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Abstract 

The emergence of decentralized energy resources has brought numerous novel and 

advanced designs of efficient power generation systems with utilisation of renewable 

energy for locally provided, sustainable and cost-effective energy production. The 

micro trigeneration system has been a highly anticipated solution to fulfil domestic 

energy requirements, allowing simultaneous generation of electricity, heating and 

cooling from one primary source. As a matter of fact, the micro trigeneration system 

is still under research and development stage, with limited available demonstrations 

around the world. Current laboratory experimental and simulation studies mainly focus 

on integrations of mature technologies, whereas many promising alternatives have not 

been widely explored, for example organic Rankine cycle (ORC) and liquid desiccant 

cooling technology.  

The main aim of this thesis is to technically develop and evaluate a novel micro 

trigeneration system with a combination of scroll-based ORC and membrane-based 

liquid desiccant cooling (MLDC). In principle, the micro trigeneration system 

provides highly efficient energy conversion in a decentralized manner, as the scroll-

based ORC has superior abilities in generating electricity and providing sufficient 

thermal output that matches the low-temperature regeneration requirement of the 

liquid desiccant in the MLDC. In terms of system sustainability, compact linear 

Fresnel reflectors (CLFR) can be one option of the primary energy source for the micro 

trigeneration system. A comprehensive literature review has demonstrated that no 

work has been conducted previously on such a system. In this thesis, the possibility of 

integrating CLFR to power generation systems has been firstly investigated and a 

detailed optical design of the CLFR-hybrid system has been conducted through 

geometrical modelling and experimental work. Results demonstrate that the CLFR-
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hybrid system with polar orientation is feasible to efficiently convert the absorbed solar 

energy into thermal energy, which thereby can be utilised for powering the micro 

trigeneration system. The concept of the novel micro trigeneration system with scroll-

based ORC and MLDC has been critically examined and energy performance of the 

two main components, namely scroll-based ORC and MLDC have been evaluated 

respectively through both theoretical modelling and experimental work. Experimental 

tests show that the scroll-based ORC electric output of 564.5W, scroll expander 

isentropic and volumetric efficiencies of 78% and 83% are achievable at a 1kW 

capacity. In terms of MLDC, experimental results indicate the importance of system 

mass balance between the membrane-based dehumidifier and regenerator for 

continuous operation. Under the steady operating condition of MLDC, a supply air 

temperature of 20.4°C with dehumidification effectiveness of 0.3 and system COP of 

0.70 are attainable at calcium chloride (CaCl2) solution concentration of 36%. 

Simulations based on a validated and comprehensive system model demonstrate the 

feasibility of pairing the scroll-based ORC and MLDC for the microre trigeneration 

system. The exhaust heat from the scroll-based ORC effectively fulfils the 

regeneration requirement of the MLDC. The inclusion of MLDC facilitates the micro 

trigeneration system overall efficiency with an increase of approximately 35.49%, 

compared to that of ORC-based separate power generation. Theoretical results show 

that the proposed micro trigeneration system has the overall system efficiencies of 

38.96% in cogeneration mode and 41.23% in trigeneration mode. 

The thesis makes contribution to the knowledge of micro trigeneration technology, 

distributed power generation, energy conversion and air conditioning. Moreover, the 

presented parametric studies of CLFR, ORC and MLDC can be employed for 

designing and optimizing the relevant individual components. Regarding the future 
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work, this thesis recommends more in-depth system modelling with a combination of 

CLFR, ORC and MLDC, logic optimisation of the micro trigeneration system and 

comprehensive field trial testing of the micro trigeneration system in building context. 
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Chapter 1: Introduction 

1.1 Research background 

The expanding economies, increasing population and higher living standard are key 

drivers to the rising global energy demand, which lead to the progressive increasing 

energy shortage gap [1]. The past decades witnessed a remarkable rise in the global 

total primary energy consumption, as observed in Figure 1-1. Compared to the increase 

in the global total primary energy production, the total primary energy consumption 

has been growing much faster (e.g. rose by 60.83% from 1990 to 2015). It has been 

projected that the rate of increase in the world energy consumption between 2014 and 

2035 would be approximately 34% [2].  

 

Figure 1-1 World total primary energy consumption and production from 1990 to 2015 

In the current global situation, the global energy supply has heavy reliance on the finite 

fossil fuels [3], which has been dwindling significantly. Oil has been the dominant fuel 

representing 32.57% of the global energy consumption in 2015, and followed by coal 

(30.02%) and natural gas (23.71%) as indicated in Figure 1-2. Conversely, renewable 

sources only shared around 9.25% with main contributor hydroelectric accounting for 
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6.85%. In order to conserve conventional resources and avoid climate catastrophes, 

renewable energy resources such as solar, biomass, wind, geothermal and hydropower 

have proved to be more and more attractive for power generation with substantial 

reduction in the greenhouse gas emissions.  

 

Figure 1-2 Global total primary energy consumption by fuel types 

In terms of the energy consumption by sectors in the UK, approximately 40% of the 

total energy consumption are associated with buildings for electricity appliances, space 

conditioning, hot water supply etc. [4, 5]. Nevertheless, the energy demand of the 

building sector will continue to rise in the future [6]. Generally, the majority of 

households depend greatly on conventional centralized power stations or plants for 

electricity, heating and cooling. At present, the electricity and heating demands are 

usually met by the national power grid and burning fuels respectively in the UK. About 

68% of the domestic energy consumption is represented by natural gas and the 

electricity consumption including renewable electricity accounts for the rest of 22%. 

Typically, the conventional power plant relies heavily on the fossil fuels and its overall 

system efficiency is less than 39% [7]. In other words, more than 60% of the energy is 

lost in the form of waste heat, together with considerable greenhouse gas emissions. 
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Even a minor improvement in power generation technologies, can bring out profound 

effect on the building energy performance and thereby the global energy consumption.  

A cogeneration or combined heat and power (CHP) system is a critical solution to 

improve system energy efficiency and decrease greenhouse gas emissions [8], which 

allows productions of both heat and power from a single fuel source [9]. In recent years, 

extensive supportive mechanisms and policies have been introduced and implemented 

around the world to promote the CHP development. For instance, the European 

Commission has issued Directive 2004/8/EC to facilitate installations and operations 

of highly efficient cogeneration plants in European countries for energy conservation 

and combating global climate changes [10]. A number of European countries have 

consolidated the existing cogeneration installations and launched supportive 

mechanisms for new cogeneration schemes. For instance, the UK government has 

introduced Good Quality CHP schemes, which is certified to be highly efficient in line 

with Energy Efficiency Directive (2012/27/EU). Besides, the government has applied 

a practical method named CHP Quality Assurance (CHPQA) programme to monitor 

and assess CHP schemes throughout the UK. Figure 1-3 presents a map of the installed 

CHP systems in the UK and the vast majority have capacities ranging from 100kWe to 

1MWe serving for the domestic sector. Nevertheless, only approximately 10.5% of the 

CHP systems run on the renewable fuels such as biomass, sewage gas, biogases, 

municipal waste and refuse derived fuel [6]. Under the circumstances spurred by 

government policies, there is still great potential in the development of renewable 

energy-driven CHP systems. On the other hand, the onsite effective micro power 

generation system has become a highly-anticipated alternative to the conventional 

centralised power generation system [11], owing to benefits in technical, 

environmental and economic aspects. For instance, a marked reduction of around £176 
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million in annual cost for energy production and mitigation of 2.1 million tons of CO2 

emissions have been achieved with installations of 1 million micro-CHP systems 

across the UK. 

 

Figure 1-3 Map of  installed CHP systems in the UK [6] 

To address drawbacks of the CHP system in the hot and humid climate where cooling 

and air conditioning are demanded for the sake of indoor thermal comfort, the concept 

of trigeneration takes one step further by integrating thermally-activated cooling into 

a cogeneration system, which is also known as a combined cooling, heating and power 

(CCHP) system [12]. As the name implies, the trigeneration system has simultaneous 

production of three energies: electricity, heat and cooling. In operation, the thermal-

activated equipment utilises waste heat from the prime mover for further air 

conditioning, refrigeration and other cooling purposes [13]. Compared with a 

cogeneration power plant, an increase of up to 50% in the system efficiency is 

attainable by a trigeneration system of the same size [14]. In particular, the micro-scale 

trigeneration system with a capacity less than 50kWe has been emerging and more 

favourable in decentralized applications around the world, such as for residential 
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buildings, hotels, hospitals, university campus and automobiles [15]. The micro 

trigeneration system is capable of running on a variety of fuels, like diesel, natural gas, 

solar energy, hydrogen and biomass. Concentrated solar collectors can be a viable 

candidate of the primary energy source for the micro trigeneration system, for example 

Compact Linear Fresnel Reflectors (CLFR) efficiently convert the absorbed solar 

energy into useful thermal energy that can drive the prime mover for power generation. 

By integrating different fuel sources, prime movers, heat recovery and thermal-

activated technologies, numerous types of the micro trigeneration system can be 

formed accordingly. One of the most promising prime movers of the micro 

trigeneration system is scroll-based organic Rankine cycle (ORC), which can be driven 

by low-grade heat sources to generate electricity effectively. It has been demonstrated 

in the existing literature that an inclusion of liquid desiccant cooling in a trigeneration 

system leads to a significant improvement to the total system efficiency [16]. Further, 

the membrane-based liquid desiccant cooling (MLDC) is attractive for an effective 

integration of the micro trigeneration system, which enables independent temperature 

and humidity controls to address both cooling and dehumidification demands and at 

the same time successfully eliminates the carryover problem of liquid desiccant 

droplets. In this thesis, a novel micro trigeneration system integrating scroll-based 

ORC and MLDC is developed and evaluated, which will be the first of its kind for 

building applications to deal with energy demands of electricity, heating, cooling and 

dehumidification. 

On the whole, Chapter 1 is structured in the following sections: Section 1.1 briefly 

introduces the contextual research background; Section 1.2 presents the current 

research gap and rationale; Section 1.3 discusses the research aims and objectives in 
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detail; Section 1.4 emphases the research significance; Section 1.5 describes the 

research methodology and Section 1.6 provides the summary of the thesis structure. 

1.2 Research overview 

A distributed energy system is an energy-efficient solution for small scale and 

decentralized system close to energy consumers, which is available in diverse types 

offering end-users the potential for low-cost, reliable and high quality power [17]. The 

micro trigeneration system has been one of the most promising distributed energy 

systems, which can encompass a wide range of technologies. However, many 

researchers of the trigeneration system have focused on large and medium scale 

applications and limited demonstrations have been found regarding micro scale 

applications. The majority of available micro trigeneration systems are fuelled by 

natural gas; whereas renewable sources, like solar energy can be useful alternatives. 

Moreover, attention has been mostly devoted to combinations of mature technologies 

for the micro trigeneration system, such as diesel engine, micro gas engine, absorption 

and adsorption chillers, while the extensive literature searches have demonstrated that 

no research has been reported on such a micro trigeneration system integrating scroll-

based ORC and MLDC. The main aim of this thesis is to design and evaluate the 

concept of micro trigeneration system combining scroll-based ORC and MLDC. In 

addition, for the sake of system sustainability, an idea of adopting CLFR as the primary 

energy source for the micro trigeneration system is considered.  

Figure 1-4 depicts the design concept of the micro trigeneration system. Compared to 

the conventional separate power generation, the proposed multifunctional micro 

trigeneration system offers efficient onsite energy utilisation and meets electricity, 

heating and cooling/dehumidification demands. In the proposed micro trigeneration 
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system, the scroll-based ORC is the core of the system, providing electricity and heat. 

A commercially available micro-scale scroll expander is adopted instead of modifying 

from an existing compressor. Existing literature and demonstrations show that low-

grade heat sources can be used to power the scroll-based ORC system, which thus 

indicates the feasibility of concentrated solar collectors (i.e. CLFR) for the energy 

supply. The thermal output from the scroll-based ORC will be utilised for hot water 

supply and driving the MLDC to meet dehumidification and cooling demands. In the 

MLDC, semi-permeable micro porous membranes are adopted in order to avoid liquid 

desiccant entrainment in the supply air stream and low cost calcium chloride desiccant 

solution is chosen for dehumidification. The desired supply air temperature can be 

attainable, as the dehumidified air exiting from the membrane-based dehumidifier will 

be further cooled by the cooler air stream from the evaporative cooler in the MLDC.  

