 2013).

PCM can be obtained from inorganic, organic, and eutectic materials. Inorganic PCMs include salt hydrates, metals
and alloys which have high thermal conductivity and good latent heat capacity, but corrosive to metallic
components, causes supercooling due to poor nucleating ability, and poses a number of engineering problems.
Organic PCMs include paraffins and non-paraffins. Paraffins have been widely used for its large latent heat
capacity, non-corrosive, and large temperature range. Non-paraffins came from numerous materials with varied
properties which include fatty acids, esters, glycol, and alcohol. Compared to paraffins, fatty acids have a higher
latent heat of fusion value (Sharma et al., 2009; Pielichowska and Pielichowski, 2014). Coconut oil contains fatty
acids, mostly lauric acid (Bouaid et al., 2017) which makes it a considerable organic PCMs, especially in Indonesia
as one of the producers of coconut oil. Saleel et al. (2019) reported that coconut oil could reduce the internal
temperature of a car cabin up to 17 °C of temperature reduction (Saleel, Mujeebu and Algarni, 2019). Wonorahardjo
et al. (2018) demonstrated the performance of coconut oil as a potential TES in tropical countries, such as
Indonesia, in which the coconut oil is capable of decreasing indoor air temperature per unit of air volume, measured
through an experiment conducted in a thermal chamber (Wonorahardjo et al., 2018).

However, the major drawback of organic PCMs is a low thermal conductivity, which reduces the rate of the heat
transfer process and the rate of heat storage. To enhance it, incorporating carbon-based nanomaterials is
considered to be an effective method for its low density, stability and good dispersion ability compared to metal-
based material (Qureshi, Ali and Khushnood, 2018). From all carbon-based nanomaterials, graphene is one of the
nanomaterials that is effective to improve the thermal properties of PCMs, especially the thermal conductivity. Zou
et al. (2018) compared PCM added with CNT and graphene for lithium-ion power battery application. The result
was that PCM with graphene has higher thermal conductivity than PCM with CNT (Zou et al., 2018). Fan et al.
(2013) also compared the effect of graphene, multi-walled carbon nanotubes, and the carbon nanofibres addition
of paraffin, where graphene improved the thermal conductivity for almost 170% on 5 wt% mass fraction (Fan et al.,
2013).

Therefore, this study focused on analysing the thermal properties of coconut oil as PCM with the graphene of
different mass fractions incorporated to the PCM. The morphology and chemical structure were tested using TEM
and FTIR, respectively. Thermal properties analysed in this study include thermal conductivity, heat storage
performance, and thermal durability using KD2 Thermal Properties Analyzer, DSC, and TGA.

2. METHODOLOGY

2.1. Material

In this study, coconut oil as the phase change material were obtained from the Department of the Chemical
Engineering University of Indonesia, where the latent heat is 114.6 J/g and has a melting point of 17.38°C. The
graphene was a commercial product purchased from XG Sciences, Inc. with physical and chemical properties
shown in Table 1. Figure 1 displays graphene and coconut oil samples.

Table 1: Properties of graphene.

Property Value
Appearance Black powder
Bulk density (g/cc) 0.2-0.4
Relative gravity (g/cc) 20-225
Specific surface area (m?/g) 300
Width (um) Less than 2
Thickness (nm) Less than 2
Thermal conductivity (W/mK) Parallel to the surface: 3000
Density (g/cm?) 2.2
Carbon content >99%
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Figure 1: Graphene (left) and Coconut oil (right).
2.2. Preparation of the coconut oil/graphene phase change material

The PCM composites were prepared by mixing graphene at different mass fractions of 0.1, 0.2, 0.3, 0.4, 0.5 wt%
into coconut oil. Figure 2 shows the scheme for sample preparation steps. Coconut oil and graphene were stirred
with magnetic stirrer for 30 min and ultrasonicated for 20 min.

Ultrasonic processing
for 20 min

Coconut oil

Graphene /
*\ <

& Bio-based PCM from
Coconut oil and

. Graphene
Stir for 30 min

At ambient temperature

Figure 2: PCM composite preparation by ultrasonic processing.
2.3. Characterisation and properties test method

Various test methods were applied to the PCM composites to determine their properties, both structural and
thermal. The morphology of PCM samples was observed with Transmission Electron Microscopy (TEM, FEI
TECNAI G2 20S-Twin). Fourier-transform infrared spectroscopy (FTIR, PerkinElmer FTIR Spectrometer Spectrum
Two) was used to confirm the change of chemical groups within pure coconut oil and coconut oil added with
graphene.

The thermal properties of samples, such as melting and freezing temperature, as well as latent heat were measured
using Differential Scanning Calorimetry (DSC, TA Instruments DSC Q20). The measurement was performed with
5°C/min for each heating and cooling process. The samples were heated from -20°C to 40°C, hold for 2 min, and
cooled from 40°C to -20°C. Latent heat of fusion and freezing of the samples were determined by numerical
integration of the area under peaks that represent the solid-solid and the solid-liquid phase transitions (Jeong et
al., 2013). Thermal conductivity was measured using a thermal conductivity meter (KD2, Decagon Device Inc.) with
an accuracy of + 5% and its scale ranges from 0.02 to 2 Wm-'K-". This device was also used in previous research
to measure the thermal conductivity of other PCM materials, such as paraffin RT22 HC (Putra et al., 2017), paraffin
wax (Saydam and Duan, 2019), and palmitic acid (Sari and Karaipekli, 2009). Thermogravimetric analysis (TGA,
PerkinElmer TGA 4000) was carried out to determine decomposition temperature and to test the thermal stability
in building application’s temperature range. The measurement was operated from 30°C to 600°C with a heating
rate of 5°C/min.
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3. RESULT AND DISCUSSION

3.1. Morphological and chemical structure

The morphology of PCM composites was observed with transmission electron microscopy. TEM images in Figure
3 shows rolled and folded thin sheet structure of graphene and indicated well-ordered graphene layers. The length
of graphene is <50 nm and the diameter ranged from 0.2 to 0.5 ym if unfolded. The nanosize of graphene made it
easier to be dispersed in coconut oil and it is exhibited in the TEM images that the graphene is well-dispersed in
the coconut oil.

The chemical structure of PCM composites was analysed with Fourier-transform infrared. It should be noted that
coconut oil contains fatty acids and it is expected that graphene addition would not affect the fatty acids and esters
in the coconut oil. Figure 4 exhibits similar peaks between pure coconut oil and the composites. The spectrum of
PCM samples displays specific absorption peaks at 2955 cm-! and 2850 cm-' which were caused by -CHs groups.
Other peaks were seen at 1742 cm-! caused by C=0 from fatty acids in coconut oil, and at 1153 cm-' and 1110
cm™' caused by vibrations from the C-O bond in the coconut oil. These results indicate that there is no chemical
reaction occurred between the coconut oil and graphene. Therefore, based on the TEM images and FTIR
spectroscopy that PCM from coconut oil with graphene forms a good compatibility.

500 nm

Figure 3: TEM images of composite PCM.
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Figure 4: FT-IR result.
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3.2. Thermal conductivity

The thermal conductivity of PCM composites and coconut oil PCM are presented in Figure 5 and Table 2. The
measurement was done under various temperature conditions to observe whether there is any effect on thermal
conductivity due to sedimentation and nanoparticle movement during solid phase at 5°C to 15°C and liquid phase
at 20°C to 25°C. The measurement temperatures were simulated using the circulating thermostatic bath.

The results showed a fluctuating increase due to sedimentation and agglomeration of graphene that only a few
fractions of graphene that were dispersed into coconut oil were scattered which slightly improving the thermal
conductivity. The highest increase was shown in 0.3 wt% mass fraction at 20°C where the thermal conductivity
obtained was 0.357 W m! °C-" or 69% from the coconut oil PCM. It can be seen as well that the results in liquid
state that occurred in 25°C showed smaller increase compared to the results in other conditions which can be
caused by the movements of graphene particles in liquid that made them unable to be scattered by the sensor. In
conclusion, graphene addition can be a solution to improve the thermal conductivity of coconut oil PCM. However,
continuous or excessive addition of graphene will not increase the thermal conductivity more effectively due to
particle sedimentation and movement.

—&— Thermal conductivity at 5 °C
—— Thermal conductivity at 10 °C
0.40 - —4A— Thermal conductivity at 15 °C
¥ Thermal conductivity at 20 °C
—— Thermal conductivity at 25 °C

0.32

0.24

Thermal conductivity (W/m°C)

T T T 1
0.0 0.2 04 0.6

Mass fraction (wt%)

Figure 5: Thermal conductivity of PCM samples in various temperatures.

Table 2: Thermal conductivity measurement results.

