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Abstract 
Innovative cooling and power systems combining ORC and chemisorption cycles have been 

studied for the recovery of low-grade heat energy. A comprehensive literature review has 

been carried out summarising the previous reports with various low-grade heat driven 

systems, especially the chemisorption refrigeration and ORC technologies with their features, 

advantages and challenges. 

An ORC-Adsorption (ORC-AD) coupling system has been proposed and thermodynamically 

studied the performance indicators such as net power, refrigeration and thermal efficiency of 

the system. The results demonstrate that the combination of ORC and chemisorption 

technology can effectively improve the utilisation of the low-grade heat.  

In the study, novel chemisorption adsorbents have been developed by adding carbon-coated 

Nickel, Aluminium and Iron (Ni@C, Al@C and Fe@C) into the conventional SrCl2-EG and 

MnCl2-EG. Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray 

spectroscopy (EDX) have been used to observe the surface morphology of the adsorbents, 

while the thermal diffusivity and conductivity are tested by Laser Flash Analysis (LFA). It 

demonstrates a higher thermal conductivity of the novel sorbent. The sorption performance of 

the prepared sorbents has been tested. The results reveal the developed novel chemisorption 

composite that utilising Ni@C can effectively decrease cycle time and enhance the overall 

energy efficiency.  

Based on the experimental results, further system evaluation has been conducted by a 

simulation study. Cogeneration systems including ORC-AD, AD-ORC, ORC-resorption and 

resorption-ORC have been compared to evaluate different integrated cycles. Results show that 

AD-ORC and resorption-ORC have potential advantages over ORC-AD and ORC-resorption. 

Finally, the simulation model using MnCl2-EG-Ni@C as the sorbent has been applied in 

resorption-ORC, showing a large improvement of the system performance. 
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Chapter 1 Introduction 

1.1 Background 

The contradictions between rapid increasing energy demand and environmental depletion 

caused by energy consumption are restricting the development of world economy and rising 

growing global concerns. In recent years, although techniques such as nuclear power and 

hydropower are rapidly developing, the traditional energy supplies of oil, coal and natural gas 

still occupy a dominant role in the energy resource structure. The conventional energy 

supplies generate large amounts of environmental air pollutions such as 

nitrogen/sulphur/carbon oxides (NOx/SOx/COx), particulate matter (PM), volatile organic 

compounds (VOCs), and Green House gases (the most critical emissions including carbon 

dioxides (CO2), nitrous oxides (N2O) and methane (CH4)) [1]. 

The challenge to maintain the balance between energy demand and the environment drives 

scientists to research more on exploiting alternative energy, enhancing energy efficiency and 

reducing the emissions. Kyoto Protocol announced to cut the greenhouse gases emission by 

5.2 % based on statistics in 1990. The effective and efficient use of low-grade thermal energy 

are promising to improve the existed energy system and reduce the release of CO2 and 

alleviate the severe problem of global warming [2]. 

Low-grade heat refers to the energy that bears in the geotherm, solar power, and industrial 

waste heat, of which the temperature is lower than 270 oC. It is also one kind of inexhaustible 

renewable energy that can be obtained from solar energy and terrestrial heat. On the other 

hand, this kind of energy widely exists over chemical plants and power plants but wastes from 

the conventional techniques. Low-grade thermal energy cannot be directly utilised as 

conventional energy resources because it is close to the ambient temperature, and the 

application techniques require more on functional temperature range than old energy 

consumption methods.  

In some circumstances such as in a ship or in a building, it requires the electricity and the 

cooling at the same time with the easy access to wasted heat. Therefore, by building a 

cogeneration system driven by low-grade heat (wasted heat), it is possible to comfort the 

request from the mentioned conditions.  

ORC has been widely recognised as one of the most important technologies recovering low-

grade heat energy sources [3, 4]. It is based on the principle of Rankine Cycle but using the 

organic working fluid to convert low-grade heat to power [5]. Lots of studies have been done 
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relevant to this cycle by experiments or modelling [6, 7]. ORC is a mature technique, which 

means it is hard to improve the cycle performance.  

Apart from ORC, low-grade heat driven sorption system, providing cold to end users, can be 

used to recover waste heat, promote the utilisation of energy cascade and significantly save 

energy due to its relatively low driven temperature [8]. Moreover, the sorption technology can 

also be used in heat pump, heat storage and power generation fields. The adsorption could be 

divided into two types, chemical and physical adsorption. Focusing on the transformation of 

the adsorbents, researchers found the employment of mixed physical and chemical adsorbent 

a superior sorbent as it inherits the high thermal conductivity and the high adsorption amount 

but without suffering from the swelling problem at the same time. Although some 

improvements of the sorption working pairs or apparatus have been done, adsorption 

refrigeration is still in an active researching stage. Other additional materials are attracting 

interests for its desirable properties on heat and mass transfer. They are explored to be mixed 

into the composite sorbents with the hope of further improving the sorption performance.  

It then comes to the idea of integrating ORC with adsorption technology, as ORC could 

convert low-grade heat to electricity while chemisorption could produce refrigeration by low-

grade thermal energy.  The complex coupling system can realise the cascaded utilisation of 

the energy source and produce multiple productions. Eventually, it would improve the whole 

energy efficiency, and reduce waste. 

1.2 Aim and Objectives 

Lots of patents and research reports describe the applications of low-grade thermal energies. 

However, only few authors have studied the ORC-Sorption coupling systems and 

comprehensively compared them in detail. The primary goal of the PhD research project is to 

develop the integrated ORC-chemisorption cogeneration systems recovering the low-grade 

heat, with the expectation to enhance the overall energy efficiency of the low-grade heat and 

comfort the conditions requiring electricity and cooling power at the same time. The 

objectives of the PhD project are: 

• Review existing research works covering low-grade heat utilisation technologies, 

particularly ORC and sorption technologies. The advantages, disadvantages, features, 

and recent development of mentioned cycles are included. 

• Study the thermodynamics of an ORC-Adsorption system to demonstrate that it is 

potential to realise high-efficiency energy consumption by integrating ORC with 

sorption technology. 
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• Develop the novel adsorbents by adding Ni/Al/Fe@C into conventional SrCl2/MnCl2-

EG by an innovative methodology proposed by the author and explore their thermal 

and physical properties. 

• Conduct the experimental investigation of the adsorption system in the laboratory 

using the novel sorbents. Compare and evaluate the adsorption and desorption 

performance results by several representative performance indicators. Collect the 

useful data for later simulations of the cogeneration systems. 

• Compare and study different cooling and power systems to use the low-grade heat by 

integrating ORC and chemisorption cycles. Simulate and calculate to assess the 

behaviours.  

1.3 Structure of the thesis 

This thesis presents the research in the form and order of: 

• Chapter 2: A detailed background study, introducing the technology of thermal driven 

power generation and refrigeration systems by emphasizing ORC and sorption cycles, 

evaluating their features, reviewing the reported applications and performance, and 

concluding the challenges at present to explain the motivation of this PhD project. 

• Chapter 3: Study and demonstrate the feasibility of integrating ORC with the 

adsorption cycle to improve energy efficiency. Analyse the performance of using the 

integrated system in low-grade heat conversion. 

• Chapter 4: Manufacture the conventional composite adsorbents of SrCl2-EG and 

MnCl2-EG with Ni/Al/Fe@C with a developed methodology. Test the surface 

morphology of the novel adsorbents to prove that the innovative methodology is 

useful to improve the uniformity of the sorbent. Test the sorbent thermal diffusivity 

and conductivity to demonstrate the potential of using the novel sorbents to improve 

the heat transfer process in sorption performance. 

• Chapter 5: Experimental investigation on the prepared adsorbents on a set rig. 

Compare the sorption behaviours of the sorbents with different additives, for instance, 

the reaction rate, equilibrium conversion, COP and SCP. Reveal the influence of the 

carbon coated additives. 

• Chapter 6: Simulation study of four different cooling and power models using 

dimensional data of the adsorption unit in Chapter 5. Compare the influence of 

integrating ORC with adsorption or resorption cycles in various ways. Use the data of 

Chapter 5 to fit the adsorption kinetic models of the novel sorbents. Apply the fitted 
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kinetic models into the superior system. Demonstrate the improvement made by the 

cogeneration system using the novel sorbents. 

• Chapter 7: Results summary and future suggestion. 
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Chapter 2 Literature review 
Substituting the conventional energy sources with low-grade heat presents a great potential 

tackling the barrier of contradiction between inefficient energy supply and energy 

consumption [9]. Large amounts of low-grade heat are wasted without systematic and 

scientific utilisation, which could have practical value instead [10-12]. It is not only crucial to 

recover low-grade thermal energies, but also essential to enhance the utilisation efficiency. 

Chapter 2 reviews the technologies of heat-driven power and cooling systems with a focus on 

ORC for power generation and sorption for refrigeration to comfort the conditions 

simultaneously requiring cooling and power. The features of different cycles and previous 

research experiences are reported. At the end of this chapter, the cogeneration systems 

integrating Rankine Cycle with sorption technology to utilise low-grade thermal energy are 

discussed.  

2.1 Heat-driven power generation cycles 

This section mainly summarises the power generation cycles driven by the heat sources such 

as Carnot Cycle, Rankine Cycle, and its variations. Various layouts of ORC are reviewed for 

the power generation systems using the low-grade heat. The advantages and disadvantages are 

concluded along with the research gaps to clarify the motivation of constructing the 

cogeneration system. 

2.1.1 Carnot Cycle 

Carnot Cycle, proposed by Sadi Carnot in 1824, is based on the principle shown in Fig 2.1 (a) 

[13]. Considered to have no heat losses, Carnot Cycle is constructed by two isothermal and 

two adiabatic processes. The process 1-2 presents that the steam is heated reversibly and 

isothermally from saturated liquid to saturated vapour in a boiler. The following process 2-3 

shows that the saturated steam is isentropically expanded in a turbine. After that, the vapour is 

isothermally cooled in the condenser during the process 3-4 and is then isentropically 

compressed in a compressor to the initial state in the period of process 4-1.  

𝜂𝜂𝑡𝑡ℎ,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 = 1 −
𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

 2.1 

Equation 2.1 is the thermal efficiency of the Carnot Cycle, where TL is the controlled 

temperature of the sink during process 3-4 and TH is the temperature of the heat source in 

process 1-2. TL is limited by the cooling medium such as the atmospheric air or a lake, and TH 

is restricted by the maximum temperature that the engine components could withstand. 
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(a) T-s diagram of Carnot Cycle A (b) T-s diagram of Carnot Cycle B 

Figure 2.1 T-s diagram of two Carnot vapour cycles [13] 
 

Carnot Cycle relevant to Fig 2.1 (a) has some drawbacks. For example, achieving the 

reversible isothermal heat transfer requires a very large heat exchanger and a very long 

working time in the reality. Other issues include that the maximum temperature limits the 

thermal efficiency of the cycle, and the turbine also has an issue to deal with the impingement 

from the high moisture steam.  Although the latter problem could be potentially eliminated by 

a working fluid which has a steep saturated vapour line, in process 4-1, it still has other 

problems on precisely operating a condensation process that ends up with perfect quality at 

stage 4 or building a compressor that handles two phases. Fig. 2.1. (b) proposed a mode to 

eliminate some of the mentioned problems by applying a superheating process above the 

critical point. However, this cycle has other challenges such as the isothermal heat transfer at 

various temperatures and the isentropic compression to extremely high pressure. Therefore, it 

is impractical to build the device closely approximating the Carnot cycle. 

Carnot Cycle is the most thermally efficient cycle within two operating temperature limits. 

Moreover, Carnot Cycle is the ideal cycle for heat engines concerning the thermodynamics 

respects. However, Carnot Cycle would never be built in the reality. 

2.1.2 Rankine Cycle and its variations 

Recognised as one of the most popular energy conversion systems, Rankine Cycle mainly 

consists of a pump, a boiler, a turbine and a condenser as shown in Fig. 2.2 (a) [13]. A T-s 

diagram of ORC is presented in Fig 2.2 (b) to explain the working principle of Rankine Cycle. 
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(a) Simple ideal Rankine Cycle (b) T-s diagram of a Rankine Cycle 

Figure 2.2 Simple ideal Rankine Cycle [13] 
 

The working principle of the cycle is described as follows. The liquid phase water is first 

pumped to high pressure through the isentropic pump compression from point 1 to point 2 and 

then flows to the boiler as displayed in Fig. 2.2. In the boiler, it is heated at a constant 

pressure to evaporate with the provided heat source and this results to the superheated steam 

at stage 3. The vapour is then isentropically expanded in the turbine with the output during 

process 3-4. Finally, it is condensed at a fixed pressure to the initial stage of the liquid phase 

through process 4-1. 

However, the Rankine Cycle also suffers from some actual irreversibility, which are caused 

by the fundamental fluid friction and heat losses when the steam works in the cycle. A 

pressure pumped higher than required could alleviate the impact of the pressure drop, while a 

larger heat input could reduce the heat loss. All these result in a lower cycle efficiency than 

that of the theoretical one. 

The advantages of the steam Rankine Cycle are retrieved from the working fluid of water, 

including its high specific heat capacity and broad ranges of variable working conditions. It is 

also environmentally friendly and safe to use. However, the cycle requires a very high driven 

temperature to prevent the exiting of the liquid phase from the boiler. Otherwise, it would 

gradually damage the blades of the turbine, resulting in both reduces of the device lifetime 

and efficiency [14]. In conclusion, it is not suitable to use the steam Rankine Cycle recovering 

the low-grade heat. 

Organic Rankine Cycle (ORC) 
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In a case that an organic working fluid with a lower boiling temperature is applied instead of 

water to recover low-grade heat from solar ponds, biomass plants or geothermal power, the 

cycle is named as the Organic Rankine Cycle (ORC), which has been extensively investigated 

since the 1880s [15].  

The ORC progress is intertwined with the formative of the empirical thermodynamics 

development as Cardwell states in his book [16]. The first commercial application of an 

organic fluid was the 1853 Du Trembley system, where the combined vapours were applied to 

ship propulsion [17]. For the following half century, there were very few applications of 

ORC. In the 1960s, Sundstrand Aviation Corp developed a 600kW ORC using waste heat 

from two 6600kW diesel generating sets [18]. In the 1970s, General Electric (GE) developed 

a 3kW ORC for mobile homes. As of 2015, Ormat Technologies Inc., found in 1964, has built 

more than 3000 ORC units up to 4kW, and approximately 500 modules in the power range of 

1-25 MW, totalling more than 2000MW.   

 
Figure 2.3 A representation of ORC applications fields in the heat source temperature-

power output plane [19] 
 

ORCs are the unrivalled technical solutions for generating electricity from low-medium 

temperature heat sources of limited capacity.  The applications among different heat sources 

are displayed in Fig. 2.3 [19].  

The working fluids for the ORC can be categorised as wet, dry and isentropic, according to 

the fluid state at the exit of the expander. They also have different slopes of the saturation 

curves as indicated in Fig. 2.4 [20]. The slopes of the wet fluids like R717 are negative on the 

saturation line, while the dry fluids such as n-pentane have positive slopes. Besides, the fluid 
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of R134a represents one kind of isentropic working fluids in ORC with vertical/infinite 

slopes. The wet fluid may need additional superheating process to avoid the wet contents as it 

is a mixture of both liquid and vapour phases at the exit of the expansion, which leads to the 

extra costs. 

 
Figure 2.4 Dry, isentropic and wet ORC working fluids [20] 

 
In summary, ORC is one of the most promising technologies to convert low-grade heat into 

useful power. The background study above presents a desirable working temperature range 

covering the range of low-grade heat. The working fluid of ORC should have a lower critical 

temperature than water, which enables the ORC to be driven by the heat source with a 

relatively low temperature. Moreover, it is suggested to use dry or isentropic working fluids in 

an ORC in case of the damage to the expansion device. 

Kalina Cycle 

In 1984, Kalina proposed a cycle named Kalina Cycle as a transformation of the ORC [21], 

requiring an additional separator as presented in Fig 2.5 [20]. This cycle uses the mixture of 

ammonia-water as the working fluid, enabling a better exergy utilisation in the condition of 

various heat source temperature than that of a pure working fluid ORC [22].  

The working principle of Kalina Cycle could be described as follows. The ammonia in the 

binary working fluid initially evaporates, and then water begins the phase change from liquid 

to vapour during the heating process. The two-step phase change results in a process that is 

not isothermal or isobaric, and the cooling process follows in a similar way.  
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Therefore, the overall heat losses in the Kalina Cycle is reduced, and the temperature of the 

working fluid can be very close to that of the heat source. It also explains the superiority of 

the Kalina Cycle, considering the features of the ORC [22-24]. 

 
Figure 2.5 Illustration of the Kalina Cycle [20] 

 
Many studies have been done to explore the performance of Kalina Cycle. According to the 

theoretical analysis in the report, with the 532℃ heat source, the first law efficiency of this 

cycle is 32.86%, about 20% higher than that of the Rankine Cycle, and the second law 

efficiency is 70.03%, around 50% higher [21]. In 1999, the Kalina Cycle was commercially 

constructed for the first time in Husavik, Iceland, using the geothermal energy [25]. It was 

designed to generate power of 2MW using the heat source of 124℃, remaining the 

geothermal water at 80℃ for district heating. A thermodynamic analysis was conducted to 

assess the recovery of the waste heat from two engines, using the Kalina Cycle and ORC to 

present the comparison [24]. In this study, the ORC fits better in the medium temperature 

range and requires lower maximum pressure to generate the same power with which the 

Kalina Cycle supplies.  

Through the theoretical and experimental explorations, the Kalina Cycle is proved to be an 

effective cycle to convert low-grade heat into mechanical power, and it is potential for the 

Kalina Cycle to recovery broader temperature range by adjusting the concentration of the 
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working fluid. However, it requires more precise controlling strategies and more components 

compared to ORC, leading to a higher construction cost and more complex structure. 

Goswami Cycle 

 
Figure 2.6 Schematic diagram of the Goswami Cycle [26] 

 
Also using the ammonia-water mixture, the Goswami Cycle is a combination of the Rankine 

Cycle and absorption refrigeration as illustrated in Fig 2.6 [26]. Similar with Kalina Cycle, 

this cycle takes the same advantages from the binary fluid, but it has an added heat exchanger 

at the exit of the expander to produce the cold. Goswami Cycle can generate both mechanical 

power and cooling effect in a loop [27-29]. When the heat source is in the range of 47℃ to 

187℃, the absorber achieved its highest exergy, while with a heat source temperature higher 

than 187℃, the rectifier has a highest exergy loss [30]. At a temperature of 147℃, a 

maximum value of the second law efficiency was retrieved at 65.8% [28]. However, due to 

the system design, the Goswami Cycle still has the disadvantages of low refrigeration 

efficiency, only about 1.2% [30]. 

From the reviews above, although the Goswami Cycle produces mechanical power and 

refrigeration simultaneously, the low efficiency of the refrigeration production seriously 

restrains the technology to be widely applied. 
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2.1.3 Different layouts of ORC systems 

Types of ORC include Basic ORC (BORC), single stage regenerative ORC (SRORC), double 

stage regenerative ORC (DRORC), reheat ORC (RORC), ORC with recuperator and dual 

loop ORC (DLORC). 

 
(a) Configuration of the cycle (b) T-s diagram 

Figure 2.7 SROC [31] 
 

In SRORC, some fractions of the vapour are leaded into the feedwater heater, when they are 

between the two stages in the expander as shown in Fig 2.7 [31]. The regenerator reduces the 

heat consumption of the boiler and thus, it enhances the thermal efficiency [32]. Like 

SRORC, DRORC in Fig 2.8 has one more extraction in the expander, which improves the 

thermal efficiency of the system by further deceasing the load of the evaporator [31, 32]. 

 
(a) Configuration of the cycle (b) T-s diagram 

Figure 2.8 DRORC [31] 
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Fig 2.9 shows the system of RORC [32], in which, the outlet vapour of the first evaporator re-

enters the boiler and is reheated to enter the second evaporator. In this way, the moisture of 

the steam can be eliminated in the final expansion and protect the blades of the expander. 

  
(a) Configuration of the cycle (b) T-s diagram 

Figure 2.9 RORC [32] 
 

Fig 2.10 presents ORC with an extra recuperator, compared with the BORC [32]. In this 

system, the working fluid at a high temperature out of turbine enters an internal heat 

exchanger (IHX) and exchanges the heat with the working fluid at a low temperature out of 

the pump. Thus, the thermal efficiency is improved by this heat recovery process. 

  
(a) Configuration of the cycle (b) T-s diagram 

Figure 2.10 ORC with a recuperator [32] 
 

Fig 2.11 is the system of DLORC, in which, the high temperature loop recovers the waste 

heat of engine exhaust and the low temperature loop uses the heat of the jacket water and the 
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working fluid in the high temperature loop after expansion [33]. This system is suitable to 

recover a couple of heat sources at the same time. The overall efficiency of the engine with 

this cycle is enhanced by nearly 14.4 %, due to the decrease of the heat released to the 

environment [33]. 

 
(a) T-s diagram of DLORC 

 
(b) System configuration 

Figure 2.11 DLORC [33] 
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Nazari et al. [34] proposed a combined steam-ORC system for recovering the waste heat of a 

gas turbine as presented in Fig 2.12. Results showed a maximum exergy efficiency of 57.62 

% and a minimum product cost rate of 396.7 $/h.  

 
(a) System configuration 

 
(b) T-s diagram 

Figure 2.12 Steam-ORC system [34] 
 

Likewise, Shu et al. [35] explored a novel transcritical cascade-ORC system as presented in 

Fig 2.13, to realise the multi-grade heat recovery for a heavy-duty engine. The waste heat of 

the engine included the charge air (CA), jacket water (JW), exhaust gas (EG), and exhaust gas 

recirculation (EGR). The design and arrangement of the heat exchanging processes were 

based on the heat grade of the various heat sources. The rankings of the alternate fluids based 

on the performance were: toluene > decane > cyclohexane > D4 and R143a > R125 > R218 > 

R41, for the high temperature loop and low temperature loop, respectively. The result showed 

a largest efficiency increment of the original engine up to 16.0%. 
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(a) System configuration 

 
(b) T-s diagram 

Figure 2.13 Transcritical cascade-ORC system [35] 
 

Among these configurations, ORC with IHX and DLORC are preferable. SRORC and 

DRORC are quite complex in their configurations. The effort to verify the stages of the 

working fluid and send them to another pump is a relatively high requirement. Moreover, 

RORC needs to send the expanded working fluid into the evaporator again, costing another 

expander and special design of the evaporator. Among all configurations of ORC in recent 

scientific research, ORC with IHX or DLORC are the two superior layouts, as they are 

amended in a reasonable way and still in a simple structure. For ORC with IHX, it is easy to 

modify the existed system with simple changes of the pipes and adding one IHX. For 

DLORC, it makes sense in most cases where two low-grade heat sources are produced.  
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Except for the system configurations, selecting the working fluid is also a crucial issue in the 

ORC application field. By comparing the flow rate, pressure ratio, flammability, system 

efficiency, irreversibility, toxicity, global warming potential (GWP) and ozone depletion 

potential (ODP), Tchanche et al. [36] evaluated 20 different working fluids for the solar ORC 

from their thermodynamic and environmental characteristics. Chen at al. [23] assessed 35 

various fluids on a supercritical Rankin Cycle and an ORC to find out the influence of their 

properties such as the density, specific heat, latent heat and the effectiveness of superheating. 

A study of the fluid selection for a geothermal ORC system was based on the exergy analysis, 

which indicated that the working fluid with a high critical temperature, for example, 

isopentane, is more favourable in series circuits [37]. When a heat source is under 450 K or in 

parallel circuits, however, the working fluid with a low critical temperature is more suitable, 

such as R227a. An investigation on a small scale solar ORC system indicated that R600 and 

R600a are the optimal working fluids among the six candidates, in the temperature range 70℃ 

to 120℃, by the first and second law analysis [14]. Wei et al. [38] studied the performance of 

ORC using R245fa as the working fluid and hot gas as the heat source. The result discovered 

that the net power and the efficiency of the cycle could deteriorate with a high ambient 

temperature. 

Although it is worthy of applying ORC into the low-grade heat conversion field, the potential 

enhancement of this single technology is limited by its long research history and the mature 

development condition. Integrating ORC with other available thermal cycles attracts 

increasing interests from scientists who dedicate themselves to seek solutions for the low-

grade heat efficiency. 

2.2 Heat-driven solid-gas sorption refrigeration 

Despite the application of low-grade heat on power generation field, refrigeration is another 

kind of possible conversion for low-grade heat.  

Solid-gas sorption refrigeration systems, producing cold for end users by reusing industrial 

waste heat, solar energy, soil heat, emissions from engine and other kinds of low-grade 

thermal energy. They have been wide-ranged advanced for controlling the environment 

degradation and developing cascaded utilization of heat in the past few decades [39-46]. 

Moreover, solid gas sorption is considered to have more advantages than conventional 

refrigeration systems. It can be driven by low-grade heat, applying environmentally friendly 

refrigerants like water, methanol, ammonia, and hydrogen, and therefore, it possesses more 

possibilities on energy saving and causes zero ozone depletion potential (ODP) as well as zero 

global warming potential (GWP) [47].  
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Except for the solid-gas sorption technologies, the liquid-gas absorption is also one type of 

the refrigeration systems but has some challenges for application. For example, the liquid-gas 

absorption takes a narrower working temperature range along with the problem of the 

corrosion on the device or the crystallisation of the solution.  

Besides, solid-gas systems have many advantages to be applied in low-grade heat conversion. 

For instance, they are extremely simple, reliable and flexible as they do not virtually have the 

moving components, so they are suitable for more locations. For instance, they can work for 

ice-making or air-conditioning on a fishing boat or automobile by using waste gases from the 

engine [48]. Moreover, for a larger scale like space heating and cooling of a building, thermal 

lift and deep-freezing, the solid-gas sorption refrigeration is also capable. 

The principle of the solid-gas sorption will be explained in Section 2.2. Besides, the 

adsorption mechanism and thermodynamic characteristics of physical, chemical and 

composite adsorption will be introduced. At the end of Section 2.2, the previous explorations 

of the sorbent material will be reported. 

2.2.1 The principle of the solid-gas sorption 

The basic sorption refrigeration system consists of the adsorption bed and the 

condenser/evaporator, as the schematic diagram shows in Fig. 2.14 [49].  

 

 

Figure 2.14 Schematic diagram of the basic solid-gas sorption refrigeration cycle [50] 
 

The basic solid-gas sorption has two main working processes: heating-desorption and 

cooling-adsorption. At the stage of decomposition, the sorbent bed is heated to desorb the gas, 
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which would be condensed into the liquid phase in the condenser. This process releases the 

condensation heat to the ambient and stores the liquid refrigerant. At the stage of synthesis, 

the adsorbent in the reaction bed adsorbs the gas, causing the evaporation on the other side. 

The condenser in the last process thus works as an evaporator instead during this period, 

producing the cooling effect because of the latent heat. In this process, the adsorption heat is 

also retrieved from the reaction bed. 

There are three most considered refrigerants in the adsorption system, including water, 

ammonia and methanol. The selection of the refrigerants is decided by different applications 

such as the temperature range and power output. Table 2.1 lists their physical properties [20]. 

The comparison of these three most popular refrigerants is listed in Table 2.2 [20]. 

 
Table 2.1 Physical properties of the most common refrigerants [20] 
 

Water is generally regarded as one ideal refrigerant for its high latent heat and non-toxic. It 

works with zeolite or silica gel. Nevertheless, water is not suitable for a condition where the 

temperature is lower than zero Celcius. When the evaporating pressure is low, the mass 

transfer is limited. Thus, it slows the reaction speed and leads to low specific cooling power 

(SCP).  

Ammonia is also a kind of common refrigerant. It has a faster adsorption process than that of 

water or methanol due to the high evaporating pressure (around 8 bars at 30℃). Besides, 

ammonia is friendly to the environment. However, the latent heat of ammonia is nearly half of 

that of water. Moreover, by the method of the secured gas tightness, the drawback of 

irritation, when high concentration ammonia is exposed to the ambient, could be solved. 

Methanol is the third refrigerant mentioned in Table 2.1 [20]. It has the excellent property for 

the physical adsorption systems as its one of the smallest and simplest organic molecules. 
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However, it is unstable at a temperature that is higher than 120℃, and it reacts with copper at 

a high temperature.  

 
Table 2.2 Comparison between water, ammonia and methanol [20] 
 

The performance of the sorption technology is mainly decided by three aspects: the sorption 

working pair [51-61], heat and mass transfer in the adsorbent bed [62-66], and the 

thermodynamic cycle of the sorption [67-72]. The working pairs of the gas-solid sorption will 

be introduced in Section 2.2.2. 

The improvement of the solid-gas sorption system could be made by the modification of the 

heat exchanger, as the heating-desorption and cooling-adsorption process are always 

accompanied with huge amounts of heat rejected or absorbed [73, 74]. It determines the 
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research desire to optimise the heat and mass transfer in the reactor-heat exchanger. One 

common method is to enlarge the surface area of the heat exchanger. Several categories of 

heat exchangers have been studied: finned-tube heat exchanger [75], fixed heat exchanger 

[62], fluidised heat exchanger [76], spiral plate heat exchanger [77], multi-compartment heat 

exchanger [78], and so on. Moreover, to advance the heat transfer between the adsorption bed 

and the thermal fluids, the heat-pipe thermal controls were proposed and researched to be 

integrated with solid-gas sorption refrigerators [79-82]. Some representatives include the 

conventional thermosiphon heat-pipe thermal control [83], split heat-pipe thermal control 

[84], double heat-pipe thermal control [85], gravity heat-pipe thermal control [86], sorption 

heat-pipe thermal control [79], ejector heat-pipe thermal control with falling film evaporation 

[87]. This development resulted in smaller heat exchanger areas with high heat transfer 

coefficients, which enables the high flexibility for the heat exchanger to be implemented in 

solid-gas reactors. Thus, the heat-pipe control proves itself to be an effective thermal control 

technology to enhance the heat exchanger, and also advances the reliability of machines on 

the solid-gas sorption refrigeration aspect [83]. 

Besides, many researchers have started the exploration work of the thermodynamic cycle to 

enhance the sorption technology since the 1980s. The primary intermittent thermodynamic 

cycle was widely utilised in the single-bed solid sorption at the initial stage. In the single-bed 

sorption, the sorption bed is connected to a condenser and an evaporator alternatively due to a 

different process. The nature drawback of the intermittent working leads to discontinuous cold 

production. Two-bed sorption refrigeration systems, therefore, provide one solution to 

overcome this obvious disadvantage by interchanging the operating modes of two sorption 

beds in one cycle to produce cooling continuously. Other advanced cycles like heat recovery 

sorption cycle, mass recovery sorption cycle, mass and heat recovery sorption cycle, 

double/multi-effect sorption cycle, combined double-way sorption cycle, double-effect and 

double-way sorption cycle, two/multi-stage sorption cycle were also proposed and 

investigated with the intention to improve the solid-gas sorption refrigeration performance 

[88, 89]. 

The coefficient of performance (COP) is a key parameter to assess the working performance 

of a sorption refrigeration cycle. It can be defined as Equation 2.4. According to the equation, 

COP grows with the increase of the evaporated mass of the refrigerant ∆xevap, or the decrease 

of the heat consumption ∑mCp∆T. Therefore, three types of the sorption refrigeration cycles 

were developed: reducing the heat consumption by heat recovery process, improving the 
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cycled refrigerant mass by mass recovery process, and widening the temperature range by 

lowering the regeneration temperature of the adsorbents. 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑄𝑄𝑐𝑐𝐶𝐶𝑐𝑐𝑐𝑐
𝑄𝑄𝑖𝑖𝐶𝐶

=
𝐻𝐻𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝 ∙ ∆𝑥𝑥𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝

𝐻𝐻𝑐𝑐𝑒𝑒 ∙ ∆𝑥𝑥𝑐𝑐𝑒𝑒 + ∑𝑚𝑚𝐶𝐶𝑝𝑝∆𝑇𝑇
 

2.2 

Fig. 2.15 is the classification of the different solid-gas sorption refrigeration cycles [50]. 

 
Figure 2.15 Classification of different solid-gas sorption refrigeration cycles [50] 
 

 

2.2.2 Physical, chemical and composite sorption 

Regarding the driven force during the adsorption process, the solid-gas sorption can be 

classified into two categories: physical sorption and thermochemical sorption [90].  

Physical sorption 

Physical sorption occurs on the surface of sorbent and is not relative with the solid skeleton 

itself. The principle of the physical sorption is based on the Van der Waals force between the 

sorbent and the refrigerant, as shown in Fig. 2.16 [50]. For the physical sorption process, the 

adsorption heat is nearly equal to the condensation heat.  

Solid-gas physical sorption cycle is a bivariant process. It works ranging from the 0% 

equilibrium line to the 100% equilibrium line during both heating and cooling phases. 

Furthermore, the working temperature and pressure of the physical sorption are not of one 

variable functional equation and the processes can occur whenever the operating temperature 
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and working pressure are within the working region (0% equilibrium line to 100% 

equilibrium line). Theoretically, the sorption capacity of the adsorbent in the physical sorption 

is decided by both the temperature and pressure variables.  

The activated carbon (AC), zeolite, silica gel and the graphite are common adsorbents in the 

physical adsorption area.  

 

Figure 2.16 Working principle of physical sorption refrigeration cycle [50] 
 

Chemical sorption 

Different from physical sorption refrigeration, thermochemical sorption occurs with chemical 

changes. The working principle of chemical sorption is based on the reversible chemical 

reaction process as shown in Fig. 2.17 [50]. 

Chemisorption is a mono-variant process. The working temperature and pressure are of one 

variable functional equation, and this sorption works right on the solid-gas equilibrium line. 

Once the working pressure/temperature is not the equilibrium pressure/temperature, there 

occur chemical changes between the sorbent and the refrigerant. For the chemical reaction, 

only the equilibrium drop drives the solid-gas thermochemical sorption refrigeration cycle. 

Based on the different interaction force of the molecules, for example, complexation, 

coordination, hydrogenation and oxidisation, chemical adsorption has many working pairs, 
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including metal chloride-ammonia [91], metal hydride-hydrogen [92], and metal oxide-

oxygen. 

 

 
Figure 2.17 Working principle of thermochemical sorption refrigeration cycle [50] 
 

Among them, Metal Chlorides-Ammonia (MaClb-NH3) and Metal Hydrides-Hydrogen (MHn-

H2) are more commonly used, Equation 2.3 and Equation 2.4 respectively present their 

reactions. The metal chlorides can form more than one complex with ammonia as the 

equations indicated. ∆𝐻𝐻𝐶𝐶 is the molar enthalpy for the chemical reaction, which is also the 

required heat to desorb the refrigerant of ammonia. At the starts of the reaction, the adsorption 

and desorption are very quick. 

𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏 + 𝑐𝑐𝑁𝑁𝐻𝐻3 ↔𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏(𝑁𝑁𝐻𝐻3)𝑐𝑐 + 𝑐𝑐∆𝐻𝐻𝐶𝐶 2.3 (a) 

𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏(𝑁𝑁𝐻𝐻3)𝑐𝑐 + (𝑑𝑑 − 𝑐𝑐)𝑁𝑁𝐻𝐻3 ↔𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏(𝑁𝑁𝐻𝐻3)𝑐𝑐 + (𝑑𝑑 − 𝑐𝑐)∆𝐻𝐻𝐶𝐶 2.3 (b) 

𝑀𝑀𝐻𝐻𝐶𝐶 + 𝑚𝑚𝐻𝐻2 ↔𝑀𝑀𝐻𝐻𝐶𝐶 ∙ 𝑚𝑚𝐻𝐻2 + 𝑚𝑚∆𝐻𝐻𝐶𝐶 2.4 

Different from the metal chlorides using the latent heat of the ammonia to produce 

refrigeration, the metal hydrides use the endothermic reaction heat during the decomposition 

of the compound MHn∙mH2. Because hydrogen is flammable and combustible, and the 
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manufacturing cost of the metal hydrides is high, this working pair is mainly applied in 

cryogenic or high-temperature heat pumps [93].  