 

Figure 1-4 Design concept of the proposed micro trigeneration system 

Furthermore, the technological foundations of scroll-based ORC and MLDC could be 

scalable; therefore the established system concept would be feasible for various 

building applications that demand simultaneous electricity, heating/hot water and 

dehumidification/cooling. 
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1.3 Research aim and objectives 

The main aim of this thesis is to develop and evaluate a novel micro trigeneration 

system with integration of scroll-based ORC and MLDC. The research scope mainly 

covers system concept design, theoretical modelling, simulation program development, 

experimental testing, feasibility analysis and performance evaluation. Consequently, 

six objectives have been established to achieve the thesis aim: 

1) Literature review and highlight the current gap in the existing literature of the 

micro trigeneration system, particularly for the combination of concentrating 

solar collectors, ORC and liquid desiccant cooling;   

2) Numerical and experimental evaluation of CLFR under the local weather 

conditions and investigate the feasibility of integrating into the micro 

trigeneration system; 

3) Performance evaluation based on simulation and experimental investigations 

of the scroll-based ORC system for an effective integration of the micro 

trigeneration system; 

4) Performance evaluation based on experimental data of the MLDC system for 

effectively integrating into the micro trigeneration system; 

5) Development of a comprehensive system model to demonstrate the feasibility 

of integrating scroll-based ORC and MLDC into the micro trigeneration 

system and to investigate effect of a wide range of operating variables on the 

system performance; 

6) Recommendations for future work. 
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1.4 Research methodology 

This thesis relies on numerical data obtained through both simulation and experimental 

testing to prove the feasibility of the proposed micro trigeneration system and conduct 

system performance assessment, thus the quantitative method is adopted. Generally, 

data sources are broadly classified into primary and secondary data [18]. Underpinned 

by positivism [19], this thesis analyses primary scientific data collected from 

theoretical modelling, computer simulation and experimental work. In terms of the 

validity and reliability, this thesis focuses on both theoretical and practical ways to 

analyse statistical data in depth. Moreover, the data produced from simulation and 

experiment is cross-validated.  

Modelling is an efficient and cost-effective approach to represent a real-world system 

before building it physically. Through model simulation, the micro trigeneration 

system feasibility can be proved, how various components communicate with each 

other can be reflected, and the system performance under various operating conditions 

can be simulated correspondingly. In this thesis, the commercial simulation package 

MATLAB is selected as the main simulation program for the proposed micro 

trigeneration system. MATLAB has been regarded and proven as a valuable platform 

for programming, model development and simulation, with advantages of accessibility 

and flexibility. For simulation, sub-models of scroll-based ORC and MLDC will be 

developed and coded individually in MATLAB and a comprehensive trigeneration 

system model will be constructed by integrating sub-models.  

1.5 Significance of research 

Based on the findings of this thesis, benefits of the micro trigeneration system are 

demonstrated. The proposed integration of scroll-based ORC and MLDC for the 
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micro-scale trigeneration system will be the first of its kind, so that it would serve to 

progress the field of micro trigeneration for building applications and distributed 

energy systems. The thesis provides valuable information on the design and evaluation 

of the micro trigeneration system and the parametric studies presented in this thesis for 

CLFR, scroll-based ORC and MLDC can be employed for proposing and optimizing 

relevant individual systems. Therefore, this thesis not only contributes to new 

knowledge of the micro trigeneration system but also solar energy conversion, 

distributed power generation and air conditioning. 

1.6 Thesis structure 

The thesis is mainly organized to eight chapters to address the thesis aim and six 

objectives. 

Chapter 1 provides the introduction to the thesis, by presenting the research 

background, rationale, current gap, aim and objectives as well as thesis structure. 

Chapter 2 is the in-depth systematic review of the existing literature in particular for 

the technologies of micro trigeneration, compact linear Fresnel reflector, organic 

Rankine cycle and membrane-based liquid desiccant cooling. In Chapter 2, the current 

research gap in the literature regarding the micro trigeneration system is highlighted. 

Chapter 3 presents the detailed description of the designed micro trigeneration system. 

Chapter 4 provides theoretical and experimental analyses regarding the optical 

performance of CLFR and the feasibility of the CLFR system with flat mirrors and 

polar orientation acting as the energy supply source for the micro trigeneration system. 

Chapter 4 serves to progress the optical design of CLFR-hybrid system by producing 

a generalized methodology to optically design the CLFR system.  
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Chapter 5 presents the performance evaluation of scroll-based ORC based on both 

simulation and experimental results. The investigations prove the feasibility of the 

scroll-based ORC for efficient generation of electricity and heat, and provide 

contributions to the knowledge of simulating and testing the scroll-based ORC system. 

Chapter 6 presents a detailed performance evaluation of the MLDC system on a basis 

of experimental work, which contributes to knowledge of the comprehensive testing 

of a liquid desiccant cooling system under a wide range of operating conditions. Both 

Chapter 5 and Chapter 6 provide a benchmark of performance and facilitate an 

effective integration of scroll-based ORC and MLDC into the micro trigeneration 

system in Chapter 7.  

In Chapter 7, a detailed performance assessment of the micro trigeneration system with 

scroll-based ORC and MLDC is conducted through simulation. Finally, Chapter 8 

concludes the thesis with major findings as well as recommendations for future work.  
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Chapter 2: Literature review 

2.1  Introduction 

This chapter presents a comprehensive literature review on technologies relating to the 

proposed micro trigeneration system. As the proposed micro trigeneration system 

involves diverse technologies, extensive literature is reviewed critically covering the 

following key topics: 

1) Micro trigeneration in Section 2.2; 

2) Concentrating solar collectors in Section 2.3, in particular CLFR;  

3) Heat recovery in Section 2.4; 

4) Prime mover in Section 2.5, in particular scroll-based ORC; 

5) Thermal-activated cooling in Section 2.6, in particular liquid desiccant air 

conditioning and MLDC; 

6) Operating strategy in Section 2.7; 

7) Current researches on micro trigeneration in Section 2.8 

The aims of the literature review are: (a) to identify the current research gap regarding 

the micro trigeneration system integrated with scroll-based ORC and MLDC; (b) to 

demonstrate the feasibility of such a system and combining CLFR; and (c) to provide 

a detailed and comprehensive background research on the state of the art of the related 

technologies. To implement the aims, considerable literature from a variety of 

disciplines are selected rigorously and existing micro trigeneration systems are 

reviewed from various perspectives, for example the system design, operation, 

performance and assessment method. A brief summary of the literature review is 

presented in Section 2.9 together with specific considerations on the proposed micro 

trigeneration system.    
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2.2 Micro trigeneration system 

Firstly, the literature review begins with an introduction to the micro trigeneration 

system concept and applications. The advantages and limitations of the micro 

trigeneration system are discussed as well in this section.  

2.2.1 Concept 

The emergence of decentralized energy resources has brought numerous novel and 

advanced designs of efficient power generation systems with utilisation of renewable 

energy for locally provided, sustainable and cost-effective energy production, for 

instance cogeneration, trigeneration and on-site renewable energy systems [20]. By 

coupling a thermally-activated equipment to utilise seasonal excess heat for cooling 

purpose, the trigeneration system has become a more economical and environmental 

alternative to the conventional refrigeration and cogeneration-only systems, especially 

in the hot and humid climate [21]. In general, trigeneration systems can be classified 

to a topping or a bottoming cycle in terms of the energy sequence [22]. In the topping 

cycle, the supplied fuel is firstly utilised for power generation and then thermal energy, 

while in the bottoming cycle, heat production is the priority and the rejected heat is 

recovered for power generation. Commonly, the topping cycle is widely adopted for 

the trigeneration system, while the bottoming cycle is selected for applications like 

cement, steel and ceramic industries [23]. Depending on the capacity of power 

generation, the trigeneration system can be categorized into: large-scale (i.e. from 

10MWe up to hundreds of MWe), medium-scale (i.e. 1-10MWe), small-scale (i.e. 

60kWe to 1MWe) and micro-scale (i.e. less than 50kWe) [4, 8]. 

Generally, a micro trigeneration system consists of a prime mover with a coupled 

generator, a heat recovery unit and a thermal-activated component [20], as illustrated 
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in Figure 2-1. In principle, waste heat from the prime mover, in forms of exhaust gases, 

lubrication oil or jacket water will be exploited partially or fully to meet heating 

demand by a heat recovery unit and cooling demand by a thermal-activated cooling 

unit [24]. Diverse micro trigeneration configurations can be proposed by combining 

different supply energy sources, prime movers, heat recovery and thermal-activated 

components, and the system efficiency is largely dependent on the component 

performance and the integration method in the trigeneration system.  

 

Figure 2-1 Concept diagram of trigeneration system 

2.2.2 Applications 

With promotions and developments of the trigeneration system around the world, a 

wide variety of trigeneration systems have been adopted for industrial, commercial 

and residential applications [25-34]. More precisely, the micro trigeneration system 

has been emerging for applications such as domestic and office buildings [35-40], 

restaurant [41], hotel [42], supermarket [43], hospital [44] and university campus [45].  

2.2.3 Advantages 

Advantages of the micro trigeneration system are summarised as follows from 

technical, environmental and economic aspects [4, 5, 8, 20, 25, 45-47]:  
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 Flexibility in integration of various technologies for power generation, heating 

and cooling purposes; 

 Capability of running on diverse fuels, especially renewable energy sources; 

 Summer operational hours for regions with requirements of both cooling and 

dehumidification; 

 Significant reduction in the primary energy consumption, thermal loss and 

greenhouse gas emission; 

 High reliability and efficiency in productions of onsite electricity and thermal 

energy; 

 Energy reliability for power backup wherever or whenever grid power is cut; 

 Reduction in overload and blackout of the electrical system; 

 Greater flexibility in transmission and distribution planning; 

 Economic benefits with reduction in fuel, operation and lifecycle costs and 

investment in infrastructure with a short payback period; 

 Potential revenue stream by selling excess electricity.   

2.2.4 Limitations 

Compared to the traditional separate power generation and cogeneration systems, there 

are some limitations of the micro trigeneration system in tandem with merits. Firstly, 

highly variable and unpredictable energy demands of the building sector lead to 

technological limits in system sizing and complicated operating strategy [48, 49], and 

thus a detailed evaluation of the energy demand profile over a long time period is 

essential [21]. For instance, Chung, et al. [50] estimated the building energy demands 

of electricity, heating, cooling and hot water using developed load models based on 

direct measurements and statistical surveys in order to size the trigeneration-based 
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community energy system for a residential building in Korea. Secondly, the prime 

mover may require extensive maintenance with costs that are up to about 30% of the 

profits earned from the system electricity production [36]. Moreover, regarding to the 

associated regulation and policy framework, either the cogeneration or trigeneration 

system has not been acknowledged in many countries and the grid connected energy 

exchange is not yet allowed or regulated [15].  

Section 2.2 has provided a review-based introduction of the micro trigeneration system 

regarding its concept, working principle, applications, advantages and limitations. 

Next the technologies of the micro trigeneration system are reviewed and in the 

Section 2.3, the concentrating solar collector technology that can be the primary energy 

source in the micro trigeneration system is reviewed on the basis of the existing 

literature. 

2.3 Concentrating solar collectors 

The literature review presented in this section focuses on the concentrating solar 

collector technology, in particular linear Fresnel reflector (LFR) and CLFR. Solar 

energy is regarded as the largest available carbon-neutral energy on the planet, offering 

great potentials for utilisation by various technologies [51] and the micro trigeneration 

system can be one of the options. The solar-assisted micro trigeneration system has 

attracted rising interest with lower environmental impact and costs. The solar-assisted 

micro trigeneration system is suitable for locations with good solar radiation level and 

demands for electricity, cooling and/or heating. Immovilli, et al. [36] stated that solar 

collectors are better candidates for the solar-assisted trigeneration system than 

photovoltaic panels in terms of electrical, cooling conversion and costs effectiveness. 

Generally, solar collectors are categorized into non-concentrating and concentrating 
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types. Non-concentrating solar collectors are commonly used in domestic hot water 

heating systems, whereas concentrating solar collectors have been proved to be reliable 

with higher efficiency at medium to high operational temperatures [52], which are 

feasible for the primary energy source in the micro trigeneration system. Concentrating 

solar collectors have been investigated for several decades with numerous published 

studies and successful demonstrations producing significant annual amounts of 

electricity under real operating conditions, especially for locations receiving high 

beam solar radiation. However, to date limited studies have been documented on the 

utilisation of the concentrating solar collectors as the primary energy source in the 

micro trigeneration system.  

2.3.1 Linear Fresnel reflector 

On the basis of the focus geometry, concentrating solar collectors are classified into 

parabolic tough concentrator (PTC), solar tower concentrator (STC), parabolic dish 

and linear Fresnel reflector (LFR). Though PTC is a more mature and widely applied 

technology, its higher initial cost, complex manufacturing process and serious 

challenge of wind resistance are noted [53]. Alternatively, the LFR system in a simple 

design is capable of harnessing the solar radiation efficiently with less land usage [54]. 