Thermal conductivity (W/m°C)

T(°C) Coconut oil + Coconut oil + Coconut oil + Coconut oil + Coconut oil +
Coconut oil Graphene 0.1 Graphene 0.2 Graphene 0.3 Graphene 0.4 Graphene 0.5
wt% wt% wt% wt% wt%
5 0.23 0.274 0.326 0.28 0.271 0.265
10 0.277 0.288 0.289 0.299 0.3 0.305
15 0.261 0.309 0.348 0.333 0.368 0.326
20 0.211 0.348 0.343 0.357 0.353 0.349
25 0.16 0.18 0.187 0.192 0.193 0.242

3.3. Thermal energy storage performance

DSC measurement was carried out to provide data for melting temperature, freezing temperature, latent heat and
heat capacity. The DSC curves displayed in Figure 6 shows that each curve has one peak for heating processes
and another one for cooling processes. In Table 3, it is shown that graphene addition gave a fluctuating result on
the melting temperature of coconut oil PCM but increased the freezing temperature although by varying increments.
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For latent heat of fusion is shown to be decreasing, except for 0.1 wt% sample in which the value raised to 150 J/g
but the latent heat of freezing for all samples were increased. These results can be explained by interfacial liquid
layering, Brownian movements, and particle clustering (Zabalegui, Lokapur and Lee, 2014).

Heat capacity was determined using Equation 1 and data from DSC measurement.
Equation 1: Heat capacity. AQ
mAT
Where:

- Cp = heat capacity of samples (J/°C)
- AQ = heat flow rate (J/s)

- m = sample mass (kg)

- AT = heating rate (°C/s)

Figure 7 displays the results of heat capacity calculations. It is seen that graphene addition increased the heat
capacity of coconut oil PCM during solid state. In liquid state also exhibited an increase of heat capacity, except
for 0.1 wt% which showed a decrease. In conclusion, it can be said that graphene can increase the heat per mass
unit needed to raise the temperature or in another words, the capacity of heat that can be stored during sensible
process.

Coconut oil + Graphene 0.5 wt%
Coconut oil + Graphene 0.4 wt%
Coconut oil + Graphene 0.3 wt%
Coconut oil + Graphene 0.2 wt%
Coconut oil + Graphene 0.1 wt%
Coconut Oil

Heat flow (mW)

Trrrrrrrrrrrrrrr1r-1r-r1r -1 r-r1r 1
25 -20 15 -10 -5 0 5 10 15 20 25 30 35 40 45
Temperature (°C)

Figure 6: DSC curves of coconut oil PCM and composite PCMs.
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Figure 7: Heat capacity of coconut oil PCM and composite PCMs during solid state (left) and liquid state (right).

Table 3: Thermal storage properties of coconut oil PCM and composite PCMs.

Heating Cooling
Sample
Tm (°C) Onset (°C) AH (J/g) Tf (°C) Onset (°C) AH (J/g)
Coconut oil 17.38 5.32 114.6 -8.4 -6.13 94.61
Coconut oil + Graphene
0.1 W% 17.49 4.89 150 -1.91 1.84 139.5
Coconut oil + Graphene
0.2 Wi% 17.39 4.56 103.1 2 6.02 98.71
Coconut oil + Graphene
0.3 wit% 17.29 4.35 102 -0.61 4.66 98.02
Coconut oil + Graphene
0.4 Wi% 16.65 2.72 103 -1.84 4.11 98.81
Coconut oil + Graphene
0.5 wt% 17.73 2.91 106 -3.18 1.37 100.7

3.4. Thermogravimetric analysis

TGA was carried out to investigate the thermal durability of composite PCMs. Based on the derivative weight curves
in Figure 8, all samples were degraded in one step. For coconut oil, the peak occurred at 411.39°C. From Table 4,
it is shown that composite PCMs exhibited higher peaks than that of coconut oil. The peak of composite PCM
increased by almost 10%. The thermal resistance properties that graphene brought to the PCM composites can
be explained by the barrier effect in which graphene played a role in preventing heat from extraneous surroundings
from being distributed in the PCM and impeding the evolution of volatile decomposition products (Pielichowska et
al., 2016). All degradation process occurred at above 400°C and thus, it can be concluded that the prepared PCMs
are thermally stable and resistant to thermal degradation in building temperature ranges.

Table 4: Peak of Derivative Weight of PCM samples.

Sample Peak of Derivative Weight (°C)
Coconut oil 411.39
Coconut oil + Graphene 0.1 wt% 452.33
Coconut oil + Graphene 0.2 wt% 441.5
Coconut oil + Graphene 0.3 wt% 444.00
Coconut oil + Graphene 0.4 wt% 410.67
Coconut oil + Graphene 0.5 wt% 445.00
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4. CONCLUSION

Coconut oil PCM loaded with various mass fractions of graphene were prepared through an ultrasonication process
to investigate the thermal properties of PCMs as a thermal energy storage alternative in order to overcome the
rising of energy demands. Through TEM analysis, graphene was shown to be well-dispersed in the coconut oil
PCM. Fatty acids and esters in the coconut oil as important compounds of organic PCMs were not reacted with
graphene, thus forming a good compatibility. Thermal conductivity measurement with KD2 Thermal Properties
Analyzer showed that graphene loading gave a fluctuating improvement to the thermal conductivity of PCM, where
the highest increase was shown in the measurement of 0.3 wt% sample in 20°C, by 69%. However, graphene
loading caused a reduction of latent heat and increased the heat capacity of PCM samples, which could be
explained by Brownian motion and interfacial liquid layering. According to the TGA curves, all samples exhibited
thermal durability at room temperature. Composite PCMs would experience thermal degradation at above 400°C.
Therefore, coconut oil as PCM with graphene loading can be considered as thermal energy storage in low
temperature, particularly building applications.
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Figure 8: TGA curves of samples.
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This study proposes a disruptive cooling technology that thermodynamically hybridises two different cooling
devices namely, a solid desiccant dehumidifier (SDD) and an indirect evaporative cooler (IEC) in order to enhance
the performance IEC for all-weather conditions. Unlike conventional rotary desiccant wheels, the solid desiccant
dehumidifier incorporates with desiccant coated heat exchangers to improve moisture removal capacity of
desiccant by cooling the adsorption heat of desiccant. The indirect evaporative cooler operates based on M-cycle,
which creates sensible cooling effect without the change of moisture level. In the proposed cooling system, the
sensible and latent of the air are to be de-coupled. The latent cooling load, which is 25 to 45% of the total cooling
load in most weather, is first removed by adsorption of vapour using desiccant coated heat exchangers. The
saturated adsorbent is then regenerated by using either low-temperature waste heat from industry and/or
renewable energy such as solar energy and geothermal energy. With the de-coupling of the latent cooling, the
remaining sensible cooling load is removed by the indirect evaporative process where water is evaporated by the
purged air from the dry channel, flowing over water-film surfaces in the wet channel. A numerical simulation has
been carried out so as to compare the performance of the cooling system in terms of cooling capacity and dew-
point effectiveness with a single IEC. The experimental data obtained from the previous research was employed
as the inlet conditions for IEC. Key results revealed that the proposed SDDIECproduced higher cooling capacity,
as well as higher dew-point effectiveness under the same operating conditions.

Keywords: desiccant coated heat exchanger; indirect evaporative cooler; de-coupled cooling load; dew-point
effectiveness; coefficient of performance
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1.  INTRODUCTION

Although the air conditioning system has transformed the lives of humans in terms of work efficiency in commercial,
residential and industrial buildings for all weather conditions, these improvements have, unfortunately, been
accompanied by negative effects, such as the emissions of greenhouse gases (GHG) such as CO2, either directly
via refrigerant emissions and indirectly through electricity generation by burning fossil fuels (Shahzad et al., 2017,
2018; ‘International Energy Agency, The future of Cooling’, 2018). Moreover, the global energy demand for space
cooling has been projected to triple in next three decades, requiring new electricity capacity equivalent to the sum
of the present capacities of U.S., Europe and Japan combined. Of the 2.8 billion people living today in the hotter
and humid regions of the world, only 8 to 10% currently possess air conditioning (AC) units. As the annual income
and living standards improve in these developing countries, with higher cooling degree days (CDD), the demand
for AC is expected to rise sharply. Consequently, the share of AC consumption to the total electricity generation of
affected countries will eventually emerge as the second-largest consumer of global electricity, after the normally
expected industrial sector, by 2050 (Izquierdo et al., 2011; La et al., 2012; Waite et al., 2017; ‘International Energy
Agency, The future of Cooling’, 2018).

