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Abstract

Global energy consumption has increased with technological advances, the air conditioner market is expected
to burgeon. As a side effect of the use of traditional compress-type air conditioners, problems such as CO;
emissions and ozone layer depletion need to be addressed. Adsorption heat chiller or adsorption heat pump (AHP)
is a type of thermally driven heat pump that provides cooling capacity using low-grade heat sources from 60 -
80 AC, e.g., factory exhaust or hot water from a solar water heater. The utilization of water as adsorbate leads it
to be environment friendly. Therefore, AHP is considered an attractive solution. However, some disadvantages
such as the low Coefficient of cooling Performance (COP), exorbitant initial cost and huge entire size compared
to other types of thermally driven heat pump such as Absorption Heat Pump, result in market barriers for AHPs.

A composite adsorbent of Wakkanai Siliceous Shale (WSS) impregnated with 20 wt. % of LiCl, which is a
kind of salt inside porous matrix and has been developed by our laboratory in the prior studies to reduce the
initial cost. This study focuses on the practical application of the composite adsorbent and the cooling
performance enhancement of the AHP. The topics of each chapter are shown as following:

In Chapter 1, the study background is introduced. The global energy consumption and the domestic energy
consumption are introduced, which indicate the energy consumption increasing for the space cooling. Then the
performance and specification of several thermal driven heat pumps are compared.

In Chapter 2, a comprehensive review of the AHP is conducted. The working pair, the advanced cycle for
performance enhancement and the prior study in our laboratory are shown. Based on this review, the position
and objective of this study are determined.

In Chapter 3, the WSS composite adsorbent is applied in a labo-scale AHP as the practical application study.
The acrylics who inner diameter of 450 mm is used as the container to observe inside the AHP. The adsorbent is
filled into the aluminum corrugated micro channel heat exchanger (HEX, W400 T H300 T D12) to manufacture
the adsorbent-filled HEX (ad-HEX). Foundation performance experiments were conducted, and the COP of 0.45
and Specific Cooling Power (SCP) of 0.41 kW/kg are obtained under the following experimental conditions:
regeneration at 80 , condensation, and sorption at 30 , chilled water of 15 , and cycle time of 14 min.
Further, Heat Recovery (HR) is introduced and experimentally studied to reduce the regeneration heat amount,
and the heat balance for this AHP was evaluated. It is confirmed that two types of heat recoveries could improve
the COP for this AHP up to 0.54 when the outlet temperature of both adsorbers is 55 AC. The COP could be
further improved to 0.57, based on the calculation for the heat balance. This AHP has advantages of high SCP
as compared with AHPs in other formal studies.

In Chapter 4, author focuses on the improvement of the ad-HEX. A filling method known as the dip-coating
method is introduced to improve the heat transfer and packing density of the ad-HEX. However, the dip-coating
method results in the leakage of the impregnated LiCl, which effects on the adsorption ability of the adsorbent.
Hence the dip-coating method is adapted to accommodate the WSS composite adsorbent, and two types of
adsorbent-filled HEX (ad-HEX), i.e., the dip-HEX and dip-filled-HEX, are compared with the conventional ad-
HEX known as the filled-HEX. The dip-HEX comprises a few mass transfer channels and has a packing density
similar to that of the filled-HEX. Meanwhile, the dip-filled-HEX exhibits a 30% higher packing density
compared with the filled-HEX. A basic performance experiment is performed, and the results indicate that the
dip-HEX outperforms the filled-HEX owing to its higher COP and SCP. The dip-filled-HEX exhibits a slightly
lower SCP than the filled-HEX; however, it exhibits the highest COP among three types of ad-HEXs.
Subsequently, mass recovery is applied to enhance the cooling performance. In a typical mass recovery period
of 10 s, the COP and SCP of the dip-HEX increases to 0.46 and 0.74 W/g, respectively.

In Chapter 5, a three-dimensional model is formulated to predict and analyze the performance of an AHP with
HR and Mass Recovery (MR). A new value factor index (VF) is proposed to determine the parameters for optimal



system performance. It was confirmed that this model is suitable for performance prediction. COP can be
improved from 0.503 to 0.604 at a cycle period of 14 min, which is consistent with the results of our previous
study. An optimal HR period of 24 min is determined based on VF. Subsequently, MR was introduced. In cases
where the MR of 1 s is utilized, SCP is increased from 0.389 kW/kg to 0.393 kW/kg, while the COP is increased
to 0.607 with the HR. In addition, the COP decreased with an increase in the mass recovery period. It was found
that the accumulated recoverable sensible heat is shared by the HR and MR. The HR reduces the accumulated
regeneration heat. The MR not only reduced the regeneration heat but also enhanced the sorption process.

In Chapter 6, the conclusions for each chapter are summarized. The Passive Heat Recovery, which is one type
of the heat recovery, is proved to improve COP from 0.45 up to 0.51. The adapted Dip-coating method also
effective to enhance both COP and SCP. Based on the simulation result, both COP and SCP can be enhanced
with the Mass Recovery. However, the performance improvement is negligible and the fulfilling is difficult. As
the prospective topic, the case study using the simulation model built in Chapter 5 is needed. The specification
design of the AHP can be evaluated according to the performance prediction results, which fit the climatic
conditions of different area. In order to overcome the disadvantage that the unavailable cooling output below
0 , the methanol is applied in some AHP as the adsorbate instead of the water. Moreover, it is possible to
produce pure water by the adapted AHP system, which called water harvesting. With these study and
development, AHP and other adsorption-based system are expected to be attractive.
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Chapter 1 Introduction

1.1. Energy Consumption

1.1.1. Energy Consumption of the World

Energy is a critical point for modern society. Huge amount of energy consumption is needed to support our
society. The global energy consumption versus the year is shown in Fig. 1.1. The total energy consumption in
2019 is around 14000 million of TOE (ton of oil equivalent), grown up to 375 % compared with that in 1965
year, it is 48 % increased from 2000 year. The Asian where we lived in shows the obvious rising of the energy
consumption from 2000 year due the economic grow of the developing countries. The Middle East area also
shows the rapid increase of the energy consumption (224 % than that in 2000 year) though its ratio is small. On
the other hand, the energy consumption of the developed countries such as OECD increased very slowly. The

lower economic and population grow rates, change of industry structure and energy-saving may be the reasons.
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Fig.1.1 Global energy consumption.

The global energy consumption based on different primary energy (PE) source is shown in Fig. 1.2. The
petroleum has been the major PE for more than 50 years, its share in all is 33.1 % Not only applied to generate
electricity, the petroleum is sold to the world also the transportable fuels. As the second PE, the consumption of

coal increased average 2 % per year. Especially after 2000 year, with the quick economic growth of the




Chapter 1 Introduction

developing countries, such as China, the coal consumption increases quickly in Asia area as the electric generate
fuel. However the coal consumption increasing became mildly in 2015 year due to the coal requirement of
China and U.S.A decrease. On the other hand, the Liquid Natural Gas (LNG) consumption have been kept
increase as the electric generate fuel and domestic resident application (average 3.4% per year), especially in
developed countries which is very positive to responds the global warming. The nuclear energy consumption
increases fast until 2000, then became mildly. It was decreased 6.8% in 2012 due to the Fukushima Daiichi
Nuclear Disaster and keep slightly increase of 1-2% per year after that year. In addition, other renewable source
such as wind-power and solar power consumption grown rapidly in average 34.1 % per year from 2010 to 2019

due to the energy-saving and reduction of CO, emission. Its share rises rapidly up to 5% in 2019 from 1.4% in

2010.
(100 million of TOE)
14,000 - 5.0%
= Other Renewable source 6.4%
12,000 - ® Hydro 4.3%
® Nuclear
10000 7 & Natural Gas 24.2%
u Qil
8,000 -
E Coal
6,000 -
15.7% 33.1%
4,000 1 “I
2,000 40.9%
e 27.0%
37.6%
0
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 201!(9 )
year

Fig.1.2 Global energy consumption different from the source.

Fig. 1.3 shows the global final energy consumption different from the department. The global final energy
consumption in 2018 increased 2.3 times than 1971. The increase of the industry, the traffic and the resident in
2018 are 2, 2 and 3.2 times than those in 1971. The final energy consumption of the industry increases due to
the widespread of the automation. The motorization needs large amounts of fuels, it contributes to the global
final energy consumption increasing of the traffic. Especially, with the population growth and economic
development in developing countries such as China and India, final energy consumption of the industry and the

traffic are supposed to be enhanced further in the future.
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Fig.1.3 Global final energy consumption different from the department.

1.1.2. Electricity Consumption of the World

The global electricity consumption by year are shown in Fig.1.4, it have kept increasing except for 2009. The
electricity consumption in Asia area started rapid rising from 2000. It rises up to 10.2 trillion kWh in 2018, which
is 3.1 times than that of 3.25 trillion kWh in 2000. The electricity consumption in Middle East area is increased
to 1 trillion kWh in 2018 from 0.38 trillion kWh in 2000, which is 1/10 compared with the Asia area In additions,
the electricity consumption of Oceania, Europe and North America in 2018 increased 1.2, 1.1 and 1.1 times than
those in 2000. The rapid increase of the electric consumption in Asia area is because of the fast economic growth
of China result in huge electric requirement, which is increased up to 6.01 trillion kWh in 2018 from 1.04 trillion
kWh in 2000. India also shows great increase of electricity consumption from 0.37 trillion kWh in 2000 to 1.2
trillion kWh in 2018. Vietnam shows 8.4 times higher electricity consumption of 2018 than that of 2000, however,
the absolute electricity consumption in 2018 is only 0.19 trillion kWh. Compared with the electricity
consumption in 2000, those of the developing countries in Middle East area shows 2.63 times growth, meanwhile
those of Africa area shows 1.87 times of growth due to the development support from China. The electricity
consumption of both Middle East and Africa areas is around 7.5%, which is not large at present but can be
proposed to be enhanced with the developing in the future. On the other hand, the electricity consumption of

Japan is slightly increased to 0.95 from 0.89 due to the policy implement of energy-saving.
3
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Fig.1.4 Electricity consumption of the world.

1.1.3. Electricity Supply of the World

The power generation amounts in different source are shown in Fig. 1.5, it has kept increasing from 1971 and
up to 26.6 thousand trillion in 2018  The thermal power generation is the obviously main power generation way,
which is about 64.1 % in all.

The power generation by the coal have been increased except for 2009 and 2015. It shows a stable share of
about 39 % from 1971 to 2018. The power generation by the oil kept increased and started decreasing from
1980s owing to the oil crisis, the share of oil in 2018 fell down to 2.6 % from that of 20 % in 1980. As the
substitute for oil, the natural gas shown an increased share of power generation from 13 % in 1980 up to 23.2 %
in 2018. The nuclear technology has been developed and applied to the power generation since 1954, and the
amount of the power generation by the nuclear increased rapidly until 1990. Then the amount of the power
generation by the nuclear increased very slight every year, and its share was 10.2 % in 2018. With introduction
and spread of the renewable source energy, it shown the share of 9.8 % in 2018. It can be predicted that the share

of the power generation by the nuclear will increase further in the future.
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Fig.1.5 Power generation amount in different source.
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The generation amount proportion of major countries different from energy source in 2018 is shown in Fig.1.6.

With the production of shale gas in U.S.A, the proportion of generation amount by coal decreased and that of

natural gas increased to 34.3 % in 2018. The coal was plentiful in U.K, it was used as the major fuel for power

generation; however, with the development of natural gas mineral in north ocean, the proportion of generation

amount by coal fell to 5.3 %. France shown an extreme high proportion of generation amount by the nuclear at

71.6 %, which is the highest proportion of the world. Germany shown the highest proportion of generation

amount by the renewable source at 33.8 %; however, a relatively high proportion of generation amount by the

coal at 37.5 % was still needed. The power generation in Italy mainly depended on the natural gas, hydro and

renewable source. The power consumption of China increased rapid with the economic development, hence the

large proportion of the coal at 66.8 % was used for power generation due to its cheap prices, meanwhile it causes

the environmental problem. The proportion of generation amount by coal, natural gas and nuclear were 44.1 %,

26.5 % and 22.8 %, respectively.
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Fig.1.6 Proportion of generation amount different from energy source (Major Countries).