It has been proved to be a better choice for energy production where land availability 

is limited [55]. Figure 2-2 presents a schematic diagram illustrating the LFR system 

with a single centred receiver. Each mirror element is suitably placed at a proposed tilt 

angle to ensure the incident solar radiation converges onto the receiver after reflection.  
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Figure 2-2 Schematic diagram of LFR system 

Optical designs of the LFR system have been investigated from different perspectives, 

such as solar field layout and orientation, tracking algorithm and aiming strategy, 

reflector curvature and receiver configuration [56]. Comparatively, the solar field 

orientation plays a predominant role. For instance, the complexity of a tracking 

mechanism varies with the orientation. In general, three orientations are commonly 

adopted, namely north-south, east-west and polar. Both north-south and east-west 

orientations are mostly preferred for applications, with which tracking schemes are 

based on the flat ground. In operation, reflectors follow the sun movement by varying 

their tilt angles under the control of a tracking system [57]. However, end or lateral 

losses occur when the reflected solar rays do not impinge on the receiver due to the 

longitudinal component of the solar radiation [58, 59]. On the other hand, mirrors 

involved in the LFR system are commonly predefined with constant widths and shifts 

for the sake of simplicity. Such a simple optical design results in shading of the 

incoming solar radiation and blocking of the reflected solar radiation by adjacent 

mirror elements [60]. Graphs in Figure 2-3 depict cosine, end, shading and blocking 

effect of LFR system, which have been redrawn with reference to the literature [58, 

61, 62] . As a consequence, numerous studies have been conducted to minimize energy 

losses owing to the end, inter-row shading and blocking effect. For example, optical 
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variables such as the width and position of each mirror element, gap between 

consecutive mirrors and receiver height have been considered in the literature [58, 59, 

63, 64]. Abbas and Martínez-Val [64] observed an evident increase in the annual 

energy efficiency for a LFR system with mirrors of variable widths and shifts, but 

more complicated optical modelling and additional installation cost are required 

accordingly. In addition, the receiver also has a remarkable impact on optical and 

thermal performance of the LFR system, which can be assembled horizontally, 

vertically or in triangular configuration [65]. To address the drawbacks of shading and 

blocking of the LFR system, Barlev, et al. [51] suggested increasing the receiver height, 

but the spacing between two adjacent mirror elements causes more ground usage and 

investment on the receiver tower.  

 

 

Figure 2-3 Cosine, end, shading and blocking effect in LFR system 

The LFR system with polar orientation is more efficient with the simplest tracking 

system and the absorbed solar energy can be maximized while energy losses are 

minimized [66]. To ensure the solar field perpendicular to the solar rays throughout 
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the day, various designs of the solar tracker has been proposed to follow the sun 

movement in both elevation and azimuth directions, while reflectors and receiver are 

fixed at predefined tilt angles and positions [67, 68]. In such a way, more structural 

considerations should be taken into account, especially for large scale applications due 

to variable inclination angles of the entire solar field. 

2.3.2 Compact linear Fresnel reflector 

Alternatively, an innovative concept of CLFR system with multiple receivers is 

developed to minimize energy losses as shown in Figure 2-4. Different from the LFR 

system, one receiver is installed at each side of the solar field, allowing consecutive 

mirrors to reflect the sunlight onto the two respective receivers. The CLFR system has 

better system cost effectiveness [69] and is promising for applications with limited 

ground availability [51].  

 

Figure 2-4 Schematic diagram of CLFR system  

Nonetheless, the CLFR system has not been widely investigated with a few available 

demonstrations. Mills and Morrison [70] evaluated the CLFR concept applied for a 

large-scale solar thermal electricity generation plant from various aspects, including 

the receiver orientation and structure, mirror field configuration and packing density. 

Chaves and Collares-Pereira [71] assessed variable mirror sizes and shapes for the 
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CLFR system. Additionally, Montes, et al. [69] proposed two different CLFR 

configurations and Figure 2-5 presents graphs of the two CLFR configurations which 

have been reproduced based on their classification. Mirrors are arranged with 

alternating tilts for pointing to one or the other receiver in the CLFR-complete 

configuration, while only mirrors located in the central solar field alternate their tilts 

in the CLFR-hybrid configuration. They observed that both CLFR configurations 

successfully minimize the blocking and shading losses, whereas lateral losses decrease 

the optical efficiency due to the great dispersion of reflected rays from mirrors located 

far from the receivers. The majority of investigations in the existing literature have 

been conducted for the CLFR system with north-south and east-west orientations, 

while the polar orientated CLFR system has not received attention much. 

 

(a) 

 

(b) 

Figure 2-5 Schematic diagrams of CLFR configurations (a) complete (b) hybrid 
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In terms of the optical performance evaluation for the LFR and CLFR systems, studies 

have been mainly conducted through numerical modelling [57, 58, 72-75], ray tracing 

simulation [59, 64, 76-78] and experimental data [79-82]. For instance, Barale, et al. 

[56] adopted a generalized methodology to optimise the geometry for a LFR prototype 

built in Sicily, including optical modelling with ray tracing techniques and analyses of 

mirror and receiver geometries. Pino, et al. [80] simulated a LFR solar plant using 

optical and thermodynamic modelling, which was validated with operating data 

gathered from a supervisor system. Nevertheless, studies in the optical design and 

performance evaluation of the CLFR system through simulation and experiments are 

still limited. Furthermore, few studies have been reported in terms of the applications 

of LFR and CLFR in power generation systems. Xu, et al. [75] theoretically evaluated 

a direct vapour generation supercritical ORC system driven by LFR. Based on the 

simulation results, the proposed hybrid system has better performance compared with 

conventional subcritical ORC system. Mokheimer, et al. [83] proved the technical and 

economic feasibility of integrating LFR with a cogeneration gas turbine system of 

50MW in Saudi Arabia.  

Section 2.3 has presented a detailed literature review of the LFR and CLFR systems. 

Until now, limited demonstrations of the LFR and CLFR systems are available for 

power generation systems and the feasibility of CLFR applied to the small and micro 

trigeneration systems has rarely been investigated. Next, a technical review based on 

the existing literature is presented regarding prime mover of the micro trigeneration 

system in Section 2.4. 
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2.4 Prime movers 

In the micro trigeneration system, a prime mover functions as the core power 

generation component to produce mechanical power to drive an electrical generator 

for electricity output. A review of the literature on available prime movers for the 

micro trigeneration system is presented in this section, and the scroll-based ORC 

technology is discussed specifically for the micro trigeneration system.  

2.4.1 Comparisons of available prime movers 

Generally, there are two main categories of the prime mover, namely combustion-

based (e.g. Stirling engine, reciprocating engine, gas turbine and Rankine cycle) and 

electrochemical-based (e.g. fuel cells) [84]. Table 2-1 lists all available prime movers 

with their characteristics and Table 2-2 provides a summary of their advantages and 

drawbacks based on a comprehensive literature review. Compared to the mature and 

proven technologies such as internal combustion engine (ICE), steam and gas engines, 

fuel cells, Rankine cycle and Stirling engines are still in the phase of research and 

development due to their high costs and limited adaptabilities [5]. In terms of 

applications, combustion and steam turbines are the most common prime movers for 

large-scale power plants, while micro turbine, Stirling engine and Rankine cycle are 

promising for medium, small and micro-scale power generation systems [85]. More 

specifically, interests in the micro trigeneration system employing the micro turbine, 

fuel cells, Stirling engine and Rankine cycle become more and more attractive recently, 

especially for domestic applications [86]. Comparatively, the Stirling engine requires 

more investment and high-quality heat input; fuel cells with a more complex design 

have shorter lifetime and the micro turbine with low electrical efficiency is not 

economically feasible; the Rankine cycle is more favourable for the micro 

trigeneration system owing to its simplicity, durability, technical flexibility, cost 



  Chapter 2: Literature review 

24 

 

effectiveness, low emission and acceptable electrical efficiency [8, 87]. In particular, 

by employing an organic type of working fluid (e.g. refrigerant) in the Rankine cycle, 

organic Rankine cycle (ORC) has been considered as a promising solution to harness 

low-grade energy sources for small and micro scale power generation. 

The prime mover of the micro trigeneration system is required to be compact, cost 

effective and easy to install [88]. Basically, the selection of a prime mover depends on 

a variety of factors, for example climate, energy resource, end-user’s energy and 

thermal demands, availability, cost, capability for electricity or thermal storage, 

operating strategy and excess electricity sellback [23, 37, 89, 90]. As a result, various 

selection methods have been proposed depending on different criteria. For instance, 

Khorasaninejad, et al. [91] summarised four main criteria in the decision-making 

process of prime mover selection, which are technological, economic, environmental 

and social aspects. Ebrahimi and Keshavarz [37] developed a multi-criteria function 

to obtain the optimum size and operating strategy for the prime mover applied to a 

residential micro trigeneration system in different climate regions. Roman and Alvey 

[89] introduced a selection method considering economic, energy consumption and 

emissions criteria, while Sanaye, et al. [90] adopted a different approach by taking into 

account the end user’s electrical and heating loads.  
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Table 2-1 Characteristics of available prime movers for trigeneration system [4, 5, 8, 15, 20, 24, 47, 85, 87, 91-93] 

 

Internal 

combustion 

engine  

Steam turbine Gas turbine Micro turbine Stirling engine Fuel cell Rankine cycle 

Photovoltaic 

thermal 

system 

Availability 92-98% Near 100% 90-98% 90-98% 82-90% >95% - - 

Fuel type 

Natural gas, 

biogas, 

biodiesel, 

propane, landfill 

gas 

All 

Natural gas, 

biogas, propane, 

distillate oil 

Natural gas, 

biogas, hydrogen, 

propane, distillate 

oil 

All (e.g. gasoline, 

alcohol, natural 

gas, butane and 

renewable 

sources) 

Hydrogen, natural 

gas, propane, 

methanol 

Any fuel 

including natural 

gas and biofuels 

Solar energy 

Fuel pressure 7-310 kPa - 689-3447 kPa 345-689 kPa >14 kPa 3.4-310 kPa - - 

Capacity 0.01-75 MW 0.05-500 MW 0.05-300 MW 0.025-1 MW 0.001-1.5 MW 0.005-2 MW 0.001-250 MW - 

Heat input/ 

combustion 
External External External External External Electrochemical External Solar 

Start up >=10 sec 1 hr-1 day 10 min-1 hr 60 sec Easy 3 hrs-2 days >1 hr - 

Hours between 

overhauls 
25000-60000 >50000 30000-50000 5000-40000 - 10000-40000 - - 

Electrical 

efficiency 
25-45% 5-40+% 18-40% 15-30% 58 30-70% 10-38% 0.6-11% 

Thermal  

efficiency 
60-80% 75-77% 50-70% 50-70% 75% 55-80% - - 

Overall  efficiency 50-80% Near 80% 65-75% 55-80% 60-95% 55-90% 65-85% 90% 
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Internal 

combustion 

engine  

Steam turbine Gas turbine Micro turbine Stirling engine Fuel cell Rankine cycle 

Photovoltaic 

thermal 

system 

Power density 35-50 kW/m2 >100 kW/m2 20-500 kW/m2 5-70 kW/m2 - 5-20 kW/m2 - - 

Power to heat 

ratio 
0.4-1 0.1-0.3 0.5-2 0.3-0.7 0.2-1.7 1-2 0.15-4 - 

Partial load OK OK Poor OK OK Good OK OK 

Respond to load 

changes 
Fast Fast Fast Fast Low Fast Fast  

Thermal output 
3376-5908 

kJ/kWh 

1055-52753 

kJ/kWh 

3376-7174 

kJ/kWh 

4748-6858 

kJ/kWh 
- 

1900-4431 

kJ/kWh 

1065-52753 

kJ/kWh 
- 

Exhaust heat 

temperature  
38-200°C <540°C 120-482°C <320°C <280°C <1000°C <100°C <60°C 

Uses for heat 

recovery 

Hot water, LP 

steam 

LP-HP steam, 

district heating 

Direct heat, hot 

water, LP-HP 

steam, district 

heating 

Direct heat, hot 

water, LP steam 

Direct heat, hot 

water, LP steam 

Hot water, LP-HP 

steam 

Hot water, LP 

steam 
Hot water 

Noise level High 
Moderate to 

high 
Moderate Moderate Moderate Low Moderate Low 

Noise protection 
Building 

enclosure 

Building 

enclosure 

Enclosure 

supplied with unit 

Enclosure 

supplied with unit 

Enclosure 

supplied with unit 
None 

Enclosure 

supplied with unit 
None 
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Internal 

combustion 

engine  

Steam turbine Gas turbine Micro turbine Stirling engine Fuel cell Rankine cycle 

Photovoltaic 

thermal 

system 

CO2  emissions 
504-651 

kg/MWh 
- 580-720 kg/MWh 725 kg/MWh 673 kg/MWh 430-490 kg/MWh Fuel-dependent - 

NOx  emissions 
0.23-9.9  

kg/MWh 

0.18-0.91 

kg/MWh 
0.1-0.5 kg/MWh 0.18 kg/MWh 0.23 kg/MWh <0.02 kg/MWh Fuel-dependent - 

Footprint 
0.062-0.47 

sqft/kWe 
<0.1 sqft/kWe 

0.02-0.61 

sqft/kWe 
0.15-1.5 sqft/kWe 3-6.5 sqft/kWe 0.6-4 sqft/kWe <0.1 sqft/kWe - 

Investment 340-1600 $/kWe - 450-1500 $/kWe 900-1400 $/kWe 1300-2000 $/kWe 2500-3500 $/kWe 1000-2000$/kWe 6000 $/kWe 