Salt ∆𝐻𝐻 (𝐽𝐽 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1) ∆𝑆𝑆 (𝐽𝐽 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1 ∙ 𝐾𝐾−1) m n Mr (𝑔𝑔 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1) 

NH4Cl 3/0 29,433 207.9 3 0 53.4 

KI 4/0 32,015 219.8 4 0 166 

LiBr 5/4 33,689 225.9 1 4 86.8 

PbCl2 8/3.25 34,317 223.6 4.75 3.25 278 

NaBr 5.25/0 35,363 225.2 5.25 0 102.9 

CaI2 8/6 35,991 229.3 2 6 293.8 

LiCl 4/3 36,828 224.6 1 3 42.3 

PbBr2 5.5/3 37,665 229.4 1 2 367 

BaCl2 8/2 38,250 232.4 8 0 208.2 

PbCl2 3.25/2 39,339 230.1 1.25 2 278 

PbBr2 3/2 39,758 229.4 1 2 367 

PbI2 5/2 40,595 229.1 3 2 461 

CaCl2 8/4 41,013 230.1 4 4 110.8 

NaI 4.5/0 39,339 224.5 4.5 0 149.9 

BaBr2 8/4 41,850 229.8 4 4 297.1 

SrCl2 8/1 41,432 228.6 7 1 158.4 

CaCl2 4/2 42,269 229.7 2 2 110.8 

BaBr2 8/4 42,687 230.7 2 2 297.1 

LiCl 3/2 44,780 229.8 1 2 42.3 

SrBr2 8/2 45,617 229.3 6 2 247.4 

BaI2 6/4 46,454 231.6 2 4 391.1 

BaI2 4/2 47,291 230.3 2 2 391.1 

MnCl2 6/2 47,416 227.9 4 2 125.7 

LiCl 2/1 48,128 230.6 1 1 42.3 

CaBr2 6/2 48,965 230.4 4 2 199.8 

ZnCl2 4/2 49,467 230.0 2 2 136.2 

FeCl2 6/2 51,266 227.8 4 2 126.6 

SrI2 6/2 52,731 230.5 4 2 341.4 

MnBr2 6/2 53,066 228.3 4 2 214.7 

CoCl2 6/2 53,987 227.9 4 2 94.3 

MgCl2 6/2 55,661 230.4 4 2 95.1 

FeBr2 6/2 55,828 228.1 4 2 215.6 

BaI2 2/0 56,079 235.0 2 0 391.1 

CaI2 6/2 58,590 231.0 4 2 293.8 
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CoBr2 6/2 58,590 227.5 4 2 218.7 

NiCl2 6/2 59,218 227.6 4 2 129.5 

MnI2 6/2 59,301 227.4 4 2 308.7 

FeI2 6/2 60,683 227.5 4 2 309.6 

MgBr2 6/2 63,612 230.2 4 2 184.1 

NiBr2 6/2 64,240 227.2 4 2 218.5 

NiI2 6/2 65,453 224.1 4 2 312.5 

Reversible: 𝑆𝑆𝑚𝑚𝐶𝐶𝑆𝑆𝑑𝑑 ∙ (𝑛𝑛 + 𝑚𝑚)𝑁𝑁𝐻𝐻3 + ∆𝐻𝐻 ↔ 𝑆𝑆𝑚𝑚𝐶𝐶𝑆𝑆𝑑𝑑 ∙ 𝑛𝑛𝑁𝑁𝐻𝐻3 + 𝑚𝑚𝑁𝑁𝐻𝐻3 (𝑔𝑔𝑔𝑔𝑔𝑔) 
Table 2.3 Thermodynamic reaction values of common metal chloride/bromide/iodide-

ammonia sorption pairs [94] 
 

The thermodynamic reaction values of common metal chloride/bromide/iodide-ammonia 

sorption pairs are presented in Table. 2.3 [94]. The chemical adsorbents have large adsorption 

capacities. Different adsorption working pairs show different performances. For instance, -40 

ºC to -10 ºC is the lowest refrigeration temperature for the working pairs of metal chloride-

ammonia, whereas the lowest refrigeration temperature for the working pairs of metal oxide-

oxygen is -30 ºC to 0 ºC. 

The following criteria were proposed by Lebrun et al.  [95] for the selection of working pairs: 

the investment including the price of the adsorbents and the generator and the performances 

such as the temperature of the refrigeration, the cooling quantity of per kilogram adsorbents, 

and the total mass of the adsorbent. Also, the comprehensive consideration of both like the 

refrigeration quantity per unit mass of the total system and per unit heat transfer area or the 

change of the temperature per unit area of the heat exchangers is of importance. Regarding the 

criteria as mentioned earlier, the International Institute of Refrigeration has designated the 

metal chloride-ammonia as the substitution of chlorofluorocarbons (CFCs) and 

hydrochlorofluorocarbons (HCFCs) among all the working pairs of chemical adsorption 

refrigeration [96]. The working pair of metal chloride-ammonia has far higher adsorption 

refrigeration capacity than that of the metal hydride-hydrogen and also a far lower price than 

that of the metal hydride, proving itself to be the advanced working pair for this technology. 

Resorption 

Based on the chemical sorption, a special example, resorption refrigeration cycle, evolves [97-

102]. It replaces the refrigerant container by a second sorbent reactor, and the latter reactor 

consumes the decomposition heat at a lower temperature with a different sorbent to produce 

the useful cold as shown in Fig. 2.18 [50]. At the beginning of the 1990s, the concept of 

resorption was first used into refrigeration [99]. A thermochemical working pair of NiCl2-
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BaCl2 was used, and the influence of external temperature for the resorption speed was 

simulated in this study.  

 
 

Figure 2.18 Schematic diagram of thermochemical solid-gas resorption cooling [50] 

The resorption cycle reaches a higher cooling capacity than the conventional thermochemical 

sorption refrigeration process, as the reaction heat of the salt is usually higher than the 

vaporisation heat of the liquid for the same amount of refrigerant consumption. Therefore, the 

former cycle can theoretically achieve a higher coefficient of performance (COP). Moreover, 

the resorption system contains no liquid refrigerants in the devices, which enables this 

technology to be applied in vibration conditions such as on the vehicles.  

Despite the advantage aforementioned, the low driving pressure drop constraints the 

resorption cycle with the low chemical reaction rate and the long cycle time [103]. MnCl2 and 

SrCl2 are explored in the following chapters as they have been proven to be one of the optimal 

pairs in the resorption refrigeration, theoretically. 

Composite sorption 

The disadvantage for the basic solid-gas sorption refrigeration, whether the physical or the 

chemical sorption cycle, is the low working performance. The coefficient of performance 

(COP) is usually too low to be commercially competitive, and this challenge pushes the 

researches to enhance the solid-gas sorption refrigeration technology [104]. This low 

efficiency is mainly caused by the conglomeration and aggregation phenomenon in the 

sorbents, during the manufacturing or sorption cycles. 

The composite sorbent  is constructed of porous matrixes (Some common porous matrices: 

expanded graphite [48, 105, 106], carbon fibres [107-109], activated carbon [110-112], silica 

gel [113-115]) and chemical sorbents. It is fabricated to enhance the heat transfer and mass 

transfer process of the sorption. The high thermal conductivity of some porous materials 

provides superior heat transfer of sorbent while the porosity ensures enough permeability for 

the mass transfer in the sorbent. Moreover, due to the component of the chemical salt, the 



28 
 

composite sorbent has the advantage of huge adsorption capacity. Table 2.4 is a summary of 

the working pairs applied in solid-gas sorption [50]. 

Solid-gas sorption working 
pairs  

Heat source 
temperature 

Remarks (application, main advantages and 
disadvantages) 

Ph
ys

ic
al

 so
rp

tio
n 

w
or

ki
ng

 p
ai

rs
 

Silica gel-water 60-85℃ 

Application for solid-gas sorption air-conditioning. 
Advantages: high latent heat of vaporization of water, 
suitable for solar-powered cooling systems and desiccant 
cooling systems, the reutilization of low-temperature 
waste heat. 
Disadvantages: unsuitable for the refrigeration 
application below 0 ℃，vacuum system and it is very 
sensitive to the leakage risk. 

Zeolite-water (The 
common kinds of 

zeolite include 
zeolite 13X and 

zeolite 4A) 

>150-
200℃ 

 Application for solid-gas sorption air-conditioning. 
Advantages: high latent heat of vaporization of water, 
suitable for the reutilization of high-temperature exhaust 
gas and desiccant cooling systems. 
Disadvantages: only used for the refrigeration higher 
than 0℃, high desorption temperature. 

Activated 
carbon/activated 

carbon fiber-
methanol 

80-110℃ 

Application for air-conditioning, refrigeration, ice-
making. 
Advantages: large sorption capacity, low adsorption 
heat, suitable for solar-powered refrigeration systems. 
Disadvantages: low latent heat of vaporization of 
methanol, unsuitable for heat source temperatures higher 
than 120℃. 

Activated 
carbon/activated 

carbon fiber-
ammonia 

>130-
150℃ 

Application for air-conditioning, refrigeration, ice-
making. 
Advantages: good mass transfer, relative high latent heat 
of vaporization of ammonia, wide range of heat source 
temperatures. 
Disadvantages: toxicity, the incompatibility with copper 
used in heat exchanger. 

Activated 
carbon/activated 

carbon fiber-134a 
>90-100℃ 

Application for air-conditioning, refrigeration, ice-
making. 
Advantages: good mass transfer, wide range of heat 
source temperatures. 
Disadvantages: low sorption capacity and cooling power 
per mass unit, low latent heat of vaporization of 
refrigerant, relative high GWP value. 

C
he

m
ic

al
 so
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tio

n 
w
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 Metal chloride 
(calcium, barium, 
strontium, nickel 

chloride, etc.) 
/bromide/iodide-

ammonia 

>50-350℃ 

Application for air-conditioning, refrigeration, ice-
making, deep-freezing. 
Advantages: high sorption capacity per mass if sorbent, 
wider range of heat source temperatures, suitable for 
refrigeration and heat transformer. 
Disadvantages: the swelling and agglomeration of salt, 
poor heat and mass transfer, reduction in the sorption 
capacity after many cycles. 

Metal oxides 
(calcium oxide, lead 
oxide, magnesium 

oxide, titanium 
oxide, etc.)-

oxygen/water/carbon 
dioxide 

>150-
1000℃ 

Application for refrigeration, cryogenic, high-
temperature heat pump. 
Advantages: high sorption capacity, wider range of heat 
source temperatures, suitable for cryogenic conditions 
and high-temperature heat pump. 
Disadvantages: the swelling and agglomeration of salt, 
poor heat and mass transfer, reduction in sorption 



29 
 

capacity after many cycles, unsuitable for low-
temperature heat source due to their high desorption 
temperatures. 

Metal hydrides 
(advanced porous 

metal hydrides and 
the misch metal 

matrix alloys 
containing Ni, Fe, 
La, Al, H, etc.)-

hydrogen 

>110-
400℃ 

Application for air-conditioning, refrigeration, deep-
freezing, heat pump. 
Advantages: fast sorption kinetics, high reaction heat for 
heat pump, high packed density, wider range of heat 
source temperatures. 
Disadvantages: low specific cooling power per mass of 
sorbent, the swelling and agglomeration of salt, poor 
thermal conductivity after many cycles. 

C
om

po
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rp
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n 
w
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ki

ng
 p

ai
rs

 Silica gel/metal 
chlorides (lithium 

chloride and calcium 
chloride, etc.)-water 

60-85℃ 

Application for solid-gas sorption air-conditioning. 
Advantages: high sorption capacity per mass if 
composite sorbent high latent heat of vaporization of 
water, suitable for solar-powered cooling systems and 
desiccant cooling systems. 
Disadvantages: only used for the refrigeration higher 
than 0℃, poor heat transfer of composite sorbent, and the 
risk of salt solution leakage from composite sorbent. 

Metal 
chlorides/porous 
matrix (activated 
carbon, expanded 
graphite, activated 

carbon fibers, 
vermiculite, metallic 

foams, etc.)-
ammonia 

>50-350℃ 

Application for air-conditioning, refrigeration, ice-
making, deep-freezing, heat pump, heat transformer. 
Advantages: high sorption capacity per mass if 
composite sorbent, good heat and mass transfer of 
composite sorbent, wider range of heat source 
temperatures. 
Disadvantages: the complex fabrication of composite 
sorbent using mixture or impregnation and consolidation, 
the incompatibility with the conventional material of 
copper used in heat exchanger. 

Table 2.4 A summary of conventional working pairs for solid-gas sorption refrigeration [50] 

2.2.3 Studies on the composite materials 

The activated carbon, active carbon fibre, silica gel, graphite and the expanded graphite are 

the main employed porous matrixes in producing composite adsorbents.  

Activated Carbon (AC): 

The purpose of using the activated carbon as a matrix is to utilise the rich micropore structure 

of the activated carbon which enhances the mass transfer performance. Wood, peat, coal, 

fossil oil, charcoal, bone, coconut shell and nut stone are always the resource of the activated 

carbon.  

The modern manufacturing processes of AC include the carbonization and activation to obtain 

the desired porous structure and mechanical strength [116]. The measured sections of white 

oak (Quercus alba) are cut from a block to accurately provide a flat area that is perpendicular 

to the growing direction [116]. For the acid-treated AC, the samples are then treated with the 

phosphoric acid solution for an hour at the ambient temperature for the penetration of the 

wood structure. After that, the mixture needs to be heated for over two hours at the 

temperature of 170 oC and the pressure of atmospheric level, under the flowing nitrogen. It 



30 
 

will be held for half an hour and retreated at the temperature of 200 oC to 650 oC. At the end 

of the second heating process, the leached and dried AC is prepared. Original AC will be 

manufactured in the same way without the acid penetration process. 

Fig. 2.19 [117] shows the structure of the activated carbon. The microcrystal of the bone-

produced activated carbon is a six element carbon atomic ring, and the functional groups 

connected to the carbon-atomic ring influences the adsorption performance[117]. For 

instance, the connection of the arene-group to the ring will increase the adsorption 

performance whereas the sulfonic group will work inversely. Moreover, the different original 

carbonaceous materials and the activation method lead to different functional groups on the 

activated carbon surface. Irregular channels, having larger pore area at the surface of the grain 

and narrow pore area within the grain, compose the net structure of activated carbon [118]. 

The specific area of activated carbon varies from 500 m2/g to 1500 m2/g. And the activated 

carbon pairs have a lower adsorption heat than that of other categories of physical adsorbent 

pairs. 

 
Figure 2.19 Structure of activated carbon [117] 

 
Activated Carbon Fibre (ACF): 

Compared with the traditional granular, extruded and powder grades of activated carbon 

(GAC, EAC and PAC), activated carbon fibres (ACF) possess advantages such as easy 

separation, high rates of adsorption and uniform tailored porosity [119]. Activated carbon 

fibre is generally utilised in fabric production such as cloth and tissue. Since the 1960s, the 

carbon fibre has been rapidly developed and widely applied because of their ability to 

improving the strength and stiffness of the structural components. Compared with the 

granular activated carbon material, the carbon fibre has advantages of much larger specific 

surface area, more uniform pores, better heat transfer performance and better mass transfer 

performance [120]. 
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It is currently manufactured by some commercial companies, from PAN (polyacrylonitrile), 

cellulosic, pitch precursor fibres and phenolic. For example, polymer fibres can be 

manufactured by the fibre company, and they are converted to ACF later by the carbon firm 

[119]. The manufacturing of ACFs has three main processes: stabilisation/pre-treatment of the 

precursor fibres (pitch, polyacrylonitrile, cellulosic fibres, and phenolic resin), carbonization 

of the fibres after the stabilisation and activation of the fibres by physical or chemical means 

[121]. Moreover, the various processes can result in the specific porosities and functionalities. 

In principle, acrylic fibres, including pre-oxidized acrylic fibres, can be directly carbonised or 

activated without the stabilisation, thereby saving the cost on fabrication. 

Composing AC fibre with chemical adsorbents has the apparent improvement on the heat 

transfer performance of the chemical adsorbents by the good thermal conductivity from the 

AC fibre, and the other advantage is developing the mass transfer performance by remitting 

the swelling and caking problems of the chemical adsorbents due to its rich microporous 

structure. Attributed to T.  Dellero [107, 122] and L.L. Vasiliev et al. [66, 102], activated 

carbon fibre is successfully employed to enhance the chemical adsorption performance of 

metal chloride, but also suppress the expansion and agglomerate phenomenon.  

However, activated carbon fibre also has some disadvantages when compared with granular 

activated carbon, such as its anisotropic thermal conductivity and the higher contact thermal 

resistance between the fibre and the wall of the adsorbent bed. 

 

Silica gel: 

The silica gel is the amorphous synthetic silica with a rigid and continuous net of colloidal 

spherical silicon dioxide particles, as presented in Fig. 2.20 [118]. The pore diameters of one 

kind of silica gel are only and narrow. Ordinary silica gel has the pore diameters of 2,3nm (A 

 
Figure 2.20 Array of SiO4 in silica gel [118] 
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type) and 0.7nm (B type), and the specific surface area is around 100m2/g to 1000m2/g. Due 

to a considerable adsorption ability, silica gel is widely used in desiccation as A-type silica 

gel can be applied on all occasions of desiccation whereas B-type silica gel only can be used 

where the relative humidity is over 50%. However, it also has a defect when silica gel absorbs 

water and releases huge amount of heat at the same time, which could increase the 

temperature of the silica gel to 100ºC and then smash the silica gel. 

𝑁𝑁𝑔𝑔2𝑆𝑆𝑆𝑆𝐶𝐶3 + 2𝐻𝐻𝐶𝐶𝐶𝐶 + 𝑛𝑛𝐻𝐻2𝐶𝐶 → 2𝑁𝑁𝑔𝑔𝐶𝐶𝐶𝐶 + 𝑆𝑆𝑆𝑆𝐶𝐶2 ∙ 𝑛𝑛𝐻𝐻2𝐶𝐶 + 𝐻𝐻2𝐶𝐶 2.5 

The silica gel is always manufactured by mixing sodium silicate and an inorganic acid such as 

sulfuric acid and hydrochloric acid in the industry as Equation 2.5 indicates. This reaction 

produces one kind of hydrosol of silica acid, which can generate white settlings like jelly 

when it has been statically placed for a while. After washing, drying and activating the 

settlement, silica gel is finally obtained. Besides, changing the concentration, temperature, pH 

and activation temperature can manufacture many types of silica gel like having huge surface 

area or large pore volume.  

Graphite: 

The graphite has similar properties to pure carbon. Under the condition of high temperature 

and high pressure, the hydrocarbons can turn to the carbon of a graphite structure [150].  

The graphite has following characteristics in the application: lubricity, small thermal 

expansion performance, good thermal and electrical conductivity, applicability in a wide 

range of temperature, stable chemical performance and non-toxic, plasticity and other 

properties. In addition, graphite can be easily coated and encapsulated.  

Expanded Graphite (EG): 

Expanded Graphite (EG) has other merits other than the good heat and mass transfer 

performance, anisotropic thermal conductivity and permeability inherited from the natural 

graphite.  

It is made of natural graphite through high-temperature expansion progress. S. Mauran 

proposed one expansion method [123-126]: Dry the graphite in the oven under the 

temperature of 60 ºC for 10 h, then turn the temperature up to 400 ºC to 700 ºC for 12 min to 

15 min expansion. After expansion, the expanded graphite is obtained as shown in Fig. 2.21, 

and the sheet structure of it get changed to spiral vermiform as presented in Fig. 2.22 [123]. 
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Figure 2.21 Expanded graphite 

 

  
(a) Sheet structure of the graphite  (b) Spiral vermiform of EG  

Figure 2.22 SEM photos of graphite [123] 
 

Many researchers studied on the thermal properties of EG and proved this material had the 

potential to improve the sorption behaviours.  

T. Eun [127] produced silica-EG composite for adsorption heat pumps and advised the 

expansion time for EG was 10 min at 600 oC. In the research, expandable natural graphite was 

expanded at 400–600°C in ambient atmosphere with the treating time varying. The 

manufacturing procedures of Eun’s composite are presented in Fig. 2.23. Fig. 2.23 (a) is the 

expandable graphite powder and (b) is the heat treatment for expansion. Fig.  2.23 (c) is the 

powder of prepared EG. Procedure (d) is the slurry of expanded graphite and water in the ratio 

of 5.00 ml water per gram graphite, while after that Fig. 2.23 (e) shows the mixture of the 

slurry and silica gel. The mixture was compressed in process (f) and then vacuum dried at the 

temperature of 80°C for an hour. Finally, the block of the silica gel-EG was obtained after a 

further drying in vacuum at the temperature of 145°C for over two hours with the aim of 

removal of all moisture in procedure (h). The result also found that the thermal conductivity 

(over 10 W/(m.K))was improved by the implement of EG with an acceptable permeability 

value (over 10-12 m2), but influence on the favourable properties of heat and mass transfer are 
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actually contradictory to each other. Therefore, the characteristics of the composite should be 

optimised for applications. 

 
Figure 2.23 Manufacture procedure of composite blocks 

Shanghai Jiao Tong University K. Wang [46] and R.G. Oliveira [128] conducted a study on 

the composite adsorbent of expanded graphite with CaCl2 (CaCl2-EG). The expandable 

graphite was heated through a thermal treatment at the temperature of 300 °C under the 

atmospheric pressure for two hours. The procedures of manufacturing the consolidated 

composite were the same used by T. Eun [129]. The powder of Calcium Chloride was solved 

in the water and then was added to the slurry of water and EG. Later, the mixture was 

compressed and dried to the obtain the consolidated sorbents. Under the condition of 

vaporisation temperature of -10ºC to -20ºC and the cooling temperature of 20ºC to 30ºC, the 

specific cooling power and volume refrigeration capacity of this kind of composite adsorbent 

is respectively higher than 1000W/kg CaCl2 and 290kg/m3 CaCl2, respectively. Testing on the 

adsorbent, under the condition of forming CaCl2·2NH3, the thermal conductivity reaches to 

787W/ (kg·ºC). And the COP is calculated to 0.35. 

L.W. Wang et al. have studied the thermal conductivity of compacted expanded natural 

graphite with different bulk density and expanded graphite after sulfuric acid treatment with 

the different composite ratio as shown in Fig. 2.24 [130-132]. In her study, EG was made by 

being heated in the oven at 600 oC to 700 °C for the processing of 12 min to 15 min, from the 

graphite manufactured by Shanghai YiFan Graphite Company at 50 mesh to 80 mesh with a 

higher purity than 99 %. This graphite is also the material used in this PhD projects. For the 
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production, AC and EG were mechanically mixed, pressed and consolidated. She studied the 

perpendicular direction to the compression direction as it would provide a better heat and 

mass transfer performance than the paralleled direction. The thermal conductivity of these 

different compound adsorbents indicates that the salt ratio of the composite adsorbents affects 

the thermal conductivity of ammoniated salts strongly, and so does the consolidated density 

[133]. 

 

  
(a) Average thermal conductivity of disc 

compacted expanded natural graphite 
blocks (DCENG) 

(b) Average thermal conductivity of plate 
compacted expanded graphite blocks 

(PCENG) 

 
(c) Thermal conductivity and compacting pressure of consolidated disk of expanded 

graphite treated by the Sulfuric Acid (ENG-TSA) 

Figure 2.24 Thermal conductivity tests on different expanded graphite materials [130-132] 
 

Oliveira et al. [134] conducted an experimental investigation on a resorption system, using the 

MnCl2-EG as the high-temperature salt composite (HTS) and the NaBr-EG as the low-

temperature salt composite (LTS). At the temperature of 15℃, the SCP and the COP of this 

system could be 129 kW/kg and 0.46, respectively. 

Some other enhancement of the thermal property or the sorption performance has been 

reported, such as multi-walled carbon nanotubes/ EPDM rubber, carbon nanotubes/reinforced 
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syntactic foam, graphite Nano-platelets/silicone resin, reduced graphene oxide/PVDF-HFP 

polymer, and carbon coated copper nanoparticles/silica gel composites [135-138]. 

A few researchers studied on the heat transfer properties of the composite sorbents adding 

carbon nanomaterials. The ammonia adsorption and thermal transfer performance of pure 

multi-walled carbon nanotubes (MWCNTs)and the composite adsorbent made of CaCl2 and 

carbon nanotubes have been studied.  

The fabrication of the composite CaCl2-MWCNTs can be stated as follows. The MWCNTs 

was manufactured by a catalytic carbon vapor deposition methodology, declared by the 

company of Nanjing Jcnano technology Co., LTD (China) [139]. With the residual catalyst, 

the purity of the nanotubes is still higher than 95 %. The average diameter and length of the 

MWCNTs is 11 nm and 10 𝜇𝜇m, respectively. By impregnating the MWCNTs into the CaCl2 

solution, the wet chemisorption composite sorbent of CaCl2 and MWCNTs could be 

fabricated. To obtain the dry sorbents, the wet mixture needs to be heated in the oven at a 

temperature of 180 °C. After the water in the sorbents is removed, the salt content should be 

80 wt.%.  

The pure MWCNTs and CaCl2-MWCNTs are experimentally investigated, and the results 

show that although the pure multi-walled carbon nanotubes are not appropriate for being 

adsorbent in solid-gas sorption individually due to its low the refrigeration capacity, they can 

be applied as the additives to some other chemical adsorbents to enhance their heat transfer 

performance [140, 141].  

As the additives as well as the other composite ingredients are curved, aggregated and 

entangled together, it cannot easily be dispersed homogeneously, which has a negative 

influence on the sorption performance. The simple implementation by soaking material into 

the salt solution or the manual mechanical stirring can only mix the material but not evenly 

disperse the ingredients. During the drying process, uneven components of the sorbents gather 

together and produce blocks, and the fine grinding and sieving are required. 

It seems to be a solution studying on new fabrication methodologies and exploring other 

additives. The new manufacturing method should solve the problem of the conglomeration 

and aggregation. Thus, the uniformity of the sorbents could be improved and so could the 

thermal properties. With the enhanced thermal property, the comprehensive heat and mass 

transfer processes can be potentially developed, and the energy performance as well as the 

energy efficiency of chemisorption could be improved. For the new additives, they should 

meet the requirement either having an enhancement on the heat transfer or making positives 
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on the mass transfer. By achieving these requirements, the additives can potentially develop 

the sorption performance. In addition, they must not react with the sorbent, working fluid, or 

the reactor. 

Carbon coated metal, which is also known as nanoparticles with core-shell structure has 

several advantages. Carbon coatings can protect the metal core in the ambient environment, 

maintaining several excellent thermal properties and offering an economically attractive 

broader use of metal nanoparticles [138, 142-144]. The granule shape in nanometre size can 

be more easily to spread and occupy a little space in the adsorbent, which could avoid causing 

great obstruction of mass transfer. Therefore, carbon coated nanoparticles are expected to 

become a promising effective additive for adsorbents. The copper is one of the best heat 

conductive metals, but it is not suitable to be used in the adsorbents for the ammonia 

adsorption and desorption as it reacts with ammonia.  Besides, Iron is one natural metal 

element that could be easy to obtain, and Aluminium takes the advantages of low density and 

high thermal and electricity conductivity. As a result of this, this project selects typical carbon 

nanomaterials of nickel, Iron and Aluminium core encapsulated in a carbon shell (Ni@C, 

Fe@C and Al@C) to be added into the conventional composite adsorbents of MnCl2-EG 

(high temperature salt composite) and SrCl2-EG (low temperature salt composite) for the 

experimental sorption performance studying. 

2.3 Integrated sorption-Rankine Cycle systems for cooling and power 

Apart from the cycles producing a single type of the power output, many combined systems 

were designed and investigated to convert the heat into the electricity and refrigeration at the 

same time. Absorption and adsorption cogeneration systems are the two crucial types to be 

integrated with Rankine Cycle and form the cogeneration systems. Moreover, the 

combinations of multiple technologies can improve the energy efficiency, as they can either 

reduce the heat release or yield more productions, given the same heat source. 

2.3.1 Integrated absorption-Rankine Cycle 

Due to the overlapping of the working fluids, absorption was combined with Rankine Cycle 

by many researchers to form a cooling and power system.  

In fact, Goswami Cycle in Section 2.1.2 is one of the cogeneration systems. It uses the 

ammonia-water binary mixture as the working fluid [145] and could achieve a maximum 

second law efficiency of 65.8% at the heat source temperature of 147℃ [28]. Even a sensible 

heat source such as a solar thermal collector at 77 oC can dive Goswami Cycle to reach the 

second law efficiency greater than 60 %. However, the second law efficiency of Goswami 
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Cycle would not increase when the temperature of the heat source is higher than 147 oC 

despite the increase of the first law. 

 
(a) A basic combined power and refrigeration cycle 

  
(b) Cogeneration cycle using the heat 

source for distillation 

(c) Cogeneration cycle using the 

condensation heat for distillation 

Figure 2.25 Combined power and refrigeration cycles based on Goswami Cycle [146] 
Fig 2.25 (a) is a basic cogeneration cycle developed from the original Goswami Cycle, 

combining the absorber and the turbine [146]. Fig 2.25 (b) and Fig 2.25 (c) draws the 
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configurations of the cogeneration systems using either the heat source or the condensation 

heat to produce the vapour for the distiller [146]. The result showed that both modified 

systems could improve the resource utilisation efficiency over the optimized basic 

cogeneration cycle in Fig 2.25 (a). The configuration using the heat source for distillation in 

Fig 2.25 (c) had a slightly higher resource utilisation efficiency when the heat source was at a 

lower temperature [146]. Besides, when the heat source was at a higher temperature and the 

output included power only, the discussed cycles roughly equalled to Kalina Cycles. 

Based on the absorption and Kalina Cycle, Zheng et al. [147] analysed a cooling and power 

system employing the absorption technologies as displayed in Fig 2.26. The comparison of 

the results included the log p-T, log p-h, T-s, and Gibbs function analysis for the heat pump or 

the heat engine sub-cycles. The study presented an overall thermal efficiency of 24.2% and an 

exergy efficiency of 37.3%.  It demonstrated the improvement of the Kalina Cycle, due to the 

capacity of the power and the refrigeration. 

 
Figure 2.26 Absorption combined cooling and power cycle based on Kalina Cycle [147] 

 
Another cogeneration system was proposed by Liu et al. [148], integrating the ammonia-water 

Rankine cycle with the ammonia absorption refrigeration cycle. The heat source was around 

450℃, and the results achieved a maximum exergy efficiency of 58% and a reduction by 

18.2% on the general energy consumption based on separate systems. A parallel mode for a 
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Rankine Cycle and an absorption refrigeration cycle working together was explore by Zhang 

et al. [149] with an energy efficiency of 27.7% and an exergy efficiency of 55.7% at the 

temperature of 450℃. Even the efficiency was improved, the heat source temperature was out 

of low-grade heat source range. 

2.3.2 Integrated adsorption-Rankine Cycle 

However, absorption cogeneration systems have drawbacks like a large size. The adsorption 

technology, who has a robust construction and is easy to be installed, is more advantageous 

than the absorption in many cases. It has several advantages such as very few moving 

components, a wide range of working temperatures, high reliability and environmentally 

friendly refrigerants [150].  

 
Figure 2.27 A resorption cogeneration cycle proposed by Jiang et al. [151] 

 
Jiang et al. [151] introduced a resorption cogeneration system based on Kalina Cycle as 

illustrated in Fig 2.27. When the system worked with the heat recovery process, the 

theoretical energy coefficient of performance (COP) for electrical generation and COP for 

refrigeration had the improvements up to 0.03 and 0.16, respectively. Moreover, the system 

features a 50 % higher refrigeration performance than Goswami Cycle.  

Wang et al. [152] proposed a resorption cogeneration cycle as drawn in Fig 2.28. The cycle 

applied the resorption cycle with a turbine to enable the cooling and power functions at the 

same time. A superheater and a pre-cooler were integrated with the resorption to optimise the 

performance. The results demonstrate that the cycle could achieve a COP of 0.77 in an 
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ammonia-based system at a driving temperature higher than 100℃. Compared to Goswami 

Cycle, this cycle had an over ten times higher COP for refrigeration and an up to 60% higher 

total exergy efficiency. It was pointed out by the authors that this cycle had a significant 

market potential as the heat sources of waste heat are dispersed in a relatively small amount. 

Thus, the systems were required to be simple and have low cost. On the one hand, the 

superheater could be eliminated due to no liquid fraction after desorption of HTS, which is 

crucial for the turbine. On the other hand, the pre-cooler could be potentially removed and 

further simplify the system. In this case, the cycle could use a 10 kW waste heat at 200 oC to 

produce approximately 1.42 kW electricity and up to 6 kW refrigeration in an ideal condition. 

 
Figure 2.28 A resorption cogeneration cycle proposed by Wang et al. [152] 

 
Bao et al. [49] experimentally integrated the two adsorption units with the scroll expander to 

simultaneously produce the cold and electricity, as illustrated in Fig 2.29. Different with the 

configuration shown in Fig 2.28, this system utilised HTS and LTS but still had two 

condensers and two evaporators. In this aspect, the configuration was more complex. Other 

major challenges mentioned by the authors included the contradiction between the desorption 

and the turbine. The rate of the ammonia vapour released from desorption had a peak curve 

while the turbine required for a stable inlet pressure to produce electricity. This cycle could 

produce a maximum electricity production of 490 W or a minimum cooling temperature of 

5.4 oC. 
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Figure 2.29 A chemisorption cooling and electricity cogeneration system [49] 

 
Later, Bao et al. [153] conducted a modelling investigation to another cogeneration system as 

shown in Fig 2.30. This configuration simplified one condenser and one evaporator. The 

highest theoretical COP and exergy efficiency of this cogeneration is 0.57 and 0.62. The 

results demonstrated that the integrated cogeneration performance was about one third of the 

expectation of 1 kW power output considering individual components, due to the mismatch 

between the adsorption part and the expansion part. A compromise of both parts would cause 

the decrease of the global performance. 

 
Figure 2.30 A chemisorption refrigeration and power cogeneration system [153] 
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Jiang et al. [154] combined a scroll expander with the  MnCl2-CaCl2-NH3 resorption cycle as 

shown in Fig 2.31. Different with the configuration in Fig 2.26, this cogeneration cycle had 

two additional phase change material (PCM) energy storage tanks. In this cycle, high 

temperature PCM could store the redundant heat of oil tank 1, and low temperature PCM 

could maintain the continuous refrigeration production.  The maximum total energy efficiency 

of the cogeneration cycle is 37.6 %. 

 
Figure 2.31 A cogeneration cycle proposed by Jiang et al. [154] 

 
 

 
Figure 2.32 A resorption cogeneration cycle with heat and mass recovery processes  [155] 

 
Lu et al. [155] improved one resorption cogeneration cycle with the heat and mass recovery 

process, as shown in Fig 2.32. Two sets of the resorption units were applied to overcome the 

intermittent chemisorption processes for a continuous cooling and power production. Between 
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the switch time, the heat of one HTS bed was recovered to pre-heat another HTS bed. During 

the mass recovery, the HTS bed and LTS bed were connected to balance the excess of the 

pressure in HTS bed and the lack of the pressure in LTS bed after their desorption. The results 

showed that the mass recovery played a more crucial role in the refrigeration than the heat 

recovery. COP of the cogeneration system could be improved by 38% and 35% through the 

combined heat and mass recovery, respectively using NiCl2 and MnCl2 as HTS.  

A two-bed adsorption system was simulated by Al-Mousawi et al. [156], generating cooling 

and power at the same time. This system had a similar configuration with that in Fig 2.30. 

However, different working pairs of AQSOA-ZO2/water, MIL101Cr/water and Silica-

gel/water were studied in the cogeneration system, achieving a specific power (SP) of 73W/kg 

and the SCP of 681W/kg. The maximum overall cycle efficiency was 67%, using silica-gel. 

Al-Mousawi et al. [157] also designed a small scale radial inflow turbine for the cogeneration 

system. In this case, using silica-gel/water as the working pair could improve the maximum 

overall cycle efficiency to 69%. 

