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Study on Adsorption Heat Pump Using Composite Natural Mesoporous Material  

as Low-Carbon Air Conditioning 

（天然メソポ－ラス材料を用いた吸着式ヒートポンプによる低炭素空調） 

The energy demand on heating, cooling and domestic hot water supply, which account for 

around half of the energy in the residential sector, are primary factor increasing the energy 

consumption in the sector throughout the world. Also the cases require cooling or refrigeration all 

day are frequently found in commercial facilities and office buildings in urban area. Meanwhile, 

the massive amount of low-level waste heat around 80 ℃ is discharged from co-generation 

systems and industries to the environment. In order to supply cooling energy, refrigeration 

systems are needed. They are categorized into the vapor compression and thermally-driven 

systems. In terms of the thermally-driven systems, absorption chillers employing sorbents such 

as lithium bromide and adsorption chillers applying adsorbents such as a silica gel are the most 

representative. Among them, the system that can utilize the low-level thermal energy more 

efficiently is known to be the adsorption cooling system, and it is commonly named adsorption 

heat pump (AHP). The concept of technology of the adsorption has been existed from the past. 

However, low effective thermal conductivity due to the porosity of the adsorbent leads limitation 

of enhancement of heat and mass transfer rate have resulted in the huge system volume of AHP 

systems. Additionally, high-performance synthesis is too expensive, and the AHP system itself 

could not obtain economic competitiveness yet. For these reasons, there are only several 

commercial AHP units throughout the world yet, and the chance to utilize an AHP system properly 

at energetic and economic aspects is highly limited. Based on these background, this research 

deals with a low cost and high-performance AHP system applying the natural mesoporous 

material named Wakkanai Siliceous Shale (WSS) and its application. WSS is obtained from the 

north part of Hokkaido and mainly consists of silicon dioxide (SiO2). 

In Chapter 1, researches and developments of AHP are reviewed including the general 

background and cost of commercialized units. Upon them, this chapter describes the motivation 

and target of this study.  

In Chapter 2, the natural mesoporous material based composite adsorbent impregnated with 

lithium chloride (LiCl) is introduced. Equilibrium adsorption characteristics, so called, isotherms 

of the adsorbents are experimentally measured under the operating pressure and temperature of 

AHP. At the same time, it is confirmed that LiCl concentration preventing carryover is 20 wt.% 
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for the case of WSS. 

In Chapter 3, the measurement of mass transfer of water vapor on the coated composite 

adsorbent is provided. The composite material is prepared by mixing the submicron-scale WSS 

particles, LiCl solution and acrylic binder which does not disturb water vapor adsorption severely. 

The particles of adsorbent is able to be sprayed on the metal surface of the sample plate owing to 

its fine particle size. Samples which are coated by the adsorbent layer with the different thickness 

are used to separate interfacial mass transfer at the surface and internal mass transfer inside of the 

layer. The interfacial mass transfer characteristics are successfully yielded by the novel 

experimental method making the coated adsorbent layer as thin as possible and the Linear Driving 

Force (LDF) model.  

 In Chapter 4, heat and mass transfer coefficients of the WSS composite filled between the fins 

of the corrugated-type heat exchanger are measured. For the comparison, the same experiments 

applying the A-type silica gel are also conducted. The zero-dimensional simulation model based 

on these experimental estimation of coefficients calculates the cooling performance of AHP. As a 

result, the adsorber applying the WSS composite presents 6-17 % higher COP compared to the 

A-type silica gel, proving the competitiveness of the WSS composite.  

In Chapter 5, the performance of a solar AHP applying a WSS composite is estimated, together 

with analysis on reduction of CO2 emission and economic advantages according to local 

electricity cost of various major regions. Four regions having distinct climate conditions are 

selected as targets in this chapter, namely, Hawaii, Dubai, Florida and Tokyo. As a result, Hawaii 

presents the shortest payback period of 6.6 years owing to the expansive electricity cost in it. 

Although CO2 reduction in Dubai is the highest, the payback period in Dubai is 15.6 years due to 

the low local electricity cost.  

In Chapter 6, energy and exergy analysis through the experimental data using 1 kW-scale AHP 

unit are conducted. The cooling capacity with the regeneration temperature of 70 ℃ is about 36 % 

reduced than that of the case with the regeneration water of 80 ℃, meanwhile the exergy 

efficiency is approximately 20 % increased by lowering the chilled water temperature as 10 ℃.  

In Chapter 7, the hybrid system combining CO2 compression and AHP systems are introduced 

as a future research, and the general conclusions of the research are provided. 

It is valuable in this study that the heat and mass transfer coefficients of the composite natural 

adsorbent are estimated by the novel experimental methodology. These characteristics are 

essential information in designing the AHP system. Also the actual cooling performance of the 

AHP system which can produce cooling energy by using the low-level heat source below 80 ℃ 

is proved. Furthermore, application effect of the solar AHP system in four major regions are 

studied based on its annual performance, economic and environmental analysis. It is believed that 

these research works above contribute to the low-carbon society.   
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R Mass transfer resistance [s], gas constant [J/gK] 
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𝛼 Temperature ratio [-] 

𝛽 Constant of isotherm equation [-] 

τ Characteristic time [-] 
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1.1 ENERGY CONSUMPTION AND ENVIRONMENTAL ISSUES 

Advancement of industry and improved standard of living have tended to be coupled 

with increase of energy consumption. It eventually has been bringing out issues such as 

depletion of reserves, various environmental problems and economic matters regarding 

fuel price. Indeed, the world ultimate oil reserve is assumed to be about 2000 billion barrel, 

and the world daily oil consumption amount is estimated to be around 71.7 million barrels 

[1]. Also World Energy Annual Report has provided world historical and projected oil 

production in which the production amount decreases as from 2010 (Fig. 1. 1) [2]. Coal 

and natural gas, which are the other energy sources used for thermal power generation, 

also reported to have significantly reduced production by 2050 (Fig. 1. 2, Fig. 1. 3) [3]. 

 

 

Fig. 1. 1 Extraction of reserved oil from 1980 to 2050 [2] 

 

The U.S. Energy Information Administration (EIA) estimates that the energy consumed 

for air-conditioning will increase the most drastically among other uses in the building 

sector by 2050 (Fig. 1. 4) [4]. The entire delivered energy consumption amount in the 

building sectors is expected to increase by 7% because of increased demand for energy 

use. Furthermore, International Institute of Refrigeration (IIR) defined that the 

refrigeration and air-conditioning sector consume approximately 17% of the overall 

electricity use of the worldwide [5].  
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Fig. 1. 2 Extraction of reserved coal from 1900 to 2100 [3] 

 

  

Fig. 1. 3 Extraction of reserved natural gas from 1940 to 2100 [3] 
 

Vapor compressions system which is the most commonly used in air-conditioning and 

refrigeration systems are driven by the electric energy of the compressor. Assuming that 

the energy efficiency for electrical generation ranges between 40~50 %, it can be noticed 

that the large amount energy loss occurs to the environment with the temperature between 

70 ~200 ℃ [6]. Furthermore, the by-products of generation process such as carbon 

dioxide, sulfur and nitrogen oxide greatly contribute to global warming. Aside from the 

generation process, most of vapor compression systems themselves include 

environmental pollutants refrigerant. CFC (Chlorofluorocarbon) and HCFC 

(Hydrochlorofluorocarbon) are already under regulation by the Montreal protocol 

because of its contribution to depletion of ozone layers. Furthermore, their substation 
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substances called HFC (Hydrofluorocarbon) are also designated as one of global warming 

pollutant by Kyoto protocol, and their usages are supposed to be reduced and regulated 

[7].  

 

 

Fig. 1. 4 Building sector delivered energy consumption (2019-2050) [4] 

 

In contrast, adsorption heat pump (AHP) systems normally apply nature refrigerants 

such as water and ammonia whose Ozone Depletion Potential (ODP) and Global 

Warming Potential (GDP) are zero. Furthermore, the AHP systems consume much less 

electric energy compared to the vapor compression systems since they are thermally 

driven system rather than being driven electrically. More details about refrigerants of 

AHP systems so called working pairs will be provided in the latter part of this chapter, 

and more explanation about the system will be given in the following sections of this 

chapter. 
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1.2 WORLD CO2 EMISSION AND REDUCTION TARGET    

In 2018, International Panel on Climate Change (IPCC) reported that unprecedented 

changes in all aspects of society are required to limit global warming to 1.5 ℃. It was 

suggested that the human-caused emissions of carbon dioxide (CO2) needs to be reduced 

by approximately 45 % compared to 2010 level by 2030. Fig. 1.5 describes total global 

annual emissions of fossil CO2 by sectors. The greenhouse gas emissions have been 

increased steadily since the early 21 century. Developed countries announced their plan 

for reducing CO2 emissions to mitigate rising global temperature and greenhouse gas 

emissions, as shown in Fig. 1. 6.  

 

 

Fig. 1. 5 Total global annual emissions of fossil CO2 in GTCO2/year by sector [8] 

 

Although U.S. decided to be withdrawn from the Paris Agreement in 2019, a lot of 

countries target to reduce the emissions of CO2 in all possible aspects. In terms of power 

industry, which takes the largest portion, the amount of the CO2 emission per kWh is 

dependent on the energy source of the generation: 1.00kgCO2/kWh for coal, 0.417 

kgCO2/kWh for natural gas, 0.957 kgCO2/kWh. The generation by using renewable 

energy source shows far more attractive values in the CO2 emissions. The lowest was 

10gCO2/kWh for hydropower, followed by 34gCO2/kWh for wind power, solar PV 

50gCO2/kWh. Though it is quite controversial, nuclear power generation is also known 
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as relatively low-carbon generation. Since the emission factor tends to decrease as the 

portion of renewable energy and nuclear power increase throughout the world [9–11], the 

entire emission amount is expected to decrease in accordance with the trend. Also, the 

emission from the transport section also expected to decrease as electric and hydrogen 

vehicles are commercialized.  

 

 

Fig. 1. 6 CO2 emission reduction targets of several countries after 2020 [12] 

 

In terms of the building air-conditioning section, application of thermally-driven heat 

pumps have attracted interest. Furthermore, use of the low-level waste heat source from 

industries have been one of the key word for energy saving, in recent decades. Thermal-

driven cooling systems give significant energy saving compared to traditional vapor 

compression systems and have low GWP and ODP [13]. As a part of the heat-driven 

systems, adsorption heat pump (AHP) has attracted huge interest due to its eco-friendly 

operation and applicability of low-level heat sources less than 100 ℃. In addition, 

utilization of solar energy makes the AHP far more attractive because it significantly 

decreases fossil energy input for the operation the system. AHP systems have an 
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advantage compared to absorption cycles that the heat source with the lower temperature 

can be used [14,15].  

Fig. 1.7 represents a schematic diagram of the combined cooling system with EHP and 

AHP. As the thermally driven AHP supports the EHP to provide cooling energy to the 

target building, the entire electric energy consumption significantly decreases. This 

finally not only results in reduction of CO2 emission but also brings out economic benefit. 

The detailed analysis on the application effect of the AHP system will be introduced in 

Chapter 5 of this thesis.   

 

 

Fig. 1. 7 Schematic diagram of the combined cooling system with EHP and AHP 

 

 

Fig. 1. 8 Example of heat recovery from gas engine [16] 
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1.3 ADSORPTION HEAT PUMP (AHP) SYSTEM 

When it comes to the history of adsorption, the earliest the adsorption phenomena was 

found by Faraday in 1840 that cooling effect can be occurred when ammonia is adsorbed 

by AgCl. After that, an application of adsorption cooling effects was proposed by Hulse 

[6]. The system targeted for food storage in trains and applied silica gel-SO2 working pair. 

The combustion of propane was used as a heat source for the desorption and the adsorber 

was cooled by air. The lowest refrigeration temperature was known to reach 12 ℃ [17]. 

For adsorption technologies, the energy crisis occurred in 1970s was a good chance owing 

to the advantage that it consumes less electric energy and can be operated by using solar 

and waste heat energy [18]. The other chance was in 1990s in which the environmental 

issues resulted from using CFCs started to rear up. 

An AHP system can be divided into two categories with a thermodynamic point of view: 

heat engine and heat pump. As presented in Fig. 1. 9, an AHP system has two heat sources 

with different temperature levels and two heat sinks. That is, the system works within 

three different temperature levels; desorption occurs at the high temperature level (TH), 

adsorption and condensation happen at the intermediate level (Tamb) and evaporation takes 

place at the low temperature level (TL).  

The AHP system consist of adsorbers, an evaporator and a condenser. The naming of 

the system differ according to the number of adsorber (i.e., single-bed in case the number 

of adsorber is one, two-bed for two adsorbers). The adsorber normally comprises a heat 

exchanger in which a porous media are packed (filled) between its fins or coated on the 

surface its fins. Heat transfer fluid circulates the heat exchanger to deliver or extract heat 

from the adsorbent during the adsorption/desorption process. Since it takes similar roles 

with a compressor of a vapor compression system, it is sometimes called thermally driven 

compressor [19].  

Fig. 1. 10 describes a Clapeyron diagram of ideal AHP system which shows four 

thermodynamic processes of AHP.  
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Fig. 1. 9 Schematic diagram of ideal thermodynamic adsorption heat pump [19] 

 

 

Fig. 1. 10 Clapeyron diagram of ideal adsorption heat pump [19] 

 

 

In general, operation of an AHP system comprises four steps: Pre-heating, desorption, 

Pre-cooling and adsorption processes. Fig. 1. 11 depicts operation pattern of typical two-

bed AHP system, and followings describes the four steps of the operation. 

Firstly, the heat source with high temperature around 80 ℃ flows into the adsorber 

during the pre-heating process to heat the adsorbent up. In this period, the mass transfer 
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channel (valve 3) installed between the adsorber and the condenser is closed. Of course 

the valve 4 which is installed between the adsorber and the evaporator is kept closed. That 

is, the heat transfer is conducted to increase the bed temperature sensibly in the closed 

system, thereby increase of vapor pressure in the chamber is induced.  

After then, during the desorption process, the heating by the heat transfer fluid having 

high temperature level lasts. In this period, in contrast, the valve 3 installed between the 

adsorber and the condenser is kept opened. The transfer of vapor through the mass transfer 

channel occurs. Thus the temperature of adsorbent keeps increasing and the vapor 

pressure in the adsorber start to decrease as the water vapor moves to the condenser to be 

condensed until its vapor pressure becomes the same as the condensation pressure.  

 Meanwhile, the other adsorption bed undergoes pre-cooling and adsorption process. 

The adsorber which finished the desorption process having the highest temperature and 

the pressure level around the condensation pressure starts to be cooled by the cooling 

fluid. In the same way, the mass transfer channel (valve 2) installed between the adsorber 

and the condenser and the valve 1 installed between the adsorber and the evaporator are 

closed in this period. Therefore, both temperature of the adsorbent and the vapor pressure 

in the adsorber fall down up to the cooling temperature and the equilibrium pressure at 

this temperature.   

The practical cooling capacity in generated during the adsorption process by opening 

the valve installed between the adsorber and the evaporator. The adsorbent keeps 

adsorbed water vapor evaporated from the evaporator, and the adsorbed water vapor 

exists in the adsorbent after being converted to the other phase namely the adsorbed phase. 

These continuous mass transfer enables the liquid state refrigerant to evaporate 

continuously. During this process, cooling water with the intermediate temperature level 

flow the adsorber to remove the heat generated by the adsorption.  
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(a) Pre-heating process (b) Desorption process 

 

 

(c) Pre-cooling process (d) Adsorption process 

 

 

 

Fig. 1. 11 Operation processes of typical AHP systems 
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1.4 ADVANTAGES AND LIMITATIONS OF AHP 

As mentioned earlier, there are two main factors making AHP more attractive compared 

to the traditional vapor compression systems. The first one is advantages with energy 

saving aspect and the other one is benefit with environmental aspect. Although researches 

and investments did not focus on AHP systems due to less competitiveness in the past, 

the circumstances have been changed a lot during recent decades. Experience of two times 

of energy crisis, continuous worries on environmental issues and interest on utilization of 

waste heat and solar energy are all positive factors making the worth of AHP enhanced.   

 The major advantages of AHP are listed as followings.  

 

Advantages [20] 

- Consumes less electrical power since it is mainly driven by thermal energy. 

- Becomes much more attractive if the low-level waste heat can be obtainable.  

- Operates with relatively less noise and vibration due to absence of a compressor. 

- Normally uses eco-friendly working fluids having zero ODP and GWP.  

- Longer lifetime compared to vapor compression and absorption heat pump [21]. 

- Suitable in conditions with serious vibration such as fishing boat compared to 

 absorption heat pump [22]. 

Although AHP following disadvantages need to be improved to overcome the limitation 

of the application and foster commercialization of AHP [23] . 

 

Disadvantage 

- Inferior COP to that of vapor compression systems. 

- Large system volume and expensive initial cost. 

- Intermittently operating cooling. 

 

To sum up, having those advantages have been proved competitiveness of AHP in 

various applications, at the same time, having those limitations means the further 

researches and developments are required for AHP to widespread.  
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1.5 RESEARCHES ON VARIOUS AHP CYCLES 

There have been various tries to improve AHP system performance by adjusting 

components of the system (e.g., two-stage and multi-bed AHP [24–29]), or by using waste 

heat source (e.g., solar assisted AHP [30–34] and AHP for automobiles). Several 

representative researches on AHP system development are as shown followings.    

 

1.5.1 Multi-bed Adsorption Cycle  

Fig. 1. 12 present schematic diagram of 3-bed AHP system. The main advantage of this 

cycle is to reduce temperature fluctuation in the evaporator and condenser. Therefore, 

more continuous chilled water temperature can be achievable. The 3-bed AHP system 

consists of an evaporator, a condenser and three adsorption beds. The system operates 

with four modes of pre-cooling, adsorption, pre-heating and desorption, just same as 2-

bed systems. The difference is that the 3-bed systems contains 12 steps [25,26]. Owing 

to this subdivided step, for example, the temperature of the adsorber supposed to start 

adsorption mode is already pre-cooled. The mass recovery can be additionally applied for 

the further performance enhancement [28].  

 

Fig. 1. 12 Schematic diagram of 3-bed AHP system [26] 
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The 3-bed with dual evaporators also can be found in literatures [27]. In this 

configuration, evaporators are divided into the low-pressure evaporator and high-pressure 

evaporator, respectively. Thus, the operation modes are more subdivided into five process: 

Pre-cooling, high-pressure adsorption, low-pressure adsorption, pre-heating and 

desorption. Miyazaki et al. has addressed that the dual step evaporation enables the water 

flowing the evaporator to have the larger temperature difference [27]. 

Aside from increasing the number of adsorbers with a single stage, several researches 

on making the arrangement of adsorbers into multi-stage can be found in literatures [29]. 

Fig. 1. 13 and Fig. 1. 14 show schematic diagram and the Duhring diagram of two-stage 

AHP system. For the case of silica gel, it is hard to expect proper cooling performance 

with a cooling water temperature around 30 ℃ if the regeneration temperature falls below 

60 ℃ [34]. These multi-stage (2-stages or 3-stages) cycles enables the AHP system to 

produce cooling capacity even when the regeneration temperature is achievable only 

between 45 ℃ to 60 ℃ [31]. To explain, the water vapor desorbed in the low-stage 

adsorber by the heat source around 50 ℃ moves to the high-stage adsorber, the instead 

toward the condenser for the case of the single-stage cycles. Here, the reason made the 

low-stage be able to desorb water vapor with 50 ℃ was the lower desorption pressure 

than the condensation pressure. In the perspective of the high-stage adsorber, the 

equilibrium adsorption amount at the cooling temperature increases because the 

adsorption pressure increased. It eventually enables the high-stage adsorber to desorb 

water vapor even with heat source around 50 ℃ at the typical condensation pressure.  
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Fig. 1. 13 Schematic diagram of two-stage AHP system [29] 

 

 

 

Fig. 1. 14 Duhring diagram of the multi-stage AHP system [29] 
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1.5.2 Solar Assisted AHP Systems 

 Utilization of solar energy makes the AHP far more attractive because it significantly 

decreases fossil energy input for the operation the system. Furthermore, the coincidence 

of the peak cooling load with the amount of available solar energy is also positive factor 

in terms of application of the AHP [35]. Followings introduces previous studies related 

to the solar adsorption heat pump systems. 

Zhai et al. [30] installed a solar AHP system at the Shanghai Research Institute of 

Building Science. They could obtain average cooling power of 15.3kW using AHP, 

referring solar fraction of 0.71. Habib et al. [31] applied experimentally obtained heat 

source temperature data from 22 units of solar collectors into a mathematical model of an 

AHP. They introduced a two-stage and four beds cooling system which enables effective 

operation when the heat source temperature is below 60 ℃. Koronaki et al. [32] examined 

the application of an AHP under climatic conditions of eastern Mediterranean area based 

on a mathematical modeling. They also provided overall energy and exergy efficiencies 

of the cooling system using hybrid photovoltaic-thermal (PV/T) collector. El-Sharkawy 

et al. [33] compared performances of the AHP in two cases which are with and without 

the hot water buffer storage by using a mathematical modeling. They addressed that the 

time which shows the maximum cooling capacity is revealed different for these two cases 

with and without the hot water tank. 

 

Fig. 1. 15 Schematic diagram of solar assisted AHP system [32] 
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1.5.3 Utilization of Automobile Engine Waste Heat  

Fig. 1. 16 shows schematic diagram of AHP utilizing engine waste heat of a truck. The 

engine of automobiles exhausts substantial amount of thermal energy. According to 

Zhang [36], about 35 % of the input energy is wasted in the coolant of water-cooled 

engine. On the other hand, certain extra load is imposed to the engine by operating an air-

conditioning system of the vehicles, which result in more fuel consumption and emission 

heat [37]. Thus, the overall fuel energy can be utilized more effectively by the waste heat 

recovery. The waste heat can immediately be utilized to control the cabin climate [38].  

Generally, the temperature of the engine coolant lies between 80 ℃ and 95 ℃ [39].  

The regeneration water from the engine flows toward adsorber to let the adsorbent 

desorb water vapor. In case of the adsorption loop, on the other hand, the circulating 

cooling water releases heat of adsorption to the ambient.  

 

 

Fig. 1. 16 Schematic diagram of AHP utilizing engine waste heat of trucks [39] 
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1.5.4 Combined AHP System with ORC  

Fig. 1. 17 shows schematic diagram of multi-bed AHP for cooling and electricity 

generation. There has been many researches which integrate the cooling system (e.g., 

adsorption, absorption chiller) and power generation cycle (e.g., ORC) [40,41]. An ORC 

system has the advantage that it utilizes low-grade heat source to generate electricity. 

However, its low efficiency compared to other utilization methods such as thermally 

driven cooling systems. Therefore, Al-Mousawi et al insisted that the overall efficiency 

may be enhanced by converting low-grade heat to the cooling and electricity 

simultaneously [40].  

Jiang et al. [41] applied the R245fa and CaCl2/BaCl2-ammonia working pair to ORC 

and AHP system, respectively. They could achieve the electricity generation and cooling 

capacity of 300~560 W and 2.17~ 2.97 kW, respectively with the heat source between 78 

to 98 ℃. Here, the total energy and exergy efficiency ranged from 0.10~ 0.13 and 

0.18~0.20, respectively.  

 

Fig. 1. 17 Schematic diagram of multi-bed AHP for cooling and electricity generation [40] 
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1.6 WORKING PAIRS OF AHP 

The working pairs of AHP can be classified into physical and chemical working pairs. 

The former one occurs by the van der Waals force between adsorbate molecules of 

adsorbents and adsorbates. On the other hand, the latter one can be defined as a reaction 

between adsorbate and the surface molecules of the adsorbent [6]. Followings briefly 

introduces several typical working pairs. 

 

1.6.1 Silica Gel-water Pair 

Silica gel is made synthetized silicon dioxide having porous structure. The high density 

silica gels which are commonly used in AHP systems are Fuji Davison types ‘A’ and ‘RD’  

silica gel having Dp around 2.0-3.5 nm, Vp around 0.3-0.4 cm3/g, SBET around 400-700 

m2/g [19]. The other types of silica gel having higher pore diameter can be used for 

making composite material. The minimum-required regeneration temperature of silica 

gels is about 50 ℃, and the heat of adsorption is about 2500 kJ/kg [22]. 

 

1.6.2 Zeolite-water Pair 

Zeolite-water working pair has advantages of a wide regeneration range (70-250 ℃). It 

has advantages that the high temperature heat source (e.g., exhaust gases from engine) 

can directly be used. 4A, 5A, 10X and 13X zeolite molecular sieves are most frequently 

used materials in AHP systems. Meanwhile, the zeolite-water working pair has higher 

heat of adsorption (3300-4200 kJ/kg) compared to that of silica gel-water pair, which 

results in low COP [19]. Researches on developing a zeolite applicable at low temperature 

and having relatively lower heat of adsorption have been conducted. Novel synthetic 

functionalized material called ‘AQSOA’ which belongs to the class SAPO zeolites has 

been commercialized by Mitubishi Plastic Incorporation [42]. Since AQSOAs present 

outstanding regeneration at low temperature (< 80 ℃) and they show S-shape curves, it 

is expected that these materials foster the AHPs to widespread more if the issues on high 

capital cost is relieved. 
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1.6.3 Activated Carbon-ammonia/methanol Pair 

The raw material becomes activated carbon after undergoing certain treatment at 700-

800 ℃ [19]. Activated carbon has advantages of large surface area between 800 and 1500 

m2/g. Also, its heat of adsorption is relatively lower (1800-2000 kJ/kg) than that of silica 

gel-water and zeolite-water working pairs. However, thermal conductivity of activated 

carbon is known to be low. The measured thermal conductivity of the activated carbon 

fiber was approximately 0.089 W/mK [43]. The ‘MAXSORB Ⅲ’ recently invented by 

Kansai Coke and Chemicals in Japan has been attracting lot of attention from the field. 

This is a form of high surface area activated carbon presenting much higher uptake 

compared to traditional activate carbons [44–46]. Besides, MAXSORB Ⅲ/ ethanol 

working pair presents outstanding uptake and specific cooling energy [47]. 

 

1.6.4 Composite Adsorbents-water Pair 

The composite materials are usually combination of porous material and chemical 

adsorbent. Metal chlorides, such as CaCl2, BaCl2 and LiCl, are representative chemical 

adsorbents. Even though the advantage having large sorption uptake of chemical 

adsorbents, low stability resulted from swelling and agglomeration phenomena are 

considered as a factor limiting application of the chemical adsorbent in AHP purposes 

[48,49]. Thus the synthetized composite adsorbents enhance adsorption capacity of 

physical porous media, at the same time, improve shortcomings of chemical adsorbent 

such as swelling, agglomeration and low thermal conductivity [6,19,22,50]. The silica gel 

and chlorides, suggested by Aristov et al. [51–54], are the most representative composite 

adsorbents for AHP applications.  