The generation amount proportion of some developing countries different from energy source in 2018 is
shown in Fig.1.7. The total power generation of Africa was 830 billion of kWh, the proportion of generation
amount by coal and natural gas, which were the main source of power generation, were 31.2 % and 40.1 %,
respectively. 8 % of the generation amount was oil and 15.7 % of that was hydro. Moreover, the proportion of
generation amount by nuclear and renewable source is extreme small in all. The Middle East have the richest oil
field in the world, hence the oil and the natural gas applied in power generation were obviously more than other
sources. The proportion of generation amount by oil and natural gas were 25.3 % and 73 %, respectively. In
recent years, India has been rapidly developed in economy and shown a similar proportion of generation amount
to China. The power generation was mainly by the coal in 73.5 % due to the cheap price; meanwhile, it can be
predicted that the environmental problem will occur in the future. Viet Nam, Peru and Chile shown a small
amount of power generation, meanwhile a relatively high proportion of generation amount by hydro at 34.9 %,
55.9 % and 28.4 % were obtained. The proportion of generation amount by coal in Peru was extremely low
0.2 %, meanwhile, the total power generation amount in Peru was only 50 billion of kWh. The power generation
in Mexico was mainly by the natural gas at 60.3 %, proportion of power generation by other sources were from
4.1 % to 10.5 %. Brazil shown a very high proportion of power generation by hydro at 64.7 % owing to the
applicant of its rich water source. The fossil fuel of coal, oil and natural gas were only 3.9 %, 2.1 % and 9.1%,
respectively. The proportion of power generation by nuclear and renewable source were 2.6 % and 17.7 %,

respectively.
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Fig.1.7 Proportion of generation amount different from energy source (Developing Countries).

The developed countries have a relatively large proportion of power generation by the nuclear and renewable.
The proportion of power generation by the nuclear in France is astonishing 71.6 %, and the proportion of power
generation by the renewable in Italy, Germany and U.K. are 23.8 %, 33.8 % and 33.3 %, respectively. On the
other hand, some developing countries use the hydro to generate power mainly. The proportion of power
generation by the hydro in Peru and Brazil are 55.9 % and 64.7 %, respectively. Owing the large production of
oil, Middle East shown a very high proportion of power generation by the oil and natural gas at 25.3 % and 72 %,
respectively. From all these data above, it is indicated that more than half of the power generation depends on
the fossil fuel. The coal is the most general source for power generation, especially its cheap price result in its
large proportion of power generation in developing countries. Moreover, it can be predicted that the power
consumption in developing countries will increase with the economic development, which result in increase of

coal requirement and environmental problem.

1.1.4. Energy Consumption of Japan

The energy consumption of business department based on purpose in Japan is shown in Fig. 1.8. As a
developed country, its energy consumption can be used to predicted those of developing countries such as China,
India and Viet Nam.

With the development of economy, the energy consumption of power/lighting increased owing to the office
automation. Meanwhile, the energy consumption of space heating/cooling increased with the increasing comfort

requirement. After 2000, the energy consumption of space heating decreased because of the coefficient
7
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improvement of air conditioner, the development of thermal insulation materials and the policy spread of energy-
saving. Moreover, the development of industry and cogeneration result in energy consumption of water heating
decreasing mildly. On the other hand, the requirement of space cooling has been kept increasing. It can be
predicted that the energy consumption in developing countries for space cooling and heating will increase with
the economic development. China and India have a large and potential air conditioner market because of their
great amount of population, which enhance the energy consumption. Meanwhile, Africa, North America and

Middle East need large cooling amount with the spread of air conditioner in the future.
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Fig.1.8 Energy consumption structure of business department base on purpose in Japan. [2]

1.1.5. Dependence Increase of Fossil Fuel

As mentioned above, the global energy consumption has kept increasing year by year. Especially, the comfort
requirement in developing countries can be predicted to increase rapidly with the fast economic development,
which results in the increase of energy consumption for space cooling/heating and water heating. The
development of cogeneration contributes to reduce the energy for space heating and water heating. Meanwhile,
the energy consumption for space cooling will increase owing to the spread of air conditioner.

In 2018, 64.1 % of all the power generation amount depends on the fossil fuel, as shown in Fig. 1.5. Though
some countries applied large proportion of clear source, such as France used nuclear for 71.6 % and Brazil used

hydro for 64.7 %, the fossil fuel and natural gas are the most general source for power generation in both
8




Chapter 1 Introduction

developing and developed countries. Moreover, the energy consumption of developing countries will increase
with the development of economy and industry, the proportion of power generation by coal will increase. The
dependence of power generation on fossil fuel can be predicted to increase further in the future.

However, the dependence increase of power generation on fossil fuel leads to environmental problem, which
is the emission increase of CO,. The emission of global warming gas include CO; is 1.343 billion ton in 2012,
which is increased by 6.9 % than that in 2010. More than 30 % of all global warming gas emission owing to
power generation.

With all mentioned above, the renewable energy has been studies as the alternative source of fossil fuel. This

study focuses on the utilization of industry waste heat and solar heat, moreover, apply thoes heat to drive heat

pump.
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1.2. Thermal Driven Machine
1.2.1. Potential of Thermal Energy Application

After applied for work, energy is generally changed into heat and exhausted with exhaust gas under 200 °C.
The exhaust gas temperature proportion of different department is shown in Fig.1.9. It was found that the exhaust
gas over 200 °C is about 20 %, half of all exhaust gas is less than 100 °C. Because of the low energy density and
high cost of recovery devices, almost all of those energy under 100 °C is exhausted as the exhaust gas. Not only
the industry exhaust gas, but although the heat from vehicle and domestic cogeneration is exhausted directly

without application.
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Fig.1.9 Temperature distribution of exhaust.
On the other hand, more and more attention has been paid to the application of renewable energy in recent
years, as shown in Fig.1.10. It can be predicted that the power generation amount by solar power will increase
rapid in the future. Thus, the application technology of heat source under 100 °C in summer will be the key to

the solar power development.
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As the alternative energy source of electricity, the exhausted heat under 100 °C is proposed to drive machine,
especially air conditioners. With the utilization of heat source under 100 °C, which is abundant in summer, the
dependence on fossil fuel can be reduced. This section introduced the Adsorption Heat Pump (AHP), which is
the major studied target. Moreover, another type of heat driven heat pump called Absorption Heat Pump is

introduced to compared with AHP.

1.2.2. Absorption Heat Pump

Absorption Heat Pump is one of the heats driven heat pump. A kind of liquid that can strongly absorb the
refrigerant vapor is applied as the absorbent, hence the evaporation of liquid refrigerant can be enhanced to
provide the cooling power. Absorption heat pump was studied since 1930, and its commercial production has
been sold in market from 1945.

Absorption heat pump is shown in Fig.1.11. The boiling point of water is 100 °C under atmosphere and
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decreases down to 7 °C in vacuum, hence the absorption heat pump system inside is in vacuum to enhance the
evaporation of refrigerant. The refrigerant is vaporized in evaporator (@), the circulation water in the heat
exchanger (HEX) is cooled down to provide the cooling ability. The vaporized refrigerant move to absorber ()
and absorbed by the liquid absorbent. It leads to decrease of liquid absorbent concentration and absorption ability.
Then the low-concentration liquid absorbent is sent to the regenerator (@) and heated to vaporize the refrigerant,
thus the liquid absorbent can be concentrated and applied in absorber again. Meanwhile, the vaporized refrigerant
move to the condenser () to be condensed, then return to evaporator to be reused again. Absorption heat pump
usually applies water/LiBr as the absorbate(refrigerant)/absorbent working pair for space cooling.
Ammonia/water is generally used as the absorbate(refrigerant)/absorbent working pair of absorption heat pump
for chilling. Those absorption heat pump have been sold in market.

The circulation water for space cooling and the refrigerant evaporator exchanges their heat with the HEX in
evaporator. The pressure of evaporator increases with the evaporation of refrigerant, meanwhile, the refrigerant
vapor is absorbed by the absorbent in absorber, hence the pressure in evaporator can be kept at a relative low
level to provide enough cooling ability. The absorption of refrigerant in absorber leads to temperature increase
of liquid absorbent and absorption ability decrease, therefore the absorber is always cooled down by the cooling
water from cooling tower. The low-concentration liquid absorbent is generated in generator by the heat source
under 100 °C, which comes from solar power or exhaust gas. The concentrated liquid absorbent return to
absorber to be reuse. The vaporized refrigerant moves to the condenser to be condensed by the cooling water
from cooling tower, then return to evaporator to be reused again.

The merits of absorption heat pump are shown as following:

1. Driven by the heat source under 100 °C from solar heater or industry exhaust gas, which is abundant and
generally useless in summer.

2. Both Ozone Depletion Potential (ODP) and Global Warming Potential (GWP) are 0 because freon is not
used.

3. Vibration and noise are little, and easy to maintain owing to heat driven.

4. Simple structure, output is easy to adjust by the flowrate change.

5. Coefficient of Performance (COP) for cooling is 1.0 ~ 1.5 and no electricity is needed except for circulation
pump of heat source.

The demerits of absorption heat pump are shown as following:

1. Because of the corrosivity of LiBr, some hazardous material such as chromic acid is added to prevent
corrosion.

2. The cooling ability under 0 °C is unavailable while water is applied as the refrigerant or circulation water.
12
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3. Periodical maintenance and vacuuming are needed to keep the absorption heat pump inside at a high vacuum
degree.
4. Bigger cooling tower is needed compared with the compress type air conditioner in same capacity.
Despite absorption heat pump have those demerits above, its commercial production have been sold in market

and applied in lots of large building.

1.2.3. Adsorption Heat Pump

Adsorption Heat Pump (AHP) is another kind of heat driven heat pump. Mesoporous material such as silica-
gel is able to sorb gas such as vapor, this phenomenon is applied in AHP to enhance the vaporization of refrigerant
such as vapor hence the cooling ability can be obtained. Fig.1.12 shows the schematic of silica-ge/water AHP.
Water in evaporator is vaporized to provide cooling ability, then the vaporized vapor moves to and sorbed by the
silica-gel. The silica-gel became saturated and the adsorption ability decrease with the progress of adsorption,
hence the generation process is conducted. Hot water is circulated to heat the saturated silica-gel and the sorbed
vapor is desorbed. Finally, the desorbed vapor is condensed in condenser and return to evaporator to be used
again.
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Fig.1.12 Conception of Adsorption Heat Pump. [4]

A general structure of AHP is shown in Fig.1.13. AHP consists an evaporator and a condenser, moreover, 2
adsorber are applied to provide cooling ability consecutively. The circulation water is flowed into the HEX in
the evaporator and chilled with the vaporization of refrigerant water, thus the chilled water for space cooling at

can be obtained at 7-15 °C. The vaporized refrigerant water is sorbed by the adsorbent in the adsorber of right
13
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side, hence the evaporator can be kept at a low pressure and the vaporization of refrigerant continue smoothly.

Lots of heat is released with the water sorption, therefore cooling water at 30 °C from the cooling tower is flowed

into adsorber to cool the adsorbent down. It called sorption process. On the other hand, the adsorber of left side

is heated by the hot water at 60-80°C, which comes from the exhaust gas or solar heater. The sorbed water

refrigerant is desorbed and move to condenser. The cooling water from cooling tower (or from the outlet of

adsorber in sorption process) is circulated into the condenser, hence the vapor refrigerant can be condensed and

return to the evaporator to be reused. This called regeneration process. The hot/cooling water supply of adsorber,

valves action between each chamber are switched with the time past to switch the regeneration and sorption

process.

The common sorbent/sorbate working pairs of AHP are as follows: Activated carbon/Alcohol, Activated

carbon/Ammonia, natural Zeolites/Water, AQSOA-FAM/Water.

Condenser

Hot water

HEX with
adsorbent

Regeneration

WL,

Desorbed Water vapor

HEX with
adsorbent

W

Evaporation

Evaporator

1.2.4. Practical Application of Adsorption Heat Pump

Cooling
water

Some commercial AHP have been sold in market, as shown in Fig.1.14. Fig.1.14 (a) is a 10 kW-scale AHP

made by Invensor Co. Ltd., AQSOA-Fam is applied as the adsorbent. Its dimension is 1100mm x 1370mm X

750mm and the weight of entire AHP is 445 kg. This AHP shows a high COP of 0.55, however, its price is more

14
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than 300 million Japanese yen. An 80 kW-scale AHP made by Mayekawa MFG. Co., Ltd. is shown in Fig.1.14(b),
its dimension is 3900mm x 2100mm x 2350mm. However, other information such as prices and adsorbent are

unavailable.

(a) Invensor Company. [5] (b) Mayegawa Company. [6]

Fig.1.14 Commercial AHP sold in the market.