 
Figure 2.33 A CaCl2-BaCl2 adsorption freezer integrated with the ORC [158] 

 
Jiang et al. [158] proposed a CaCl2-BaCl2 adsorption freezer integrated with the ORC as 

presented in Fig 2.33. The configuration of the system was quite complex as it combined the 

dependent adsorption and ORC modules rather than directly converting the pressure 

difference of the desorbed vapour into power by the turbine. The heat source was first used by 

ORC then by adsorption units. Moreover, the cooling water out from the condenser in ORC 

was applied to cool the condenser for a second utilisation. The results demonstrated the total 

energy efficiency up to 13.1% and the exergy efficiency up to 20.3%.  
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Al-Mousawi et al. [159] introduced four different configurations of integrated adsorption-

ORC systems using two expanders. In the first configuration, ORC used the cold source of the 

Bed 1 as the heat source to evaporate the working fluid. In the second system, the given heat 

source first went through Bed 2 and then ORC. In the third cycle, the heat source first entered 

Bed 2, and then mixed with cold source of Bed 1 to provide the heat source to the evaporator 

in ORC. In the last configuration as shown in Fig 2.34, the heat source was first used by ORC 

then by Bed 2. Results showed the maximum SP and SCP achieved were 288W/kg and 

552W/kg, respectively, using AQSOA-ZO2 in configuration 4 proposed in the paper.  

 
Figure 2.34 Schematic diagram of configuration 4 of the integrated adsorption-ORC 

system [160] 
 

Many researchers studied the cogeneration cycle by integrating Rankin Cycle with either 

adsorption or absorption technology as stated in Section 2.3. The integrated cogeneration 

cycle using absorption suffered from the large size, while the incorporating the adsorption 

cycle with an expander showed a limited power output [160], due to the low refrigerant rate 

during desorption. Thus, the configurations combining the adsorption cycle with ORC to form 

a cascaded energy system would be preferable, rather than directly using the pressure 

difference of the refrigerant to produce power. 
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2.4 Summary 

To conquer the contradiction between the environment and the rapid increasing energy 

demand, Chapter 2 displays many heat-driven power generation or refrigeration technologies, 

highlighting ORC for electricity or solid-gas sorption for cooling. At the end of this chapter, 

some layouts of the cascaded Rankine Cycle-sorption systems are reviewed for their abilities 

to realise the simultaneous cogeneration in the low-grade heat applications. 

• In Section 2.1, the previous studies of the heat-driven power generation cycles were 

reviewed from Carnot Cycle to different configurations of ORC. Carnot Cycle is the 

thermal cycle in theory, and it is not practical to build such a cycle approximately 

close to it. Following Carnot Cycle, Rankine Cycle is found to have some problems 

such as the temperature range is not suitable to use water in the low-grade thermal 

energy field. Due to the mentioned drawbacks, organic fluid is applied in Rankine 

Cycle to fit the cycle into the low-grade thermal energy conversion field. Later, the 

review compares ORC, Kalina Cycle and Goswami Cycle, and the result demonstrates 

that ORC is one of the widely recognised technology in low-grade heat conversion 

applications. Some other layouts are compared in the review, including SRORC, 

DRORC, RORC, ORC with a recuperator, DLORC, steam-ORC system, and 

Transcritical cascade-ORC system. ORC with IHX and DLORC are two superior 

configurations for their simple but reasonable alterations. The criteria for the selection 

of the working fluid is essential to the application of ORC, and the dry or isentropic 

fluid is suggested to be used in this cycle. Moreover, according to the working 

condition, different criteria should be considered. The review indicates that the 

potential of ORC to be enhanced is quite limited, as this technology is relatively 

mature after a long exploration history with several variations. However, ORC is still 

attractive to be integrated with other cycles and to form a cascaded energy system. 

• Apart from ORC, the heat-driven chemisorption refrigeration is a high-efficiency 

energy-capturer in turning low-grade heat into cooing power. The most significant 

disadvantage for the physical and thermochemical sorption cycle, is the low working 

performance. The composite adsorbents can conquer the problem, composed by the 

porous media (porous structure and high thermal conductivity) and chemical salts 

(large adsorption and desorption quantities). Many studies have been done to improve 

the material of the sorbents. However, the composite still suffers from conglomeration 

and aggregation problems, which has negative influence on the sorption performance. 

A developed fabrication method is required for the homogeneous quality of the 
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manufactured composite. Moreover, nano carbon materials are proved to be suitable 

additives for conventional sorbents. Carbon-encapsulated metals, with a carbon coat 

preventing the metal core reacting with the ambient, maintains the excellent thermal 

properties of their metal cores. The granule shape in nanometre size can be more 

easily to spread and occupy a little space in the adsorbent, which could avoid causing 

great obstruction of mass transfer. Therefore, the author selects Ni/Al/Fe@C as the 

additives to prepare and explore the novel adsorbents based on the conventional 

SrCl2/MnCl2-EG. 

• In the third section of Chapter 2, the cogeneration systems integrating Rankine Cycle 

with sorption technologies, are investigated for the configuration and the performance. 

Through the background digesting, due to the low cooling capacity, absorption-ORC 

system has the drawback of the large size, more costs and less flexibility to produce 

the same amount of cooling production as adsorption system does. Moreover, 

integrating an expander with adsorption cooling cycle suffers from the limited power 

production due to the low refrigerant rate through the turbine.  

Therefore, cascaded ORC-adsorption/resorption system will be explored in this PhD 

project. It is expected to relieve the contradictions between the environmental depletion 

and the energy demands, as they can improve the overall energy conversion of low-grade 

heat.  
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Chapter 3 Methodology 

3.1 Introduction 

Based on the discovery in literature review, integrating ORC with chemisorption technologies 

could be a solution to improve the energy conversion of low-grade heat, which has a practical 

application in the condition requiring for electricity and cooling at the same time. A simulated 

model of integrated ORC-adsorption (ORC-AD) system is tested to support the idea that the 

cascaded system can enhance the utilisation of the low-grade heat. The reasons for selecting 

the simplest ORC and adsorption cycle in the thermodynamic study are: 

• The basic ORC has the lowest energy efficiency compared to other ORC 

configurations, which sets the bottom line of the conversion efficiency of the low-

grade heat. In this case, using any other variations of ORC used in the integrated cycle 

could only have a higher efficiency than the systems based on the simplest ORC. 

Therefore, if this cogeneration system is proved to have improved the low-grade heat 

utilisation, it is revealed that all ORC can improve the utilisation of the low-grade heat 

integrating with chemisorption cycles. Moreover, the basic ORC has the advantages of 

the simplest layout of the system requiring the least number of the components. 

• Compared with absorption, adsorption refrigeration has larger cooling capacity, which 

means smaller space requirements and more productions. Moreover, conventional 

chemisorption composite has its limitations of unsuitable manufacturing processes, 

conglomeration and low thermal conductivity. Potential enhancement can be achieved 

by exploring the material for chemisorption technology. Thus, adsorption cycles are 

decided to be integrated with the basic ORC. 

However, ORC has a long history of development and it is a relatively mature technology, 

which means the limitation of the potential improvements. 

To further enhance the performance of low-grade thermal energy, chemisorption is focused in 

the respect of improvement as the main components in the integrated system.  

Composite sorbents inherent the advantages from the chemical and physical sorbents, 

regarded as the superior chemisorption sorbents, but they still suffer from the adsorption 

performance as the present manufacturing has the limitation to enable the uniformity of the 

sorbents. A developed methodology for the chemisorption sorbents fabrication is reported, 

through many times experiments, which is observed to have eliminated the conglomeration 

and aggregation problems of the sorbents. 
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Moreover, inspired by the desired property of the metals, carbon coated metals are applied in 

the manufacturing as the additives into the conventional composite. With the metal core, the 

thermal characteristics of the carbon nano material are improved, and with the carbon jacket, 

the metals are prevented to react with the ammonia or the salt. As heat and mass transfer 

processes are the main influence of the sorption performance, the additives are expected to 

have positive to the sorption performance as it can potentially enhance the heat transfer 

process of the sorbents. 

After prepared the sorbents, the thermal-physical properties of the sorbents are tested to prove 

if the additives have the positive impact of the chemisorption composite and thus will 

potentially enhance the sorption performance. Scanning Electron Microscopy (SEM) and 

Energy Dispersive X-ray spectroscopy (EDX) are applied to observe the surface morphology 

and to distinguish if the ingredient of the sorbents are evenly distributed, while SEM Laser 

Flash Analysis (LFA) is utilised to estimate the thermal property of the composite and thus to 

assess the possibility of the additives to improve the heat transfer process during sorption 

tests. 

Later, the fabricated chemisorption composites are experimentally explored on the sorption 

performance to evaluate the influence of the novel sorbents on the comprehensive heat and 

mass transfer processes. 

Apart from the original version of ORC-Adsorption (ORC-AD) system, other combinations of 

ORC and chemisorption (adsorption and resorption) are written into models and compared 

according to the various orders of the top cycle, using the advanced physical model from the 

experimental adsorption units. 

Consequently, the optimal candidates of the system use the optimised chemisorption 

composite from the experimental results to evaluate the most improvement could be made in 

this PhD project. 

Thus, the methodology would be divided into: 

• Thermodynamic study of ORC-AD system  

• Manufacturing and thermal-physical property tests of the composite 

• Experimental tests of the composite sorption performance 

• Comparison of ORC-AD/resorption and AD/resorption-ORC  

• Fit and use the kinetic model of the optimal novel sorbents into the optimal ORC-

chemisorption simulation 
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3.2 Integrated ORC-adsorption system for cooling and power 

3.2.1 Principle of the cogeneration system 

Fig. 3.1 presents the basic principle of the coupling ORC-AD system. The red line is the heat 

source of low-grade heat such as solar energy or industrial waste heat. The module on the left 

of the figure with four orange components is ORC, and the module on the right with two sets 

of adsorption units is the chemisorption part.  

From point 1 to point 4, the red line represents the heat source: 

• During process 1 – 2, ORC is the top cycle using the external thermal source;  

• When the heat source flows from point 3 to point 4, the adsorption/desorption system 

is the bottom system recovering the rest of the heat consumed by ORC.  

The processes of ORC can be described as follows: 

• During the process 5 – 6, the working fluid of ORC is heated and evaporated by the 

heat source to the superheated stage at point 6;  

• From point 6 to point 7, the working fluid of ORC flows through the expander to 

produce mechanical power or electricity; 

• During process 7 – 8, the working fluid of ORC is condensed in the condenser with 

heat rejected to the cold source; 

• From point 8 to point 5, the working fluid of ORC is pumped to a higher pressure, 

prepared for the next evaporation process. 

The adsorption module can be explained as follows: 

• Desorption: When the adsorbent bed is heated by low-grade heat, ammonia is 

desorbed from the sorbent and it results in the high pressure in the sorbent bed. The 

pressure difference drives ammonia to flow into the ammonia vessel.  In this stage, the 

ammonia vessel works as a condenser. With the condensation heat rejected to the 

ambient, the ammonia vapour is then condensed in the condenser.  

• Adsorption: When the first set of adsorption unit is in the desorption process, the 

second set sorption cycle is switched into adsorption mode. In this stage, the sorbent 

bed is at a low pressure after the desorption of the last stage, which drives the 

ammonia in the ammonia vessel at a high pressure to evaporate and move into the 

sorbent bed. Thus, the ammonia vessel in the second set works as the evaporator. 

During this process, the cooling power is provided in the evaporator, as a result of the 

heat consumption by the evaporation of ammonia. Besides, when ammonia flows into 
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the reaction bed, it is adsorbed by the sorbents and the adsorption heat is rejected to 

the environment. 

• Simultaneous refrigeration: Two sets of sorption cycles could be switched into 

adsorption and desorption modes in turns. Thus, as the sorption module always has 

one set is in adsorption, the refrigeration is produced during the cycle time. Otherwise, 

the cogeneration is intermittent with only one set of adsorption apparatus. 

 
Figure 3.1 Schematic diagram of ORC-AD system  

 
The basic ORC and adsorption models are applied as illustrated in the figure to simplify the 

simulation. The reason for selecting the simplest mode of ORC has been stated in Section 3.1. 

The investigation of the cogeneration system focuses on the preliminary thermodynamic 

analysis corresponding to different working conditions. 

The working fluid simulated in ORC is R245fa with the reason stated below. This PhD 

project mainly focus on the system layouts and the improvement of the chemisorption 

composites, so the selection is based on the common working fluids. R245fa is a very 

common working fluid used in ORC, refrigeration or air-conditioning, with advantages such 

as easy to purchase and low cost. Moreover, it matches the recommendation from the 

literature review as it is one of the dry working fluids. 

3.2.2 Software used in simulation 

 MATLAB and REFPROP are used to code the models. MATLAB is a numerical computing 

environment and programming language software developed by MATHWORKS Company. 

The second tool used in the modelling, REFPROP, could combine a desktop environment 

with a programming language for iterative analysis and design processes. REFPROP is the 

acronym for the reference fluid properties, developed by the National Institute of Standards 
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and Technology (NIST). The database enables the calculation of the thermodynamic and 

transport characteristics of industrially crucial fluids and their mixtures without the 

cumbersome work of referring to the literature one by one.  

Fig. 3.2 gives an example of using REFPROP in MATLAB codes. The code is written in the 

Editor window in the centre of the screenshot in either the order of Equation. 3.1 or Equation 

3.2. The term prop_req is the wanted property constrained by other two characteristics of 

spec1 and spec2 with the corresponding values (value1 and value2). Substance1, substance2, 

...x are the name of the first, second and other substances in the fluid. The green bar in the 

Editor window turns into red in the condition that some mistakes are made in the texts. After 

finishing the writing of the codes, scripts are saved and run. Both buttons for running and 

saving the document are in the top column. The command window is at the bottom of the 

screen as shown in Fig 3.2, if the coding is correct. The result referring to the database in 

REFPROP will be displayed in the right top window of workspace. 

Result=refpropm(prop_req, spec1, value1, spec2, value2, substance1) 3.1 

Result=refpropm(prop_req, spec1, value1, spec2, value2, substance1, 

subastance2, ….x) 
3.2 

The characters representing various properties are listed in Appendix A with their default 

units required by the REFPROP, which should be treated with extreme carefulness during the 

coding period. Otherwise, the errors of the units are hard to found and corrected once happen 

with not enough attentions.  

 
Figure 3.2 An example using REFPROP in MATLAB 
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By applying REFPROP, the wanted properties of the fluid can be obtained through any two 

given properties. Thus, the equations for several characteristics are sometimes ignored in 

below sections as the values are retrievde by this method.  

The simulation of the cooling and power system combines the adsorption cycle with an ORC 

by the heat source, which means the properties of the heat source entering the adsorption bed 

are the same with the characteristics quitting the evaporator of ORC. The models of ORC and 

adsorption modules are built separately in Section 3.2 and Section 3.3. 

3.2.3 Mathematical model of the ORC 

An ORC is employed in the system as the top cycle. The basic ORC model consists of four 

main modules: an evaporator, an expander, a condenser and a pump, as illustrated in Fig. 3.3. 

In this case study, ORC uses R245fa as the working fluid. The heat source for ORC is the 

engine exhaust, and the cold source for the condenser is the tap water with the given 

parameters in Table 3.3. 

 
Figure 3.3 Traditional ORC module simulation 

 
Pump (point 8 to point 5): 

The working fluid is pumped to a high pressure from p8 to p9. Equation 3.3 is the temperature 

of the fluid, defined by the cold source temperature T15 and the condenser properties. 

∆𝑇𝑇𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐,𝑂𝑂𝑂𝑂𝐶𝐶 is the temperature difference between the inlet water and the outlet organic fluid 

of the condenser. By applying REFPROP, the other properties of the organic fluid such as the 

entropy or the enthalpy can be determined by the condition of the saturated liquid phase and a 

given pressure p8 at point 8. This process is used throughout the simulation work to obtain 

other characteristics of the fluid, but it is sometimes not directly stated in the calculation. 

𝑇𝑇8 = 𝑇𝑇15 + ∆𝑇𝑇𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐,𝑂𝑂𝑂𝑂𝐶𝐶 3.3 
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Equation 3.4 indicates the increased pressure of the working fluid, which consumes the extra 

power Wpump exclude the heat source from low-grade thermal energy. ∆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the pressure 

difference caused by the pump.  

𝑝𝑝5 = 𝑝𝑝8 + ∆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 3.4 

Theoretically, this process is isentropic compression as shown in Equation 3.5. s5_ is the ideal 

specific entropy of the working fluid at point 5 when exiting from the pump, while s8 is the 

actual entropy of the working fluid at point 8 when the liquid starts to enter in the pump. 

𝑔𝑔5_ = 𝑔𝑔8 3.5 

However, the pump has the practical isentropic efficiency 𝜂𝜂𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and mechanical efficiency 

𝜂𝜂𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, as indicated in Equation 3.6 and Equation 3.7. h5_ is the ideal enthalpy of the fluid 

after isentropic compression at point 5 and h5 and h8 are the actual enthalpy of the fluid at 

point 5 and 8, respectively.  

(ℎ5 − ℎ8) ∙ 𝜂𝜂𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ℎ5_ − ℎ8 3.6 

�̇�𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝜂𝜂𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �̇�𝑚𝑤𝑤 ∙ (ℎ5 − ℎ8) 3.7 

Evaporator (point 5 to point 6) and heat source (point 1 to point 2): 

Compared to the process in the pump, that in the evaporator is more complicated as displayed 

in Fig. 3.4. In this illustration, the red line represents the heat source of low-grade heat, while 

the black one is the organic fluid working in ORC.  

 
Figure 3.4 Three stages of the processes in the evaporator 

The process in the evaporator is divided into three stages when the working fluid is at a 

constant pressure p5, as expressed in Equation 3.8. The subscripts of 5, 5a, 6a and 6 refer to 

the points when the working fluid enters the evaporator, starts to evaporate, finishes phase 

conversion, and exits the evaporator. 

p5=p5a=p6a=p6 3.8 

The working fluid is firstly heated from T5 to the evaporation temperature T5a. After that, the 

liquid evaporates at the constant temperature T5a and it consumes the heat from the heat 
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source until the phase conversion completes. Finally, the vapour increases the temperature to 

the outlet temperature T6, which is at the superheated stage. Equation 3.9 and 3.10 show the 

temperature equations of the working fluid at various points. ∆Tsup is the superheated 

temperature change of the evaporator. The evaporation temperature is determined by the type 

and the pressure of the working fluid. 

The numbers of 1 and 2 stand for the stages when the heat source enters and quit the boiler. 

Point 1a is the stage of the heat source corresponding to point 5a of the working fluid. The 

relationship between the heat source and the working fluid in the evaporator is calculated by 

Equation 3.11, where the mass flow rate of the heat source is �̇�𝑚ℎ and that of the working fluid 

is �̇�𝑚𝑤𝑤. The effectiveness of the heat exchanger of the evaporator is 𝜂𝜂𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝. h1 and h2 are the 

inlet and outlet specific enthalpy of the heat source. Therefore, the outlet temperature of the 

heat source can be calculated by REFPROP with h2 given in Equation 3.11 and p2 equal to p1.  

�̇�𝑚𝑤𝑤 ∙ (ℎ6 − ℎ5) = �̇�𝑚ℎ ∙ (ℎ1 − ℎ2) ∙ 𝜂𝜂𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝 3.11 

Equation 3.12 calculates the overall heat consumption of ORC, Qin,ORC. h5 and h6 are the inlet 

and outlet specific enthalpy of the working fluid. 

�̇�𝑄𝑖𝑖𝐶𝐶,𝑂𝑂𝑂𝑂𝐶𝐶 = �̇�𝑚𝑤𝑤 ∙ (ℎ6 − ℎ5) 3.12 

Expander (point 6 to point 7): 

In the theoretical isentropic expansion process 6 - 7, the ideal specific entropy of point 7, s7_, 

is calculated by Equation 3.13. It maintains the same with the specific entropy of point 6, s6.  

s7_=s6 3.13 

Thus, the actual specific enthalpy of point 7, h7, is given by Equation 3.14, where 𝜂𝜂𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝 is the 

isentropic efficiency of the expander.  

ℎ6 − ℎ7 = (ℎ6 − ℎ7_) ∙ 𝜂𝜂𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝 3.14 

With the mechanical efficiency 𝜂𝜂𝑝𝑝,𝑒𝑒𝑒𝑒𝑝𝑝 of the expander, Equation 3.15 calculates the power 

produced by ORC. 

�̇�𝑊𝑒𝑒 = �̇�𝑚𝑤𝑤 ∙ (ℎ6 − ℎ7) ∙ 𝜂𝜂𝑝𝑝,𝑒𝑒𝑒𝑒𝑝𝑝 3.15 

Condenser (point 7 to point 8) and cold source (point 15 to point 16): 

The organic fluid flows through the condenser and is converted to the liquid phase, as drawn 

in Fig. 3.5. 

T6a=T5a 3.9 

T6=T6a+∆Tsup 3.10 
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Figure 3.5 Processes in the condenser 

 
During the first stage in the condenser, the mixture of gas and liquid is cooled to saturated gas 

from point 7 to point 7a as shown in Equation 3.16.  

T7a=T8 3.16 

After that, the temperature of the working fluid maintains the same from T7a to T8 during the 

condensation. The pressures are the same at point 7 and point 8, as expressed in Equation 

3.17.  

p7=p8 3.17 

For the cold source in the condenser, point 15a corresponds to point 7a. Equation 3.18 

expresses the relationship between them. ∆Tcond is the minimum temperature difference 

between the working fluid and the cold source in the condenser. 

T15a=T7a+∆Tcond 3.18 

Equation 3.19 and Equation 3.20 are the heat exchange processes in the condenser for cooling 

and condensation stages. �̇�𝑚𝑐𝑐 is the mass flow rate of the cold source and T16 is the outlet 

temperature of the cold source. 𝜂𝜂𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐 is the effectiveness of the heat exchanger of the 

condenser, and 𝐶𝐶𝑝𝑝𝑐𝑐 is the specific heat of the cold source. 

�̇�𝑚𝑐𝑐 ∙ (ℎ15𝐶𝐶 − ℎ15) = �̇�𝑚𝑤𝑤 ∙ (ℎ7𝐶𝐶 − ℎ8) ∙ 𝜂𝜂𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐 3.20 

�̇�𝑚𝑐𝑐 ∙ (𝑇𝑇16 − 𝑇𝑇15𝐶𝐶) ∙ 𝐶𝐶𝑝𝑝𝑐𝑐 = �̇�𝑚𝑤𝑤 ∙ (ℎ7 − ℎ7𝐶𝐶) ∙ 𝜂𝜂𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐  3.19 

Equation 3.21 calculates the heat consumed by the cold source. 

�̇�𝑄𝐶𝐶𝑝𝑝𝑡𝑡 = �̇�𝑚𝑐𝑐 ∙ (ℎ16 − ℎ15) 3.21 

Evaluation of ORC 

Some of the essential assessments are given in 3.2.1, such as the heat consumed by the pump 

(�̇�𝑊pump) and by the evaporator (�̇�𝑄in, ORC) and the power produced by the expander (�̇�𝑊e). The 

net output of ORC is calculated by Equation 3.24, where �̇�𝑊ORC is the work loss in the cycle.  
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�̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡 = �̇�𝑊𝑒𝑒 − �̇�𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − �̇�𝑊𝑂𝑂𝑂𝑂𝐶𝐶 3.22 

Equation 3.23 gives the thermal efficiency of a cycle, while Equation 3.24 expresses the 

calculation of the dump heat. 

𝜂𝜂𝑡𝑡ℎ,𝑂𝑂𝑂𝑂𝐶𝐶 = �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡/�̇�𝑄𝑖𝑖𝐶𝐶,𝑂𝑂𝑂𝑂𝐶𝐶 3.23 

�̇�𝑄𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝐶𝐶 = �̇�𝑚ℎ ∙ (ℎ1 − ℎ0) − �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡 3.24 

 In Equation 3.25, the term on the left side is the exergy efficiency of the ORC. h0 and s0 are 

the specific enthalpy and specific entropy of the environment. 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒,𝑂𝑂𝑂𝑂𝐶𝐶 = �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡/{[(ℎ1 − ℎ0) − 𝑇𝑇0 ∙ (𝑔𝑔1 − 𝑔𝑔0)] ∙ �̇�𝑚ℎ} 3.25 

3.2.4 Simulation of the adsorption unit 

Adsorption conversion ratio 

The adsorption conversion ratio x determines the heat consumption and heat release in the 

chemisorption cycles. In the thermodynamic study, the cycle time is given, resulting in a fixed 

adsorption conversion ratio used in the simulation. However, the adsorption kinetics is still 

introduced in Section 3.3 for the explanation of the concept and the fluency and coherence of 

the contents. Moreover, the kinetic model will be used in Chapter 6.  

The form of the reaction rate is given, as shown in Equation 3.26, indicating the three primary 

parameters of the temperature, pressure and the degree of the conversion. In Equation 3.26, x 

is the global conversion ratio of the refrigerant, whose value equals to the ratio between the 

masses of the actual and the maximum reacted ammonia. It starts from zero to one in 

adsorption but reversely changes during desorption with the time t elapsing from zero. The 

term k(T, p) is the specific rate, representing the influence of the deviation between the 

operating conditions (T,p) and the equilibrium ones. 

𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇, 𝑝𝑝)𝑓𝑓(𝑥𝑥) 3.26 

There are three types of chemisorption kinetic models as classified: local, global and 

analytical models [50]. The first one mainly considers the influence of heat and mass transfer, 

which uses the partial differential equations to establish the models. The second method 

requires the parameters such as the permeability, thermal conductivity and specific heat 

capacity of the adsorbents and the exact dimensions of the adsorption unit.  Different from 

local or global models, the analytical model, using the average values of the parameters, can 

calculate the dynamic relationships during the sorption process.  
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Therefore, the desirable model used in this section is one of the analytical models that has 

been widely recognised as an effective method to mathematically predict the overall sorption 

performance by previous researchers [105, 153, 161]. The kinetic model of the adsorption 

progress is written in Equation 3.27, while that of desorption is expressed in Equation 3.28. 

They reasonably simplify the numerical simulation but still optimally controls the system with 

sufficient information. 

𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝐴𝐴𝐶𝐶 ∙ (1 − 𝑥𝑥)𝑀𝑀𝐶𝐶𝑎𝑎 ∙
𝐶𝐶𝑐𝑐 − 𝐶𝐶𝑒𝑒𝑒𝑒

𝐶𝐶𝑐𝑐
 3.27 

𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝐴𝐴𝑐𝑐 ∙ 𝑥𝑥𝑀𝑀𝐶𝐶𝑑𝑑 ∙
𝐶𝐶𝑐𝑐 − 𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝑐𝑐

 3.28 

In Equation 3.27 and Equation 3.28, Ar is the Arrhenius factor, which shows the correlations 

between the working temperature and the chemical reaction speed. Mr reflects the impact of 

the vacant sites of the chemical reaction [154, 161]. Both symbols are considered as constant 

referring to the previous researches. Pc is the constraining pressure versus the temperature of 

the condenser/evaporator, corresponding with the liquid-vapour equilibrium line of the 

selected refrigerant. In this PhD project, the refrigerant is ammonia. Peq is the equilibrium 

pressure according to the average temperature of the sorbent, which can be calculated by the 

Clausius-Clapeyron equation as written in Equation 3.29. ∆𝐻𝐻 is the reaction enthalpy between 

the adsorbent and the refrigerant, while ∆𝑆𝑆 is the entropy of the chemisorption. Besides, R is 

the gas constant in nature and Tc is the constraining temperature of the adsorbent. 

𝐶𝐶𝑒𝑒𝑒𝑒 = exp (
−∆𝐻𝐻𝐶𝐶
𝑅𝑅𝑇𝑇𝑐𝑐

+
∆𝑆𝑆
𝑅𝑅

) 3.29 

For the salts selected in this PhD project, Equation 3.30 to Equation 3.33 show the reaction 

equations. Low-temperature salt composite (LTS) of SrCl2-EG will be used in the adsorption 

units to consume low-grade heat and generate cooling power. High-temperature salt 

composite (HTS) of MnCl2-EG will be applied in the resorption cycles in Chapter 6, 

cooperating with LTS. As the desorption processes in Equation 3.30 and Equation 3.32 

require much heat input than those in Equation 3.31 and Eq. 3.33, the exploration work in this 

project only considers the second stage of each chemisorption.  

𝑆𝑆𝐴𝐴𝐶𝐶𝐶𝐶2 + 𝑁𝑁𝐻𝐻3 ↔ 𝑆𝑆𝐴𝐴𝐶𝐶𝐶𝐶2 ∙ 𝑁𝑁𝐻𝐻3 + ∆𝐻𝐻𝐶𝐶 3.30 

𝑆𝑆𝐴𝐴𝐶𝐶𝐶𝐶2 ∙ 𝑁𝑁𝐻𝐻3 + 7𝑁𝑁𝐻𝐻3 ↔ 𝑆𝑆𝐴𝐴𝐶𝐶𝐶𝐶2 ∙ 8𝑁𝑁𝐻𝐻3 + 7∆𝐻𝐻𝐶𝐶 3.31 

 𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2 + 2𝑁𝑁𝐻𝐻3 ↔𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2 ∙ 2𝑁𝑁𝐻𝐻3 + 2∆𝐻𝐻𝐶𝐶 3.32 

 𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2 ∙ 2𝑁𝑁𝐻𝐻3 + 4𝑁𝑁𝐻𝐻3 ↔𝑀𝑀𝑛𝑛𝐶𝐶𝐶𝐶2 ∙ 6𝑁𝑁𝐻𝐻3 + 4∆𝐻𝐻𝐶𝐶 3.33 
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Huang et al. [162] built the kinetic sorption models for SrCl2-ammonia as written in Equation 

3.34 and Equation 3.35, which are slightly different from Equation. 3.27 and Equation 3.28. 

In his study, x is the ammonia advancement starting with a value of zero in both equations 

when the time is zero.  

𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝑘𝑘0𝐶𝐶 ∙ 𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝐸𝐸𝐶𝐶
𝑅𝑅𝑇𝑇

� ∙ (1 − 𝑥𝑥)𝑀𝑀𝑟𝑟𝑎𝑎 ∙ �
𝐶𝐶𝑐𝑐
𝐶𝐶𝑒𝑒𝑒𝑒

− 1� 3.34 

𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝑘𝑘0𝑐𝑐 ∙ 𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝐸𝐸𝑐𝑐
𝑅𝑅𝑇𝑇

� ∙ (1 − 𝑥𝑥)𝑀𝑀𝑟𝑟𝑑𝑑 ∙ �1 −
𝐶𝐶𝑐𝑐
𝐶𝐶𝑒𝑒𝑒𝑒

� 3.35 

The values of k0a, k0d, Ea, Ed, Mra and Mrd are given in Table 3.1. 

Symbol Value 

k0a (s-1) 0.019 

k0d (s-1) 0.125 

Ea (J∙mol-1) 6921 

Ed (J∙mol-1) 9000 

Mra (-) 2.96 

Mrd (-) 3.02 

Table 3.1 Kinetic parameters used in SrCl2-Ammonia 
 

Han et al. [105] recognised the kinetic equations for the working pair of MnCl2-ammonia as 

reliable. The related parameters determined by the researchers are listed below. However, 

they were mentioned as retrieved from Choir’s dissertation, and the model of desorption was 

not directly stated in the reference [98, 163]. The text of the dissertation is not obtained 

through any approaches that the author has tried. Therefore, no direct information of the 

desorption parameters is provided. It is worth to notice that some scientists regard the 

desorption process as an ideal reversible process of the adsorption process [153], so the values 

of the parameters used in the simulation for MnCl2-NH3 are the same in either adsorption or 

desorption stage. The other essential parameters are included in Table 3.2. 

 SrCl2-1/8NH3 MnCl2-2/6NH3 NH3 

Ara (s-1) - 0.001018 - 

Ard (s-1) - - - 

Mra (-) 2.96 1.185 - 

Mrd (-) 3.02 - - 

∆𝐻𝐻𝐶𝐶 (J∙mol-1) 41431 47416 23366 

∆𝑆𝑆 (J∙mol-1∙K-1) 228.8 228.07 150.52 
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Cp (J∙mol-1∙K-1) 75.53 72.86 80.27 (liquid) 

R (J∙mol-1∙K-1) 8.314 

Table 3.2 Other essential kinetic parameters 
 

Thermodynamic simulation of desorption: 

During the desorption process, the inlet temperature of the heat source is given from the outlet 

of the evaporator in ORC. Each parameter is the same at point 2 and point 3. The physical 

shape of the adsorbent bed is not considered in Chapter 3.  

In the first stage of desorption, the temperature of the sorbent increases from T0 to the 

temperature starting to desorb (Tsd). The time consumed in this stage (tsd) can be calculated by 

Equation 3.36. 𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑝𝑝, 𝑚𝑚𝐶𝐶𝐶𝐶𝑝𝑝, and 𝐶𝐶𝑝𝑝ℎ are respectively the specific heat and the mass of the 

sorbent with 7NH3, and the specific heat of the heat source. T4’ is the temperature of the outlet 

heat source of the sorbent bed. 

𝑑𝑑𝑠𝑠𝑐𝑐 = (𝑇𝑇𝑠𝑠𝑐𝑐 − 𝑇𝑇0) ∙ 𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑝𝑝 ∙ 𝑚𝑚𝐶𝐶𝐶𝐶𝑝𝑝 �𝐶𝐶𝑝𝑝ℎ ∙ �̇�𝑚ℎ ∙ (𝑇𝑇3 − 𝑇𝑇4′)�⁄  3.36 

In the second stage, when the temperature of the sorbent is high enough to activate the 

desorption, ammonia starts to be released from the sorbent. The desorption heat adsorbed by 

the sorbent is written in Equation 3.37. 𝑛𝑛𝑒𝑒 is the molecular number of the reacted ammonia 

during this process, which could be retrieved from the adsorption kinetics mentioned in 

Equation 3.27 and Equation 3.28. 

𝑄𝑄𝑐𝑐𝑒𝑒 = 𝑛𝑛𝑒𝑒 ∙ ∆𝐻𝐻𝐶𝐶 3.37 

The heat intake of the whole desorption process is calculated is Equation 3.38, as the sorbent 

temperature still grows with a second consumption of the sensible heat. On the right side of 

the equation, the second term is the sensible heat caused in the activation stage, while the 

third term represents the sensible heat in the desorption stage. 𝐶𝐶𝑝𝑝𝐶𝐶 and 𝑚𝑚𝐶𝐶 are the specific 

heat capacity and the mass of the sorbent, separately. Equation 3.39 expresses the heat utilized 

by the adsorption per unit time. t is the cycle time. 

𝑄𝑄𝑖𝑖𝐶𝐶,𝐶𝐶𝑐𝑐 = 𝑄𝑄𝑐𝑐𝑒𝑒 + (𝑇𝑇𝑠𝑠𝑐𝑐 − 𝑇𝑇0) ∙ 𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑝𝑝 ∙ 𝑚𝑚𝐶𝐶𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑝𝑝𝐶𝐶 ∙ 𝑚𝑚𝐶𝐶 ∙ (𝑇𝑇𝐶𝐶 − 𝑇𝑇𝑠𝑠𝑐𝑐) 3.38 

�̇�𝑄𝑖𝑖𝐶𝐶,𝐶𝐶𝑐𝑐 = 𝑄𝑄𝑖𝑖𝐶𝐶,𝐶𝐶𝑐𝑐/𝑑𝑑 3.39 

Thermodynamic analysis of adsorption (refrigeration): 

The refrigeration is yielded during the adsorption stage. Equation 3.40 and Equation 3.41 

present the calculations of the cooling production and the cooling production per unit time, 
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respectively. In these equations, 𝑛𝑛𝑒𝑒 is the molecular number of the adsorbed ammonia and 

∆𝐻𝐻𝐶𝐶 is the evaporation heat of ammonia. 

𝑄𝑄𝐶𝐶𝑒𝑒𝑟𝑟 = 𝑛𝑛𝑒𝑒 ∙ ∆𝐻𝐻𝐶𝐶 3.40 

�̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟 = 𝑄𝑄𝐶𝐶𝑒𝑒𝑟𝑟/𝑑𝑑 3.41 

Specific cooling power (SCP) is calculated in Equation 3.42. SCP represents the cooling 

capacity of the sorbents per unit mass. 