Installation cost 
1100-2200 

$/kWe 

800-1000 

$/kWe 
700-900 $/kWe 500-1300 $/kWe 1300 $/kWe >3000 $/kWe - - 

Operation & 

maintenance costs 

0.009-0.022 

$/kWh 
0.004 $/kWh 

0.002-0.008 

$/kWh 
0.002-0.01 $/kWh - 

0.003-0.015 

$/kWh 
- - 

Turnkey costs 350-1000 $/kW - 650-900 $/kW 600-1100 $/kW - 1900-3500 $/kW - - 

Lifetime 175200 hrs >219000 hrs 5000-40000 hrs 87600 hrs 10000-30000 hrs 10000-65000 hrs 30000-5000 hrs - 
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Internal 

combustion engine  
Steam turbine Gas turbine Micro turbine Stirling engine Fuel cell Rankine cycle 

Photovoltaic 

thermal 

system 

Sub-categories 

- Spark ignition 

engines with 

natural gas, biogas 

or landfill gas 

 

- Compression 

ignition engines 

with diesel fuel or 

other petroleum 

products 

- Backpressure 

turbines (i.e. 

exhaust pressure 

at least equal to 

at atmospheric 

pressure) 

 

- Condensing 

turbines (i.e. 

exhaust pressure 

lower than 

atmospheric 

pressure) 

-Open cycle and 

closed cycle 

 

- For example: 

micro turbines, jet 

engines, turboprop 

engines, industrial 

gas turbines for 

power generation, 

turboshaft engines, 

radial gas turbines 

 

-  Unrecuperated 

(or simple cycle) 

micro-turbines 

 

-  Recuperated  

micro-turbines 

- Kinematic 

Stirling 

 

- Free-piston 

Stirling 

- Proton exchange 

membrane fuel 

cell (PEMFC) 

 

- Alkaline fuel cell 

(AFC) 

 

- Phosphoric acid 

fuel cell (PAFC) 

 

- Molten 

carbonate fuel cell 

(MCFC) 

 

- Solid oxide fuel 

cell (SOFC) 

- Steam Rankine 

systems with 

water as working 

fluid 

 

- Organic 

Rankine system 

using organic 

working fluid 

-PVT/air, 

PVT/ water 

and PVT  

concentrated 

collector 
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Table 2-2 Advantages and disadvantages of available primary movers for trigeneration system [4, 5, 8, 15, 20, 24, 47, 85, 87, 91-93] 

Type Features 

Internal combustion engine 

Mature and proven technology 

Most commonly installation for power generation under 1MW 

High efficiency at partial load operation 

High reliability with utilisations of flexible power sources and different energy applications 

Easy incorporation with different cooling technologies 

Lower initial capital costs 

Good operating reliability with fast start-up capability 

Good response to load fluctuations 

Relatively high vibration requiring shock absorption 

High noise level requiring shielding measures 

A large number of moving parts 

High nitrogen oxides emissions requiring emission control option 

Insufficient available waste heat temperature for higher capacity cooling purpose 

Necessity of engine cooling and regular maintenance 

High maintenance cost 

Complex design 
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Type Features 

Steam turbine 

Mature applications  for large central plant utilities or industrial cogenerations 

Equipped with a suitable boiler can be run on any kind of fuel 

Reliable for long lifetime 

Steam extraction at desired pressure and temperature 

High overall efficiency 

Flexibility in heat and power ratios 

Low electrical efficiency 

Slow start-up time 

Poor partial load performance 

Bulky construction 

High initial investment 

Required for high enthalpy steam for operation 

Inapposite for small-scale power plant 
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Type Features 

Gas turbine 

Commercially mature technology with wide availability in the market 

Light, compact and flexible design requiring low maintenance level 

Fast manufacture and installation 

Moderate heat output temperature with no cooling water requirement 

Fast response with load variation 

Low nitrogen oxides emission 

Low initial cost and investment 

Requirement of high quality fuel input 

Inefficient part load performance 

Low electrical efficiency and inflexibility to load profile change 

Sensitivity of efficiency to changes in ambient conditions 

Unsuitable for intermittent use and frequent start/stop applications 

High operation and maintenance costs 

High noise level 

Short lifetime 
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Type Features 

Micro turbine 

Only one moving part 

Low maintenance and operating costs 

Low combustion temperature with lower nitrogen oxides emissions 

Low noise level 

High thermal/ electrical load ratio 

High exhaust heat temperature for further heat recovery 

High rotational speed 

Suitable for distributed energy systems 

Requirement of high pressure gas 

Unable to operate under large load 

Low flexibility to load variation 

Short track record 

High capital cost with relatively short lifetime 

Relative low electrical efficiency 

Sensitivity of efficiency to changes in ambient condition (e.g. temperature and pressure) 
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Type Features 

Stirling engine 

Low emission, noise and vibration levels 

Efficient with few moving parts 

Suitable for small scale applications, such as residential or portable applications (1-25kW). 

Utilisation of low grade waste heat and renewable energy sources 

Easily controllable combustion 

Independency of electricity and heat productions 

Low maintenance and long lifetime 

New technology still in development 

High investment cost 

Limited availability 

Low electrical efficiency at high cost 

Long start-up time 

Short durability of certain parts 

Limited adaptability for variable output 
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Type Features 

 Fuel cell 

Quiet, reliable, compact power generator without moving parts 

High electrical efficiency under variable load condition 

Low emission 

Suitable for transport sector 

High heat exhaust temperature 

A good match with residential thermal to power ratio 

Constant power production 

Flexibility in fuel selection 

High initial cost with short lifetime 

Still in research and development stage 

Complex design with few available commercial applications 

Requirement of efficient hydrogen storage  

Limited availability 

Corrosion of liquid electrolytes 

Sensitivity to contaminant in fuel (e.g. sulphur and chlorides) 
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Type Features 

Rankine cycle 

High flexibility and simple design 

Durability and cost effectiveness 

Low operational pressure and temperature with high levels of safety and simplicity 

Flexibility in fuels utilisation 

Possibility to run on renewable energy sources 

Utilisation of low-grade waste heat and renewable energy sources 

Relative lower electrical efficiency 

Less expensive 

Still in research and development stage 

Limited availability 

Photovoltaic thermal system 

No emissions 

Simultaneously production of heat and power  

High capital cost 
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Instead of involving a single prime mover in the micro trigeneration system, more than 

one prime movers are feasible for incorporation in the trigeneration system [94, 95]. 

For example, Tse, et al. [96] proved the feasibility of a micro trigeneration system 

combining both solid oxide fuel cells (SOFC) and a gas turbine for marine applications, 

while Ozcan and Dincer [97] observed the overall energy efficiency of a trigeneration 

system increases by 52.5% as a solar-driven ORC unit is combined with the original 

single prime mover of SOFC.   

2.4.2 Organic Rankine cycle 

Unlike traditional power cycles, ORC is adequate for applications of small and micro 

scale power generation systems with high flexibility and low maintenance 

requirements [98]. Organic working fluids are typically characterized by low 

saturation temperature and pressure, which contribute to extracting low-temperature 

heat [99]. In general, possible low-grade energy sources utilised by the ORC system 

include geothermal resource, ocean thermal, solar energy, biomass combustion, 

exhaust gases of gas turbines and waste heat from power plants, industrial and 

agricultural processes [100, 101]. For instance, Li, et al. [102] designed a low-

temperature power generation system involving ORC and compound parabolic 

concentrators, which is capable of producing around 87.1kWh/m2 electricity per year 

in China and Masheiti, et al. [103] demonstrated the feasibility of harnessing the low-

temperature geothermal source for an ORC system in Libya. In terms of applications, 

most of the ORC demonstrations are designed to efficiently recover industrial waste 

heat for power generation, which has been investigated in studies [104-109]. Besides, 

researchers have also proposed solar-powered ORC for desalination purposes as 

examples presented in the literature [110, 111].  
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An organic working fluid is typically characterized by a saturated vapour line with 

positive slope in the Temperature-Entropy (T-s) diagram, which guarantees the 

working fluid at the superheated vapour state in the expansion process [112]. Generally, 

working fluids can be classified into: dry fluids with high molecular number (e.g. n-

pentane, benzene, toluene and R113), wet fluids with low molecular number (e.g. 

water and ammonia) and isentropic fluids (e.g. trichlorofluoromethane, 

dichlorodifluoromethane, R11 and R12) [104, 113]. The working fluid plays a vital 

role in the ORC system, as its thermodynamic properties greatly influence the system 

capital cost, efficiency, irreversibility and operating conditions as well as environment 

[104]. However, the selection of working fluid is quite complicated because: (a) the 

working condition and heat source vary widely from low-temperature (e.g. geothermal 

and solar collectors) to high-temperature heat sources (e.g. biomass) and (b) numerous 

working fluid candidates are available (e.g. hydrocarbon, aromatic hydrocarbon, ether, 

perfluorocarbon, CFC, alcohol and siloxane) [114]. An ideal working fluid of the ORC 

system should be featured with: high molecular weight, low specific volume, heat 

latency and enthalpy, high critical pressure and temperature, moderate pressure in the 

heat exchanger to avoid negative impact on the system reliability, high efficiency, low 

cost, non-flammable, non-corrosive, non-toxic, low Ozone Depletion Potential (ODP) 

and low Global Warming Potential (GWP) [103]. Declaye, et al. [115] concluded that 

R134a is a good choice for the small-scale ORC system. Similarly, Tchanche, et al. 

[116] considered R134a as the most suitable working fluid for small-scale power 

generation applications in terms of thermodynamic and environmental properties.  

To improve the ORC system performance, different regenerative configurations have 

been developed by researchers. The concept of turbine bleeding to the ORC system 

allows a small portion of the working fluid extracted from the turbine to mix with the 
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working fluid before entering the evaporator [113]. In this way, the thermodynamic 

efficiency of the ORC system can be improved as the mean temperature of heat 

addition increases. By employing the First and Second Laws of Thermodynamics, 

Mago, et al. [117] noted that a regenerative ORC system incorporating turbine 

bleeding operates at high efficiency with less heat input requirement and lower 

irreversibility. However, a reduction in the net shaft-work is associated with turbine 

bleeding due to the extraction of the working fluid from turbine. To deal with the 

drawback of turbine bleeding, Desai and Bandyopadhyay [113] demonstrated that the 

ORC system can be enhanced by incorporating both regeneration and turbine bleeding 

for a higher thermal efficiency. As the state point of a dry fluid after expansion process 

lies in the superheated vapour region, the regeneration process is enabled, which 

contributes to the improvement in thermal efficiency of the ORC system. Usually, a 

regenerator or a recuperator  is employed to reclaim exhaust vapour to improve the 

cycle efficiency; however, it would lead to higher capital costs and complexity of the 

ORC system design [114]. The regeneration employing an internal heat exchanger 

enhances the thermal efficiency of ORC system, which has been proved by Saleh, et 

al. [118]. Xu, et al. [119] found 1.21% of cycle efficiency of the ORC system is 

improved as the internal heat regeneration was adopted. Wang, et al. [120] also 

suggested an additional internal heat exchanger in the ORC system to reduce the 

cooling load of the condenser and increase the system thermal efficiency. Song, et al. 