1.2.5. Merits and Demerits of Adsorption Heat Pump
The merits of AHP are shown as following:
1. AHP can keep a relatively high performance than absorption heat pump
2. Compared with the performance of absorption heat pump, that of AHP decreases mildly with heat source
temperature decrease. As Fig.1.15 shows, the cooling performance of AHP decrease to 90 % while that of
absorption heat pump drop to 48 % at 80 °C.
3. No corrosive salts used; thus, the hazardous material is not necessary.
4. Little deterioration owing to low temperature and pressure inside the AHP.
5. Simple structure.
6. Only several minutes is needed to start (Absorption heat pump need more than 10 minutes)
7. The electricity consumption, noise and vibration are little owing to heat driven
Not only all those merits mentioned above, AHP also have following demerits:
1. The relative low COP (0.5) compared with that of absorption heat pump (1.5), which is another type of heat
driven heat pump.
2. Expensive initial coat. About 1/3 of this is for adsorbent.
3. The adsorbent is fixed in the adsorber, hence the mass transfer channel for adsorbate refrigerant vapor
moving need to design. Moreover, the weight of adsorbent need increases to enhance the cooling power.

4. The small effective heat conductivity within adsorbent and the thermal resistant between the HEX and
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adsorbent leads to bad heat conductivity inside. Larger heat transfer surface area is necessary, which result
in large volume of AHP.
5. The micronization of adsorbent and the integration of adsorbent/HEX for the enhancement of heat transfer
result in cost increase.
6. The cooling power output under 0 °C is unavailable while water is applied as the adsorbate refrigerant.
The spread of AHP is disturbed by all those demerits result, especially 1, 2 and 3. Hence the major barriers

for AHP spread are performance improvement, initial cost reduction and compaction.
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Fig.1.15 Performance comparing of Adsorption Heat Pump and Absorption Heat Pump of temperature.
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1.3. Study Objective

As mentioned in the previous sections, the energy consumption has kept and is predicted to increase in the

future. Lots of fossil fuel is applied in power generation especially in developing countries due to cheap price,
which emits lots of CO, and causes environmental problem. On the other hand, the requirement of comfort
increases with the economic development of developing countries, large amount of power generation is needed.
The AHP, which is a kind of thermal driven heat pump, is one of the possible solutions to solve these two
problems. The AHP is an environment-friendly space cooling machine driven by heat, which causes the AHP to
be an alternative of air conditioner. However, huge volume of the device, expensive initial cost and relative low
coefficient of performance result in market barriers of the AHP. Especially the expensive initial cost disturbs the
spread of AHP introduction in developing countries, in which the air conditioner requirement will greatly
increase in the future.
The purpose of this research is shown as following:
1) Building a laboratory-scale AHP prototype to practically using the mesoporous material developed by our
prior studies. Experimentally evaluate the cooling performance of the AHP.
2) Introducing some advanced cycle and new filling method, comparing the different type of the heat
exchangers to enhance the cooling performance of the AHP.

3) Building a three-dimensional model to predict the cooling performance of the AHP for numerically studies.
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2.1. Working Pair of Adsorbent/Adsorbate

As the core of AHP, working pair of adsorbent/adsorbate determine the performance and properties of AHP
mostly. AHP applied different working pair of adsorbent/adsorbate shows different working temperature, COP,
cooling power output, temperature of chilled water. Common working pairs of adsorbent/adsorbate are shown

as following.

2.1.1. Zeolite/Water

Swedish mineralogist Axel Fredrik Cronstedt observed that rapidly heating this material produced large
amount of steam from water that had been adsorbed by the material in 1756, therefore he named this material
“zeolite” from the Greek “zeo”, meaning “to boil” and “lithos”, meaning “stone”. Zeolite is a kind of
microporous, aluminosilicate minerals. The combination of water and aluminosilicate is weak; hence water is
easy to escape and be boiled when the zeolite is heated. The formation of zeolite can be indicated as
Mn+x/nAlxSiyO2x+2yx-+zH20.

Zeolite is general used to dehumidification and dehydration because of property of great hydrophilic.
Meanwhile, zeolite possess micropores within 0.2~1.0 nm, thus it also used as molecular sieve. Moreover,
zeolite can strongly adsorb some molecules then desorbed them when the zeolite is heated. This ability can be
changes and adapted a lot with different parameters of zeolites, they are summarized as following:

(1) Structure of micropores

(2) Pore size which depends on ion exchange and chemical reaction

(3) Hydrophilia and hydrophobia depend on the proportion of Si/Al

(4) Molecule polarity of adsorbate/adsorbent

(5) Diameter of adsorbate molecule

(6) Distribution coefficient based on temperature

Zeolites have been investigated since the last century [1], [2]. Some alkalified zeolites are still stable even at
800°C, however, porous structure of most zeolites will be destroyed within 600-700°C [3]. Hence AHPs applied
zeolite as adsorbent are mainly driven by heat source at 200-300°C. F. Meunier (1985) built a simulation of AHP
applied zeolite 13X as the adsorbent, and result indicate COP of 0.425 [1]. Douss (1988) reported another study
on AHP, in which Zeolite NaX was used as adsorbent. The simulation result shown a relative high COP of 0.73
and the experiment result of COP was 0.673 [2]. The regeneration temperature in studies of both F. Meunier and

Douss were relatively high (F. Meunier : 350°C, Douss : 200°C), moreover, lots of water sorption/desorption

19



Chapter 2 Reviews on Adsorption Heat Pump

occurred at very low relative humidity range. These properties did not fit AHP, thus studies on zeolite-base AHP
is few in recent years. On the other hand, zeolites are employed in steam generation system and lots of studies
have been conducted [4], [5].

Zeolite is a kind of natural mineral. Lots of research have been conducted to artificially synthesize zeolites. It
was indicated that the adsorption ability of artificially synthesized zeolites can be adjusted by changing the ratio
of Si and Al, thus its efficient heat transfer and density can be adapted to AHP system. For example, Mitsubishi
chemical Co.Ltd.. has developed a kind of artificially synthesized zeolite called AQSOA-FAM, and there was
applied in some commercial production of AHP. However, the price of artificially synthesized zeolite is much

more than that of natural zeolite, which result in a great barrier [6].

2.1.2. Silica-gel/Water

Silica-gel is a kind of adsorption material. It can be achieved by adding acid into sodium silicate, hydrolysis
and drying. Silica-gel generally used as dessicant and accelerant owing to its porous structure and large surface
area. Some silica-gel in which indicator of CaCl; is added to make the silica-gel shows blue color for low water
adsorbed amount and light peachblow for high water adsorbed amount. These silica-gel that used as dessicant
can be reused after regeneration.

Silica-gel can be classified to A and B type with the pore diameter and pore volume. The pore diameter and
pore volume of A type silica-gel are 2.4 nm and 0.46 mL/g, respectively. Water vapor can be adsorbed by the A
type silica-gel at a low relative humidity (Fig. 2.1) and desorbed with regeneration, hence it is general used as

dessicant. B type silica-gel shows the pore diameter of 6 nm and the pore volume of 0.75 mL/g. The water vapor
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adsorption amount keeps mild at a low relative humidity and increases fast at a high relative humidity, therefore
B type silica-gel can be employed to control the humidity. Silica-gel is not only used as dessicant, but although
applied as food additive. A type silica-gel is general employed as adsorbent of AHP owing to its water sorption
ability at a low relative humidity condition, which is necessary for AHP.

Pan (2015) and his team make a serial of study on silica-gel based AHP [7], [8], [9]. A COP of 0.35 and a SCP
of 130 W/kg can be achieved by AHPs that employ silica gel at the following conditions: 80 °C regeneration,
30 °C condensation/sorption, 15 °C at the chiller inlet, and a cycle period of 600 s. In addition, performance of
AHP applied solar heater as regeneration heat source at different temperature has been studied with simulation
[10]. Silica-gel based AHP is also studied by Akahira (2004) and his team. With the mass recovery and two stage
of cascade, this AHP shown COP of 0.51 and SCP of 130 W/kg at conditions of 80 °C regeneration and 7 °C
evaporation [6], [11].

As a common working pair of adsorbent/adsorbate, silica-gel/water takes a good balance of driven temperature,
price, cooling performance, environment friendly. That leads to lots of studied on silica-gel based AHP. It will

be introduced later.

2.1.3. Activated Carbon/Alcohol = Propane = Ammonia

Activated carbon is a carbon porous material. It can be made from botanic material such as wood/bamboo/
cocoanut shell or coal/oil, even animal bone. In Okinawa of Japan, sugar cane leavings have been tried to be
applied to product activated carbon. With the physical/chemical treatment, the adsorption ability of activated
carbon can be enhanced and employed to selective separation/removing/refining. Because of the porous structure,
activated carbon own ability of adsorbing other particles. Polar molecules such as water is difficult to be adsorbed
by activated carbon for its nonpolar surface, however, organic granule such as alcohol can be selectively
adsorbed. The activated carbon can be reused after regeneration, which is like another adsorbent. Moreover,
activated carbon is more stable than other chemical adsorbent [12].

Alcohol, propane, and ammonia are generally employed as the adsorbate of activated carbon. Ammonia has
advantages of large vaporization latent heat, harmless to ozone layer, low GWP and low boiling point of - 33 °C,
it is usually applied in low temperature AHP system [12]. However, ammonia is poisonous and corrosive to
copper, which result in few research in recent years. Alcohol such as methanol is harmless to ozone layer, low
boiling point at - 114 °C, and it fits a lot of activated carbon but is as poisonous as ammonia. Propane is an
environmentally friendly and low boiling point (- 42.1 °C) adsorbate. Its natural reserve is very abundant thus
its price is very cheap [12].

H.J.Dakkama [12] and his teams studied on a high performance activated carbon call Maxsorb. The Maxsorb
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was used as adsorbent, R143a and propane were applied as adsorbate in a two stages cascade system. COP of
0.04 was obtained at 70 °C regeneration and - 5 °C of chilled water. M. Kumita and his team fucus on density
increasing of activated carbon. A simulation has been built and it was found that the sorption speed of methanol
can be up to 0.811 kg/m3+s by activated carbon whose density was increase up to 380 kg/m’ [13]. The
compactness of AHP can be expected with this technology.

The working pair of activated carbon/alcohol + propane + ammonia can produce cooling amount under 0°C
owing to the low boiling point of adsorbate. However, poisonous and ignitable adsorbates need maintenance

periodically, and lower latent heat than that of water is the demerit [3].

2.1.4. AQSOA-FAM/Water

AQSOA-FAM is a kind of artificially synthesized zeolite developed by Mitsubishi Chemical Co.Ltd.. Fig.2.2
shows its isotherms of water. AQSOA-FAMs show different shape of isotherms to those of conventional
adsorbents (Silica-gel, Y type zeolite and activated carbon). This kind of material can be regenerated at a lower
temperature than conventional adsorbents, and its “S” shape curve of isotherm indicates that a large amount of
water adsorption/desorption can occurred in a narrow relative humidity range.

AQSOA-FAM has a serial of Z01, Z02 and Z05. Their isotherms are similar to each other; however, their
generation temperature and relative humidity range of sorption/desorption are different. AQSOA-FAM Z05 can
be generated at a very low temperature of 50°C, and its water sorption/desorption amount change a lot at a high
relative humidity range of 0.2-0.3. AQSOA-FAM Z02 shows the largest amount of water sorption/desorption at
a very low relative humidity range of 0~0.1, but it needs a high temperature of 90°C to generate. AQSOA-FAM
Z01 shown a sorption amount change around 0.1~0.2, it can be generated at 60 °C [14], [15], [16], [17]. On the
other hand, Y type zeolite adsorbs a large amount of vapor at an extreme low relative humidity, which is very
similar to AQSOA-FAM Z02. On the contrary, the generation temperature higher than 150 °C is needed, thus Y
type zeolite is unfit to AHP system.