𝑆𝑆𝐶𝐶𝐶𝐶̇ = �̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟/𝑚𝑚𝐶𝐶 3.42 

Equation 3.43 calculates the coefficient of performance (COP), which evaluates the cooling 

performance by the relationship between the cooling generation and the heat consumption. 

  

𝐶𝐶𝐶𝐶𝐶𝐶 = �̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟/�̇�𝑄𝑖𝑖𝐶𝐶,𝐶𝐶𝑐𝑐 3.43 

3.2.5 Evaluation of the cogeneration 

Other evaluations are given to assess the performance of the whole system. Equation 3.44 is 

the thermal efficiency of the coupling system. Equation 3.45 calculates the exergy efficiency 

of the integrated cycle, which represents the performance of the system running in a reversible 

condition. Moreover, Equation 3.46 expresses the dump heat of the cogeneration system. 

𝜂𝜂𝑡𝑡ℎ = ��̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟 + �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡�/[�̇�𝑚ℎ ∙ (ℎ1 − ℎ4)] 3.44 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 = ��̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟 + �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡�/{[(ℎ1 − ℎ0) − 𝑇𝑇0 ∙ (𝑔𝑔1 − 𝑔𝑔0)] ∙ �̇�𝑚ℎ} 3.45 

�̇�𝑄𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 = �̇�𝑚ℎ ∙ (ℎ1 − ℎ0) − �̇�𝑄𝐶𝐶𝑒𝑒𝑟𝑟 − �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡 3.46 

3.2.6 Identification of parameters 

The parameters used for ORC and the sorption unit are given in Table 3.3. In this case study, 

the cold source is the tap water, and the heat source is waste heat from an engine. However, 

the heat source of the system could be any low-grade thermal energy mentioned in the 

literature review. The pressure difference of the inlet and outlet working fluid of the pump 

was tested from 100 kPa to 1000 kPa [172]. However, in this study, the difference would be 

set from 200 k Pa to 3200 kPa, for a further exploration of the informative performance, 

which may not be practical for the real operations. The overall of the pump and the expander 

is set to 72%, which is in a reasonable range in the literature reviews [173, 174]. The 

superheat temperature is set as small as 5 K to because that superheating is not favourable for 

the dry-type working fluid used in the simulation [175-177]. The minimum temperature 

setting of each heat exchanger is acceptable according to the literature [178]. The mass flow 

rate of the working fluid used in the simulation is from 0.2 kg/s and grows per 0.05 kg/s until 
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the outlet heat source temperature is lower than the temperature required by the sorption units, 

referring to the available range in the literature [179]. 

The following assumptions are made to simplify the models. 

• The flows of the working fluid and gas waste heat are stable and steady. 

• The efficiencies keep the same during whole simulation processes. 

• The heat losses of the system are ignored including the pipes and the heat exchangers. 

Symbol Description Value 

Cold source (tap water) 

T15 (K) Inlet temperature of the cold source at the condenser 298 

Cp,c (kJ∙kg-1∙K-1) Specific heat capacity of the cold source 4.2 

Environment 

T0 (K) Ambient temperature 298 

P0 (kPa) Ambient pressure 101 

Heat source (engine exhaust) 

XN2 (%) Mass ratio of nitrogen in the heat source 75 

XCO2 (%) Mass ratio of carbon dioxide in the heat source 25 

�̇�𝑚ℎ (kg/s) Mass flow rate of the heat source 1.00 

p1 (kPa) Inlet pressure of the heat source at the evaporator 120 

p2 (kPa) Outlet pressure of the heat source at the evaporator 120 

T1 (K) Inlet temperature of the heat source at the evaporator 473 

ORC 

∆ppump (kPa) Increased pressure of the working fluid by the pump 1000 

𝜂𝜂𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (%) Mechanical efficiency of the pump 90 

𝜂𝜂𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (%) Isentropic efficiency of the pump 80 

𝜂𝜂𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝 (%) Effectiveness of the evaporator 100 

𝜂𝜂𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐 (%) Effectiveness of the condenser 100 

𝜂𝜂𝑝𝑝,𝑒𝑒𝑒𝑒𝑝𝑝 (%) Mechanical efficiency of the expander 90 

𝜂𝜂𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝 (%) Isentropic efficiency of the expander 80 
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∆Tsup (K) Superheat of the evaporator 5 

∆Tevap (K) 
Minimum temperature difference for heat transfer in 

the evaporator 
11 

∆Tcond (K) 
Minimum temperature difference for heat transfer in 

the condenser 
9 

∆𝑇𝑇𝑐𝑐,𝑂𝑂𝑂𝑂𝐶𝐶 (K) 
Temperature difference between the inlet water and the 

outlet working fluid at the condenser 
20 

�̇�𝑚ℎ (kg/s) Mass flow rate of the working fluid 0.2 

Adsorption 

𝑛𝑛𝑠𝑠 (𝑚𝑚𝑚𝑚𝐶𝐶) Molecular number of the salt 2 

𝑀𝑀𝑁𝑁𝐻𝐻3(𝑔𝑔 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1) Molecular mass of NH3 17 

𝑀𝑀𝑆𝑆𝐶𝐶𝐶𝐶𝑐𝑐2(𝑔𝑔 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1) Molecular mass of SrCl2 158.5 

𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐2(𝑔𝑔 ∙ 𝑚𝑚𝑚𝑚𝐶𝐶−1) Molecular mass of MnCl2 125.8 

𝐶𝐶𝑝𝑝_𝑁𝑁𝐻𝐻3  (kJ∙kg-1∙K-1) Specific heat capacity of the ammonia 2.06 

𝐶𝐶𝑝𝑝_𝐸𝐸𝐸𝐸 (kJ∙kg-1∙K-1) Specific heat capacity of the EG 0.71 

𝐶𝐶𝑝𝑝_𝑆𝑆𝐶𝐶𝐶𝐶𝑐𝑐2(kJ∙kg-1∙K-1) Specific heat capacity of the SrCl2 0.48 

𝐶𝐶𝑝𝑝_𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐2  (kJ∙kg-1∙K-1) Specific heat capacity of the MnCl2 0.58 

𝑇𝑇𝑠𝑠𝑐𝑐,𝑆𝑆𝐶𝐶𝐶𝐶𝑐𝑐2  (𝐾𝐾) Starting temperature for SrCl2 desorption 363 

𝑇𝑇𝑠𝑠𝑐𝑐,𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐2 (𝐾𝐾) Starting temperature for MnCl2 desorption 423 

𝑑𝑑𝑐𝑐 (𝑔𝑔) Time of adsorption/desorption between switches 3000 

Table 3.3 Parameters used in simulation 
 

3.3 Manufacturing and thermal-physical study of the composite 

3.3.1 Manufacturing of the novel-sorbents 

 
Figure 3.6 Upgraded manufacture method 
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The conventional manufacture processes of making composite sorbents have been reported by 

many researchers, along with the method on adding other Nano carbon materials [164] [165]. 

The most common procedures in their reports to integrate salts with porous matrix include 

weighing ingredients, dissolving salts in water, mechanically mixing, drying and grinding. It 

is important to find an improved method of preparing the adsorbents, as the unevenly mixing 

would cause the heat and mass transfer problems during the sorption process. However, the 

previous preparation procedures are not good enough that some problems still exist in the 

sorbents such as agglomeration and congregation. 

Through several times exploring and attempting, the author develops an innovative 

manufacturing methodology of producing chemisorption composite with carbon coated 

additives, SrCl2-EG-Ni/Al/Fe@C and MnCl2-EG-Ni/Al/Fe@C, as shown in Fig. 3.6. 

Corresponding to different stages and equipment needed, the sorbents are made in Bio Lab, 

Mechanical Workshop, and Ammonia Lab, situated in the building for Mechanical 

Engineering, Newcastle University. 

 
Figure 3.7 Oven used in expanding and drying 

 
The manufacturing includes eight procedures in total:  

• The first step is to prepare one of the ingredients, EG. The natural graphite is produced 

with a mesh size of 50-80, which means the diameters of the graphite is within 0.177-

0.297 mm, and the purity of the material is larger than 99%, declared by the provider 

of Shanghai Yi Fan Graphite Company[166]. To produce the expanded graphite, the 

raw material is heated in the oven at a constant temperature of 600 ºC for a period of 

10 min. Fig. 3.7 is the oven used in this expanding process. Limited by the volume of 
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the oven and the operation convenience, the metal pot could hold 30 g to 40 g material 

to the oven at once. Otherwise, a huger metal case in the shape of cuboid at such a 

high temperature could be extremely hard for the manufacturer to move in and out. 

The pot requires for a lid, without which EG would explosively fly out of the oven 

once open it. Between the batches, wait for another 10 min to cool the pot down. In a 

high temperature day, the waiting time could be longer. Otherwise, the high 

temperature pot can destroy the EG container. Collect EG in a sealed container in case 

that the material adsorbs water and affects the precise of weighing. 

• The second procedure is the ultrasonic bath treatment to the carbon nanoparticles, as 

shown in Fig. 3.8. This 30 min process largely vibrates and smash the tiny 

conglomerate of the nanoparticles into the ethanol, which could potentially improve 

the uniformity of the mixture. One reason using ethanol as the media is that the 

density of this organic fluid is smaller than water, enabling a lower resistance of the 

particle movements. Moreover, ethanol is very easy to volatile without any residue at 

the room temperature. The additives of Ni/Al/Fe@C should have been scaled in 

bottles with lids tightened before the treatment, and any operations exposing people to 

the nano materials should only be undertaken in the fume cupboard, as the nano 

additives might raise respiratory problems.  

• The third process is to mix EG with the nano materials in the bottles. EG is very light 

and loose material, and even the air flow during moving EG may cause the explosively 

flying of the powder. Therefore, the bottle used in the figure largely restrict the 

preparation time as the neck of the bottle is too slim for filling with EG. The only way 

to weigh EG is spoon by spoon. A limited mass of 0.07 g EG could be obtained by one 

spoon, and a bottle can hold a maximum of 6 g EG. For one type of the sorbent, 24 

bottles need to be prepared, which means over 2000 times repeated work of using 

spoon to move EG. It is suggested by the author to use wide neck bottles instead of the 

slim ones for saving time. Moreover, a mask as well as patient and careful actions are 

advised to avoid inhaling the flying EG during the preparation, as the light and loose 

material cannot be processed in the fume cupboard. 

• The fourth step is to treat the mixture from the third step for another 30 min ultrasonic 

bath. The ultrasonic bath in Fig 3.8 can only treat two bottles, which also constrains 

the processing time. In the experiments later, the ultrasonic bath is substituted with a 

bigger machine which could contain six bottles, but the bottles retain the same until 

the end of the project.  
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Figure 3.8 Ultrasonic treatment 

 
• In the fifth stage, prepare a beaker with distilled water, and put in the salt of 

SrCl2/MnCl2. Water is still needed as the chemical salt cannot be dissolved in ethanol. 

Place the beaker on a magnetic hotplate in the fume cupboard and set the temperature 

to 150 ºC and the stirring speed to 3. This process is advised to be done during the 

fourth ultrasonic. The mass ratio among SrCl2/MnCl2, EG and Ni/Al/Fe@C is 40:20:1 

referring to the study conducted by Wu et al. [167]. The masses of EG and Nano-

additives are 6 g and 0.3 g in one bottle, respectively. For one kind of the sorbents, it 

requires 24 bottles or 12 beakers to be prepared, which means at least 192 bottles 

mixture are made for SrCl2-EG-0/Ni/Al/Fe@C and MnCl2-EG-O/Ni/Al/Fe@C. The 

accuracy of the analytical balance, product code Sartorius AZ612, is ±0.02 g. Extra 

bottles of different salt mass ratios are manufactured for the tests of thermal diffusivity 

and conductivity later. 

  
(a) beaker on the hotplate (b) Mechanical mixing in a fume cupboard 

Figure 3.9 Mechanical mixing and evaporation process 
• The sixth step is to move the mixture of ethanol, nanoparticles and EG into the beaker 

to be stirred with the solution made in the last procedure. The mixing and evaporating 

process by the magnetic hotplate could last for three to four hours, alleviating the 

deposition problems the mechanical mixing stage. Fig. 3.9 displays the hotplate and 
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the mixing step in fume cupboard. The fume cupboard could hold three hotplates for 

once. 

  
(a) Before drying (b) Crystallisation in drying 

 
(c) Detail in crystallisation 

Figure 3.10 Crystallisation problem with rapid temperature rise 
 

• The seventh procedure of the manufacturing is to dry the sorbent after evaporation. 

When all the procedures above are done, move the black mixture into a ceramic tray 

and starts the drying process in the oven. Due to the large specific surface area of the 

carbon coated metals, the nanoparticles at this stage firmly adheres on the skeleton of 

the porous matrix, EG. Therefore, the open container is suitable to be used here. The 

temperature of the oven is 80 ℃ at beginning, and it requires to be stirred once an hour 

during the first eight hours drying process. After that, the temperature is increased by 

10 ℃ per hour, until the temperature is 120 ℃. The frequency of stirring is once per 

half hour at the second stage. The aim for two-stage drying process is to prevent the 

severe crystallisation problem during the rapid temperature increasing if the oven is 
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set to 120 ℃ at the start. Fig. 3.10 reflects the crystallisation problem in a failed drying 

process, which would result in the uneven-distributed sorbents and negatively 

influence the sorption performance. The dried product looks the same with the final 

composite as shown in Fig. 3.11. 

• Finally, sift the dried sorbents through a 2 mm sieve and grind the oversized residue to 

be sifted again. By this process, the agglomeration during the drying stage is reduced, 

resulting in the uniformity of the sorbents. Fig. 3.11 is the produced sorbent, which is 

mainly in black and some parts reflect a silver light. The loose sorbent needs more 

treatment like compression to fill various adsorption bed before being used in various 

applications.  

 
Figure 3.11 Dried sorbent 

 
3.3.2 Surface morphology of the prepared sorbents 

The prepared composites are made into samples and sent to Scanning Electron Microscopy 

(SEM) and Energy Dispersive X-ray spectroscopy (EDX) to observe the surface morphology. 

This technology is expected to prove the developed manufacturing procedure to be superior 

for the evenly mixing of various ingredients, by presenting the microscopic surface and the 

elements mappings of the sorbents.   

Principles of SEM and EDX 

Fig. 3.12 illustrates the principle of SEM, by which the images of the sample surface could be 

produced using a focused beam of electrons to scan the sample surface.  

The procedures in SEM tests are listed below: 
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• An electron gun thermally ejects a beam in the electron column. Tungsten benefits 

from its highest melting point and lowest vapor pressure among all metal materials, 

thereby allowing it to be electrically heated for electron emission. Therefore, the 

tungsten filament cathode is normally used in the thermionic electron gun. It also has 

the advantage of a low cost. Other types of electron emitters include lanthanum 

hexaboride cathodes or field emission guns (FEG).  

• The beam is focused by the condenser lenses (one or two) to a spot around 0.4 nm to 

5 nm in diameter.  

• The beam passes through pairs of the scanning coils and deflector plates and then 

interacts with the sample, generating signals that contain the information about the 

topography and composition of the sample surface. The electrons lose typical energies 

by repeated random scattering within the interaction volume when the electron beam 

meets the atoms on the surface of the sample. The size of the interaction volume is 

determined by the landing energy of the electrons and the density and the atomic 

number of the sample.  

• The specialized detectors detect the energy exchange between the beam and the 

specimen. Thus, they can create the images of the distribution map reflecting the 

signal intensity emitted from the scanned area of the sample. 

 

Figure 3.12 Schematic diagram of SEM  
 

Various signals could be produced by the electron gun, such as reflected or back-scattered 

electrons (BSE) and secondary electrons (SE). Very few single machines have detectors for 

all possible signals. BSE are beam electrons reflected from the specimen by elastic scattering, 

https://en.wikipedia.org/wiki/Lanthanum_hexaboride
https://en.wikipedia.org/wiki/Lanthanum_hexaboride
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/Elastic_scattering
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which emerge from a deeper location compared with the beams of SE emitted from very close 

to the sample surface. Consequently, the resolution of BSE images is less than that of SE 

images. However, in analytical SEM, BSE is more often used, along with the characteristic X-

rays spectra, because the intensity of BSE is strongly related with the atomic number of the 

sample. BSE images can provide information about the distribution, but not the identity of 

different elements in the sample. Although in biological samples, BSE imaging can image 

colloidal gold immuno-labels of the diameter from 5 to 10 nm diameter, which is otherwise 

impossible for SE, SE detectors are still one of the most popular equipment in all SEMs [168]. 

SEM has some advantages in the scientific research field. Because the electron beam is very 

narrow, the micrographs of SEM have a large depth of field producing a characteristic 

appearance for understanding and analyzing the surface structure of the tested sample[169]. 

Also, SEM has a wide range of magnifications, from about 10 times to over 500000 times of 

the original. It even reaches about 250 times the maximum magnification of the light 

microscopes. Besides, SEM can achieve a resolution finer than 1 nm.  

The testing condition of SEM could vary according to the request. Specimens can be tested in 

either high vacuum by conventional SEM, in low vacuum or wet conditions by variable 

pressure or environmental SEM, or at a cryogenic temperature with a specialized equipment 

[170].  

 

Figure 3.13 SEM machine of Hitachi TM3030 
 

The used machine in this PhD study is Hitachi TM3030, as shown in Fig. 3.13. Applying a 

detection system of a high semiconductor and a 4-segment BSE detector, Hitachi TM3030 

https://en.wikipedia.org/wiki/Colloidal_gold
https://en.wikipedia.org/wiki/Immunogold_labelling
https://en.wikipedia.org/wiki/Depth_of_field
https://en.wikipedia.org/wiki/Light_microscope
https://en.wikipedia.org/wiki/Light_microscope
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can achieve the magnification from 15 times to 60000 times. The limits for the sample size 

are no higher than 50 mm and no larger diameter than 70 mm, according to the specification 

from the supplier. 

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique professional for the 

chemical characterization or the elemental analysis. Similarly, it relies on the interaction of 

the sample and some X-ray excitation. The fundamental principle of EDX is the unique 

atomic structure of each element, which allows the typical set of peaks on the electromagnetic 

emission spectrum [169]. In this study, EDX is cooperated with SEM to observe the surface 

morphology of the manufactured sorbents. 

Sample preparation 

The samples are made to meet the requirement of SEM tests. First, they should be small to fit 

the sample stage in the instrument. Moreover, some special preparations are required to 

increase the electrical conductivity of the sample or to stabilize the sample on the sample 

plate. Otherwise, the samples are unable to withstand the high energy beam of electrons or the 

high vacuum condition during the tests. For example, the samples those can be peeled by the 

high vacuum will potentially destroy the very expensive equipment. Besides, for conventional 

SEM, specimens must be at least electrically conductive at the surface. The metal object only 

needs little preparations such as conductively mounting to a specimen stub while non-

conducting materials requires additional ultrathin coating of electrically conducting substance. 

Currently, conductive materials for specimen coating include gold, platinum, iridium, 

gold/palladium alloy, tungsten, chromium, and graphite. 

  
(a) Polished side of the silicon plate (b) Unpolished side of the silicon plate 

Figure 3.14 Polished and unpolished sides of the silicon plate 
 

https://en.wikipedia.org/wiki/Characterization_(materials_science)
https://en.wikipedia.org/wiki/Elemental_analysis
https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Emission_spectrum
https://en.wikipedia.org/wiki/Electrical_conductivity
https://en.wikipedia.org/wiki/Gold
https://en.wikipedia.org/wiki/Platinum
https://en.wikipedia.org/wiki/Iridium
https://en.wikipedia.org/wiki/Palladium
https://en.wikipedia.org/wiki/Tungsten
https://en.wikipedia.org/wiki/Chromium
https://en.wikipedia.org/wiki/Graphite
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A silicon plate is used as the sample plate for its electrical conductivity. It is polished on a 

single side as shown in Fig 3.14. The plate has a thickness of 400±10 um, a diameter of 

50.8±0.3 mm, and an electrical resistivity less than 0.001 Ω⋅cm, provided by the Company of 

Zhejiang Li Jing Light and Electricity. 

In this project, the samples are prepared by the following steps. Cut a silicon plate to a 

suitable size. Drip a droplet of the mixture from the nearly evaporated stage to form a 

homogeneous liquid membrane on the polished side of the silicon plate. Blow the loose parts 

away by a rubber blowing ball after its naturally drying. Stick the silicon plate with samples 

to the testing stage by the conductive blue tape when doing SEM tests. Fig 3.15 displays the 

rubber ball and the samples made on a plate. 

3.3.3 Thermal diffusivity and thermal conductivity of the adsorbents 

Heat transfer is one of the most essential aspects that affect the sorption performance. The 

best method of thermally characterizing various materials attracts researchers and engineers. 

Many challenges in this field can only be met with precise exploration on two fundamental 

properties: thermal diffusivity and thermal conductivity.  

The samples of the sorbents with or without carbon coated metals are sent for Laser Flash 

Analysis (LFA) to test their thermal properties. By this accurate, reliable and elegant solution, 

the thermal diffusivity and thermal conductivity are tested to investigate the influence of the 

Nano-additives. 

 
Figure 3.15 A rubber blowing ball and SEM samples on the conductive blue tape 
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Principle of LFA 

Fig 3.16 is the LFA apparatus used in this project. The mode is LFA 467 Hyper Flash® 

produced by NETZSCH Company. It can measure the thermal diffusivity from 0.01 mm2/s to 

2000 mm2/s and the thermal conductivity from 0.1 W/(m·K) to a maximum of 4000 W/(m·K).  

 
Figure 3.16 Photo of LFA 467 Hyper Flash® 

 

 
Figure 3.17 Structure of the LFA machine 

 
Fig 3.17 presents the internal structure of the LFA equipment. The vertical system is designed 

with a source of laser at the bottom, a sample carrier inside the furnace in the centre and a 

detector on the top. A xenon lamp is the source of the flash, whose variable energy pulses are 

controlled by the integrated software. The width of the pulse ranges from 20 μs to 1200 μs in 
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LFA 467. During LFA tests, a laser sends the energy pulse to heat one side of a plane-parallel 

sample, resulting in a time-dependant temperature rise on the other side of the specimen. The 

temperature rise is then measured by an infrared (IR) detector. Figure in the dash box displays 

this process in detail.  

The thermal diffusivity is therefore obtained by the machine as expressed in Equation 3.47, 

where α is the thermal diffusivity, dsam is the thickness and t1/2 is the time to the half 

maximum.  

𝛼𝛼=0.1388 ∙ 𝑐𝑐𝑠𝑠𝑎𝑎𝑠𝑠
2

𝑡𝑡1/2
 3.47 

Besides, given a reference specimen, the specific heat capacity Cp of the sample is detected as 

well. Equation 3.48 calculates the thermal conductivity k combining the bulk density ρ with 

these properties. 

k = αρcp 3.48 

Normally, Cp of the sorbent is determined by the components as Equation 3.49 shows. 

𝐶𝐶p = 𝑋𝑋𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 ∙ 𝐶𝐶p,salt + 𝑋𝑋𝐸𝐸𝐸𝐸 ∙ 𝐶𝐶p,EG + 𝑋𝑋𝐶𝐶𝑐𝑐𝑐𝑐 ∙ 𝐶𝐶p,add 3.49 

𝑋𝑋𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡, 𝑋𝑋𝐸𝐸𝐸𝐸 and 𝑋𝑋𝐶𝐶𝑐𝑐𝑐𝑐 is the mass ratio of the salt, EG and Nano-additives, while 𝐶𝐶p,salt, 𝐶𝐶p,EG 

and 𝐶𝐶p,add are the specific heat capacity of those mentioned above, respectively. The sum of 

X is 100 %.  

According to Error Propagation Formula, the error analysis of the thermal conductivity 

obtained by LFA could be calculated as follows. 

Calculate the natural logarithm of each side for Equation 3.50. 

𝐶𝐶𝑛𝑛𝑘𝑘 = ln�αρcp� = lnα + ln ρ + ln cp 3.50 

Calculate the first partial derivative of the thermal conductivity and two variables (thermal 

diffusivity and the specific heat), based on Equation 3.51. 

𝜕𝜕𝐶𝐶𝑛𝑛𝑘𝑘
𝜕𝜕𝑘𝑘

=
1
𝑘𝑘

,
𝜕𝜕 lnα
𝜕𝜕α

=
1
α

,
𝜕𝜕 ln cp
𝜕𝜕cp

=
1
cp

 3.51 

The relative accuracy of the thermal conductivity for this LFA machine is calculated in 

Equation 3.52, Δk, Δα, and ΔCp is the uncertainty of the thermal conductivity, diffusivity, and 

specific heat, respectively. The accuracy of the thermal diffusivity and specific heat is ±3% 

and ±5%, respectively, while the repeatability of them is ±2% and ±3%, claimed by the 

supplier. 
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∆𝑘𝑘
𝑘𝑘

= �
𝜕𝜕 lnα
𝜕𝜕α

� ∙ ∆𝛼𝛼 + �
𝜕𝜕 ln𝐶𝐶𝑝𝑝
𝜕𝜕𝐶𝐶𝑝𝑝

� ∙ ∆𝐶𝐶𝑝𝑝 =
∆𝛼𝛼
𝛼𝛼

+
∆𝐶𝐶𝑝𝑝
𝐶𝐶𝑝𝑝

= 8% 3.52 

The testing atmosphere of LFA can vary to fit different needs. itis controlled by either three 

integrated frits or the mass flow rate of two purge and one protective gases. With a single 

instrument setup, LFA 467 can carry out a measurement from -100 °C to 500 °C, which 

considerably reduces measurement times. It also allows for heating rates with a maximum 

limit of 50 K/min, while maintaining the excellent thermal stability at the meantime. Liquid 

nitrogen is used in the cooling devices, which can even be operated in conjunction with an 

evacuation system. As well as the temperature, the pressure for the measurement can be 

altered by pumping. A pressurized air device is available for a measuring temperature 

between 0 °C and 500 °C. It especially benefits the testing of oxygen-sensitive samples. In 

this project, only the condition of temperature is altered to test the samples. 

Sample preparations 

LFA 467 Hyper Flash has an integrated automatic sample changer which could hold up to 16 

specimens. In the sample carrier, there is a tray for four holders. Holders vary for the round or 

square samples made of liquids, powder, pastes, resins, fibres, laminates or anisotropic 

materials. Each inset could contain one sample with a maximum diameter of 25.4 mm or four 

samples with a highest diameter and thickness of 12.7 mm and 10.0 mm, respectively. The 

sample holder applied in Chapter 4 is the latter one, which enables four specimens to be 

inserted. 

A typical sample maker was designed in the laboratory, belong to Sir Joseph Swan Centre for 

Energy Research, as shown in Fig 3.18. The inner diameter of the compression cylinder is 

12.70 mm, and the metal gasket to control the thickness parameter is 3.00 mm.  

The preparation of the LFA samples can be described as following. Fill the tube with an 

exactly measured amount of the sorbents, and then tighten the lid and the nut to compress the 

powder into the desired dimension. Eventually, remove the lid and gasket, and further screw 

the nut to push the compressed sorbent out, so the specimens are obtained. The random error 

of the volume is less than ± 1%, by this method. 

Fig 3.19 presents the prepared samples. Fig 3.19 (a) is the photo taken from a sample holder 

with four compressed sorbent specimens. In Fig 3.19 (b), B1 is the prepared sample, and B2 is 

the reference of graphite provided by NETZSCH, and the rest of the insects are filled with 

metal plates. Fig 3.19 shows the sample tray with four holes, filling with two sample holders 

and two large metal panels. The metal plates along with the panels aim to block the empty 
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positions, otherwise, the leakage of the light may cause errors in detection or even destroy the 

LFA machine. 

  
(a) Measure the gasket (b) Measure the inner diameter 

Figure 3.18 A simple specimen compressor made in lab 
 

  

 
(a) Four in a holder (b) One in a holder (c) Samples in the tray 

Figure 3.19 Prepared samples in the holder and the tray 
 

3.4 Experimental investigation of the sorption performance 

3.4.1 Experimental apparatus and principle 

The sorption performance test system mainly consists of an adsorbent bed and an ammonia 

container with other accessorised equipment, as shown in Fig 3.20. The adsorbent bed on the 

left of the figure and the condenser/evaporator on the right are circled in the red dash lines. 

The tubes are set between the thermal fluid (orange) and the adsorbent (green) /ammonia 

(indigo) /adiabatic material (dark grey) to separates the substances. It is established in 

Ammonia Lab, School of Mechanical Engineering, Newcastle University. 
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The principle of the adsorption and desorption could be explained as follows: 

• During adsorption, the ammonia evaporates from the ammonia vessel to be adsorbed 

by the sorbent in the sorption reactor. The oil bath exchanges heat with tap water to 

cool the thermal fluid running through the sorbent bed. Thus, the heat generated from 

adsorption is rejected. The cryostat is set to simulate the environmental temperature, 

and the ammonia vessel works as an evaporator. In adsorption process, the evaporator 

produces the cooling effect, due to the heat consumption by ammonia evaporation.  

• Switched to the desorption mode, ammonia is desorbed from the sorbent and 

condensed in the ammonia vessel, when the sorbent bed is heated. The cylinder 

storing the ammonia works as a condenser in desorption. The oil bath is controlled at a 

high temperature to supply the heat source to the sorption bed. The adsorbent absorbs 

the heat and releases refrigerant gas.  

 

 
(a) Diagram of the sorption test rig 
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(b) Photo of the rig 

Figure 3.20 Test rig of the adsorption and desorption performance 
 

The data acquisition system of the test rig includes the power supply, the pressure sensors and 

the temperature sensors. A power supply maintains a stable working voltage for the pressure 

sensors (error within 0.25% of full scale) and the differential pressure sensor. The readings 

from the sensors are converted into 4-20 mA signals, recorded via the data taker of DT85. In 

the adsorbent bed, the temperature sensor is Pt 100, while other sensors for temperature 

detecting are all K-type thermocouples with a measuring error of 0.4%.  

Fig 3.21 (a) is the designing illustration of the adsorbent bed. The sorption reactor could bear 

a working temperature to 300 ℃ with a pressure limit of 30 bar, which enables the tube to be 

used for all metal chlorides. The height of the sorbent chamber is 300 mm, and the diameter is 

52.48 mm. A four-wire RTD temperature sensor with the accuracy of ±0.01℃ is inserted in 

the centre of the tube for the accurate measurement of the sorbent temperature. The designed 

volume for the sorbent is 612.88 cm3. The manufactured sorbent are compressed to 450 kg/m3 

to be filled in the sorption reactor. An oil bath is connected to the sorbent bed to control the 

sorption or desorption temperature. A 120 stainless mesh forms a gas channel in the centre of 

the adsorbent for the ammonia flow, and it could prevent the solid sorbent from collapsing 

away.  
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(a) Adsorbent bed (b) Condenser/Evaporator 

Figure 3.21 Diagram of two tubes 
 

Fig 3.21 (b) is the design of the ammonia vessel. In desorption, it works as the condenser, 

while in adsorption, the tube serves as the evaporator. The inner diameter of the ammonia 

vessel is 24 mm, and the designed volume for liquid ammonia is 45.24 cm3, at the 

environmental temperature. At the beginning of the experiments, the cylinder allows a 

maximum amount of 17.86 mol or 303.62 g liquid ammonia inside, at the controlled 

temperature of -25 ℃. A spiral-shaped pipe is specially established in the upper body of the 
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condenser, reducing the possibility for the condensed ammonia to flow out of the condenser. 

The pressure sensor for the measurement of the pressure difference between the top and the 

bottom of the tube is supplied from Rosemount with a range from -623 bar to 623 bar and the 

uncertainty of 0.1%. With this application, the readings from the differential pressure sensor 

would be more reliable. 

The thermostat connected with the adsorbent bed is JULABO SE-6 Heating Circulator, as 

displayed in Fig 3.22 (a). It can provide a maximum working temperature of 300 ℃ with the 

appropriate thermal fluid. The actual working temperature of the oil bath ranges from 20 ℃ to 

220 ℃ with ±0.01 ℃ stability, corresponding to the characteristic of used oil, JULABO 

Thermal H20S. 

  
(a) JULABO SE-6 (b) JULABO CF41 

Figure 3.22 Photos of both thermostats 
 

The cryostat connected to the evaporator is JULABO CF41, as presented in Fig 3.22 (b). It 

can control the temperature from -20 ℃ to 170 ℃, maintaining the stability of ±0.02 ℃. The 

working fluid in the cryostat is Kryo 70. 

3.4.2 Test procedures 

The test procedures of the sorption performance are described as follows: 

• Adsorbent compression: Compress the manufactured sorbent into the reactor at a 

density of 450 kg/m3. Install the insulation materials of the adsorbents bed. 
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• Leakage check: Switch on Valve 1 and Valve 3, vacuum the system through Valve 3. 

Charge the system with nitrogen to 20 bar through Valve 3. Switch Valve 3. Record 

the pressure in the adsorbent. When the pressure drop over 24 hours is lower than 0.1 

bar, vacuum the system through Valve 3. Switch Valve 3 off. Switch Valve 2 on to let 

the ammonia go through. Start the tests. 

• Adsorption: Alter the temperature of the oil bath connected with adsorbent bed to 20 

℃. Switch on the water valve. Set the cryostat to the testing temperature. Wait until 

the temperatures achieve the wanted temperatures and they are constant for at least 5 

min. Switch on Valve 1 to start the adsorption. Retrieve the data from the data taker 

after completing the adsorption test. Shut down Valve 1. For each adsorption test, a 

complete desorption must be finished in advance. It requires to heat the sorbent bed at 

a temperature of 180 ℃ for two hours, and then cool the adsorbent bed until it reaches 

the environmental temperature. 

• Desorption: Set the temperature of the thermostat connected with the sorbent bed to 

the experimental temperatures such as 180 ℃. Wait until the reading of the oil is 180 

℃ for at least 5 min during the internal heat circulation. Control the condenser 

temperature to -20 ℃. Wait until the temperature is stable. Start the external heating of 

the oil bath. Switch on Valve 1 to start the desorption test. Obtain the data after 

finishing the desorption test. Switch off Valve 1. The reason for setting such a low 

temperature at the condenser is to condense ammonia as quick as possible and 

accelerate the reaction in the rig with a long pipe. For every desorption experiment, 

full adsorption must be completed in advance. It requires to cool the adsorbent bed 

with tap water and control the evaporator to the ambient temperature of 20 ℃ for at 

least two hours. 

• Adsorbent removes: When all tests are finished, switch Valve 1 and Valve 2 on. Heat 

the sorption bed at 200 ℃ for at least 8 hours. Wait until the temperature of the bed is 

safe for manual operations. Switch Valve 2 off. Switch Valve 3 on. Vacuum the 

adsorbent bed through Valve 3. Remove the insulation. Open the sorbent bed. Remove 

the adsorbent. 

3.4.3 Evaluation of the sorption performance 

Mass of ammonia 

The gross mass of the ammonia in the container is calculated in Equation 3.53. It consists of 

both liquid and gas phases. The derivation processes are stated below.  
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𝑚𝑚𝐶𝐶𝑝𝑝 = 𝑚𝑚𝐶𝐶𝑝𝑝,𝑔𝑔 + 𝑚𝑚𝐶𝐶𝑝𝑝,𝑐𝑐 = 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝐴𝐴𝑐𝑐 × ℎ𝐶𝐶𝑝𝑝,𝑔𝑔 + 𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐 × 𝐴𝐴𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐 × ℎ𝐶𝐶𝑝𝑝,𝑐𝑐 

= (𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 × ℎ𝐶𝐶𝑝𝑝,𝑔𝑔 + 𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐 × 𝑔𝑔 × ℎ𝐶𝐶𝑝𝑝,𝑐𝑐) × 𝐴𝐴𝑐𝑐 ÷ 𝑔𝑔 

 𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐 × 𝑔𝑔 × ℎ𝐶𝐶𝑝𝑝,𝑐𝑐 = ∆𝑝𝑝 

𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 × ℎ𝐶𝐶𝑝𝑝,𝑔𝑔 = 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 × �𝑉𝑉 ÷ 𝐴𝐴𝑐𝑐 − ℎ𝐶𝐶𝑝𝑝,𝑐𝑐� 

= 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 ×
𝑉𝑉
𝐴𝐴𝑐𝑐

− 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 ×
∆𝑝𝑝

𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐 × 𝑔𝑔
 

𝑚𝑚𝐶𝐶𝑝𝑝 = �𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 ×
𝑉𝑉
𝐴𝐴𝑐𝑐

− 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 × 𝑔𝑔 ×
∆𝑝𝑝

𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐 × 𝑔𝑔
+ ∆𝑝𝑝� × 𝐴𝐴𝑐𝑐 ÷ 𝑔𝑔 

= 𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔 ∙ 𝑉𝑉 − (1 −
𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔

𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐
) ∙
𝐴𝐴𝑐𝑐
𝑔𝑔
∙ ∆𝑝𝑝 

3.53 

According to the error propagation, Equation 3.54 is the accuracy of mam, based on the 

accuracy of the pressure difference ∆(∆𝑝𝑝).  