Recently, there are research groups working in the improvement solutions for efficiency improvement of air-
conditioning system (Disawas and Wongwises, 2004; Minh, Hewitt and Eames, 2006; Qureshi and Zubair, 2013;
Park et al., 2015; Lee et al., 2016; Choi et al., 2017). However, they have managed only marginal reduction in the
kWI/RT for cooling because the solutions were mostly based on the conventional cooling cycles. The treatment of
outdoor moist air is commonly performed in fin-tube heat exchangers or simply known as the air-handling units
(AHUs), usually are supplied with chilled water (a cooling medium):- Both the latent and sensible cooling of return
air are treated simultaneously at the AHUs which is circulated with chilled water at 5.5 to 6°C. The low chilled water
temperature is needed so that moist air flowing adjacent to the fin surfaces attains a dew-point temperature for
vapour molecules to condense. In such a space cooling method, the treatment of the moist and return air can be
performed at a finite rate but at the expense of high electricity consumption of around 0.85 to 1.2 kW/RT. Any
improvement in either the refrigerant compressors (piston-cylinders, scrolls, screws, and roto-dynamic blades) as
well as the heat exchangers or the refrigerants can only yield a marginal reduction in the kW/RT of less than 5%.
The main reason for the lack of improvement in cooling efficiency is that these technologies have reached their
physical limits constrained by the processes, materials and thermodynamic design of cycles

In this paper, we proposes a disruptive cooling technology that thermodynamically hybridises two different cooling
devices namely, a solid desiccant dehumidifier (SDD) and an indirect evaporative cooler (IEC) in order to enhance
the performance IEC for all-weather conditions. A numerical simulation has been carried out so as to compare the
performance of the proposed cooling system with a single IEC in terms of total cooling capacity and dew-point. The
experimental data obtained from the previous research was employed as the inlet conditions for IEC.

2. DESCRIPTION OF THE SOLID DESICCANT ENHANCED INDIRECT EVAPORATIVE COOLER

Figure 1 shows the representation of a solid desiccant enhanced indirect evaporative cooler (SDDIEC) for all
weather conditions and depicts its operational process on psychrometric chart. The underlying principle of SSDIEC
lies on the concept of decoupling technique where latent cooling load is handled separately from sensible cooling.
The latent cooling load, which accounts for 25 to 45% of the total cooling load in most weather conditions, is first
removed by adsorption of vapour using adsorbents such as silica gel (process 1- 2). The saturated adsorbent is
then regenerated by using either low temperature waste heat from exhaust of processes in industry or renewables
such as solar energy and geothermal energy. As a consequence of decoupling of the latent cooling, the remaining
sensible cooling load is removed by IEC where water is evaporated by air flowing over water film surfaces (2-1). A
single IEC comprises two air channels and three air streams, namely, the supply air that is dehumidified by SDD,
the working air that flows in the wet channel, and the product air that is cooled down by the working air. The thin
impervious membranes with high orthogonal heat transfer is employed to demarcate wet and dry channels, causing
decrease in its dry-bulb air temperature. The air stream in the dry channel exchanges its heat with the interface of
the cooled impervious membranes, causing decrease in its temperature while keeping humidity level constant due
to the dry channel flow. As the performance of the system is depending upon the evaporating potential of the
purged dry air that is flowing over the moist felt, the air must contain lower moisture content for better performance.
For the most countries, however, the outdoor air is always humid in summer season, reaching its saturating limit
in certain time of the day. The IEC alone cannot perform properly and therefore, the SDD system is introduced
prior to the IEC in order to remove the moisture content of the outdoor air.
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Figure 1: The conceptual design of the solid desiccant enhanced indirect evaporative cooler (a) and its psychrometric process (b)

3. NUMERICAL MODEL FOR IEC

The mathematical model was established to examine the performance of the counter-flow indirect evaporative
cooler (IEC) with pre-conditioned process air. The differential control volume consists of half the height of the dry
and wet channels, the separating plate, and the water film. To simplify the heat and mass transfer processes, the
following assumptions were made:

(1) The air streams in both the dry and wet channels are at steady state for the heat and mass transfer analysis.
(2) Air flow is laminar and fully developed, and heat and mass transfer coefficients are constant.

(3) Heat losses to the surroundings are negligible (adiabatic condition).

(4) The wet surfaces are saturated locally with the water film.

(5) The air velocity and temperature distributions are 1-D with respect to its axial direction.

The dry air channel involves sensible cooling by forced convective heat transfer, leading the change of the enthalpy
of the supply air flowing through the channel. The energy balance of air flowing in the dry channel is given by

2
Equation 1: The energy balance of air flowing in the dry Kk d Taa = 1w 1ho. C dea + E(T -T )
channel. a dx? — “da da*p,a dx H da 14
Where:

- Cpa = specific heat of air-water vapour mixture and it is defined as

Equation 2: The specific heat of air-water vapour C

=c,, t wC
mixture. pa p.a DV

The first term on the left-hand side of Equation (1) represents the longitudinal heat conduction in the air. The second
term denotes the energy variation due to the bulk airflow in the longitudinal direction. The term on the right-hand
side of equation indicates the convective heat transfer between the air and the plate surface. As both sensible and
latent cooling effects are involved in the wet channel, heat and mass transfer mechanisms are considered between
the air and water film layer, and it is given as follows

183



dcT, dT, h
= ~UwaPwaCpwa d‘;,a + ﬁw (Twa - Tf)

hmp
+ dea [“)sat (Tf) - wv]cp,v(Twa

The mass transfer takes place only at the wetted surface, powered by the driving force of vapour partial pressure
difference, and its mass exchange is written as

Equation 3: The energy balance of air flowing in the wet k
channel. a dx2

Equation 4: The mass balance of water vapour in the pdaDVdZ Wy dw, +h H (T )
i _— = N w
wet channel. dx? Pdalwa dx m Hpaq ( vsat \'f
—w,)

whilst the energy balances for the water film and the impervious layer are given as

a2t hw (Twa =T Tp—T
Equation 5: The energy balance of water film. £ 2f =— wl ‘:;a 0 — k¢ L 52 s +
x f
hrghmpaalwsat(Tf)-]
8¢
d?T, ha(Taq—Tp) Tp—Tf
Equation 6: The energy balance of impervious layer. kp o 5 - kp Py
x P b

In this study, we compared the performance of SDIEC with IEC in terms of total cooling capacity of product air and
dew-point effectiveness, which can be calculated by the following formulas:

Equation 7: The total cooling capacity of product air. Qt = rhsa [iin (Tda,in' (Uin) - iout (Tda,out; (Um)

_ Tda,in_Tsa

Equation 8: Dew-point effectiveness. €dp = Taoin—TanTamin)
ain P a,in

where the enthalpy of moist air is determined by both the dry air and the water vapour,

Equation 9: The enthalpy of moist air. =1+ wi, = ¢pq Tag + 0(CppTaa + o)

g, is the mass flow rate of the supply air, which is determined by the purge ratio. my, is the mass flow rate of the
air flowing in the dry channel (primary air), which is the sum of the mass flow of working air and the supply air.

Table 1 shows the experimental results of the solid desiccant dehumidifier (SDD) that was investigated for its
performance in the previous research (Oh et al., 2017). For IEC, Tin and win are applied for the inlet condition while
for SDIEC, Tout and wout are applied for its inlet condition.

Table 1: Experimental results of the solid desiccant dehumidification system (Oh et al., 2017).

Tin[°C] Win[Gvapour/ KQGary air] (YoRH) Tou[°C] Wout| Gvapour/KGary air] (% RH)
30 17.3(65%) 31.7 11.4(39%)
30 20.0(75%) 31.9 12.4(42%)
30 21.4(80%) 322 13.2(44%)
34 27.1(80%) 36.4 15.9(42%)
28 19.0(80%) 30.1 11.2(42%)

The mesh grid size is set at 1.0 mm when solving the differential equations. For instance, 1.0 m channel has 1000
cell elements. The governing equations (from Equation (1) to Equation (6)) are solved using the solver (bvp4c) for
coupled-nonlinear ordinary differential equations in MATLAB environment.
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4. RESULTS AND DISCUSSIONS