Following Table 1.1 summarizes the studies using composite working pairs in the field 

of AHPs. 
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Table 1. 1 Summary of studies using composite working pairs [55] 

Authors 
Working 

pairs 

Heat 

source 
Contents 

Aristov et al. 

[51–53] 

SWS-1L/ 

SWS-1S 

-water 

120-150 ℃ 

Equilibrium adsorption characteristics of SWS-

1L/SWS-1S and water vapor were studied. The 

effects of grain size on the dynamic 

characteristics at various temperature (33-69 ℃) 

were provided.  

Aristov et al. 

[54] 

SWS-9L 

-water 
70-90 ℃ 

Effects of ad/desorption time composition at 

certain fixed total cycle time were studied. The 

total cycle time was varied 385~600 second, and 

precooling and preheating time were fixed.  

Freni et al. 

[56,57] 

SWS-1L/ 

SWS-2L 

-water 

95-130 ℃ 

The effects of thermal conductivity on the cooling 

performance were given, which emphasizes 

enhancement of heat transfer of the adsorption 

bed. The experiment on the coated adsorbent 

presented much higher specific cooling power 

than that of the pallet types. 

Freni et al. 

[58] 

SWS-8L 

-water 
75-90 ℃ 

The new composite of silica gel modified by 

calcium nitrate (Ca(NO3)2) was tested in the 

relatively low regeneration temperature. The 

isoteric diagram is calculated from 

experimentally obtained equilibrium adsorption 

data. 

Sapienza et 

al. [59] 

SWS-9V 

-water 

68 ℃, 

90 ℃ 

Adsorption equilibrium of the new composite 

using natural rock vermiculite was demonstrated. 

Search on the ratio between adsorption and 

desorption time was conducted, and the result 

presented increased cooling performance by 

adjusting the time ratio. 

Saha et al. 

[60] 

SWS-1L 

-water 
60-90 ℃ 

The application effect of SWS-1L was compared 

to the traditional silica gel by using a lumped 

mathematical model. The result showed relatively 

increased cooling capacity at the high 

regeneration temperature.  

Gordeeva et 

al. [61] 

Mesoporous 

silica gel 

(KSK)+LiCl- 

methanol 

70-90 ℃ 

Lithium chloride is confined in silica gel to adsorb 

methanol vapor at the saturation pressure around 

approx. 7 ℃. The effects of salt contents, number 

of layers and grain size were studied, and dynamic 

characteristics were fitted by exponential curve.   
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Table 1.1 Continued 

Authors 
Working 

pairs 

Heat 

source 
Contents 

Lu et al. 

[62] 

Mesoporous 

silica 

gel+LiCl- 

methanol 

85 ℃ 

LiCl/silica gel- methanol working pair is test 

under the conditions for air-conditionings and 

cold storages. The system could produce chilled 

water around 7 ℃, and system performance could 

be enhanced by applying mass recovery process 

for 230 seconds. 

Chen et al. 

[63] 

Attapulgite 

+LiCl-water 
170 ℃ 

Composite materials using attapulgite and LiCl 

(30%) were prepared by the mixing method. The 

higher adsorption equilibrium than traditional 

adsorbents was confirmed by TG/DTA analysis. 

The sorption heat of the composite material was 

intermediate level between zeolite 13X and silica 

gel.  

Wang et al. 

[64] 

Expanded 

graphite 

+CaCl2-

Ammonia 

150 ℃ 

Adsorption and thermal performance of three 

types of materials (CaCl2 powder, simple 

composite, consolidated composite adsorbent) 

were compared. The consolidated material 

presented 3200% higher thermal conductivity 

than CaCl2 powder. Furthermore, its high 

volumetric cooling capacity and the better anti-

sway performance made it promising to be 

applied in ice makers on fishing boats.  

Tokarev et 

al. [65] 

MCM-41 

+CaCl2-

water 

90 ℃ < 

37.7 wt.% of CaCl2 is confined in the granules of 

MCM-41 (SBET= 1050 m2/g, Dp=3.8 nm, Vp=1.1 

cm3/g). Equilibrium sorption amount of 0.75g/g 

and most of adsorbed water could be desorbed at 

the temperature between 70 ℃ and 120 ℃.  
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1.7 COMMERCIALIZED AHP UNITS 

Bry-Air company specializes dehumidifiers, dryers, both small scale and large scale 

adsorption chillers having cooling capacity between 11 to 35 kW, and 35 to 1180 kW. 

With the optimal conditions, the chilled water of 7 ℃ can be obtained from 12 ℃ water 

with COP around 0.55. 

The German company GBU produces an adsorption chiller called NAK, COP of 0.6 is 

obtainable at hot water temperature of 90 ℃, cooling water temperature of 30 ℃. The 

cooling capacity is between 50 to 430 kW. 

MYCOM [66] NOA uses zeolite (AQSOA)-water working pair and presents chilling 

capacity from 50 to 430 kW. The applicable range of the regeneration water temperature 

ranges from 60 to90 ℃. The cooling performance using zeolite (AQSOA) shows almost 

constant performance above the heat source temperature of 70 ℃, otherwise that of silica 

gel tends to be proportional to the temperature. 

The German company InvenSor [67] developed the adsorption chiller with directly 

coated zeolite (AQSOA)-water. Units having cooling capacity of 10 kW is available in 

the market.  

According to the literature, the capital costs of the units having cooling capacities of 10, 

20, 50, and 100 kW could be 10,000, 15,000, 30,000, and 50,000 US dollars, respectively 

[68]. 

  

Fig. 1. 18 Commercialized AHP system (left: MYCOM [66], right: InvenSor [67]) 
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1.8 OBJECTIVE AND SCOPE OF THE THESIS 

The main objective of this research is to develop an adsorption heat pump (AHP) system 

using composite natural mesoporous material, called Wakkanai Siliceous Shale (WSS). 

Furthermore, this research aims to estimate applicability of the developed AHP system 

with energetic and economic perspectives.   

As mentioned earlier, AHP systems have various advantages in environmental and 

energetic view. However, they still need improvement in terms of cooling performance, 

cost and system volume. Therefore, this work focuses on characteristics of AHP, such as 

heat and mass transfer, for the better design and performance prediction.  

 

Followings summarize objectives and scopes of this thesis: 

 

1) The first objective is to provide comparison of adsorption characteristics of Wakkanai 

Siliceous Shale (WSS) as a host matrix of the composite adsorbent with traditional 

adsorbents, including silica gel-based composite adsorbents.   

 

2) The second object is to estimate heat and mass transfer characteristics experimentally 

to predict dynamic performance of AHP.  

 

3) The third object is to conduct performance analysis of annual operation of the solar 

assisted AHP in various climate conditions. This performance prediction will include 

simple economic analysis to verify competitiveness of AHP.  

 

4) The fourth object is to provide energy and exergy analysis based on 1 kW-scale unit 

applying WSS composite to show actual cooling performance of AHP.  

  



Chapter 1: Introduction 

24 

 

 

1.9 OUTLINE OF THE THESIS 

This thesis consists of seven chapters, and followings are brief description on each chapter. 

 

Chapter 1 presents general introduction about AHP systems. To provide general 

background concerning AHP systems following contents are introduced: working 

principles, advantages and disadvantages, various AHP systems, types of working pairs 

and commercialized AHP units.    

 

In Chapter 2, theories regarding physical and equilibrium properties of adsorbents are 

provided. Also, application of WSS as a host matrix of composite material with lithium 

chloride is investigated. Lastly, effects of impregnation of lithium chloride on the physical 

and equilibrium adsorption characteristics of the porous media are studied to emphasize 

advantage of WSS as a host matrix.  

  

In Chapter 3, the novel methodology to separate the effects of the interfacial and internal 

mass transfers of water vapor at a coated adsorbent will be given, based on both 

experimental methods and the LDF model. For the adsorbent, the composite WSS is used 

to enhance the adsorption performance. The mass transfer performance of a composite 

WSS is also compared with that of A-type silica gel to prove its competitiveness. 

 

Chapter 4 focuses on experimentally estimated heat and mass transfer characteristics. 

The overall mass transfer coefficients were measured at various adsorbent temperatures 

in the range of 30–60 °C. Additionally, the overall heat transfer coefficients of the 

adsorbers were experimentally estimated when the inlet water temperature was changed 

from 80 to 30 °C to analyze the actual working conditions of AHP systems. The estimated 

coefficients were utilized for numerical modeling to analyze the AHP performance 

characteristics. 

 

Chapter 5 provides analysis of annual cooling performance of AHP based on the 

mathematical model under the different weather conditions. Four metropolises having 

distinct climatic characteristics are selected: Tokyo (35 o N, 139 o E), Florida (28 o N, 81 
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o W), Hawaii (19 o N, 155 o W), Dubai (25 o N, 55 o E). Lastly, the economic analysis of 

solar AHP system is provided to show economic competitiveness of the system. 

 

In Chapter 6, experimental investigation on energy and exergy of AHP systems using 

1kW-scale experimental system applying WSS impregnated with 20 wt.% of LiCl was 

provided. The heat exchangers filled with the WSS composite are kept in the transparent 

acrylic chamber of the AHP system to observe the operation status. Based on the 

experimental data, thermodynamic characteristics regarding energy and exergy are 

analyzed.  

 

Finally, Chapter 7 summarizes general conclusions of this thesis and suggest future 

research topics.   
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2.1 INTRODUCTION 

Since adsorbents induces circulation of working fluids in the AHP system, same as a 

compressor of a vapor compression system [1], comprehensive understanding about the 

adsorbent is required. Porous media which have highly porous structure and large surface 

area are used as adsorbents of AHP systems. According to International Union of Pure 

and Applied Chemistry (IUPAC), the pore are classified into three categories according 

to the pore diameter (Dp): micro-pores (Dp < 2nm), meso-pores (2nm < Dp < 50nm), 

macro-pores (Dp> 50 nm). The physical characteristics of adsorbents such as pore size 

distributions, pore volume and surface area are normally investigated from the N2 gas 

adsorption isotherm at -196 ℃ [2]. Firstly, the surface area is estimated based on the 

multimolecular adsorption theory suggested by Brunauer, Emmett and Teller (1938) [3]. 

The theory extended the monolayer adsorption theory suggested by Langmuir (1916). 

The pore distribution and the pore volume are normally determined based on the capillary 

evaporation which occurs as decreasing pressure from the unity [4].  

The adsorbents can be classified into physical and chemical working pairs. The former 

one occurs by the van der Waals force between adsorbate molecules of adsorbents and 

adsorbates. On the other hand, the latter one can be defined as a reaction between 

adsorbate and the surface molecules of the adsorbent [5]. Meanwhile, it is well known 

that a good adsorbent should have large adsorption capacity and strong affinity with 

adsorbate [6]. In recent decades, researches on ‘Composites Salt in Porous Matrix 

(CSPMS)’, which enhance equilibrium adsorption amount compared to the traditional 

working pair, were conducted actively throughout the world [7–10].  

This chapter includes following topics. 1) theories regarding physical properties such 

as B.E.T and B.J.H theories are briefly introduced. 2) Several representative isotherm 

equations describing equilibrium adsorption characteristics are provided. 3) 

Experimentally measured physical and equilibrium adsorption characteristics of WSS 

will be given, together with those of silica gels for comparison. 4) Application of WSS as 

a host matrix of composite material with lithium chloride is investigated. 5) Lastly, effects 

of impregnation of lithium chloride on the physical and equilibrium adsorption 

characteristics of the porous media are studied to emphasize advantage of WSS as a host 

matrix.  
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2.2 THEORIES ON PHYSICAL PROPERTIES OF ADSORBENTS 

2.2.1 B.E.T Surface Area [3] 

The BET theory provides isotherm for multimolecular layers by simplifying several 

assumptions, which is similar to monolayer Langmuir theory. First, S0, S1, S2, …, Si 

present the surface area covered by only 0, 1, 2, …, i layers of adsorbate molecules. It is 

assumed that the adsorption rate of i layer is proportional to pressure (P) and surface area 

(S) covered by i-1 layers. On the other hand, the desorption rate is proportional to surface 

area covered by i layer. Thus it can be expressed as following Eq. (2-1). 

 

 𝑎1𝑃𝑆0 = 𝑏1𝑆1𝑒−𝐸1/𝑅𝑇 (2-1) 

 

By extending the Eq. (2-1) to consecutive layers, Eq. (2-2) is derived.  

 

 𝑎2𝑃𝑆1 = 𝑏2𝑆2𝑒−𝐸2/𝑅𝑇 (2-2a) 

 𝑎3𝑃𝑆2 = 𝑏3𝑆3𝑒−𝐸3/𝑅𝑇 (2-2b) 

 𝑎𝑖𝑃𝑆𝑖−1 = 𝑏𝑖𝑆𝑖𝑒
−𝐸𝑖/𝑅𝑇 (2-2c) 

 

Here, several the Eq. (2-2) can be simplified by applying several assumptions as 

followings: E2= E3 =… Ei = EL and (b2/ a2)= (b3/ a3)=… (bi/ ai)= g. Thus the equations 

above can be simplified as followings Eq. (2-3).  

 

 𝑆1 = 𝑦𝑆0, where y= (
𝑎1

𝑏1
) 𝑃𝑒−𝐸𝐿/𝑅𝑇 (2-3a) 

 𝑆2 = 𝑥𝑆1, where x= (
𝑃

𝑔
) 𝑃𝑒−𝐸𝐿/𝑅𝑇 (2-3b) 

 𝑆3 = 𝑥𝑆2 = 𝑥2𝑆1 = 𝑥2𝑦𝑆0 (2-3c) 

 𝑆𝑖 = 𝑥𝑖−1𝑦𝑆0 = 𝑐𝑥𝑖𝑆0, Where c= (y/ x) (2-3d) 

 

The total surface area can be calculated by the summation of surface area covered by each 

number of layer as shown in Eq. (2-4). 
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 𝐴 = ∑ 𝑆𝑖

∞

𝑖=0

 (2-4) 

 

The total volume (V) adsorbed is obtained by Eq. (2-5). 

 

 𝑉 = 𝑉0 ∑ 𝑖𝑆𝑖

∞

𝑖=0

 (2-5) 

 

Here, V0 refers to the volume of adsorbed gas per one square centimeter in which the 

surface of the adsorbent is completely covered by monolayer molecules. By arranging Eq. 

(2-1) ~ (2-5), then following Eq. (2-6) is obtained. 

 

 
𝑉

𝐴𝑉0
=

𝑉

𝑉𝑚
=

∑ 𝑖𝑆𝑖
∞
𝑖=0

∑ 𝑆𝑖
∞
𝑖=0

=
𝑐𝑆0 ∑ 𝑖𝑥𝑖∞

𝑖=1

𝑆0{1 + 𝑐 ∑ 𝑥𝑖∞
𝑖=1 }

=
𝑐𝑥

(1 − 𝑥)(1 − 𝑥 + 𝑐𝑥)
 (2-6) 

 

Finally, the isotherm equation based on B.E.T theory can be represented with Eq. (2-7). 

 

 𝑉 =
𝑉m𝑐 (

𝑃
𝑃0

)

(1 −
𝑃
𝑃0

) (1 + (𝑐 − 1)
𝑃
𝑃0

)
 (2-7) 

 

The Eq. (2-7) can be again simplified into the convenient form by converting it to the 

linear straight line, as shown in Eq. (2-8). 

 

 
𝑃

𝑉(𝑃0 − 𝑃)
=

1

𝑉𝑚𝑐
+

𝑐 − 1

𝑉𝑚𝑐

𝑃

𝑃0
 (2-8) 

 

In the Eq. (2-8), the two constants of Vm and c can be evaluated based on the intercept 

(1/Vmc) and the slope ((c-1)/ Vmc) of the equation.   
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2.2.2 B.J.H Pore Distribution and Volume [4] 

B.J.H methods requires an assumption that all pores are filled with liquid adsorbate at 

the initial relative pressure (P/Po) around 0.95. At this state, the largest pores having 

radius of rp1 contains the physically adsorbed nitrogen layer with thickness of t1. The 

evaporation occurs at inner capillary (r) of the pore as the pressure decreases. The 

relationship between the pore volume Vp1 and the inner capillary VK1 is given by Eq. (2-

9) 

 𝑉p1 =
𝑉K1𝑟p1

2

𝑟K1
2

 (2-9) 

 

In the Eq. (2-9), V1 means the desorbed volume of nitrogen from the pore as the relative 

pressure is reduced from (P/P0)1 to (P/P0)2. This volume of V1 include two factors: the 

volume for emptying the condensate in the largest pores and the portion resulted from 

reduction of the layer which is physically adsorbed (Δt1). The volume of the largest pore 

is described as following Eq. (2-10). 

 

 𝑉p1 = 𝑉1 (
𝑟p1

𝑟K1 + ∆𝑡1
)

2

 (2-10) 

 

As the relative pressure decreases to (P/P0)3, the additional factor to consider occurs. 

That is, the volume of desorption contains not only the condensate from the second largest 

pore but also the desorption amount from the second thinning portion of physically 

adsorbed layer in the largest pore. The volume Vp2 desorbed from pores of the second 

largest pore is shown as Eq. (2-11). 

 

 𝑉p2 = (
𝑟𝑝2

𝑟K2 + ∆𝑡2
)

2

(𝑉2 − 𝑉∆𝑡2
) (2-11) 

 

Assuming that VΔt2 is 𝑉∆𝑡2
= ∆𝑡2𝐴c1 , where Ac1 is the average area of physically 

adsorbed gas is desorbed at previous status, Eq. (2-12) can be generalized to represent 

any step of a stepwise desorption. 



Chapter 2: Physical and Equilibrium Characteristics of Wakkanai Siliceous Shale 

35 

 

 𝑉∆𝑡n
= ∆𝑡n ∑ 𝐴cj

𝑛−1

𝑗=1

 (2-12) 

 

By combining Eq. (2-11) and (2-12), the expression for calculating pore volumes at 

various relative pressures becomes as following Eq. (2-13). 

 

 𝑉𝑝n = (
𝑟𝑝n

𝑟Kn + ∆𝑡n
)

2

(∆𝑉n − ∆𝑡n ∑ 𝐴cj

𝑛−1

𝑗=1

) (2-13) 

 

Since the quantity of Ac tends to change according to (P/Po), the area of each pore 

which is a constant and can be obtained from the pore volume will be used instead. By 

putting that Ap= 2Vp/rp, the pore areas can be cumulatively summed so that for any step 

in the desorption process is known. The average capillary radius is expressed as �̅�𝑐 =

�̅�p − 𝑡r̅, where 𝑡r̅  is the thickness of the adsorbed layer at the average radius in the 

interval in the current pressure decrement. The term c is known as c= �̅�𝑐/�̅�p= (�̅�p − 𝑡r̅)/ �̅�p. 

Eq. (2-14) now can be used as the final generalized B.J.H method form as shown 

following. 

  𝑉𝑝n = (
𝑟𝑝n

𝑟Kn + ∆𝑡n
)

2

(∆𝑉n − ∆𝑡n ∑ 𝐴pj𝑐j

𝑛−1

𝑗=1

) (2-14) 

 

 

Fig. 2. 1 Experimental device for measuring adsorbent properties 
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2.2.3 Estimation of Physical Properties of WSS and Silica Gels 

A natural mesoporous hard mudstone called the WSS mined from the northern part of 

Hokkaido in Japan [11–18]. It is naturally derived from diatoms and planktonic organisms 

composed primarily of SiO2 and changes into siliceous shale with a crystalline structure 

at high temperatures and pressures. Fig. 2.2 shows mining places and a raw material of 

WSS. It exists as belt-shaped foothills with its height of 50 meters across about 30 km in 

the direction of North-South. Also, its underground distribution exists more than 1 km in 

the depth under the surface layer [17]. Fig. 2.3 presents measured data by the experimental 

data of Quantachrome NOVA 1000, as the form of Eq. (2-8). As explained in the previous 

chapter, the specific surface area estimated by the B.E.T method is about 150 m2/g. Fig. 

2.3 also provides B.E.T straight lines of an A-type and a B-type silica gels for the 

comparison. The specific surface area of an A-type and a B-type silica gels estimated by 

the B.E.T method are about 712.4 m2/g and 513.6 m2/g, respectively. 

 

    

   

Fig. 2. 2 Mining place and raw material of Wakkanai Siliceous Shale (WSS) 
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Similarly, Fig. 2.4 depicts the typical straight form of B.E.T plot to compare surface 

area according to the impregnation amount of LiCl. The surface area of pores tend to be 

reduced because certain part of the pores of the host matrix WSS are filled with LiCl 

particles, and the reduction amount increases as impregnating the more amount of LiCl. 

The detailed physical characteristics of the composite materials are listed in Table 2. 1. 

 

 

Fig. 2. 3 Typical B.E.T plot presenting straight line (WSS, A and B-type silica gels) 

 

 

Fig. 2. 4 Typical B.E.T plot presenting straight line (Pure WSS and composites) 
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As presented in Fig. 2.5, the WSS mainly consists of meso-pores whose size normally 

ranges from 4 to 20 nm. The estimated pore volume based on the B.J.H method is about 

0.36 cm3/g. On the other hand, the micro-pores are observed in the A-type silica gel. Its 

average pore size and average volume are estimated to be about 2.5 nm and 0.454 cm3/g, 

respectively (Fig. 2.6). The B-type silica gel has similar pore distribution showing the 

peak value of log differential pore volume around 7 nm and average pore diameter with 

WSS (Fig. 2.7). The mesoporous silica gel is often used as a porous matrix of many 

composite materials such as SWS-1L and SWS-2L [7–10].  

Fig. 2.8 shows pore distributions of WSS composites according to the LiCl amounts. 

The volume of pores tend to be reduced because certain part of the pores of the host matrix 

WSS are filled with LiCl particles, and the reduction amount increases as impregnating 

the more amount of LiCl. The detailed physical characteristics of the composite materials 

are listed in Table 2. 1.   

 

 

Fig. 2. 5 Log differential pore volume of WSS 
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Fig. 2. 6 Log differential pore volume of A-type silica gel 

 

 

Fig. 2. 7 Log differential pore volume of B-type silica gel 
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Fig. 2. 8 Pore volume distribution according to pore diameter of various composite 

 

Table 2. 1 Physical characteristics of WSS-based composite materials  

 

  

Sample No. 1 2 3 4 

LiCl content [wt. %] 0 10 20 30 

Surface area [m2/g] 137.28 133.79 120.35 87.88 

Pore volume [cm3/g] 0.361 0.354 0.320 0.244 

Average pore size [nm] 9.4 9.4 9.4 9.4 
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2.3 EQUILIBRIUM ADSORTPION PROPERTIES 

2.3.1 Measurement of Equilibrium Adsorption Amount [19] 

The adsorption equilibrium amount of the adsorbents was measured by using 

experimental device, named ‘Quantachrome HYDROSORB 1000’. The device measures 

amount of water vapor dosed to the sample cell from the manifold. The process supplying 

water vapor to the sample cell is called ‘dose action’, and this actions are repeated until 

the sample reaches to certain target pressure. That is, if the sample fails to reach to the 

equilibrium at certain pressure, the amount supplied during the dose action is recorded 

and proceed to the next dose action. The water vapor amount transferred from the 

manifold to the sample cell at the dose action i (mi) can be expressed as following Eq. (2-

15). As shown in Fig. 2.10, the two different temperature levels exist in HYDROSORB; 

the cold zone in which the sample cell is partially immersed with certain constant 

temperature, and the hot zone heated by the electric heater to supply water vapor. The 

temperatures of cold and hot zone are represented as TH and Tc, respectively. VH and Vc 

refer to volume of each zone, and VA indicates volume of the solid sample in the cell. ∆𝑃i 

is the pressure difference between start and end of the particular dose action, and Pi is the 

end pressure of the particular dose action. The 𝛼 means non-ideality correction factor, 

and the value of 3 x 10-5 torr-1 are according to the user manual. 

 

 𝑚𝑖 = ∑
∆𝑃i

𝑅
[
𝑉H

𝑇H
+

(𝑉𝑐 − 𝑉A)(1 + 𝛼𝑃i)

𝑇c
]

𝑛−1

𝑖=1

 (2-15) 

 

If the sample succeed to achieve the equilibrium, then the summation of the mass of 

water vapor adsorbed by the sample during the dose actions is regarded as equilibrium 

adsorption amount at the set pressure (me) as shown in Eq. (2-16). Here, ∆𝑃e and Pe are 

Pressure difference between start and end of dose being equilibrium and final equilibrium 

pressure, respectively.  

  

 𝑚e =
∆𝑃e

𝑅
[
𝑉H

𝑇H
+

(𝑉𝑐 − 𝑉A)(1 + 𝛼𝑃e)

𝑇c
] (2-16) 
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One more parameter that needs to be considered is the amount of water vapor required 

to achieve the set pressure without adsorption. The amount (mB) needs to be ready before 

the measurement by conducting sample cell calibration at the corresponding cell 

temperature. Finally, the measured adsorption equilibrium at certain target pressure is 

obtained as Eq. (2-17).  

  

 𝑚 =  ∑ 𝑚i + 𝑚e

𝑛−1

𝑖=1

− 𝑚B (2-17) 

 

 

Fig. 2. 9 Classification of the isotherm types according to IUPAC 
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Fig. 2. 10 Schematic diagram of Quantachrome HYDROSORB 1000 [19] 

 

 

Fig. 2. 11 Actual feature of Quantachrome HYDROSORB 1000 
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2.3.2 Adsorption Isotherm Equations 

Adsorption isotherm equations describe equilibrium adsorption characteristics of 

certain working pairs mathematically. Theses equations correlate adsorption amount with 

adsorbent temperature and adsorbate pressure, such as q= f(P,T) [6]. There are numerous 

isotherm equation models suggested to describe various types of isotherms.     

The some of the most representative and frequently used isotherm equations are as 

introduced as followings. 

 

1) Langmuir isotherm 

This equation bases on the monomolecular film adsorption theory. That is, the 

adsorption sites uniformly exist on the surface of adsorbent to provide place for the 

adsorbate molecules to be adsorbed. The theory implies that there will not be more 

adsorption phenomena once the sites are occupied. The traditional form of the Langmuir 

isotherm is as shown in Eq. (2-18) [20]. Modified form of the Langmuir equations 

suggested by several researchers can easily found in the literatures [21–23].  

 

 
𝑞∗

𝑞m
=

𝐾𝐿𝑃

1 + 𝐾𝐿𝑃
 (2-18) 

 

Here, KL named Langmuir equilibrium constant refers to the ratio between adsorption 

desorption rate.   

 

2) Freundlich isotherm 

 This model is well known as the most primitive equation depicting the adsorption 

mechanism. The modified form of this model is widely used to describe adsorption 

equilibrium of various types of working pairs [24–26].  