∆𝑚𝑚𝐶𝐶𝑝𝑝 = �(1 −
𝜌𝜌𝐶𝐶𝑝𝑝,𝑔𝑔

𝜌𝜌𝐶𝐶𝑝𝑝,𝑐𝑐
) ∙
𝐴𝐴𝑐𝑐
𝑔𝑔
� ∙ ∆(∆𝑝𝑝) 3.54 

mam, mg and ml - Mass of overall, gas phase and liquid phase ammonia in the condenser. 

hg and hl - Height of the gas phase and liquid phase ammonia. 

𝜌𝜌𝑔𝑔 and  𝜌𝜌𝑐𝑐 - Density of the gas and liquid ammonia. 

𝑣𝑣𝑔𝑔 and 𝑣𝑣𝑐𝑐   - Specific volume of the gas and liquid ammonia. 

V (4.524 x 10-4 m3) and Ac (4.524 x 10-4 m2) – Volume and cross-sectional area of the 

condenser. 

∆𝑝𝑝 - Differential pressure tested between the top (gas phase pressure) and the bottom (liquid 

phase pressure adds gas phase pressure) of the condenser. 

g (9.80 m/s2) - Gravitational acceleration.  

Ammonia conversion ratio 

For the convenience of the comparison, the global conversion ratio of ammonia is calculated 

to assess the sorption performance as shown in Equation 3.55 and Equation 3.56. For the first 

term of the numerator on the right side, 𝑚𝑚7𝑁𝑁𝐻𝐻3 or 𝑚𝑚4𝑁𝑁𝐻𝐻3, it is the mass of the seven portions 

reacted ammonia for the SrCl2 or four portions reacted ammonia for MnCl2 added with the 

reaction-free ammonia. 𝑀𝑀7𝑁𝑁𝐻𝐻3 and 𝑀𝑀4𝑁𝑁𝐻𝐻3 is the mass of maximum reacted ammonia for 

SrCl2 and MnCl2, respectively. Thus, the numerator represents the mass of the actual reacted 

ammonia. 
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𝑥𝑥𝑆𝑆𝐶𝐶𝐶𝐶𝑐𝑐2 =
𝑚𝑚7𝑁𝑁𝐻𝐻3 − 𝑚𝑚𝐶𝐶𝑝𝑝

𝑀𝑀7𝑁𝑁𝐻𝐻3
 3.55 

𝑥𝑥𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐2 =
𝑚𝑚4𝑁𝑁𝐻𝐻3 − 𝑚𝑚𝐶𝐶𝑝𝑝

𝑀𝑀4𝑁𝑁𝐻𝐻3
 3.56 

Equation 3.57 and Equation 3.58 are the calculations of the errors. 

∆𝑥𝑥𝑆𝑆𝐶𝐶𝐶𝐶𝑐𝑐2 =
1

𝑀𝑀7𝑁𝑁𝐻𝐻3
∙ ∆𝑚𝑚𝐶𝐶𝑝𝑝 3.57 

∆𝑥𝑥𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐2 =
1

𝑀𝑀4𝑁𝑁𝐻𝐻3
∙ ∆𝑚𝑚𝐶𝐶𝑝𝑝 3.58 

SCP and COP 

Specific cooling power (SCP) and coefficient of performance (COP) are calculated to 

evaluate the refrigeration performance. SCP represents the cooling capacity of the unit mass 

of the sorbent during the unit time. Equation 3.59 is the cooling power yielded in adsorption 

process. Equation 3.60 is the calculation of the sorbent SCP. Qref is the refrigeration produced 

by the adsorption process in the reaction time tad. nr,am is the reacted molar number of the 

ammonia. ∆𝐻𝐻𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝 is the evaporation heat of the ammonia. mad is the mass of the adsorbent. 

COP is calculated by Equation 3.61. It reflects the relationship between the cooling 

production and the heat consumption. Qin includes the sensible heat of the sorbent and sorbent 

bed and the desorption heat consumed by the sorbents. 

𝑄𝑄𝐶𝐶𝑒𝑒𝑟𝑟 = 𝑥𝑥 ∙ 𝑛𝑛𝐶𝐶,𝐶𝐶𝑝𝑝 ∙ ∆𝐻𝐻𝑒𝑒𝑒𝑒𝐶𝐶𝑝𝑝 3.59 

𝑆𝑆𝐶𝐶𝐶𝐶 = 𝑄𝑄𝐶𝐶𝑒𝑒𝑟𝑟/(𝑚𝑚𝐶𝐶 ∙ 𝑑𝑑𝐶𝐶𝑐𝑐) 3.60 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄𝐶𝐶𝑒𝑒𝑟𝑟/𝑄𝑄𝑖𝑖𝐶𝐶 3.61 

3.5 Simulation study of integrated ORC-chemisorption systems using novel sorbents 

3.5.1 Physical model of the sorption reactor 

The physical model of the adsorption bed is built with the required parameters to use the 

analytical equations exploring the aspect of heat transfer.  

A tube-type reactor designed and set in the lab provides the physical dimensions. Fig. 3.23 

illustrates the simplified schematic diagram of the adsorption unit. Outside of the tube is the 

adiabatic materials to reduce the heat loss of the unit, and the tube is constructed of 304 

stainless steel (304 SS) to isolate the adsorbents with the thermal fluid. The fluid runs inside 

the steel case to exchange the heat with the adsorbents as yellow colour shown in the figure. 

In the centre of the adsorbents is the gas channel made by a stainless-steel mesh to let the 

ammonia flow through, which is drawn in green. The steel wall separating the sorbents and 
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the thermal fluid is coloured in purple. Moreover, the orange part represents the compressed 

adsorbents. Several essential parameters are defined in the illustration such as the length of 

the tube (L) and the diameter of the gas channel (dgc).  

 
Figure 3.23 Simplified illustration of the adsorption unit 

 
Table 3.4 lists the physical dimensions of the adsorption unit, including the thicknesses of the 

sorbent and wall, the diameter of the gas channel, the inner and outer diameter of the wall and 

so on. 

Symbol Description Value 

𝛿𝛿𝐶𝐶𝑐𝑐 (mm) Thickness of the adsorbent 18.74 

𝛿𝛿𝑤𝑤 (mm) Thickness of the wall 3.91 

dgc (mm) Diameter of the gas channel 15.00 

dw_in (mm) Inner diameter of the wall 52.48 

dw_out (mm) Outer diameter of the wall 60.30 

df_out (mm) Outer diameter of the thermal fluid 77.92 

ℎ𝑟𝑟𝑤𝑤 (W∙m-1∙K-1) Convective heat transfer coefficient of the fluid to wall 3.60 

λ𝑤𝑤 (W∙m-1∙K-1) Thermal conductivity of the wall 16.20 

λSrCl2−EG (W∙m-1∙K-1) Thermal conductivity of the SrCl2-EG 1.40 

λMnCl2−EG (W∙m-1∙K-1) Thermal Conductivity of the MnCl2-EG 1.50 
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L (mm) Length of the tube unit 300 

Table 3.4 Physical dimensions of the sorption unit 
 

Thermal resistance in the sorption bed 

The thermal resistance from the fluid to the sorbent is illustrated with the describing equations 

in Fig. 3.24. For this cylindrical tube, the heat transfers first through the thermal fluid to the 

wall and then from the wall to the adsorbent. In this circumstance, the one-dimensional 

analysis is reliable to be used for simplifying the calculation of the heat transfer process. 

Therefore, the heat flow includes convection between the thermal fluid and the outer side of 

the wall, the conduction between the outer side and the central of the wall, the conduction 

between the central and the inner side of the wall, and convection between the inner side of 

the wall and the central of the adsorbent.  

 
(a) Thermal resistance between the thermal fluid and the wall 

 
(b) Thermal resistance between the wall and the adsorbents 

Figure 3.24 One-dimensional thermal resistance 

Equation 3.62 calculates the heat resistance between the thermal fluid and the wall, Rf_w. The 

value of Rf_w is 7.086 x 10-6 m2/(K∙W). 

𝑅𝑅𝑟𝑟_𝑤𝑤 =
1

𝜋𝜋 ∙ 𝑑𝑑𝑤𝑤_𝐶𝐶𝑝𝑝𝑡𝑡 ∙ ℎ𝑟𝑟𝑤𝑤 ∙ 𝐿𝐿
+
𝐶𝐶𝑛𝑛�𝑑𝑑𝑤𝑤_𝐶𝐶𝑝𝑝𝑡𝑡/�𝑑𝑑𝑤𝑤_𝑖𝑖𝐶𝐶 + 𝛿𝛿𝑤𝑤��

2𝜋𝜋 ∙ λ𝑤𝑤 ∙ 𝐿𝐿
 3.62 

Equation 3.63 expresses the heat resistance between the wall and the sorbent, Rw_ad. The value 

of Rw_ad is 1.741 x 10-4 m2/(K∙W). 
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𝑅𝑅𝑤𝑤_𝐶𝐶𝑐𝑐 =
𝐶𝐶𝑛𝑛��𝑑𝑑𝑤𝑤_𝑖𝑖𝐶𝐶 + 𝛿𝛿𝑤𝑤�/𝑑𝑑𝑤𝑤_𝑖𝑖𝐶𝐶�

2𝜋𝜋 ∙ λ𝑤𝑤 ∙ 𝐿𝐿
+
𝐶𝐶𝑛𝑛�𝑑𝑑𝑤𝑤_𝑖𝑖𝐶𝐶/�𝑑𝑑𝑤𝑤_𝑖𝑖𝐶𝐶 − 𝛿𝛿𝑤𝑤��

2𝜋𝜋 ∙ λ𝐶𝐶𝑐𝑐 ∙ 𝐿𝐿
 3.63 

Heat transfer in the sorbent bed 

The heat transfer analysis uses the lumped parameter model to simulate the unsteady-state 

heat process of the adsorption bed. This method assumes that the temperatures of the 

materials are always uniform.  

Equation 3.64 is the expression of the log mean temperature difference between the thermal 

fluid and the wall. 

LMT𝐷𝐷𝑟𝑟_𝑤𝑤 = �𝑇𝑇𝑟𝑟_𝑖𝑖𝐶𝐶 − 𝑇𝑇𝑟𝑟_𝐶𝐶𝑝𝑝𝑡𝑡�/𝐶𝐶𝑛𝑛
𝑇𝑇𝑟𝑟_𝑖𝑖𝐶𝐶 − 𝑇𝑇𝑤𝑤
𝑇𝑇𝑟𝑟_𝐶𝐶𝑝𝑝𝑡𝑡 − 𝑇𝑇𝑤𝑤

 3.64 

Equation 3.65 describes the heat exchange between the thermal fluid and the wall, of which 

the terms on the right include the total energy processed by the fluid during convection and 

the energy changes in conduction between the wall and the fluid. Cp_f, Vf, 𝜌𝜌𝑟𝑟, and 𝑚𝑚𝑟𝑟̇  are the 

specific heat capacity, volume, density, and the mass flow rate of the fluid, respectively. 

𝜌𝜌𝑟𝑟𝐶𝐶𝑝𝑝_𝑟𝑟𝑉𝑉𝑟𝑟
𝜕𝜕𝑇𝑇𝑟𝑟
𝜕𝜕𝑑𝑑

= �̇�𝑚𝑟𝑟𝐶𝐶𝑝𝑝_𝑟𝑟�𝑇𝑇𝑟𝑟𝑖𝑖𝑖𝑖,𝑗𝑗 − 𝑇𝑇𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜,𝑗𝑗� −
𝐿𝐿𝑀𝑀𝑇𝑇𝐷𝐷𝑟𝑟_𝑤𝑤,𝑗𝑗

𝑅𝑅𝑟𝑟_𝑤𝑤
 3.65 

Equation 3.66 stands for the internal energy change of the wall. The terms on the right side of 

the equation displays the heat transfer processes between the fluid-wall and the wall-

adsorbent. 

𝜌𝜌𝑤𝑤𝐶𝐶𝑝𝑝_𝑤𝑤𝑉𝑉𝑤𝑤
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝑑𝑑

=
𝐿𝐿𝑀𝑀𝑇𝑇𝐷𝐷𝑟𝑟_𝑤𝑤,𝑗𝑗

𝑅𝑅𝑟𝑟_𝑤𝑤
−
𝑇𝑇𝑤𝑤,𝑗𝑗 − 𝑇𝑇𝐶𝐶𝑐𝑐,𝑗𝑗

𝑅𝑅𝑤𝑤_𝐶𝐶𝑐𝑐
 3.66 

Equation 3.67 calculates energy balance. The first term on the left is the internal energy 

change of the adsorbent, and the second term represents the energy of the reacted ammonia. 

The molar number of the chemical sorbent is nad and (d-c) is stated in chapter 2 when 

describing the equation of metal chlorides-ammonia. In this equation, ∑ 𝜌𝜌𝑖𝑖𝐶𝐶𝑝𝑝_𝑖𝑖
𝑁𝑁
𝑖𝑖=1  is the total 

specific volumetric heat capacity of the used composite sorbent, which is calculated by 

Equation 3.68. 

��𝜌𝜌𝑖𝑖𝐶𝐶𝑝𝑝_𝑖𝑖

𝑁𝑁

𝑖𝑖=1

� 𝑉𝑉𝐶𝐶𝑐𝑐
𝜕𝜕𝑇𝑇𝐶𝐶𝑐𝑐
𝜕𝜕𝑑𝑑

− (𝑑𝑑 − 𝑐𝑐)𝑛𝑛𝐶𝐶𝑐𝑐𝑀𝑀𝐶𝐶𝑁𝑁𝐻𝐻3∆𝐻𝐻𝐶𝐶𝑐𝑐
𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑

=
𝑇𝑇𝑤𝑤,𝑗𝑗 − 𝑇𝑇𝐶𝐶𝑐𝑐,𝑗𝑗

𝑅𝑅𝑤𝑤_𝐶𝐶𝑐𝑐
 3.67 

�𝜌𝜌𝑖𝑖𝐶𝐶𝑝𝑝_𝑖𝑖

𝑁𝑁

𝑖𝑖=1

= 𝜌𝜌𝐸𝐸𝐸𝐸𝐶𝐶𝑝𝑝_𝐸𝐸𝐸𝐸�������
𝑒𝑒𝑒𝑒𝑝𝑝𝐶𝐶𝐶𝐶𝑐𝑐𝑒𝑒𝑐𝑐 𝑔𝑔𝐶𝐶𝐶𝐶𝑝𝑝ℎ𝑖𝑖𝑡𝑡𝑒𝑒

+ 𝜌𝜌𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡𝐶𝐶𝑝𝑝_𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡�������
𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡

+ 𝑥𝑥(𝑑𝑑 − 𝑐𝑐)𝑛𝑛𝐶𝐶𝑐𝑐𝑀𝑀𝐶𝐶𝑁𝑁𝐻𝐻3𝐶𝐶𝑝𝑝_𝑁𝑁𝐻𝐻3/𝑉𝑉𝐶𝐶𝑐𝑐�������������������
𝐶𝐶𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶

 3.68 
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Lumping the thermal mass of the wall and the fluid together simplifies the calculation and 

improves the applicability of the model [171]. It means the same slope of the changes in Tf 

and Tw. Therefore, Equation 3.65 and Equation 3.66 can be written in Equation 3.69. 

(𝜌𝜌𝑟𝑟𝐶𝐶𝑝𝑝_𝑟𝑟𝑉𝑉𝑟𝑟 + 𝜌𝜌𝑤𝑤𝐶𝐶𝑝𝑝_𝑤𝑤𝑉𝑉𝑤𝑤)
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝑑𝑑

= �̇�𝑚𝑟𝑟𝐶𝐶𝑝𝑝_𝑟𝑟�𝑇𝑇𝑟𝑟_𝑖𝑖𝐶𝐶,𝑗𝑗 − 𝑇𝑇𝑟𝑟_𝐶𝐶𝑝𝑝𝑡𝑡,𝑗𝑗� −
𝑇𝑇𝑤𝑤,𝑗𝑗 − 𝑇𝑇𝐶𝐶𝑐𝑐,𝑗𝑗

𝑅𝑅𝑤𝑤_𝐶𝐶𝑐𝑐
 3.69 

There are several assumptions applied in the model as described below. 

• Both the temperature and the pressure of the adsorbent are homogeneous. 

• During the chemical reaction, the ammonia is evenly desorbed or adsorbed by the 

sorbent. 

• The ammonia is treated as an ideal gas in the calculations. 

• The heat loss of the thermal fluid is ignored, either to the adsorbent or to the ambient. 

• The pressure loss of the system is also neglected. 

Table 3.5 supplies other necessary parameters used in the physical model built of the 

adsorption reactor. 

Symbol Description Value 
ma (g) Mass of the adsorbent 210 

mEG (g) Mass of the EG 105 

Cp_f (kJ∙kg-1∙K-1) Specific heat capacity of heat transfer fluid 1.02 

Cp_w (kJ∙kg-1∙K-1) Specific heat capacity of the 304 SS wall 0.50 

𝐶𝐶𝑝𝑝_𝑁𝑁𝐻𝐻3  (kJ∙kg-1∙K-1) Specific heat capacity of the ammonia 2.06 

Cp_EG (kJ∙kg-1∙K-1) Specific heat capacity of the EG 0.71 

𝜌𝜌𝑟𝑟 (kg/m3) Average density of the thermal fluid 0.81 

𝜌𝜌𝑤𝑤 (g/cm3) Density of the 304 SS wall 7.99 

Vad (cm3) Volume of the adsorbent 595.9 

Vf (cm3) Volume of the thermal fluid 573.8 

Vw (cm3) Volume of the wall 207.8 

Table 3.5 Other parameters used in the physical model 
 

3.5.2 ORC-AD and AD-ORC 

Apart from ORC-AD, AD-ORC system is investigated to assess the influence by using the 

adsorption module as the top cycle to use the heat source. Fig 3.25 draws the structure of AD-
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ORC system. In this configuration, low-grade heat firstly enters into the sorbent bed in the 

adsorption cycle instead of firstly being used by ORC, compared with ORC-AD system. 

 
Figure 3.25 Schematic diagram of AD-ORC system 

 
 Different with ORC-AD, low-grade heat outlet temperature of the adsorption bed equals to 

the low-grade heat inlet temperature of ORC, as shown in Equation 3.70.  

T1=T4 3.70 

Other calculations are not changed, except that T3 is 200 oC. The mass flow rate of working 

fluid is controlled to 0.20 kg/s, while the pressure increase by the pump is 1000 kPa. Under 

this condition, the outlet temperature of the heat source is 157.38 oC.  

3.5.3 Resorption-ORC and ORC-resorption 

 
Figure 3.26 Schematic diagram of ORC-resorption system 

 
Fig. 3.26 and Fig. 3.27 are two configurations of ORC-resorption and resorption-ORC 

systems. Resorption substitutes the adsorption cycle in the cogeneration systems. As stated in 

previous chapters, SrCl2-MnCl2 is the working pair used in LTS-HTS resorption module. The 
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essential parameters of both two salts have been recorded in Section 3.2. Unlike the single salt 

adsorption, Pc is the equilibrium pressure of LTS at its testing temperature (environmental 

temperature 25 oC in this study) in the kinetic equations. 

The difference between ORC-resorption and resorption-ORC system is the utilisation order of 

the heat source. In Fig 6.9, low-grade heat goes through the sorbent bed later than being used 

by ORC while the condition is adverse in Fig 6.10. The cooling power produced is calculated 

by the amount of reacted ammonia and desorption heat of LTS rather than the evaporation 

heat of ammonia.  

 
Figure 3.27 Schematic diagram of resorption-ORC system 

 
3.6 Kinetic model of the optimal sorbents 

The kinetic model for calculation of the global ammonia conversion ratio has been clearly 

introduced in Section 3.2.4.  

The experimental data from Section 3.4 will be used to fit the kinetic model of the optimal 

chemisorption composite found in the study, and the kinetic model will be employed in the 

better integration system resulted from the comparisons above to evaluate the improvements 

of the low-grade heat conversion by these methods. 

3.7 Summary 

This PhD project aims to enhance the utilisation of the low-grade heat by integrating ORC 

with chemisorption cycles. The methodologies used in the thesis could be concluded as: 

• Establish a model of ORC-AD system to evaluate the feasibility of integrating ORC 

with chemisorption to improve the conversion of the low-grade heat. MATLAB, the 

professional simulation software, is introduced as the modelling tool, as well as 
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REFPROP. The computational calculations are individually written for ORC and 

adsorption units. The evaluation of each component and the overall cogeneration 

performance is also stated in Section 3.2.  

• For a further improvement of the cogeneration system driven by low-grade thermal 

energy, the chemisorption technology is explored in the respect of the development of 

the material, as ORC has a limited enhancing potential. An innovative methodology is 

developed for eliminating the conglomeration and aggregation of the chemisorption 

composite and improving the uniformity of the material ingredients. Carbon coated 

Ni, Al and Fe are selected as the additives to the conventional chemisorption 

composite with the expectation to potentially enhance the sorption performance with 

its good thermal properties. SEM and EDX are utilised for the surface morphology 

observation of the composite sample to prove that the methodology could evenly mix 

the sorbents materials. LFA tests are applied to assess the thermal characteristics of 

the chemisorption composite. 

• After the manufacturing and the thermal-physical tests of the sorbents, the 

experimental investigation will be done for the sorption performance tests of the 

composites. The experimental apparatus and principle are introduced in Section 3.4, as 

well as the test procedures. Several critical indicators are also stated for the assessment 

of the sorption performance of the manufactured chemisorption composites. 

• Using the data from the experimental adsorption units, the simulation model of the 

ORC-AD is advanced to fit more reality, and another three combinations of ORC with 

chemisorption are induced to compare the influence of the chemisorption to be the 

first user or not.  

• The optimal sorbents obtained from the results of the sorption performance is fitted 

into the kinetic models and applied in the optimised integration system to evaluate the 

most improvement by the methods explored in this PhD project. 
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Chapter 4 Integrated ORC-adsorption system for power and cooling 
During the exploration of various thermal cycles recovering low-grade heat, the idea of 

integrating ORC with adsorption technologies inspired many researchers to enhance the 

overall energy efficiency and comfort the condition simultaneously requiring cooling and 

power. Computational modelling offers the flexibility on altering the simulating conditions 

and enables the repeatability of the predictions. Thus, it can save money and time on 

forecasting and optimising system behaviour, designing control systems and characterising 

system response.  

Chapter 3 describes the simulation of a cogeneration system, integrating the adsorption units 

and a traditional ORC to evaluate the feasibility of achieving the goals mentioned above. The 

software used in this project is MATLAB. REFPROP is another vital part of the simulation, 

providing the properties of reference fluid. The assessment of this system versus various 

working conditions has been reported such as net power, cooling generation and thermal 

efficiency. 

4.1 Identification of T2 

It is critical to identify the suitable situations of T2, as the outlet temperature of the heat 

source T2 from the evaporator is the only connection for ORC and adsorption modules. 

Otherwise, the temperature of the heat source to be used in adsorption may be out of range. 

Fig. 4.1 shows the temperature T2 of the heat source when it goes out of ORC.  ∆ppump is 

altered from 200 kPa to 3200 kPa to figure out the influence from the pump, with a gradient 

of 200 kPa. ∆ppump higher than 3200 kPa would cause errors as the value is the invalid 

supercritical pressure. The mass flow rate of the working fluid varies from 0.20 kg/s to 0.50 

kg/s. The results show that T2 increases with ∆ppump negatively developing, while T2 

decreases with �̇�𝑚𝑤𝑤 growing larger. The first result is due to the enlarged pressure of the 

working fluid, which leads to a higher evaporation temperature T6a in the evaporator. With a 

fixed value of ∆𝑇𝑇𝑠𝑠𝑝𝑝𝑝𝑝, the outlet temperature of the working fluid T6 becomes higher as well. 

However, T5 almost keeps the same when ∆ppump is altered. Thus, the increased temperature 

difference between the inlet and outlet working fluid of the evaporator caused more heat 

consumption with a constant mass flow rate of R245fa. The latter result is because the 

increased mass flow rate requires the working fluid to consume more heat from the heat 

source, which would lead to the decrease of the heat source temperature. The maximum 

temperature reached among these testing conditions is 162.31 oC with the mass flow rate of 



94 
 

0.20 kg/s at ∆ppump of 200 kPa, while the minimum T2 is 85.24 oC retrieving from the mass 

flow rate of 0.50 kg/s at ∆ppump of 3200 kPa.  

 
Figure 4.1 T2 versus ∆ppump 

 

Only the temperature points of the outlet heat source from ORC that are higher than 90 oC 

could meet the temperature requirement for SrCl2-EG to desorb the ammonia.  

Thus, the simulation of Chapter 3 would only test the performance in the suitable conditions 

(�̇�𝑚𝑤𝑤: 0.20 kg/s to 0.45 kg/s; ∆ppump: 200 kPa to 3200 kPa). 

4.2 Performance anaylsis 

Fig 3.7 illustrates the net power produced by ORC altering ∆ppump from 200 kPa to 3200 kPa. 

The black, red, blue, green, purple, brown and light blue curves represent the results from the 

working fluid with the mass flow rate of 0.20 kg/s to 0.45 kg/s. The results show that the 

output increases with the mass flow rate positively developing or with ∆ppump growing. 

Corresponding to the results found in Fig 4.2, the reason is that the increased ∆ppump or �̇�𝑚𝑤𝑤 

lead to more energy consumed by the working fluid. Thus, the amount of the energy 

production increases after expansion with fixed expander efficiencies. The maximum power 

yielded by ORC is 13.21 kW, obtained when �̇�𝑚𝑤𝑤  is 0.45 kg/s and ∆ppump is 3200 kPa, while 

the minimum value for that is 1.35 kW, observed at the lowest �̇�𝑚𝑤𝑤 and ∆ppump. It is suggested 

to use the maximum ∆ppump and mass flow rate of the working fluid in the suitable working 

range for an optimal result of the power production. 
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Figure 4.2 Net outputs of ORC versus ∆ppump 

 

 
Figure 4.3 Refrigeration from adsorption cycle versus ∆ppump 

 
Fig 4.3 presents the refrigeration produced by the adsorption module in the integrated system. 

The testing conditions are the same as those in Fig 4.2. The curves develop following a 

similar trend with the outlet temperature of the heat source at the evaporator. It is easy to 

understand as a higher desorption temperature causes more void space for ammonia to be 

adsorbed in the evaporation process when the cycle time is the same. The enlarged amount of 

evaporated ammonia then results in increased cooling production. The highest value for 
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refrigeration output is 0.0957 kW at the smallest of �̇�𝑚𝑤𝑤 and ∆ppump while the minimum cold is 

0.0929 kW with the hugest testing of �̇�𝑚𝑤𝑤 and ∆ppump. The difference of the refrigeration is 

tiny due to the long cycle time. From the result of the refrigeration, it is advised to set ∆ppump 

to the minimum value and �̇�𝑚𝑤𝑤 to the maximum value for a most production of cooling power. 

Moreover, the shortening of the cycle time setting has the potential to improve the generation 

of the refrigeration. 

 
Figure 4.4 Thermal efficiency of ORC or the cogeneration system versus ∆ppump 

 
Fig 4.4 displays the thermal efficiency of ORC and the cogeneration system, changing the 

testing �̇�𝑚𝑤𝑤 and ∆ppump. The trends of the curves are similar with those observed in Fig 3.6, as 

all of them climbs from the left bottom to the right top with a reducing speed of growth. The 

result shows that the thermal efficiency of ORC is constant regardless of �̇�𝑚𝑤𝑤 alterations, 

mainly determined by the pumped pressure, the type of working fluid, the superheated 

temperature and the mechanical or isentropic efficiency of the equipment. However, the 

evolutions of other curves show that the thermal efficiency of the cogeneration system is 

lower than the thermal efficiency of the single ORC. The reason is that for the same heat 

source, the integrated system could adsorb more energy, which means a larger denominator in 

the calculation equation of the thermal efficiency. For the cycle time set in this study, the 

growth of the refrigeration cannot match the growth of the heat intake. Thus, the larger 

increase of the numerator would result in a reduced value of the thermal efficiency. The result 

also presents that a larger mass flow rate of the working fluid could have a higher gross 
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thermal efficiency of the system. It is because that the numerator, refrigeration, increases 

when the mass flow rate of the working fluid grows. It is found to reduce the cycle time for 

the optimisation of the thermal efficiency. Moreover, a larger mass flow rate of the working 

fluid would also make improvement of the thermal efficiency. 

The dump heat of ORC is illustrated in Fig 4.5. It decreases with the enlarged �̇�𝑚𝑤𝑤 or ∆ppump. 

The explanation is that the larger �̇�𝑚𝑤𝑤 and ∆ppump cause more heat consumed by ORC. Thus, 

the heat released to the ambient is reduced. The least dump heat of ORC is 164.58 kW when 

�̇�𝑚𝑤𝑤 and ∆ppump are 0.45 kg/s and 3200 kPa, respectively. For ORC, increasing both �̇�𝑚𝑤𝑤 and 

∆ppump could convert more low-grade heat into useful productions. 

 
Figure 4.5 Dump heat of ORC versus ∆ppump 

 
Fig 4.6 is the reduced percentage of the dump heat, integrating ORC with the adsorption units. 

The result shows that whatever the condition is in, the cogeneration could reduce the heat 

released to the ambient. With �̇�𝑚𝑤𝑤 and ∆ppump increasing, the reduction grows, while from 

∆ppump of 600 kPa to 1200 kPa, the reduction values have some overlapping parts among 

different �̇�𝑚𝑤𝑤 settings. The reason is that the adsorption module could consume the rest heat of 

the heat source after the consumption of ORC. Besides, increase of �̇�𝑚𝑤𝑤 and ∆ppump causes the 

growth of the heat adsorbed by sorption units. Therefore, the dump heat of the cogeneration is 

reduced. In the lower ∆ppump range, a smaller �̇�𝑚𝑤𝑤 is desirable. However, in a higher ∆ppump 

range, a larger �̇�𝑚𝑤𝑤 results in more waste reduction. The maximum reduction is obtained at 

3200 kPa using 0.45 kg/s flow rate with the value of 0.0564 %. This phenomenon is due to 
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the development of T2 under these testing conditions. The smaller mass flow rate of the 

working fluid enables a more stable T2 as shown in Fig 4.1, which also reflects on the 

smoother curve of heat utilization. Thus, the larger mass flow rate has a sharper growth in the 

illustration. For more reduction of dump heat, �̇�𝑚𝑤𝑤 and ∆ppump are suggested to be larger. It is 

also revealed that the alteration of �̇�𝑚𝑤𝑤 has more impact on the dump heat reduction than the 

change made on ∆ppump. 

 
Figure 4.6 Dump heat reduction versus ∆ppump 

 
Fig 4.7 is the calculated exergy efficiency of ORC and the cogeneration system, which 

presents the effectiveness of them in the aspect of reversible performances. The testing 

conditions are the same as the statement in other figures above. The value of exergy 

efficiency grows with �̇�𝑚𝑤𝑤 increasing from 0.20 kg/s to 0.45 kg/s. It also decreases with 

∆ppump shrinks from 3200 kPa to 200 kPa.  

The highest exergy efficiency of ORC and the cogeneration is 34.62 % and 34.87 % with the 

mass flow rate of the heat source of 0.45 kg/s at the increased pressure of 3200 kPa, 

respectively. On the adverse direction, the lowest exergy efficiency of basic ORC and the 

cogeneration system is 3.55 % and 3.80 %, separately, with the mass flow rate of the heat 

source of 0.20 kg/s at the increased pressure of 200 kPa. The discovery matches the findings 

in the results of net power produced by ORC as the denominator is a constant and the Wnet 

increases. From the results, it is suggested to set both �̇�𝑚𝑤𝑤 and ∆ppump to their maximum value 

to obtain the most exergy efficiency of ORC or the integrated cooling and power system. 
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Figure 4.7 Exergy efficiency of ORC and the cogeneration system versus ∆ppump 

 
For a clearer observation of the improvement made by the integration of adsorption units and 

ORC, Fig 4.8 presents the improved percentage of the exergy efficiency. The adsorption cycle 

provides a positive development on the exergy efficiency evolution in all testing conditions. 

However, the growth is reduced from low ∆ppump to high ∆ppump. As indicated in the definition 

equation of the exergy efficiency, the denominator is the same, while the numerator increases 

with the additional cold produced by adsorption. Due to the more increase of the net output of 

ORC compared to refrigeration work in value, the increase ratio made by the refrigeration 

shrinks with the same growth of �̇�𝑚𝑤𝑤 and ∆ppump. The improvement of exergy is up to 7.07 %. 

From the result, it is revealed that integrated ORC-adsorption system improves the exergy 

efficiency of the system. However, smaller �̇�𝑚𝑤𝑤 and ∆ppump are desired in the system for more 

improvement of the exergy efficiency under the testing conditions. 

Fig 4.9 is the SCP obtained from the sorption part in the integrated system. The development 

of the values matches with the results from Fig 3.8, as SCP is the refrigeration divided by the 

sorbent mass. The maximum SCP is 0.2013 kW/kg while the minimum SCP is 0.1953 kW/kg. 

The difference between various conditions is small, which is quite similar with the 

refrigeration result. The result reveals that the decrease of ∆ppump and �̇�𝑚𝑤𝑤can improve SCP of 

the sorbent. However, the improvement is tiny when the refrigeration is low due to the long 

cycle time. 
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Figure 4.8 Improvement of exergy efficiency versus ∆ppump 

 

 
Figure 4.9 Specific cooling power of the system versus ∆ppump 

 
Fig 4.10 is the COP of the cogeneration system using SrCl2-EG. The result presents that COP 

increases with the enlarged �̇�𝑚𝑤𝑤 and ∆ppump. The reason could be following. The increase of 

�̇�𝑚𝑤𝑤 and ∆ppump decreases the heat source temperature of desorption. However, the cycle time 

is long enough for the sorbent to desorb the similar amount of ammonia, which means the 

refrigeration per unit time is the same. Moreover, the desorption heat is the same, and the 
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sensible heat is reduced because of the temperature decrease of the heat source. Thus, COP 

increase with �̇�𝑚𝑤𝑤 and ∆ppump growing. The highest COP retrieved from the included 

conditions is 0.5190, with the maximum �̇�𝑚𝑤𝑤 and ∆ppump. Contrarily, the lowest COP is 

0.5012, obtained from the minimum testing �̇�𝑚𝑤𝑤 and ∆ppump. To improve COP of the system, it 

is suggested that �̇�𝑚𝑤𝑤 and ∆ppump should be increased. 

 
Figure 4.10 COP of the system versus ∆ppump 

 
4.3 Summary 

A coupling system of ORC and adsorption cycles is built. ORC first utilises the heat source of 

low-grade thermal energy and the bottom cycle of ORC applies the rest of the low-grade heat 

after the consumption of ORC. In this way, the cascaded utilisation of the energy could be 

realised. The modules of ORC and adsorption are introduced in detail to clarify the principle 

and the processes of the cogeneration. Various performance indicators are calculated and 

analysed in the result section. The model is coded in MATLAB with the supplementary tool 

of REFPROP. 

• The result of T2 points out that the suitable range for the mass flow rate of the working 

fluid r245fa is 0.20 kg/s to 0.45 kg/s and for ∆ppump is 200 kPa to 3200 kPa. Besides, it 

is indicated that the heat source temperature of the sorption modules decreases with 

either �̇�𝑚𝑤𝑤 and ∆ppump increasing.  