Based on the mathematical models, comparative analyses were carried out to identify the differences between the
IEC and SDIEC. The SDIEC comprises of a solid desiccant dehumidifier (SDD) and a counter-flow indirect
evaporative cooler (IEC). Unlike the IEC, moist air gets dehumidified as it flows through SDD. The dehumidified air
then enters the IEC for sensible cooling. Figure 2 depicts the temperature profiles of the product air and the working
air for both systems under different inlet air conditions. The red dotted line is the product air in the dry channel of
IEC and the blue dotted line indicates the corresponding working air along the wet channel. Whereas the red solid
line is the product air in the dry channel of SDDIEC and the blue solid line indicates the corresponding working air.
It is clearly observed that SDDIEC produces the product air of lower temperature than IEC for all the inlet air
conditions although the inlet air temperature is slightly higher. This is because the dehumidified air has more
potential for water film to evaporate to the working air in the wet channel. In the case of SDDIEC, the lowest
temperature was observed to be 18.4°C when the inlet temperature was 28°C and the inlet humidity ratio was
19g/kg. The inlet humidity ratio dropped up to 11.2 g/kg after the solid descant dehumidifier. On the other hand,
the largest temperature drop of 11.3 K was achieved when the inlet temperature was 30°C and the inlet humidity
was 20g/Kg, where the humidity ratio dropped to 12.4g/kg though the SDD.
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Figure 2: Comparisons of temperature between IEC and SDDIEC under different inlet air conditions: (a)Tin=30°C and win=17.3
g/kg, (b)Tin=30°C and win =20.0 g/kg, (c)Tin=30°C and win =21.4 g/kg, (d)Tin=34°C and win =27.1 g/kg, (e) Tin=28°C and win=19.0
o/
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Figure 3 shows the cooling capacity and the dew-point efficiency of both systems under different air conditions. It
is observed that the total cooling capacities of SDIEC are superior to those of IEC for all the air conditions. The
maximum cooling capacity of SDIEC was observed to be 46.9W under the inlet air temperature of 34°C and the
inlet omega of 27.1g/kg, which is 10.6 times higher than IEC. It can be seen that the dew-point effectiveness of
SDDIEC goes beyond 1.0 while those of IEC maintain below 1.0. This is mainly attributed to the dehumidification
effect of SDD. The dew-point temperature depends on the humidity ratio, and it is considered the lowest allowable
temperature under the inlet air condition. In SDDIEC, however, the humidity ratio gradually drops during
dehumidification process of SDD. Hence, the lowest allowable temperature drops and the dew-point effectiveness
increases above 1.0.
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Figure 2: Comparisons of total cooling capacity and dew-point effectiveness between IEC and SDDIEC under different
conditions: (a) Tn=30°C and win=17.3 g/kg, (b)Tin=30°C and win =20.0 g/kg, (c) Tin=30°C and win =21.4 g/kg, (d) Tin=34°C and win
=27.1 g/kg, (e)Tin=28°C and win=19.0 g/

5. CONCLUSION

In this paper, we proposes a disruptive cooling technology that thermodynamically hybridises two different cooling
devices namely, a solid desiccant dehumidifier (SDD) and an indirect evaporative cooler (IEC) in order to enhance
the performance IEC for all-weather conditions. A numerical simulation has been carried out so as to compare the
performance of the proposed cooling system with a single IEC in terms of total cooling capacity and dew-point. The
experimental data obtained from the previous research was employed as the inlet conditions for IEC. . The key
findings from this study include:

(1) SDDIEC produces the product air of lower temperature than IEC for all the inlet air conditions although the
inlet air temperature is slightly higher. This is because the dehumidified air has more potential for water film
to evaporate to the working air in the wet channel.

(2) Inthe case of SDDIEC, the lowest temperature was observed to be 18.4°C when the inlet temperature was
28°C and the inlet humidity ratio was 19g/kg. The inlet humidity ratio dropped up to 11.2 g/kg after the solid
descant dehumidifier. On the other hand, the largest temperature drop of 11.3 K was achieved when the
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inlet temperature was 30°C and the inlet humidity was 20g/Kg, where the humidity ratio dropped to 12.4g/kg
though the SDD.

(3) The total cooling capacities of SDIEC are superior to those of IEC for all the air conditions. The maximum
cooling capacity of SDIEC was observed to be 46.9W under the inlet air temperature of 34°C and the inlet
omega of 27.1g/kg, which is 10.6 times higher than IEC.

(4) The dew-point effectiveness of SDDIEC goes beyond 1.0 while those of IEC maintain below 1.0. This is
mainly attributed to the dehumidification effect of SDD. The dew-point temperature depends on the humidity
ratio, and it is considered the lowest allowable temperature under the inlet air condition. In SDDIEC,
however, the humidity ratio gradually drops during dehumidification process of SDD. Hence, the lowest
allowable temperature drops and the dew-point effectiveness increases above 1.0.
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Nowadays, wearable devices are increasingly worn by people which they provide a good opportunity to use such
devices to improve indoor thermal environment control. This paper proposed an energy-efficient control method for
the indoor thermal environment by occupants positioning and comfort range recognition using a smart bracelet.
The smart bracelet measures people’s skin temperatures continuously, which is used to on-line learn room
occupants’ thermal comfort ranges and recognise the thermal comfort states. The smart bracelet is also used to
identify the trajectory and position of an object by the value of acceleration data provided by the inertial sensor.
Then the positioning information and thermal comfort state information are used to achieve locally personalised
thermal environment control, which could be both energy efficient and thermally comfortable. Experiments were
conducted to verify the performance of the proposed control method. Experiment results show that the proposed
control method has advantages in reducing user’s complaints of thermal discomfort and consumes 12.6% less
energy than the traditional control method of giving temperature set-points by room occupants.

Keywords: Indoor thermal environment control; skin temperature; thermal comfort; positioning; energy saving
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1.  INTRODUCTION

There is a great need to reduce energy used for indoor thermal environment control whilst improving indoor
environmental comfort levels. Many papers have focussed on thermal comfort, but very few of them study the
personalised and localised control strategy of thermal environment. If the indoor thermal environment can be
controlled locally according to personalised thermal sensation and occupant positioning instead of generalised
space heating/cooling, energy consumption for space heating/cooling might be reduced.

Therefore we propose a control method based on thermal sensation prediction using temperature measured by a
smart bracelet. Firstly, the positioning methods are investigated and the positioning technologies suitable for indoor
thermal environment control are determined. Secondly, in order to verify that the proposed control method has the
advantages in reducing user’s thermal discomfort complaints and having better energy efficiency, comparison
experiments were conducted between the proposed control method and the control method based on thermal
sensation expression. The indoor thermal environment control method based on thermal sensation expression has
more advantages in decreasing energy consumption than the traditional set-point-based control method (Wang et
al. 2015). By combining thermal sensation prediction with positioning system, the indoor thermal environment can
be controlled individually, locally, more comfortable, and more energy efficiently.

2. METHODOLOGY
2.1. Methodology of the positioning

There are many indoor positioning methods, which are used in different scenarios. The algorithms of positioning
are investigated to find out the positioning algorithms suitable for indoor thermal environment control.

1). Cell of Origin (COQ) / Proximity Detection / Connectivity Based Positioning:
Simple positioning method for applications with low accuracy requirements. Examples include sensors that detect
physical contact, automatic identification systems and mobile wireless positioning systems.

2). Centroid Determination:

Determination of Centroid location involves consideration of multiple beacon positions within the detection range
and simple positioning of the beacon at the Centroid, or determine the position of the weighted center of mass,
where the weight is set according to the RSSI value, distance or uncertainty of each beacon.

3). Lateration/Trilateration/Multilateration:
All three terms refer to location determination of distance measurement. Usually 2D / 3D position is obtained by
redundant calculation from the distance measurement of two or more nearby nodes.

4). Polar Point Method/Range-Bearing Positioning:

The Polar Point Method uses the distance and Angle measurements of the same station to determine the
coordinates of nearby stations. This method is useful because it only needs to be measured from a station
(assuming the direction is also known). Pole location can be conveniently determined for geodetic survey.

5). Fingerprinting (FP)/Scene Analysis/Pattern Matching:

The standard number of fingerprint libraries (FP) is radio frequency RSSI, but FP can also be used for acoustic
processing through the visual aspect of sound or image. Fingerprints usually consist of two phases. First is the
off-line calibration phase, which empirically sets or analyses the calculation to establish the fingerprint. The former
is to accept a series of signal points from fixed stations and input them into the database; the second stage is the
operation stage, the current point to be measured in the database to find the best matching point. In the second
case the analytical model generation is used to avoid precise calibration measurements. Therefore, the signal
propagation model can be used to calculate the signal strength reference value.

6). Dead reckoning:
The main sensor is inertial navigation. The precise position can be inferred by the method of position prediction,
but it is susceptible to subtle errors and the error will accumulate over time (Foxlin 2005, Yang et al 2017).

7). Map Matching (MM):

A Map Matching algorithm (also known as Map Measurement) combines current location data with spatial map
data to identify the correct link on which a pedestrian (or vehicle) is traveling, while improving position accuracy.
The use of maps is an economical option for installing additional hardware. MM technology includes topology
analysis, pattern recognition or hierarchical fuzzy reasoning algorithm and other advanced technology.
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The commonly indoor positioning technology which is the integration of mapping technology and information
technology using in daily life. The upper mentioned positioning methods can be divided into two categories (Trany
et al, 2019). First, Infrastructure-based: The positioning sources provide sufficient positioning accuracy for common
applications when network devices are pre-installed in buildings, such as Pseudolite, WIFI, RFID, UWB (Ultra-Wide
Band), Infrared, Ultrasonic, LIF| (Light Fidelity), Bluetooth, etc. Second, Infrastructure-free: Requires no external
facility support with the advantages of autonomy, such as Computer vision, IMU (Inertial Measurement Unit),
magnetic and so on.