 

 𝑞∗ = 𝐴(𝑇𝑎) [
𝑃

𝑃sat(𝑇𝑎)
]

𝐵(𝑇𝑎)

 (2-19a) 

 𝐴(𝑇𝑎) = 𝐴0 + 𝐴1𝑇𝑎 + 𝐴2𝑇𝑎
2 + 𝐴3𝑇a

3 (2-19b) 

 𝐵(𝑇𝑎) = 𝐵0 + 𝐵1𝑇𝑎 + 𝐵2𝑇𝑎
2 + 𝐵3𝑇a

3 (2-19c) 
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3) Tòth isotherm  

Freundlich equation tends to be improper at low and high relative pressure. Tòth 

equation presented in Eq. (2-20) [27,28], which is based on the multi-layer adsorption, 

can satisfy the monolayer coverage and the multi-layer adsorption.  

 

 

𝑞∗

𝑞m
=

𝛽𝑃

[1 + (𝛽𝑃)𝑡]
1
𝑡

 (2-20) 

 

The parameter 𝛽 depends on temperature and can be expressed as 𝛽 = 𝛽𝑜𝑒𝑥𝑝(𝑄/

(𝑅𝑇)), where Q represents heat of adsorption. It can be noticed that the form of Tòth 

equation becomes Langmuir model if t=1, describing monolayer adsorption phenomenon 

[29].     

    

4) D-A isotherm  

The D-A equation is known to describe adsorption phenomenon on the microporous 

adsorbents such as activated carbons, which characteristically have high heterogeneous 

pores. The equilibrium adsorption amount is expressed as Eq. (2-21) [30,31].  

  

 
𝑞∗

𝑞m
= exp {− (

𝑅𝑇a

𝐸c
ln

𝑃sat

𝑃
)

𝛾

} (2-21) 

 

Here, Ec and n are the characteristic energy and the heterogeneity constant, respectively.  

 

5) Li and Ng model  

Various studies to simulate adsorption type 5 isotherms have been reported [21,32]. The 

newly proposed mathematical equation which describes S-shape isotherms can be found 

in researches of Li [33,34] and Ng [35]. They proved that the proposed isotherm 

successfully depict various types of adsorption working pairs (e.g., silica gel and FAM-

Z01). The isotherm model is explained as following Eq. (2-22). They also emphasized 

that the model requires only four parameters to be estimated for the description of various 

working pairs, and the error of numerical fitting is obviously lower than traditional 
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models [34]. 

 

 

𝑞∗

𝑞m
=

𝐴∅ 𝑒xp (𝛽
𝑃

𝑃sat
)

𝑃
𝑃sat

+ 𝐶
𝑃

𝑃sat

{1 + ∅ exp (𝛽
𝑃

𝑃sat
)

𝑃
𝑃sat

}
𝑛  (2-22a) 

 
𝛽 = exp (

𝐸c

𝑅𝑇a
) 

(2-22b) 

 
𝐴 =

{1 + ∅exp (𝛽)}𝑛 − 𝐶

∅exp (𝛽)
 

(2-22c) 

 

5) Yahia model  

The isotherm equation which suitable for describing type 6 isotherms is suggested by 

Yahia et al. [36]. They assumed that the four levels of adsorption energy exist in each 

adsorption site. According to the authors, Pi = 1, 2, 3, 4 represents the pressure at each 

adsorption site, ni is the number of molecules per site, Nmi is the density of receptor sites, 

and Eai refers to the molar adsorption energy of gases at site i. The mathematical equation 

of the model is as shown in Eq. (2-23). 

 

𝑞∗ =
𝑛1𝑁M1 (

𝑃
𝑃1

)
𝑛1

1 + (
𝑃
𝑃1

)
𝑛1

+
𝑛2𝑁M2 (

𝑃
𝑃2

)
𝑛2

1 + (
𝑃
𝑃2

)
𝑛2

+
𝑛3𝑁M3 (

𝑃
𝑃3

)
𝑛3

1 + (
𝑃
𝑃3

)
𝑛3

+
𝑛4𝑁M4 (

𝑃
𝑃4

)
𝑛4

1 + (
𝑃
𝑃4

)
𝑛4

 (2-23a) 

 
𝑃i = 𝑃satexp (

∆𝐸a,i

𝑅𝑇a
) 

(2-23b) 
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2.3.3 Equilibrium Adsorption Properties of WSS and Silica Gels 

‘Composites Salt in Porous Matrix (CSPMS)’ enhance equilibrium adsorption amount 

compared to the traditional working pair. WSS could be used as a sort of the porous matrix 

owing to its mesoporous structure. The thing that should be dealt with carefully in using 

the composite materials is to avoid carryover of deliquescing solution. That is, the host 

matrix no longer contains the deliquescing chloride solution as its volume exceeds the 

maximum pore capacity of the host matrix. This phenomenon eventually results in a 

severe decrease in the adsorption capacity and the problems regarding corrosions. The 

previous member of our research team Nakabayshi et al. [17] investigated the proper 

impregnation amount of lithium chlorides to prevent carryover problem, based on the 

pore volume.     

Fig. 2.12 shows adsorption isotherms of WSS composite with LiCl at various amount. 

The obvious enhancement of the equilibrium adsorption amount was obtained by 

impregnating LiCl into the pure WSS. With the consideration that the adsorption pressure 

of AHP system ranges from 1.0 kPa (Tsat: 7 ℃) to 1.7 kPa (Tsat: 15 ℃), it was observed 

that the equilibrium adsorption amount at the relative pressure 0.53, which equals to 1.7 

kPa, could almost reach the WSS pore volume. Therefore, the maximum applicable 

amount of the lithium chloride for preventing carryover was determined to be 20 wt.%.  

 

 

Fig. 2. 12 Adsorption isotherms of WSS composite with LiCl at various amount  
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As presented in Fig. 2.13, the isotherm of WSS composite tends to show two-steps at 

0.1 kPa and 0.5 kPa, which is similar shape with type 6 isotherm equations. Therefore, 

the isotherm of WSS + LiCl 20 wt.% has been expressed using the equation proposed by 

Yahia et al. [36] shown in Eq. (2-23).  

On the other hand, the isotherm of the A-type silica gel was fitted numerically using the 

equation proposed by Li et al. [33], as expressed in Eq. (2-22) because of its high accuracy.  

Table 2. 2 summarizes the value of numerically fitted constants. The equilibrium 

adsorption amount of the A-type silica gel and WSS + LiCl 20 wt.% were measured in 

four temperature levels between 30 and 50 °C, as shown in Fig. 2.13 and Fig. 2.14. The 

pressure range of the measurement was the relative pressure of 0 to 0.6. In the case of 

WSS + LiCl 20 wt.%, the average number of measuring points was 22, and the points 

were placed more densely at the zone exhibiting stepwise adsorption characteristics. The 

average and maximum deviations between the measured and calculated equilibrium 

loading of WSS + LiCl 20 wt.% were 0.0081 and 0.06 g/g, respectively (R2 = 99.24).  

Regarding the A-type silica gel, the average number of measuring points was 12. The 

average and maximum deviations between the measured and calculated equilibrium 

loading of the A-type silica gel were 0.0048 and 0.0164 g/g, respectively (R2 = 99.58). 

The accuracies of the pressure transducer, PT-100 temperature sensor in the dewar, and 

electric balance measuring the sample weight were ±0.5 % that of the reading, ±0.25 °C, 

and ±0.1 mg, respectively. The estimated mean value of uncertainty of the measurement 

based on the user manual and that of Li et al. [19] was ±2.98 × 10-3 g/g (±1.09%). 
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Fig. 2. 13 Isotherm equation of WSS+LiCl 20wt .% at various temperature 

 

 

Fig. 2. 14 Isotherm equation of A-type silica gel at various temperature 
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Table 2. 2 Constants for isotherms for WSS+LiCl 20wt.% and A-type silica gel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 EFFECT OF IMPREGNATION ON ADSORPTION PROPERTIES  

The combination of porous materials and chemical adsorbents enlarges adsorption 

capacity of the porous matrix, at the same time enhances physical stability and thermal 

conductivity of chemical adsorbent. The chemical adsorbents tend to swell and 

agglomerate in the adsorption process [5]. Our research member Kurokawa et al. pointed 

out that the impregnation of chloride may affect physical property of the host matrix [12]. 

Zhao et al. also presented the results that particles of the zeolite dissolved as putting the 

material into the CaCl2 solution at its concentration above 20 wt.% [37], which shows 

physical change in the porous matrix resulting from the impregnation. 

Therefore, the porous matrixes are washed once after being impregnated with lithium 

chloride of 20 wt.% to investigate physical changes in the porous structure. As presented 

in Fig. 2.15~ Fig. 2.18, pore distribution of the washed A-type and B-type silica gels after 

impregnation is greatly changed. That is, the washed porous media showed obviously 

decreased portion of small pores compared to the original state. It implies the physical 

Constant 
WSS+ 

LiCl 20 wt.% 
Constant 

A-type 

silica gel 

n1 2.211 qm 0.464 

n2 31.564 Ec 323.015 

n3 25.044 ∅ 3.89 x10-3 

n4 3.738 C 0.9753 

Nm1 0.271 n 0.9878 

Nm2 4.3 x10-3 - - 

Nm3 2.7 x10-3 - - 

Nm4 1.22 - - 

Ea1 -1.67x103 - - 

Ea2 -5.34x103 - - 

Ea3 -7.94x103 - - 

Ea4 5.40x103 - - 
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characteristics or properties of the porous media has been changed. The comparison of 

the equilibrium adsorption amount between the ‘original’ state and the ‘washed after 

impregnation’ in Fig. 2.15~ Fig. 2.18 prove the changes in porous structures by 

impregnating lithium chloride into the porous matrix. For the case of the A-type silica gel, 

much obvious degradation in the equilibrium adsorption amount was observed because 

most of micro-pores and small pores (< 4 nm) are broken. The surface area of the original 

state A-type silica gel is about 712.4 m2/g, meanwhile that of the washed A-type silica 

gel after impregnation with LiCl is 412.9 m2/g, approximately 42% reduced value. The 

B-type silica gel also presented degradation in the equilibrium adsorption amount, 

especially at relative pressure above 0.6. The surface area of the B-type silica gel is 

decreased from 531.61 m2/g to 379.62 m2/g by impregnating LiCl. On the other hand, 

WSS hardly shows change in physical properties after impregnation and the equilibrium 

adsorption amount also did not changed. The detailed physical characteristics of the 

composite materials are listed in Table 2. 3.  

From these results, the strong pore structure of WSS has been verified compared to 

physically weak pores of silica gels. Having constant physical pore structures after 

impregnation can be connected to the issue regarding stability and long-term usage of the 

composite adsorbent. Therefore, WSS is expected to be utilized as a host matrix of 

composite adsorbent in terms of both enhanced equilibrium adsorption amount and 

physically stable pore structures.   

Table 2. 3 Physical characteristics of host matrix before and after impregnation  

 

Sample No. 
Surface area 

[m2/g] 

Pore volume 

[cm3/g] 

Average pore 

size [nm] 

A-type silica gel: Original 712.44 0.454 2.58 

A-type silica gel: Washed 412.92 0.441 5.08 

B-type silica gel: Original 531.61 0.786 7.03 

B-type silica gel: Washed 379.62 0.752 7.03 

WSS: Original 137.28 0.361 9.41 

WSS: Washed 138.59 0.372 9.41 
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Fig. 2. 15 Comparison of pore volume and diameter:  

Before and after washing impregnated LiCl in A-type silica gel 

 

Fig. 2. 16 Comparison of equilibrium adsorption amount:  

Before and after washing impregnated LiCl in A-type silica gel 
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Fig. 2. 17 Comparison of pore volume and diameter:  

Before and after washing impregnated LiCl in B-type silica gel 

 

 

Fig. 2. 18 Comparison of equilibrium adsorption amount:  

Before and after washing impregnated LiCl in B-type silica gel 
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Fig. 2. 19 Comparison of pore volume and diameter:  

Before and after washing impregnated LiCl in WSS 

 

 

Fig. 2. 20 Comparison of equilibrium adsorption amount:  

Before and after washing impregnated LiCl in WSS 
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2.5 SUMMARY 

In this chapter, experimental investigation of physical and equilibrium characteristics 

of WSS and its composite with lithium chloride are provided. Furthermore, those 

characteristics of silica gels (A-type and B-type) are given for the comparison. Lastly, 

effects of impregnation of lithium chloride on the physical and equilibrium adsorption 

characteristics of the porous media are studied to emphasize advantage of WSS as a host 

matrix. Followings summarize the contents of this chapter. 

  

1) The specific surface area estimated by the B.E.T method is about 150 m2/g. WSS 

mainly consists of meso-pores whose size normally ranges from 4 to 20 nm. The 

estimated pore volume based on the B.J.H method is about 0.36 cm3/g. The surface area 

of pores tend to be reduced because certain part of the pores of the host matrix WSS are 

filled with LiCl particles.  

 

2) The B-type silica gel has similar pore distribution showing the peak value of log 

differential pore volume around 7 nm and average pore diameter with WSS. Meanwhile, 

the micro-pores are observed in the A-type silica gel. Its average pore size and average 

volume are estimated to be about 2.5 nm and 0.454 cm3/g, respectively.  

 

3) The obvious enhancement of the equilibrium adsorption amount was obtained by 

impregnating LiCl into the pure WSS. The maximum applicable amount of the lithium 

chloride for preventing carryover was determined to be 20 wt.%, based on its pore volume. 

 

4) The isotherms of WSS+LiCl 20 wt.% is numerically fitted to the model suggested 

by Yahia et al. The model successfully described two-stepwise isotherm, and the average 

and maximum deviations between the measured and calculated equilibrium loading of 

WSS + LiCl 20 wt.% were 0.0081 and 0.06 g/g, respectively (R2 = 99.24). The isotherms 

of A-type silica gel, which will be used in further chapters for the comparison, are fitted 

to the model suggested by Li et al. The average and maximum deviations between the 

measured and calculated equilibrium loading of the A-type silica gel were 0.0048 and 

0.0164 g/g, respectively (R2 = 99.58). 
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5) The surface areas of both A-type and B-type silica gels are decreased by impregnating 

LiCl. Also their equilibrium adsorption amount tended to be decreased due to the 

destroyed or changed pore structure. On the other hand, WSS hardly shows change in 

physical properties after impregnation and the equilibrium adsorption amount also did not 

changed. 

Therefore, WSS is expected to be utilized as a host matrix of composite adsorbent in 

terms of both enhanced equilibrium adsorption amount and physically stable pore 

structures.   
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3.1 INTRODUCTION 

In recent decades, adsorption heat pumps (AHP) have attracted significant interest 

worldwide because they can utilize low-level heat sources less than 100 °C. Especially, 

it is possible for AHP to utilize the heat source characterized by the lower temperature as 

compared to absorption chillers [1]. However, the relatively huge system volume, low 

COP results from the low adsorption performance and high initial cost remain crucial 

disadvantages. Since it is a natural adsorbent, Wakkanai Siliceous Shale (WSS) is less 

costly than other newly developed adsorbents. Furthermore, its adsorption performance 

can be markedly improved by impregnating salts such as lithium chloride [2]. Sharkawy 

et al. compared the water vapor adsorption on an RD silica gel and a CaCl2 confined to 

KSK silica gel to prove the improved adsorption amount by impregnating chloride into 

the classical material [3]. Aristov et al. found that the chlorides of CaCl2 and LiBr 

impregnated in micro and mesoporous silica gels could adsorb a significantly higher 

amount of water vapor compared with pure silica gels [4]. Many studies have proven that 

the adsorption capacity of a silica gel can also be improved by impregnating salts. 

However, according to Kurokawa et al. [5], the pores of silica gel expand because of 

impregnated chlorides when the synthesized amount exceeds 5 wt.%. The expansion 

results in the matrix dissolution and unsustainable pore structures. Meanwhile, WSS 

showed advantages of a strong pore structure, which maintains a stable pore size after the 

chloride impregnation due to the presence of crystalized silica [2]. Future studies on the 

durability and mechanical strength of a porous matrix impregnated with salts should be 

conducted for more details. Aside from silica gels, Lass-Seyoum et al. reported a 

substantial adsorption capacity of water vapor on hydrophobic substrates such as an 

attapulgite and an activated carbon by impregnating CaCl2, MgCl2 and MgSO4 [6]. Chan 

et al. presented the effects of calcium ion exchange on the adsorption properties of zeolite 

13X impregnated with CaCl2. Enlarged total pore volume due to the ion exchange 

facilitated impregnation of CaCl2. As a result, the difference in equilibrium uptake 

amount between 25 ℃ and 75 ℃ of the zeolite 13X with 40 wt.% of CaCl2 was 419% 

higher than that of the pure zeolite 13X [7]. Mccague et al. [8] and Zheng et al. [9] studied 

the effects of the pore size of substrates (6~15 nm and 2~10 nm, respectively), which 

revealed the lower water uptake amount per dry sorbent mass at the adsorbent with 
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smaller pore diameters. However, according to Glaznev et al., adsorbents with pore 

diameters of 8.1 nm and 11.8 nm showed almost similar isotherms for the case of the 

CaCl2 confined SBA-15 [10].  

One of the main problems of adsorption heat pump systems is the low heat transfer 

efficiency between an adsorbent that contacts a heat exchanger and a heat transfer fluid 

[11,12]. In particular, poor heat transfer of an adsorbent in granular shape results in a 

steep decrease in adsorption rate [13]. The heat transfer rate can be improved by forming 

a mono-layer pellet or increasing the area that directly contacts a heat exchanger surface 

[14]. Based on this principle, a coated adsorbent layer enables the material to markedly 

enhance the heat transfer rate, which improves the mass transfer. The heat and mass 

transfer characteristics strongly depend on the coated thickness. Frazzica et al. [15] 

conducted an experimental evaluation of the kinetic performance of the coated SAPO 34 

layers with various thickness. Heyden et al. [16] used an AIPO-18 material to evaluate 

the adsorption kinetic characteristics with respect to the coated thickness of 0.08~0.75 

mm. Dawoud [17] compared the sorption speeds obtained from coated layers with various 

thicknesses and loose pellets with a moderate radius. Grabowska et al. [18] provided 

comprehensive analysis on selection of adsorbents and granular size for the coated bed 

systems. They obtained the thermal conductivity of sorbents by using an experimental 

device, called ‘LFA 457 MicroFlash’ and revealed that the thermal conductivity of the 

coated layer is enhanced 2.6 times compared to that of the fixed layer [19]. Their 

numerical simulations on the temperature distribution shows that average temperature of 

the coated layer was 321.12 K, 17 K higher than that of the fixed layer, when the heat 

source temperature is 343 K [20].      

In general, the adsorption kinetics based on experimental studies can evaluate the mass 

transfer coefficients at various conditions. The measurement methods of the adsorption 

dynamics are divided into a large pressure jump (LPJ) method [15,21,22] and a large 

temperature jump (LTJ) method [23–25]. Both methods are considered useful instruments 

to comparatively evaluate the adsorption performance of different sample configurations 

[15]. A gravimetric method that measures the adsorption dynamics is considered an 

improved method compared with a volumetric one due to a direct weighing of the samples 

[26].  

The linear driving force (LDF) model is widely used to simulate the dynamic behavior 
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of adsorption chillers because of its simplicity. Analytical approach including an 

interfacial (or called external film) mass transfer for the LDF model can be found in 

related researches [27,28]. Their models consider both interfacial and internal mass 

transfer phenomena, which can be expressed by an overall term. Also, mass conservation 

models can reflect an interfacial mass transfer at their boundary conditions as shown by 

Wang et al. [29] and Medved et al. [30]. However, many of mass conservation models 

assume the interfacial adsorbate concentration to be equal to the bulk phase concentration 

[31–34]. Many of researches using the LDF model [3,35–37] also consider the internal 

mass transfer as the overall mass transfer and assumed a saturated concentration at the 

interface between two phases. This assumption may be acceptable if the mass transfer 

resistance at the interface is minor, or if the internal mass transfer resistance is sufficiently 

large to ignore the effect of the interfacial mass transfer. Otherwise, the adsorption 

dynamic characteristics based on the LDF approximation may yield huge errors compared 

with the actual experimental data.  

This study separates the effects of the interfacial and internal mass transfers of water 

vapor at a coated adsorbent based on both experimental methods and the LDF model. In 

terms of the adsorbent, the chloride-impregnated composite natural rock called Wakkanai 

Siliceous Shale (WSS) is used to enhance the adsorption performance. The mass transfer 

performance of a composite WSS is also compared with that of A-type silica gel to prove 

its competitiveness. 

 

3.2 EXPERIMENTAL METHODOLOGY 

This study aims to estimate an interfacial mass transfer resistance using an experimental 

method. Fig. 3. 1 (a) summarizes the methodology to separate the interfacial and internal 

mass transfers, and Fig. 3. 1 (b) shows the cross-section diagram of a coated sample. First, 

the mass transfer in the range of thickness with negligible internal mass transfer resistance, 

which is called the subsurface (interfacial) zone, is experimentally observed. The 

experiments assume that the internal mass transfer resistance is negligible if two 

sufficiently thin samples present almost identical adsorption dynamic curves. On the other 

hand, the overall mass transfer resistance can be estimated through experiments using 

relatively thicker samples (d= 0.19 ~ 0.75 mm). Then, the internal mass transfer resistance 
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is calculated by subtracting the interfacial resistance from the overall resistance. Finally, 

the average effective diffusivity is calculated based on the obtained internal mass transfer 

resistance using the LDF model.  

The large pressure jump (LPJ) method was used to determine the adsorption dynamic 

characteristics. The adsorption process is triggered by a sudden and large pressure 

difference between the initially vacuumed chamber and the supplied vapor. Fig. 3. 2 

introduces the experimental system to measure the adsorption dynamics. The system can 

be divided into two sections according to the purpose of the experiments: to analyze the 

interfacial mass transfer and overall mass transfer. Chamber 1 and Chamber 2 were used 

for each purpose, and both chambers included an electric balance to gravimetrically 

measure the adsorption dynamics. Since the samples used in the experiments of the 

interfacial mass transfer were too thin and light, even a small measuring error from the 

use of a cooling plate would greatly affect the results. Thus, Chamber 1 used indirect 

cooling through a rolled-type copper heat exchanger surrounding the sample to remove 

the adsorption heat. In terms of experiments for the overall mass transfer using Chamber 

2, a cooling plate in direct contact with the sample was used to remove the relatively 

higher adsorption heat, which is proportional to the water vapor sorption amount. During 

the experiments, the pressure in the chambers could reach the target pressure within 5 

seconds because of use of the large size pipe with its diameter of 75 mm, which connects 

the chamber and the evaporator. Cooling water of 30 °C from a constant temperature bath 

circulated both cooling devices. The other temperature bath supplied a heat source of 

20 °C to an evaporator to generate water vapor, and the entire system was placed into a 

constant temperature room with an identical temperature level. 
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Fig. 3. 1 (a) Methodology for separating interfacial and internal mass transfer resistance  

 

Fig. 3. 1 (b) Cross-section diagram of coated adsorbent on plate 

 

Fig. 3. 2 Schematic diagram of experimental system for measuring sorption dynamic 
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3.3 ANALYSIS METHODOLOGY 

3.3.1 Linear Driving Force (LDF) Model 

In general, adsorption dynamic characteristics are obtained through experimental 

methods and analyzed using various models. The linear driving force (LDF) model, which 

is one of the most frequently used models, assumes that the mass transfer rate between 

the adsorbent and the surrounding fluid is proportional to the difference between the 

concentration at the solid-fluid interface and the average concentration in the adsorbent 

[38]. In other words, both mass transfer at an interface and an internal side of the 

adsorbent affect the entire mass transfer. The following equations explain how the mass 

transfer phenomena are divided into interfacial and internal mass transfers. First of all, 

mass flux of water vapor from the bulk phase to the interface of the coated layer can be 

expressed as Eq. (3-1). 

 

 𝜕𝑞

𝜕𝑡
= 𝑘f𝐾(𝑐 − 𝑐f) 

(3-1) 

 

An instantaneous partial adsorption equilibrium condition is assumed to calculate slope 

K of the adsorption isotherm. From the simple case having a linear equilibrium adsorption 

isotherm, it can be written that q*=Kc and qf =Kcf [28]. Thus, Eq. (3-1) can be written as 

Eq. (3-2).  

 

 𝜕𝑞

𝜕𝑡
= 𝑘f(𝑞

∗ − 𝑞f) 
(3-2) 

 

Mass flux of water vapor from the interface to the internal part of the coated layer can 

be described as Eq. (3-3). 

 

 𝜕𝑞

𝜕𝑡
= 𝑘s(𝑞f − 𝑞) 

(3-3) 

 

The overall term of the mass transfer from the bulk phase to the internal part of the 

coated layer becomes Eq. (3-4). 
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 𝜕𝑞

𝜕𝑡
= 𝐾m(𝑞

∗ − 𝑞) 
(3-4) 

 

 Considering 𝑞∗ − 𝑞 = (𝑞∗ − 𝑞f) + (𝑞f − 𝑞)  and Eq. (3-2) ~ (3-4), Eq. (3-5) is 

yielded. 

  

 1

𝐾m
=

1

𝑘f
+

1

𝑘s
= 𝑅f + 𝑅s = 𝑅f +

𝑑2

3𝐷e
 

(3-5) 

 

The internal mass transfer resistance (Rs) was calculated as d2/3De based on Patton et 

al. [39] that provided LDF approximations for various geometries of adsorbents.   

 

3.3.2 Assumptions Regarding Non-isothermal Mass Transfer 

Some assumptions were required to simplify the experiment and analysis. It is difficult 

to maintain a constant adsorbent temperature, meaning that the process becomes non-

isothermal adsorption. Increase of the adsorbent temperature affects both equilibrium 

adsorption amount (q*) and the effective diffusivity (De) in many cases using the LDF 

model. Dependence of the equilibrium adsorption amount on the adsorbent temperature 

can be easily measured by experimental methods and be expressed through the isotherm 

equation simply. On the other hand, the analysis of the non-isothermal intraparticle 

diffusion is particularly onerous in case of temperature effects, since the heat and mass 

balances are strongly coupled [40]. In most of researches on the numerical modeling of 

AHP systems, the adsorption rate is assumed to be controlled by the surface diffusion [41] 

expressed as the function of the adsorbent temperature [36]. Even this approach requires 

a pre-exponential diffusion constant that is normally taken from previous researches and 

is mostly applicable for the adsorbents frequently used such as a silica gel and a zeolite 

[42–44]. In contrast, it seems limited to apply this approach in cases of the composite 

adsorbents since the values are dependent on the kind of the impregnated material and its 

amount. Sharkawy [3] has applied the same pre-exponential value of the RD silica gel to 

the CaCl2 confined KSK silica gel, and researches which have used constant the diffusion 

coefficient value independent on the temperature can be found [15,35,45,46].  
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This study also allowed the temperature rise and ignored the effect of the adsorbent 

temperature on the intraparticle diffusion. That is, the most representative effective 

diffusivity (De) which fits the adsorption dynamic curve the most was estimated through 

each sample. Meanwhile, the effect of temperature rise was considered in calculating the 

equilibrium adsorption amount (q*) [35,47]. Following Eq. (3-6) presents heat balance in 

the coated adsorbent to fit the experimentally obtained temperature rise [36,48,49].  