• The evolution of the results influenced by various working conditions are summarised 

in Table 4.1. Given the parameters in Chapter 3, �̇�𝑚𝑤𝑤 and ∆ppump are suggested to be 
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increased to improve the net power, the thermal efficiency, the reduction of the dump 

heat, the exergy efficiency, and COP of the cogeneration. However, to make the 

enhancement of the refrigeration and SCP, �̇�𝑚𝑤𝑤 and ∆ppump are advised to be reduced. 

The reason causes the phenomenon found in the results are discussed in the contents, 

which could always be that the changes of the heat consumption of ORC influence the 

heat source temperature of adsorption units. 

• The shortening of the cycle time could make a compromise of all performance 

indicators, as the low production of refrigeration is due to the long cycle time set in 

the simulation. The reaction rate of the chemisorption is very fast at first, but the 

adsorption conversion ratio could still occupy a large proportion of the maximum. It 

would be reasonable to reduce the cycle time and optimise the cogeneration 

performance. Moreover, if the cycle time is decreased, the negative influence of the 

increased �̇�𝑚𝑤𝑤 and ∆ppump has the potential to be reduced or eliminated. Thus, an 

optimal condition of the integrated cycle could be obtained by balancing all indexes 

into the optimised state. 

• The optimal mass flow rate of working fluid is 0.45 kg/s, while the pressure difference 

of the pump is 3200 kPa. In this case, the system reaches the maximum net power, 

refrigeration, thermal efficiency, and exergy efficiency of 13.21 kW, 0.0957 kW, 

0.1127, and 34.87 %, respectively. Besides, this condition enables the minimum waste 

heat after the utilization of the engine emission, 164.49 kW. COP of adsorption also 

achieves the highest value of 0.5190. 

Chapter 4 demonstrates the improvement of the production and the heat conversion of a 

given low-grade heat, by integrating ORC with adsorption technologies. The results show 

that �̇�𝑚𝑤𝑤 and ∆ppump need to be increased to optimise the system efficiency.  

Result �̇�𝑚𝑤𝑤 increases ∆ppump grows 

T2 decreases decreases 

Net power increases increases 

Refrigeration decreases decreases 

Thermal efficiency of ORC keeps same increases 

Thermal efficiency of cogeneration increases increases 

Dump heat of ORC decreases decreases 

Reduction of dump heat increases increases 

Exergy efficiency of ORC increases increases 
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Improvement of exergy efficiency decreases decreases 

SCP decreases decreases 

COP increases increases 

Table 4.1 Summary of the results in Chapter 4 
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Chapter 5 Thermal-physical study of the adsorbents 
Chapter 5 reports the experimental study of the thermal-physical properties of the newly 

developed composite sorbents for the sorption system.  

The type of the sorbents is composite, and the salts in the composites are SrCl2 for low 

temperature desorption (above 90 ℃) and MnCl2 for high temperature desorption (above 150 

℃). The matrix of the adsorbents is expanded graphite (EG). Besides, the additives are 

Carbon Coated Ni, Al and Fe (Ni@C, Al@C and Fe@C). 

 Innovative methodology of the manufacturing developed by the author is reported. The 

observation on the sorbents surface are tested to prove the methodology to be superior for a 

uniform distribution of various ingredients. Other properties like the thermal diffusivity and 

conductivity are analysed and included. 

5.1 SEM and EDX results 

The conventional composite adsorbents of SrCl2-EG and the novel composite SrCl2-EG-

Ni/Al/Fe@C are analysed by SEM and EDX in NEXUS Lab, Mechanical Engineering 

School, Newcastle University. 

SrCl2-EG: 

 
(a) SEM image of 150 times magnification 
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(b) SEM image of 3000 times magnification 

Figure 5.1 SEM image of SrCl2-EG 
 

Fig. 5.1 displays the SEM images of the conventional SrCl2-EG at different magnifications. In 

Fig 5.1 (a), the sorbents on the top of the right side are circulated by the red curve, which is 

taken at the magnification of 150 times. They are the main objects in the tests, while a small 

accumulating of sorbents like an island at their left is normally ignored. The rest of the figure 

is the background of the silicon plate. After having the researching object in sight at the lower 

magnification, the next step is to enlarge the photo at a certain point and re-scanning to form a 

new picture as shown in Fig 5.1 (b), which is at the magnification of 3000 times, under the 

voltage of 15 kV.  

Fig 5.2 presents the SEM images corresponding to Fig 5.1 (b). Fig 5.2 (a) displays a complex 

elements mapping, including carbon (C) and chloride (Cl). In next two figures, separate 

mappings of C and Cl elements indicate that the lighter colour in Fig 5.1 (b) refers to the salt 

components of the composite, as the shape of substance in light grey colour is the same with 

the profile of the green spots in Fig 5.2 (c), which stands for the element of Cl. Besides, the 

darker part at the top of the left side and the bottom of the right side in Fig 5.1 (b) matches the 

shape of the blue spots in the same positions in Fig 5.2 (b). The fact reveals the darker 

background is the carbon matrix of EG, as the blue spots represents C element. On the other 

hand, it reflects the well-adhered/wrapped salt-EG structure of the sorbents, as the darker area 

is small. Fig 5.2 (d) is the energy dispersion retrieved from the X-ray spectroscopy. The peaks 

of C and Cl elements explain the principle of EDX, which analyses the energy intensity to 

detect the category of various elements. Moreover, the results from EDX also indicate the 

correct ingredients of the tested adsorbent SrCl2-EG. 
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(a) EDX image of various elements in 3000 times magnification 

 
(b) EDX image of C-element 

 
(c) EDX image of Cl-element 
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(d) EDX illustration of the energy-intensity 

Figure 5.2 EDX images of conventional SrCl2-EG 
 

SrCl2-EG-Ni@C: 

 
(a) SEM image of 1000 times magnification 

 
(b) SEM image of 3000 times magnification 

Figure 5.3 SEM images of SrCl2-EG-Ni@C 
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Fig. 5.3 presents the results of SEM from SrCl2-EG-Ni@C samples. Fig 5.3 (a) is the photo 

obtained from the scanning with an amplification of 1000 times, while Fig 5.3 (b) is that 

enlarged by 3000 times. Two red circles circulate the observed sheet structure of EG in Fig 

5.3 (a), which is exposed to the ambient condition rather than fully coated by the chlorides. 

This reveals the nature of not fully filled gaps and surfaces at the salt/EG mass ratio of 2:1. 

Moreover, it observes one of the superior properties of EG, the large specific surface area due 

to the sheet structure, which could be charged with desirable materials for widely scientific 

study and applications. Fig 5.3 (b) provides a more detailed perspective of SrCl2-EG-Ni@C 

surface, compared with the former picture. Different with the relatively smoothing look of the 

salts in Fig 5.1 (b), on the top of the chlorides, there are much little black dots witnessed in 

Fig 5.3 (b). However, it is hard to directly distinguish either the category or the distribution 

condition of the substance by this image. 

 
(a) EDX image of various elements 

 
(b) EDX image of C-element 
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(c) EDX image of Cl-element 

 
(d) EDX image of Ni-element 

 
(e) EDX illustration of energy-intensity 

Figure 5.4 EDX images of SrCl2-EG-Ni@C 
 

Fig 5.4 presents the result of EDX test corresponding to the SEM photos. The black dots 

observed in figure above are proved to be the nanoparticles by the further analysis and 

comparison of EDX images.  Fig 5.4 (a) presents the overview of the mixed elements 

mapping of C in blue, O (Oxygen) in red, Cl in green, Si in indigo, and Ni in purple. Fig 5.4 
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(b) has only one obvious area of blue assembly, showing a good covering condition of SrCl2 

over EG. In Fig 5.4 (c), green colour is the dispersion of SrCl2, which has the same shape with 

the light grey districts in Fig 5.3 (b), proving correctness of the discussion in non-additive 

adsorbents, again. The spots in purple colour are compared with the dark dots in Fig 5.3 (b). 

They scatter in a same trend all over the mapping, ensuring that the substance of the dots is 

Ni@C. Despite two very small area, the nanoparticles are dispersed homogeneously as the 

random purple dots indicate. Fig 5.4 (e) explains the foundation of the elements mapping is 

the detection of the energy spectrum. The peaks of Ni, Si, O, Cl and C are drawn in the 

illustration.  

The result proves the developed methodology a superior way to mix the sorbent ingredients, 

as the salt well wraps EG and the nano additives are evenly distributed in the sorbent. By this 

method, the negative influence caused by the sorbent agglomeration and congregation could 

be alleviated. Thus, the sorption performance is expected to be improved. 

SrCl2-EG-Al@C: 

Fig 5.5 shows the SEM images retrieved from SrCl2-EG-Al@C samples. Similar with the 

analysis of SrCl2-EG and SrCl2-EG-Ni@C, Fig 5.5 (a) is the 1000 times amplified illustration 

of the sample surface, showing the covering of the salts on the surface or between the gaps of 

the graphitic sheet layers. Gaining experience from above SEM and EDX tests, the author 

retrieved SEM image of 3000 times magnification based on the red box area in the former 

image. By this method, it could be more convenient for the audience to understand and track 

the observed area. In Fig 5.5 (a), the red rectangle marks the further amplified field. The 

corner pointed by red curve is the silicon plate.  

 
(a) SEM image of 1000 times magnification 
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(b) SEM image of 3000 times magnification 

Figure 5.5 SEM images of SrCl2-EG-Al@C 
 

Fig 5.6 is the EDX images corresponding to Fig 5.5 (b). Fig 5.6 (a) presents the mapping of 

the mixed elements. The respective elements mappings of C, Cl and Al are included below, 

indicating the distributions of the EG, salt and the nano particles. Fig 5.6 (b) and Fig 5.6 (c) 

show that EG is well covered by strontium chloride. In Fig 5.6 (d), the element of the metal 

core is coloured in green, indicating a relatively satisfactory in the aspect of scattering. The 

innovative manufacturing procedures are proved to be feasible for mixing Al@C with the 

conventional composite of SrCl2-EG, again, on the purpose of uniformly dispersing. Fig 5.6 

(e) reports the spectrum of the sample in the terms of energy with intensity. Peaks of C, Cl, Si 

and Al are there indicating the right components of the sorbent sample. 

 
(a) EDX image of various elements 
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(b) EDX image of C-element 

 
(c) EDX image of Cl-element 

 
(d) EDX image of Al-element 
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(e) EDX image of energy-intensity 

Figure 5.6 SEM and EDX images of SrCl2-EG-Al@C 
 

SrCl2-EG-Fe@C: 

Fig 5.7 displays images from the SEM tests of SrCl2-EG-Fe@C. Fig 5.7 (a) is in a lower 

amplification while Fig 5.7 (b) enlarges the red box area to 2000 more times than the former 

illustration. The graphitic layer is clearly defined in the observation. In Fig 5.7 (b), the light 

grey district is in a small area. However, the distributions of the salts and nanoparticles are 

hard to distinguish in these SEM results. They will be checked by the EDX tests. 

 
(a) SEM image of 1000 times magnification 
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(b) SEM image of 3000 times magnification 

Figure 5.7 SEM images of SrCl2-EG-Fe@C 
 

Fig 5.8 shows the images of EDX results corresponding to the SEM tests. The information in 

the EDX results reflects the similarity on the shape of different coloured districts between the 

SEM and EDX images. Fig 5.8 (b) demonstrates that only a small proportion of EG is 

exposed to the air rather than covered by the salts or nano particles. Fig 5.8 (c) reveals that 

strontium chloride is dispersed evenly in the sorbents, even the light grey part in Fig 5.7 is 

small in area. In Fig 5.8 (d), the element Fe is discovered to be randomly dispersed in the 

tested sample. Thus, the treatment to nanoparticles works on Fe@C powders as well. Fig 5.8 

(e) shows the peaks of Fe, Cl, Si and C, referring to the detection of the Nano-additives, the 

chlorides, the silicon plates and the carbon matrix of EG or the carbon coating on the 

nanoparticles. 
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(a) EDX image of various elements 

 
(b) EDX image of C-element 

 
(c) EDX image of Cl-element 

 
(d) EDX image of Fe-element 
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(e) EDX illustration of energy-intensity 

Figure 5.8 SEM and EDX images of SrCl2-EG-Fe@C 
 

In a summary, the result of the SEM and EDX tests prove the developed methodology a 

superior way to mix the sorbent ingredients. The salt well-adheres on the sheet surface of EG 

or filled in the gaps between the graphic layers. Moreover, the nano additives are evenly 

distributed in the sorbent. The result indicates that the negative impact caused by the 

heterogeneous mixing could be alleviated. Therefore, the developed preparation methodology 

is feasible to improve the sorption performance. 

5.2 Thermal diffusivity and conductivity 

MnCl2-EG along with its derivative sorbents are analysed by LFA as well. The density of the 

sample ranges from 600 kg/m3 to 1000 kg/m3. And the testing temperatures are 10 ℃, 20 ℃ 

and 30 ℃ for the environmental temperature range. For desorption temperatures, the alteration 

is 150 ℃, 160 ℃, 170 ℃ and 180 ℃. An extra temperature of 200 ℃ is set to dry the sorbent 

in LFA machine before the tests of other temperatures. 

Thermal diffusivity: 

Fig. 5.9 presents the thermal diffusivity of the sorbents at the high testing temperatures of 150 
oC, 160 oC, 170 oC, 180 oC and 200 oC, while Fig. 5.10 displays that of the manufactured 

samples at the low testing temperatures of 10 oC, 20 oC and 30 oC. The colours of the lines are 

black, red, green, blue and orange, respectively representing the sample density from low to 

high (600 kg/m3, 700 kg/m3, 800 kg/m3, 900 kg/m3 and 1000 kg/m3). The symbols of square, 

circle, up triangle and down triangle stand for the sorbents of MnCl2-EG, MnCl2-EG-Ni@C, 

MnCl2-EG-Al@C and MnCl2-EG-Fe@C, separately. 
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For the thermal diffusivity of the normal MnCl2-EG versus various temperatures, it is obvious 

that all lines decline with the temperature increasing. From the bottom to the top of the figure, 

the order of the lines is black, red, green, blue and orange, which represents the increment 

order of the thermal diffusivity from the minimum density of 600 kg/m3 to the highest one of 

1000 kg/m3. The maximum thermal diffusivity during the tests is 2.12 mm2/s, found at the 

upper left point on purple line standing for a sample density of 1000 kg/m3 and a testing 

temperature of 10 ℃. At the right corner at the bottom, the black point presents a lowest 

thermal diffusivity of MnCl2-EG of 1.69 mm2/s, at a temperature of 200 ℃, when the 

specimen is compressed to the density of 600 kg/m3. 

For the results of MnCl2-EG-Ni@C samples, the plot figure displays a decreasing 

development of the sorbent thermal diffusivity along with the detecting temperature ranging 

from 10 ℃ to 200 ℃, or with the density dropping from 1000 kg/m3 to 600 kg/m3. The 

highest point among all is the purple point located at the top while the lowest point is the 

black point situated at the bottom right corner, reflecting the maximum thermal diffusivity of 

MnCl2-EG-Ni@C is 2.27 mm2/s and the minimum of that is 1.72 mm2/s with corresponding 

testing conditions. 

The thermal diffusivity of Al@C-added MnCl2-EG is also tested in LFA, and the result 

reveals that the positive development of thermal diffusivity along with the reduction of testing 

temperatures. Besides, the value of the thermal diffusivity becomes larger when the sample 

density increases from 600 kg/m3 to 1000 kg/m3. The highest point among all is the purple 

one at the top left corner of the illustration with a value of 3.64 mm2/s, retrieved from the 

sample compressed to 1000 kg/m3 and tested under the temperature of 10 ℃. The bottom 

point of black at the right of the figure shows the smallest thermal diffusivity of 2.12 mm2/s, 

obtained by the specimen of 600 kg/m3 at 200 ℃. 

For the chemisorption composite with Fe@C, again, the result of its thermal diffusivity 

reveals the growth of the material thermal diffusivity when the temperature drops or when the 

compression becomes stronger. 

As a conclusion, for different additives, the thermal diffusivity of the samples is in the 

increment order as Al@C, Fe@C, Ni@C and non-additive. For the same kind of the 

composite, the thermal diffusivity of the samples increases with the density growing or the 

temperature decreasing. 
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Figure 5.9 Thermal diffusivity of the sorbents at high temperatures 
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Figure 5.10 Thermal diffusivity of the sorbents at low temperatures 
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Figure 5.11 Thermal conductivity of the sorbents at high temperatures 



122 
 

 
Figure 5.12 Thermal conductivity of the sorbents at low temperatures 



123 
 

Thermal conductivity: 

Fig. 5.11 demonstrates the thermal conductivity of the prepared sorbents at the high testing 

temperatures from 150 oC to 200 oC, while Fig. 5.12 shows the thermal conductivity of the 

samples at the low experimental temperatures from 10 oC to 30 oC. The thermal conductivity 

is calculated through the thermal diffusivity detected by the machine. 

For the conventional chemisorption composite of MnCl2-EG, the coloured lines have a same 

growing trend along with the temperature inclining, indicating the thermal conductivity 

positively develops with the temperature increasing. Besides, when the density of the 

specimen drops, the thermal conductivity decreases. The largest value of the thermal 

conductivity among all points is 1.60 W/(m∙K), obtained with a sample density of 1000 kg/m3 

and at the detecting temperature of 200 ℃. Moreover, the smallest thermal conductivity of 

conventional composite sorbent MnCl2-EG is 0.73 W/(m∙K), found at 10 ℃ test, with the 

specimen density of 600 kg/m3. 

The thermal conductivity of MnCl2-EG-Ni@C shows an inclining trend of the thermal 

conductivity tested under a temperature range from 10 ℃ to 200 ℃, when the density grows 

from 600 kg/m3 to 1000 kg/m3. The maximum of the thermal conductivity observed in Fig 

4.35 is 2.31 W/(m∙K), under a condition when the sorbent is made to 1000 kg/m3 and the 

working temperature is set to 200 ℃.  The minimum value of MnCl2-EG-Ni@C is 0.91 

W/(m∙K), found in the 600 kg/m3 sample tested at 10 ℃. 

Compared to the original composite, the novel sorbents with Ni@C has a higher thermal 

conductivity under all testing conditions. The result demonstrates that the maximum thermal 

conductivity of the sorbents can be improved by 44.4 %, and the minimum thermal 

conductivity can be enhanced by 24.7 %. Moreover, the improvement made by the additives 

of Ni@C proves the manufacturing methodology to be a superior method for the evenly 

mixing. Besides, it also indicates that the novel sorbent is potential to improve the sorption 

performance by enhancing the heat and mass transfer of the sorbent. 

The result of MnCl2-EG-Al@C samples with the temperature ranging from 10 ℃ to 200 ℃ 

and the density altered from 600 kg/m3 to 1000 kg/m3 demonstrates the increase of the 

thermal conductivity when the temperature grows higher or the sample density increases. The 

highest thermal conductivity of MnCl2-EG-Al@C is 2.90 W/(m∙K), presented at a testing 

temperature of 200 ℃ with a specimen density of 1000 kg/m3. Moreover, the minimum 
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thermal conductivity in the detected range is 1.13 W/(m∙K), retrieved from the sorbent of 600 

kg/m3 at 10 ℃. 

The results demonstrate that the thermal conductivity of the composite sorbent is improved by 

the additives of Al@C. The maximum thermal conductivity of the sorbent is enhanced by 

81.3 %, and the minimum thermal conductivity is increased by 54.8 %. The result also reveals 

that the additives of Al@C can potentially improve the heat and mass transfer of the sorbent. 

Thus, the novel sorbent is feasible to enhance the sorption performance. 

The material thermal conductivity of MnCl2-EG-Fe@C increases with the temperature 

positively developing from 10 ℃ to 100 ℃ or with the sample density added from 600 kg/m3 

to 1000 kg/m3. The results display a thermal diffusivity ranging from 1.733 mm2/s to 2.649 

mm2/s and a thermal conductivity within 0.79 W/(m∙K) to 2.14 W/(m∙K). 

It is found in the results that the thermal conductivity of conventional MnCl2-EG is enhanced 

by the added Fe@C. For the maximum thermal conductivity, the value is increased by 33.8 

%. For the minimum thermal conductivity, the value is increased by 8.2 %. The result 

indicates that by adding Fe@C into the conventional composite sorbents, it is potential to 

improve the heat and mass transfer process thus enhance the sorption performance. 

5.3 Summary 

In Chapter 5, the author finds that the conventional manufacturing procedures cannot prepare 

the sorbents to a satisfying quality. Thus, an innovative methodology of preparing the novel 

composite sorbents is developed and reported. The manufactured adsorbents are tested by 

SEM, EDX and LFA to study their thermal-physical characteristics. 

• Some processes are added based on the original methods for the evenly distribution of 

the sorbent materials. The extra ultrasonic bath treatment is applied to vibrate and 

smash the tiny conglomerate of the nanoparticles. Moreover, this mixing method is 

more superior than mixing by hand. Ethanol is used as the mixing media, as it has a 

lower density than water and thus reduces the resistance of the particle movement in 

the fluid. In the period of evaporating, the magnetic hotplate is used to reduce the 

deposition, as the magnetic stirrer keeps spinning to mix the ingredients. During the 

drying, a two-stage temperature rising and regularly mixing method are applied to 

alleviate the problem of sorbent crystallisation. Moreover, the bottles used in the 

manufacturing is suggested to have wide necks. 

• The observation of the sample surface morphology by SEM and EDX proved the 

manufacturing methodology to be useful for the uniformity of the sorbents, which is 
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potential to improve the mass transfer of the sorbents. In the black and white SEM 

photo, expanded graphite shows a sheet structure in dark. The chemical salt in light 

grey adheres the dark sheet structure of EG or fills in the gaps between the graphic 

layers. The scanning of EDX displays a colourful elements mapping, which presents 

the distribution of the nanoparticles by the corresponding colours. The results show 

that Ni/Al/Fe@C is dispersed evenly on the surface of SrCl2-EG, as the Ni/Al/Fe 

elements rarely gathering together but randomly scatters. The results indicate the 

feasibility of the innovative manufacturing methodology could potentially improve the 

sorption performance as it could alleviate the problems of sorbent agglomeration or 

congregation. 

• The LFA tests demonstrate the improvement of the sorbent thermal conductivity made 

by the additives of Ni/Al/Fe@C. The results show that the thermal conductivity 

increases with the temperature or the sample density growing. The maximum thermal 

conductivity obtained in the test is 2.90 W/(m∙K), retrieved from the 1000 kg/m3 

MnCl2-EG-Al@C at 200 oC. The minimum thermal conductivity is 0.73 W/(m∙K), 

obtained from the 600 kg/m3 MnCl2-EG at 10 oC. The maximum improvement of the 

thermal conductivity is 81.3 %, by adding Al@C into the conventional MnCl2-EG. 

The result presents the potential of enhancing the comprehensive heat and mass 

transfer performance by using the novel sorbents as they have the improved thermal 

property.  

Therefore, Chapter 4 indicates that it is possible to enhance the sorption performance by 

applying chemisorption composite with Ni/Al/Fe@C made by the innovative method. 
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Chapter 6 Experimental investigation of the sorption performance 
After demonstrating the improvement of the thermal conductivity of the novel composites 

made by a developed methodology, Chapter 6 investigates the experimental adsorption and 

desorption performance of the novel sorbents to analyse the comprehensive heat and mass 

transfer processes influenced by the additives. The assessment includes the ammonia 

conversion ratio versus the time, SCP and COP, corresponding to various testing conditions. 

6.1 Results from SrCl2 composite 

6.1.1 Inlet/outlet oil and adsorbent temperatures of the desorption process 

The temperatures of the thermal oil exchanging heat with the sorbent bed are recorded along 

with the monitoring of the sorbent temperatures, as displayed in Fig 6.1 to Fig 6.4. 

 
Figure 6.1 Temperature evolution of SrCl2-EG in the desorption process versus time 

 

 
Figure 6.2 Temperature evolution of SrCl2-EG-Ni@C in the desorption process versus time 
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The composite sorbent based on SrCl2 are tested in the desorption conditions at the heat 

source temperatures of 180 ℃ and 130 ℃ while the condenser is set to -20 ℃. The monitoring 

of the inlet and outlet oil temperatures shows a rapid growth when opening the controlling 

valve to start the external circuit of the oil bath. For a more evident observation of this 

phenomenon, the time axis in the illustration starts 2.5 min earlier than the fluid begins to 

flow through the adsorption bed. The whole time for the figure is 62.5 min. 

 
Figure 6.3 Temperature evolution of SrCl2-EG-Al@C in the desorption process versus time 

 
The evolutions of the inlet oil temperature, outlet oil temperature and the sorbent temperature 

are similar in the trend, during all tests. 

A sharp increase is observed after starting the external heat circuits of the oil bath, as each 

line is almost parallel to the temperature axis. It is because that the heated thermal fluid starts 

to enter the sorbent bed and increase the temperature of the reactor. At the start, the 

temperature difference between the internal and external oil or the sorbent is big, which drives 

the temperature of inlet oil, outlet oil and the sorbent to increase very fast. 

Following the very fast rising, the curves still positively develop but with a reduced accelerate 

until around 7.5 min at the time axis for the 130 ℃ desorption or 10 min for the 180 ℃ 

desorption. It is because the temperature difference between the internal and external oil is 

larger in 180 oC desorption test. With the oil and sorbent temperatures increasing, the 

temperature difference decreases, which reduces the increasing rate of the temperatures. 

Besides, the composite starts to desorb the ammonia at around 90 ℃. The consumption of the 

desorption heat also causes the reduced increasing rate of the temperatures. The consumption 
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rate of the desorption heat is slower than the sorbent temperature increasing speed. The higher 

inlet oil temperature leads to the faster growth of the adsorbent temperature. Thus, the 

temperatures recorded in 130 oC desorption is observed to reduce its rate at an earlier time. 

After the gradually growing, the curves tend to be stable but still increase very slowly with 

some fluctuations caused by the sensor errors or the data taker errors. In this period, the 

desorption process continues with a meagre reaction rate, which matches the discovery in the 

later experiments of the sorption performance. 

At the end, the difference between the temperatures of the inlet and outlet oil is caused by the 

heat loss, although the rig installs complete insulations.  

The result of the temperature evolution indicates that desorption starts at a very fast rate and 

gradually reduces the reaction speed, tending to meet the desorption equilibrium. It is 

reflected by the temperature growth in Fig 6.1 to 6.4. Moreover, it is observed that desorption 

begins at round the sorbent temperature of 90 oC. The testing temperature can influence the 

observation of the temperature for the sorbent to start desorption, as the consumption rate of 

the desorption heat is slower than the increasing rate of the sorbent temperature and the 

increasing rate of the sorbent temperature is higher in a high temperature desorption test. 

 
Figure 6.4 Temperature evolution of SrCl2-EG-Fe@C in the desorption process versus time 

 
6.1.2 Ammonia conversion ratio of the desorption process 

180 oC desorption: 
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Fig 6.5 illustrates the ammonia conversion ratio of SrCl2-EG-0/Ni/Al/Fe@C at a desorption 

temperature of 180 ℃, when the temperature of the condenser is -20 ℃. It uses the same time 

scale for the convenience of comparing with the temperature figures.  

 
Figure 6.5 Ammonia conversion ratio of SrCl2 composite during 180 ℃ desorption versus 

time 
 

In the first 20 min, the lines are almost straight, showing a rapid desorption rate compare with 

that of the next 40 min. The reason is that, at first, the adsorbent fully combines with the 

ammonia molecules, which is easy to be desorb at a maximum speed given that huge heat 

source. Controlled by the mass transfer limits, the ammonia conversion ratio lines are almost 

the same in the first 20 min for sorbents except for SrCl2-EG-Al@C.  

After that, the ammonia conversion ratio tends to be stable, symbolising the approaching to 

the reaction equilibrium. It is because after a time of reaction, the combined ammonia is less. 

Thus, even the heat source keeps the same, the mass transfer tunnels are not fully used by the 

adsorbed ammonia, displaying a reduced rate of the desorption process. As SrCl2 is a kind of 

low-temperature salts, 180 ℃ is high enough for the desorption to process at a maximum rate 

until the eight portions of ammonia to be fully released. The black dash line demonstrates the 

ammonia conversion ratio of 0, under which symbolises the further desorption of the last 

portion of ammonia. Above the black line, the SrCl2 composite desorbs the first seven 

portions of ammonia. 

It is observed that after 10 min the sorbents with Al@C reacts at a slowest rate among all 

candidates. As the adding amount of each nanoparticle is the same, Al@C possesses a large 

volume with a smaller value of density. It results in a larger mass transfer resistance from the 
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increased volume of non-reacted additives within the high enough heating temperature. Thus, 

Al@C slows the desorption, when the temperature of the heat source is very high.  

Other sorbents have a similar ammonia conversion ratio in 180 oC desorption test. The 

reaction time for the global conversion ratio of the SrCl2-EG, SrCl2-EG-Ni@C, SrCl2-EG-

Al@C and SrCl2-EG-Fe@C to reach zero is 13.92 min, 14.75 min, 20.58 min and 14.25 min, 

if removing the extra 2.5 min at the beginning for the comparison with temperature 

evolutions. In the 180 ℃ desorption, the fastest desorption rate is obtained from the original 

SrCl2-EG composite with slight advance. The explanation is similar with the reason why 

SrCl2-EG-Al@C is slower. It is caused by the mass transfer resistance from the volume of 

non-reacted additives, when the heat source could activate the heat transfer process to the 

optimisation. 

Error analysis is not necessary for proving the data reliability of this desorption results, as no 

sorbent with any additives is observed to be superior than other candidates in this condition. 

The three candidates have overlaps and the blue line is far away from the other three coloured 

curves. 

130 oC desorption: 

Fig. 6.6 presents the global ammonia conversion ratio during the desorption at the heat source 

temperature of 130 ℃. The condensation temperature is set to -20 oC. 

The result shows a similar development of the trend in Fig 5.8, as the ammonia conversion 

ratio changes quickly and then tends to be stable. It is the nature of the chemical reaction to 

start at a high rate and then develops to the equilibrium at a reduced rate. It shows the heat 

source of 130 ℃ can push the reaction slightly further than just desorbing seven portions 

ammonia. The illustration also induces a black dash line to distinguish the release of the seven 

portions ammonia and the one more portion ammonia. The value of the equilibrium ammonia 

conversion ratio is larger than the final x obtained from 180 ℃ desorption, for each candidate. 

It is because that a higher desorption temperature has a higher equilibrium pressure of 

ammonia, driving the sorbent to desorb more during same time. 

In Fig. 6.6, SrCl2-EG has the slowest reaction rate, while SrCl2-EG-Ni@C has the fastest 

reaction rate. The red line is at the bottom, revealing the fastest reaction obtained from Ni-

additive composite among four tested sorbents. The black one is at the top, demonstrating the 

slowest desorption process retrieved from the conventional sorbent. In this circumstance, the 

input energy is not high enough to optimise the desorption rate influenced by heat transfer. As 
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the thermal conductivity is tested to have improvement with the additional carbon coated 

materials, the divergence of the performance could be caused by the improvement of the heat 

transfer. The ammonia conversion ratio of the desorption costs 37.92 min for SrCl2-EG from 

one to zero without calculation of the additional 2.5 min adjustment, while that for Ni, Al and 

Fe-additive sorbents is 29.42 min, 38.08 min and 34.17min. 

 
Figure 6.6 Ammonia conversion ratio of SrCl2 composite during 130 ℃ desorption versus 

time 
 

The result demonstrates the improvement of the desorption rate made by various additives, 

and Ni@C is the optimal additive among the carbon coated metals. It is because of the 

enhanced thermal conductivity. However, Al@C is proved to have most improvements of the 

thermal property when added into the sorbents. Therefore, the fastest reaction is caused by the 

improvement of the comprehensive heat and mass transfer. It also matches that Al@C is 

found to have resisted the mass transfer process in 180 oC desorption test. 

Fig. 6.7 is the error analysis of the conventional LTS composite performance at 130 oC 

desorption, from which the good repeatability of the data is approved. The darker coloured 

lines are the ammonia conversion ratio, while the lighter coloured areas are the errors. The 

result indicate that even small parts of the light green, light blue and light red areas are 

overlapped before around the first 22.5 min, the red line along with the light red area are 

obviously at a lower part of the figure than the light green or the light blue area from 

approximately 22.5 min to 32.5 min. Moreover, the black or the light black components locate 

at a higher position in the illustration than the red or the light red parts do.  
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These phenomena observed in the error analysis is the essential evidence to support the results 

that sorbents with Ni@C in 130 oC desorption are superior than the other candidates as 

reliable.  

 
Figure 6.7 Error analysis of the SrCl2 composite performance at 130 oC desorption 

 
6.1.3 Ammonia conversion ratio of the adsorption process 

The reported adsorption performance of SrCl2-EG-0/Ni/Al/Fe@C includes three different 

evaporator temperatures from 0 ℃ to 20 ℃, while the adsorbent bed rejects the heat to the oil 

bath exchanging heat with tap water. 

20 oC adsorption: 

Fig 6.8 shows that the ammonia conversion ratio changes with the time elapsing, when the 

evaporator temperature is set to 20 oC. The time scale is added with another 2.5 min for a 

better observation of the sharply growing x in the first minute. 

Among four sorbents, SrCl2-EG-Ni@C has the fastest reaction speed. In the figure, the red 

curve is at the left top, showing the maximum reaction rate obtained from SrCl2-EG-Ni@C 

among all sorbents. Following the SrCl2-EG-Ni@C, the reaction speed in a decrement order is 

SrCl2-EG, SrCl2-Fe@C and SrCl2-EG-Al@C in the first 15 min. After 15 min, Fe-additive 

sorbent shows a slower reaction speed than sorbent with Al@C. The intersection is also found 

in 130 ℃ desorption results, but with a smaller difference between the two lines. After 20 min 

at the time axis, the evolution of the line is being smooth. The adsorption time for the sorbent 
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to reach 0.9 conversion ratio in an increment order is 19.92 min for SrCl2-EG-Ni@C, 23.67 

min for SrCl2-EG, 26.5 min for SrCl2-EG-Al@C and 34.00 min for SrCl2-EG-Fe@C. 

 
Figure 6.8 Ammonia conversion ratio of SrCl2 composite during 20 ℃ adsorption versus 

time 
The result demonstrates the improvement of adsorption performance made by adding Ni@C 

into the conventional composite sorbent. However, other novel sorbents have an even slower 

reaction. It is because that in 20 oC adsorption, the sorption performance is dominated by the 

mass transfer process. Similar with Al@C, Fe@C also has relatively large mass transfer 

resistance. Ni@C is proved to have comprehensively improved the heat and mass transfer 

processes. Therefore, the application of SrCl2-EG-Ni@C can improve 20 oC adsorption 

performance, while the other two novel sorbents cannot. 

As the space between the red curve and the other three curves is quite big and obvious during 

the time from around 5 min to 20 min, the error analysis in not required here for the reliability 

investigation of the results. 

10 oC adsorption: 

Fig. 6.9 is the adsorption performance result of SrCl2-EG-0/Ni/Al/Fe@C at the evaporator 

temperature of 10 ℃. At the start, the reaction goes at a relatively high speed, while the rate of 

the reaction is reduced and tend to become stable at the end. It is the same discovery found in 

each chemical reaction. 
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Figure 6.9 Ammonia conversion ratio of SrCl2 composite during 10 ℃ adsorption versus 

time 
 

The increment order of the reaction speed among the four candidates is SrCl2-EG-Ni@C, 

SrCl2-EG, SrCl2-EG-Al@C, SrCl2-EG-Fe@C. The red line is at the top of the illustration, 

demonstrating the fastest adsorption process. All equilibrium ammonia conversion ratios are 

lower than those of 20 ℃ desorption, as the higher temperature provides a higher pressure in 

the evaporator and thus improves the adsorption peed and the adsorption. It costs 39.75 min 

reaction time for SrCl2-EG to adsorb 90% of the seven portions ammonia, and that is 34.92 

min for SrCl2-EG-Ni@C, 45.75 min for SrCl2-EG-Al@C, and 54.42 min for SrCl2-EG-

Fe@C. 