In addition, with the rapid development of Micro-electromechanical Systems (MEMS) technology, a variety of
sensors (such as gyroscopes, accelerometers, magnetometers and barometers, etc.) are constantly reduced in
size and cost, so they are widely used in various types of mobile intelligent terminal equipment. However, since it
is not easy to accurately obtain the pedestrian step size and heading information in the PDR (Pedestrian Dead
Reckoning) algorithm, and the current position calculation is dependent on the historical position information of the
target, the positioning result will contain cumulative error, resulting in poor positioning accuracy over a long period
of time (Wang and Liu 2015). The Bluetooth Low Energy (BLE) fingerprint positioning technology has the
advantages of low power consumption, low cost, long-term high precision, etc., but the Received Signal Strength
Indicator (RSSI) jitter caused by multi-path interference will seriously affect the accuracy of BLE fingerprint
positioning (Lee and Min 2017). At the same time, due to the small coverage of a single BLE anchor, the adaptability
of the system is not strong.

As a summary, the precision, stability, cost and difficulty of indoor positioning methods former mentioned are
compared by Table 1. The advantages and disadvantages of indoor positioning methods are listed in Table 2.

By comparing the positioning methods available, the smart bracelet is selected to make a positioning system and
combine with the air conditioning control system to achieve personalised indoor thermal comfort control. According
to the existing technology products, we use Bluetooth and MENS algorithm to realise. First, based on the algorithm
of positioning using smart bracelet, personal location can be recognised. Second, personalised thermal comfort
range of each individual can be identified using on-learning algorithm. Third, the test bed is constructed using the
positioning and personalised thermal comfort control algorithm and experiments are conducted to verify the
performances of the developed control system. The following sections introduce the personalised thermal comfort
control algorithm and experiment results.

Table 1: Comparison of indoor positioning method

Precision Stability Cost Difficulty

Pseudolite cm medium high medium
WiFi Fingerprint-3m medium low low
RFID 5m medium medium low
uwB 15cm High penetrating power high high

Infrared 5m low high medium
Ultrasonic cm medium medium low

LiFi cm medium low medium
Bluetooth Fingerprint-2m medium low low
Computer vision camera way-cm/others-m medium disturb by light high high

IMU Depending on the device high low medium
magnetic 2m disturb by environment low high
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Table 2: Comparison of indoor positioning advantage and disadvantage

Advantage

Disadvantage

Recognise identity

Influence the effectiveness of positioning

WiFi No addltlon_al eqmpmept Users may cause error recognition when they join other WIFI
Low cost, simple algorithm
RFID Fast communlcqtlon rate No communication with other equipment
Small antenna size
Low transmit power Interfere with other communication systems
UuwB ) . oo ;
Strong penetration ability Construction is complex and expensive
The recognition method is Transmission distance is short
Infrared . o
simple and accurate Penetration is very poor
LiFi High speed Easily distracted by lights
Low power consumption. Not stable
Bluetooth Popular Greatly disturbed by the noise signal.
Multiple cameras are needed from all angles
Computer Identity can be recognised High cost
vision high accuracy Privacy issues
Large amount of graphics computation
IMU Location is not influenced by Used as an auxiliary

signal intensity. Motion can influence the accuracy of calculation.

2.2, Methodology of thermal sensation prediction control

After the room occupant’s location is identified by the positioning method former mentioned, the next step is to

control the local thermal environment where the occupant locates to achieve personalised thermal comfort. The
personalised thermal environment control is achieved based on the predicted thermal sensation, which is
recognised by the temperature of skin through a smart bracelet with a temperature sensor. The reason why using
the bracelet as the temperature measurement method is that it is easily available and easy to combine with control
system. Accordingly, the indoor environment control system measured by smart bracelet is developed, including
the following steps:

1) Set the initial value of comfortable skin temperature comfort range according to literature recommendation.

2) Occupants wear their own smart wristband to measure the skin temperature, and then do the ordinary work in
the room.

3) The computer keeps collecting the data of the occupants’ skin temperature, and occupants can submit their
hot/cold thermal complaints through their own Human Machine Interface (HMI), e.g., an APP on their smartphone,
when they feel thermally uncomfortable.

4) Each occupant’s comfortable skin temperature range can be updated through on-line learning algorithm.

5) According to real-time measure of skin temperature and one’s comfortable skin temperature range, a fuzzy
control logic is used to predict each occupant’s thermal state.

6) Determine the thermal state of each occupant and decide the thermal state of group occupant.

7) Adjust the indoor air temperature and set point according to the group thermal state.

8) Use the Proportional-Integral-Differential (PID) controller to tune the room temperature by changing the output
of air-conditioners.

Regarding the space with multiple occupants, the space temperature setting is decided according to the
intersection of the comfort ranges of all occupants. If there is no intersection of all the comfort ranges, the
intersection of the major comfort ranges is used.

3. EXPERIMENT

The comparison experiment of the control based on the thermal sensation prediction control method using the
temperature measured by smart bracelet and the control based on thermal sensation expression (Wang et al.
2017) are carried out according to the experimental procedure shown in Figure 1 and Figure 2 respectively. During
the experiment, three subjects entered the experimental room, started normal office activities, and complained
when they felt cold or hot with the HMI on the smart phones.

The difference between the two experiments is whether the subjects had the smart bracelet or not. The duration of
each experimental unit was 4 hours and in total 10 experiments were conducted for one subject group. After each
experiment unit, each subject was required to fill in a questionnaire to evaluation the thermal sensation, thermal
comfort level, and satisfaction level during the experiment.
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Figure 1: Experiment procedure of control based on thermal sensation prediction using smart bracelet
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Figure 2: Experiment procedure of control based on thermal sensation expression

Two groups of six subjects from the students of Tsinghua University were recruited to conduct the comparative
experiment. Their basic information is showed in Table 3. The experiment subjects are discussed below.

Table 3: Basic Information of Subjects for Experiment

Subject No. Gender Age Height/cm Weight/kg Years in Beijing/year
1 Female 22 175 70 >3
2 Female 22 155 46 >3
3 Male 21 180 65 >3
4 Female 19 160 45 1-3
5 Female 21 158 55 1-3
6 Male 18 180 80 <1

Thermal sensation prediction

The typical experiment results of one experiment unit of the control based on the thermal sensation prediction

using the temperature measured by smart bracelet is shown in Figure 3.
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Figure 3: Typical experiment results of one experiment unit of the control based on the thermal sensation prediction

Thermal sensation expression

The typical experiment results of one experiment unit of the control based on the thermal sensation express
through HMI is shown in Figure 4.
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Figure 4: Typical experiment results of one experiment unit of the control based on the thermal sensation express through HMI

Comparison of energy consumption between the two control methods

The main energy consumption for indoor thermal environment control is related to the air conditioning system.
Therefore, the energy consumptions of the two indoor thermal environment control methods are compared by the
following equations.

Equation 1: Energy consumption of air-conditioning system. P = Prating X RE(tin, tout)
Where:
Prating: Rated power consumption of air-conditioning system, kW
RE (tin, toyr): Relative power consumption to rated power consumption at the indoor temperature t;, and

outdoor temperature t,,,; , kW
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The relative power consumption to rated power consumption at the indoor temperature t;,, and outdoor temperature
t,u: is fitted using the air-conditioner’s specification data. The fitted relative power consumption is shown in
Equation 2.

Equation 2: Relative power consumption to rated power consumption. RE = (0.0113t;,, + 0.0965) x (0.0409¢,,, + 1.1042)

Using the upper mentioned equations, the calculated energy consumption of the control based on thermal
sensation prediction is slightly lower than the power consumption of the control based on thermal sensation
expression. The power consumption of the air conditioning system based on the thermal sensation prediction is
1.6% lower than the air conditioner system based on the thermal sensation expression control. The former study
has showed the control based on thermal sensation expression can save energy consumption by 11% compared
with the traditional control method based on the set point given by room occupants (Wang et al 2015). Therefore,
compared with the traditional control method, the proposed control method can save energy by 12.6%.

Discussion

The results described upper is based on the experiment results of 6 subjects. The subject number is not large
enough to prove the results are statistically reliable. The experiments are undergoing. Further results will be added
in the future experiments.