 

(𝐶a + 𝐶plate +𝑀ad𝑞𝑐p,v)
𝑑𝑇a
𝑑𝑡

= 𝑀a∆𝐻
𝑑𝑞

𝑑𝑡
− 𝑀a

𝑑𝑇𝑎
𝑑𝑡

𝑐p,v(𝑇a − 𝑇v) − 𝜀𝑚�̇�𝑐p(𝑇w,i − 𝑇a) 

(3-6) 

 

3.3.3 Importance of Reflecting Interfacial Mass Transfer 

The mass flux from the vapor bulk to the interface should be identical to that from the 

interface to the internal part of the adsorbent. Many studies using the LDF model assume 

a saturated concentration at an interface between the vapor and the porous material, which 

may yield huge errors compared with actual data. Fig. 3. 3 contains three adsorption 

dynamic curves of WSS impregnated with 20 wt.% of lithium chloride to present possible 

error resulted from assuming the saturated condition at the interface: LDF based on 

experimentally estimated Km marked with ‘LDF_based on Km’, calculated data based on 

the LDF model including interfacial mass transfer resistance marked with ‘LDF_with Rf’, 

calculated data based on the LDF model assuming the saturated concentration at the 

interface and ignoring interfacial mass transfer resistance marked with ‘LDF_without Rf’. 

The calculation of ‘LDF_with Rf’ was based on Eq. (3-3). Here, qf was calculated by Eq. 

(3-2). Regarding ‘LDF_without Rf’, qf of the Eq. (3-3) is assumed to be q*, and ks is 

considered as Km according to the assumption. The mass transfer coefficients were 

calculated following the methodology presented in Fig. 3. 1 (a), and the detailed process 

will be discussed in the chapter 4. As shown in Fig. 3. 3, ignoring the interfacial mass 

transfer resistance (Rf) results in an evident error compared with the actual adsorption 

data; in particular, the thinner coated layer presented a substantial deviation. That is 

because the internal mass transfer resistance (Rs) becomes larger when the coated 

thickness (d) gets thicker, diminishing influence of the interfacial mass transfer resistance 
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(Rf).      

Therefore, the effect of the interfacial mass transfer on the total mass transfer should be 

more carefully considered for coated adsorption beds, since a coated adsorbent layer is 

usually thinner than the diameter of an adsorbent grain. This study used an experimental 

method to define the interfacial mass transfer characteristics, i.e., the mass transfer of 

sufficiently thin-coated samples (d= 27~79 μm) to ignore the internal mass transfer 

resistance was considered the interfacial mass transfer.  

Finally, an effective diffusivity (De) is estimated based on the methodology presented 

in Fig. 3. 1 (a) to calculate the overall mass transfer coefficient (Km) according to various 

thicknesses based on Eq. (3-5).  

 

 

Fig. 3. 3 Comparison of sorption dynamic data according to calculation method 
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3.4 MATERIALS AND SAMPLES 

3.4.1 Adsorbent 

Recently, invented adsorbents with high adsorption performance have contributed to 

the commercialization of AHP. However, the high initial cost occupied by the adsorbents 

is considered one of the biggest hindrances for the widespread application of AHP. 

Composites Salt in Porous Matrix (CSPMS), particularly natural rock-based materials, 

have the advantages of cheap price and high adsorption performance enhancement [50–

52]. Among them, Wakkanai Siliceous Shale (WSS) is a natural mesoporous hard 

mudstone mined from the northern part of Hokkaido, Japan. It is naturally derived from 

diatoms and planktonic organisms, mostly composed of silicon dioxide (SiO2) and 

changed into siliceous shale with a crystal structure as a result of the increased 

temperature and pressure [53]. In this study, the mass transfer performance of a composite 

WSS is compared with that of A-type silica gel to prove its competitiveness. The 

adsorption equilibrium equations of the WSS composite [54] and the A-type silica gel 

[55] are described in Chapter 2 of this equation.   

 

3.4.2 Samples 

In this study, the adsorption dynamics were measured using stainless plates coated by 

WSS+LiCl 20 wt.% and A-type silica gel. A composite material of WSS was synthesized 

as follows. Micro powder of WSS was dried at 120 °C overnight and mixed into the 

prepared LiCl solution at room temperature. Then, the mixture was placed in a vacuum 

chamber for 30 minutes to promote the synthetization of lithium chloride into the matrix. 

The liquid state organic concrete additive (LDM6680, Celvolit) of 10 wt.% was added to 

the mixture to adhere adsorbent particles onto the sample plate properly. Finally, the 

composite material was dried in an oven after it is sprayed onto the stainless plates. Fig. 

3. 4 shows the slurry state of composite WSS impregnated by lithium chloride and the 

stainless plate before and after they have been coated. The A-type silica gel was prepared 

and coated onto the plates using the same methods but without the impregnation of 

lithium chloride. In the coating process, the plate was placed onto a hot plate, through 

which hot water of 90 °C circulated to immediately dry the material as soon as it was 

sprayed. The coated thickness was measured at nine different spots of the sample using 
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an automatic thickness-measuring device (MJ-TG77, SATO Tech) three times. In this 

study, two separated experiments based on a gravimetric LPJ method were conducted. 

The first experiment was to analyze the mass transfer that occurred at the interface of the 

adsorbent. The coating thickness of the samples for this experiment was minimized to 

ignore the effect of internal diffusion and is, presenting the values between 27 and 79 μm. 

The other experiment was to measure the overall mass transfer from water vapor to the 

coated sample. Samples for this experiment were prepared considering possible coating 

thickness in actual use of adsorption heat pumps. Detailed specifications of the coated 

samples are shown in Table 3. 1. 
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(a) WSS+LiCl slurry 

 

(b) Empty plate 

 

(c) Coated plate 

 Fig. 3. 4 (a) Slurry state WSS+LiCl 20 wt.%, (b) empty plate and (c) coated sample 

 

Table 3. 1 Specifications of coated samples by WSS+LiCl 20wt.% and A-type silica gel 

 

 

 

 

 

 

 

 

 

 

 

 

  

Material Thickness [mm] Coated amount [g/cm2] 

A-type 

silica gel 

0.05 2.11 x 10-3 

0.08 4.55 x 10-3 

0.19 8.10 x 10-3 

0.37 1.61 x 10-2 

0.75 3.66 x 10-2 

WSS+LiCl 

20 wt.% 

0.03 2.28 x 10-3 

0.07 4.64 x 10-3 

0.19 9.10 x 10-3 

0.38 1.71 x 10-2 

0.71 3.86 x 10-2 
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3.5 RESULTS AND DISCUSSIONS 

3.5.1 Interfacial Mass Transfer 

As mentioned, the point of this study is to separate the effects of interfacial and internal 

mass transfers from the overall mass transfer using an experimental method. Sufficiently 

thin samples to ignore the effects of the internal mass transfer resistance were prepared 

and tested (d= 27~79 μm). Fig. 3. 5 (a) and (b) show the measured water vapor sorption 

amount of samples coated by A-type silica gel and WSS+LiCl 20wt.%, respectively. The 

samples with different thicknesses presented almost identical calculated overall mass 

transfer coefficients, which implies that the obtained mass transfer characteristics may be 

considered interfacial mass transfer characteristics. During the experiments, the generated 

heat of adsorption was indirectly removed through a rolled-type copper heat exchanger. 

Fig. 3. 6 (a) and (b) represent the change of the adsorbent temperature and water vapor 

pressure according to time: (a) A-type silica gel, (b) WSS+LiCl 20 wt.%. The pressure 

inside of the chamber was kept around 1.7 kPa corresponding to the saturation 

temperature of 15℃. The calculated values of the samples with each thickness were 

almost related. Those values are almost identical, which supports that the internal mass 

transfer resistance can be ignored in this case as initially intended. For all cases, the LDF 

model presents acceptable consistency with experimental data. Based on the experiment, 

the estimated interfacial mass transfer coefficients are 0.026 s-1 and 0.035 s-1 for A-type 

silica gel and WSS+LiCl 20wt.%, respectively. 
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 (a) A-type silica gel  

 

(b) WSS+LiCl 20 wt.% 

Fig. 3. 5 Estimation of interfacial mass transfer coefficient (line: experiment, dash: LDF) 

 

 



Chapter 3: Experimental Separation of Interfacial and Internal Mass Transfer on Coated Adsorbent  

74 

 

 

 

(a) A-type silica gel 

 

(b) WSS+LiCl 20 wt.% 

Fig. 3. 6 Adsorbent temperature and pressure change (line: temperature, dash: pressure) 
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3.5.2 Overall Mass Transfer 

The overall mass transfer characteristic of the samples with thickness of 0.19~0.75 mm 

was gravimetrically measured to calculate each overall mass transfer coefficient. The 

generated heat of adsorption was removed through the cooling plate that directly 

contacted the samples. Fig. 3. 7 (a) and (b) show the water vapor adsorption amount of 

coated A-type silica gel and WSS+LiCl 20 wt.% with different thicknesses, respectively. 

The adsorption dynamics of the samples were obviously revealed differently according 

to their thickness. In general, the calculated data using the LDF model tended to 

underestimate adsorption rate at the beginning of the adsorption process. The reason for 

this is because this research did not consider effect of the temperature change on the 

diffusivity. That is, the fitted adsorption dynamic curve was calculated based on the 

constant and representative effective diffusivity. According to Wang et al. [29] and Rezk 

et al. [56], the diffusivity depends on the surface temperature; a higher diffusivity value 

is obtainable when the surface temperature is higher. Fig. 3. 8 (a) and (b) represent the 

change of the adsorbent temperature and water vapor pressure according to time; the plane 

line refers to the experimentally obtained data, and the dash is the fitted one using the 

heat balance model of Eq. (3-6). As revealed in the figure, the adsorbent temperature rises 

as the water vapor is adsorbed by the adsorbents, showing the peak temperature between 

35~44 ℃. Therefore, the actual effective diffusivity is expected higher than the calculated 

representative effective diffusivity in all cases. However, the calculated model could be 

matched relatively properly after the mid-latter half as the adsorbent is cooled down. 

Table 3. 2 summarizes adsorption characteristic times to reach 50 %, 80 % and 90 % of 

the saturation obtained from experimental data. Obviously, a thicker sample required 

more time to become saturated. The characteristic time between τ0 and τ0.5 was merely 

approximately 15 % of that between τ0.5 and τ0.9. The A-type silica gel presented lower 

overall mass transfer coefficients than WSS+LiCl 20 wt.%. The small average pore size 

and large surface area of A-type silica gel are possible reasons for its decrease in 

adsorption rate. According to Dawoud et al. [21], a microporous silica gel requires longer 

time to reach saturation than a mesoporous silica gel. Also, the relatively higher adsorbent 

temperature of WSS+LiCl 20 wt.% can be a possible reason for this as mentioned earlier. 
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(a) A-type silica gel 

 

(b) WSS+LiCl 20 wt.% 

Fig. 3. 7 Dynamic water vapor sorption amount of samples with different thickness  

(line: experiment, dash: LDF) 
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(a) A-type silica gel 

  

(b) WSS+LiCl 20 wt.% 

Fig. 3. 8 Adsorbent temperature and pressure change (line: experiment, dash: model) 
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Table 3. 2 Characteristic time and overall mass transfer coefficient of tested samples 

 A-type silica gel WSS+LiCl 20 wt.% 

d [mm] 0.19 0.37 0.75 0.19 0.38 0.72 

τ0.5 [s] 21 33 97 18 24 73 

τ0.8 [s] 92 143 314 71 103 252 

τ0.9 [s] 150 219 522 100 176 423 

 

3.5.3 Separation of Interfacial and Internal Mass Transfer 

The effects of the interfacial and internal mass transfers were separated based on the 

obtained experimental data. The interfacial mass transfer characteristics were obtained 

from experiments using samples with thin-coated layers and assumed to be constant 

regardless of the coated thickness. The overall mass transfer coefficients of samples with 

thickness of 0.19~0.75 mm are experimentally obtained. The LDF model of Eq. (3-1)~(3-

5) were applied to separate the mass transfer resistance at the interface and inner side of 

the material from the obtained overall mass transfer resistance. Finally, the effective 

diffusivity of each sample was calculated to estimate an overall mass transfer coefficient 

at random coated thickness. Table 3.3 summarizes the experimentally obtained, 

calculated mass transfer coefficients and average effective diffusivity of the samples. 

 

Table 3. 3 Experimentally obtained, calculated mass transfer coefficients and effective 

diffusivities 

 A-type silica gel WSS+LiCl 20 wt.% 

d [mm] 0.19 0.37 0.75 0.19 0.38 0.72 

kf _exp [s-1] 2.56 x 10-2 2.56 x 10-2 2.56 x 10-2 3.55 x 10-2 3.55 x 10-2 3.55 x 10-2 

Km _exp [s-1] 2.35 x 10-2 1.67 x 10-2 1.11 x 10-3 2.87 x 10-2 2.26 x 10-2 1.01 x 10-2 

Km _cal [s-1] 2.32 x 10-2 1.86 x 10-2 1.02 x 10-3 3.01 x 10-2 2.01 x 10-2 1.02 x 10-2 

De [m2/s] 
3.68 x 10-9 2.25 x 10-9 3.69 x 10-9 1.84 x 10-9 3.13 x 10-9 2.42 x 10-9 

(average: 3.21 x 10-9) (average: 2.46 x 10-9) 
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3.5.4 Optimization of Coated Thickness 

The heat transfer resistance between a heat exchanger and an adsorbent can be reduced 

by coating the material onto the heat exchanger, which improves the heat and mass 

transfer rate. Furthermore, a coated adsorbent more quickly reaches the adsorption 

equilibrium than loose grains or granular adsorbers because of its thin-coated layer. The 

shortened cycle time causes the higher evaporation capacity and enhanced SCP, but 

frequent switches of the ad/desorption modes simultaneously result in the lower COP. 

The adsorption rate is strongly dependent on the coated thickness at non-isothermal 

conditions, and the evaporation capacity, SCP and COP are affected by the cycle time. 

Therefore, it is essential to analyze the adsorption dynamic characteristics at various 

coated thickness according to the cycle time. Both mass and heat transfer models of Eq. 

(3-1)~(3-5) and Eq. (3-6) were used for the optimization analysis. The experimentally 

obtained De and kf were substituted, and the heat transfer model was utilized when 

calculating q*.  

Fig. 3. 9 (a), (b) represent the analysis on evaporation capacity of the samples coated 

by A-type silica gel and WSS+LiCl 20 wt.%, and Fig. 3. 10 (a), (b) depict the presumed 

SCP (specific cooling power) of the samples. The evaporation capacity was calculated by 

multiplying the evaporation latent heat of water at 15 °C and the water vapor sorption 

amount of each sample then divided by the adsorption time. In the case of A-type silica 

gel, the sample with coated thickness of 0.4 mm revealed obviously lower Qe compared 

to others during the entire tad. Qe of the sample with the thickness of 1.0 mm was similar 

or rather lower than those of the samples with d= 0.8 mm up to tad of 1.5 minutes. After 

that, it presented almost slightly higher Qe than that of the sample of 0.8 mm. Thus, it is 

analyzed that thickness of the layer coated by A-type silica gel is not supposed to exceed 

0.8 mm when considering both Qe and SCP. In general, the samples coated with 

WSS+LiCl 20 wt.% showed quite similar tendency. The difference of Qe between the 

sample having thickness of 0.8 and 1.0 mm was larger than that of A-type silica gel, which 

signifies applicability of thickness of 1.0 mm.     
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(a) A-type silica gel 

 

 

(b) WSS+LiCl 20 wt.%  

Fig. 3. 9 Effect of coated thickness on evaporation capacity of samples according to sorption 

time 
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(a) A-type silica gel 

 

(b) WSS+LiCl 20 wt.% 

Fig. 3. 10 Effect of coated thickness on SCP of samples according to sorption time 
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3.6 SUMMARY 

In this study, the adsorption dynamic characteristics of the samples coated by two 

different adsorbents were experimentally studied: WSS+LiCl 20 wt.% and A-type silica 

gel. The experiments followed a gravimetric LPJ method, and the obtained data were 

analyzed using the LDF model.  

This study separated the effect of interfacial and internal mass transfers using 

experimental methods and the LDF model. Ignoring the interfacial mass transfer 

resistance in the calculation of the overall mass transfer coefficient using the LDF model 

results in notable discrepancy with the actual data. After the interfacial mass transfer 

coefficient has been experimentally estimated, the interfacial and internal mass transfer 

resistance can be separated from the overall mass transfer resistance of the coated sample 

at 0.19~0.75 mm. The effective diffusivity of the coated layers can also be estimated 

based on the LDF model, which enables us to calculate the overall mass transfer 

coefficient at any random thickness of coated layers. The experimentally obtained and 

calculated overall mass transfer coefficients based on the LDF model were matched 

acceptably. 

The A-type silica gel presented lower overall mass transfer coefficients than those of 

WSS+LiCl 20 wt.%. The small average pore size, large surface area of the A-type silica 

gel, effect of non-isothermal adsorption are possible reasons for this.  

When considering the mechanical strength of the coated layer and the water vapor 

sorption amount, WSS appears to be a possible matrix of the impregnation to enhance the 

adsorption performance. The effects of the impregnation amount and type of salts on the 

adsorption dynamic should be analyzed in future studies.  
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4.1 INTRODUCTION 

Because of increasing environmental issues and sustainable energy consumption, the 

adsorption heat pump (AHP) has attracted considerable interest owing to its ecofriendly 

operation. Typically, it utilizes natural refrigerants such as water and ammonia instead of 

chlorofluorocarbons and hydrochlorofluorocarbons, which cause ozone depletion [1]. 

Additionally, the applicability of low-level heat sources (<100 °C) enables the utilization 

of waste heat and solar energy. However, several disadvantages, such as large system 

volume, discontinuous cooling effect, low coefficient of performance (COP), and high 

initial cost, have hindered the commercialization of AHP systems [2]. As the overall 

performance of AHP systems strongly relies on the heat and mass transfer characteristics 

of the adsorbate into the adsorbent, numerous studies have been conducted to improve 

adsorption behavior. According to these studies, composite adsorbents, which are porous 

host matrices impregnated with inorganic salts, exhibit high equilibrium adsorption 

capacities compared with traditional working pairs. Following studies have verified the 

enhanced adsorption capacity of silica gels impregnated with additional salts. Aristov et 

al. [3] demonstrated that KSK silica gel impregnated with 33.7 wt.% CaCl2 exhibited an 

uptake amount that was approximately five times larger than that of pure silica gel. 

Sharkawy et al. [4] compared the water vapor adsorption dynamics of RD and KSK silica 

gel impregnated with CaCl2 to verify the improved adsorption amount, using 

impregnation. Daou et al. [5] compared the saturation adsorption amount of composite 

materials that had different impregnation ratios. Zheng et al. [6] studied the effects of the 

pore size of silica gels, demonstrating that a smaller water uptake amount per dry sorbent 

mass was observed for adsorbents with smaller pore diameters. Zhang et al. reported the 

advantages of using CaCl2 such as thermal stability, low cost, and large sorption capacity 

[7]. They also indicated that LiCl with crystal water produced HCL when the drying 

temperature was beyond 98 °C. Not only studies regarding the enhancement of adsorption 

capacity, but also those on the adsorption dynamic characteristics and system 

performance of silica gel-based composite materials have been reported. Aristov et al. [8] 

measured the adsorption and desorption dynamic characteristics of SWS-1L at isobaric 

conditions and proved the idea of compact adsorption units using SWS-1L. Furthermore, 

they estimated the effective diffusivity of composite materials at various working 
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temperatures and pressures [9]. Finally, Saha et al. [10] demonstrated improved system 

performance by applying SWS-1L based on a simulation model. However, Kurokawa et 

al. [11] reported that the pores of silica gel expanded because of impregnated chlorides 

when the synthesized amount exceeded 5 wt.%. The expansion resulted in matrix 

dissolution and unsustainable pore structures. To address the challenges of using porous 

media as a parent matrix for impregnating chloride, Wakkanai siliceous shale (WSS) was 

adopted in the current study. Detailed explanations about this natural mesoporous 

material will be provided in Chapter 2. Our research team has previously reported the 

enhanced adsorption capacity of WSS composites compared with traditional adsorbents 

and verified the applicability of WSS as a parent matrix of a composite adsorbent. 

Nakabayashi et al. [12] proposed an appropriate supporting amount of chlorides based on 

water sorption amount and pore volume to prevent a carryover. Liu et al. [13] presented 

the stability of WSS impregnated with LiCl by repeating adsorptions (0.55 g/g, 25 ℃, 

RH 95 %) and desorption (0.1 g/g, 60 ℃, RH 5 %) for 250 repetitions. Furthermore, WSS 

impregnated with LiCl presented a two-step-like sorption isotherm at pressures around 

0.6 kPa when the adsorbent temperature was 30 °C, which was attractive for lower 

cooling temperatures [14]. However, studies regarding adsorption dynamics using WSS 

as a host matrix of chloride is insufficient. Therefore, experimental studies must be 

performed to estimate adsorption rates. Large temperature jump (LTJ) [15,16] and large 

pressure jump (LPJ) [17,18] are the most representative methods. In the LTJ method, the 

adsorbent temperature is adjusted at a certain pressure to promote adsorption, whereas in 

the LPJ method, the adsorption pressure is controlled. Experimentally obtained 

adsorption kinetics data have been analyzed using various dynamic models. Aristov et al. 

[9,19] employed a Fickian diffusion model to fit the data of spherical pellets. A model for 

slab-shaped particles has been used by Freni et al. [20]. A model employing the mass-

conservation equation was utilized by Wang et al. [21] and Medved et al. [22]. Sun et al. 

developed a kinetic formulation from the rigor of the partition function of each adsorptive 

site and the kinetics theory of adsorbate molecules with the analogy of Langmuir kinetics 

[23]. The linear driving force (LDF) model is widely used to simulate the dynamic 

behavior of adsorption chillers owing to its simplicity [24]. This model comprises two 

main parameters: the mass transfer coefficient and driving force. The driving force is the 

difference between the equilibrium and current average adsorption amount. The mass 
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transfer coefficient can be obtained according to the relationship between the size of the 

adsorbent, its geometric shape [25], and its diffusivity. Generally, in numerical AHP 

models, the thermal effect on the intraparticle diffusivity is calculated using the equation 

proposed by Sakoda et al. [26]. This equation contains terms corresponding to the 

activation energy and adsorbent temperature, as well as a pre-exponential constant that 

varies according to the material. The lumped modeling of AHP systems, which has been 

proposed by numerous researchers, employs the LDF model and the equation proposed 

by Sakoda et al. [26]. Verde et al. [27] modeled and tested AHP systems powered by 

wasted engine heat. Gong et al. [28] developed a numerical model involving mass 

recovery between two adsorbers. Chahbani et al. [29] studied heat and mass transfer rates 

using a numerical model. In this model, heat transfer was analyzed from a one-

dimensional viewpoint, but the lumped LDF model was used to estimate the mass transfer. 

Meanwhile, the actual mass transfer through porous media can be categorized into intra- 

and interparticle diffusion [30]. Intraparticle diffusion depends on the particle size [9,16], 

diffusion mechanisms such as surface diffusion [22,31], and the Knudsen diffusion [32]. 

Meanwhile, the viscous flow through particles, namely interparticle diffusion, depends 

on the porosity of the bed [33] and number of particle layers [34,35]. Furthermore, the 

effect of heat transfer on mass transfer must be considered because they are coupled [36]. 

Freni et al. [37] compared the adsorbent temperature and uptake mapping according to 

the grain configuration, and the results showed that the water adsorption was noticeably 

faster for the grain monolayer owing to the more efficient heat transfer.      

As cited above, parameters pertaining to the geometric structure, such as the particle 

size and number of layers, affect mass transfer characteristics significantly. However, the 

LDF model calculates the adsorption rate according to the particle size and do not 

consider the effect of number of layers [24–29,38–41]. This can result in a large error in 

the calculated adsorption amount. Multidimensional interparticle diffusion analysis is 

required to assess the effect of such geometric characteristics; however, it increases the 

computational time and diminishes the simplicity and ability to perform quick 

calculations, which are the greatest advantages of zero-dimensional modeling. Similarly, 

the filled density of the adsorbent can impose a similar effect on the adsorption rate. For 

filled adsorbents, this effect can be easily analyzed by experimentally estimating the mass 

transfer coefficients at various filled densities. 
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Studies regarding the experimental estimation of a heat transfer coefficient of an 

adsorption heat exchanger have been performed by Li et al. [42]. Furthermore, theoretical 

models for calculating the overall heat transfer coefficient have been reported [43–45]. 

Computational fluid dynamics has been widely used for the numerical analysis of heat 

transfer. Grabowska et al. verified the heat transfer enhancement of a coated layer 

compared with a fixed layer, based on a numerical comparison using Ansys FLUENT 

[46]. Sosnowski et al. proposed a polyhedral meshing method for more accurate solutions 

achieved using a lower cell amount [47]. More recently, artificial-intelligence-based 

approaches have been applied in the analysis of heat transfer. Grabowska et al. proposed 

artificial intelligence algorithms that comprise fuzzy logic to analyze heat transfer 

coefficients based on a specific set of received input data [48].    

This study focused on zero-dimensional AHP system simulations based on 

experimentally estimated heat and mass transfer characteristics for minimizing errors 

resulting from traditional heat and mass transfer evaluations. The direct measurement of 

heat and mass transfer characteristics of an entire adsorption heat exchanger is intuitive 

because complicated multidimensional numerical analyses are not required. Furthermore, 

the methodology can be considered applied engineering; hence, it can be easily applied 

to various types of materials. The heat and mass transfer coefficients of the adsorbers, 

which were filled with an A-type silica gel or WSS impregnated with 20 wt.% LiCl at 

different filling densities, were experimentally estimated. The overall mass transfer 

coefficients were measured at various adsorbent temperatures in the range of 30–60 °C. 

Additionally, the overall heat transfer coefficients of the adsorbers were experimentally 

estimated when the inlet water temperature was changed from 80 to 30 °C to analyze the 

actual working conditions of AHP systems. The estimated coefficients were utilized for 

numerical modeling to analyze the AHP performance characteristics. Finally, the 

performance of the system employing the WSS composite was compared with that of the 

system employing the A-type silica gel to validate its effectiveness. 
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4.2 EXPERIMENTAL ESTIMATION OF COEFFICIENT 

4.2.1 Adsorbent 

Composite “salt inside porous matrix” is an adsorbent that exhibits an enhanced 

equilibrium adsorption amount compared with that of traditional working pairs. As a type 

of porous matrix, a natural mesoporous hard mudstone called the WSS mined from the 

northern part of Hokkaido in Japan can be used [6, 7, 31, 32]. 