Because of all these properties mentioned above, AQSOA-FAM is a very valuable adsorbent material of AHP.
A. Sapienza (2011) and his team made an AHP prototype employed AQSOA-FAM Z02 as adsorbent. COP of
0.6 and SCP of 395 W/kg are achieved under the following conditions: 90 °C generation, 15 °C evaporation. In
addition, COP of 0.44 and SCP of 235 W/kg are obtained even the generation temperature is decreased down to
80 °C [17]. Some commercial products of AHP applied AQSOA-FAM were sold in market, as section 1.2.4
shown. However, the expensive price of AQSOA-FAM result in high initial cost of AHP, which disturb the

spread [18].
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2.1.5. Composite Adsorbent

Composite adsorbents generally consist of more than two types of adsorbents. Additives are impregnated into
the matrix to produce composite adsorbents. Deliquesced salts are generally used as the additive of composite
adsorbent. Those salts deliquesce with the progress of sorption and lump after drying, which causes worse mass
transfer. The impregnation of deliquesced salts into porous material adsorbent as the additive is effective to solve
this problem. In addition, the sorption amount can be enhanced with this impregnation. Porous materials such as
activated carbon, activated carbon fiber, expandable graphite, silica-gel, vermiculite, and Wakkanai Siliceous
Shale (WSS) that developed by our laboratory are generally applied as the matrix. Moreover, Multi-Wall Carbon
Nano-Tubes (MWCNT) is also proposed in recent years [6], [19].

Different deliquesced salts are impregnated into silica-gel to achieve Selective Water Sorbent (SWS, SWS-
1L(CaCly), SWS-8L(Ca(NOs3)2), SWS-9L(LiNOs3)). Those composite adsorbents are affected by cycle period
obviously. In case of cycle period within 20-30 minuntes, SCP was 200 W/kg and COP was 0.13-0.3. While a
longer cycle period of 2 hours was taken, SWS-1L shown a higher COP of 0.4-0.6 but lower SCP of 20-40 W/kg.
In addition, our prior research shown that the impregnation of chloride more than 5 wt. % leads to expansion of
pores. The impregnated salts can not be held by those expanded pore and the system performance decrease after

long time running [19].
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MWCNT possesses a large gravimetric pore volume of 3 cm3/g. After impregnated with 44 wt.% LiCl, the
sorption amount of water and methanol are 1 g/g and 1.65 g/g, respectively. The AHP applied MWCNT require
long cycle period because of high specific heat of 1.7 kJ/g. Short cycle period results in uncomplete of
sorption/desorption and reduces performance [19].

In our laboratory, a natural meso-porous material of WSS was used as the matrix, and LiCl is impregnated
into the WSS to produce this WSS composite. WSS can be mined from quarry, which contribute to cheap price.
With the impregnation of LiCl, water sorption of this composite adsorbent was improved and it can be employed
as the a potential adsorbent. Our prior researches shown that the AHP applied this composite adsorbent shown
COP of 0.16 and SCP of 86 W/kg. On the contrary, COP and SCP of the AHP applied this composite adsorbent

require further improvement [19].

2.1.6. Metal Organic Frameworks

Metal Organic Frameworks (MOFs) is a serials of novel artificially synthesized material. It consists
of metal ions or clusters coordinated to organic ligands to form one-, two-, or three-dimensional structures. Its
large surface area which is much more lager than that of activated carbon/zeolite and its network structure leads
to its application on gas adsorption and accelerant.

The commonly used MOFs subclasses are as following: MIL-100(Al), Al fumarate, ACU-10-H, MIL-101(Cr),
HKUST-1. MIL-101(Cr) possesses extreme high specific surface area and specific pore volume of 4000 m?/g
and 2.02 cm’/g, respectively [20]. It shown the water sorption amount of 1.01 g/g. When the regeneration
temperature is set at 80 °C, the heat capacity of 283 klJ/kg can be obtained applied working pair of MIL-
101(Cr)/ethanol, which is 2.2 time than that of activated carbon/ethanol, and heat capacity can be enhanced up
to 371 kJ/kg with the increased regeneration temperature of 120 °C [19]. It is expected to be the alternative of

activated carbon. however, it is extreme expensive owing to artificially synthesizing.

2.1.7. Comparison

Some representative studies of different working pairs are shown in Table 2.1. Studies of F. Meunier and
Douss indicated that zeolite-based AHP shown COP of 0.67 at low vaporization temperature, however,
regeneration over 200 °C is necessary. The requirement of high regeneration temperature is not fit the AHP that
can be driven by low temperature heat source, thus the studies on zeolite-based AHP decreased in recent years.
H.J.Dakkama reported an activated carbon/alcohol * propane working pair AHP system, at the conditions of
70 °C regeneration and -5 °C evaporation, COP of 0.04 can be obtained. Moreover, the latent heat of these

working pair is lower than other water applied system, and more attention is needed owing to combustibility of
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adsorbates. Pan’s and Akahira’s teams employed silica-gel as the adsorbent of AHP, COP of 0.5-0.65 and SCP

of 130-150 W/kg were achieved. Silica-gel/water is a common working pair owing to its good balance of price,

safety, and performance. The artificially synthesized zeolite of AQSOA-FAM was applied as adsorbent in the

study of A.Sapienza. At the condition of 80 °C generation and 15 °C vaporization, COP and SCP were 0.44 and

235 W/kg, respectively. AQSOA-FAM-based AHP shown a great cooling performance, however, its spread is

disturbed by the expensive cost. H.Z. Liu’s study indicated the potential of WSS composite as the adsorbent.

The cheap price of WSS composite benefit AHP at initial cost reduction. On the other hand, its cooling

performance need enhancement.

Table 2.1 Outline of research on adsorption heat pump

Working pair Half cycle COP SCP Simulation/
Author Year  Treg/Tsor/ Tevp
(adsorbent/adsorbate) time [s] [-] [W/kg] Experiment
Zeolite 13X / Water F. Meunier [1] 1985 350/50/0 - 0.425 - Simulation
Zeolite NaX / Water Douss [2] 1988 200/60/- 5400 0.673 - Experiment
Silica-gel / Water Q.W.Pan [§] 2016 86/30/15 784 0.65 146.4  Experiment
Silica-gel / Water A.Akahira [11] 2005 80/30/7 600 0.51 130 Experiment
FAM-02 / Water A.Sapienza [17] 2011 80/30/15 210 0.44 235 Experiment
Maxsorb /
H.J.Dakkama [12] 2017 70/30/-5 590 0.04 - Simulation
R143a and Propane
LiCl(40 wt.%) +
Hongzhi Liu [19] 2018 80/30/12 600 0.16 86 Experiment
WSS / Water
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2.2. Advanced Cycle
2.2.1. Heat Recovery

The generation heat amount is not only for the desorption of adsorbate. The whole adsorber include HEX,
adsorbent, remained circulation water also need regeneration heat amount to heated from sorption temperature,
which disturbs cooling performance improvement. Heat recovery is a kind of advanced cycle that can reduce the
regeneration heat amount, it was firstly proposed by F. Meunier in 1985 [1], and N. Douss in 1988 [2] conduct
study of heat recovery. In recent year, Pan summarized and proposed some types of heat recovery again.

At the end of sorption/regeneration process, the high temperature side (HTS) adsorber 1 is almost fully
generated and the low temperature side (LTS) adsorber 2 almost fully adsorbed, as Fig. 2.3 (a) shown. Then the
sorption/regeneration switch, the cooling water is flowed into the HTS of Ads.1 to cool it down, and the remained
hot water in Ads.1 is pushed out to the cooling tower. Meanwhile the hot water is flowed into the LTS of Ads.2
to heat it, and the remained cooling water return to the hot tank to be heated again, which results in regeneration
heat mount increase, as Fig. 2.3 (b) shown. One type of the heat recovery that proposed by Pan is shown in
Fig.2.3 (c) [2], the remained hot water in the HTS of Ads.1 is circulated to the LTS of Ads.2 to preheat it, hence

the regeneration amount can be reduced.

Hot water tank Hot water tank Hot water tank

Cooling tower Cooling tower Cooling tower

The recovered heat is generally the sensible heat of HEX, remained circulation water and adsorbent. Pan’s
simulation indicated that 14.6 %~15.7 % regeneration heat amount of an AHP system, in which applied the fin-
tube HEX filled with the silica-gel, can be recovered. It was found that 90 % of the recovered heat amount was

from the sensible heat of the remained water in the HTS Ads.1, only 9 % of the recovered heat amount was from
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the tube, and less than 1 % of the recovered heat amount was from the adsorbent.

Though some extra valves, tubes and pumps may be necessary depends on the type of heat recovery, lots of
studies were conducted on the heat recoveries because they are effective and easy to fulfill method to enhance
COP [2], [8], [9], [10], [23]. Heat recovery method only reduce the regeneration heat amount; thus SCP is not

affected. In addition, it is possible to combine heat recovery with other advanced cycle [8], [9], [10], [23].

2.2.2. Mass Recovery

A. Akahira and his team proposed an advance cycle called mass recovery to enhance the cooling performance
of AHP [6]. The schematic of mass recovery in a representative AHP is shown in Fig. 2.4. At the end of
sorption/regeneration process, the pressure of HTS is 4.2 kPa meanwhile that of LTS is 1.4 kPa, as shown in
Fig.2.4 (). Then HTS and LTS are connected to each other, which indicate the start of mass recovery (Fig. 2.4
(b)). The pressure of both side adsorber become the same, hence the desorption of the HTS and the sorption of
LTS can be enhanced. The HTS can be pre-cooling by the desorption and the LTS can be pre-heat by the sorption,
which contribute to reduction of regeneration heat. In addition, because of the desorption during mass recovery,
the HTS can be further dried, and it can adsorb more refrigerant adsorbate vapor in the next sorption process,
the cooling performance can be improved.

The studies of A. Akahira indicate that COP of a silica-gel based AHP can be improved up to 0.5 from 0.4
with mass recovery [6]. Meanwhile SCP can be enhanced from 0.12 kW/kg to 0.13 kW/kg [11]. Though extra
valves and large mass transfer channel between two adsorbers is necessary to fulfill mass recovery, mass

recovery is a valuable advanced cycle which has been studied in lots of researches [8], [9], [10], [6], [11], [22].
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2.2.3. Cascade

In the low vaporization AHP system, more cooling heat amount is needed to cool down the water recovered
from condenser owing to the large temperature difference between the evaporator and the condenser. It results
in decrease of efficiency. Therefore several adsorption cycles are combined like in cascade, as shown in Fig. 2.5.
Evaporator of the High Driving Temperature Adsorber (HDT) and condenser of the Low Driving Temperature
Adsorber (LDT) are combined as the cascade HEX. Thus the temperature difference between condenser and
cascade HEX of HDT, and that between cascade HEX and evaporator of LDT can be reduced, efficiency of the
entire system can be improved. The cascade has been studied from 30 years ago, the theoretical simulation
indicates that COP of AHP system can be enhanced up to 1.852 with cascading [1]. Moreover, because of the
cascade AHP possess several cycles, it is possible to applied different working pairs that can adapted their
working temperatures to enhance the cooling performance [11], [12]. On the other hand, extra chambers are
required in cascade AHP system, which result in complex control. It causes the entire volume increase of these

cascade AHP systems. Hence, the cascade AHP generally used in low temperature chilling chamber.
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2.2.4. Duration of Sorption/Regeneration Change
A representative complete cycle includes a sorption process and a regeneration process, the periods of them
are generally the same. The speeds of sorption and regeneration are different owing to the different temperature

of sorption and regeneration, thus the processes of sorption and desorption end at different time, the same period
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result in uncomplete process of sorption or regeneration. Therefore, a method that changing the duration of
sorption/regeneration to enhance the cooling performance of AHP was proposed.

Study of A.Sapienza [17] shown that the temperature different between the inlet and outlet of the HTS is
smaller than that of the LTS, which indicated the regeneration process was finished earlier than sorption process.
A.Sapienza developed a AHP, the cycle period was the fixed 7 minutes and the duration of sorption/regeneration
was changed from 1 to 2.5, COP and SCP were enhance from 0.52 and 350 kW/kg to 0.6 and 400 kW/kg,
respectively.

The method that the duration change of sorption/regeneration is easy to fulfill and effective to enhance the
cooling performance. However, the different period of sorption and regeneration process require more than 2 of

adsorber to provide stable cooling power output. It results in the entire volume increase, as the cascade AHP is.
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2.3. Prior Studies in Our laboratory
2.3.1. Vapor Sorption Amount Enhancement of Natural Mesoporous [23]

To enhance the vapor sorption amount, CaCl,, NaCl and LiCl were impregnated into a natural mesoporous
material of WSS, and the composite material were investigated. The results shown that vapor sorption amount
of WSS composite can be improved up to 7 times with the impregnation of chloride. Then the WSS composite
impregnated with NaCl and LiCl was employed in a proto desiccant. In addition, silica-gel and zeolite were
applied as adsorbent of the proto desiccant to compared with the WSS composite material. The experimental
conditions are shown as following: RH 75 % at 30 °C for sorption process, RH 27 % at 40 °C for regeneration
process. The results indicated that only the WSS composite desiccant can keep the indoor air at stable 18

g/kgpatlg (DA: Dry Air).