4. CONCLUSION

Among all the indoor positioning methods, BLE also known as beacon positioning can achieve the accuracy of 2
meters. Therefore, occupants’ location information provided by a smart bracelet with BLE is very suitable for the
enhanced air-conditioning system control. However, BLE signals are not always available or dramatically
decreased by exist mental decoration material. If MEMS inertial sensors are fused with BLE, the positioning
information will still satisfy the requirement in a short time when BLE signals are abnormal. Thermal sensation
prediction system combines Bluetooth with MEMS position system in the smart bracelet is the new innovation in
air-conditioner control method to achieve energy-efficient thermal environment. Comparison experiment show that
the control based on personalised thermal comfort prediction can save 12.6% of energy consumption compared
with the traditional control method based on the set point given by room occupants. These preliminary results
proved that the control based on personalised thermal comfort prediction is the key to save energy in the field of
indoor thermal environment control and achieve better comfort and satisfaction of room occupants.
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Calcium carbonate demonstrates huge potential to be a part of thermal storage applications. Its decarbonation at
high temperatures makes it favourite for integration in concentrated solar power plants for their smooth operation.
In this paper, silicon dioxide (SiO2z) has been doped into CaCO:s at different loadings and the thermal energy density
of all the samples was determined. Afterwards the effect of dopant on the heat storage process and heat storage
efficiency of the developed thermochemical composite were investigated. The enthalpy of reaction and the specific
heat capacity were analysed in order to predict the heat storage capacity. Cyclic tests were performed to determine
the reusability of the material. The samples were tested non-isothermally at different heating rates to get the
thermogravimetric data for analysis. It was found that the loading of dopant helped to increase the rate of
decarbonation reaction, thereby making the heat storage process efficient as compared with pure CaCOs3. It was
observed that the large quantity (15% and 30%) of dopant had introduced a new phase of CasSiOs during the
decomposition of CaCOg. In addition, volumetric as well as gravimetric energy storage densities decreased with
the increase in amount of dopant.

Keywords: thermochemical heat storage; catalysis; non-isothermal methods

196



1. INTRODUCTION

One of the major applications of thermal energy storage (TES) systems is to regulate the intermittent operation of
renewable energy systems. The currently known TES systems are thermochemical, sensible and latent (Gil,
Medrano et al., 2010; Medrano, Gil et al., 2010). However, two TES systems (sensible and latent) have a common
drawback that they cannot be installed in applications where long-term (seasonal) energy storage is required (Pan
and Zhao, 2017). Furthermore, latent and sensible heat storage systems have lower energy storage density as
compared to thermochemical system. For example, the heat storage density of latent systems ranges in between
100-500 kJ/kg, whereas for a thermochemical system, it is between 1000-3000 kJ/kg. Therefore, thermochemical
heat storage systems are emerging across the globe due to higher energy storage density of materials and long-
term (seasonal) storage capacity. Nevertheless, technologically thermochemical systems are less mature and their
system design is complex (Ervin, Chung et al., 1974; Tamme, 2011).

Thermochemical systems require a chemical material for storing and extracting heat. Yan et al. (2015) described
many criteria for choosing a suitable material, as for instance: (1) Reactions with high reversibility, moderate
temperature, no by-products and high enthalpy. (2) Easily separable and stable reaction products for storing
purposes. (3) Products and reactants should be non-explosive, non-toxic, non-flammable and non-corrosive. (4)
Material should be cheap and abundant. The commonly known high temperature reaction pairs for thermochemical
systems are MgH2/Mg, CaO/CaCOs, CoO/Co304, Ca(OH)2/Ca0, NHs/H2 and CHa4 (Chen, Jin et al., 2018). From
the previously mentioned reaction pairs, calcium hydro-oxide and calcium carbonate are preferred because they
are economical, readily available and highly safe. Moreover, no by-products are formed during the reaction, and
their energy storage densities are comparatively higher than the rest of the mentioned materials as for Ca(OH)2
and CaCOs it is 0.39 and 0.49 kWh/kg, respectively (Pardo, Deydier et al., 2014). As CaCO3/CaO pair requires a
high reaction temperature (890 °C); so it can be employed in high temperature applications like concentrated solar
power plants. CaCOs has shown many preferences, its reaction enthalpy is high (177.8 kJ/mol); it produces
gaseous COz and powdered CaO which is normally stable at room temperature; furthermore, the heat energy can
be stored for a long time (Ervin, 1977). The chemical equation for the reaction is as follows.

Equation 1: Chemical equation of CaCOs CaCO5 + 177.8 kJ /mol < CaO + CO,

Carbonation and decarbonation processes of CaCOs are crucial for its use in thermochemical systems. Many
investigations have been performed to improve the system by focusing on those factors that affect the reactivity,
such as residence time (Perejon, Miranda-Pizarro et al,. 2016), particle size (N'Tsoukpoe, Restuccia et al., 2014),
temperature (Lee, Jang et al., 2012) and atmosphere (Duelli, Charitos et al., 2015). Additionally, for performance
improvement inert materials were introduced to parent material in order to increase the reactivity of solid particles.
For example, an inert material SiO2 was doped in CaCOs that affected the decomposition reaction mechanism of
the material. This process followed the one-dimensional diffusion model instead of contracting sphere model (in
case of pure CaCOs); and as a result activation energy was reduced from 187 kJ/mol to 155 kJ/mol (Shui, Yue et
al., 2002). Since silica is a heat receptor and its particles create defects in the crystalline morphology of CaCOes. In
another study, SiO2 was coated on CaCOs with different weight percentages (0.25%, 1% and 2%). Results showed
that lower percentages (0.25% and 1%) caused a decrease in the activation energy of the material. However,
higher percentages caused an increase in activation energy because silica particles prohibit the diffusion of CO2
(Kumar, Maiti et al., 2016). It was reported elsewhere that doping of SiO2 with more than 5% can cause an increase
in activation energy, while 5% was suggested as the optimal loading of SiO2 because this helped to decrease the
activation energy by 40 kJ/mol (Chen, Jin et al., 2018). While for facilitating the calcination at moderate
temperatures and lower pressures of CO2, CaCOsz was thermally pre-treated and coated with nano-silica which
consequently aided to avoid the sintering of CaO particles (Valverde, Barea-Lopez et al., 2017). On the other hand,
Coating CaCOs with AIOOH changed the decarbonation mechanism to one-dimensional (D1) model from
contracting area (R2) and the activation energy condensed to 90 kJ/mol (Jin, Yu et al., 2009). Doping CeO2in CaO
helped in achieving the faster carbonation of CaO and the activation energy reduced to 40 kd/mol from 107 kJ/mol
(Yanase, Maeda et al., 2017).

In addition to all above-mentioned parameters, a reaction pair is required to withstand a number of cycles of
synthesis and decomposition reactions before it can be used in an actual system. Barker (Barker, 1973) performed
40 cycles of decomposition and carbonation on CaCOs3; at 866°C and reported that decomposition to CaO was
complete but the reactivity of CaO with CO2 decreased after each cycle. Hydration technique was applied on CaCO3
to increase its reversibility, which resulted in an improvement of 35-40% than the unhydrated CaCOs. Nevertheless,
the conditions to achieve this process are hindrance in its industrial applications that are low temperature and high
pressure (Erans, Manovic et al., 2016). A much better technique was introduced by researchers through doping of
TiO2 (Wang, Zhu et al.,, 2013) and Li2SO4 (Lu and Wu, 2016) in CaCQOs to increase its cyclic stability at high
temperatures, the dopants prevented the sintering of CaO particles at high temperature and allowed it to react with
more CO:. Different forms of CaCOs e.g. dolomite, limestone and marble were studied and it was found that
reactivity of CaO produced by dolomite did not decrease because of the presence of MgO that acted as inert
material and helped CO: to diffuse more into smaller pores and react with more CaO particles (Benitez-Guerrero,
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Sarrion et al., 2017). It was observed in another study that the sintering of CaO particles can be avoided by adding
CasAL0s during carbonation reaction and CO2 can react more with CaO particles by diffusion (Jing, Li etal., 2017).
Chen et al. (Chen, Zhang et al., 2016) achieved storage conversion of 0.79 over 50 cycles for a CaO to MgO ratio
of 10:1 and storage conversion was 0.76 for CaO to MnO2 ratio of 50:1. Therefore, it can be deduced that to
enhance the cyclic stability and reversibility of CaCO3/CaO reaction pair, doping of inert material is a possible and
applicable option.

In most of the studies presented above researchers attempted different methods to increase the reversibility of the
reaction by increasing the diffusion of CO2 and decreasing the sintering of CaO particles. The focus was to maintain
the cyclic stability of the material at high temperatures for use in practical applications by inserting inert materials
such as SiO2, AIOOH, CeOz, CasAlOs, TiO2, Li2SO4 and MgO. Chen et al. (Chen, Jin et al., 2018) has studied the
effect of SiO2 doping on thermodynamic properties of the CaCOs. The studies using SiO2 as dopant have not
determined the thermal energy densities (volumetric and gravimetric) (Shui, Yue et al., 2002; Valverde, Perejon et
al., 2012; Kumar, Maiti et al., 2016; Valverde, Barea-Lépez et al., 2017; Chen, Jin et al., 2018). The studies were
conducted by doping with small amounts of dopants and an optimal amount has been suggested. According to
reference (Wang, Lee et al., 2008) SiO2 and CaCOs can react with each other at 800°C. In this study, we have
analysed the effect of large amount of dopant on the heat storage properties of material. It was observed that
whether any other phase appeared after the addition of large amount of dopant or not. Heat storage efficiency as
well as heat storage capacity of the materials was studied. The durability of the material was examined by
performing repeated cycles of tests. Additionally, volumetric and gravimetric thermal energy densities of all the
prepared samples are determined.