 

4.2.2 Experimental Methodology 

Table 4. 1 summarizes the geometric specifications of the heat exchanger used in this 

study, and Fig. 4. 1 provides its schematics. In the adsorption heat exchanger, PT-100 

sensors (HAYASHI DENKO, ±0.25 °C) measured the water inlet/outlet temperature, and 

thermocouples (±0.5 °C, diameter 1 mm) that were inserted between fins measured the 

temperature of each spot. In this study, the four temperatures measured by the inserted 

thermocouples were assumed as the adsorbent temperature at each spot, and finally their 

average value was used as the final adsorbent temperature. In this research, the 

instantaneous equilibrium condition between adsorbent particles and water vapor flow 

through the particles was assumed [51]. 

 

 

Fig. 4. 1 Schematics of sketch of adsorption heat exchanger 
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Table 4. 1 Geometric specifications of the adsorption heat exchanger 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 2 presents the schematics of the experimental system for measuring the 

adsorption dynamics. The LPJ method was used to estimate the adsorption dynamic 

characteristics of the adsorbers filled with the A-type silica gel and WSS composite. The 

system comprised a chamber for adsorption and desorption, an evaporator, two vacuum 

pumps, and three constant temperature baths. One water bath was used for the heat source 

of the evaporator, and the two remaining water baths supplied regeneration water for 

desorption and cooling water for eliminating the heat of adsorption. This study focused 

on evaluating the mass transfer characteristics of the adsorbers with respect to the 

adsorbent temperature. During the experiments, the adsorbent temperature was controlled 

by adjusting the temperature of the cooling water from 30 to 60 °C. The adsorber was 

placed on an electric balance in the chamber, and regeneration water was flowed through 

it to desorb the water vapor, under a vacuum. After entering the vacuum, the cooling 

water cooled the adsorbent until the adsorbent reached the target temperature. 

Parameters Value 

Blank HEX including headers (W/H/D) [mm] 140/ 110/ 12 

Primary area of HEX, Ap [m2] 0.247 

Inner surface area of flat tube, Ai [m2] 0.032 

Convective heat transfer coefficient, hi [W/m2K] 3357 

Thermal conductivity of metal, kmetal [W/mK]  160 

Fin height (FH) / Fin thickness (Fth)/ Fin pitch (Fp) [mm] 8/ 0.11/ 1 

Thickness of tube wall, dtw [mm] 0.3 

Number of fin pack / hydraulic passages [-] 12/ 2 

Weight of heat exchanger with/ without header [g_cal] 198 / 71.9 

Weight of heat transfer fluid in HEX with/ without header [g_cal] 41.5 / 12.8 

Filled density [g/L] (A-type silica gel / WSS+LiCl 20 wt.%) 

excluding volume of headers (S1, S2/ W1, W2) 

223, 305 / 

233, 329 
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Subsequently, adsorption was induced by opening the valve installed between the 

chamber and evaporator. The chambers attained the target pressure within 5 s because the 

pipe that connected the chamber and evaporator had a diameter of 75 mm. The heat 

transfer coefficients at the adsorbers were estimated while the adsorbent temperature was 

reduced from 80 to 30 °C at a certain water vapor pressure. These coefficients reflected 

the actual operating conditions of AHP systems.  

 

 

Fig. 4. 2 Schematics of experimental system for measuring adsorption dynamic 
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4.2.3 Estimation of Mass Transfer 

Fig. 4. 3 shows the dynamic water vapor adsorption amount of each adsorber at various 

temperatures. As mentioned in the previous sections, the adsorption temperature was 

changed by controlling the temperature of the cooling water. Fig. 4. 4 shows the change 

in the adsorbent temperature during the adsorption process. Notably, an inevitable 

increase in the adsorbent temperature occurred at the beginning of the cycle, and the 

increase was larger at a lower adsorption temperature because of the larger instantaneous 

adsorption amount. However, the increase in the adsorbent temperature was less than 3–

8 °C, which was considered an acceptable level to reflect the thermal effects on the mass 

transfer. Fig. 4. 5 shows an approach to quantify mass transfer limitation [52,53]. Unlike 

the typically used LDF model, which defines the driving force of mass transfer as the 

concentration gradient, the temperature gradient between the equilibrium temperature and 

the adsorbent temperature was applied to describe mass transfer performance. The 

advantage afforded by this method was the quantification of heat and mass transfer 

performance using the same unit of temperature, which enabled a direct comparison of 

importance between heat and mass transfer. The driving temperature of mass transfer is 

Teq-Tad, as shown in Fig. 4. 5. If the adsorbent temperature approximately reaches the 

equilibrium temperature, then the heat transfer must be enhanced to increase mass transfer. 

WSS + LiCl 20 wt.% has a relatively higher driving temperature in a wide range of uptake 

amount compared with the A-type silica gel. This implies that WSS + LiCl 20 wt.% 

exhibits a higher adsorption capability, which allows the actual cooling system using this 

adsorbent to be operated with a longer cycle time to reduce the heat loss that occurs when 

switching between adsorption and desorption modes. 
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Fig. 4. 3 (a) Dynamic water vapor sorption amount at various temperature: 

A-type silica gel (223g/L) 

 

 

Fig. 4. 3 (b) Dynamic water vapor sorption amount at various temperature: 

A-type silica gel (305g/L) 
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Fig. 4. 3 (c) Dynamic water vapor sorption amount at various temperature: 

WSS+LiCl 20 wt.% (233g/L) 

 

 

Fig. 4. 3 (d) Dynamic water vapor sorption amount at various temperature: 

WSS+LiCl 20 wt.% (329g/L) 
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Fig. 4. 4 (a) Adsorbent temperature change during: A-type silica gel (223g/L) 

 

Fig. 4. 4 (b) Adsorbent temperature change during: A-type silica gel (305g/L) 

 

Fig. 4. 4 (c) Adsorbent temperature change during: WSS+LiCl 20wt.% (233g/L) 

 

 



Chapter 4: Modelling of AHP System Based on Experimental Estimation of Heat and Mass Transfer Coefficient  

98 

 

 

Fig. 4. 4 (d) Adsorbent temperature change during: WSS+LiCl 20wt.% (329g/L) 

 

 

Fig. 4. 5 Equilibrium and adsorbent temperature according to water vapor adsorption amo

unt 

 

The experimentally obtained dynamic mass transfer data were analyzed using the LDF 

model, as indicated by Eq. (4-1). The overall mass transfer coefficient (Km) was calculated 

using Eq. (4-2) [54].  

 

 
𝑑𝑞

𝑑𝑡
= 𝐾m(𝑞

∗ − 𝑞) (4-1) 
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 𝐾m =
𝑞(𝑡 + ∆𝑡) − 𝑞(𝑡)

(𝑞∗(𝑡) − 𝑞(𝑡))∆𝑡
 (4-2) 

 

During non-isothermal adsorption, an increase in the adsorbent temperature affects the 

equilibrium adsorption amount (q*) and overall mass transfer coefficient (Km). According 

to the vapor pressure and adsorbent temperature, the value of q* is expressed using the 

isotherm equations which were introduce in Chapter 2 (Eq. (2-22) ~ (2-23)). The thermal 

effects on Km or the effective diffusivity, which is closely related to Km, can be expressed 

by Eq. (4-3) and (4-4) [55,56]     

 

 𝐾m = 𝐵0 exp {−
𝐴0𝐸a
𝑅𝑇𝑎

} (4-3) 

 ln𝐾m = −𝐴0 (
𝐸a
𝑅𝑇a

) + ln𝐵0 (4-4) 

 

Eq. (4-4) represents the first-order linear function of the logarithmic Km having a 

variable of Ea/RTa and a y-intercept of lnB0. Using the calculated Km based on the 

experimentally measured instantaneous adsorption amount and the adsorption 

temperature and pressure, the coefficients of the function (A0, B0) can be fitted. Fig. 4. 6 

shows the variation in the value of lnKm based on the adsorbent temperature. The 

numerically fitted values for each case of the adsorbers are presented in Table 4. 2. 

 

 

Fig. 4. 6 (a) lnKm value according to temperature: A-type silica gel (233g/L) 
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Fig. 4. 6 (b) lnKm value according to temperature: A-type silica gel (305g/L) 

 

Fig. 4. 6 (c) lnKm value according to temperature: WSS+LiCl 20 wt.% (233g/L) 

 

Fig. 4. 6 (d) lnKm value according to temperature: WSS+LiCl 20 wt.% (329g/L) 
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Table 4. 2 Coefficients of straight fitting line in Eq. (4-4) 

 

 

 

 

 

 

 

 

 

4.2.4 Estimation of Heat Transfer 

Fig. 4. 7 shows the experimentally estimated average UA when the adsorbent 

temperature was changed from 80 to 30 °C. Eq. (4-5) was used to calculate the UA value 

[42].   

 

 𝑈𝐴 =
�̇�w𝐶p,w(𝑇w,o − 𝑇w,i)

𝑇a − 𝑇w,i
 (4-5) 

 

The obtained UA value exhibited a similar tendency to that obtained by Li et al. [42]. 

In the applied simulation model, the heat transfer coefficient is required to calculate the 

heat exchanger efficiency (𝜀), as indicated by Eq. (4-6).  

 

 𝜀 = 1 − exp(−
𝑈𝐴

�̇�w𝐶p,w
) (4-6) 

 

Fig. 4. 8 depicts the schematics of heat transfer resistances for the theoretical calculation 

of the UA value [44,45]. In this study, seven types of thermal resistances were considered 

in the heat transfer between the heat transfer fluid to the adsorbent bed: convection 

thermal resistance from the heat transfer fluid to inner-side flat tube wall (Ri); conduction 

thermal resistance across the flat tube wall (Rtw) and from outer-side flat tube wall to fins 

(Rfin), including the thermal contact resistance between the fin and tube (TCRmetal); 

HEX No. HEX A0 B0 

S1 A-type silica gel (223g/L) 0.651 6.271 

S2 A-type silica gel (305/L) 0.739 7.097 

W1 WSS+LiCl 20wt.% (233g/L) 0.533 3.446 

W2 WSS+LiCl 20wt.% (329g/L) 0.539 2.505 
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thermal contact resistances between the adsorbent layers and metal surface of tubes or 

fins (TCRad); and conduction thermal resistance from the metal surface of the fins to the 

adsorbent layer (Rfin-ad) and from the tubes to the adsorbent layers (Rtw-ad). Therefore, the 

total thermal resistance can be estimated using Eq. (4-7)–(4-10), where hi = NuDkw/Dh, 

Rtw = dt/ktwAtw, Rfin = 0.5FH/kfinAcf, Rfin-ad = 0.5Fp/kadAfin, and Rtw-ad = 0.5FH/kadAunfin. In 

this study, kad was considered 0.198 W/mK [44], TCRmetal and TCRad were assumed to be 

1/15,000 and 1/300 m2K/W, respectively [57].    

   

 𝑅eq,1 = 𝑇𝐶𝑅fin𝐴cf + 𝑅fin + 𝑇𝐶𝑅a𝐴fin + 𝑅fin−a (4-7) 

 𝑅eq,2 = 𝑇𝐶𝑅a𝐴unfin + 𝑅tw−a (4-8) 

 𝑅eq,3 =
𝑅eq,1 × 𝑅eq,2

𝑅eq,1 + 𝑅eq,2
 (4-9) 

 𝑈𝐴 = (𝑅i + 𝑅tw + 𝑅eq,3)
−1

 (4-10) 

 

Herein, Dh refers to the hydraulic diameter of the microchannel in the flat tube, and all 

dimensions for Eq. (4-11) are provided in Fig. 4. 1 [58].  

 

 𝐷h =
4(𝐻 − 2𝑡tw) × (𝐺 − 2𝑡1)

2(𝐻 + 𝐺 − 2(𝑡1 + 𝑡tw)
 (4-11) 

 

As shown in Eq. (4-12), the Nusselt number of the flow can be calculated by an 

empirical equation when Re is less than 1000 [59], where 𝛼 refers to (H-2ttw)/G. This 

empirical equation was applied since Re of this paper is around 360. 

 

 𝑁𝑢D = 2.253 + 8.164 (
𝛼

𝛼 + 1
)
1.5

 (4-12) 
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Fig. 4. 7 Estimation of UA values during the adsorbent temperature change  

from 80℃ to 30℃ 

 

Fig. 4. 8 Schematic diagram of the adsorption heat transfer resistances 

 

Table 4. 3 Comparison of experimentally estimated and calculated UA value 

 

 

 

 

 

 

 

 

 

 

 UA [W/K] U [W/m2K] 

EXP: Fig. 4. 7 11.38 45.97 

Calculated: Eq (4-10) 11.75 47.48 

Reference [42] - Approx. 50 
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Table 4. 3 shows the comparison of experimentally obtained average UA value in the 

stable range shown in Fig. 4. 7, the calculated UA value based on Eq. (4-10), and the UA 

value that was estimated experimentally by Li et al. [42].  

According to the heat-balance equation of Eq. (4-13) [38–41], the adsorbent 

temperatures measured experimentally and calculated by the model were compared to 

verify the estimated heat exchanger coefficient (𝜀).     

 

(𝐶a + 𝐶HEX +𝑀a𝑞𝑐p,w)
𝑑𝑇a
𝑑𝑡

= 𝑀a∆𝐻
𝑑𝑞

𝑑𝑡
− 𝑀a

𝑑𝑇a
𝑑𝑡

𝑐p,v(𝑇a − 𝑇v)

− 𝜀�̇�w𝑐p,w(𝑇w,i − 𝑇a) 

(4-13) 

 

Fig. 4. 9 presents the results of the comparison between the experimentally estimated 

and calculated adsorbent-temperature variation. These results indicate that the proposed 

model calculates the adsorbent temperature adequately.  

 

 

Fig. 4. 9 Comparison between experimentally measured and calculated adsorbent temperature 

variation 
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4.2.5 Uncertainty Analysis 

The combined uncertainty of the evaluated parameters was determined through the 

propagation of individual uncertainties. The following equation for the combined 

uncertainties of the measured parameters (𝜔𝑥1 , 𝜔𝑥2 ⋯𝜔𝑥n ) was used to calculate the 

uncertainty of the evaluated parameters (𝜔𝑋) [60].   

 

 𝜔𝑋 = √(
𝜕𝑋

𝜕𝑥1
)
2

𝜔𝑥1
2 + (

𝜕𝑋

𝜕𝑥2
)
2

𝜔𝑥2
2 +⋯+ (

𝜕𝑋

𝜕𝑥n
)
2

𝜔𝑥n
2 (4-14) 

 

Table 4. 4 presents the uncertainties of the measured and evaluated parameters in the 

experimental estimation of the heat and mass transfer coefficients of the adsorbent-filled 

heat exchangers.  

 

Table 4. 4 Uncertainty in measured and evaluated parameters 

 

 

 

 

 

 

 

 

 

  

Parameter Uncertainty 

T [℃] 

± 0.5 (Thermocouple T) 

± 0.25 (PT-100) 

P [kPa] ± 0.05 

�̇�w [g/s] 
± 0.083 

q [g/g] ± 2.76 x 10-4 

q* [g/g] ± 2.98 x 10-3 

Km [1/s] ± 4.51 x 10-4 

UA [W/K] ± 0.322 
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4.3 MATHEMATICAL MODELING OF AHP SYSTEM 

4.3.1 Assumptions 

The following assumptions were applied in the proposed model [27].  

 The temperature and pressure distributions were uniform in each component. 

 The adsorption and desorption processes were considered under non-equilibrium 

conditions, and their rates were considered to be identical if the temperature was the 

same for both processes. 

 The pressure of each component depended on the instantaneous mass of the water 

vapor.  

 The vapor satisfied the ideal gas equation. 

 The evaporation and condensation temperature is assumed to be saturation 

corresponding to the pressure. 

 

4.3.2 Adsorption/Desorption Model 

The governing equations applied to the two beds of the AHP modeling are as follows. 

For adsorption bed 1, which was initially in the desorption mode, the adsorbent 

temperature (Ta) and outlet water temperature (Tb,w,o) were calculated using Eqs. (4-15) 

and (4-16). 

 

 (𝐶a1 + 𝐶HEX +𝑀𝑎𝑞𝐶p,w)
𝑑𝑇a1
𝑑𝑡

= 𝑀a

𝑑𝑞

𝑑𝑡
∆𝐻(𝑇a1) + 𝑄1̇ (4-15) 

 𝐶b1,w
𝑑𝑇b1,w,o
𝑑𝑡

= �̇�b,w𝐶p,w(𝑇b1,w,i − 𝑇b1,w,o) − 𝑄1̇ (4-16) 

 𝑄1̇ = 𝜀b1�̇�b1,w𝐶p,w(𝑇b1,w,i − 𝑇a1) (4-17) 

 

As indicated by the left-hand side of Eq. (4-15), the thermal capacities of the adsorbent, 

adsorbate, and metal were considered. The first term on the right-hand side represents the 

heat consumed by the adsorbent to desorb water vapor. Here, the instantaneous adsorption 

amount was obtained using Eq. (4-1), and the heat of adsorption of 2710 J/g was applied 

in this research [69]. The second term of Eq. (4-15) represents the heat flux entering the 
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desorption bed. 

In Eq. (4-16), the heat flux entering the control volume was calculated according to the 

difference between the water inlet and outlet temperatures. The heat flux exiting the 

system was calculated using the temperature difference between the regeneration water 

and the adsorbent. Similarly, for adsorption bed 2, the temperatures of the adsorbent and 

the secondary water outlet, during the adsorption mode, were obtained using Eqs. (4-18) 

and (4-19). 

 

(𝐶a2 + 𝐶HEX +𝑀𝑎𝑞𝐶p,w)
𝑑𝑇a2
𝑑𝑡

= 𝑀a

𝑑𝑞

𝑑𝑡
{∆𝐻(𝑇b2) − 𝐶p,v(𝑇a2 − 𝑇evap)} − 𝑄2̇ 

(4-18) 

 
𝐶b2,w

𝑑𝑇b2,w,o
𝑑𝑡

= −�̇�b2,w𝐶p,w(𝑇b2,w,o − 𝑇b2,w,i) − 𝑄2̇ 
(4-19) 

 𝑄2̇ = 𝜀b2�̇�b2,w𝐶p,w(𝑇a2 − 𝑇b2,w,i) (4-20) 

In contrast to the case of the desorption mode, the first term on the right-hand side of 

Eq. (4-18) refers to the heat generated by adsorption. Additionally, the newly added 

second term represents the cooling effect that occurs when cold water vapor from the 

evaporator establishes contact with the relatively hot adsorbent. The outlet temperature 

of the cooling water was calculated using the same principle that was employed for the 

desorption mode, as indicated by Eq. (4-19). 

The amount of residual vapor inside each bed was determined according to the 

following mass-balance equations (Eqs. (4-21)–(4-23)).  

 

 
𝑑𝑚v

𝑑𝑡
= −𝑀a

𝑑𝑞

𝑑𝑡
− �̇�v,o + �̇�v,i (4-21) 

 �̇�v,o = 𝐴cond√2𝜌v(𝑃b − 𝑃cond) (4-22) 

 �̇�v,i = 𝐴evap√2𝜌v(𝑃evap − 𝑃b) (4-23) 

 

The terms �̇�v,o and �̇�v,i represent the instantaneous flow rates leaving and entering 
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the adsorption bed, respectively. These values are valid only when the bed pressure is 

higher than the condensation pressure during the desorption cycle and lower than the 

evaporation pressure during the adsorption mode.  

Additionally, the change in the bed pressure with respect to time was calculated using 

the change ratio of the residual vapor and bed temperature, as given by Eq. (4-24). 

 

 
𝑑𝑃b
𝑑𝑡

= 𝑃b (
1

𝑚v

𝑑𝑚v

𝑑𝑡
+

1

𝑇𝑎

𝑑𝑇a
𝑑𝑡

) (4-24) 

 

4.3.3 Evaporation and Condenser Model 

The condensation rate was calculated using the energy-conservation equation of Eq. (4-

25), and the variation in the condensation pressure was expressed as a function of the 

residual vapor amount and condensation temperature, as indicated by Eq. (4-26). Finally, 

the variation in the water outlet temperature was obtained through the energy-

conservation equations of Eqs. (4-27) and (4-28). 

 

 �̇�cond =
�̇�cond,w𝐶p,w(𝑇cond,w,o − 𝑇cond,w,i)

𝐶p,v(𝑇cond,v,i − 𝑇cond) + ℎ(𝑃cond)
 (4-25) 

 
𝑑𝑃cond
𝑑𝑡

=

(
𝑃cond
𝑚cond,v

) × (
𝑑𝑚v

𝑑𝑡
)

1 −
𝑃cond
𝑇cond

𝑑𝑇sat
𝑑𝑃

 (4-26) 

𝐶cond,w
𝑑𝑇cond,w,o

𝑑𝑡
= �̇�cond,w𝐶p,w(𝑇cond,w,i − 𝑇cond,w,o) − �̇�cond (4-27) 

�̇�cond = 𝜀cond�̇�cond,w𝐶p,w {

((𝑇cond,w,i − 𝑇cond) +

(1 − )(
𝑇cond,w,o − 𝑇cond

1 − 𝜀cond
)
} (4-28) 

 

The values of these parameters for the evaporator were determined using the same 

calculation method and Eq. (4-29)–(4-32). 
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 �̇�evap =
−�̇�evap,w𝐶p,w(𝑇evap,w,i − 𝑇evap,w,o)

𝐶p,w(𝑇cond − 𝑇evap) − ℎ(𝑃evap)
 (4-29) 

 
𝑑𝑃evap

𝑑𝑡
=

(
𝑃evap
𝑚evap,v

) × (
𝑑𝑚v

𝑑𝑡
)

1 −
𝑃evap
𝑇evap

𝑑𝑇sat
𝑑𝑃

 (4-30) 

𝐶evap,w
𝑑𝑇evap,w,o

𝑑𝑡
= �̇�evap,w𝐶p,w(𝑇evap,w,i − 𝑇evap,w,o) − �̇�evap (4-31) 

�̇�evap = 𝜀evap�̇�evap,w𝐶p,w {

((𝑇evap,w,i − 𝑇evap) +

(1 − )(
𝑇evap,w,o − 𝑇evap

1 − 𝜀evap
)
} (4-32) 

 

The values of Ccond,w (Eq. (4-27)) and Cevap,w (Eq. (4-32)) include the heat capacity of 

metal of the evaporator and condenser, as well as that of water in the heat exchanger. 𝛼 

describes the weighting factor of the temperature difference between the inlet and outlet 

water temperatures and the bed temperature. According to Verde et al. [27,61], the value 

of 𝛼 = 0.8 can be used in a wide range of operating conditions. 
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4.4 SIMULATION RESULTS AND DISCUSSIONS 

4.4.1 Validation of Mathematical Model 

The mathematical model, including the experimentally estimated heat and mass transfer 

coefficients, was validated by comparing between the calculated and experimental values. 

Fig. 4. 10 shows the comparison results for the adsorption process. The cooling capacities 

(Qc) and chilled-water temperatures (Tevap,w,o) obtained from the experiment and 

simulation were compared. Generally, the simulation values closely matched the 

experimental values, except at the beginning of the process when the adsorbent 

temperature and pressure changed significantly. This marked change in the properties was 

attributed to the relatively large imprecision in the calculations. Notably, the values were 

successfully predicted after 100 s, which may be considered as short term compared with 

the duration of the entire process. Furthermore, the error between the average values of 

the cooling capacity between the experimental and simulation results was 6.4%, and its 

maximum value after 100 s was 12.7%. In the actual evaporation, the time for the liquid 

in the evaporator to evaporate and reach the lower temperature is required. Meanwhile, 

the model assumes that the evaporation temperature varies immediately as the pressure 

changes, which results in the higher cooling capacity at the beginning of the cycle. 

Therefore, the error at the beginning of the cycle should be reduced by reflecting the 

temperature change according to the pressure change, rather than assuming the saturated 

condition in the evaporator and condenser. 

 

Fig. 4. 10 Comparison of values obtained from experiment and simulation 
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4.4.2 Simulation Results for AHP 

Fig. 4. 11 and Fig. 4. 12 present the simulation results for the changes in the pressure 

and temperature, respectively, over time. The results for the adsorbers filled with different 

materials of similar densities, i.e., 305 and 329 g/L, were compared. In the case of the A-

type silica gel, the desorption and condensation pressures increased rapidly because of 

the high mass transfer rate at high adsorbent temperatures. Furthermore, it appeared that 

the actual desorption had already completed in the middle of the desorption process, 

where the condensation and desorption pressures were almost the same. Therefore, the 

adsorbent temperature at the beginning of the desorption cycle increased more slowly for 

the A-type silica gel than for the WSS composite. Because of the difference in the mass 

transfer rates of the A-type silica gel and WSS composite, the temperature variation with 

respect to time was different. The average evaporation pressure for both cases was 

approximately 1.57 kPa, resulting in chilled water with a temperature of 15 °C.  

 

Fig. 4. 11 Simulation results of pressure change according to time: 

(S2) A-type silica gel: 305 g/L, (W2) WSS+LiCl 20 wt.%: 329 g/L 
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Fig. 4. 12 Simulation results of temperature change according to time: 

(S2) A-type silica gel: 305 g/L, (W2) WSS+LiCl 20 wt.%: 329 g/L 

 

Fig. 4. 13 compares the equilibrium and adsorber temperatures during one cycle of both 

the A-type silica gel and WSS + LiCl 20 wt.%. The temperature difference between the 

Teq and Tad of the A-type silica gel was much smaller than that of the WSS composite, 

meaning that the A-type silica gel reached equilibrium faster. Indeed, the calculated 

overall mass transfer coefficient of the A-type silica gel based on the LDF model was 

approximately four times higher than that of the WSS composite. Meanwhile, the WSS 

composite exhibited a relatively higher driving temperature in a wide range of uptake 

amount compared with the A-type silica gel. This implies that WSS + LiCl 20 wt.% 

exhibited a higher adsorption capability, which enabled the actual cooling system using 

this adsorbent to be operated with a longer cycle time to reduce the heat loss that occurred 
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when switching between adsorption and desorption modes.  

 

 

 

 

Fig. 4. 13 Equilibrium and adsorbent temperature according to water vapor  

adsorption amount during one cycle 

Fig. 4. 14 shows the difference between saturation temperature of the adsorber and that 

of the evaporator or condenser. The difference between Tsat(Pad) and Tevap or Tcond was 

significantly dependent on the size of the mass transfer path between the adsorber and 

evaporator or condenser. If the path was not sufficiently large, for example, the 

evaporated water vapor from the evaporator could not move to the adsorber optimally, 

thereby resulting in an increase in Pevap (Tevap) and decrease in Pb (Tb). The same principle 

can be applied to the condenser. In this case, the equilibrium temperature decreases owing 
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to the decreased adsorption pressure, which means the driving force for the mass transfer 

becomes limited. 