[121] modified the basic ORC system to a regenerative cycle, the system efficiency of 

the system rises by 6.07% based on the experimental results. It is worth noting that the 

size of the regenerator/recuperator should be designed with considerations of the total 

size and cost of the ORC system. Additionally, a recuperator is not necessarily required 

if there is no lower limitation of the heat source outlet temperature [122].  
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The ORC system has become more popular for micro-scale power generation systems 

owing to its great flexibility, high safety, economical benefit, low energy consumption, 

emission and maintenance requirement [98]. However, research and development on 

the ORC-based micro trigeneration system are still limited, especially for those driven 

by renewable energy sources as the majority runs with solar thermal, fuel cell and 

biomass [123]. Boyaghchi and Heidarnejad [124] evaluated a solar-powered micro 

trigeneration system integrated with evacuated solar collectors and ORC for domestic 

application. Based on their simulation results, the system thermal and exergy 

efficiencies reach 28% and 27% respectively during summer period, Al-Sulaiman, et 

al. [125] proved feasibility of the ORC-based trigeneration system powered by SOFC, 

combined with biomass combustor and solar collectors respectively.  

The key element in the ORC system is an expansion device, which can be categorized 

into dynamic and displacement types. Compared to the dynamic (turbo) type, the 

displacement (volumetric) type is more preferred for the ORC system with lower flow 

rate and rotational speed but at higher pressure ratio [126]. Practically, the expander 

selection for the ORC system depends on the overall system size and operating 

condition. Qiu, et al. [127] evaluated several expansion devices for an ORC-based 

micro CHP system including turbine, scroll, screw and vane expanders and concluded 

that both scroll and vane expanders are suitable for the micro-scale ORC system with 

capacity ranging from 1kW to 10kW. Ali Tarique, et al. [99] noted that a scroll 

expander is the best choice for applications of small capacity due to the more flexible 

operation characteristic. 
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2.4.3 Scroll expander  

A scroll expander is a positive displacement machine with a fixed built-in volume ratio 

and high isentropic efficiency for operation at a large pressure ratio [128]. As 

illustrated in Figure 2-6, a scroll expander consists of two identical scroll wraps, 

namely a fixed scroll and an orbiting scroll, which are assembled at relative angle of 

180° . By coupling a crankshaft to the orbiting scroll, it enables the scroll orbit 

eccentrically at a fixed path relative to the fixed scroll [129]. Consequently, a series of 

crescent-shaped pockets are formed. 

 

Figure 2-6 Schematic diagram of scroll expander 

The three main working processes of a scroll expander are depicted in Figure 2-7, 

which are charging, expansion and discharging processes. The charging phase starts 

with the working fluid entering into the charging chamber. During the charging phase, 

the charging chamber traps a pocket of the working fluid and evolutes into two 

expansion chambers after one shaft revolution. Then the expansion phase takes place 

as the working fluid started to be expanded. Finally, the expansion chambers become 

discharge chambers once they come into contact with the discharge line of the machine 

[130]. Referring to experimental investigations presented in the literature [131-136], 

the volume ratio of the scroll expander is typically in the range of 1.5 to 5 and the 



  Chapter 2: Literature review 

41 
 

measured isentropic efficiency ranges from 48% to 84% depending on the specific 

operation condition. 

 

Figure 2-7 Working process of scroll expander 

Currently, the scroll expander has not been widely commercially available and 

prototypes have been mostly modified from compressors for laboratory experiment 

[137]. For example, Chang, et al. [138] modified a commercial oil-free scroll 

compressor to a scroll expander; Brasz and Holdmann [139] developed an ORC system 

with a scroll expander derived from an existing centrifugal compressor and Lemort, et 

al. [130] built a prototype derived from an existing heat pump compressor. In such 

cases, limitations of the modified scroll expander should be considered in performance 

evaluation, which is manly attributed to the compressor built-in volume ratio, 

lubricating oil and motor.                                                                                                                                                                                                                                                          

To evaluate the scroll expander performance, approaches of theoretical modelling and 

simulation are commonly adopted. Liu, et al. [140] established a mathematical model 

to simulate the working process of the scroll expander by considering the suction, 

leakage, heat transfer and discharge losses. Liu, et al. [141] introduced an idealised 
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dynamic model of the scroll expander to calculate geometric characteristics for 

optimum geometry design. Ma, et al. [142] presented a generic dynamic model of the 

scroll expander with combinations of the valve model, internal leakage model, motion 

equation, heat transfer and energy balance equations. Nevertheless, deterministic 

models require an accurate knowledge of the scroll expander geometry, which may be 

difficult or impractical to acquire. On the other hand, computational fluid dynamic 

(CFD) approach is also popular to evaluate the thermal-hydraulic behaviour of the 

scroll expander, as examples presented in the literature [141, 143, 144]. For example, 

CFD based 3D numerical simulations have been performed on the scroll expander by 

Liu, et al. [141] to estimate transient features of the aerodynamic parameters with 

different suction port locations. However, the interaction of the working fluid and 

scroll expander structure and multiphase flow are limited for the CFD method [145]. 

Besides, empirical and semi-empirical models of the scroll expander are developed on 

a basis of experimental data, which can be regarded as direct and simple generic ways 

for computing the scroll expander performance. In principle, the process of working 

fluid flowing through the scroll expander is simulated with a lumped method in the 

empirical and semi-empirical models, and essential input parameters should be 

determined by reliable experimental results [130]. For example, Lemort, et al. [126] 

developed a semi-empirical model of the scroll expander, which has been validated by 

experimental tests with HCFC-123 as the working fluid. The maximum deviation 

between the model prediction and experimental measurement is 2% for the working 

fluid mass flow rate, 5% for the shaft power and 3K for the scroll expander exhaust 

temperature. A fairly good agreement between the semi-empirical steady-state model 

of a hermetic scroll expander and experimental data has been obtained by Ayachi, et 

al. [146] and the validated model can be used for predictions at further untested 
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operations and system optimisation design. Dickes, et al. [147] provided an open-

source library of steady-state modelling and simulation for the ORC system with a 

scroll expander, with validity and good accuracy.   

The scroll expander performance is influenced by a variety of parameters, such as the 

working fluid type, scroll geometry, inlet condition, imposed pressure ratio, rotational 

speed and coupled electrical load. Zhang, et al. [145] noted significant impact of the 

scroll expander clearance and vane height to pitch ratio on the scroll expander 

performance. Giuffrida [148] observed a linear relationship between the scroll 

expander rotational speed and output power through theoretical simulation, while the 

change in the scroll expander inlet temperature has no evident effect on the power 

generation. Declaye, et al. [149] experimentally observed that the isentropic efficiency 

of the scroll expander degrades at a high angular speed and the faster rate is achieved 

at a lower pressure ratio. Clemente, et al. [136] developed a one-dimensional model of 

scroll expander in the ORC-based cogeneration system and stated that there is an 

optimum expansion ratio that maximizes the ORC efficiency, but the influences of the 

electrical load and angular speed of the scroll expander on cycle efficiency have been 

not considered. Regarding to the electric output characteristics of the ORC system, 

there are limited studies on the effect of electrical load coupled to the scroll expander. 

The experimental data obtained by Pan, et al. [150] demonstrate that the electrical load 

significantly affects rotational speed, isentropic and mechanical efficiencies of scroll 

expander as well as the output power from the generator. Wu, et al. [151] found the 

isentropic efficiency of the scroll expander increases with the electrical resistive load. 

In addition, Tang, et al. [152] pointed out that the load characteristics should be 

matched with the scroll expander-generator unit for the best generation performance.  
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When adopting a scroll expander to the ORC system, consideration should be given to 

maximize the performance of the scroll-based ORC system. The scroll expander built-

in volume ratio should match the working fluid volume ratio across the expansion 

process, so that more power output can be generated [153], while significant losses are 

associated with either with under or over expansion. Zheng, et al. [107] stated the 

evaporator parameters should fit the waste heat source to minimise the effect of 

internal and external entropy generation within the evaporator. They also 

recommended the ORC system operates with high evaporating pressure and low 

superheating temperature. Xu, et al. [119] also concluded that the electric output of 

ORC system increases rapidly with the rising evaporating temperature. Based on the 

performance optimisation of the ORC system, Wei, et al. [106] noted that the system 

efficiency and net output power increase with the increasing flow rate or supply 

temperature of heat source. Moreover, the ambient temperature also greatly influences 

the condenser performance of the ORC system, the cycle exergy efficiency and 

irreversibility [154].  

In terms of the application of the scroll-based ORC system, the feasibility for the micro 

cogeneration system has been confirmed with the power capacity ranging from 0.1 to 

12kW [127, 155-158], while little attention has been devoted to the micro trigeneration 

system. Karellas and Braimakis [159] thermodynamically and economically 

investigated a micro trigeneration system with scroll-based ORC and vapour 

compression cycle. They indicated that the generated profits owing to the reduction of 

fuel oil and electricity consumption can lead to remarkable savings, accounting for an 

internal rate of return about 12% and a payback period of 7 years. On the other hand, 

Jradi and Riffat [160] experimentally proved the feasibility of a biomass-fuelled micro 



  Chapter 2: Literature review 

45 
 

trigeneration system with scroll-based ORC and the proposed system is capable of 

providing about 500W electric power, 9.6kW heating power and 6.5kW cooling power.  

The review of the literature presented in Section 2.4 has focussed on the prime mover 

as the key element of the micro trigeneration system. The literature review has 

demonstrated the increasing interest in the micro power generation system by 

employing the micro turbine, fuel cells, Stirling engine and Rankine cycle for domestic 

applications. Comparatively, the ORC technology becomes more favourable for the 

micro trigeneration system owing to its technical, economic and environmental 

benefits. Currently, demonstrations of the ORC-based micro trigeneration system are 

still limited, and little attention has been paid to the scroll-based ORC for application 

of the micro trigeneration system although numerous studies have proved that the 

scroll expander is the most preferred engine in the micro scale ORC system. The 

review indicates the potential to develop and test an ORC-based micro trigeneration 

system with a scroll expander. Next, the literature review on the heat recovery 

technology is presented in Section 2.5. 

2.5 Heat recovery 

This section presents a review of the literature on the heat recovery technology 

employed in the micro trigeneration system. A heat recovery unit captures the waste 

heat rejected from the prime mover. Typically, heat exchangers are adopted for heat 

recovery in the micro trigeneration system, which are categorized into: simple unfired 

type without any additional generation and fired type with fuel combustion to produce 

complementary thermal energy [4]. Either fired or unfired types can be utilised 

separately or together in the micro trigeneration system depending on the system 
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requirements. All available unfired and fired heat recovery equipment with their 

features are listed in Table 2-3.  

Table 2-3 Characteristics of available heat recovery equipment [4, 22, 161-164] 

Types Characteristics 

Unfired Types 

Heat exchanger 
Availability in a variety of types (e.g. shell, tube, plate, fins 

and micro-channelled heat exchangers) 

Unfired steam generator 

(waste heat recovery 

boiler) 

Fuelled by exhaust gases 

Preferable with gas turbine 

Production of steam and hot water 

Availability in water-tube and fire-tube configurations 

Muffler 

Suitable with reciprocating engine 

Low noise level 

Generation of hot water or pressurized steam in the 

temperature range  of 370°C to 540°C 

Potential risk of excessive back-pressure on the engine 

Requirements for regular maintenance and cleaning 

Regenerator 

Gas-to-gas heat exchanger 

Capability of  harnessing  hot exhaust gases to  preheat 

combustion air in a gas turbine through indirect heat transfer 

Potential air leakage during operation 

Several constraints limit wide application, for example 

design challenge, cost and high temperature environment 
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This section has mainly reviewed characteristics of different heat recovery equipment, 

which are available for application in the micro trigeneration system. Next, Section 

2.6 presents a detailed review of the literature regarding the thermal-activated cooling 

technology for the micro trigeneration system.  

 
Characteristics 

Recuperator 

Gas-to-gas heat exchanger 

Avoid mixing between hot exhaust gas and cold incoming 

combustion air 

Preferable with gas turbine and micro turbine 

Reduction in fuel consumption to heat compressed air at the 

turbine inlet  

High energy efficiency  

Requirement of proper material selection for fabrication to 

avoid problems (e.g. corrosion, erosion, high temperature 

exposure, thermal stresses and fatigue) 

Fired Types 

Supplementary fired 

steam generator 

Incorporation with gas turbines 

Ability to capture exhaust  heat from temperature less than 

540 ℃ up to 980 ℃ 

Control in amount of steam production 

Low NOx emission 

Boiler 

Production of more steam with less fuel 

Availability in water-tube and fire-tube types 

A variety of design configurations 
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2.6 Thermal-activated cooling  

This section firstly discusses the features of different thermal-activated cooling 

technologies and then highlights the liquid desiccant cooling through a detailed 

literature review. In terms of various configurations of the liquid desiccant cooling, the 

membrane-based liquid desiccant cooling is particularly reviewed regarding its 

principle, features, feasibility and application in the micro trigeneration system.  