The result demonstrates the improvement of 10 oC adsorption performance made by using the 

novel sorbent SrCl2-EG-Ni@C, as it could enhance the comprehensive heat and mass transfer 

processes. The slow reaction rate of SrCl2-EG-Al@C and SrCl2-EG-Fe@C is caused by the 

mass transfer resistance. It reveals that adsorption is dominated by mass transfer process, 

again. 

Fig. 6.10 shows the error analysis of the 10 oC adsorption performance using SrCl2-EG, which 

demonstrates the result of the improved adsorption performance at 10 oC by employing Ni@C 

as the additive to be valid. Different with Fig. 6.7, Fig 6.10 uses single error bar instead of the 

error area to show the uncertainty of the data. The time scale is from 5 min to 45 min to 

enlarge the illustration and make the result clearer for analysing.  The result shows that even 
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the error for black, blue and green curves intertwines together, the gap between the light red 

bars and the light green bars are obvious. Moreover, the errors of the conventional sorbents 

and the sorbents with Ni@C have clear gaps from around 15 min to 25 min. The gaps found 

in the error analysis could prove the reliability of the sorption performance results in the 

corresponding condition. 

 
Figure 6.10 Error analysis of SrCl2-EG adsorption performance at 10 oC 

 
0 oC adsorption: 

Fig 6.11 presents the 0 ℃ adsorption performance of the conventional sorbents and the novel 

composite. This test is extremely important for the ice making application.  

The result shows the fastest reaction between the salt and the ammonia is found at the test of 

SrCl2-EG-Ni@C, and the slowest is obtained from the test of SrCl2-EG-Al@C. At the end of 

the time axis, the equilibrium global conversion ratio from high to low is 0.949 for SrCl2-EG-

Ni@C, 0.864 for SrCl2-EG, 0.739 for SrCl2-EG-Fe@C and 0.708 for SrCl2-EG-Al@C.  

The green curve has an advanced adsorption rate from about 5 min to 10 min, which is treated 

as abnormal data retrieved by the sensors or the data taker. During this time, it is obvious to 

find the huge fluctuation on the green line, and the reasonable conversion ratio of SrCl2-EG-

Fe@C should be similar with the black curve or lower than that. This inference could also be 

proved by the results in Fig. 6.14, as the green line representing the SCP of SrCl2-EG-Fe@C 

has two peaks rather than the one regular peak found in other SCP figures. 
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Figure 6.11 Ammonia conversion ratio of SrCl2 composite during 0 ℃ adsorption versus 

time 
 

The result demonstrates that adding Ni@C into conventional LTS of SrCl2-EG could improve 

the performance of 0 oC adsorption, as it could improve the comprehensive heat and mass 

transfer. The adsorption performance of SrCl2-EG-Al@C and SrCl2-EG-Fe@C is limited by 

the mass transfer process. 

In a summary, for LTS, Ni@C is advised to be the additive for the improvement of the 

sorption performance. By adding Ni@C into the conventional SrCl2-EG, the sorption rate is 

accelerated, and the reaction time is shortened. It is potential to use the novel sorbents of 

SrCl2-EG-Ni@C to improve efficiency of the sorption refrigeration for more production with 

less heat consumption. 

6.1.4 Assessment of SCP and COP 

SCP is calculated to evaluate the refrigeration capacity of the unit mass sorbent. Besides, COP 

of SrCl2-EG-0/Ni/Al/Fe@C is assessed to demonstrate the relationship between the heat 

consumption and the cooling production of the sorbent. 

SCP at 20 oC: 

Fig 6.12 shows the relationship between the adsorption time and the corresponding SCP when 

the evaporator is 20 ℃.  
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Figure 6.12 SCP of SrCl2 composite at an evaporator temperature of 20℃ versus time 

 
The results show that the SCP sharply increases to a peak and then slowly reduces until 

stable. The relatively large value of the reaction speed when the chemical reaction starts 

explains the sharp increase phenomenon in the figure of SCP.  

The novel sorbents of SrCl2-EG-Ni@C improves the refrigeration production generated by 

the unit mass of the sorbent, as it can enhance the adsorption performance. The maximum 

SCP achieved is 5.35 kW/kg at 0.42 min in the test of SrCl2-EG-Ni@C under this condition. 

Other peaks include 4.40 kW/kg at 0.33 min for SrCl2-EG, 3.69 kW/kg at 0.42 min for SrCl2-

EG-Al@C, and 3.15 kW/kg at 0.50 min for SrCl2-EG-Fe@C.  

SCP at 10 oC: 

Fig 6.13 plots the evolution of SCP during the SrCl2-EG-0/Ni/Al/Fe@C adsorption process 

with the time collapsing, when the temperature of the evaporator is 10 ℃.  

Sorbents with Ni@C, again, enhances the refrigeration produced by per unit mass of the 

sorbent. The increment order for the maximum SCP obtained from each sorbent is 1.24 

kW/kg for SrCl2-EG-Fe@C at 1.00 min, 1.91 kW/kg for SrCl2-EG-Al@C at 0.50 min, 2.46 

kW/kg for conventional SrCl2-EG at 0.58 min, and 3.98 kW/kg for SrCl2-EG-Ni@C at 0.42 

min. 
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Figure 6.13 SCP of SrCl2 composite at an evaporator temperature of 10℃ versus time 

 
SCP at 0 oC: 

Fig 6.14 presents the SCP evolution under the controlled evaporator temperature of 0 ℃, 

which has a significant meaning for the ice making field.  

 
Figure 6.14 SCP of SrCl2 composite at an evaporator temperature of 0℃ versus time 

 
The application of SrCl2-EG-Ni@C improves SCP of the sorption. The yielded SCP among 

the four types of sorbents follow the same developing trend with the two figures above. The 

highest SCP retrieved from different sorbents is 2.15 kW/kg at 0.75 min for SrCl2-EG-Ni@C, 
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1.01 kW/kg at 1.00 min for SrCl2-EG-Fe@C, 0.90 kW/kg at 0.75 min for SrCl2-EG and 0.30 

kW/kg at 0.67 min for SrCl2-EG-Al@C in a decrement order. 

COP at 20 oC: 

Fig 6.15 is COP of SrCl2-EG, at an evaporator temperature of 20 oC. For a clearer 

observation, the time scale is altered to 5 min, as COP curves after that time is quite close and 

stable. All curves increase rapidly in the first minute and then tend to be stable.  

 
Figure 6.15 COP of SrCl2 composite at an evaporator temperature of 20℃ versus time 

 
Regardless of the rapid increase at the start, the additive of Ni@C improves COP of the 

original sorbent, which means the more refrigeration produced by the same heat consumption. 

The red line is at the top of the figure, demonstrating the highest COP among other candidates 

during the time from about 0.5 min. At the end, due to the limited refrigeration production 

and the same Qin, COPs of various sorbents tend to be the same with time elapsing.  

COP at 10 oC: 

Fig 6.16 presents COP of SrCl2-EG-0/Ni/Al/Fe@C, when altering the evaporator temperature 

at 10 oC, in the reaction time of 10 min.  

The result presents that SrCl2-EG-Ni@C improves COP of the sorption, because it enhances 

the adsorption performance. In this circumstance, the red curve still lies at the top among all 

other curves, revealing that SrCl2-EG-Ni@C has the maximum COP almost all candidates. 
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However, adding Al@C and Fe@C into the conventional composite of SrCl2-EG reduces 

COP of the sorbent.  

 
Figure 6.16 COP of SrCl2 composite at an evaporator temperature of 10℃ versus time 

 
COP at 0 oC: 

Fig 6.17 is COP of SrCl2-EG variations in 0 oC refrigeration. 

 
Figure 6.17 COP of SrCl2 composite at an evaporator temperature of 0℃ versus time 
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Again, COP is improved by applying the novel sorbent, SrCl2-EG-Ni@C. In this condition, as 

the controlling temperature of the evaporator is low, the equilibrium pressure of ammonia in 

the vessel is low as well. Therefore, this figure possesses the longest time axis of 30 min. The 

difference between each curve is larger in the figure, compared to other two COP illustrations. 

It is because of the divergence in sorbent reaction speed.  

In a conclusion, the most superior adsorbent is SrCl2-EG-Ni@C. It improves the desorption 

and adsorption performance by an increased reaction speed. The reason is that the additive of 

Ni@C can comprehensively enhance the mass and heat transfer processes. Moreover, it could 

produce more refrigeration by per unit mass sorbent or by the same heat consumption. 

Besides, it is suggested to shorten the adsorption time to optimise SCP. The result indicates 

that it is feasible to use the novel sorbent SrCl2-EG-Ni@C in the sorption field for the 

improvement of the low-grade heat utilisation. 

6.2 Results from MnCl2 composite 

The composite sorbent with the chemical salt of MnCl2 is researched as well to assess the 

impact of the Nano-additives on the high-temperature salt composite sorption performance. 

6.2.1 Adsorbent temperature evolution during the desorption process 

 
Figure 6.18 Temperature evolution of MnCl2-EG in desorption process versus time 

 
Fig 6.18 is the evolution of the SrCl2-EG temperature. The desorption temperatures range 

from 160 ℃ to 180 ℃ as the used thermal fluid limits, while the condenser temperature is -20 

℃. The time axis is the same with that in Section 6.1. The development of the oil temperature 

shows a similar trend with the sorbent temperature but different with values like demonstrated 
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in the result section for SrCl2. As it would be too messy to include all the inlet and outlet oil 

temperatures in the illustration, the figures below for the temperature evolution records only 

display the temperature of the sorbent.  

The curves present the likewise development with temperature evolution figures of SrCl2-EG 

variations. A rapid increase is found at the start around one min and a reduced rate is observed 

afterwards. At the final stage, the temperature of the sorbent tends to be stable. Moreover, 

there is always about 10 ℃ temperature drop between the desorption temperature set on the 

oil bath and the actual temperature of the sorbent. 

HTS desorption starts from the sorbent temperature around 110 ℃, as the increasing rate of 

the temperature is obviously reduced due to the heat consumed by ammonia desorption. In 

this stage, MnCl2∙6NH3 desorbs four portions of ammonia to be converted into the version of 

MnCl2∙2NH3. The second stage for the sorbent temperature evolution lasts for about 10 min 

for 180 ℃, 170 ℃ and 160 ℃ desorption of different sorbents.  

Other temperature evolutions of MnCl2-EG-Ni/Al/Fe@C are similar with Fig 6.18. They are 

included in Appendix B. 

6.2.2 Ammonia conversion ratio of the desorption performance 

The global conversion ratio of the MnCl2-EG-0/Ni/Al/Fe@C is calculated through the stated 

equations based on the readings from the differential pressure sensor. The results are plotted 

below to analyse the performance of the various sorbents. 

180 oC desorption: 

Fig 6.19 is the ammonia conversion ratio of MnCl2 composite tested with a heat source at 180 

℃. All ratios sharply drop during the first 30 min, indicating a high reaction speed at the start 

of the chemical reaction. Later, the curve tends to be stable. 

The additives of Ni@C, Al@C and Ni@C accelerate 180 oC desorption and improve the 

performance, as the other curves are under the black curve. The reason could be explained as 

following. MnCl2-EG is HTS and 180 oC cannot activate the maximum heat transfer. Even the 

mass transfer resistance is increased by the carbon coated metals, the improvement of the 

thermal conductivity can dominate the comprehensive heat and mass transfer processes.  

Thus, desorption performance is enhanced.  

Among all four candidates, the sorbent with Ni@C has the optimal performance. The red 

curve is observed to be at the bottom in this figure, showing the fastest reaction speed in the 

period of 180 ℃ desorption when the condenser is restricted to -20 ℃. The sorbent with 
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Ni@C desorbs all four portions of ammonia within a desorption time of 26.17 min. For other 

sorbents, the decrement order of the reaction speed is MnCl2-EG-Fe@C, MnCl2-EG-Al@C 

and MnCl2-EG. The reaction time for them to reach the ammonia conversion ratio of 0.1 is 

19.92 min, 22.50 min, 22.92 min and 33.92 min, respectively. 

 
Figure 6.19 Ammonia conversion ratio of MnCl2 composite during 180 ℃ desorption 

versus time 
 

Fig. 6.20 is the error analysis corresponding to the results from 12 min to 28 min in Fig. 6.19, 

proving the results to be reliable. The black line is far away from other three lines, while the 

red line is near to the green curve. However, the reliability is still acceptable from 17.5 min to 

22.5 min to identity the MnCl2-EG-Ni@C reacts with ammonia at the fastest rate. 

 
Figure 6.20 Error analysis of MnCl2 composite performance during 180 ℃ desorption 
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170 oC desorption: 

 
Figure 6.21 Ammonia conversion ratio of MnCl2 composite during 170℃ desorption 

versus time 
 

Fig. 6.21 presents the relationship of the ammonia conversion ratio and time in different 

sorbent tests when the heat source temperature is 170 ℃. Before the 35 min point on the time 

axis, the desorption is at a faster speed, while after the point, the reaction reduces its rate.  

In 170 oC desorption, all additives accelerate and enhance the desorption performance, and the 

most improvement is made by Ni@C. The phenomenon could be explained by the 

improvement of the comprehensive heat and mass transfer made by the additives. The 

reaction time for MnCl2-EG-Ni@C to achieve the ammonia conversion ratio of zero is 40.17 

min, declaring for the most rapid reaction again. The increment order of the reaction speed 

should be Ni, Al, Fe and non-additive sorbents, although the blue curve is at the bottom 

during the first 20 min. It may be caused by the inaccurate starts point for the desorption 

process, though the author believes it is the reliable one with a considerable fluctuation in the 

original data, which symbolises for the reaction start. The reaction time for MnCl2-EG-

0/Ni/Al/Fe@C to reach the conversion ratio of 10% is 50 min, 24.5 min, 25.17 min and 25.92 

min, respectively. 

Fig. 6.22 shows the error analysis that the 170 oC desorption performance of MnCl2 

composite is proved to be repeatable. The black line is far separated with other three 

candidates, while the red line has intertwined error bars with the green line. However, at 40 

min, the error bars of the green and blue curved present a gap with the red line. Although at 
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35 min or 45 min the error bars of the red, blue and green curves overlap, the data at 2 min or 

3 min later and earlier than 40 min that the MnCl2-EG-Ni@C is superior than other three can 

be treated as almost reliable. 

 
Figure 6.22 Error analysis of MnCl2 composite performance during 170℃ desorption 

 
160 oC desorption: 

 
Figure 6.23 Ammonia conversion ratio of MnCl2 composite during 160 ℃ desorption 

versus time 
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Fig 6.23 shows the desorption test of the MnCl2 composite, when controlling the oil bath to 

the temperature of 160 ℃. A heat source at a temperature lower than 160 oC cannot start 

desorption of MnCl2-EG/ammonia. The evolution of the ammonia conversion ratio is faster in 

the first 50 min and becomes smooth after that time point.  

The results present that the desorption is improved by the novel sorbents added with 

Ni/Al/Fe@C. The reason is that the additives enhance the comprehensive heat and mass 

transfer processes under the given heat source. The conventional MnCl2-EG is always at the 

top, demonstrating all the carbon coated metals enhances the HTS desorption performance. In 

this desorption test, the four portions ammonia cannot be fully desorbed by any sorbent. The 

desorption time cost by the sorbent is 60 min for MnCl2-EG, 37.25 min for MnCl2-EG-Ni@C, 

35.75 min for MnCl2-EG-Al@C, and 33.92 min for MnCl2-EG-Fe@C to achieve the 

ammonia conversion ratio of 0.1. 

 
Figure 6.24 Error analysis of MnCl2 composite performance during 160 ℃ desorption 

 
Fig. 6.24 presents the error analysis of the 160 oC desorption performance using the MnCl2 

composite, which proves the result in Fig 6.23 to be reliable. The error bars of the black line 

are far away from any other error bars, and the error bars for the Ni@C-additive sorbents are 

separated from the light green or light blue error bars from 10 min to 20 min. 

The desorption result demonstrates that the desorption performance is improved by adding 

Ni@C, Al@C and Fe@C into the conventional MnCl2-EG. Even the mass transfer resistance 

is proved to be increased in the desorption test of LTS, the improvement of the heat transfer 
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dominates in the comprehensive heat and mass transfer processes and thus enhances the 

desorption performance. Among all candidates, Ni@C can make the most improvement. 

6.2.3 Ammonia conversion ratio of the adsorption process 

The ammonia conversion ratio is also calculated and plotted for analysing the adsorption 

process of MnCl2 composite. The conditions of the adsorption temperature are 20 ℃, 10 ℃, 

and 0 ℃.  

20 oC adsorption: 

 
Figure 6.25 Ammonia conversion ratio of MnCl2 composite during 20 ℃ adsorption versus 

time 
 

Fig 6.25 is the result retrieved at an evaporator temperature set to 20 ℃. In the first minute of 

reaction, the ammonia conversion ratio sharply rises, and then the speed is slower and slower 

until the curve is smooth. It is due to the nature of the chemical reaction. 

The adsorption performance of the sorbent is improved by the adding of carbon coated metals, 

as the reaction rate is accelerated. The reason is the same with the explanation given in 

desorption results. MnCl2-EG-Ni@C obtains the fastest reaction speed among all four 

candidates, and it completes the adsorption of all four portions of ammonia at 34.08 min after 

the adsorption starts. For all sorbents, the adsorption time for them to adsorb 90% of the four 

portions ammonia is 2.33 min for MnCl2-EG-Ni@C, 13.33 min for MnCl2-EG-Al@C, 13.42 

min for MnCl2-EG-Fe@C, and 13.67 min for MnCl2-EG, in time increasing order. 
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Fig. 6.26 is the error analysis of the results in Fig. 6.25, which proves the results to be 

reliable. From around 5 min to 20 min, the gaps between the error bars of the red and the 

green curves are obvious, which demonstrates the good reliability of the data. 

 
Figure 6.26 Error analysis of MnCl2 composite sorption during 20 ℃ adsorption 

 
10 oC adsorption: 

 
Figure 6.27 Ammonia conversion ratio of MnCl2 composite during 10 ℃ adsorption versus 

time 
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Fig 6.27 presents the ammonia conversion ratio of MnCl2-EG-0/Ni/Al/Fe@C adsorbing the 

ammonia when the evaporator is set to 10 ℃. It also shows a rapid increase at first, but it 

reduces the reaction speed in an earlier stage compared to the results from Fig 5.23. The 

reason is that the higher temperature of the evaporator provides a higher pressure of the 

ammonia, which supplies more ammonia in the unit contact area to react with the chemical 

salt of MnCl2. Thus, the adsorption at a higher evaporation temperature have a faster reaction 

than the lower temperature adsorption. 

The result of 10 oC adsorption shows that Ni@C accelerate the adsorption performance. Other 

additives have similar performance with the conventional sorbent. However, at the beginning 

of the curves in green and blue, the big fluctuation is discovered. The similar performance 

could be caused by the errors of the sensors or the data-taker. In fact, the three carbon coated 

metals are all expected to improve the adsorption performance. No sorbent could 100% 

convert the free ammonia to adsorbed ammonia in 10 oC adsorption test. The reaction time 

required to combine 90% of the four portions ammonia with the sorbent is 35.33 min for 

MnCl2-EG, 29.58 min for MnCl2-EG-Ni@C, 37.25 min for MnCl2-EG-Al@C, 38.67 min for 

MnCl2-EG-Fe@C. 

As the results clarify the overlap of the different conversion ration curves, the error analysis to 

prove the curve difference is not necessary. 

0 oC adsorption: 

Fig 5.25 displays the illustration using the ammonia conversion ratio to reflect the adsorption 

performance, when the temperature of the cryostat connected to the evaporator is controlled to 

0 ℃. 0 oC adsorption performance is crucial for the application of ice-making. 

The result shows all additives have positive effect on the sorption performance, as the 

sorbents react faster than the conventional one. The reason is that the carbon coated metal can 

comprehensively improve the heat and mass transfer processes during 0 oC adsorption. The 

red curve representing the reaction of the MnCl2-EG-Ni@C is at the top of the figure, 

indicating the fastest adsorption rate among all candidates. In this circumstance, the 

equilibrium global conversion ratio is no more than 0.9. The reaction time for the sorbent to 

reach 0.8 is 48.08 min obtained in the test of conventional MnCl2-EG, 32.25 min in the test 

conducted on sorbent with Ni@C, 42.83 min in the experiment of MnCl2-EG-Al@C 

adsorption, and 39.5 min in the exploration on the sorbent with Fe@C. 
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As the red curve is far away from the other three curves, the superiority of the Ni@C-additive 

sorbents is obvious, and the error analysis is not required in this condition. 

 
Figure 6.28 Ammonia conversion ratio of MnCl2 composite during 0 ℃ adsorption versus 

time 
 

The adsorption results at various temperature demonstrate that the additives of Ni@C, Al@C 

and Fe@C can improve the sorbent adsorption performance by accelerating the adsorption 

rate. The reason could be the improvement of the comprehensive heat and mass transfer made 

by the carbon coated metals, even the mass transfer resistance is increased. Moreover, Ni@C 

is proved to be the optimal additive for MnCl2-EG. By using the novel sorbents, it is potential 

to increase the refrigeration production of the sorption system and save the energy 

consumption. Moreover, the result indicates the feasibility of applying the novel sorbent to 

enhance the utilisation of low-grade heat by sorption cycles. 

6.2.4 SCP and COP of MnCl2 composite 

The specific cooling power (SCP) of the HTS is calculated and illustrated in the following 

picture, referring to the adsorption performance retrieved from 20 ℃, 10 ℃ and 0 ℃ 

adsorptions of MnCl2-EG-0/Ni/Al/Fe@C, when the cooling source for the adsorbent bed is 

tap water. 

SCP at 20 oC: 

Fig 6.29 is SCP obtained from 20 oC adsorption of MnCl2-EG variations.  
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Figure 6.29 SCP of MnCl2 composite at an evaporator temperature of 20 ℃ versus time 

 
A rapid increase is observed at the start of the reaction. The trend of each curve is similar with 

the regulation found in SCP of SrCl2 composite.  

The sorbents with Ni@C, Al@C and Fe@C have the improved SCP, which means more 

refrigeration capacity of unit mass sorbent. It is because of the enhanced adsorption 

performance. The peaks of the sorbents are 15.41 kW/kg for MnCl2-EG-Ni@C at 0.33 min, 

11.43 kW/kg for MnCl2-EG-Fe@C at 0.42 min, 8.302 kW/kg for MnCl2-EG-Al@C at 0.42 

min and 6.42 kW/kg for conventional MnCl2 composite at 0.67 min, in a decrement order. 

Besides, the SCPs of various sorbents are in the same order at each time point. 

SCP at 10 oC: 

Fig 6.30 is SCP retrieved from the 10 oC adsorption test of HTS with or without additives. A 

rapid growth is found as well in this figure, during the first minute of the adsorption reaction 

process. Later, the peaks are eliminated by the long reaction time. 

Adding Ni@C into the conventional HTS is found to have improved SCP of the sorbent. The 

reason is that Ni@C improved the 10 oC adsorption performance of MnCl2-EG. However, it 

is expected to make improvements of SCP by other two novel sorbents. The reason is given in 

the discussion of 10 oC adsorption result. Four peaks of SCP are 6.51 kW/kg for the sorbent 

with Ni@C at 0.25 min, 6.13 kW/kg for the conventional HTS at 0.33 min, 5.26 kW/kg for 

the novel MnCl2 composite with Al@C at 0.42 min, and 4.91 kW/kg for MnCl2-EG-Fe@C at 

0.25 min in a increment order of the SCP values. There is a noticeable fluctuation in the green 
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line, but through the comparison with the peak values, it can be concluded that the increasing 

SCP order at any time point should be the same with the discovery in the order of the peaks. 

 
Figure 6.30 SCP of MnCl2 composite at an evaporator temperature of 10 ℃ versus time 

 
SCP at 0 oC adsorption: 

Fig 6.31 presents SCP of 0 oC adsorption performance test. In the figure, a rapid growth is 

apparent in the first few minutes.  

 
Figure 6.31 SCP of MnCl2 composite at an evaporator temperature of 0 ℃ versus time 
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The result shows that Ni@C, Al@C and Fe@C improves SCP of the original HTS, even in 

first 2.5 min, SCP of the sorbent with Fe@C is lower than MnCl2-EG. It can be explained by 

the results found in 0 oC adsorption. The performance of the sorbent is improved by the 

additives. Thus, the refrigeration is produced with an increased amount by per unit mass 

sorbent. Although the highest peak among all the sorbent candidates is at the blue line, the 

corresponding evidence in Fig 6.28 shows the maximum SCP in this condition is expected to 

be found in the test on MnCl2-EG-Ni@C. The optimum SCP should be 1.94 kW/kg at 0.75 

min. Other peaks are included as 1.64 kW/kg for MnCl2-EG-Al@C at 0.75 min, 1.63 kW/kg 

for MnCl2-EG at 0.42 min and 0.92 kW/kg for MnCl2-EG-Fe@C at 0.5 min, removing the 

invalid points. 

COP at 20 oC adsorption: 

Fig 6.32 displays COP of MnCl2-EG-0/Ni/Al/Fe@C during adsorption at evaporation 

temperature of 20 oC. After 5 min, the difference between each curve is tiny. 

 
Figure 6.32 COP of MnCl2 composite at an evaporator temperature of 20 ℃ versus time 

 
Regardless of the rapid increasing process, Ni@C and Fe@C improves COP of the sorbent. It 

is the reflection of 20 oC adsorption performance results. The red curve, representing the Ni-

additive sorbent, stays at the top of the figure. From the corner of the curves, it is observed to 

be red, green, black, blue in decrescent order of COP values.  

COP at 10 oC adsorption: 
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Figure 6.33 COP of MnCl2 composite at an evaporator temperature of 10 ℃ versus time 

 
Fig 6.33 shows COP of conventional and novel HTS, when adsorption temperature at 10 oC. 

In this circumstance, the gaps between each curve is tiny. 

In 10 min, Ni@C and Fe@C improve COP of the sorbent, as the green and red curves are at 

the higher positions in the figure. Longer than that, Ni@C makes the most improvement of 

COP, according to 10 oC adsorption test results.  

COP at 0 oC adsorption: 

 
Figure 6.34 COP of MnCl2 composite at an evaporator temperature of 0 ℃ versus time 



156 
 

 
 

Fig 6.34 presents COP of MnCl2 composite with or without nanoparticles, during adsorption 

test at 0 oC. COP at 0 oC adsorption has a significant meaning of ice-making. 

The result demonstrates that COP is improved by these three additives, as the black curve 

representing the conventional sorbent is at the bottom among all. Ni@C makes the most 

improvement of COP. The reason can be obtained in the result discussion of 0 oC adsorption. 

Regardless of the rapid start, the additives improve SCP and COP of the sorbent, which 

means more refrigeration produced by the unit mass of sorbent or the same heat consumption. 

It indicates that the Ni@C, Al@C and Fe@C can improve the refrigeration performance of 

the sorption cycle. They are potential to enhance the low-grade heat conversion technology. 

Moreover, Ni@C is superior over other candidates, as it has the most improvement of SCP 

and COP. 

6.3 Summary 

An experimental system is used to test the sorption performance of the manufactured sorbents 

with or without the carbon coated metals. Results include the following information: 

• All the adsorption and desorption performance display a rapid change during the first 

few minutes and then the reaction rate is reduced until reaching the equilibrium. It is 

the nature of chemical reaction. 

• SrCl2-EG-0/Ni/Al/Fe@C start to desorb at around 90 oC, while MnCl2-EG-

0/Ni/Al/Fe@C begin desorption at around 110 oC, when the condensation temperature 

is at -20 oC. The low condensation temperature refers to a low equilibrium pressure of 

ammonia, which drives the HTS desorption to start at a lower desorption temperature. 

• The heat loss is not practical to be eliminated. The inlet oil temperature is higher than 

the outlet oil temperature. The adsorbent temperature is 10 ℃ lower than the 

temperature set at the oil bath. 

• Table 6.1 summarises the improvements of various assessments. LTS desorption 

performance is improved by adding Ni@C, Al@C and Fe@C into the conventional 

LTS and Ni@C improves the LTS adsorption performance as the additive. HTS 

desorption performance is improved by all carbon coated metals, and All additives can 

improve HTS adsorption performance.  

• Ni@C is the optimal additive for LTS. It can reduce the reaction time of 130 oC 

desorption by 22.42 %, 20 oC adsorption by 15.84 %, and 10 oC adsorption by 12.15 
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%, to reach ammonia conversion ratio of zero, 0.9, and 0.9, respectively. In 0 oC 

adsorption, Ni@C increases the conversion ratio by 9.84 % for 60 min reaction time. 

• Ni@C can make the maximum improvement of HTS sorption performance. The 

desorption time is reduced by 41.27 %, 51.0 % and 37.91 % to reach 0.1 conversion 

ratio in 180 oC, 170 oC and 160 oC desorption, separately. The adsorption time is 

decreased by 82.96 %, 16.17 % and 32.92 % to achieve the conversion ratio of 0.9, 0.9 

and 0.8 in 20 oC, 10 oC and 0 oC adsorption, respectively. 

• SCP of LTS is improved by Ni@C, while SCP of HTS is improved by all additives. 

The highest value of SCP is 15.41 kW/kg found in MnCl2-EG-Ni@C adsorption test. 

The maximum SCP value is always observed belong to the sorbent with Ni@C in 

every testing condition. Ni@C is the optimum additive for HTS and LTS. Besides, it 

is suggested to shorten the adsorption time to optimise SCP. 

• COP of LTS is improved by Ni@C, while that of HTS is improved by Ni@C and 

Fe@C. Al@C can only improve COP at 0 oC adsorption. The reason is explained in 

the discussion of ammonia conversion ratio. At evaporator temperature of 20 oC, COP 

of MnCl2-EG-Ni@C is the highest, 0.45, when the reaction time is 5 min.  

• The improvement is due to the enhancement of thermal conductivity. Even the mass 

transfer resistance is increased, the improvement of the heat transfer sometimes 

dominates in the comprehensive heat and mass transfer processes, according to the salt 

types and the sorption conditions.   

In a conclusion, the most superior adsorbent is SrCl2-EG-Ni@C. It improves the desorption 

and adsorption performance by an increased reaction rate. Moreover, it could produce more 

refrigeration by per unit mass sorbent or by the same heat consumption. The improvement 

indicates the feasibility to use the novel sorbent SrCl2-EG-Ni@C for enhancing the low-grade 

heat utilisation by sorption cycles.  

Improvement Ni@C Al@C Fe@C 

LTS 

180 oC desorption No No No 

130 oC desorption Yes Yes Yes 

Adsorption Yes No No 

SCP Yes No No 

COP Yes No No 

HTS 
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Desorption Yes Yes Yes 

Adsorption Yes Yes Yes 

SCP Yes Yes Yes 

COP Yes Positive (0 oC) Yes 

Table 6.1 Summary of the improved results 
  



159 
 

Chapter 7 Simulation study of sorption and ORC coupling systems 
Chapter 7 proposes and studies four integrated ORC-sorption cooling and power systems, 

including the one introduced as a case study. Different with the preliminary simulation 

without considering the physical volume or shape of the adsorption reactor, Chapter 7 builds 

the models utilising the dimensional data of the investigated experimental sorption reactor. 

With the physical model of the sorbent bed, the simulation can fit better with the actual 

conditions. Various combinations of ORC and chemisorption cycles are explored to justify 

the optimum mode for cascaded utilisation of low-grade thermal energy. Adsorption cycle is 

the top user of low-grade heat in AD-ORC system, while resorption-ORC and ORC-

resorption systems apply resorption cycle to substitute the adsorption modules. An optimal 

combination will be obtained through the simulation results. Besides, the new kinetic models 

of the manufactured novel sorbents are found by the author, based on the experiments earlier. 

They are used in the superior coupling system to evaluate the influence of the novel sorbent. 

7.1.1 Comparisons of ORC-AD and AD-ORC 

ORC performance: 

Table 7.1 presents the ORC performance of net power output, thermal efficiency, waste heat 

emission and exergy efficiency. ORC-AD has a stable, while AD-ORC has minor changes 

before the outlet low-grade heat becomes stable. In both systems, the inlet and outlet 

enthalpies of the evaporator are not affected by the change of heat source temperature, as they 

are determined by the superheat temperature. The heat source enables the working fluid to 

reach the superheat temperature. Thus, the net power is the same in ORC-AD and AD-ORC. 

Besides, the heat consumed by ORC is equal in the two systems. Therefore, the thermal 

efficiency of ORC is not changed. As the heat source has been partly used in adsorption cycle, 

the available thermal energy for ORC is reduced in AD-ORC, which results in the 7.39 % 

reduction of the dump heat or the 13.89 % growth of ORC exergy efficiency. 

Mode �̇�𝑊𝐶𝐶𝑒𝑒𝑡𝑡 (𝑘𝑘𝑊𝑊) 𝜂𝜂𝑡𝑡ℎ,𝑂𝑂𝑂𝑂𝐶𝐶  (%) �̇�𝑄𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝐶𝐶  (𝑘𝑘𝑊𝑊) 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒,𝑂𝑂𝑂𝑂𝐶𝐶  (%) 

ORC-AD 3.87 8.74 173.92 10.15 

AD-ORC 

(stable) 
3.87 8.74 161.06 11.56 

Table 7.1 Assessment of ORC performance 
 

Refrigeration: 



160 
 

Fig 7.1 draws the diagram for comparing the refrigeration produced by ORC-AD and AD-

ORC system, only considering from the time starting reaction. The calculation of the 

refrigeration generated per unit time follows the equations stated in Chapter 3. 

The results demonstrate that using adsorption units as the top cycle of the cogeneration 

system could improve the refrigeration. There are two peaks found in Fig 7.1. One is 157.31 

W of ORC-AD at 4.25 min and the other is 167.94 W of AD-ORC at the time of 3.83 min. 

These two curves in the illustration demonstrate the relationship between the cooling power 

and the cycle time. When the time increases, the gross production becomes larger. However, 

calculated into the production divided by the cycle time, the refrigeration grows rapidly at 

first and then drops after the value reaches its peak. The higher refrigeration power also has a 

shorter reaction time, which could be explained by the top cycle position of adsorption units. 

It causes the increase of heating temperature, pushing desorption to release more ammonia for 

the next adsorption progress. In this case, regarding the sorbent has desorbed ammonia as the 

available sorbent to adsorb ammonia in next stage, more refrigeration is generated with a 

faster rate in a condition that possesses more active sorbents at the start. At the end of 60 min, 

the difference between ORC-AD and AD-ORC is only 0.80 W, indicating the refrigeration 

advance of the AD-ORC will be almost eliminated in a cycle time longer than that. Before the 

reaction time of 25 min, the gap between the two curves is relatively apparent, which reveals 

the preferred operational time to take the benefit from AD-ORC. 

 
Figure 7.1 Refrigeration produced by ORC-AD and AD-ORC versus time 

 
COP: 



161 
 

Fig 7.2 shows the COP retrieved from the simulated cooling and power systems of ORC-AD 

and AD-ORC.  

The result reveals that ORC-AD has a higher COP than AD-ORC in the testing condition. 

Even though the higher desorption temperature enables more production of cooling effect, 

COP of the AD-ORC system is reduced as the increase of the output fails to catch the growth 

pace of the heat cost, which mainly consists of both the sensible heat and the desorption heat. 

When desorption time is 60 min, the value of COP is 0.2860 and 0.2689, for ORC-AD and 

AD-ORC system, separately. 

 
Figure 7.2 COP in ORC-AD and AD-ORC versus time 

 
Thermal efficiency: 

The evolutions of the thermal efficiency in both systems are similar with the shape in Fig 6.4, 

as shown in Fig. 7.4.  A rapid increase is found at the start with a reduced rising speed, and 

the curves drop until the end after meeting a peak in the diagram. 

The result presents that before 4.25 min, AD-ORC has a higher thermal efficiency, while after 

that, ORC-AD has a higher thermal efficiency. The value is the same of the two peaks, 7.10 

%, while the time for ORC-AD to reach the peak is 1.08 min later. The phenomenon could be 

explained by the active sorbent number mentioned in the discussion of refrigeration results. 