Fig. 4. 15 shows a comparison of the cooling capacity based on the filled density for 

both adsorbents. A significant difference between the cooling-capacity distributions of 

the A-type silica gel and WSS composite was observed. The A-type silica gel exhibited 

a rapid decrease in its cooling capacity because it quickly reached the saturated state. The 

reduction in the cooling capacity for the WSS composite was moderate during the 

adsorption cycle. Additionally, the adsorber with a lower filling density exhibited a 

steeper decrease in the cooling capacity. Therefore, the rate of reduction of the cooling 

capacity was proportional to the mass transfer rate.  

 

 

Fig. 4. 14 Saturation temperature at adsorber, condenser and evaporator  

(top: condenser, bottom: evaporator) 
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Fig. 4. 15 Comparison of cooling capacity according to filled density: 

(a) A-type silica gel, (b) WSS+LiCl 20 wt.% 

 

Fig. 4. 16 presents the adsorption amount based on the filled density for both adsorbents. 

Increasing the cycle time did not positively affect the A-type silica gel (223 g/L), because 

it nearly achieved the equilibrium adsorption amount. However, the WSS composite 

exhibited a higher adsorption capability owing to its large equilibrium adsorption amount. 

This implies that systems employing adsorbers with a moderate adsorption rate may be 

operated with a longer cycle time to reduce the heat loss that occurs when switching 

between the adsorption and desorption modes. 
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Fig. 4. 16 Comparison of adsorption amount according to filled density: 

(a) A-type silica gel, (b) WSS+LiCl 20 wt.% 

 

Fig. 4. 17 (a) and (b) illustrate the effect of the half cycle time on the cooling capacity 

and heating capacity, respectively. Here, the half cycle time includes precooling time and 

adsorption time, and it is assumed that they are the same as the sum of preheating and 

desorption time. The cooling and heating capacity tended to decrease with an increase in 

the adsorption time because the adsorption rate decreased during the adsorption process, 

owing to the reduced adsorption driving force (q*-q). The adsorbers exhibited dissimilar 

decrements owing to their different adsorption dynamics and equilibrium characteristics. 

Hence, the optimal cycle time must be calculated by considering the adsorption dynamics 

and equilibrium characteristics of the adsorbers.  

Fig. 17 (c) and (d) present the variations in the specific cooling power (SCP) and COP, 
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respectively, with respect to the half cycle time. The COP should be considered when 

evaluating an AHP, as well as other heat-pump systems. Additionally, the SCP is an 

important performance indicator of an AHP and represents the attainable cooling capacity 

based on the unit mass of the adsorbent. The SCP values of the materials with lower filling 

densities were higher than those of the materials with higher filling densities. This implies 

that the adsorbent was used more efficiently in the heat exchanger with the lower filling 

density. The general trends of the SCP resembled and were dependent on the cooling 

capacity. WSS+LiCl 20 wt.% (329 g/L) exhibited the smallest SCP variation (relatively 

constant value) with respect to the half cycle time. As the cycle time increased, the 

sensible heat loss that occurred when the mode was switched from adsorption to 

desorption accounted for a relatively small portion among the entire load. Hence, the 

COPs of the systems employing the adsorbers tended to increase when the adsorption 

time increased. The COP for the case of the WSS composite was improved by 6–17% 

compared with that for the A-type silica gel, indicating the effectiveness of the WSS 

composite However, the SCP value obtained in this study was relatively lower than the 

value obtained from the numerical study of Kowsari et al. [62] using SWS-1L. The 

highest SCP found in their research was 554 W/kg when assuming that the entire cycle 

time is two times of adsorption and pre-cooling time. The WSS composite yields the 

lower value (512 W/kg) at the same working condition even though it has the lower filled 

density (233 g/L) and the heat exchanger thickness (12 mm). Therefore, further researches 

on the effects of particle size of the host material and impregnated chloride on the system 

performance are required. Table 4. 5 summarizes a comparison of the AHP performance 

based on adsorption times of 8 and 16 min. As mentioned in previous sections, the WSS 

composite, particularly the adsorber with the higher filled density, exhibited smaller 

decrements in the cooling capacity and SCP and a greater increment in the COP. 
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(a) Cooling capacity 

 

(b) Heating capacity 

 

(c) SCP 
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(d) COP 

Fig. 4. 17 Effect of half cycle time on (a) cooling capacity, (b) heating capacity, (c) SC

P, (d) COP 

 

Table 4. 5 Comparison of AHP performance between half cycle time of 8 min and 16 min 

 

 

  

HEX  

No. 

S1 S2 W1 W2 

Qc SCP COP Qc SCP COP Qc SCP COP Qc SCP COP 

8 min 22.2 0.40 0.46 24.5 0.32 0.48 27.7 0.47 0.52 27.3 0.33 0.51 

16 min 13.8 0.25 0.50 16.7 0.22 0.53 20.6 0.35 0.59 23.1 0.28 0.60 

% 60.9 60.0 8.0 46.7 45.5 9.4 34.5 34.3 11.9 18.2 17.9 15.0 
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4.5 SUMMARY 

In this study, an AHP system was simulated based on experimentally estimated heat 

and mass transfer characteristics to minimize the error resulting from traditional 

evaluations of heat and mass transfer. Four heat exchangers filled with an A-type silica 

gel and WSS impregnated with 20 wt.% LiCl at different filling densities were used to 

estimate the heat and mass transfer characteristics. 

The mass transfer coefficient of each adsorber was calculated using the LDF model 

considering thermal effects. The simulation model, which was created by utilizing the 

estimated overall mass transfer coefficient, yielded adsorption amounts similar to those 

obtained experimentally. Additionally, the overall heat transfer coefficient was 

experimentally evaluated by changing the adsorbent temperature from 80 to 30 °C to 

realize the actual working conditions of an AHP. The reliability of the obtained UA value 

was verified by comparing the calculated and experimentally measured adsorbent 

temperatures.  

The experimentally obtained heat and mass transfer coefficients were substituted into a 

mathematical model for a more accurate and practical estimation of the AHP performance. 

The cooling capacity and SCP tended to decrease as the adsorption time increased because 

of the decreasing adsorption rate. The COP tended to increase with an increase in the 

adsorption time. The decrements and increments of the parameters of the adsorbers 

differed owing to their different adsorption dynamics and equilibrium characteristics. 

Therefore, the optimization of the cycle time, considering the adsorption dynamics and 

equilibrium characteristics of the adsorbers, is necessary. In future studies, the analysis 

on long term-operations (i.e., during daytime) will be conducted based on this zero-

dimensional AHP model, thermally supported by a solar collector. This appears to be 

promising because of the advantages of fast and simple calculations. Additionally, the 

system performance as well as energy and exergy analyses according to various operating 

parameters will be provided in future studies.  

 Finally, the WSS composite material exhibited a COP that was 6–17 % higher than 

that of the A-type silica gel. This indicates the effectiveness of the WSS composite 

compared with the frequently used A-type silica gel. 
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5.1 INTRODUCTION 

Environmental issues resulted from energy usage has been continued despite researches 

and efforts to reduce electricity consumption. International Institute of Refrigeration (IIR) 

defined that the refrigeration and air-conditioning sector consume approximately 17% of 

the overall electricity use of the worldwide [1]. Aside from the environmental pollution 

which is produced when generating electricity for the operation of cooling systems, the 

most of refrigerants of vapor compression-cooling systems themselves are harmful to 

environment. The most representative CFCs and HCFCs are well known to results in 

deplete the ozone layer [2]. Thermal-driven cooling systems give significant energy 

saving compared to traditional vapor compression systems and have low GWP and ODP 

[3]. As a part of the heat-driven systems, adsorption heat pump (AHP) has attracted huge 

interest due to its eco-friendly operation and applicability of low-level heat sources less 

than 100℃. AHP systems have an advantage compared to absorption cycles that the heat 

source with the lower temperature can be used [4,5]. Agnieszka and Szaflik [6] compared 

the cooling performance of the adsorption and absorption chillers at the driving 

temperature between 55 and 95 ℃, showing strong limitation to the lowest possible 

driving temperature. Utilization of solar energy makes the AHP far more attractive 

because it significantly decreases fossil energy input for the operation the system. 

Followings introduces previous studies related to the solar adsorption heat pump systems. 

Yong et al. [7] investigated the performance of a solar adsorption cooling system by using 

a lumped numerical modeling, according to four different collectors: single and double 

glazed cover, transparent insulation material cover. Koronaki et al. [8] examined the 

application of an AHP under climatic conditions of eastern Mediterranean area based on 

a mathematical modeling. They also provided overall energy and exergy efficiencies of 

the cooling system using hybrid photovoltaic-thermal (PV/T) collector. El-Sharkawy et 

al. [9] compared performances of the AHP in two cases which are with and without the 

hot water buffer storage by using a mathematical modeling. They addressed that the time 

which shows the maximum cooling capacity is revealed different for these two cases with 

and without the hot water tank. According to Zhang et al. [10], the cooling capacity is 

affected by the initial temperature of the hot water which is dependent on the heat capacity 

of water in the tank. Thus, optimum initial temperature and water volume in the tank need 
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to be evaluated for the optimal performance. Di et al. [11] also insisted necessity of a 

buffer tank in order to get the better performance in case of lacking solar radiation. It was 

also pointed out in the paper that the thermal capacity ratio between the adsorbent and the 

metal affects the regeneration heat and COP. Habib et al. [12] distinctively applied 

activated carbon-methanol and activated carbon fiber (ACF)-ethanol working pairs to the 

solar AHP system to compare their performance with that of the silica gel-water system. 

Even though the ACF-ethanol presented the highest uptake, the silica gel-water pair 

showed the highest cooling capacity due to the large evaporation heat of the water. Alam 

et al. [13] emphasized that cycle time is the most influential parameter for a solar 

adsorption cooling system, and the number of required solar collectors may be reduced 

by optimizing the cycle time. Zhai and Wang [14] provided the result showing that the 

initial temperature of regeneration water greatly affect the cooling capacity of a AHP 

system. That is, sharp increase of the cooling performance was observed when the initial 

hot water temperature increases from 55 ℃ to 60 ℃. Pan and Wang [15] proposed the 

new operation strategy of a AHP system based on a mathematical modelling, which 

showed enhanced the utilization efficiency of solar cooling system without any decrease 

in cooling capacity. The research work of Alahmer et al. [16] using TRANSYS presented 

that the solar cooling system reduces electrical power consumption by 28~34% compared 

to the conventional vapor compression cooling system. Sim [17] also used TRANSYS to 

suggest the optimum solar collector area with respect to its lifecycle saving. Zhai et al. 

[18] installed a solar AHP system at the Shanghai Research Institute of Building Science. 

They could obtain average cooling power of 15.3kW using AHP, referring solar fraction 

of 0.71. Habib et al. [19] applied experimentally obtained heat source temperature data 

from 22 units of solar collectors into a mathematical model of an AHP. They introduced 

a two-stage and four beds cooling system which enables effective operation when the heat 

source temperature is below 60 ℃.  

As shown in the previous researches listed above, the performance of solar AHP 

systems is strongly dependent on conditions of the regeneration water. Thus, effective use 

of the obtained thermal energy through the solar collector is required. An AHP system 

inevitably undergoes sensible heat loss when switching the adsorption and desorption 

mode. Therefore, the adsorbent having large adsorption capacity enables the system to go 

through less frequent switching between adsorption and desorption.  
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Composite “salt inside porous matrix” is an adsorbent that exhibits an enhanced 

equilibrium adsorption capacity compared with that of traditional working pairs. Various 

composite materials have been studied in a lot of researches [20–25]. 

As a part of them, our research team also has previously reported the enhanced 

adsorption capacity of a natural mesoporous material called Wakkanai siliceous shale 

(WSS) by impregnating several kinds of chlorides and verified the its applicability as a 

host matrix. Nakabayashi et al. [26] suggested an appropriate impregnation amount of 

chlorides based on water sorption amount and pore volume to prevent a carryover. 

Togawa et al. [27] conducted the salt-leakage test of the WSS impregnated with 20 wt.% 

of LiCl to ensure that there is no carryover under the working condition of AHP. Liu et 

al. [28] proved the stability of WSS impregnated with LiCl by repeating adsorptions (0.55 

g/g, 25 ℃, RH 95 %) and desorption (0.1 g/g, 60 ℃, RH 5 %) for 250 repetitions. Also 

as presented in our recent research, WSS + LiCl 20 wt.% exhibited a higher adsorption 

capability, which allows the system to be operated with a longer cycle time to reduce the 

heat loss occurs when switching between adsorption and desorption modes [29].  

Therefore, this research aims to present application effect of the WSS impregnated with 

20 wt.% of lithium chloride to the solar adsorption heat pump system. The mathematical 

model is used to analyze the cooling performance under the various operating conditions. 

The zero-dimensional lumped modeling of AHP systems, which has been proposed by 

numerous researchers, employs the LDF model to calculate mass transfer and energy 

balance equations to calculate heat transfer, respectively [30–32]. Because of the 

advantages of fast and simple calculations, this zero-dimensional AHP model enables the 

analysis on long term-operations (i.e., seasonal and annual) of AHP thermally supported 

by a solar collector. With this perspective, the present study provides analysis of annual 

cooling performance of AHP based on the mathematical model under the different 

weather conditions. Four metropolises having distinct climatic characteristics are selected: 

Tokyo (35 o N, 139 o E), Florida (28 o N, 81 o W), Hawaii (19 o N, 155 o W), Dubai (25 o 

N, 55 o E). Lastly, the economic analysis of solar AHP system is provided to show 

economic competitiveness of the system. 
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5.2 SYSTEM DESCRIPTION AND SIMULATION METHODOLOGY 

Fig. 5. 1 describes a schematic diagram of the cooling system applying a solar 

adsorption heat pump (AHP) and electric heat pumps (EHP). Firstly, the solar AHP 

system consists of two main categories which are AHP unit and the solar thermal system. 

The adsorption unit includes two adsorbers, an evaporator and a condenser. The basic 

working principle of the AHP is as following. The evaporated water vapor from the 

evaporator is adsorbed by the adsorbents, which is filled between the heat exchanger fins. 

The heat of adsorption is removed by the circulating cooling water, and absorbed heat is 

released through the cooling tower. At the same time, the other adsorber which finished 

the adsorption process undergoes the desorption process by supplying the hot water 

generated from a solar thermal system. The desorbed water vapor then goes to the 

condenser to be condensed, and the system switches the role of two adsorbers to obtain 

continuous cooling effect. The other main components of the solar AHP system includes 

a solar collector, a hot water storage tank and an auxiliary heat source as a back-up 

thermal source. Because of near coincidence of the peak cooling load with available solar 

energy [16], the solar AHP system is advantageous to operate together with a traditional 

electric heat pumps. The detailed description of the cooling load allocation to these two 

cooling systems will be provided in following Chapter 5.5.  

Fig. 5. 2 shows operating strategy of the cooling system AHP and EHP systems. The 

first loop decides whether to use auxiliary heat or not. To explain, the auxiliary heating 

device (natural gas in this study) starts to provide thermal energy to the hot water storage 

tank to heat it up, if the obtainable cooling capacity from the AHP powered by solar 

energy is not enough to cover the cooling load. The supply of auxiliary thermal energy 

stops if the temperature of regeneration water reaches to 80 ℃. In case that the cooling 

load still exceeds the cooling capacity of the AHP, the EHP starts to operate to cover the 

rest of the cooling load.  
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Fig. 5. 1 Schematic diagram of the cooling system applying AHP and EHP  

 

 

Fig. 5. 2 Operating strategy of the cooling system applying AHP and EHP 
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5.3 MATHEMATICAL MODELLING OF SOLAR AHP SYSTEM 

5.3.1 Adsorbent Equilibrium and Kinetic 

The equilibrium adsorption amount of WSS + LiCl 20 wt.% can be described by the 

equation proposed by Yahia et al.[33]. On the other hand, the equilibrium adsorption 

amount of the A-type silica gel is expressed using the equation proposed by Li et al. [34], 

as shown in Eq. (2-22) and (2-23) of Chapter 2. 

The adsorption kinetic based on the LDF theory is expressed by Eq. (4-3) and (4-4) in 

Chapter 4 which includes thermal effect on the kinetic characteristics [35]. The slope and 

the y-intercept of the Eq. (4-4) are derived from the previous research on the gravimetric 

estimation of the mass transfer, introduced in Chapter 4 [29]. 

 

5.3.2 Adsorption/ Desorption Model 

Energy balance equations applied to the mathematical modeling are as shown 

followings. Firstly, the bed 1 starts from the desorption mode. The adsorbent temperature 

(Ta) and water outlet temperature (Tb,w,o) are calculated by Eq. (5-1)~ (5-3). 

In the Eq. (5-1), the heat flux which is supplied to the control volume is calculated by 

temperature difference between water inlet and outlet, and the one exiting from the system 

is calculated with temperature difference between the regeneration water and the 

adsorbent. The heat transfer effectiveness (𝜀) was derived from our previous research 

introduced in Chapter 4 [29]. 

 

 (𝐶a1 + 𝐶metal + 𝑀𝑎𝑞𝐶p,w)
𝑑𝑇a1

𝑑𝑡
= 𝑀a

𝑑𝑞

𝑑𝑡
∆𝐻(𝑇a1) + 𝑄1̇ (5-1) 

 𝐶b1,w

𝑑𝑇b1,w,o

𝑑𝑡
= �̇�b,w𝐶p,w(𝑇b1,w,i − 𝑇b1,w,o) − 𝑄1̇ (5-2) 

 
𝑄1̇ = 𝜀b1�̇�b1,w𝐶p,w(𝑇b1,w,i − 𝑇a1) (5-3) 

 

Similarly, in the adsorption bed 2, adsorbent temperature and water outlet temperature 

during the adsorption process are obtained by following Eq. (5-4)~ (5-6). 
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(𝐶a2 + 𝐶metal + 𝑀𝑎𝑞𝐶p,w)
𝑑𝑇a2

𝑑𝑡

= 𝑀a

𝑑𝑞

𝑑𝑡
{∆𝐻(𝑇b2) − 𝐶p,v(𝑇a2 − 𝑇evap)} − 𝑄2̇ 

(5-4) 

 
𝐶b2,w

𝑑𝑇b2,w,o

𝑑𝑡
= −�̇�b2,w𝐶p,w(𝑇b2,w,o − 𝑇b2,w,i) − 𝑄2̇ (5-5) 

 𝑄2̇ = 𝜀b2�̇�b2,w𝐶p,w(𝑇a2 − 𝑇b2,w,i) (5-6) 

 

5.3.2 Evaporator and Condenser Model 

The condensation rate is expressed with the energy conservation equation as shown in 

Eq. (5-7). Also, the variation of water outlet temperature is calculated through the energy 

conservation equation of Eq. (5-8) and (5-9). 

 

 
�̇�cond =

�̇�cond,w𝐶p,w(𝑇cond,w,o − 𝑇cond,w,i)

𝐶p,v(𝑇cond,v,i − 𝑇cond) + ℎ(𝑃cond)
 (5-7) 

𝐶cond,w

𝑑𝑇cond,w,o

𝑑𝑡
= �̇�cond,w𝐶p,w(𝑇cond,w,i − 𝑇cond,w,o) − �̇�cond (5-8) 

�̇�cond = 𝜀cond�̇�cond,w𝐶p,w {

((𝑇cond,w,i − 𝑇cond) +

(1 − )(
𝑇cond,w,o − 𝑇cond

1 − 𝜀cond
)
} (5-9) 

 

Those for the case of the evaporator can be yield with the same calculation method Eq. 

(5-10) ~ (5-12). 

 
�̇�evap =

−�̇�evap,w𝐶p,w(𝑇evap,w,i − 𝑇evap,w,o)

𝐶p,w(𝑇cond − 𝑇evap) − ℎ(𝑃evap)
 (5-10) 

𝐶evap,w

𝑑𝑇evap,w,o

𝑑𝑡
= �̇�evap,w𝐶p,w(𝑇evap,w,i − 𝑇evap,w,o) − �̇�evap (5-11) 
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�̇�evap = 𝜀evap�̇�evap,w𝐶p,w {

((𝑇evap,w,i − 𝑇evap) +

(1 − )(
𝑇evap,w,o − 𝑇evap

1 − 𝜀evap
)
} (5-12) 

 

5.3.3 Solar Thermal System Model 

The energy balance absorbed by the collector is established by following Eq. (5-13), 

where 𝐹R𝜏𝛼  is intercept efficiency of the collector [-], 𝐹R𝑈L  is the first-order 

coefficient [W/(m2K)]. In this research, 𝐹R𝜏𝛼 value of 0.64 and 𝐹R𝑈L value of 0.89 

W/(m2K) are derived from Reda et al. [36]. The terms on the left side describes transient 

temperature variation of the stored water. The first term of the right side depicts input 

energy through the collector which is proportional to the solar radiation and collector area. 

The second term refers to the heat transfer from the collector toward ambient. Third term 

shows heat transfer amount to the AHP system for the desorption process. Lastly, as 

presented in Eq. (5-14), �̇�L defines heat loss from the storage tank to the ambient which 

can be expressed proportional to the water volume. The heat loss coefficient of 6.84 

W/(m3K) is applied in this research [37].  

 

𝐶𝑡𝑤

𝑑𝑇𝑡𝑤

𝑑𝑡
= 𝐹𝑅𝐴𝑆𝐶𝐼(𝜏𝛼) − 𝐹𝑅𝑈𝐿𝐴𝑆𝐶(𝑇𝑡𝑤 − 𝑇𝑎𝑚𝑏)

− �̇�𝑏1,𝑤𝐶𝑝,𝑤(𝑇𝑡𝑤 − 𝑇𝑏1,𝑤,𝑜) − �̇�𝐿 

(5-13) 

 
 
 

�̇�𝐿 = 6.84(𝑇tw − 𝑇amb)𝑉tw (5-14) 
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5.4 SIMULATION CONDITIONS AND COOLING LOAD 

5.4.1 Meteorological Information 

In this research, climate conditions of four metropolises having distinct weather 

characteristics are applied to the mathematical model. Fig. 5. 3 and Fig. 5. 4 provide 

annual ambient temperature and daily average solar radiation at four cities, respectively. 

The weather data were derived from the website of ‘Climate One Building’ [38]. 

Relatively strong vertical fluctuation in solar radiation is observed in the cases of Tokyo 

and Florida. On the other hand, it can be easily noticed that the daily solar radiation in 

Dubai rarely shows vertical fluctuation, which refers to stable utilization of the solar 

energy. Another climate characteristic of Dubai is long cooling period and extremely high 

ambient temperature especially from May to September. Hawaii of U.S. also presents 

long cooling period. However, the ambient temperature distribution throughout the year 

is quite moderate, rather than showing obviously high values during the concentrated 

period. 

  

 

Fig. 5. 3 Annual ambient temperatures at four cities:  

(a) Tokyo, Japan, (b) Florida, U.S., (c) Hawaii, U.S., (d) Dubai, UAE. 
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Fig. 5. 4 Daily average values of radiation throughout the year at four cities:  

(a) Tokyo, Japan, (b) Florida, U.S. (c) Hawaii, U.S., (d) Dubai, UAE. 
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5.4.2 Cooling Load Calculation 

Fig. 5. 5 depicts monthly total and maximum cooling load of four cities. The building 

energy simulation program named ‘EnergyPlusTM’ was used for the calculation. The 

target building was considered as a small-scale office building requires cooling demand 

from 8 A.M. to 8 P.M. Its detailed design specifications are listed in Table 5. 1. As 

presented in Fig. 5. 4 and Fig. 5. 5, the cooling load characteristics of the four cities are 

strongly dependent on the climate conditions. Cooling demand is observed during whole 

year in Dubai, and it shows especially high cooling demand from May to September. The 

total cooling load in Florida tended to be concentrated around these periods as well. 

Hawaii also required cooling system all the year round, however period which shows 

especially high cooling demand was not observed. Although the maximum cooling load 

in Tokyo is higher than that of Hawaii during the summer, its total cooling load is lower 

which implies relatively sporadic cooling load distribution. 

 

 

 

Fig. 5. 5 Monthly (a) total cooling load and (b) maximum cooling load 
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Table 5. 1 Cooling load calculation conditions of the target building 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parameters Values 

Floor area [m2/floor] 200 (2 story) 

People [person/m2] 0.15 

Lights [W/m2] 12  

Electric equipment [W/m2] 11 

Infiltration per person [m3/h] 25 

Roof (U [W/m2K]) 0.284 

Floor (U [W/m2K]) 1.45 

Interior walls (U [W/m2K]) 2.58 

Exterior walls (U [W/m2K]) 0.99 

Window (U [W/m2K]) 6.42 

Window-wall ratio [%] 24 
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5.5 SIMULATION RESULTS AND DISCUSSIONS 

5.5.1 System Performance in Different Cities 

Fig. 5. 6 compares the cooling capacity obtained by AHP and EHP in August. The 

maximum AHP cooling capacity was approximately 10 kW in all cities. The sum of AHP 

cooling energies of Tokyo and Hawaii were 2554 and 3025 kWh, respectively. It can also 

be observed that the peak load of Tokyo is higher than Hawaii due to high ambient 

temperature and solar radiation in the concentrated period. Florida presented relatively 

stable AHP cooling performance. The peak cooling load of Florida was obviously higher 

than that of Tokyo and Hawaii, due to the high solar radiation. Meanwhile, it is revealed 

that AHP works the most stably in Dubai because of uniform solar radiation throughout 

the month, showing the sum of AHP cooling energy around 3190 kWh.  

Fig. 5. 7 represents comparison of heat capacity obtained by solar energy and auxiliary 

heat source. The maximum solar heat energy of four cities was shown similar around 25 

kW. The clear difference was found from stability of solar radiation. As mentioned earlier, 

Dubai presented climatic characteristic of constant solar radiation, which can be 

considered as a huge advantage in applying AHP in the cooling system. The auxiliary 

heat supports solar collectors in case of insufficient radiation and larger cooling demand 

than the cooling capacity of AHP with currently obtainable solar thermal energy. Use of 

natural gas as the auxiliary heat source is assumed in this research. As presented in the 

Fig. 5. 2, the combustion of the natural gas is dependent on cooling load and obtainable 

regeneration water temperature. 