2.3.2. Development of Natural Mesoporous Material [24]

As mentioned in the previous section, the price of commercial AHP is up to 3 million Japanese Yen, 1/3 of the
cost is for the adsorbent of AQSOA-FAM. The expensive initial cost leads to market barrier. Therefore, our
laboratory proposed a natural mesoporous material called Wakkanai Siliceous Shale (WSS). Deliquescent

chlorides were impregnated to develop the WSS composite material to enhance the sorption ability and reduce
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the cost of adsorbent.

Fig. 2.6 shows the WSS from stone to power. The original WSS stone (Fig. 2.6 (a)) was mined from quarry,
which contribute its cheap price. Then it was crashed into particle (Fig. 2.6 (b)) and powder (Fig. 2.6 (c)) to be
applied as the host matrix of composite material. Impregnation of chloride did not cause pore size of WSS change,
which is the advantage of WSS over the silica-gel as the host matrix. Some chloride such as MgCl,, CaCl,,
LiBr and LiCl were impregnated to enhance the vapor sorption amount, the results indicated that the impregnated
of LiCl improve sorption amount most. WSS with 40 wt. % shown the largest theoretical sorption amount of

0.92 g/g.

2.3.3. Manufacture of Small Scale AHP Prototype [18], [21]

As the first step of WSS composite application in AHP, a small scale AHP prototype was manufactured. The
LiCl from 10 wt.% to 40 wt.% were impregnated into WSS to produce the WSS composites and their isotherms
were measured. These WSS composites were filled into heat exchanger (HEX) and applied in the built
experiment apparatus, as Fig. 2.7 and Fig. 2.8 shown. The WSS composite with 40 wt. % of LiCl shown the best
COP of 0.3 and SCP of 60 W/kg at the following conditions: 90 °C-regeneration, 35°C-condensation [18]. Then
the corrugated HEX was applied as the holder of adsorbent. The result indicated that SCP of this AHP was
improved up to 86 W/kg while the cycle period was reduced from 120 min to 20 min though COP decreased to

0.16 [21].
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2.3.4. Efficient Heat Conductivity Enhancement [25]

To enhance the efficient heat conductivity, some additive such as pure aluminum fiber, carbon fiber and
graphite granule (Fig. 2.9) were mixed with the WSS composite. In addition, the total mass transfer coefficient
depended on the aluminum fiber mixture was experimentally investigated.

The efficient heat conductivity of WSS composite was enhanced from 0.18 W/(m * K) up to 0.35 W/(m * K)
with 40 wt. % of the pure aluminum fiber. The mixture with 50 wt. % of carbon fibers increased the efficient
heat conductivity up to 0.4 W/(m * K). Moreover, mixture of graphite granule shown almost no enhancement on
the efficient heat conductivity. The results indicated the positive effect of aluminum fiber and carbon fiber
additive on the efficient heat conductivity enhancement. However, the high price of carbon fiber caused cost up
of WSS composite. The pure aluminum fiber result in WSS composite decreasing and the risk of reaction with

the adsorbate [25].
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2.3.5. Cooling Performance Evaluation of Small Scale AHP based on Cycle Period [26]

A small scale AHP applied 20 wt. % LiCl-WSS as adsorbent was built to evaluate the cooling performance
based on cycle period, the experimental schematic was shown in Fig. 2.10. The cycle period was changed from
8~16 minutes. The result indicated that the highest COP increased due to the progressing of sorption process and
decreased while longer cycle period than 14 minutes was taken. On the other hand, SCP decreased with the cycle

period increased. At the cycle period of 14 minutes, COP and SCP were 0.44 and 0.43 kW/kg, respectively.
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2.3.6. Development and Performance Evaluation of a 1 kW Lab-scale [27]

As a previous step of final objective of 20~30 kW scale AHP development, a 1 kW lab-scale AHP was
developed to investigate the methods, feasibility, and cooling performance. As shown in Fig. 2.11, two of
adsorber chambers were built to provide constant cooling ability.

Experiments were conducted at following conditions: 80 °C-regeneration, 30 °C-sorption, 30 °C-condensation,
15 °C-evaporation, 14 minutes cycle period. The result shown that COP of 0.33 and SCP of 0.15 kW/kg were
achieved. However, the water accumulated in the bottom of the adsorber chambers with the cycle repeat, which

led to decrease of cooling performance.
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2.3.7. 3D Numerical Modeling Simulation Development [28]
A 3D numerical modeling of LiCI-WSS based AHP was built to investigate the cooling HEX shape and

physical properties. Moreover, COP and VCP were predicted with the simulation. Thus the HEX shape can be
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optimized.
Simulation results are shown in Fig. 2.12 and Fig. 2.13. Both the highest COP and SCP can be achieved at
HEX thickness of 12 mm (Fig. 2.12). Smaller pitch between refrigerant roads leads to less adsorbent in a HEX,

however, higher COP and VCP were obtained (Fig. 2.13).
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Introduction

Heat exchangers (HEXs) filled with adsorbents are generally used as adsorbers in AHPs, and the mass transfer
and heat transfer of the adsorbent depend on the HEX type and filling method. The fin-tube HEX has a simple
structure and is used not only as an adsorbent holder [1], [2], [3], [4], but also as an evaporator and condenser
HEX [5], [6]. The plate-fin-tube HEX is similar to the in-tube HEX, and its relatively large heat transfer area
renders it one of the most frequently used HEXs in AHPs [7], [8], [9], [10], [11]. The aluminum corrugated
microchannel HEX, which exhibits good heat transfer performance, has been used in a few recent studies [12],
[13], [14], [4], [15]. Adsorbents were added to HEXs using different methods. The adsorbent, which is granular,
is typically embedded in HEXs [8], [12], [16]. Adsorbents can be densified in this manner, although the contact
between the adsorbent and HEX is not favorable. Powder adsorbents are generally dissolved in a solution with
a binder, and HEXSs filled with this solution require drying after filling is performed [14], [4]. Consequently, the
mass transfer is disrupted, and the packing density is low; however, this method enhances the contact between
the adsorbent and HEX. Meanwhile, the coating method can overcome the problems of contact and mass transfer
[11], [17], and an advanced method known as the dip-coating method has been proposed [15], [18]. An SCP of
0.675 W/g was achieved using a dip-coated HEX [15], thereby proving the effectiveness of the dip-coating
method in improving the performance of AHPs. Furthermore, a type of adsorber fluidization method, in which
the heat exchanger is removed and the adsorber bed is fluidized, has been investigated to intensify heat and mass
transfer. It is typically applied in desiccants under atmospheric conditions [19]. However, researchers have
recently applied fluidized beds in the adsorption chiller of vacuum systems [20].

Some advanced cycles have been investigated and then applied to AHPs to improve system performance. Heat
recovery is a type of advance cycle that can reduce regeneration input [ 14] and has been primarily implemented
in 1988 [21]. Three types of heat recovery, which were summarized and proposed by Pan et al. [2], have been
primarily employed in recent years [16], [22]. Mass recovery is a type of advanced cycle that is achieved by
connecting two adsorber chambers during regeneration/sorption exchange [23]. Mass recovery has been reported
to be effective in enhancing the COP and SCP in several studies [7], [8], [23], [24]. In addition, Sapienza et al.
proposed another advanced method that changes the relative duration of sorption/regeneration to increase the
COP and SCP by up to 10% [8] by changing the relative sorption/regeneration duration. This method has been
used in some studies, although it resulted in complex systems [6], [25].

In this chapter, the studies on the types of HEX, the filling methods and the mass recovery are performed.
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4.1. Experimental Apparatus and Procedure
4.1.1. Apparatus for Performance Evaluation

In this chapter, some new Ad-HEXs are studied, and more than 8 pieces of bk-HEXSs are needed in each case
with the 1 kW AHP used in Chapter 3. Thus a 100 W scale prototype AHP is applied instead of the 1 kW AHP
to reduce the preparation period and cost [26].

The 100 W AHP prototype used for performance evaluation in this study is shown in Fig. 4.1. It comprises an
evaporator (Evp.), a condenser (Con.) and two adsorbers (Ads.). Stainless steel buckets were used as a container
in each chamber, and their dimensions are shown in Table 4.1. One ad-HEX (Explained in the sections below)
was set in each adsorber chamber. Meanwhile, an aluminum corrugated microchannel HEX (W90 mm x D80
mm x H16 mm) and a spiral coil HEX were set in the evaporator and condenser chambers, respectively. An
acrylic plate with a thickness of 10 mm was used as the lid of each chamber. The inside and outside spaces were
connected by connectors on an acrylic plate. The chambers were connected to a tube with an inner diameter of
14 mm, which was controlled by several solenoid valves. All chambers were shielded with polystyrene foam to
reduce heat loss. Hot water, cooling water, and chilled water were supplied using 1 kW cryogenic thermostats.
Pt100 sensors were set at the inlet and outlet of the evaporator, condenser, and adsorbers to measure their
temperatures. The pressures were measured using gauges set in each chamber. The flow rates of the evaporator,
condenser, and adsorbers were measured using flowmeters set at the inlet of each chamber. Eight solenoid valves

were used to control the hot/cooling water supply. All the solenoid valves were controlled automatically by

Cryogenic Cryogenic
Thermostat Thermostat
(80°C) (30°C)

Table 4.1 Dimensions of each chamber.

Adsorber Evaporator Condenser
Volume [L] 4.58 1.08 2.16
Diameter [mm] 180 140 140
Depth [mm] 180 70 140
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timers.

4.1.2. Operation Method

The operation method of 100 W AHP is similar to that of 1 kW AHP. Cooling water (30 °C) and the chilled
water (20 °C) were circulated into the condenser and evaporator, respectively. Meanwhile, regeneration hot water
(80 °C) was flowed into the adsorbers to dry the adsorbent. Subsequently, the pressures of the evaporator,
adsorber, and condenser chambers were evacuated to 2.3, 4.3, and 4.3 kPa, respectively. The cooling water used
for the sorption process was circulated into the Ads. 1 instead of the generation hot water to begin the experiment.
The timer was set to exchange the cooling/hot water supply every few minutes.

AHPs can operate in a wide range of temperature conditions, and they have been experimentally investigated
in our prior studies [14], [4]. In this study, the comparison of Ad-HEXs with different filling methods was
prioritized; in this regard, the standard conditions used are as shown in Table 4.2. The regeneration temperature,
sorption temperature, condensation temperature, and evaporator inlet temperature were 80 °C, 30 °C, 30 °C, and
20 °C, respectively. The flow rates of the regeneration hot water, sorption cooling water, condensation cooling
water, and evaporator inlet chilled water were 1.62, 1.58, 0.64, and 0.24 L/min, respectively. Hence, the
temperature difference between the inlet and outlet of each chamber was 5 K. The cycle period was changed

from 10 to 18 min. The temperature, flow rate, and pressure data were recorded using a logger.

Table 4.2 Experimental conditions.