The thermal efficiency of AD-ORC is higher than that of ORC-AD in the first few minutes. 

However, with the reaction time increasing, the difference between them is reduced, and later 

the thermal efficiency of ORC-AD is even higher than that of AD-ORC. Corresponding with 
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COP results in Fig 7.2, the difference between the COPs matches the gap between the 

refrigeration when the thermal efficiency is the same. After that, due to the low cost from the 

sensible heat and the desorption heat, ORC-AD shows a higher thermal efficiency than AD-

ORC system. 

 
Figure 7.3 Thermal efficiency of cogeneration in ORC-AD and AD-ORC versus time 

 
Exergy efficiency: 

 
Figure 7.4 Exergy efficiency of cogeneration in ORC-AD and AD-ORC versus time 
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The exergy efficiency of ORC-AD and AD-ORC is illustrated in Fig 7.4. The exergy 

efficiency, again, has a very similar shape with that in Fig 7.1. 

The results show that AD-ORC has a higher exergy efficiency than ORC-AD system. There 

are two peaks found in the diagram, one is 10.59 % of AD-ORC at the reaction time 3.83 min, 

while the other peak is 10.56 % of ORC-AD at 4.25 min. At the reaction time of 60 min, the 

exergy efficiency is 10.29 % of both systems, ignoring the third number after the decimal 

point. The result reveals a higher exergy efficiency could be achieved by applying adsorption 

cycles as the first user for such a hot gas. The reason is that AD-ORC yields more production 

composed by cooling and power than ORC-AD, using the same heat source. Like the 

refrigeration results, this minor advantage could be eliminated by the long cycle time. 

Matching the cooling capacity with the electricity capacity may be a solution to alleviate this 

problem. 

Dump heat: 

 
Figure 7.5 Dump heat of cogeneration in ORC-AD and AD-ORC versus time 

 
Fig 7.5 is the results of the dump heat released from ORC-AD or AD-ORC systems, after the 

utilisation of the heat source.  

The result displays that using adsorption units as the top cycle could reduce the dump heat of 

the system. At the reaction time of 0 min, the dump heat of the cogeneration system is equal 

to the dump heat of a single ORC system, while after that, it drops rapidly to 173.77 kW in 

ORC-AD system at 4.25 min, and 170.81 kW in AD-ORC system at the reaction time of 3.83 

min. The reductions are caused by the heat consumption of desorption process in sorption 
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units. Later, the dump heat grows with a reduced increasing speed as the heat cost by the 

adsorption cycles reduces. Again, using more sorbent in adsorption cycles could be the 

solution to reduce the waste of the thermal energy. 

7.1.2 Comparisons of resorption-ORC and ORC-resorption 

ORC performance: 

The net power, thermal efficiency, exhaust heat and exergy efficiency of ORC in ORC-

resorption and resorption-ORC are the same with those in ORC-AD and AD-ORC systems, 

when their values are stable. When ORC is the first user of the heat source, the working 

conditions of ORC are the same for ORC-AD and ORC-resorption system. When ORC is the 

second user, the working conditions keeps the same for AD-ORC and resorption-ORC, as the 

heat consumption of the sorption units stay the same. 

Refrigeration: 

Fig 7.6 presents the refrigeration produced by ORC-resorption and resorption-ORC systems. 

The red curve represents the latter system, while the black one stands for the former 

cogeneration system.  

 
Figure 7.6 Refrigeration in ORC-resorption and resorption-ORC systems versus time 

 
The result shows that resorption-ORC system is superior over ORC-resorption in the aspect of 

cooling generation. A peak exists in each line with the value of 292.89 W for resorption-ORC 

at 1.33 min or 269.29 W for ORC-resorption system at the cycle time of 3.17 min. At the end 

of 60 min, the refrigeration is 85.35 W for both systems. All values mentioned in Fig 7.6 are 
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higher than that in Fig 7.1, which is caused by larger cooling capacity substituting ammonia 

container with SrCl2-EG adsorption unit. The difference between peaks is relatively more 

significant than that found in ORC-AD and AD-ORC comparison, demonstrates the increased 

temperature of the heat source has more influences on cogeneration systems integrating 

resorption cycles with ORC. It is worth noting that the curves representing refrigeration of 

different systems meet quicker than those in Fig 7.1. Thus, the operational time should be 

shorter to obtain the optimum cogeneration performance. 

COP: 

 
Figure 7.7 COP in ORC-resorption and resorption-ORC systems versus time 

 
Fig 7.7 illustrates COP calculated from the integration system composed by ORC and 

resorption cycles. It grows with a decreased increasing speed during the reaction time.  

The results reveal that ORC-resorption system has a larger COP than resorption-ORC. At the 

end of 60 min, COP of ORC-resorption is 0.5580 and COP of resorption-ORC is 0.5155. The 

reason why COP obtained from ORC-resorption is larger is the same with the explanation in 

Fig 7.2. Moreover, the quicker reaction rate in the first stage is caused by the higher 

desorption temperature, which enables more active sorbents within the same time scale. 

Thermal efficiency: 

Fig 7.8 presents the thermal efficiency of the cogeneration systems ORC-resorption and 

resorption-ORC, which has a similar development with results shown in Fig 7.6. 
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The results present that resorption-ORC system has a higher thermal efficiency before 3.17 

min, while after that ORC-resorption has the higher thermal efficiency. It is reasonable as the 

thermal efficiency of ORC is stable after minor changes before the entering temperature of the 

heat source is stable. Thus, the main component dominating the value of the thermal 

efficiency is the adsorption unit. The thermal efficiency is larger in resorption-ORC than that 

in ORC-resorption as the more refrigeration produced in resorption-ORC at first few minutes. 

After that, the thermal efficiency of ORC-resorption becomes larger as the amount of the 

sensible heat and the desorption heat cost by the adsorption units is smaller. The peaks are 

7.32 % at 1.33 min of resorption-ORC and 7.30 % at 3.17 min of ORC-resorption, 

respectively. At the end of 60 min, the thermal efficiency is 6.97 % of ORC-resorption and 

6.96 %of resorption-ORC, separately. All thermal efficiencies are higher than that of ORC-

AD and AD-ORC systems, demonstrating the more beneficial systems of replacing the 

adsorption cycles by resorption cycles. 

 
Figure 7.8 Thermal efficiency of ORC-resorption and resorption-ORC systems versus time 

 
Exergy efficiency: 

Fig 7.9 presents the exergy efficiency of these two cooling and power systems. The exergy 

efficiencies of ORC-resorption and resorption-ORC systems also have the similarity with the 

development in Fig 7.6. 

The results demonstrate that resorption-ORC has a higher exergy efficiency, compared with 

the cogeneration system of ORC-resorption. One of the two peaks of the red and black curves 

is 10.91 % at 1.3 min of resorption-ORC system, while the other is 10.85 % at the reaction 



167 
 

time of 3.17 min. When the time reaches 60 min, the exergy efficiency is 10.37 %, omitting 

the third number after the decimal point. With the development of reaction time, the 

efficiency tends to decrease until stable. Again, the values get higher than that using 

adsorption cycles. 

 
Figure 7.9 Exergy efficiency of ORC-resorption and resorption-ORC systems versus time 

 
Dump heat: 

Fig 7.10 shows the dump heat released from the integrated ORC-resorption and resorption-

ORC systems. 

The result indicates that resorption cycles as the top cycle to be integrated with ORC can 

reduce the dump heat of a low-grade heat source. The dump heat equals to the value when 

there is only ORC to use the heat source at 0 min. Once starting the reaction, the value of the 

dump heat drops sharply. The peak for ORC-resorption is 173.63 kW at 1.33 min while that 

for resorption-ORC is 173.65 kW at 3.17 min. This phenomenon is caused by the rapid 

increase of the reacted ammonia during the first stage. After the peak, the dump heat tends to 

reduce from fast to slow and then be stable, which is caused by the limited heat consumption 

of resorption cycles and the increased reaction time. At the end of 60 min, the waste heat of 

the systems is 173.84 kW for both resorption-ORC and ORC-resorption. 

In summary, for a comprehensive consideration of the simulation results, AD-ORC or 

resorption-ORC systems are proved to be superior over ORC-AD or ORC-resorption systems. 

Even COPs of them are lower, AD-ORC and resorption-ORC systems have higher 
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refrigeration productions, higher thermal and exergy efficiencies, and more reduction of the 

dump heat.  

 
Figure 7.10 Waste heat of cogeneration in ORC-resorption and resorption-ORC systems 

versus time 
 

7.2 Kinetic models of MnCl2-EG and MnCl2-EG-Ni@C  

7.2.1 Kinetic parameters 

Table 7.2 describes the kinetic parameters of adsorption and desorption modelling, based on 

the data retrieved from the sorption performance experiments of MnCl2-EG and MnCl2-EG-

Ni@C. The kinetic models are applied into AD-ORC and resorption-ORC to evaluate the 

improvement of the cogeneration systems by adding Ni@C, as these two systems are proved 

to be more superior than other two candidates of ORC-AD and ORC-resorption. 

 Adsorbent Ar Mr 

Adsorption 
MnCl2-EG 0.009268 1.9 

MnCl2-EG-Ni@C 0.013939 2.0 

Desorption 
MnCl2-EG 5.9689 x 10-7 1.115 

MnCl2-EG-Ni@C 1.0319 x 10-6 1.139 

Table 7.2 Kinetic parameters in SrCl2/MnCl2-EG-Ni@C sorption 
 

7.2.2 Validation of the kinetic models 

The desorption computational results conform well to the experiments. The validation of 

desorption includes the 160 oC, 170 oC and 180 oC desorption, controlling the condenser at -

20 oC, as shown in Fig 7.11 to Fig 7.13, separately.  
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(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.11 Simulated and experimental ammonia conversion ratios (180, -20) versus time 

  
(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.12 Simulated and experimental ammonia conversion ratios (170, -20) versus time 

  
(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.13 Simulated and experimental ammonia conversion ratios (160, -20) versus time 
 

The difference between the simulated and experimental ammonia conversion ratios is up to 

0.049 in MnCl2-EG. However, the gap between the modelled and real data is relatively big 

with the value up to 0.107 in MnCl2-EG-Ni@C. It is due to the reactive sorbents’ appreciable 
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contraction during desorption. The model is still good to be used into the cogeneration 

systems.  

  
(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.14 Simulated and experimental ammonia conversion ratios (Water T, 0) versus 
time 

  
(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.15 Simulated and experimental ammonia conversion ratios (Water T, 10) versus 
time 

  
(a) MnCl2-EG (b) MnCl2-EG-Ni@C 

Figure 7.16 Simulated and experimental ammonia conversion ratios (Water T, 20) versus 
time 
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The validation of adsorption models includes the 0 oC, 10 oC and 20 oC adsorption. The 

simulated and experimental data of ammonia conversion ratios are illustrated in Fig 6.19, Fig 

7.14 and Fig 7.16, respectively. 

Even there are some relatively large differences between the simulated and experimental 

ammonia conversion ratio, it is taken as a good agreement for adsorption kinetic models. The 

reason for the differences is the expansion during adsorption process. The average value of 

the difference between calculated and actual global conversion ratios is 0.038 for MnCl2-EG 

or 0.027 for MnCl2-EG-Ni@C. 

7.3 AD-ORC using MnCl2-EG-Ni@C 

The kinetic models are used in AD-ORC to compare the enhancement by adding Ni@C into 

the conventional adsorbent. As ORC keeps a same performance during the reaction time, 

performance indicators including refrigeration, COP, thermal efficiency, exergy efficiency 

and waste heat emission are calculated and illustrated in Fig 7.17 to Fig 7.21. Due to the 

limitation in the design of the experimental test rig, the kinetic adsorption or desorption in 

Section 6.4 is not as fast as the kinetic models proposed by the previous researchers. Thus, 

Section 6.5 only compares between the cogenerations using the kinetic models found in the 

experiments.  

7.3.1 Refrigeration 

 
Figure 7.17 Comparison of refrigeration production in AD-ORC versus time 

 
Fig 7.17 displays the refrigeration power generated by AD-ORC system using MnCl2-EG and 

MnCl2-EG-Ni@C. 
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The results show that using MnCl2-EG-Ni@C can largely improve the refrigeration generated 

from AD-ORC system. The peak of the red line shows at 11.58 min with a refrigeration value 

of 135.21 W, obtained in the system using sorbents with Ni@C additives. Speculated by the 

acknowledge of the previous sections, there should be a peak for system applying 

conventional sorbents. The peak is not obvious in this illustration but found at 53.00 min 

through the data, with a value of 35.67 W. At the end of the time axis, the refrigeration of the 

system with Ni@C is 75.98 W, and the refrigeration of the system without Ni@C is 35.51 W. 

At the peak time of using MnCl2-EG-Ni@C, the advancement made by the novel sorbents is 

115.48 W while at 60 min, the improvement is 40.47 W. 

7.3.2 COP 

Fig 7.18 presents COP calculated from the models of AD-ORC system using the sorbents 

with or without Ni@C.  

 
Figure 7.18 Comparison of COP in AD-ORC versus time 

 
The result shows that COP of the cogeneration system is largely improved by adding Ni@C 

into conventional MnCl2-EG sorbents. At the reaction time of 60 min, COP of the system 

using MnCl2-EG is 0.1963, while COP of the system using MnCl2-EG-Ni@C is 0.3728. The 

difference between the two values is 0.1765, which means the almost twice COP made by 

system using novel sorbents. 

7.3.3 Thermal efficiency 

Fig 7.19 shows the thermal efficiencies of AD-ORC system applying conventional or novel 

HTS. 
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The result shows that the thermal efficiency of the integrated AD-ORC system is largely 

enhanced by applying the novel sorbents with Ni@C. The peak of the system using MnCl2-

EG-Ni@C is 7.04 %, found at the reaction time of 11.58 min. The peak of AD-ORC utilising 

MnCl2-EG is not apparent, compared with that of the red curve. However, referring to the 

calculated results, it is at the time of 53.00 min, with the value of 6.87 %. When the reaction 

time is 60 min, the thermal efficiency of the system using MnCl2-EG-Ni@C is 6.94 %, while 

that of the system applying MnCl2-EG is 6.87 %. The improvement at 60 min is 1.02 % of the 

original thermal efficiency, while the advancement at 11.58 min is 2.92 % of the thermal 

efficiency using the traditional sorbents. 

 
Figure 7.19 Comparison of thermal efficiency in AD-ORC versus time 

 
7.3.4 Exergy efficiency 

Fig 7.20 illustrates the exergy efficiency of AD-ORC utilising MnCl2-EG and MnCl2-EG-

Ni@C. 

The result shows that AD-ORC system with the novel sorbents has the improvement on the 

exergy efficiency. The red curve lies at the top of the figure, presenting a higher exergy 

efficiency among the illustrated time range. The peak of using Ni@C additives is 10.50 % at 

11.58 min, while the peak of black curve is 10.24 % at the reaction time of 53.00 min. When 

the time is at 60 min, the exergy efficiency of the system using the novel sorbents is 10.35 %, 

while that of AD-ORC system utilising the conventional sorbents is 10.24 %. The 

enhancement made by the novel sorbents at 11.58 min is 2.94 % while that at 60 min is 1.07 

%, compared with the original exergy efficiency. 
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Figure 7.20 Comparison of exergy efficiency in AD-ORC versus time 

 
7.3.5 Dump heat 

Fig 7.21 is the comparison of the dump heat in AD-ORC systems using the sorbent with or 

without Ni@C.  

 
Figure 7.21 Comparison of the waste heat of AD-ORC versus time 

 
The results demonstrate that AD-ORC system using the sorbent with Ni@C can reduce the 

dump heat of the system. The waste heat of AD-ORC has a lowest value of 173.79 kW at the 

reaction time of 12.33 min, applying MnCl2-EG-Ni@C. Referring to the calculation results, 
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the minimum waste heat of the conventional sorbents is 173.89 kW, at 53.00 min. When the 

reaction has taken 60 min, the waste heat of AD-ORC is 173.89 kW utilising the conventional 

MnCl2-EG, while that is 173.85 kW applying the novel sorbents. At 12.33 min, the 

advancement made by the novel sorbent is 0.11 kW, and at 60 min, the improvement is 0.04 

kW. 

7.4 Resorption-ORC using MnCl2-EG-Ni@C 

The two kinetic models are also used in resorption-ORC system to evaluate the improvement 

using the novel sorbents into the cogeneration systems.  

7.4.1 Refrigeration 

Fig 7.22 presents the refrigeration generated by resorption-ORC system, applying different 

adsorbents into the adsorption bed.  

 
Figure 7.22 Refrigeration production versus time 

 
The result shows that applying MnCl2-EG-Ni@C can increase the refrigeration production of 

the system. A peak is found at 11.58 min, with the value of 137.00 W using the sorbent with 

Ni@C. The peak of black curve is 36.15 kW at 53.00 min, using the conventional HTS. When 

the reaction has taken 60 min, the refrigeration is 76.99 W of the red curve and 35.98 W of 

the black curve, respectively. The enhancement by adding Ni@C into MnCl2-EG is 100.85 W 

at 11.58 min and 41.01 W at the reaction time of 60 min. 

7.4.2 COP 

Fig 7.23 illustrates COP of resorption-ORC system applying various sorbents. 
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The result reveals that COP of the cooling and power system is enhanced by applying the 

novel HTS. The red curve locates at the top of the figure, displaying a higher COP obtained 

from the simulation results. At the end of 60 min, COP of resorption-ORC system using 

MnCl2-EG-Ni@C is 50.04 % while that of the system utilising MnCl2-EG is 25.91 %. The 

result demonstrates the COP enhancement made by adding Ni@C into MnCl2-EG is 24.13 %, 

when the sorbents react for 60 min. 

 
Figure 7.23 COP versus time 

 
7.4.3 Thermal efficiency 

Fig 7.24 displays the thermal efficiency of resorption-ORC system utilising sorbents with or 

without the additives of Ni@C.  

The result demonstrates that the thermal efficiency of the system is improved by using the 

novel HTS. The red curve has a peak at 11.58 min with the value of 7.00 %. Meanwhile, the 

thermal efficiency of the black line is 6.84 %, which shows the improvement of 2.34 % of the 

original value, using the novel sorbents. The highest thermal efficiency of the black curve is 

6.87 %, found at the reaction time of 53.00 min. At 60 min, the thermal efficiency is 6.94 % 

of the system using MnCl2-EG-Ni@C, while that of resorption-ORC utilising MnCl2-EG is 

6.87 %, revealing the advancement made by the nanoparticles is 1.02 % of the original 

thermal efficiency. 
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Figure 7.24 Thermal efficiency of cogeneration versus time 

 
7.4.4 Exergy efficiency 

Fig 7.25 shows the exergy efficiency of the resorption-ORC cogeneration system, applying 

MnCl2-EG and MnCl2-EG-Ni@C. 

 
Figure 7.25 Exergy efficiency of cogeneration versus time 

 
The results reveal that the exergy efficiency of the cogeneration system is largely improved 

using MnCl2-EG-Ni@C in resorption-ORC system. The maximum exergy efficiency of 

resorption-ORC is 10.51 % at 11.58 min using the novel sorbents, while that of the cooling 
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and power system applying conventional HTS is 10.24 %, at the reaction time of 53.00 min. 

When the reaction takes 60 min, the exergy efficiency of the red curve is 10.35 %, while that 

of the black curve is 10.24 %, revealing the joint of Ni@C could improve 1.07 % of the 

thermal efficiency. The enhancement made by mixing Ni@C with the conventional MnCl2-

EG is 3.04 % of the original value, at 11.58 min. 

7.4.5 Dump heat 

Fig 7.26 draws the dump heat of resorption-ORC cogeneration system utilising different 

sorbents with or without the additives of Ni@C. 

 
Figure 7.26 Waste heat of cogeneration versus time 

 
The result shows that using MnCl2-EG-Ni@C can reduce the dump heat of the system, 

compared with the result applying conventional HTS. The minimum dump heat is found at 

12.33 min, with the value of 173.79 kW, using the novel sorbents. At the reaction time of 60 

min, the dump heat is 173.89 kW of the system embedded with MnCl2-EG, while that is 

173.85 kW of resorption-ORC integrated with MnCl2-EG-Ni@C. Moreover, the reduction of 

the dump heat is 0.04 kW while at 12.33 min, the reduction is 0.11 kW, by adding Ni@C into 

MnCl2-EG. The reduction of the dump heat could be improved by using more adsorbents in 

the system. 

7.5 Summary 

Four variations of integrated ORC and adsorption/resorption cooling and power systems are 

simulated to evaluate and compare the performance of low-grade heat utilisation. A physical 
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model of the sorption unit based on the experiments results in Chapter 6 is applied in the 

simulation. Kinetic models are fitted and applied in the optimal systems to assess the 

influence of using the optimal novel sorbents. 

• Using adsorption/resorption cycle as the first user of low-grade heat is preferred. It 

could increase the refrigeration production, thermal efficiency, and exergy efficiency 

of the cogeneration systems. At the peaks of the refrigeration, AD-ORC increases the 

refrigeration by 6.76 % at a 9.89 % earlier peak time, compared to ORC-AD. 

Resorption-ORC system increases the peak refrigeration by 8.76 % at a 58.04 % 

earlier time. The improvements of the other assessments are tiny. Besides, AD-ORC 

and resorption-ORC reduce the dump heat released to the environment. The operation 

timing is significant to optimise the system productions. However, COP of the system 

is slightly decreased in AD-ORC and resorption-ORC cooling and power systems.  

• Substituting the adsorption units with the resorption units could improve the 

cogeneration performance of the system. The peak refrigeration production is 

increased by 74.40 % at a 65.27 % earlier peak time. COP of the system is enhanced 

by 91.71 % at 60 min. The peak thermal efficiency is improved by 3.10 %. The peak 

exergy efficiency is improved by 3.02 %. The dump heat of resorption-composed 

systems is also less than that from the systems contains the adsorption units, even the 

difference is tiny. The performance of ORC module is not influenced by the 

substitution of resorption. 

• Using MnCl2-EG-Ni@C can largely improve the cogeneration performance. The 

kinetic model found in the experiments are used in the simulation of AD-ORC and 

resorption ORC systems. At 60 min, the refrigeration and COP of the systems 

applying the novel sorbents could be about twice of the original one. A maximum 

improvement of the thermal efficiency can be made by 2.92 % and 2.34 % at 11.58 

min in AD-ORC and resorption-ORC system, respectively. The reduction of the dump 

heat is up to 0.11 kW for both cogeneration systems. Besides, the cycle time is better 

to be controlled in 20 min for the system optimisation. 

In summary, integrated resorption-ORC cooling and system using MnCl2-EG-Ni@C is the 

optimal system found in the PhD project among all candidates. For a fixed heat source, 

adsorption or resorption units are preferred to be the first user instead of ORC. Besides, 

resorption is superior over adsorption cycles in the concept of being integrated with ORC to 

form a cogeneration system. Applying the novel sorbents of MnCl2-EG-Ni@C can further 

improve the cogeneration performance based on the original resorption-ORC system.  
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The result indicates that it is feasible to using the resorption-ORC system to enhance the 

utilisation of low-grade heat. By the application of the novel sorbent, the conversion of low-

grade thermal energy is largely enhanced. It is potential to apply the novel sorbent into other 

sorption-composed system for the improvement of the cogeneration or trigeneration 

performance.  
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Chapter 8 Conclusions and future working plans 
The thesis has reported an investigation of the cascaded ORC and chemisorption cogeneration 

systems driven by low-grade heat. Literatures about the thermal driven power generation or 

cooling cycles have been reviewed and summarised. Chapter 3 reports a study of 

thermodynamic analysis of ORC-AD cooling and power system. In Chapter 4, the thermal-

physical characteristics of the manufactured novel sorbents are tested and discussed. Chapter 

5 is the experimental investigation on the sorption performance of the prepared sorbents. In 

Chapter 6, the comparison between ORC-AD, AD-ORC, ORC-resorption and resorption-

ORC has been done using the physical model based on the experiments in Chapter 5. 

Moreover, the kinetic models found in the experiments are used in the simulation of AD-ORC 

and resorption-ORC system. In Chapter 7, chapters mentioned above are recapped to evaluate 

the feasibility of the combined system using the novel sorbents, and the recommendations for 

future researches are displayed as well. 

8.1 Summary of the results 

• A detailed background study has been done, reviewing existed heat conversion 

applications for power generation and refrigeration. The thermal-driven power 

generation systems have been studied from Carnot Cycle to various configuration of 

ORC. ORC with IHX and DLORC are two superior systems found by the author, as 

they are altered with simple but reasonable modifications based on the conventional 

ORC. However, ORC is a relatively mature technology after the long time 

explporations, which means that the potential to enhance ORC is quite limited. 

Integrating ORC with chemisorption technology to build the cogeneration systems 

remains attractive to the scientists. Apart from ORC, heat-dirven sorption refrigeration 

is a high-efficiency technology in converting low-grade heat into cooling power. To 

conquer the low working perfromance of chemical or physical sorption, composite 

sorbents are researched. Many studies have been done to improve the composite 

sorption performance, from the configuration, equipment and the sorbent materials. 

Inspired by the excellent thermal properties of the carbon coated metals, the author 

selects Ni/Al/Fe@C as the additional components to be mixed with conventional 

composite sorbents. LTS of SrCl2-EG and HTS of MnCl2-EG are selected from the 

background study of the conventional composite sorbents for their desirable 

properties. 

• After the background study, the author is inspired by the idea of integrating ORC with 

chemisorption technologies to form a cascaded system which could meet the 
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requirement of power and cooling demanded at the same time by utilising the low-

grade heat sources. Therefore, a system integrating ORC with adsorption system is 

built in Chapter 3 to assess whether the idea can be realised. ORC is the first user of 

low-grade heat. The simulation is written in MATLAB using the data base of 

REFPROP. The thermal analysis results include net power produced by ORC, 

refrigeration, SCP and COP of adsorption module, thermal and exergy efficiency and 

the dump heat of ORC and the cogeneration system. It is revealed that the increase of 

�̇�𝑚𝑤𝑤 and ∆ppump could improve the net power, the thermal and exergy efficiency, COP 

and the reduction of the sump heat. However, to enhance the refrigeration and COP, 

�̇�𝑚𝑤𝑤 and ∆ppump are advised to be reduced.  For an optimisation of the performance, 

�̇�𝑚𝑤𝑤 and ∆ppump are 0.45 kg/s and 3200 kPa. In this case, the maximum net power, 

refrigeration, thermal efficiency, and exergy efficiency up is 13.21 kW, 95.7 W, 11.27 

%, and 34.87 %, respectively. The minimum dump heat is 164.49 kW. The maximum 

COP is 0.5190. Therefore, the analysis proves the integrated ORC-chemisorption 

system improves the performance of ORC, given a fixed heat source. It is feasible to 

enhance the recovery of low-grade heat by the cascaded cogeneration system. 

• As the concept of the integration has been proved to be feasible, more improvements 

are desired for a further enhancement of the low-grade thermal energy utilisation. 

According to the literature review, ORC is a relative mature technology with limited 

development potentials, so that chemisorption becomes the point to break through. 

Even the composite sorbents inherent the advantages of the chemical and physical 

sorbents, they still have the drawbacks of conglomeration and aggregation, which 

could result in the negative influence of the sorption performance. To conquer the 

disadvantage mentioned above, Chapter 4 reports the developed methodology of 

manufacturing sorbents with Ni/Al/Fe@C by inducing an extra ultrasonic bath and the 

different mixing medium in the mixing process. The manufactured sorbents are tested 

by SEM and EDX to observe the surface morphology. The SEM and EDX photos are 

analysed to justify the distribution and appearance of various substances. It is 

demonstrated that the innovative preparation procedures are useful for the uniformity 

of the sorbent. Later, the sorbents are sent to LFA, and the thermal diffusivity and 

conductivity are tested. The results reveal that the influence of the testing temperature, 

the salt mass ratio, the sample density and the additives of Ni/Al/Fe@C. The 

maximum thermal conductivity among the testing range is 2.90 W/(m∙K) found in 

MnCl2-EG-Al@C samples. The result demonstrates that the improvements of the 

thermal conductivities are made by all carbon coated metals, which also the shows 
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potential of the novel sorbents to enhance the comprehensive heat and mass transfer 

processes of the sorption performance. 

• The thermal-physical tests in Chapter 4 proves the developed methodology a useful 

way to alleviate the problem of sorbent conglomeration and improve the uniformity 

and thermal property of the sorbents, which is potential to have positive influence on 

the heat and mass transfer processes of the sorption performance. Thus, the yielded 

sorbents are compressed into the adsorption reactor for the experimental investigation 

of the real sorption performance in Chapter 5. The relationship between the global 

conversion ratio and time is found and reported. Ni@C is found to be the optimal 

additive for both HTS and LTS, as it can make the maximum improvement of the 

sorption performance. The adsorption test of SrCl2-EG-Ni@C could retrieve a 

maximum SCP of 5.35 kW/kg at 0.42 min, while that for MnCl2-EG is 15.41 kW with 

Ni@C at 0.33 min when the evaporator is 20 oC. The result points out that the sorbents 

benefit from the nanoparticles, as the novel sorbents react faster than the conventional 

sorbents in most conditions. Chapter 5 shows the feasibility of applying the novel 

sorbents into integrated chemisorption systems to improve the overall energy 

efficiency. 

• As the sorption performance is proved to be enhanced by the novel sorbents, Chapter 

6 aims to use the experimental data to assess cogeneration performance of the optimal 

combination of the ORC and chemisorption systems. The dimensional data from the 

real rig in Chapter 5 is applied in the simulation models to build the physical model of 

adsorption units. The kinetic models found in Chapter 5 is then utilised into AD-ORC 

and resorption-ORC system to justify the influence made by the novel sorbents of 

MnCl2-EG-Ni@C. The results indicate that AD/resorption-ORC system has a higher 

refrigeration production, thermal efficiency, and exergy efficiency of the cogeneration 

systems, compared with ORC-AD/resorption, respectively. Substituting adsorption 

module by resorption units improves the cogeneration performance of the system. 

Besides, using adsorption/resorption as the first heat source user reduces the waste of 

the heat source released. The waste heat from resorption-composed systems is also 

less than that from the systems contains the adsorption unit. The result also reflects 

that the operation timing is essential to optimise the system performance. At the end of 

Chapter 6, the enhancement using SrCl2/MnCl2-EG-Ni@C in resorption module is 

evaluated. The results show that the novel sorbents could largely enhance the different 

performance indicators. At 60 min, the refrigeration and COP of the systems applying 

the novel sorbents could be about twice of the original one. A maximum improvement 
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of the thermal efficiency can be achieved by 2.92 % and 2.34 % in AD-ORC and 

resorption-ORC system, respectively. The reduction of the dump heat is up to 0.11 kW 

for both cogeneration systems. Resorption-ORC system using MnCl2-EG-Ni@C is the 

optimal system among all candidates. It is feasible to use it improve the utilisation of 

low-grade heat. 

8.2 Recommendations for further work 

Although resorption-ORC system using the novel sorbents appears to be a promising solution 

for cooling and power system driven by low-grade heat, further explorations and more efforts 

of the development are still required for it to become a realistic substitute to the conventional 

heat-driven energy technologies. The advantages and the challenges of the integrated ORC-

chemisorption systems need to be studied further in detail. Some fundamental investigations 

of the operational characteristics and system performance of the integrated cogeneration 

cycles have been done in this PhD project. It is suggested that the further exploration could 

include three main directions: 

• Configurations of integrated ORC-chemisorption system; 

• Material used in sorption and ORC; 

• Improvement of the experimental procedures and equipment. 

8.2.1 Configurations of the integrated ORC-chemisorption system 

The configuration of the integrated ORC-chemisorption system could be improved from the 

following aspects. 

The simple ORC module studied in the thesis could be replaced by the developed variations 

as reported in the literature review, to increase the power generation efficiencies. For 

example, it could be added with an IHX to recover the heat bears in the expanded working 

fluid. Besides, the basic ORC could also be replaced by DLORC to fit the condition which 

provides two heat sources.  

More connections between ORC and chemisorption cycles could be made rather than only 

cascaded utilisation of the heat source. For instance, the adsorption heat of LTS in the 

refrigeration mode could be recovered to ORC. One more example, in a dual source 

condition, resorption cycles can be used to recover the high temperature source. The low 

temperature source can be used to pre-heat ORC working fluid, and the rest heat of the high 

temperature source could be applied to evaporate the working fluid of ORC 
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Some enhancement could be made in the simulation of the cogeneration system. Reducing the 

ideal hypothesis in the simulation and improving the precision of the parameters could 

decrease the deviations between the reality and the simulation.  

The economic evaluation based on various system configurations and the operational 

characteristics is also crucial to assess the feasibility of the cogeneration system, rather than 

just compare the system performance listed in the thesis. 

8.2.2 Material used in sorption and ORC 

While paying attention to the material, both the sorbent in sorption cycles and the working 

fluid in ORC could be explored for optimising the system performance. 

The exploration of the sorbent could be divided by three areas, the chemical salt, the porous 

media and the additives. The chemical salts could be replaced by other chlorides such as 

MgCl2 and CaCl2. Even the chemical salts are limited in types, the porous medium could be 

substituted by other candidates. New porous medium could be explored by many treatments 

such as pre-heat treatment or acid-treatment. Recently studied materials which have been 

demonstrated to possess good heat and mass transfer properties can be utilised as the 

additives, such as other carbon coated metals or graphene. 

The improvement could also be made by the working fluid selection. Referring to the 

different system configurations and operational conditions, exploring types of ORC fluid and 

select an optimal one can enhance the performance of ORC. 

8.2.3 Improvement of the experiments 

Some suggestions are given based on the experience of the experiments. 

The equipment used in the experiments could be improved. The bottles used for ultrasonic 

bath should be substituted by the wide neck bottles for the convenience of being filled with 

EG. The pipework of the sorption rig should be shortened to reduce the heat loss. The 

thermostat connected to the oil bath could be replaced by one with a large cooling capacity, 

rather than cool the thermal fluid by exchanging heat with tap water. It could reduce the 

influence caused by the adsorption heat which is not removed quickly in the PhD project.  

More tests of material thermal-physical properties could be done to ensure the reason for the 

performance results, corresponding to the heat and mass transfer in related testing conditions. 

The permeability of the sorbent material could be done for the evaluation of the mass transfer 

process. The densities and testing conditions of the samples can vary in a larger range. 

Prediction models could be built based on the discovery of the thermal-physical property 
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tests. Moreover, the residue of the sorbent after the sorption performance tests could be tested 

again for the thermal-physical properties to compare the difference caused by the sorption 

cycles. 

Experimental investigation is suggested to be done on the proposed system to verify the 

practical performance. A test system should be constructed based on the system configuration.
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Appendix A. Meanings of various characters in REFPROP 
Character (unit) Property 

P (kPa) Pressure 

T (K) Temperature 

D (kg∙m-3) Density 

H (J∙kg-1) Enthalpy 

S (J∙kg-1∙K-1) Entropy 

U (J∙kg-1) Internal energy 

C (J∙kg-1∙K-1) Specific heat capacity at the same pressure, Cp 

O (J∙kg-1∙K-1) Specific heat capacity at the same volume, Cv 

K (-) Ratio of the specific heats, Cp/Cv 

A (m/s) Speed of sound 

X (-) Liquid phase and gas phase composition (mass fractions) 

V (Pa∙s) Dynamic viscosity 

L (W∙m-1∙K-1) Thermal conductivity 

Q (kg∙kg-1) Quality (vapour fraction) 

I (N∙m-1) Surface tension 

Table A. Meanings of various characters in REFPROP 
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Appendix B. Temperature evolution of MnCl2-EG-Ni/Al/Fe@C in 

desorption versus time 

 
Figure B.1 Temperature evolution of MnCl2-EG-Ni@C in desorption versus time 

 

 
Figure B.2 Temperature evolution of MnCl2-EG-Al@C in desorption versus time 
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Figure B.3 Temperature evolution of MnCl2-EG-Fe@C in desorption versus time 
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