Fig. 5. 8 depicts hourly variation of regeneration and chilled water temperature in 

August. The variation of the hot water changed in accordance with the solar radiation, 

and its temperature distributed around 80 ℃ in general. Because of stable solar radiation, 

the regeneration water temperature in Dubai was highly constant.  
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Fig. 5. 6 Comparison of cooling capacity obtained by AHP and EHP at different cities 
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Fig. 5. 7 Comparison of heat capacity obtained by auxiliary heat and solar heat  

at different cities 
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Fig. 5. 8 Hourly variation of regeneration water and chilled water temperature of AHP in

 August 
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5.5.2 Performance Parameter of Solar AHP 

- Solar Collector Area 

Fig. 5. 9 shows effect of solar collector area on the cooling capacity and regeneration 

water temperature. As the area of solar collector changes from 34 to 50 m2 (47 %), 

approximately 20 ℃ higher peak temperature was obtained. The AHP cooling capacity 

is strongly concerned with the regeneration water temperature. At the beginning of the 

daytime, the higher AHP cooling capacity was obtained owing to the more rapid 

temperature increase of regeneration water when using the larger collecting area. The 

difference in cooling performance of AHP resulted from altering collector area was 

reduced near the peak temperature. It was observed that the regeneration water 

temperature starts to decrease from approximately 3 P.M. as absorption of solar radiation 

decreases. In the latter part of operating hours, the larger collector area also resulted in 

the larger AHP cooling capacity due to the continued effect of the higher peak 

temperature. The EHP covers the shortage of cooling capacity over the entire cooling load 

except for the load handled by AHP. Therefore, the cooling capacity handled by EHP 

decreased as the regeneration water temperature increased, that is, the cooling capacity 

of AHP increased. It also tended to increase around noon as the cooling load rose due to 

the daily highest solar radiation. 

 

 

(a) AHP cooling capacity 
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(b) EHP cooling capacity 

 

(c) Tank water temperature 

Fig. 5. 9 Effect of solar collector area on the cooling capacity of  

(a) AHP, (b) EHP, and (c) regeneration water temperature 

 

- Water Tank Volume 

Fig. 5. 10 depicts the effect of water volume in the tank as changing it from 0.5 m3 to 

2.5 m3. It was notable that the water temperature rises the most rapidly and reaches to the 

highest temperature for the case of 0.5 m3 due to the lowest thermal capacity which is 

proportional to weight of water. Because of the rapid increase, in the case with water tank 
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volume of 0.5 m3, the cooling capacity of AHP before reaching to the peak temperature. 

In the same principle, the water temperature in the storage tank decreased rapidly as the 

solar radiation was reduced, resulting in less AHP cooling capacity at the latter part of the 

operating hours. In contrast, the case with water tank volume of 2.5 m3 presented the 

lowest peak temperature for the same reason. This case, however, showed relatively 

uniform temperature distribution throughout the operating hours due to the high thermal 

capacity.  

Detailed information about effect of solar collector area and water volume in the tank 

are summarized in Table 5. 2.    

 

(a) AHP cooling capacity 

 

(b) EHP cooling capacity 
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(c) Tank water temperature 

Fig. 5. 10 Effect of tank volume on the cooling capacity of  

(a) AHP, (b) EHP, and (c) regeneration water temperature 

 

Table 5. 2 Effect of solar collector area and water volume in the tank on monthly AHP cooling 

energy [kWh] in August 

 

 

 

 

 

 

 

 

 

 

- Half Cycle Time 

As mentioned earlier, AHP system repeats switch of adsorption and desorption mode 

which results in inevitable sensible heat loss to heat up heat exchanger metals and 

adsorbent. This sensible heat loss can be reduced by extending cycle time as long as the 

adsorbent is still capable to adsorb water vapor. That is why the adsorbent having large 

Solar collector 

area [m2] 

Water volume in tank [m3] 

0.5 1.0 1.5 2.0 2.5 

34 1508.4 1471.4 1439.4 1411.1 1387.6 

38 1692.8 1667.8 1636.4 1600.8 1566.4 

42 1855.0 1848.8 1828.4 1797.3 1761.3 

46 2009.5 2004.4 1995.5 1976.0 1946.7 

50 2140.8 2153.2 2149.1 2141.2 2120.4 
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adsorption capacity is advantageous to lessen frequency of switching between adsorption 

and desorption. As presented in previous researches [26–28], the composite material WSS 

+ LiCl 20 wt.% exhibited a higher adsorption capability. Fig. 5. 11 (a) shows change of 

tank water temperature during operating hours for the cases of various half cycle time, 

and Fig. 5. 11 (b) describes effects of half cycle time on cooling capacity of AHP using 

different adsorber.  

From Fig. 5. 11 (a), it can be discovered that the obtainable regeneration water 

temperature differs according to the cycle time. The average temperature of the 

regeneration water for the half cycle time of 14 minutes was about 9.7 ℃ higher than the 

case of 8 minutes. The reason can be explained as followings. The temperature of 

regeneration water in the water tank was calculated based on Eq. (20). The third term 

which indicates consumed energy for the regeneration is the main factor to hinder rise of 

the water temperature. This energy loss increases as repeating to cool down (approx. 30℃) 

and heat up (approx. 80℃) the adsorber more frequently. For this reason, the higher 

regeneration water temperature was obtained for the cases of the longer cycle time 

throughout the operating hours. However, it is noteworthy that adsorption capacity and 

rate need to be considered when it comes to extending the cycle time. Our previous 

research has revealed that the A-type silica gel reaches the equilibrium faster than 

WSS+LiCl 20 wt.%, due to the less adsorption equilibrium amount and the higher 

adsorption rate [29]. This characteristic resulted in more drastic decrease in AHP cooling 

capacity of the case applying the A-type silica gel when extending the cycle time, in spite 

of supplying regeneration water with the higher temperature (Fig. 5. 11 (b)). On the other 

hand, for the case applying WSS+LiCl 20 wt.%, approximately 14 % of increase in AHP 

cooling performance was observed as extending the half cycle time from 8 minute to 14 

minute. Also, decrease of the cooling capacity was more clear for the cases with lower 

filling density (223g/L, 233g/L) because they reach the adsorption equilibrium faster than 

the cases with the higher filling density (303g/L, 329g/L).  
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(a) Tank water temperature 

 

(b) AHP cooling capacity 

Fig. 5. 11 Effect of cycle time on (a) tank water temperature, (b) cooling capacity of A

HP using different adsorber in August 

 

- Auxiliary Heat 

The auxiliary heat source provides supplemental energy together with solar thermal 

energy to operate AHP in this research. As presented in the Fig. 5. 12, the combustion of 
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the natural gas is dependent on cooling load and obtained regeneration water temperature. 

That is, the auxiliary energy is designed to be supplied if radiation is insufficient thereby 

the cooling demand is larger than the cooling capacity of AHP with currently obtainable 

solar thermal energy. Also, the supply of auxiliary thermal energy stops if the cooling 

load is properly managed or the temperature of the temperature of regeneration water 

exceeds 80 ℃.    

Fig. 5. 12 shows comparison of monthly energy input according to auxiliary heat 

capacity in August. The cooling energy of AHP tended to increase as supplying auxiliary 

thermal energy. Because of stable solar radiation in Dubai as mentioned earlier, it 

presented the lowest auxiliary energy input. Fig. 5. 12 also provides comparison of 

monthly price of input energy. The input energy includes electricity cost for operating 

EHP and natural gas cost for operating AHP. The assumed price of electricity and natural 

gas are summarized in Table 5. 3. In all cities, total energy input cost tended to increase 

as increasing the auxiliary heat capacity although obtainable cooling energy from AHP 

increases as well. The difference in the input cost between the cases with 5kW auxiliary 

heat capacity and without auxiliary energy was around 17 % in Tokyo and Florida. Dubai 

presented the smallest difference in the input energy cost since the lowest amount of 

auxiliary energy was spent. However, Hawaii presented somewhat larger difference than 

others because of high natural gas cost. For the case of Hawaii, the difference in the input 

cost between the cases with 5kW auxiliary heat capacity and without auxiliary energy 

was around 30 %. As shown in Fig. 5. 12, supplying auxiliary heat by burning natural gas 

helps AHP systems to produce more cooling energy. However, it was hard to acquire 

economic benefit due to the cost of input energy. If the circumstance that waste heat 

around 80 ℃ is obtainable is assumed, application of AHP systems becomes more 

attractive. For example, when assuming that a gas engine generator operated by natural 

gas generates electricity for lighting, electric equipment and fans of the target building, 

the waste heat obtained while cooling down the gas engine can be used as an auxiliary 

heat source of the AHP system. Maeda et al. revealed that the waste heat around 90 ℃ 

can be acquired by the engine coolant of the vehicles [39]. Fig. 5. 13 shows electric power 

consumption for lightings, electric equipment, fans and the sum of them and waste heat 

capacity obtainable from the coolant. In this case, the annual AHP cooling energy is 

expected to increase about 10 % compared to the case without supplying auxiliary heat.   
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(a) Tokyo 

 

(b) Florida 

 

(c) Hawaii 
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(d) Dubai 

Fig. 5. 12 Comparison of energy and cost input according to auxiliary heat at different c

ities: (a) Tokyo, Japan, (b) Florida, U.S.,(c) Hawaii, U.S., (d) Dubai, UAE. 

 

 

Fig. 5. 13 Electric power consumption for lightings, electric equipment, fans and waste h

eat capacity 
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- Exergy Analysis 

The definition of exergy is known as the maximum amount of achievable work which 

can be provided by the system and certain energy source. Thus it indicates the loss of 

obtainable energy resulted from the generation of entropy in the irreversible system. The 

reference temperature for the exergy analysis is 298.15 K, and all processes are 

considered to be at cyclic steady state [40,41].  

The exergy for a specific stream with reference temperature is presented as shown in 

Eq. (5-15).  

 

 𝜑 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) (5-15) 

 

Fig. 5. 14 describes control volume of each AHP component, and the calculation of 

irreversibility of each component is shown in Eq. (5-16) ~ (5-19). The total irreversibility 

indicates the sum of irreversibility of each component. 

 

 𝐼ȧd = (1 −
𝑇0

𝑇a
) 𝑄ad + �̇�w,1𝜑w,1 − �̇�w,2𝜑w,2 (5-16) 

 𝐼ḋes = − (1 −
𝑇0

𝑇a
) 𝑄des + �̇�w,3𝜑w,3 − �̇�w,4𝜑w,4 (5-17) 

 𝐼ċond = �̇�w,5𝜑w,5 + �̇�r,7𝜑r,7 − �̇�w,6𝜑w,6 − �̇�r,8𝜑r,8 (5-18) 

 𝐼ėvap = �̇�w,9𝜑w,9 + �̇�r,11𝜑r,11 − �̇�w,10𝜑w,10 − �̇�r,12𝜑r,12 (5-19) 

 

Lastly, the exergy efficiency is estimated based on following Eq. (5-20) [40]. 

 

 𝜂𝜑 =
�̇�w,9𝜑w,9 − �̇�w,10𝜑w,10

(�̇�w,3𝜑w,3 − �̇�w,4𝜑w,4) − 𝑊P

 (5-20) 

 

Fig. 5. 15 (a) depicts irreversibility of AHP components and exergy efficiency during 

operating hours. Irreversibility of ad/desorption process is higher than that of evaporator 

and condenser. In general, the irreversibility tended to increase as the heat source 

temperature rises. The reason for this can be analyzed that the entropy generation 

increased as the heat source temperature increased. Meanwhile, as presented in Fig. 5. 15 
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(b), the total irreversibility decreased as extending the cycle time. Sharifzadeh et al. also 

has revealed that the irreversibility of AHP components decreases as time passes in one 

cycle [42]. Therefore, exergy efficiency tended to increase accordingly. 

 

(a) Adsorption bed  (b) Desorption bed 

 

 

(c) Condenser (d) Evaporator 

 

 

 

Fig. 5. 14 Control volumes of each component of AHP for exergy analysis 

 

 

(a) Irreversibility of AHP components 
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(b) Total irreversibility and exergy efficiency 

Fig. 5. 15 (a) Irreversibility of AHP components and (b) total irreversibility and exergy 

efficiency during operating time 

 

As shown in Fig. 5. 16, the irreversibility tended to increase as the heat source 

temperature rises. The reason for this can be analyzed that the entropy generation 

increased as the heat source temperature increased. In terms of the exergy efficiency, the 

inlet temperature of chilled water affected more than the temperature of regeneration 

water does. Since most of exergy loss occurs from the adsorption and desorption process 

[42], which inevitably undergoes large temperature change, it is expected to reduce entire 

irreversibility by applying heat recovery. 
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(a) Irreversibility 

 

(b) Exergy efficiency 

Fig. 5. 16 (a) irreversibility and (b) exergy efficiency according to regeneration temperature and 

chilled water temperature 
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5.5.3 Annual Operation of Solar AHP and Economic Analysis 

Utilization of solar energy makes the AHP attractive because it significantly decreases 

fossil energy input for the operation the system. On the other hand, it implies at the same 

time that entire performance of a solar assisted AHP system is dependent on the solar 

radiation. Furthermore, annual distribution of cooling load is another important 

information since it implies how long the AHP can be used usefully in a year.  

Fig. 5. 17 describes annual distribution of cooling load and obtainable cooling capacity 

from AHP and EHP in different cities. The hourly cooling load during the cooling period 

was arranged with descending order. It also describes the cooling capacity of both AHP 

and EHP at the moment separately. This enables the analysis on the annual cooling load 

with hourly-unit and gives information about the portion of cooling load taken care by 

AHP and EHP in the moment. 

Firstly, Tokyo presented nearly 5.5 month (12 hour operation per day) of cooling 

periods in a year. As also shown in Fig. 5. 17, the maximum cooling load in Tokyo was 

24.1 kW, however the period that the cooling load exceeds 10 kW was less about 750 

hours. During the annual cooling periods, total cooling energies come from AHP and 

EHP are 7.9 GJ and 4.8 GJ, respectively. Florida required the longer cooling period 

compared to Tokyo. The period that the cooling load exceeds 10 kW exceeded 2000 hours. 

Total cooling energies come from AHP and EHP are 24.8 GJ and 19.4 GJ, respectively. 

On the other hand, Dubai showed all year round cooling hours. The highest maximum 

cooling load of 32.9 kW, and the period that the cooling load exceeds 10 kW was longer 

than 3000 hours in a year. The annual cooling energies generated by AHP and EHP are 

34.4 GJ and 31.2 GJ, respectively. Hawaii also presented similar cooling load 

characteristics with Dubai. Instead, the peak cooling load was much lower (20 kW) than 

that of Dubai, even lower then Tokyo. However, Hawaii also required cooling all year 

round, which is advantageous in terms of utilization of an AHP system. The annual 

cooling energies generated by AHP and EHP are 28.5 GJ and 18.0 GJ, respectively. It is 

noteworthy that the AHP cooling energy in Dubai was about 20 % higher than that of in 

Hawaii due to stable solar radiation.  

 



Chapter 5: Simulation on Annual Performance of Solar AHP Using WSS Composite for Low-carbon Air Conditioning 

156 

 

 

(a) Tokyo 

 

(b) Florida 

 

(c) Hawaii 
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(d) Dubai 

Fig. 5. 17 Annual distribution of cooling load and cooling capacity from AHP and EHP 

 

Fig. 5. 18 depicts the accumulation of monthly AHP cooling energy in different cities. 

For the case of Tokyo, the accumulation of cooling energy from the AHP was merely 35 % 

of that of Hawaii because of relatively short cooling period. The obtained AHP cooling 

energy in Hawaii is also similar with that of Dubai from January to March, but the gap 

between them tended to get wider as approaching to the hottest season. As a result, the 

difference in the annual AHP cooling energy between these two cities was 20 %.  

 

 

(a) Tokyo 
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(b) Florida 

 

(c) Hawaii 

 

(d) Dubai 

Fig. 5. 18 Annual AHP cooling energy distribution and accumulation 
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Table 5. 3 summarizes the economic parameters used to estimate the application of the 

AHP system in aspects of the cost. Fig. 5. 19 represent monthly cost saving from AHP 

and its accumulation with the unit of U.S. dollar. It is noteworthy that not only the amount 

of AHP cooling energy but also the electricity price should be considered together to 

estimate cost saving coming from operating AHP. The electrical power consumption of 

EHP was assumed based on the COP, and the COP of electrical chiller was calculated by 

Eq. (5-21) as a function of ambient temperature [43]. Table 5. 4 shows summary of initial 

and cost saving from AHP in different cities. 

 
𝐶𝑂𝑃𝐸𝐻𝑃 = 0.0035𝑇amb

2 − 0.3372 𝑇amb + 10.287 (5-21) 

 
  

 

(a) Tokyo 

 

(b) Florida 
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(c) Hawaii 

 

(d) Dubai 

Fig. 5. 19 Monthly cost saving from AHP and accumulation 
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Table 5. 3 Summary of cost related to solar adsorption heat pump system  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. 4 Summary of initial and cost saving from AHP in different cities 

 

 

 

 

 

 

 

 

 

It seems to be hard to expect cost saving from the solar assisted AHP system installed 

in Tokyo and Florida in two decades due to the short cooling period and relatively cheap 

electricity price. It can be noticed that much higher cost saving can be obtainable in 

Hawaii than in Dubai, although obtainable AHP cooling energy in Dubai was rather 20 % 

higher than in Hawaii. That is because the electricity in Hawaii is much expensive than 

that of in Dubai. The electricity price in UAE is very cheap as they are one of the oil-

Parameters Cost Value 

Solar collector [36] $ 140/m2 42 m2 

Adsorption heat pump (AHP) [44] $ 1000/kW 10 kW 

Water storage tank  $ 960/m3 1 m3 

Cooling tower [45] $ 170/kW 10 kW 

EHP installation cost [45] $ 340/kW 10 kW 

Electricity and Natural gas $/ kWh - 

- Tokyo 0.2 and 0.04 - 

- Hawaii 0.36 and 0.16 - 

- Florida 0.13 and 0.05  

- Dubai 0.1 and 0.04 - 

City, county Initial cost [$] 
Annual saving 

from AHP [$] 

Payback period 

[year] 

Hawaii, U.S. AHP: $ 18,540 

EHP: $ 3,400 

Difference: 

$ 15,140 

$ 2,295.2 6.6 

Dubai, UAE. $ 973.6 15.6 

Florida, U.S. $ 645.4 23.5 

Tokyo, Japan $ 378.2 40.0 
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producing country. Based on the economic analysis, the low electricity price in Dubai 

diminishes the advantages of application of AHP such as all year round cooling demand 

and stable solar radiation.  

On the other hand, electricity in Hawaii is greatly expensive, about four times expensive 

than mainland of the U.S. The main reason why the electricity in Hawaii expensive can 

be found from the geographical characteristic of it; it is isolated in the middle of the 

Pacific Ocean. Therefore, all the fuels to generate electricity are transported through 

seaways. Since it is more cost effective to ship more dense fuels such as crude oil 

compared to ship natural gas or coal, the major fuel used for the generation in Hawaii is 

oil which is relatively more expensive than other fossil fuels [46]. Also the price of natural 

gas is much expensive than in the mainland for the same reason. For this reason, Hawaii 

is greatly charming to apply a solar assisted AHP system. About this point, Lambert and 

Beyene [47] also have pointed out that the high usage percentage of the cooling system 

together with a high electricity price result in significant operating cost savings. 

According to the accumulation of saving by AHP and economic information in Table 3, 

the estimated payback periods in Hawaii and Dubai are 6.6 years and 15.6 years, 

respectively. Another advantage coming from applying an AHP system is to reduce CO2 

emission since it consumes less electricity. Fig. 5. 20 shows monthly CO2 emission 

reduction from AHP in different cities.  

 

 

(a) Tokyo 
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(b) Florida 

 

(c) Hawaii 

 

(d) Dubai 

Fig. 5. 20 Comparison of monthly CO2 emission of EHP 100% and AHP+EHP  
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Table 5. 5 summarizes comparison of CO2 emission reduction from AHP in different cities. 

The reduction of CO2 emission by applying AHP was proportional to the AHP cooling 

energy, and the emission factors which differ according to the cities are also considered. 

Since the emission factor tends to decrease as the portion of renewable energy and nuclear 

power increase throughout the world [48–50], the entire emission amount is expected to 

decrease in accordance with the trend.  

 

Table 5. 5 Comparison of CO2 emission reduction from AHP in different cities 

 

 

 

 

 

 

 

  

City, county 
Emission factor 

[kgCO2/kWh] 

CO2 emission amount[ton/year] 

EHP 100% EHP+AHP Reduction 

Hawaii, U.S. 0.695 8.58 4.14 4.43 

Dubai, UAE. 0.433 9.42 5.21 4.22 

Florida, U.S. 0.466 5.21 2.90 2.31 

Tokyo, Japan 0.492 1.85 0.92 0.93 
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5.6 SUMMARY 

This chapter shows research on the annual cooling performance of the solar assisted 

AHP which uses a composite natural mesoporous material as an adsorbent. The analysis 

was based on the mathematical model applying four difference climate conditions (Tokyo, 

Florida, Dubai, Hawaii). The system performances under the various operating conditions 

were studied, and following results were obtained. 

The regeneration water temperature in Dubai was highly constant because of the stable 

solar radiation, which implies a substantial advantage in applying AHP. As the area of 

solar collector changes from 34 to 50 m2 (47 %), approximately 20 ℃ higher peak 

temperature was obtained. Because of the rapid increase in the case of smallest water 

volume (0.5 m3), the AHP cooling capacity in this case rose rapidly at the beginning of 

the operating hours. However, with the same reason, the water temperature in the storage 

tank decreased rapidly as the solar radiation was reduced, resulting in less AHP cooling 

capacity at the latter part of the operating hours. 

The higher regeneration water temperature was obtained by extending the half cycle 

time due to the reduced sensible heat loss which occurs during the switching of 

ad/desorption. The average temperature of the regeneration water for the half cycle time 

of 14 minutes was about 9.7 ℃ higher than the case of 8 minutes. When the A-type silica 

gel was applied, the more drastic drop in AHP cooling capacity was observed as extending 

the cycle time due to its less adsorption capacity. Meanwhile, the case applying 

WSS+LiCl 20 wt.% showed about 14 % of increase in AHP cooling performance as 

extending the half cycle time from 8 minute to 14 minute. 

Although achievable AHP cooling energy in Dubai was higher than in Hawaii, much 

higher cost saving can be obtainable in Hawaii than in Dubai owing to the high electricity 

cost of Hawaii. The estimated payback periods in Hawaii and Dubai are 6.6 years and 

15.6 years, respectively.  

The CO2 emission could be reduced by applying an AHP system since it saves electric 

consumption. The reduction was proportional to the cooling energy from AHP. The 

average reduction ratio of four cities was about 47 % by applying an AHP system.   
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6.1 INTRODUCTION 

Thermal-driven cooling systems give significant energy saving compared to traditional 

vapor compression systems and have low GWP and ODP [1]. As a part of the heat-driven 

systems, adsorption heat pump (AHP) has attracted huge interest due to its eco-friendly 

operation and applicability of low-level heat sources less than 100℃. AHP systems have 

an advantage compared to absorption cycles that the heat source with the lower 

temperature can be used [2,3]. Followings introduces experimental researches of AHP 

systems.  

Grisel et al. [4] conducted experimental research using plate/fin heat exchangers where 

grains of silica gel were inserted between the fins. One reactor contained six heat 

exchanger units, and the system operated between the cycle time of 5 and 30 minutes in 

which COP and SCP changes from 0.48 to 0.85 and 0.23 and 0.22 kW/kg, respectively.  

Atiya et al. [5] applied finned-tube heat exchangers containing silica gel grains between 

the fins. They could obtain the average cooling power of 0.66 kW and SCP of 0.16 kW/kg, 

by using about 4 kg of silica gel grains. Wang [6] tested the performance of an silica gel-

AHP utilizing low grad heat source between 55 to 67 ℃. They revealed that cooling water 

temperature greatly affects cooling capacity especially when the hot water temperature is 

low. By using the low degree heat source around 60 ℃, Pan et al. [7] could produce 

cooling effect and SCP of 0.07~0.11 kW/kg, however the chilled water temperature was 

around 18.8 ℃. Kashiwagi et al. [8] experimentally verified that the two or three-stage 

AHP systems can be run properly with low heat source temperature between 40 to 60 ℃. 

The authors mentioned that the system could utilize very low grade waste heat source 

although COP of the systems is quite low. Experimentally studied the multi-bed AHP 

systems applying heat [9] and mass recovery [10] can be also found. Wirajati et al. [11] 

also applied low-temperature heat source around 60 ℃ to the two-stage AHP system to 

produce chilled water around 9 ℃. Esaki et al. [12] proposed a double-effect AHP system 

using FAM-Z01 which can be utilized with low-grade waste heat between 60 to 80 ℃. In 

the system, the desorbed water vapor from the first desorption bed is condensed by the 

heat exchanger inside of the second desorption bed, generating condensation heat to the 

adsorbent in the second desorption bed. For this principle, they insisted that the higher 

COP is obtainable from a double-effect AHP system compared to that of a single-effect 
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chiller. Myat et al. [13] conducted experimental research using FAM-Z01-coated heat 

exchanger as an adsorber. They compared cooling performance of the AHP system 

according to the heat source temperature and the cycle time. The results presented that 

the average cooling performance is less affected by the cycle time when the heat source 

temperature becomes lower. Maaitah et al. [14] presented experimental research using an 

activated carbon-methanol working pair to produce chilled water ranging 7 to 12 ℃. They 

applied an air-cooled condenser, thus analysis on the effect of cooling temperature from 

25 to 50 ℃ was provided. They insisted that the activated carbon-methanol working pair 

can give the better cooling performance compared to the traditional silica gel-water 

working pair, especially when the cooling temperature is as high as 50 ℃. Utilization of 

solar energy makes the AHP far more attractive because it significantly decreases fossil 

energy input for the operation the system [15–18]. Wang [19] conducted experimental 

research on the adsorption chillers integrated with heat pipes. The system applying such 

heat pipes presented 77% enhanced heat transfer coefficient compared to the traditional 

activated carbon-methanol system. 

Composite “salt inside porous matrix” is an adsorbent that exhibits an enhanced 

equilibrium adsorption capacity compared with that of traditional working pairs. Various 

composite materials have been studied in a lot of researches [20–25]. In the research of 

Aristov et al. using SWS-9L (LiNO3/silica KSK) [26], effects of ad/desorption time 

composition at certain fixed total cycle time were studied. The total cycle time was varied 

385~600 second, and precooling and preheating time were fixed. Freni et al. [27] gave 

the effects of thermal conductivity on the cooling performance, which emphasizes 

enhancement of heat transfer of the adsorption bed. The experiment on the coated 

adsorbent presented much higher specific cooling power than that of the pallet types. Also, 

they tested the new composite of silica gel modified by calcium nitrate (Ca(NO3)2) in the 

relatively low regeneration temperature [28]. The isoteric diagram is calculated from 

experimentally obtained equilibrium adsorption data.  

As a part of reaches using the composite adsorbent, our research team also has 

previously reported the enhanced adsorption capacity of a natural mesoporous material 

called Wakkanai siliceous shale (WSS) by impregnating several kinds of chlorides and 

verified the its applicability as a host matrix [29–32]. This chapter provides experimental 

investigation of AHP systems using 1kW-scale experimental system applying WSS 
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impregnated with 20 wt.% of LiCl. The adsorbent is filled between the fins of corrugated 

aluminum heat exchangers. The heat exchangers are kept in the transparent acrylic 

chamber of the AHP system to observe the valve action and condensed water inside of 

the system. Based on the experimental data, thermodynamic characteristics regarding 

energy and exergy are analyzed.  