Regeneration Sorption Condensation ~ Evaporator inlet
Temperature [ C] 80 30 30 20
Flow rate [L/min] 1.62 1.58 0.64 0.24

4.1.3. Evaluation Indices

In this chapter, the system performance was evaluated based on the COP, SCP, and adsorber pack volumetric
cooling power (VCPaqs) [8], [14], [27], which are the same to Chapter 3. In addition, 7., as defined by Eq. (4.1)
is used to evaluate the effective utilization rate. Here, gmax is the maximum sorption amount, which is shown in

Fig. 4.2 as 0.35 g/g, and AH,, is the latent heat of water.

ne = i=3 Qic y 1 4.1)
“ (n —i+ 1)AHw"ldry Amax '
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0.6

30°C

Saturated water sorption amount [g/g]

0 1 2 3 4 5 6 7 8

Pressure of water vapor [kPa]

The equation expressing the accumulated regeneration amount of the regeneration process and that expressing
the cooling amount of the sorption process are shown below. They are used to determine the sorption/desorption

characteristics [14].
Qreg = Qlt,des + (st,ads,adsorbent+ st,ads,HEX + st,ads,rw + st,ads,tube + Qads,loss) (42)
Qc = Qlt,evporation - (st,evp,w + st,evp,HEX + st,evp,rw + st,evp,tube + Qevp,loss) (43)

The heat balance equation for the regeneration heat amount Qe in a cycle is shown in Eq. (4.2), whereas the
heat balance equation for the cooling amount Q. in a cycle is shown in Eq. (4.3). In the ideal state, the
regeneration heat is used to desorb vapor in the adsorbent, and Qi equals the desorption heat amount Qi ges. The
evaporation heat is used to chill the refrigerant of the evaporator, and Q¢ equals Qi evaporation. The vaporized water
is absorbed by the adsorbent during the sorption process and then desorbed during the desorption process. The
measured latent heat of sorption/desorption was similar to the evaporation latent heat amount of water (£2%)
[4]; therefore, Oievp Was assumed to be equal to Qi ges. However, the adsorbers were always heated from 30 °C
to 80 °C; hence, the sensible heat amounts of the adsorbent (s ads,adsorbent), HEX (Oss.ads,HEX), T€maining water
in the HEX (QOssads,rw), and tube (Ossads,ube), as well as the heat loss Qadsloss Were unchanged, whereas the
regeneration heat amount Qg increased. By contrast, the temperature of the evaporator fluctuated periodically,

and the sensible heat of the adsorbate water in the evaporator (Qss.evp,w)s HEX (Ossevp,EX), Femaining water in
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the HEX (QOss.evprw), and tube (Oss evp,ube) Was 0. Hence, the cooling amount Q. decreased owing to the heat loss
Qloss-
The uncertainties of the COP, SCP, and VCP are combined uncertainties, which can be determined by the

propagation of uncertainty as the same as Eq. (3.7) in Section 3.2.3 shown.

4.1.4. Uncertainty Analysis
The uncertainties of the COP, SCP, and VCP are combined uncertainties, which can be determined by the
propagation of uncertainty. Eq. (4.4) is used to calculate the uncertainties of the COP and SCP [28], [29], where

R represents the COP, SCP, or VCP. Table 4.3 presents the measured parameters (x;) and their uncertainties (uy, ).

(4.4)
Table 4.3 Uncertainties of measurement apparatus.
Parameter Vevp [m3/S] Vht [m3/S] Tin,evpa Tout,evpa Tin,ads: Tout,ads [K] Mary [ke]
Uncertainty +4.17x1078 +4.17x10° 0.1 +1x107
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4.2. Study on Different Types of HEX
4.2.1. Bk-HEX

As mentioned in Section 4.1, different types of HEXes such as the fin-tube type HEX, the plate-fin-tube type
HEX and the aluminum corrugated microchannel type HEX (Fig. 4.3(c)) are applied as holder of adsorbent. The
fin-tube type HEX (Fig. 4.3(a)) shows a cheap price for its simple structure, however, its unregular shape results
in low space utilization and small heat exchange area. The plate-fin-tube type HEX (PFT-HEX), which is shown
in Fig. 4.3(b), is an advanced version of the fin-tube type HEX. Its thin and folded shape of refrigerant road
provide stronger support to the fin and contribute to larger heat exchange area; thus the PFT-HEX is the most
common HEX in lots of AHP systems. The aluminum corrugated microchannel type HEX is shown in Fig. 4.3(c).
The refrigerant road is separated into several parallel micro channel, the corrugated fins are set between the
micro channels. This structure provides great strength to protect the fins, hence the thickness of the fins is

reduced to 0.09 mm, which leads to increasing of surface area and heat transfer performance. However, the thin

I
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refrigerant road limits the maximum flowrate.

In this part, the PFT-HEX and the MC-HEX are studied in experiments.

4.2.2. Preparation of Ad-HEX

The commercial PFT-HEX (W235 x H110 x D25) and the MC-HEX (W125 x H120 x D25) ARE used in this
studied. In order to manufacture the ad-HEX possessed the same size of the adsorbent layer, some fins of PFT-
HEX and MC-HEX are removed and to adapt the dimension of both bk-HEX into the same W120 x H110 x
D25, as Fig. 4.4 shows. The same adsorbent slurry of 1 kW AHP, which is WSS impregnated with 20 wt. % of
LiCl, is filled into this HEX, the information of obtained ad-HEXs is shown in Table 4.4. The adsorbent filled

into the PFT-HEX and the MC-HEX is adapted to the same level to each other, the packing densities of the PFT-
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Table 4.4 Heat exchangers filled with adsorbent.

Type PFT-HEX MC-HEX SMC-HEX
Weight of HEX [g] 238 493 190
Weight of adsorbent [g] 109.3 111.4 58.85
Packing density [g/L] 331.2 337.6 445.8
Remained water [g] 61.7 165.6 27.6
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q
®_ _

Adiabatic zone

HEX and the MC-HEX are 331.2 g/L and 337.6 g/L, respectively. On the other hand, half of the fins are removed
from the original MC-HEX to fit the size of PFT-HEX, the weight of HEX and the remained water of the MC-
HEX are much higher than those of PFT-HEX. The part of ad-HEXs without adsorbent are thermal isolated, and
several T type thermal couples are set at the surface of the adsorbent layer to measure the surface temperature

transient. The obtained ad-HEX are shown in Fig. 4.5.

4.2.3. Performance Evaluation

The basic experiments are performed to evaluate the cooling performance of both Ad-HEX. The PFT-HEX
and the MC-HEX are set in adsorber chamber, respectively. In addition, an ad-HEX made from the ordered small
micro channel (SMC-HEX) is used to compare with the MC-HEX, its information is shown in Table 4.4. The

standard experiment conditions are shown in Table 4.5.

Table 4.5 Standard experimental conditions.

Regeneration Sorption Condensation Evaporation (inlet)
Temperature [°C] 80 30 30 20
Flowrate [L/min] 1.47 1.6 0.5 0.31
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The cycle period is change from 10 to 18 minutes, and the results are shown in Fig. 4.6. COP of three types
of HEX increase with the longer cycle period is taken, meanwhile SCP decrease, which is like those of 1 kW
AHP experiment in Chapter 3. Compared with PFT-HEX, MC-HEX shown lower COP. On the other hand, MC-
HEX can provide higher SCP than PFT-HEX. The SMC-HEX, which is a special ordered corrugated micro
channel HEX, possess thinner depth and larger packing density. It shows higher COP than the MC-HEX. In
addition, the much higher SCP than the PFT-HEX and the MC-HEX is achieved by the SMC-HEX.

The experiment results at cycle period of 14 minutes are pick up and compared in Table 4.6. The cooling
amount of the MC-HEX is higher than that of the PFTH-HEX, however, the regeneration amount of the MC-
HEX is much more than that of the PFTH-HEX due to larger weight of HEX and remained water. The SMC-
HEX is a well-designed version of the MC-HEX, the thinner depth contributes to better mass transfer of vapor,
the weight of the HEX and the remained water are much reduced compare with those of the MC-HEX;
meanwhile the thinner depth of HEX enhances the mass and heat transfer, which leads to higher SCP than those

of the PFT-HEX and the MC-HEX.
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Table 4.6 Experimental result of 14 minutes cycle.

HEX type PFTH-HEX CH-HEX SMC-HEX
Cooling amount [J] 43845 45571 32034
Regeneration amount [J] 110108 157346 94681
COP [-] 0.4 0.29 0.34
SCP [W/g] 0.47 0.48 0.63

Micro
channel
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4.2.4. Surface Temperature Responds

As mentioned above, the corrugated micro channel HEX is proposed to have advantages on mass and heat
transfer, which are reflected on the surface temperature transient of the adsorbent. Therefore several thermal
couple (TC) are set on the surface of adsorbent to measure the temperature transient. As shown in Fig. 4.7, 4
points of each ad-HEX are chosen, they are marked as A, B, C, D following the refrigerant direction. In addition,
the center of the whole adsorbent layer is chosen as a reference. A and D are at the inlet and the outlet of
refrigerant, respectively. B is 60 mm from A, meanwhile C is 60 mm from D. 2 of thermal couple are set at the
adsorbent surface and inner middle (depth 12.5 mm) for each point.

The experiment conditions are the same to those shown in Table 4.5, and the temperature responds of a
representative cycle at cycle period of 14 minutes are shown in Fig. 4.8. The inner temperature responds of the
PFT-HEX are faster than those of the MC-HEX for both sorption (0-7 min) and regeneration process (7-14 min).
It can be explained that the MC-HEX needs more heat and cooling amount due to larger weight of HEX and
remained water, as mentioned above. The surface temperatures of the PFT-HEX change a little faster than those
of the MC-HEX after regeneration/sorption process switch. However, the MC-HEX shows a higher surface
temperature at the end of the regeneration process and a lower surface temperature at the end of the sorption
process, which indicate that heat transfer of MC-HEX is better than that of PFT-HEX. For the same measure
point, the temperature differences between the surface and the inner of the regeneration process are larger than
that of the sorption process, the faster regeneration speed and the heat loss are the reasons. The center temperature

transients show the same trend to the inner temperature transient of other measure point.

4.2.5. Discussion

SCP of the MC-HEX is higher than that of the PFT-HEX, it proved the larger surface area contributes better
heat transfer, which is reflected to the faster temperature responds. With the usage of well-designed corrugated
micro channel HEX, SCP can be further enhanced up to 0.63 kW/kg. On the other hand, the MC-HEX show a
lower COP than the PFT-HEX because the larger weight of HEX and remained water need more energy to heat
or cool down. In addition, the PFT-HEX possess more space between the fins. The gaps of the PFT-HEX are not
full filled (Fig. 4.9) at the same packing density to the MC-HEX, whose gaps are full filled. For the merits of
lighter HEX, less remained water and more space, COP of the PFT-HEX can be improved further with the
packing density increase and longer cycle period. However, the MC-HEX shows the better heat transfer, higher
SCP can be obtained. In addition, the limit thickness of the commercial PTF-HEX is 25 mm while that of the

MC-HEX can be reduced to 12 mm owing to its structure, which can enhance the heat transfer further.
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4 3. Filling Method Update
4.3.1. Dip-coating Method

The conventional filling method is shown in Fig. 4.10 (a), the composite adsorbent was dissolved in slurry,
filled into a corrugated HEX, and then dried at 120 °C. The improvement in its packing density was limited by
the bubble space inside the adsorbent, which appeared owing to the evaporation of liquid. In addition, the mass
transfer was disrupted as a mass transfer channel was not adopted.

To improve the packing density, Zhen et al. [18] proposed a filling method known as the dip-coating method.
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However, the mass ratios of the WSS and additive, which are vital to WSS composite adsorbents [14], [4], are
difficult to control using the dip-coating method. Hence, as shown in Fig. 4.10 (a), the dip-coating method was
adapted as follows to accommodate the WSS composite adsorbent.

1) The HEX was weighted without an adsorbent. Subsequently, the WSS composite adsorbent slurry was
sprayed onto the surface of the corrugated HEX.

2) The corrugated HEX was dried at 120 °C to achieve a coated-HEX;

3) The WSS composite adsorbent slurry was diluted with distilled water to achieve a 1:3 ratio of WSS
composite adsorbent to distilled water.

4) The dried HEX was deposited into the diluted slurry prepared in step 3) for 10 s

5) The HEX was removed from the slurry and dried in an oven at 120 °C for 30 min. The HEX was weighed
with the adsorbent to calculate the weight of the adsorbent filled into the HEX.

6) Steps 4) and 5) were repeated until a filled WSS composite adsorbent was obtained.

In step 1), the extremely thin coating layer of the WSS composite adsorbent slurry enhanced the contact
between the adsorbent and HEX for forming a coated-HEX. Furthermore, this thin coating layer serve as the
base of the dip-HEX. The viscosity of the WSS composite adsorbent slurry used in the filled-HEX was 25.1
mPa-s, which is much higher than that of water (1.002 mPa-s). This renders the dipping process difficult. Hence,
the WSS composite adsorbent slurry was diluted (in step 3)) to reduce the viscosity to 2.71 mPa-s. According to
Togawa et al., the excessive sorption of vapor results in salt leakage and deteriorated performance [4]. Therefore,
the dipping process performed in step 4) was designed to be extremely short (10 s) as compared with the dip-
coating method proposed by Zhen et al. to prevent leakage. In addition, an air spray was used to remove the

adsorbent block in step 4) when necessary.