Depending on the prime mover type and system operation condition, exhaust heat from 

the prime mover can be in the form of steam, hot water and exhaust gas at various 

temperatures [5]. As a consequence, a suitable thermal-activated cooling technology 

should be selected in view of the exhaust heat characteristic. Generally, the current 

favoured thermal-activated cooling technologies are absorption and adsorption chillers, 

desiccant cooling and ejector chiller [24]. Table 2-4 presents the three most common 

thermal-activated cooling technologies with their respective features.  

Table 2-4 Characteristics of thermal-activated cooling technologies [4, 8, 15, 27, 162, 165, 166] 

Types Characteristics 

Adsorption chiller 

Environment-friendly with significant energy saving potential 

Efficient utilisation of low-grade heat sources 

Simple design with low noise level and maintenance need 

No internal mechanical moving parts and lubrication 

No corrosion and crystallization risks 

Large chiller volume 

High initial cost 

Low COP and adsorption capacity 

Requirements of cooling tower and hot water tank  

Adsorbent with low thermal conductivity                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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2.6.1 Comparisons of available thermal-activated cooling technologies 

Both absorption and adsorption chillers provide thermal compression instead of 

mechanical compression in a cooling cycle. The absorption chiller is the most 

commercially available cooling technology for the micro trigeneration system, 

especially the indirect-fired type is capable of utilising steam, hot water and high 

temperature exhaust gas [4]. Depending on the heat source condition (i.e. steam/hot 

Types Characteristics 

Absorption chiller 

Mature and popular for commercial application 

Availability in direct and indirect-fired types 

Various designs of indirect-fired type (i.e. single, double and 

triple-effect) 

Viability with a wide range of prime movers 

Flexibility in operation on steam, hot water and high temperature 

exhaust gas 

Good partial load performance 

No internal mechanical moving parts  

Low noise, vibration and maintenance requirement 

High initial cost 

Slow transient response 

Corrosion and toxicity of working fluids 

Desiccant cooling  

 

Availability in solid and liquid desiccant configurations  

A variety of types depending on packed material 

Efficient with utilisations of low-grade heat sources 

Good supply air quality 

Independent temperature and humidity controls 

Eliminations of reheating and overcooling  

Low operation cost 

Requirement of addition chiller or cooler to handle sensible load 

Requirement for regular maintenance 
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water pressure and temperature), various configurations have been developed to utilise 

heat different multiple times within the system varies, such as single, double and triple-

effect absorption chillers [4, 165]. On the basis of absorption, the absorption chiller 

operates with a pair of working fluids, namely an absorbent and a refrigerant. Working 

fluids of the absorption chiller should be chemically stable, non-toxic and non-

explosive [167]. For example, the lithium-bromide (LiBr)/water absorption chiller is 

suitable for air conditioning with an evaporation temperature ranging from 5°C to 

10°C, whereas the ammonia/water one is preferred in small-scale air conditioning and 

large industrial applications with evaporation temperature below 0°C [165] and silica-

gel/water is mostly adopted for the small-scale trigeneration system. The absorption 

chiller is widely used for large-scale industrial and commercial trigeneration systems, 

and its high initial costs limits applications for the small and micro trigeneration 

systems [168]. Consequently, developments on the low cost and small capacity 

effective absorption chiller are desired. For example, Moya, et al. [169] tested the 

performance of a micro trigeneration system with a micro gas turbine and an indirect-

fired ammonia/water absorption chiller under different operation conditions. Chen, et 

al. [170] proposed a novel residential micro trigeneration system incorporating fuel 

cells and a single effect lithium-bromide/water absorption chiller, which is able to 

provide maximum cooling capacity of 4.8kW with heat source temperature of 90°C. 

Wang and Wu [171] proved the feasibility of integrating a mixed effect absorption 

chiller to recover the jacket water and exhaust waste from an internal combustion 

engine in a micro trigeneration system, which provides cooling output of 34.4kW and 

COP of 0.96.  

On the other hand, the adsorption chiller runs with relatively lower temperature heat 

sources but with lower system efficiency [172]. Different from the absorption chiller, 
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two or more adsorbent beds are employed in the adsorption chiller to adsorb and desorb 

a refrigerant for continuous operation. Working pairs of the adsorption chiller can be 

divided into: physical and chemical types and adsorbents can be pure, composites or 

compounds with diverse properties. In particular, the working pair of silica gel/water 

is of mature commercialization for adoption. Compared to the absorption chiller, the 

adsorption chiller without corrosion and crystallization problems is more promising 

for small and micro trigeneration systems to handle cooling demand [165, 173]. For 

example, Li and Wu [174] demonstrated the feasibility of a silica-gel/water adsorption 

chiller for a micro trigeneration system through theoretical modelling. Kong, et al. 

[175] investigated a micro trigeneration system combining a gas engine and a silica-

gel/water adsorption chiller. Based on their experimental results, the refrigeration COP 

of the adsorption chiller above 0.3 at an evaporation temperature of 13°C and cooling 

load of 9kW are achieved accordingly. In addition, Wu, et al. [176] conducted both 

experiment and simulation for a micro trigeneration comprising of an internal 

combustion engine and an adsorption chiller and they observed the chiller realises 

cooling output of 6.5kW and system COP of 0.56.   

The process of removing water vapour from moist air is determined as 

dehumidification, which can be implemented by cooling, increasing process air 

pressure or absorption/adsorption of moisture with a desiccant. Conventionally, 

mechanical vapour compression is used to meet both cooling and dehumidification 

demands, in which dehumidification is accomplished by cooling air to its dew point 

temperature and extra energy is consumed to reheat air to the desired supply 

temperature [177]. However, a number of associated risks have been noted, for 

example leakage, bacterial breeding and fungi due to water condensation on the 

cooling coil surface of the mechanical vapour compression system. Alternatively, the 
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environmental-friendly desiccant dehumidification technology successfully eliminates 

the shortcomings of overcooling and reheating [178]. By coupling a desiccant 

dehumidification unit to other cooling technologies, a desiccant cooling system is 

formed to handle both latent and sensible heating loads [179]. The desiccant cooling 

technology has been raising great concerns for domestic applications especially in the 

hot and humid region, which provides high-quality supply air through independent 

temperature and humidity controls [20]. The desiccant cooling is of great flexibility in 

incorporating with various prime movers, like the internal combustion engine, Stirling 

engine, ORC, fuel cells as well as photovoltaic thermal system [165]. As shown in 

Figure 2-8, a desiccant cooling system mainly consists of a dehumidifier, a regenerator 

and an auxiliary cooling component [180]. 

 

Figure 2-8 Schematic diagram of desiccant cooling 

Desiccants are materials with high affinity for water vapour, which can be classified 

to: (a) adsorbents absorbing moisture without physical and chemical changes and (b) 

absorbents absorbing moisture accompanied by physical or chemical changes [181]. 

Typically, desiccants can be either solid or liquid types and most adsorbents are solids 

and most absorbents are liquids. Dehumidification process occurs when vapour 

pressure of the desiccant surface is less than that of the process air until an equilibrium 

state is achieved between the desiccant and air [182]. The water removal process with 

liquid desiccants is nearly isothermal while it is adiabatic for solid desiccants. To 
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ensure continuous operation of the desiccant cooling system, the dilute desiccant after 

a dehumidification process should be regenerated through a regeneration process. In 

contrast to the dehumidification process, the desiccant regeneration occurs when 

vapour pressure of the desiccant surface is higher than that of the air, which is 

commonly realised by heating the desiccant to its regeneration temperature or 

exposing it to an air stream. Moreover, the regenerator can be powered by a variety of 

energy sources, like the solar energy and exhaust heat from turbines, which 

significantly reduce costs and greenhouse gas emissions [183]. For example, 

Hürdoğan et al. [184] employed solar collectors for regeneration heat supply in a solid 

desiccant air-conditioning system and Buker and Riffat [185] suggested that not only 

the solar thermal but also photovoltaic technologies can be utilised for the liquid 

desiccant cooling system.  

Comparatively, the solid desiccant cooling system is less subject to corrosion as most 

of the solid desiccant materials are environmental-friendly [186]. Ideally, the solid 

desiccant is expected to have large water adsorption capacity at its operative 

temperature and easily regenerated at a lower achievable regeneration temperature. 

Silica gel and zeolite are the two widely adopted materials with strong affinity [187] 

and extensive researches have been conducted to develop solid desiccant materials 

with better adsorption and regeneration capabilities as well as long stability, such as 

nanoporous inorganic material, composite and polymeric desiccants [186]. In general, 

available solid desiccant cooling systems can be categorized to fixed bed and rotary 

wheel types and by comparison, the rotary desiccant wheel type has been more 

favourable. In the desiccant wheel system, the solid desiccant material is impregnated 

into a support frame and channels can be fabricated in different structures such as 

honeycomb, triangular and sinusoidal [188] and air to air heat and mass transfer takes 
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place at a low rotational speed [189]. The solid desiccant cooling system can be 

operated as a standalone system or coupled to the vapour compression air conditioning 

system [190]. In such a way, the rotary wheel system has been designed into various 

configurations to provide different supply conditions, like Pennington, recirculation 

and Dunkle cycles. Currently, the solar-powered solid desiccant system becomes more 

preferred with significant reduction in the system operation cost and energy 

consumption. Many demonstrations of the solar-assisted rotatory wheel system have 

been available in China and European countries [188]. Saghafifar and Gadalla [191] 

examined a novel air conditioning system combining the solid desiccant cooling and 

solar photovoltaic thermal technology for a building in Abu Dhabi, which indicates 

remarkable energy saving performance. Furthermore, the solid desiccant cooling 

system has been well accepted in the cogeneration and trigeneration systems. For 

instance, Hands, et al. [30] presented a comprehensive performance analysis of a large 

scale solar-assisted trigeneration system with the rotary solid desiccant wheel and 

compression chiller. They observed 35% of the annual total building cooling load 

could be met by the desiccant component. Petrov, et al. [192] stated that by adding a 

desiccant wheel to recover the micro turbine exhaust gas in a micro cogeneration 

system, the system efficiency increases by 7%. Angrisani, et al. [193] experimentally 

assessed the performance of a micro trigeneration system with a solid desiccant wheel 

in southern Italy, with which the supply air temperature of 20.1°C can be provided at 

an outdoor air temperature of 33.3°C. Because the solid desiccant cooling system 

commonly has large size and high investment cost, studies for application in the micro 

trigeneration system are still limited. Thus in terms of application in the micro 

regeneration system, more compact standardized and packed system designs are 

suggested for the future development [165].  
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2.6.2 Liquid desiccant cooling  

Compared to the solid desiccant system, the liquid desiccant cooling system is more 

flexible in utilisation and operation of independent air temperature and humidity 

controls [194]. The liquid desiccant cooling system enables the humidity control 

without extra energy consumptions in overcooling and reheating [195]. It has been 

noted that 40% of the operation cost can be saved by applying a liquid desiccant 

cooling system compared with the conventional central air conditioning system [195]. 

Liquid desiccants have been attractive for air dehumidification in indoor conditioning 

with benefits of lower regeneration temperature and pressure drop on air side [196]. 

Additionally, they have the capability to improve indoor supply air quality and thus 

epidemic of respiratory disease can be prevented by absorbing inorganic and organic 

contaminants in the air [197].  

The selection of a liquid desiccant depends on various operating parameters, such as 

boiling point elevation, energy storage density, regeneration temperature, thermo-

physical properties, availability, cost etc. [198]. In terms of thermo-physical properties, 

the ideal liquid desiccant should have low vapour pressure, low crystallization point, 

low regeneration temperature, low viscosity, good heat transfer characteristic and 

appropriate surface tension property [199]. Halide salts are the most commonly 

selected desiccants, for instance lithium chloride (LiCl), LiBr and CaCl2. Besides, 

weak organic acid salts, such as potassium and sodium formate are also good 

alternatives [200] and ionic liquids become promising for a specific achievable dew 

point temperature at a comparatively lower driving temperature [201]. Among them, 

LiCl is the most stable desiccant with low vapour pressure, but at higher costs. CaCl2 

is the cheapest and most readily available liquid desiccant, but several disadvantages 

limit its wide application, for example relative higher vapour pressure at a given 
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temperature and instability with inlet air conditions and desiccant concentration [195]. 