 

6.2 EXPERIMENTAL AHP SYSTEM 

6.2.1 Description on 1kW AHP System 

The 1kW-scle AHP unit consists of an evaporator, a condenser and two adsorbers. The 

cylinder-shape unit whose diameter is 450 mm is made of transparent acrylic, and the 

thickness of the wall is about 20 mm. The total height of the unit is about 1140 mm which 

consist of the condenser chamber (270 mm), adsorbers chambers (720 mm) and the 

evaporator chamber (150 mm), respectively. In each adsorber contains four pieces of 

corrugate fin type heat exchangers (400×300×12 mm) in which the WSS+LiCl 20 wt.% 

is filled between its fins. The total weight of the adsorbent in both adsorbers is about 4.1 

kg. The heat exchangers (235×110×25 mm) are inserted in the evaporator and the 

condenser. Four self-actuating plastic ball valves having diameter of 55 mm are installed 

to divide the adsorber and the evaporator. The accumulated water in the bottom of the 

adsorber chambers can be recovered to evaporator chamber. On the other hand, four self-

actuating plate valves having diameter of 50 mm are installed to divide the adsorber and 

the condenser. Both ball type valves and plate type valves are controlled by vapor pressure 

differences, preventing revere flow of the vapor from the adsorber to the evaporator or 

from the condenser to the adsorber. The evaporator chamber is covered by the polystyrene 

foam to reduce heat loss.   

As shown in Fig. 6. 1, the hot water for regeneration is heated by an electric heater, and 

the heated water is stored in the insulated tank with volume of 300 L. Meanwhile the 

cooling water for removing heat of adsorption is provided from the electric chillers. The 

heat source for the evaporator is also supplied by the other electric chiller having the 

cooling capacity around 1 kW. The cooling and condensation capacities in this study are 

designed to more than 1 kW, thus the auxiliary heating and cooling are supplied by a tube 

heater and additional plate heat exchanger, respectively. Fig. 6. 2 and Fig. 6. 3 show the 



Chapter 6: Energy and Exergy Analysis Based on Experiments of 1 kW-scale AHP  

173 

 

actual feature of a transparent evaporator and condenser. The PT-100 and pressure sensors 

are installed to measure the temperature and pressure of the water flow. The flowrates of 

each component is measured by a flowmeter. Solenoid valves are used to control the 

operation modes of adsorption and desorption. 

 

 

Fig. 6. 1 Schematic diagram of AHP system and actual feature of 1kW-scale unit 

 

 

Fig. 6. 2 Actual feature of chamber: condenser-desorber 

 

 



Chapter 6: Energy and Exergy Analysis Based on Experiments of 1 kW-scale AHP  

174 

 

 

Fig. 6. 3 Actual feature of chambers: evaporator-adsorber 

 

6.2.2 Adsorbers Filled with WSS+LiCl 20 wt.% 

WSS+LiCl 20 wt.% is filled between the fins of the corrugated heat exchanger made of 

aluminum alloy. As mentioned earlier, the geometric size of the heat exchanger is 

400×300×12 mm, and its blank weight and volume are about 850 (±10) g and 1.44 L, 

respectively. The gap between the water channels is about 8 mm. Since the adsorbent 

containing chloride which may bring out the concerns regarding corrosion, the surface of 

the heat exchanger is coated by the thin epoxy resin layer to avoid corrosion issues. After 

filling the slurry state adsorbent into to space between fins, the heat exchanger is dried in 

the oven at the temperature of 120 ℃. Eight heat exchangers are prepared with the same 

process and the same filling amount so far as possible. The mass of dry adsorbent in one 

heat exchanger is approximately 500(±15) g. Detailed specifications of each adsorption 

heat exchanger is summarized in Table 6. 1, and Fig. 6. 4 depicts preparation and 

installation of adsorbent-filled heat exchangers.  

 

Table 6. 1 Specifications heat exchangers used in 1kW-scale experimental system 

Adsorber Adsorber 1 Adsorber 2 

Heat exchanger No. [-] A B C D E F G H 

Weight of HEX [kg] 0.845 0.835 0.855 0.835 0.835 0.850 0.845 0.850 

Weight of adsorbent [kg] 0.535 0.520 0.500 0.555 0.520 0.490 0.485 0.490 

Total adsorbent weight [kg] 2.11 1.99 
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(a) Filling slurry state adsorbent into heat 

exchanger 
(b) Drying process in the oven at 

temperature of 120 oC 

  

(c) Prepared adsorption heat exchanger after 

drying 

(d) Installed feature of adsorbers in the 

transparent chamber 

Fig. 6. 4 Preparation and installation of adsorbent-filled heat exchangers 
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6.2.3 Experimental Methodology 

Before starting the experiments, hot water of 80 ℃ is supplied to both adsorbers while 

operating the vacuum pump to remove the residual air and the desorbed water vapor. 

Similarly, the residual air and evaporated water vapor are eliminated by the vacuum pump. 

The pressure at the evaporator and the condenser just before starting the experiment were 

about 2.4 kPa and 4.3 kPa, respectively, which properly correspond with the saturation 

temperature of the water inlet temperature of each component. The pressure of adsorbers 

is about 4.5 kPa, being affected by the condensation pressure.  

As starting the experiment and data recording, the cooling water with temperature about 

30 ℃ circulates the adsorber corresponding to the adsorption process, thereby the 

adsorption resulting in the evaporation occurs consequently. In this experimental 

investigation, the half cycle time was varied from 8 to 16 minute, the regeneration 

temperature is changed from 60 to 80 ℃, the chilled water temperature is controlled from 

7 to 15 ℃. The temperature and flowrate data are recorded every second by a logger and 

analyzed to evaluate system performance. 

 

 

Fig. 6. 5 Control of water flows for adsorption and desorption modes 
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6.3 EXPERIMENTAL RESULTS AND DISCUSSIONS 

6.3.1 Temperature and Pressure Profile 

Fig. 6. 6 presents inlet and outlet water temperature profiles of the adsorbers. The 

experiments were conducted at the half cycle time of 12 minutes. The inlet temperature 

of regeneration water was kept around 80 (± 0.5) ℃, and that of cooling water for the 

adsorption process was controlled as 30 (± 1.5) ℃. Low temperature heat source of 20 

(±0.6) ºC flowed through the evaporator to be chilled. The outlet temperature of the 

chilled water ranged from 10 to 17 ℃. As presented in Fig. 6. 7, the condensation pressure 

and the desorption pressure were coupled, and the evaporation pressure and the adsorption 

pressure were also connected. The evaporation and the adsorption pressure tended to 

decrease at the beginning of the cycle due to the induced adsorption by cooling the 

adsorber. Compared to the pressure change of this low-pressure components, the pressure 

at the condenser and the desorption bed increased more rapidly at the beginning of the 

cycle. The reason for this difference comes from difference between adsorption and 

desorption rate. As presented in the chapter 4, the mass transfer rate is proportional to the 

adsorbent temperature. Therefore, the mass transfer during the desorption process which 

exchanges heat at the higher temperature level occurs faster, resulting in the more rapid 

increase in the pressure as well.  

Fig. 6. 8 shows inlet and outlet water temperature profiles of the condenser and 

evaporator. The inlet water temperatures of the condenser and the evaporator are 

controlled almost constant with 30 and 20 ℃. It can be noticed that, for the case of 

condenser, the temperature difference between inlet and outlet water becomes almost zero. 

This implies that the condensation and the desorption process may be considered finished 

at the end of the cycle. On the other hand, the temperature difference for the case of 

evaporator reveled quite different; the difference still existed at the end of the cycle. This 

difference can be confirmed from Fig. 6. 9, based on the condensation and evaporation 

heat capacity. Lastly, Fig. 6. 10 and Fig. 11 depict change of regeneration and cooling 

capacity according to the elapsed time. Since the adsorbers undergo sudden switching 

from the high temperature level to the low temperature level, the heat capacity at first 

several seconds of every cycle was greatly high. It can be observed that the cooling 

capacity did not converged to zero even at the end of the cycle, for the same reason 
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provided above.    

 

Fig. 6. 6 Inlet and outlet water temperature profiles of the adsorbers 

Fig. 6. 7 Pressure profiles in each component of the AHP system 

Fig. 6. 8 Inlet and outlet water temperature profiles of the condenser and evaporator 
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Fig. 6. 9 Comparison of condensation and evaporation capacity 

Fig. 6. 10 Change of regeneration capacity according to the elapsed time 

Fig. 6. 11 Change of cooling capacity according to the elapsed time 
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6.3.2 Effect of Cycle Time 

Fig. 6. 12 presents cooling capacity according to the various half cycle time during the 

adsorption process. The cooling capacity tended to decrease as proceeding the adsorption 

process. This is because the driving force which induces the adsorption phenomena was 

reduced as the adsorbent adsorbs water vapor. As the half cycle time becomes longer, the 

difference between the peak cooling capacity and the value at the end of the cycle became 

large. However, the cooling capacity was still obtainable even at the half cycle time 16 

minute due to the large adsorption capacity of the WSS composite. Fig. 6. 12 also 

compares experimentally obtained cooling capacity and the calculated cooling capacity 

by the mathematical model introduced in the chapter 4. In general, the differences 

between the average value of experimental and the calculated cooling capacity were 

around 3 to 8 %. 

 

(a) Half cycle time of 8 min 

 

(a) Half cycle time of 10 min 
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(c) Half cycle time of 12 min 

 

(d) Half cycle time of 14 min 

 

(e) Half cycle time of 16 min 

Fig. 6. 12 Cooling capacity profiles according to the half cycle time 
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Fig. 6. 13 shows the effects of half cycle time on COP and SCP. Both COP and SCP 

are normally used to estimate the performance of AHP systems. As shown in Eq. (6-3), 

COP refers to the balance of the input and output energy, same as other types of cooling 

systems. Meanwhile, SCP represents the attainable cooling capacity based on the unit 

mass of the adsorbent. This implies that how the adsorbent used efficiently in the AHP 

system. As the cycle time increased, the sensible heat loss that occurred when the mode 

was switched from adsorption to desorption accounted for a relatively small portion 

among the entire load. Hence, the COP of the systems employing the adsorbers tended to 

increase when the adsorption time increased. SCP tended to decrease with an increase in 

the half cycle time because the adsorption rate decreased during the adsorption process, 

owing to the reduced adsorption driving force. 

 

 𝑄c = ∫ �̇�w,evap𝑐p,w(𝑇w,i,evap − 𝑇w,o,evpap)𝑑𝑡
𝑡e,ad

𝑡𝑖,𝑎𝑑

 (6-1) 

 𝑄h = ∫ �̇�w,des𝑐p,w(𝑇w,i,des − 𝑇w,o,des)𝑑𝑡
𝑡e,h

𝑡i,h

 (6-2) 

 COP =  ∑ 𝑄c ∑ 𝑄h⁄  (6-3) 

 SCP = ∑ 𝑄c (𝑚𝑎𝑑 ∙ 𝑡cycle)⁄  (6-4) 

 

Fig. 6. 13 Effect of half cycle time on COP and SCP  
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6.3.3 Effect of Regeneration and Chilled Water Temperature 

Fig. 6. 14 and Fig. 6. 15 depict effects of regeneration temperature and heat source 

temperature of SCP and COP. Firstly, the regeneration temperature significantly affected 

the cooling performance of the AHP system. The reason is because the adsorption 

capacity decreases as the regeneration water temperature decreases. That is, the adsorbent 

which finished the desorption process remains less dry condition as supplying 

regeneration water with the lower temperature. The cooling capacity when the 

regeneration temperature is 70 ℃ was about 36 % reduced than that of the case with the 

regeneration water of 80 ℃. Meanwhile, the decrease in the cooling capacity was much 

more severe when applying the regeneration water of 60 ℃.   

The SCP also tended to decrease as lowering the inlet water temperature at the 

evaporator. That is because the temperature of evaporation heat source is strongly 

concerned with the evaporation and adsorption pressure. As the evaporation and the 

adsorption pressure decreases, obtaining chilled water with the lower temperature is 

possible, however, the equilibrium adsorption amount at the corresponding pressure 

decreases at the same time. This eventually results in decrease of the adsorption capacity 

and rate. From the experimental investigation, it was proved that accruing the chilled 

water around 7 ℃ is possible by using AHP system when the regeneration water above 

70 ℃. As presented in Fig.6. 15, COP also decreased as supplying the lower temperature 

heat source. COP was less dependent on the regeneration water temperature because the 

portion of sensible heat loss also decreases as the regeneration water temperature 

decreases.  
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Fig. 6. 14 Effect of regeneration temperature and heat source temperature on SCP 

 

 

 

Fig. 6. 15 Effect of regeneration temperature and heat source temperature on COP 
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6.3.4 Exergy Analysis Based on Experimental Results  

The definition of exergy is known as the maximum amount of achievable work which 

can be provided by the system and certain energy source. Thus it indicates the loss of 

obtainable energy resulted from the generation of entropy in the irreversible system. The 

reference temperature for the exergy analysis is 298.15 K, and all processes are 

considered to be at cyclic steady state [33,34]. Irreversibility of each component and 

exergy efficiency for exergy analysis is calculated based on Eq. (5-16)~(5-20) of chapter 

5. As shown in Fig. 6. 16, the irreversibility tended to increase as the heat source 

temperature rises. The reason for this can be analyzed that the entropy generation 

increased as the heat source temperature increased. In terms of the exergy efficiency (Fig. 

6. 17), the inlet temperature of chilled water affected more than the temperature of 

regeneration water does. Since most of exergy loss occurs from the adsorption and 

desorption process [35] as shown in Fig. 6. 18, which inevitably undergoes large 

temperature change, it is expected to reduce entire irreversibility by applying heat 

recovery. About this statement, Fig. 6. 19 presents simulation analysis on effect of the 

circulate heat recovery on the irreversibility.  

 

  

Fig. 6. 16 Irreversibility according to temperature of regeneration water and chilled water 
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Fig. 6. 17 Exergy efficiency according to temperature of regeneration water and chilled water 

 

 

Fig. 6. 18 Irreversibility of each component according to temperature of chilled water 
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As expected, the irreversibility during the adsorption and desorption process are greatly 

reduced by applying the heat recovery. That is because the temperature jump or drop at 

the beginning of the process becomes moderate due to the recovered heat, without 

inputting any thermal energy outside of the system. The irreversibility also tended to 

decrease as increasing the heat recovery time since its effect is proportional to the duration 

time. The optimized heat recovery time may be decided based on the cooling performance 

of AHP according to the heat recovery time, as shown in Fig. 6 20. 

 

 

Fig. 6. 19 Irreversibility of each component according to heat recovery time 

 

 

Fig. 6. 20 Cooling performance of AHP according to heat recovery time  
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6.4 SUMMARY 

In this chapter, experimental investigation on energy and exergy analysis of AHP 

systems using 1kW-scale system were provided. The WSS composite adsorbent with 20 

wt.% of LiCl is filled between the fins of corrugated aluminum heat exchangers. During 

the experiments, the half cycle time was varied from 8 to 16 minute, the regeneration 

temperature is changed from 60 to 80 ℃, the chilled water temperature is controlled from 

7 to 15 ℃. Followings summarize the major contents of this chapter. 

 

1) The pressure of that of the condenser and the desorption bed increased more rapidly 

compared to the adsorber and evaporator at the beginning of the cycle, due to the 

dependency of mass transfer rate on the adsorbent temperature. 

 

2) The cooling capacity tended to decrease as proceeding the adsorption process due to 

the reduced driving force. As the half cycle time becomes longer, the difference between 

the peak cooling capacity and the value at the end of the cycle became large. It was 

confirmed that the cooling capacity was still obtainable even at the half cycle time 16 

minute due to the large adsorption capacity of the WSS composite. 

 

3) The COP of the systems employing the adsorbers tended to increase when the 

adsorption time increased. That was because the sensible heat loss that occurred when the 

mode was switched from adsorption to desorption accounted for a relatively small portion 

among the entire load. 

 

4) The cooling capacity when the regeneration temperature is 70 ℃ was about 36 % 

reduced than that of the case with the regeneration water of 80 ℃. Meanwhile, the 

decrease in the cooling capacity was much more severe when applying the regeneration 

water of 60 ℃. COP was less dependent on the regeneration water temperature because 

the portion of sensible heat loss also decreases as the regeneration water temperature 

decreases.  

 

5) The SCP tended to decrease as lowering the inlet water temperature at the evaporator, 
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because the equilibrium adsorption amount at the corresponding pressure decreases at the 

same time.  

 

6) The irreversibility tended to increase as the heat source temperature rises since the 

entropy generation increased as the heat source temperature increased. The inlet 

temperature of chilled water affected more than the temperature of regeneration water 

does; the lower irreversibility was observed at the lower chilled water temperature.  

 

7) Since most of exergy loss occurs from the adsorption and desorption process, which 

inevitably undergoes large temperature change, it is expected to reduce entire 

irreversibility by applying heat recovery. 
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7.1 FUTURE RESEARCH TOPICS 

7.1.1 Hybrid Cooling System with AHP and CO2 Compression 

 Since it is a thermally driven system, AHP has the advantage of easily being combined 

with other types of systems. AHP systems are often used in the cascade cooling systems 

with a vapor compression system [1,2]. That is, the evaporator of the AHP system takes 

a role of the condenser of the vapor compression system to reduce energy consumption 

of the compressor by lowering condensation pressure. If the working fluid for the vapor 

compression system is CO2, the application effect is more visible because the combination 

prevents the CO2 cycle from exceeding the critical point. Since both working fluids used 

in two combined systems are natural refrigerant, this kind of system has an advantage of 

environmentally friendly operation. Furthermore, the vapor density of CO2 is 

exceptionally high compared to other working fluids, it has an advantage of reducing 

component size. However, the high pressure level and relatively low COP compared to 

HCFC and HFC refrigerants has been considered as a disadvantage. One of the reason for 

this relatively low cooling performance is high vapor quality of CO2 at the evaporator 

inlet [3].  

 

 

Fig. 7. 1 Schematic diagram of the hybrid system combining CO2 cycle and AHP [4] 
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In recent paper, another form of the hybrid system of AHP with CO2 compression was 

introduced by Gibelhaus et al. [4] to relieve this problem. The suggested system has a 

characteristic that it utilizes the internal heat source rather than bringing external input 

energy. That is, the hot gas from the compressor outlet is used as a heat source of the 

combined AHP system. On the other hand, the cooling capacity of the AHP system cools 

down the gas at the outlet side of the gas cooler. Therefore, the gas at the outlet of the gas 

cooling is cooled again by the AHP cycle before being expanded, resulting in the lower 

vapor quality after the expansion. Fig. 7. 1 describes the schematic diagram of the system, 

and Fig. 7. 2 shows a P-h diagram of the CO2 cycle of the hybrid system.  

Based on this approach, followings seem to worth to conduct more study and research 

for further development. Firstly, the optimization of high level pressure seems to be 

required. The optimization of high pressure transcritical CO2 system has been dealt with 

a lot of reaches [5]. For this hybrid cycle, the effect of AHP according to the high level 

pressure needs to be considered together. That is because the temperature of gas at the 

compressor outlet is greatly changed with respect to the high level pressure, and the 

cooling performance of AHP and vapor quality of CO2 cycle are highly dependent on it. 

Also, optimization of adsorbers is required because the performance of the hybrid system 

is dependent on how AHP consumes the limited heat source effectively.  

 

Fig. 7. 2 P-h diagram of the hybrid system combining CO2 cycle and AHP [4] 
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7.1.2 Combined AHP with Power Generation 

As a part of cogeneration systems, a lot of researches have been conducted by utilizing 

AHP systems [6,7]. Jiang et al. [8] suggested a cogeneration cycle generating electricity 

and chilled water at the same time with one connected resorption cycle. Al-Mousawi et 

al. [9] proposed combined AHP system for cooling system with expander for generating 

electricity. In the proposed system, the pressure of desorption increases as supplying hot 

water around 80 ℃. The expander operates as the pressure difference between the 

desorption and condensation occurs.  

 

Fig. 7. 3 Schematic diagram of (a) basic AHP system (b) combined AHP with power generation 

 

This approach seems to be worth to conduct more research because there can be several 

factors which may affect both cooling performance and electricity generation. Firstly, 

there can be severer performance difference according to the working pairs. Since typical 

AHP systems operate at sub-atmospheric pressure, the  trivial pressure difference of 

these working pairs may be difficult to operate an expander properly. Therefore, 

additional analysis of various working fluids considering thermal and physical properties 

of working fluids seems to be essential for the future research. Secondly, the operating 
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strategy needs to be different since combining two different cycles. For instance, 

controlling vapor flow from the desorption bed to the expander needs to be optimized 

because the expander inlet pressure is inevitably unsteady due to the characteristic of AHP. 

As the inlet pressure gradually decreases, it is expected that the turbine efficiency also 

decreases. This may be relieved by controlling operation strategy such as multi-bed 

operation with a different number of beds undergoing adsorption and desorption process.  
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7.2 GENERAL CONCLUSIONS OF THE THESIS 

Because of increasing concerns about energy saving and environmental issues resulted 

from air-conditioning, AHP has been considered as one of promising solution to relieve 

the problems. Furthermore, recently increasing interest on utilization of waste heat and 

reduced price of solar collectors are good opportunity for AHP systems to be more 

widespread. However, limitations such as expensive initial cost, relatively large system 

volume and low COP compared to other types of cooling system need to be improved. 

Therefore, as a part of effort to overcome these hinderances, this study presented several 

research topics in each chapter and could make conclusions as followings. 

 

In Chapter 1, comprehensive review of various AHP systems was provided. The 

advantages which make AHP system promising were clarified, and disadvantages to 

improve are also pointed out. Various AHP systems, several representative working pairs 

and commercialized AHP units were also introduced. 

 

In Chapter 2, the natural mesoporous material based composite adsorbent impregnated 

with lithium chloride was introduced. The obvious enhancement of the equilibrium 

adsorption amount was obtained by impregnating LiCl into the pure WSS. The maximum 

applicable amount of the lithium chloride for preventing carryover was determined to be 

20 wt.%, based on its pore volume. However, one major concern of applying the 

composite adsorbent is stability. To investigate physical stability after the impregnation, 

the experiments comparing the physical and equilibrium adsorption properties were 

conducted. WSS hardly showed change in physical properties after impregnation and the 

equilibrium adsorption amount also did not changed. Therefore, it was concluded that 

WSS is expected to be utilized as a host matrix of composite adsorbent in terms of both 

enhanced equilibrium adsorption amount and physically stable pore structures.   

 

In Chapter 3, the mass transfer characteristics of water vapor on the coated adsorbent 

layer were studied. The coated type adsorbers have advantage of the better heat transfer 

from the metal of heat exchanger to the coated layer, and the adsorbent can be used more 

effectively. The mass transfer characteristic of the coated layer was dependent on 
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thickness of the layer. Here, the mass transfer was divided into interfacial and internal to 

estimate effect of coated thickness, by using a novel experimental method. The 

experimentally obtained and calculated overall mass transfer coefficients based on the 

LDF model were matched acceptably, implying the applicability of the suggested 

experimental method.  

 

In Chapter 4, the mass and heat transfer characteristics of the filled type adsorbers were 

studied. The mass transfer coefficient of each adsorber was calculated using the LDF 

model considering thermal effects. During the experiments, the adsorbent temperature 

was controlled by adjusting the temperature of the cooling water from 30 to 60 °C. The 

overall heat transfer coefficient was experimentally evaluated by changing the adsorbent 

temperature from 80 to 30 °C to realize the actual working conditions of an AHP. The 

experimentally obtained heat and mass transfer coefficients were substituted into a 

mathematical model for a more accurate and practical estimation of the AHP performance. 

WSS composite material exhibited a COP that was 6–17 % higher than that of the A-type 

silica gel. This indicates the effectiveness of the WSS composite compared with the 

frequently used A-type silica gel. 

 

In Chapter 5, the simulation analysis on the annual cooling performance of the solar 

assisted AHP which WSS composite as an adsorbent was conducted. The analysis was 

based on the mathematical model applying four difference climate conditions (Tokyo, 

Florida, Dubai, Hawaii). An AHP system inevitably undergoes sensible heat loss when 

switching the adsorption and desorption mode. WSS + LiCl 20 wt.% exhibited high 

adsorption capability, which allows the system to be operated with a longer cycle time to 

reduce the heat loss occurs when switching between adsorption and desorption modes. 

Indeed, the average temperature of the regeneration water for the half cycle time of 14 

minutes was about 9.7 ℃ higher than the case of 8 minutes. Thus, WSS+LiCl 20 wt.% 

showed about 14 % of increase in AHP cooling performance as extending the half cycle 

time from 8 minute to 14 minute. The payback periods estimated based on the annual 

energy saving obtained from AHP and the local electricity cost were 6.6 years for Hawaii, 

15.6 years for Dubai, respectively.  
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In Chapter 6, thermodynamic characteristics regarding energy and exergy are analyzed 

based on the experimental data using 1 kW-scale AHP system. The cooling capacity when 

the regeneration temperature is 70 ℃ was about 36 % reduced than that of the case with 

the regeneration water of 80 ℃. Meanwhile, the decrease in the cooling capacity was 

much more severe when applying the regeneration water of 60 ℃. The irreversibility 

tended to increase as the heat source temperature rises since the entropy generation 

increased as the heat source temperature increased. The inlet temperature of chilled water 

affected more than the temperature of regeneration water does; the lower irreversibility 

was observed at the lower chilled water temperature. Since most of exergy loss occurs 

from the adsorption and desorption process, which inevitably undergoes large 

temperature change, it is expected to reduce entire irreversibility by applying heat 

recovery. 

 

In Chapter 7, several future research topics were introduced. Based on the advantage of 

being easily combined with other types of cycles, it seems that various challenges 

regarding hybrids cycles of AHP systems will be possible. It is also expected that system 

characteristics will be quite different from the basic AHP systems for the case of the 

hybrid system with other types of cycles. Therefore, these hybrid cycles will be attractive 

topics as future researches.   

 

To sum up, AHP systems are greatly attractive in terms of saving operating cost and 

reducing emission of greenhouse gas. Although there still hurdles for an AHP system to 

overcome, it is strongly believed that researches in terms of its various aspects throughout 

the world will finally bring us the more developed technology. Furthermore, interest on 

utilization of waste heat, spreading out solar collectors with more reasonable price 

especially from China, price reduction by the mass production of high-performance 

adsorbent are also positive factors for AHP systems to spread out.  

The world has been facing environmental issues during recent decades. As a part of 

effort to solve the problem, the low-carbon air conditioning through AHP systems are 

highly suggested.  
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