4.3.2. Ad-HEX Preparation

In this study, several new ad-HEXs were prepared for comparison with the conventional filled-HEX. The
same series of aluminum corrugated microchannel HEXs was employed in a previous study [14]. As shown in
Fig. 4.11 (a), the dimensions and volumes of the original HEX were 140 mm Width x 110 mm Depth x 12 mm
Height and 0.1848 L, respectively. The thickness of the microchannel was 1.2 mm, and the span between the
microchannels was 8.1 mm. Using the different methods mentioned above, 20 wt.% LiCIl impregnated WSS was
filled into this HEX to obtain the ad-HEXs. The conventional filled-HEX is shown in Fig. 4.11 (b). The weight
of the filled adsorbent and the packing density were 55.96 g and 303 g/L, respectively. Some cracks appeared
inside the dried adsorbent owing to the evaporation of the solution during the drying process. Fig. 4.11 (¢) shows

the coated-HEX prepared in step 2) of Section 4.4.1. The weight of the filled adsorbent and the packing density
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were 11.72 g and 63 g/L, respectively. The space between the fins was large, which provided a smooth mass
transfer. The packing density increased as steps 4) and 5) of Section 4.4.1 were repeated to obtain a dip-HEX,
as shown in Fig. 4.11 (d). The weight of the filled adsorbent and packing density were 58.85 g and 318 g/L,
respectively, which were similar to those of the filled-HEX. Most of the mass transfer channels remained,
although the space between the fins was obstructed partially by the adsorbent. Hence, the dip-coating method
was proven to be effective in densifying the adsorbent. As steps 4) and 5) of Section 4.4.1 were further repeated,
the dip-HEX transformed into the dip-filled-HEX, as shown in Fig. 4.11 (e). The dip-filled-HEX is similar to
the filled-HEX, and the space between the fins was fully filled with the adsorbent. However, almost no crack
appeared inside the adsorbent of the dip-filled-HEX; the weight of the filled adsorbent and the packing density

were 68.96 g and 380 g/L, respectively.

4.3.3. Performance Evaluation

The weight of the filled adsorbent increased as the dip-coating process was repeated. The system cooling
performance afforded by the ad-HEX for different adsorbent weights was assessed. The cycle period was set to
620 s, which included a 300 s sorption/regeneration process and a 10 s pre-cooling/pre-heating process. Ads. 1
was used to evaluate one ad-HEX, and the experimental conditions are listed in Table 4.7. The variations in the
COP and SCP, as well as the effective rate of utilization of 7, for different adsorbent weights are shown in
Fig.4.12. The adsorbent weight of the ad-HEX was increased from 11.72 to 54.06 g. The adsorbent weight of
the coated-HEX was the lightest at 11.72 g; therefore, it required only a low amount of heat for a full
regeneration/sorption. Consequently, a maximum SCP of 0.818 W/g was obtained. However, the cooling amount
was relatively low compared with the fixed regeneration amount of the HEX, as shown in Eqs. (4.2) and (4.3).
Consequently, an extremely low COP of 0.11 was obtained. When the weight of the adsorbent was increased to
54.06 g (dip-HEX), more heat was required for a full regeneration/sorption, and #, decreased from 60% to 46%.
Although the SCP of the dip-HEX decreased slightly to 0.62 W/g because of the decrease in 7., it remained at a
relatively high level compared with those of other adsorbents [30], [8]. However, an increase in the adsorbent
amount increased the cooling amount, which improved the VCP from 53 to 185 W/L and significantly improved

the COP to 0.28. Hence, increasing the amount of adsorbent used in a HEX can effectively improve the COP of

Table 4.7 Experimental conditions of the dip-coating method experiment.

Regeneration Sorption Condensation Evaporator inlet
Temperature [ C] 80 30 30 20
Flow rate [L/min] 1.62 1.58 0.64 0.24
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AHPs employing this type of ad-HEX, accompanied with an acceptable decrease in the SCP.

Then basic performance experiments were performed to compare the conventional filled-HEX with the dip-
HEX and dip-filled-HEX, based on the steps provided in Section 4.4.1. Information regarding the filled-HEX,
dip-HEX, and dip-filled-HEX are shown in Table 4.8. The average packing density of the dip-HEX was 301
g/L; it was well controlled to approximately 308 g/L, which is the average packing density of the filled-HEX.
The average density of the dip-filled-HEX was 380 g/L. Thermal couples were set at the surface center of the
ad-HEX to measure the temperature response. In this experiment, both sides of the adsorber functioned as
intended. The cycle period was changed from 10 to 18 min, and the pre-cooling/pre-heating period was fixed at
10 s.

The results of a representative 18 min cycle are shown in Fig. 4.13. Fig. 4.13 (a) shows the center temperature
responses of each ad-HEX vs. the elapsed time. Compared with the filled-HEX, the dip-HEX and dip-filled-
HEX indicated faster temperature responses owing to the densified adsorbent. The temperature response of the

dip-filled-HEX was slightly slower than that of the dip-HEX because of the higher amount of adsorbent of the

Table 4.8 Adsorbent used for HEX and packing density of various HEXs.

Filled-HEX Dip-HEX Dip-Filled-HEX
Ads. 1 Ads. 2 Ads. 1 Ads. 2 Ads. 1 Ads. 2
individual 57.21 54.70 54.92 54.24 72.44 65.48
Adsorbent of HEX [g]
average 55.96 54.58 68.96
i ) individual 315 302 303 299 400 358
Packing density [g/L]
average 308 301 380
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dip-filled-HEX. The pressure changes of each ad-HEX vs. the elapsed time are shown in Fig. 4.13 (b). The
pressure of both the filled-HEX and dip-HEX decreased to 1 kPa in 10 s of the sorption process; however, the
pressure of the filled-HEX was maintained for 90 s, whereas that of the dip-HEX was maintained until 150 s.
The pressure of the dip-filled-HEX decreased to 1.2 kPa and then returned to 1.7 kPa at the end of the sorption
process, which is also observed in the dip-HEX; however, the abovementioned values were lower than those of
the filled-HEX. The pressure changes during the regeneration process were similar to those in the sorption

process. The faster temperature response resulted in a more significant pressure change in the dip-HEX than that
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in the filled-HEX. The cooling capacity and integrated cooling amount are shown in Fig. 4.13 (c). The cooling
capacity of the filled-HEX increased to 115 W and then decreased rapidly to 30 W. The dip-filled-HEX exhibited
a mild curve of the cooling capacity, which indicated a peak at 103 W and ended at approximately 48 W. The
cooling capacity curve of the dip-HEX was between those of the filled-HEX and dip-filled-HEX. The integrated
cooling amount during the sorption process of the dip-HEX was 5% higher than that of the filled-HEX, although
almost the same adsorbent amount was filled in the HEXs. It was discovered that the mass transfer channel
enhanced mass transfer.

Fig. 4.14 shows the experimental results of a representative cycle in which the dip-HEX was applied vs. the
elapsed time in cycle periods of 10, 14, and 18 min. The variations in the cooling capacity were similar to each
other, as shown in Fig. 4.14 (a). In all these cases, the cooling capacity increased to 100 W for approximately
60 s, and then the cooling capacity for the cases of 10, 14, and 18 min decreased slightly to 58, 40, and 34 W at
the end of the sorption process, respectively. The variations in the regeneration amount almost overlapped with
each other. In fact, they increased up to 3.5 kW in only 6 s and then decreased significantly (Fig. 4.14 (b)).
Hence, the integrated values of the cooling amount increased smoothly over time, whereas the rapid increase in
the integrated regeneration amounts lasted until 60 s. The COP, SCP, and 7, calculated based on the cooling and
regeneration amounts vs. cycle period curves are shown in Fig. 4.15. The COP increased with the cycle period
for all the ad-HEXSs, as shown in Fig. 4.15 (a). The COP of the dip-HEX was higher than that of the dip-Filled-
HEX by up to 11% in a cycle period of 18 min. The dip-Filled-HEX indicated the best COP, which was higher

than that of the filled-HEX up to 15% in 18 min of the cycle period. The SCP decreased as the cycle period
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increased, as shown in Fig. 4.15 (b). The SCP of the dip-HEX was higher than that of the filled-HEX by up to
8%, which is consistent with the result of the integrated cooling amount shown in Fig. 4.13 (c). By contrast, the
SCP of the dip-filled-HEX was lower than that of the filled-HEX by 8%. The densified adsorbent without a mass
transfer channel resulted in a slower mass transfer. The filled-HEX and the dip-HEX indicated similar VCP
values, whereas the VCP of the dip-filled-HEX improved by 17% in a cycle period of 14 min (Fig. 4.15 (c)).
Fig. 4.15 (d) shows the 7, of each ad-HEX vs. the cycle period. The #, of the filled-HEX was lower than that of
the dip-HEX and higher than that of the dip-Filled-HEX; this trend was similarly observed for the SCP.
Meanwhile, as the cycle period was changed from 10 to 18 min, the #y of the filled-HEX, dip-HEX, and dip-
Filled-HEX improved from 51%, 52%, and 49% to 75%, 79%, and 71%, respectively. Hence, it was confirmed

that the higher cooling performance of the dip-HEX was better than that of the filled-HEX. In this study, the
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packing density of the dip-filled-HEX used in Ads. 1 increased to 400 g/L, which was 30% higher than that of
the filled-HEX. Hence, the dip-filled-HEX demonstrated a relatively lower SCP; however, its best COP of 0.4
can be attributed to its higher packing density. The COP of the dip-filled-HEX is expected to increase further as

the cycle period increases.

4.3.4. Uncertainty

The results of the uncertainties are listed in Table 4.9. Because of the small scale of the AHP, the results were
affected significantly by the measure error effect. The uncertainties of the COP were primarily 3.1%—4.5%, and
only one case indicated a COP of 5%. Meanwhile, the uncertainties of the SCP were 2.5%—3.5%, whereas the
uncertainties of the VCP were 2.5%— 4.1%. All these uncertainties were less than 5%; hence, the results of this
study were confirmed to be credible.

Table 4.9 Uncertainties of COP, SCP, and VCP.

(a) Experiment based on filling weight.

mary [g] 11.7 21.5 28.37 40.1 45.14 54.06
COP X 103 [-] 5.49 7.16 7.85 8.58 8.14 9.20
SCP X102 [W/g] 3.86 2.66 2.52 2.11 2.03 1.71
VCP X10[W/L] 2.45 3.09 3.87 4.58 4.97 5.01

(b) Basic performance experiment

Cycle period [min] 10 12 14 16 18
Filled-HEX 1.03 0.97 1.08 1.14 1.42
COP X102[-] Dip-HEX 1.06 1.20 1.28 1.34 1.62
Dip-filled-HEX 1.20 1.32 1.42 1.49 1.53

Filled-HEX 1.98 1.79 1.67 1.77 2.41
SCP X102 [W/g] Dip-HEX 1.78 1.82 1.81 1.78 2.08
Dip-filled-HEX 1.85 1.88 1.87 1.83 1.82
Filled-HEX 6.30 5.69 5.32 5.63 7.66
VCP [W/L] Dip-HEX 5.94 6.08 6.01 5.93 6.94
Dip-filled-HEX 6.91 7.01 7.00 6.81 6.81
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4.3.5. Discussion

The dip-coating method was adapted to accommodate the WSS composite adsorbent. The dip-HEX and dip-
filled-HEX were fabricated using this adopted dip-coating method. As shown in Fig. 4.11 (b), the mass transfer
of the dip-HEX was smoother as compared with that of the others because of the mass transfer channel, although
its packing density was the same as that of the filled-HEX. In addition, a thinner adsorbent layer results in faster
mass transfer [31]. Therefore, the COP and SCP of the dip-HEX were higher than those of the filled-HEX, as
shown in Fig. 4.16 (a) and (b). The packing density can be improved by approximately 30% up to 400 g/L to
achieve the dip-Filled-HEX via the dip-coating method. The high packing density of the dip-filled HEX
significantly increased the COP; however, this resulted in a slight decrease in the SCP.

The adapted dip-coating method resulted in the effective filling of the ad-HEXs. The mass transfer pass of the
ad-HEX was maintained, and the surface area increased, which enhanced sorption/desorption. Meanwhile, the
adsorbent packing density can be increased to improve the COP. However, an excessive amount of adsorbent
(dip-filled-HEX) resulted in a block of mass transfer pass, as shown in Fig. 4.12 (e), which indicates that the
SCP and VCP decreased as the COP increased. In this study, the ad-HEX with an adsorbent weight of 54.6 g

(dip-HEX) is optimal.
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4.4, Mass Recovery
4.4.1. Mass Recovery Method

The isotherms of WSS impregnated with 20 wt. % of LiCl are shown in Fig. 4.16. At the standard experiment
conditions shown in Table 4.2, the maximum sorption amount depends on the vapor pressure of 1.8 kPa from
the evaporation and the sorption temperature of 30 °C, meanwhile the minimum sorption amount depends on
the condensation vapor pressure of 4.2 kPa and the regeneration temperature of 80 °C. The theoretical maximum
sorption amount gmax is the difference between the maximum sorption amount and the minimum sorption amount,
itis 0.35 g/g.