Different desiccants have different appropriate operative concentration levels [199], 

and some examples are presented in Table 2-5. Greater dehumidification performance 

can be achieved by increasing the liquid desiccant solution concentration without 

going beyond the crystallization limit [202]. The use of highly concentrated solution 

may cause salt crystallization, which may cause problems of fluid mal-distribution, 

blockage of the channels, high pumping pressure, and membrane fouling [203]. 

Table 2-5 Operative concentration levels for different liquid desiccants [199] 

Liquid Desiccants Operative Concentration Level 

LiBr 45%-60% 

LiCl 30%-45% 

CaCl2 35%-45% 

A variety of contacting equipment have been proposed to provide contact between air 

and the liquid desiccant with different characteristics [204]. Common packing types 

for the liquid desiccant dehumidification system are listed in Table 2-6 with their 

advantages and disadvantages. The spray, wetted wall and packed tower are commonly 

applied for the liquid desiccant dehumidification system [205]. However, these typical 

direct contact packing types have a major problem of liquid desiccant entrainment. 

Small liquid desiccant droplets would be harmful to the occupant health, building 

structure and indoor equipment [206]. Alternatively, the membrane-based liquid 

desiccant dehumidification system successfully eliminates the carryover problem. In 

such a system, membranes acting as selective barriers that allow heat and moisture 

transfer between the solution and airstream while prevent the carryover of liquid 

desiccant or water [206]. 
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Table 2-6 Characteristics of available liquid desiccant dehumidification systems [195, 199, 204-210] 

 

Packing types Advantages Disadvantages Current research fields 

Wetted wall  

(falling film) tower 

Stable-flow condition 

Constant gas-liquid contacting area tower 

Low initial cost 

Low pressure drop 

Small contact area 

Difficulty in achieving a thin film over the 

complete cross section of large tower 

Industrial and residential applications 

System optimisation (e.g. film wetted 

area, liquid contact angle, etc.) 

Spray tower  

Low pressure drop on airside  

Large gas-liquid contacting area for high viscosity liquids 

with the help of nozzles in spray chamber 

Simple design of compact size with low cost  

Clogged by the dirt 

Large number of droplets into supply air 

Low effectiveness in absorption 

Large pressure drop on liquid side 

Industrial and residential applications 

System design (e.g. sprayed coils, cross 

flow plate heat exchangers and heat 

pipes) 

Random Packed tower 

Cheap 

Large contacting area 

Compactness 

Large pressure drop on airside 

High desiccant flow rate for good wetting  

Undesirable solution distribution over surface 

Industrial and residential applications 

System design (e.g. Berl saddles, 

Raschig rings and Intalox saddles) 
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Packing types Advantages Disadvantages Current research fields 

Structured 

Packed 

columns 

Adiabatic 

Simple geometric configuration 

Provides uniform gas-liquid flow path 

Large air-desiccant contacting area 

High heat and mass transfer efficiency 

No additional cooling source to cool liquid 

desiccant 

Large pressure drop imposed on the process air 

flowing through the packing material 

Limited performance improvement due to the 

temperature increase caused by the water vapour 

absorption 

Adverse impact on the performance with 

increasing temperature of liquid desiccant in the 

moisture removal process 

Carryover problem of liquid desiccant droplets  

Industrial and residential applications 

Structural optimisation (e.g. cellulose 

rigid media pads, wood grids, expanded 

metal lash packing, double spiral rings) 

Mathematical model for performance 

evaluation (e.g. finite difference model, 

effectiveness-NTU model and simplified 

models) 

Internally 

Cooled 

Utilisation of cooling coil to remove the heat 

generated from dehumidification process 

Good dehumidification performance 

Various types integrated with cooling coil or 

cooling mediums 

Reducing device volume 

High thermal conductivity of material 

Large mass flow rates of desiccant solution 

More equipment requirements and installation 

difficulty 

Carryover problem of liquid desiccant droplets 

Experiment and theoretical simulation 

Mathematical model for performance 

evaluation (e.g. considerations of uniform 

liquid film thickness and variable liquid 

film thickness) 

Materials avoiding corrosion problem 
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Packing types Advantages Disadvantages Current research fields 

Membrane-based 

Parallel-plate 

Overcome carryover problem of liquid 

desiccant droplets 

Simple structure and easy fabrication 

Less pressure losses in the channels 

Low packing density 

Membrane material and construction type 

System feasibility and application 

Energy analysis 

Hollow Fibre 

Overcome carryover problem of liquid 

desiccant droplets 

Large packing density and high effectiveness 

Shell and tube with a bundle of fibre tube 

More complex design with two ends sealing 

problem 

High pressure losses in the channels  

Difficulty in modelling of the fluid flow and 

heat mass transfer 

Membrane material and structure 

System feasibility and application 

Modelling (e.g. fluid flow, conjugate heat 

and mass transfer in the membrane module) 
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In order to further reduce the dehumidified air temperature, different kinds of cooling 

technologies can be employed in the liquid desiccant cooling system, such as the 

vapour compression, vapour absorption, direct and indirect evaporative cooling [180]. 

In particular, evaporative coolers have been mostly considered owing to its lower 

installation and energy costs. Compared with the vapour compression air-conditioning 

system, the energy consumption of a evaporative cooler can be reduced by up to 75% 

[211]. The direct evaporative cooling adds moisture to the cooled air, whereas the 

indirect evaporative cooling provides only sensible cooling to the process air without 

any moisture being added, which is more favourable for more humid climates [212]. 

In terms of the system effectiveness, it ranges from 70% to 90% depending on the 

temperature for the direct evaporative cooling system, while it varies from 40% to 60% 

for the indirect evaporative cooling system. The liquid desiccant cooling system with 

evaporative cooling has been widely developed with good performance and excellent 

energy saving potential [213]. By installing a liquid desiccant cooling system for an 

open office building in Seoul, Ham, et al. [214] found 12% saving of the annual 

primary energy consumption is attainable and Safizadeh, et al. [215] stated that more 

than 50% of the lifetime operating cost can be saved in Singapore. With the indirect 

evaporative cooling integrated to a liquid desiccant system, Buker, et al. [216] 

observed that a drop of 7.5°C in the indoor air temperature is achieved. El-Dessouky, 

et al. [217] proposed a novel air conditioning system combining a hollow fibre 

dehumidification system and an indirect/direct evaporative cooler. They observed that 

wider operating temperature and humidity ranges for application could be feasible in 

Kuwait (i.e. temperature range of 25°C to 45°C and humidity range of 30 to 100%).  

Extensive experimental and theoretical studies have been conducted to investigate 

effect of various parameters on dehumidification performance of the liquid desiccant 
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cooling system. For example, the most significant dimensionless parameters affecting 

the dehumidification performance are identified through theoretical analyses in the 

literature [218, 219], which are NTU, solution to air thermal capacity ratio and solution 

concentration. On the other hand, the experimental investigations in the literature [220-

222] demonstrate that the dehumidification performance of the liquid desiccant 

cooling system evidently varies with inlet air condition, solution concentration and 

packing material density. 

Most of the successful demonstrations of the micro trigeneration system integrate 

direct contact packing liquid desiccant cooling technologies. Currently, more and more 

research on combining the liquid desiccant cooling with the micro trigeneration system 

have focused on developments of safe and trouble-free contact equipment, optimal 

mixed liquid desiccant, higher effective and compact dehumidifier and regenerator 

design, cost-effective auxiliary cooling technology and control strategy [4, 15, 165]. 

In particular, the membrane-based liquid desiccant dehumidification system offers 

great potential.  

2.6.3 Membrane-based liquid desiccant cooling  

To eliminate the liquid desiccant carryover problem, a membrane-based liquid 

desiccant dehumidification system is adopted, which involves an indirect contact 

process for dehumidification. Membrane acting as a selective barrier allows heat and 

moisture transfer between solution and airstream but prevents the carryover of liquid 

desiccant solution into supply airstream [206]. Membranes are categorized into dense 

and porous types depending on the pore dimension. Dense membrane is hydrophilic 

for vapour transportation, while porous membrane with more open volume and larger 

pores is hydrophobic [209]. With respect to the form, membranes can be designed as 
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flat sheets with simple structure and easy fabrication, or hollow fibres with large 

packing density and high effectiveness but more complex design.  

Many studies of the MLDC system have been conducted, which incorporated different 

renewable energy sources and cooling technologies. Abdel-Salam, et al. [223] proved 

the feasibility of a membrane-based desiccant air conditioning system powered by 

solar energy and El-Dessouky, et al. [217] proposed a novel air conditioning system 

consisting of a membrane dehumidification unit and a direct evaporative cooler, and 

they observed that 86.2% of energy saving can be achieved compared to a conventional 

stand-alone vapour compression system. The MLDC system has been explored 

through modelling simulation; while as yet relatively few studies have been carried 

out to experimentally investigate the feasibility and performance of the MLDC system. 

For instance, a comprehensive model of a parallel-plate MLDC system has been 

developed to address features of the conjugate heat and mass transfer in literature [224]. 

To overcome the liquid desiccant cooling system shortcomings of complexity and 

large geometrical size, a compact membrane-based air conditioning system is 

developed with an evaporative inter-cooler unit for building application in literature 

[225], whose cooling output is in the range of 570W to 1362W and dehumidifier 

effectiveness is in the range of 30% to 37% based on the experimental results. 

Furthermore, limited studies have been conducted to evaluate effect of operating 

variables on the MLDC system performance by experimental work. 

With considerations of the carryover and corrosion problems for building applications, 

the MLDC system is a favourable option for the micro trigeneration system, but such 

technology is still in the research and development stage with limited investigations. 

Elmer, et al. [11] proved the feasibility of a micro trigeneration system with SOFC and 

a MLDC unit and Jradi and Riffat [160] conducted experimental investigations of an 
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innovative micro trigeneration system with a liquid desiccant cooling unit to recover 

waste heat from an ORC unit. In their proposed liquid desiccant cooling unit, an 

indirect evaporative cooler allows air temperature to drop below the wet-bulb 

temperature and towards the intake air dew point temperature. Based on their 

experimental results, the indoor air reduces from 33.8°C to 22.3°C and the relative 

humidity decreases from 68.6% to 35.5%. 

Section 2.6 has reviewed different thermal-activated cooling technologies for the 

micro trigeneration system, and specifically focused on the liquid desiccant cooling. 

The liquid desiccant cooling system has higher COP, which is possible to enhance the 

micro trigeneration system performance in cooling mode. The reviewed work shows 

that the MLDC system is capable of avoiding the problem of liquid desiccant 

entrainment that exists in the common direct contact packed liquid desiccant cooling 

system and such technology is still at the research and development stage with limited 

studies demonstrating the applications in the micro trigeneration system. Additionally, 

comprehensive experimental testing of the MLDC system is needed for investigating 

the effect of a wide range of operating variables on the system performance. In the 

next Section 2.7, the operating strategy is reviewed on the basis of the existing 

literature.  

2.7 Operating strategy 

This section presents a literature review of the operation strategy, which is a critical 

factor influencing the micro trigeneration system design, energetic, economic and 

environmental performance [226]. To identify the optimal operating strategy, various 

factors should be taken into consideration, such as the primary energy consumption, 

operational cost, emission and waste energy [35, 227]. Basically, the two common 
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operation modes are namely (a) following the electric load (FEL) when the system 

operates to first meet the building electricity demand, and (b) following the thermal 

load (FTL) when the system fulfil the thermal demand first and insufficient electricity 

would be provided by the grid [228]. It has been seen that the system energy 

consumption reduces by 11% with a FTL operating strategy compared with that of the 

FEL and more exhaust heat from the prime mover can be utilised and the system 

performance is thus improved [229]. However, considerable energy losses are 

associated with both FTL and FEL strategies. As a consequence, more advanced 

operating strategies have been established that would effectively interchange between 

FTL and FEL modes, thus to improve the system performance and enhance associated 

benefits with less energy waste. For example, following the seasonal operation strategy 

(FSS) proposed by Mago and Hueffed [230] aims to allow the trigeneration system to 

operate under either FTL or FEL mode on a basis of the monthly electric-to-thermal 

load ratio, with a remarkable reduction in the primary energy consumption. Li, et al. 

[226] presented an advanced operating strategy of the following the electrical-thermal 

load of buildings (FLB), which is modified from the FSS strategy but based on the 

hourly electric-to-thermal load ratio. Their simulation results indicate that the FLB 

strategy matches well with both the electrical and thermal demands for the micro 

trigeneration system in residential buildings. And, Mago, et al. [231] introduced a 

following hybrid electric-thermal load (FHL) strategy for a micro trigeneration system, 

which guarantees the prime mover to operate at an optimal mode in accordance with 

the electric and thermal loads at any given time without redundant electricity and heat. 