2. MATERIALS AND METHODOLOGY
2.1. Materials

CaCOs and SiO2 (99.5% purity with particle size of 15 nm) were purchased from Sinopharm Chemical Reagent
Company Limited and Aladdin Industrial Corporation, respectively. The proximate analysis of CaCOs is listed in
Table 1. For the preparation of SiO2/CaCOs thermal composite three different concentrations of SiO2 (5%, 15%
and 30%) were employed. Both pure and doped (by silicon dioxide) samples of calcium carbonate were analysed
through simultaneous temperature analyser (STA8000 of PerkinElmer). At first, the required amount of CaCO3s was
dissolved in water (30 ml) followed by addition of SiOz, the temperature of solution was maintained at 60°C for 15
min under constant mechanical stirring. Afterwards, the slurry was dried at 120°C for 5 hours and pulverised to get
a fine powder. The prepared powder samples were heated non-isothermally up to 900°C by using three different
heating rates of 5, 10 and 15°C/min, and 650°C was selected as the initial temperature because the decarbonation
starts after this temperature. After approaching the maximum temperature (900°C), the samples were heated
constantly for 10 min to allow complete decomposition of material. Argon gas with high purity (99.999%) was
introduced as purge gas and the flow rate was 50 ml/min.

Table 1: Content of impurities present in the commercial CaCOs.

Impurities in CaCO3 Quantity (%)
Chloride <0.002
Sulphate <0.01

Alkalinity(as OH-) <0.25
Heavy metals(as Pb) <0.001
Sodium <0.1
Magnesium <0.05
Potassium <0.005
Iron <0.001
Barium <0.02
Strontium <0.05
Substances insoluble in hydrochloric acid <0.01

2.2. Cyclic tests

All prepared samples were tested in STA to obtain cyclic stability analysis. The sample size was maintained
between 9.5+0.5 mg. During calcination process, samples were heated at a rate of 50°C/min in an inert atmosphere
of Argon gas (99.999%) at 800°C for 10 minutes. Carbonation process was carried out for 10 min in highly pure
carbon dioxide environment where samples were cooled down to 600°C at a rate of 50°C/min. The flow rates of Ar
and CO2 were 50 ml/min and 100 ml/min, respectively. After the completion of first cycle of decomposition and
synthesis of CaCOs3, the process was repeated by heating the samples from 600°C to 800°C for decarbonation and
the goal of 15 cycles was achieved in the same way.
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2.3. Thermodynamic properties

Specific heat capacity of the pure and SiO2 doped CaO and CaCO3 materials was determined using the differential
scanning calorimeter (DSC 8000 from the PerkinElmer). The weight of the samples was kept same (11.5+0.5) for
analysis. Pure samples and samples doped with 15% SiO2 were analysed and step-scan method was employed
to heat up the samples to 400°C from 50°C with the heating rate of 10°C/min. Nitrogen (99.999%) was used as
purge gas and the flow rate was set at 20 ml/min.

2.4, Morphology and crystal structure

The materials were analysed at room temperature for the identification of phases and crystalline structure using
XRD from Da Vinci modelled D8 ADVANCE. SEM analysis of the samples was performed by JSM-7800F that
helped to figure out the grain size, microstructure and surface morphology of the material. For more clarity about
the chemical composition of the prepared samples, infrared radiations were passed through the material using
Fourier Transform technique using NICOLET 6700 FT-IR by Thermo Scientific and the results are presented in
Figure 1.
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Figure 1: FT-IR analysis of all the prepared samples after mixing the materials

3. RESULTS AND DISCUSSION
3.1. Structural analysis

For better understanding the phases and crystal lattice of the pure and composite samples of CaCOgs, they were
analysed by adopting XRD. The samples were analysed before heating at decomposition temperature and the
diffraction patterns of all the SiO2 doped samples were in accordance with the pure CaCOs as presented in the
Figure 2a. The same was observed when XRD results were imported to the Jade 6.5 software and compared with
the peaks available in the software. The structural phases and the planes obtained from XRD were in accordance
with the JCPDS card number 05-0586. Hence, it was clear that all the peaks were in line with the pure phase this
indicated that no secondary phase appeared in the samples during the mixing process. Chen et al. (Chen, Jin et
al. 2018) used the ball milling method for mixing and did not find any other secondary phase after mixing. The
reflection planes of CaCOs doped with SiOz crystal phase are clearly indexed in Figure 2a. The SiO2 acted as a
heat receptor and helped to enhance the heat absorbing properties of the parent material by causing cracks in the
crystal lattice of the CaCOs.

XRD patterns of calcined samples are presented in Figure 2b. The clear decomposition of all the samples was
observed in the form of CaO (JCPDS card number 48-1467). Additionally, other minor secondary phase CasSiOs
(JCPDS card number 31-0301) was also observed in 15% and 30 % doped SiO2 samples, this is well matched with
Wang et al. (Wang and Lee 2009). Samples with the high amount of dopant depicted another phase (CasSiOs); the
new phase was stable and it does not affect the performance of the material. Even it helps in the reversibility of the
reaction at much lower temperatures (Wang, Lee et al. 2008, Wang and Lee 2009). The same effect was observed
during the cycling test performed on the samples. The samples with Ca3SiOs depicted a remarkable performance
and their reversibility to carbonate was easier and faster.
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Figure 2: XRD structural analysis of CaCOs doped with different concentration of SiOz2 (a) before decomposition (b) after
decomposition.

3.2. SEM analysis

The composite samples prepared by physical mixing technique were analysed with the help of SEM to better
visualise and understand the morphology and particle shape of material. It was observed that after doping with
different concentrations of SiO2 surface morphology was spread with more pores depiction (Figure 3). While Figure
3c leads to the fact that particles are closely packed for higher percentage such as 30%. The rectangular particle
shape was observed as a whole and the similar morphology was reported by Kumar et al. (Kumar, Maiti et al.
2016). Henceforth, it was concluded that after mixing with physical method the shape and morphology of the parent
material remained same even it was doped with SiO2.

The SEM images of samples after decarbonation are shown in Figure 4. The micrographs indicate that SiO2
improved the porosity of the samples and the material did not sinter during the decomposition. This helped the
whole sample to decompose quickly and the extraction of CO2 produced more pores. Hence, after calcination the
porous structure was observed in the SEM analysis.

Figure 3: Surface morphology of CaCOs doped SiO:z (a) 5 % SiOz (b) 15 % SiO:z and (c) 30 % SiO2 before decomposition.
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3.3. Thermal energy density

Thermal energy density was of two types, one whose unit was based on volume is named as volumetric thermal
energy density e, [J/mL] and the other related to mass of the substance is known as gravimetric thermal energy
density e, [J/g]. These terms are calculated using the following equations.

Equation 2: Volumetric thermal energy density e w =100
v :

Mcacos + Msipn
—AH

Equation 3: Gravimetric thermal energy density e

g =
MCaC03 + MSiOZ

Where —AH, M, p and ¢ are reaction enthalpy [J/mol], molecular mass [g/mol], density [g/mL] and porosity [%] of
the samples, respectively. —AH was calculated for each sample using thermogravimetric data. Gravimetric method
was used to compute the porosity of each prepared sample and density was determined by measuring mass of the
samples with known volumes. Molar masses of CaCOs and SiO2 are 100.09 and 60.08, respectively. Table 2
provides the information about the volumetric and gravimetric thermal energy densities of each sample under
consideration.

Table 2: Volumetric and gravimetric thermal energy densities of each sample under analysis

Sample —AH [J/mol] p [g/mL] & [%] e [WmL] e [l

v 9
Pure CaCOs 94609.07 0.59 44.44 311.09 945.24
CaCO3+5% SiO2 121663.5 0.42 51.22 155.35 759.59
CaCO03+15% SiO2 79431.51 0.30 44.64 83.24 495.92
CaC03+30% SiO2 54433.77 0.28 41.67 54.75 339.85

From table 2 it is clear that both the thermal energy storage densities are decreasing as the amount of dopant was
gradually increasing. This maybe because of lower density of SiO2 that was used as dopant in the samples.