A mass recovery method is proposed to change the pressure condition to improve the cooling performance.
Two adsorber chamber is connected at the end of the sorption/regeneration processes, the pressure of chamber
in regeneration process decreases and the minimum sorption amount decrease, meanwhile the pressure of
chamber in sorption process increases and the maximum sorption amount increase, as shown in Fig. 4.16. Hence,
the theoretical maximum sorption amount is improved from gmax to ¢’max and the sorption/regeneration process

can be enhanced to improve SCP/COP.

0.6

30°C

60 °C

80 °C

Saturated water sorption amount [g/g]

3 6 7 8

4.4.2. Schematic of the Mass Recovery
The schematic illustration of the mass recovery process is shown in Fig. 4.17. Fig. 4.17 (a) shows the adsorber

chambers at the end of the regeneration and sorption processes. The pressures at the high-temperature (HTS)
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side absorber (Ads. 1) and low-temperature side (HTS) adsorber (Ads. 2) are 4.2 and 1.8 kPa, respectively. Based
on the isotherms shown in Fig. 4.16, the adsorbent water sorption amounts approached the saturated water
sorption amount, and the regeneration/sorption is almost completed. Subsequently, the hot/cooling water supply
is terminated, and two adsorber chambers are connect to each other to begin the mass recovery process, which
called A type mass recovery and is shown in Fig. 4.17 (b). The pressure on both sides is 3 kPa because of the
connection between the adsorber chambers. The saturated water sorption amount at the HTS decreases and the
desorption enhances, whereas the saturated water sorption amount at the LTS increases and the sorption enhances.
The LTS can be preheated by the sorption heat without additional heating/cooling to reduce the sensible heat,
and the COP can be improved based on Eq. (4.2). Moreover, the sorption amount at the HTS in the next sorption
process can be enhanced owing to the desorption at the HTS during the mass recovery process, which results in
an increase in Q.. Hence, the SCP and VCP can be enhanced using Eq. (4.3). Moreover, another type of mass
recovery (B type Mass Recovery) is shown in Fig. 4.17 (¢). The hot/cooling water during the mass recovery is
still provided, the desorption of the HTS and the sorption of the LTS are obviously enhanced. This type of mass
recovery focuses on the cooling capacity improvement though COP decreases [23]. In this section, the A type
Mass Recovery is introduced because it can improve both COP and SCP. The Filled-HEX, the Dip-HEX and the
Dip-Filled-HEX are compared in the cases that the Mass Recovery is introduced. The cycle period and pre-
cooling/preheating duration were fixed at 14 min and 10 s, respectively. The mass recovery period is varied from

01to 60 s.
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4.4.3. Experiment Results

The experimental results for a mass recovery period of 60 s are shown in Fig. 4.18. Fig. 4.18 (a) shows the
center temperature responses of each ad-HEX vs. the elapsed time during the mass recovery process. For the
first 20 s of the mass recovery process, vapor is absorbed rapidly, and the temperatures of the three types of ad-
HEXs increase rapidly. As the water sorption progressing, the water sorption amount of the adsorbent approached
the saturated water sorption amount, and the temperature increase becomes less significant. The temperature
response of the dip-HEX is the fastest and increases up to 41.9 °C, which is 1.4 °C higher than that of the filled-
HEX. The larger surface area of the dip-HEX contributes to more sorption and a faster temperature change
compared with the filled-HEX. Meanwhile, the dip-filled-HEX demonstrates the slowest temperature response,
although its surface area is similar to that of the filled-HEX this is because its higher amount of adsorbent
required a higher amount of heat for heating. Its temperature response is the slowest until 35 s; however, it
increases to 41.6 °C at the end of the mass recovery process. The regeneration capacities with and without mass
recovery are shown in Fig. 4.18 (b). For the first 15 s of the regeneration process, the regeneration capacities

reduced wing to mass recovery, and the preheating effect was confirmed.
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Fig. 4.19 shows the experimental results of a representative cycle applying dip-HEX vs. the elapsed time for
different mass recovery periods. The temperature responses are shown in Fig. 4.18 (a). As shown, that at the
HTS decreased to 74 °C in a short mass recovery period of 10 s compared with the HTS of 72.8 °C in the mass
recovery period of 60 s. This indicates that 10 s was sufficient for the mass recovery process of desorption/pre-

cooling. By contrast, the temperature at the LTS increased to 36.6 °C, 40.6 °C, and 41.6 °C in mass recovery
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periods of 10, 30, and 60 s, respectively. Higher temperatures benefit the speed of sorption/desorption [12];

therefore, the LTS required more time to fulfill sorption/pre-heating as compared with the HTS to fulfill

desorption/pre-cooling. The variations in the cooling capacity are shown in Fig. 4.19 (b); it was clear that they

improved even after 10 s of mass recovery. A longer period of mass recovery can improve the cooling capacity

slightly because the HTS desorption is fulfilled. Meanwhile, the cooling capacity decreased rapidly during the

mass recovery process because of the absence of evaporation; this indicates that an excessively long mass

recovery period results in a decrease in the average cooling capacity, as supported by Eqs. (3.1) and (3.4). In

addition, the regeneration amount reduced significantly after 10 s of mass recovery, as shown in Fig. 4.19 (c).
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Based on these experimental results, a mass recovery period of 10 s was confirmed to be appropriate for the dip-
HEX of the current AHP.

The regeneration amount reduction and the cooling amount improvement versus the mass recovery period is
shown in Fig. 4.20. The regeneration amount reduction of the Dip-HEX can up to 12.5 % in extreme short 5 s,
meanwhile the Filled-HEX needs about 30 seconds to achieve the same reduction, which indicate that the enough
mass recovery period has been taken. The regeneration amount of the Dip-Filled-HEX can be reduced 15.4 %
in 10 seconds. The cooling amount improvement curve of the Filled-HEX and the Dip-Filled-HEX almost
overlap with each other. They rise rapidly within 10 seconds, then increase slightly due to the little cooling
capacity during the mass recovery process. The Dip-HEX shows a rapid cooling amount improvement within 5

seconds while at least 10 seconds are needed for the Filled-HEX and the Dip-Filled-HEX.
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COP of these Ad-HEX are shown in Fig. 4.21 (a). To obtain the relatively high COP, the Dip-HEX needs only

5 seconds of the mass recovery to raise COP from 0.34 to 0.45, meanwhile the Dip-Filled-HEX needs 10 seconds
to raise COP from 0.39 to 0.5. COP of the Filled-HEX can be increased from 0.34 to 0.45 in 30 seconds of the
mass recovery period. With the mass recovery period increasing, mass recovery is progressed and SCP of these
three kinds of Ad-HEX rise to the peak around 10-20 seconds, as Fig. 4.21 (b) shows. SCP of the Filled-HEX,
the Dip-HEX and the Dip-Filled-HEX can be enhanced from 0.63 W/g, 0.63 W/g, 0.6 W/g up to 0.69 W/g, 0.75
W/g and 0.64 W/g, respectively. However, the longer period of mass recovery with little increase of cooling
amount leads to decrease of SCP. VCP improvement of the Dip-HEX is more than that of the Filled-HEX, as
Fig. 4.21 (c) shown. VCP of the Filled-HEX, the Dip-HEX and the Dip-Filled-HEX are enhanced up to 212
W/L,225 W/L and 244 W/L, respectively. #u of each Ad-HEX versus the period of the mass recovery are shown

in Fig. 4.21 (d). It was reported that too much sorption of vapor result in leakage of salt and performance
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reduction by Togawa et al. [4]. In this study, all the adsorbed water is still maintained in the mesoporous pores
though 7. of the Dip-HEX is enhanced from 64 % up to 82 %. Besides, #. of the Filled-HEX and the Dip-Filled-

HEX are improved from 64 %, 61 % to 73 %, 70 % with the mass recovery of 60 seconds, respectively.

4.4.4. Discussion
An advanced cycle called the Mass Recovery is introduce and experimentally studied. All these Ad-HEX

shows obvious improvement of COP and SCP with the mass recovery (Fig. 4.21 (a) and (b)). According to the
method of Seol et al., the interfacial mass transfer of the adsorbent is stable and much larger than the internal

mass transfers. For a short period of sorption/desorption, the sorption/desorption amount mainly depend on the
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surface area. As Fig. 4.20 shown, the cooling amount increasing of the Dip-Filled-HEX almost overlap that of
the Filled-HEX due to the same surface area, and 10 seconds of mass recovery is needed to enhance the cooling
amount to a relative high level. Meanwhile, the cooling amount increasing of the Dip-HEX is more than others
and only 5 seconds is enough to fulfill. On the other hand, high temperature of the adsorbent contributes much
faster desorption. The Dip-HEX need only 5 seconds of mass recovery to reduce the regeneration amount fully,
however, its reduction amount is the same level to those of the Filled-HEX over 30 seconds of mass recovery.
The Dip-Filled-HEX shown more regeneration amount reduction than the Filled-HEX and the Dip-HEX while
the mass recovery period of 10 seconds is taken. The internal mass transfers is enhanced due to the high
temperature and the larger packing density benefit the regeneration amount reduction. As the result, the mass
recovery is proved to be a very effective advanced cycle to enhance COP and SCP. The Dip-HEX is a better Ad-
HEX compared with others, because its large surface area contributes to void longer mass recovery period that
may cause SCP and VCP decrease.

The cooling performance of the current AHP is tried to compare with some prior researches. Current AHP
shows VCP of 244 W/L, which is a great advantage over the silica gel AHP [7], the synthetic zeolites AHP [8],
[15],[17], [25] and the composite AHP [27]. Meanwhile the highest SCP of 0.74 W/g can be obtained by current
AHP. It is higher than other AHP [1], [24], [16], [27]. COP achieved by current AHP is 0.46, which is not high
compared with that of silica gel AHP [1], [16]. COP improvement is limited by the small scale of current AHP.
It could be enhanced with the scale up of AHP in the future. On the other hand, the WSS composite adsorbent
used in current AHP is obviously cheaper than the synthetic zeolites and the silica gel [14]. Thus, the combine
of the Dip-HEX and the mass recovery are proved to be competitive way to improve the cooling performance

of AHP.
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4.4.5. Uncertainty

The results of the uncertainties are listed in Table 4.10. All these uncertainties were less than 5%; hence, the
results of this study were confirmed to be credible.

Table 4.10 Uncertainties of COP, SCP and VCP in the Mass Recovery Experiment.

Period of mass recovery [s] 5 10 15 20 30 45 60
Filled-HEX 1.48 1.30 1.74 1.93 1.90 1.41 2.08
COP X102 [-] Dip-HEX 1.67 1.69 1.76 1.71 1.67 1.85 1.74

Dip-Filled-HEX 1.46 1.67 1.82 1.80 1.75 1.78 1.84

Filled-HEX 214 213 272 276 279 200 279
SCP X102 [W/g] Dip-HEX 226 232 228 225 220 225 216

Dip-Filled-HEX 1.88 1.89 1.89 1.87 1.86 1.88 1.86

Filled-HEX 6.51 6.45 8.24 8.36 8.45 6.05 8.44
VCP [W/L] Dip-HEX 6.86 7.05 6.93 6.84 6.67 6.81 6.56

Dip-Filled-HEX  7.02 7.06 7.04 6.99 6.93 7.01 6.94

107














































































































































































	61155efc8a6ffc4ec6c87fe2b0bd48b2
	3ec3c72de939b04cb0bf213c0252c3e3
	6e9919efc7bbb3ed4f94e506eff7f801
	cb4c08acce310f46a8bb729dd3d7d323
	cbe1e639806f103278eda7328f81b669
	98dc67bbf9bfdb21ceb681bbf2c1cffe
	4f8f5b17538cf4e8b4a28754d52a4511
	7995824837d8157dcf0a7ae716cb071c
	e1d9dea85b24e2f7388856e518e9a3b7
	b16d3c9260cf61d500c258f196edf5f1

	3522be4fe33156eb6ed3281e8b01f295
	8c7fb3364292cb68e88efab2afb2108b
	06767dd59242dd911916627a3f86b2ad
	747f8e1f27f779546bce871fa13b02bf