3.4. Effect of SiO, doping on the CaCOs

To analyse the endothermic decarbonation reaction, the pure CaCOs, and the prepared thermal composites (5%,
15%, 30% SiO@CaCOs) were heated at 10 °C/min and the obtained results are shown in Figure 5. It was found
that with the increase in amount of SiO2 doping, the percentage weight loss of the samples decreased quickly and
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this indicated that reaction rate became faster. Decomposition reaction of CaCOs was followed by weight loss
because CO2 was emitted when material was heated above 800 °C and CaO was formed, hence increase or
decrease in weight loss was related to the reaction rate. Therefore, if the weight loss was slow it means that the
rate of decomposition reaction was slow, and vice versa. In Figure 5, it can be noted that for the heating rates of 5
and 10°C/min, the high reaction rate was observed by the sample with highest (30%) loading of SiO2 (Figures 5 a
& b). On the other hand, sample with lowest (5%) quantity of SiO2 was showing the highest reaction rate (Figure 5
c). Overall from Figure 5, it is observed that SiO2 doped samples are decomposing very quickly than pure CaCOs;
this means SiO: has affected the decarbonation rate of the material. Decomposition reaction rate was related to
the heat storage efficiency in a sense that heat was stored when material starts decomposing. If the decomposition
was complete and there was no sintering of material, this indicates, the heat storage efficiency was increased.
Henceforth, it was observed that by adding SiO2 in CaCOs, during decarbonation reaction CaO particles did not
sinter and allowed the complete decomposition of CaCOs, this was exhibited by the reaction rate of doped samples.
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Figure 5: Decrease in weight percentage by non-isothermal heating at (a) 5 °C/min (b) 10 °C/min and (c) 15 °C/min. The
weight loss was related to the rate of reaction.

In order to evaluate the heat storage capacity of pure CaCO3s and CaCOs3/SiO2 thermal composites, the specific
heat capacity and enthalpy of reaction were determined. Therefore, to observe the heat storage capacity of these
two samples we heated both the samples from 650 °C to 900°C at heating rate of 5°C/min. Values for the enthalpy
of the reaction are provided in table 2. From the information in table 2, it is clear that addition of 5% SiO:2 in the
CaCO:s increased the enthalpy of the reaction. However, higher amounts of SiO2 decreased the enthalpy of the
reaction because of the formation of CasSiOs. This reaction enthalpy is representing the decomposition of CaCOs
and synthesis of CasSiOs.

Specific heat capacity of the pure and silicon dioxide doped calcium oxide and calcium carbonate samples was
determined to analyse the effect of doping on the heat storage capacity of the calcium carbonate. The specific heat
capacity of the doped material was a little higher than the pure CaCOs, as shown in Figure 6a. In contrast, the
specific heat capacity of the pure CaO was little lower than the CaO doped with SiO2, as shown in Figure 6b.
Nevertheless, the overall trend for both the samples of two materials (CaO and CaCOs) was same. It was observed
that SiO2 had very small effect on the specific heat capacity and reaction enthalpy of the CaCOs. Therefore, it can
be stated that the heat storage capacity of the CaCO3 was reduced a little after doping with SiO2.
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Figure 6: Specific heat capacity of (a) pure and SiOz doped CaCOs (b) pure and SiO2 doped CaO. Specific heat capacity of the
material helps to understand the heat storage capacity.

3.5. Cyclic Stability and Material Performance

For accessing the performance and durability of a thermochemical material over repeated cycles, cyclic tests are
conducted. The decomposition of the material was allowed on 800°C for 10 min and the carbonation was performed
at 600°C for the same time by changing the gas from Ar to CO2. The same process was repeated to achieve the
15 cycles of decarbonation and carbonation of CaCO3 as shown in the Figure 7. It was observed that conversion
to carbonate was decreasing rapidly up to seventh cycle in pure CaCOs and the samples doped with SiO2. After
that, the reactivity of CaO was stabilising slowly and moves towards a persistent value after the completion of 15®
cycle. For 15% doped sample the value of the cyclic conversion was not stable, it started to stabilise over 7 cycles
but after 3 cycles it again started decreasing remarkably and reached a value of 0.48. 5% doped CaCO3 sample
performed well as compared to other samples and achieved a value of 0.62 for cyclic conversion. The overall
performance of 5% doped sample was much better and this value of doping can be used for thermochemical heat
storage systems using CaCQs. The loss in cyclic use of material can be explained by the loss in pores available in
CaO. The reaction between metal oxide and CO2 gas was kind of surface reaction in the start and the further
reaction was diffusion controlled and depends upon pore availability and diffusion of CO2 in the material.
Nevertheless, the newly formed carbonate layer provides resistance against diffusion of CO2 for further reaction
and the reaction rate becomes slow. As the reaction was happening continuously, so the particles gradually start
sintering and hence cause reduction in the durability of the material. The same was described by Barker (Barker
1973). At the end of 15 cycles, the material doped with 5% SiO2 was depicting good durability than pure sample. It
means that the storage conversion of the sample poorly doped with SiO: after so many cycles was improved. The
improvement was observed because the inert material reduced the sintering and accumulation of CaO grains
because of a Zener pinning force, which resists the migration of particle boundary. Hence doping of SiO2 improved
the cyclic durability of the material by reducing the accumulation of the CaO particles and providing more pores for
diffusion of CO2.
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Figure 7: Cyclic conversion of pure and doped samples
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4. CONCLUSION

The SiO2 was doped in CaCOs3 to improve the heat storage efficiency of CaCOs. The heat storage capacity of the
as-prepared thermal composite was analysed as well. All the prepared composite samples were analysed to
determine their volumetric as well as gravimetric thermal energy storage densities. We then analysed what
happens when a large amount of dopant was used, either a new phase appeared in the parent material (calcium
carbonate) or not. The durability of the samples over 15 cycles was also studied. The conclusions are as follows:

= The high thermal conductivity of SiO2 caused an increase in the specific heat capacity of the composite
material. Overall, the heat storage capacity decreased slightly after doping with SiO2. On the other hand,
during the exothermic carbonation of the oxide, enthalpy of the reaction was high because of enhanced
heat transfer between gas-solid molecules.

= The dopant material lowered the thermal energy density of the pure material. The reason maybe the less
density of the dopant. Volumetric and gravimetric energy density of the pure sample are 311.09 J/mL and
945.24 J/g, respectively. While the sample doped with 30% SiO2 showed the same properties as 54.75
J/mL and 339.85 J/g, respectively.

= The doping of SiOz2 in the CaCOs increased the decarbonation reaction rate of the calcium carbonate. The
increase in reaction rate was due to the fact that the SiO2 added in the material helped in the quick removal
of calcium oxide (CaO), this caused fast decomposition of CaCOs, thereby increasing the decomposition
rate of CaCOs.

=  The performance of samples with different percentages of dopant varied with rate of heating. As, it was
observed for lower heating rates, samples with higher loadings performed well and their rate of reaction
was high. In contrast, for high heating rates, doping samples with modest SiO2 showed better resullts.

= It was observed for samples with 15% and 30% doping of SiO2 that the CaO produced during
decarbonation reaction reacted with SiO2 and produced CasSiOs that introduced a new phase in the
calcined material. This was observed in the XRD analysis of the calcined material. Based on this, it was
concluded that small quantity of dopant acted as inert material (coating material) and the large quantity
took part in the reaction and produced a different product. The new phase was stable and it did not affect
the performance of the material.

SiO2 as dopant has advantages, as it is cheap and available in abundance as compared to other inert materials
analysed by other researchers. CaCO3s and SiO2 composite has better performance based on facts: time to store
energy is reduced, cyclic stability is improved and capacity to store energy is enhanced. Henceforth, these facts
lead to the conclusion that the composite is long lasting, effective and inexpensive. It is also promising for its use
in regeneration of industrial waste heat and in the regular operation of renewable energy.
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Aqueous phase reforming (APR) is the most promising technology to produce hydrogen and value-added
chemicals. The use of different supports of the catalysts has produced different products during APR reaction.
Gd:03, support has gained interest due to its ability to improve the catalyst surface reactivity and reduce coke
formation during the reaction. In this research, Ni based catalysts supported on Gd203 and doped with different
percentage of Ca (0, 3, 5 and 7 wt.%) were synthesised by a wet impregnation method. The catalysts were
subjected to several characterisation technique such TGA, XRD, FESEM and BET analysis. Then, the performance
of the catalysts was studied for APR of sorbitol. The TGA results showed that the calcination temperature of the
catalysts was at 500°C. The XRD results show that all the three compound, NiO, CaO and Gd203 were present in
the catalysts and the peak shows decreased in Gd203 peak intensity with increasing Ca compositions. The FESEM
images of the catalysts show the agglomeration of the metal catalyst which was increasing with Ca addition. The
BET analysis indicated that Ca percentage below 5% provides positive impact on Ni surface area and dispersion,
which indicated better performance of the catalysts during the reaction. The liquid products obtained from the APR
reaction were analysed using HPLC analysis. The results show the presence of pentanediol, 1,4-butanediol, 1-
propanol and ethylene