FHL strategy also contributes to less annual primary energy consumption, operation 

cost and emission. Moreover, Liu, et al. [28] suggested an hourly operating strategy of 
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the micro trigeneration system for domestic applications should correspond to the 

outdoor weather conditions in order to achieve the optimal system performance.  

Section 2.7 has discussed several operating strategies for adoption to the micro 

trigeneration system in the existing literature, which will be useful for designing the 

proposed micro trigeneration system. Next, Section 2.8 reviews the recent research on 

the micro trigeneration system.  

2.8 Recent research on micro trigeneration 

2.8.1 Comprehensive reviews 

Many review studies have been conducted to provide comprehensive knowledge of 

the trigeneration system and related technologies. Table 2-7 presents a summary of 

eleven review papers regarding the trigeneration system. Among them, a review paper 

by Sonar, et al. [15] provides a brief review of the micro trigeneration system from the 

perspectives of technology, research tool and trend, while the rest focus on the 

trigeneration technology covering topics of the principle, design, operation strategy, 

component, performance characteristic, optimisation, potential application, future 

development, etc. For instance, Wu and Wang [20] discussed the up to date global 

developments of the trigeneration system. Al Moussawi, et al. [4] provided a 

comprehensive review on the trigeneration system from aspects of the prime mover, 

heat recovery and thermal energy storage. Jradi and Riffat [5] conducted a detailed 

literature review in the field of the trigeneration system, including the recent 

supporting mechanism (policy), prime mover, cooling technology, system 

configuration and utilisation of renewable energy resource. Al-Sulaiman, et al. [24] 

comparatively analysed available prime movers for the trigeneration system and 

summarised the selection criteria listed in the existing literature, while Deng, et al. 
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[165] mainly reviewed various thermally-activated cooling technologies adopted in 

trigeneration systems. On the other hand, Liu, et al. [8] provided a summary of the 

recent research progress on the management, control, system optimisation and sizing 

of the trigeneration system in different countries. Ünal, et al. [232] critically examined 

different optimisation modelling techniques for the trigeneration system, by focusing 

on the optimisation goal and method, input energy resource and associated output. Gu, 

et al. [233] briefly reviewed the modelling, planning and energy management of the 

trigeneration system, whereas Cho, et al. [234] outlined approach from the existing 

literature for the trigeneration system performance assessment, optimisation and 

development and highlighted emerging trends in the research field.   
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Table 2-7 Review perspectives of review papers on trigeneration system 

References Perspectives 

Authors Year Fuel Types Prime Movers 
Thermal-activated 

cooling technologies 

Heat 

Recovery 

Thermal 

Energy 

Storage 

Control, 

Management, 

Operating 

Strategy 

Optimisation 

and Sizing 
Others 

Wu and 

Wang 

[20] 

2006  

-Steam turbine 

-ICE 

-Combustion 

turbine 

-Micro turbine  

-Stirling engine 

-Fuel cells 

-Absorption chiller 

-Adsorption chiller 

-Desiccant dehumidifier 

    

-Diverse trigeneration 

configurations 

-Worldwide development and 

barriers of the trigeneration 

system 

Al-

Sulaima

n, et al. 

[24] 

2011 

-Natural gas 

-Distilled Oil 

-Bio gas 

-ICE 

-Stirling engine 

-Steam turbine 

-Gas turbine 

-Micro turbine 

-Fuel cells 

     

-Characteristics of available prime 

movers 

-Prime mover selection for the 

trigeneration system 

Deng, et 

al. [165] 
2011   

-Absorption chiller 

-Adsorption chiller 

-Solid desiccant and 

liquid desiccant cooling 

    

-Researches of thermally-

activated cooling in innovative 

concept, material and technology 

-Selection of thermally-activated 

cooling for trigeneration systems 
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Authors Year Fuel Types Prime Movers 
Thermal-activated 

cooling technologies 

Heat 

Recovery 

Thermal 

Energy 

Storage 

Control, 

Management, 

Operating 

Strategy 

Optimisation and 

Sizing 
Others 

Cho, et al. 

[234] 
2014 

-Solar 

-Biogas 

-Biomass 

-Biofuel 

-Fuel cells 

-ORC 

 

   

-FEL 

-FTL 

-Based load 

operation 

-Energetic analysis 

-Exergy analysis 

-CCHP evaluation 

based field tests, 

thermodynamic 

analyses and 

transient simulation 

-Summary of methods for 

system energetic and exergetic 

analyses, optimisation, 

performance improvement and 

development 

-Highlights of current research 

and emerging trends in the 

trigeneration field 

Gu, et al. 

[233] 
2014      

-Modelling 

approach 

-Planning 

method 

-Energy 

management 

 

-Modelling of prime mover, 

storage system, loads and 

renewable energy resources 

-Trigeneration performance 

evaluation methods and 

indicators 

Jradi and 

Riffat [5] 
2014 

-Solar 

-Natural gas 

-Biofuels 

-Diesel 

-Waste heat 

-Biomass 

-ICE 

-Gas turbine 

-Steam turbine 

-ORC 

-Stirling engine 

-Micro turbine 

-Fuel cells 

-Absorption cooling 

-Adsorption cooling 

-Desiccant cooling 

-Ejector cooling 

-Vapour compression 

  

-FEL 

-FTL 

-FSS 

 

 

-Trigeneration supporting 

mechanisms,  energy policies 

and latest developments around 

the world 
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Authors Year Fuel Types Prime Movers 

Thermal-activated 

cooling 

technologies 

Heat 

Recovery 

Thermal Energy 

Storage 

Control, 

Management, 

Operating 

Strategy 

Optimisation 

and Sizing 
Others 

Liu, et al. 

[8] 
2014  

-Reciprocating 

ICE 

-Combustion 

turbine 

-Steam turbine 

-Micro turbine 

-Stirling 

engine 

-Fuel cells 

-Absorption chiller 

-Adsorption chiller 

-Desiccant 

dehumidifier 

 

  

-Conventional 

operation 

strategies (FEL 

and FTL) 

-Novel 

operation 

strategies 

 

-System 

configuration 

-Mathematical 

modelling 

(mixed integer 

and matrix 

approaches ) 

-Facility sizing 

-Development and barriers 

of trigeneration systems 

around the world 

Sonar, et al. 

[15] 
2014 

-Solar 

-Hydrogen 

-Alternate 

fuels (e.g. 

bioethanol, 

biodiesel) 

-Reciprocating 

engine 

-Micro turbine 

-Stirling 

engine 

-Fuel cells 

-Sorption cooling 

(absorption and 

adsorption) 

-Desiccant cooling 

-Vapour ejector 

refrigeration 

 

 

-Latent heat 

storage 

-Chemical sorbent 

/bond storage 

-Metal hydride 

storage 

  

-Research tool, trend and 

barrier, associated 

environmental and 

economic benefits of  the 

micro trigeneration system 
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Authors Year 
Fuel 

Types 
Prime Movers 

Thermal-

activated cooling 

technologies 

Heat Recovery 
Thermal Energy 

Storage 

Control, 

Management, 

Operating 

Strategy 

Optimisation and 

Sizing 
Others 

Ünal, et 

al. [232] 
2015       

-Optimisation goal 

-Optimisation 

method (e.g. linear 

and non-linear 

optimisation, 

simulation and meta-

heuristics) 

-assessment of 

optimisation 

techniques 

-Development of 

optimisation 

algorithms for 

design, operation and 

management in the 

trigeneration system 

Al 

Moussawi

, et al. [4] 

2016  

-Steam turbine 

-Gas turbine 

-Micro turbine 

-Combined cycle 

gas turbine 

-Reciprocating 

ICE 

-Stirling engine 

-ORC 

-Fuel cells 

-Absorption  and 

adsorption 

chillers 

-Desiccant 

dehumidifier 

 

-Unfired unit 

(e.g. heat 

recovery 

muffler, 

recuperator, 

regenerator, heat 

exchanger) 

-fired unit (e.g. 

boiler) 

 

-Sensible heat 

storage 

-Latent heat storage 

-Chemical heat 

storage 

-Nano-technology 

based heat energy 

storage  

-Heat transfer fluid 

-Decision 

making method 

(e.g. cost-benefit 

analysis, 

elementary 

method, multi-

criteria, 

sensitivity and 

risk analysis ) 

 

-Design method (e.g. 

maximum rectangle, 

energy management 

sizing, thermos-

dynamic sizing, 

thermos-economic 

sizing, multi-criteria 

and fitness function) 

-Optimisation 

methods 

-Selection approach 

-Evaluation criteria 

-Comprehensive 

review of relevant 

studies for each 

perspectives; 

 

-Classification, 

evaluation criteria 

and selection scheme 

of  the trigeneration 

system 
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Authors Year Fuel Types Prime Movers 
Thermal-activated 

cooling technologies 

Heat 

Recovery 

Thermal 

Energy Storage 

Control, 

Management, 

Operating Strategy 

Optimisation 

and Sizing 
Others 

Murugan 

and 

Horák 

[87] 

2016 

-Solar 

-Wind 

-Geothermal 

-ICE 

-Stirling turbine 

-Micro gas 

turbine 

-ORC 

-Fuel cells (SOFC 

and PMFC) 

-Thermoelectric 

converter 

-Absorption chiller 

-Adsorption chiller 

 

   

-Optimisation 

techniques 

-Simulation 

 

-Micro 

trigeneration 

system, especially 

for residential 

applications 
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2.8.2 Theoretical research 

Numerous theoretical research of the micro trigeneration system have been conducted 

through numerical modelling and simulation using various software and tools, which 

are mainly aimed to demonstrate the system feasibility and evaluate the instantaneous 

or seasonal system performance based on energetic, exergetic, economic and 

environmental aspects. In general, the energy performance of the micro trigeneration 

system is commonly examined, through assessments of primary fuel energy usage, 

electric output, thermal energy, energy efficiency, energy saving, etc. On the other 

hand, an exergetic analysis provides the quality of supplied and consumed energy of 

the micro trigeneration system as well as the amount of availability destroyed within 

the system [235]. Several examples are selected from the existing literature; these have 

adopted different simulation tools to assess the micro trigeneration system 

performance. 

Sibilio, et al. [47] used the dynamic simulation software TRNSYS to investigate the 

feasibility of an innovative building-integrated micro trigeneration system. The 

proposed system is mainly composed of a 6.0kW natural gas-fuelled internal 

combustion engine, an air-cooled electric water chiller, an auxiliary boiler and a hot 

water tank, which is devoted to meet electricity, heating and cooling demands for a 

typical Italian residential building. The system annual performance regarding the 

energetic, economic and environmental aspects have been simulated under different 

climate conditions and operating scenarios. Their simulation results demonstrate 

reduction in the primary energy consumption, annual carbon dioxide equivalent 

emission and operating cost are 4.3%, 10.6% and 19.9% respectively with the micro 

trigeneration system installed in Milan, Italy, compared with the conventional 

separation system based on a natural gas-fired boiler for heating and hot water 
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demands and an additional electric air-cooled water chiller for cooling. However, 

effect of different operating variables on the system performance have not assessed 

comprehensively. Similarly, Rady, et al. [44] designed a micro trigeneration system 

with concentrated solar collectors, an ORC of 4.3kW nominal electric output power, 

an absorption chiller of 35kW cooling capacity and a thermal energy storage unit for 

a medical centre in Egypt. They developed a theoretical system model with equations 

being solved in the Engineering Equation Solver (EES) program. The daily and 

monthly system energetic assessments have been presented for both summer and 

winter operating modes, by examining the solar collector power output, ORC power 

output, energy conversion efficiency and absorption chiller cooling capacity. Wang, et 

al. [38] adopted ECLISE simulation software to examine both energy and 

environmental performance of a micro trigeneration system based on a diesel engine. 

The proposed micro trigeneration system fuelled with hydrogen achieves an overall 

efficiency of 83% with electricity output of 6.5kW and COP of 0.66. Wang, et al. [39] 

developed a micro trigeneration system with direct flame fuel cells and a double-effect 

absorption chiller and implemented the simulation model with gPROMS software. 

They have discussed the system energy performance under various operating 

conditions in Hong Kong and Beijing respectively. The simulation results show a 

highest trigeneration system overall efficiency of over 90% is attainable. Huicochea, 

et al. [236] theoretically analysed the thermodynamic performance of a micro 

trigeneration system with a 28kW micro gas turbine and a double-effect LiBr/water 

absorption chiller. They established a thermodynamic simulator using MATLAB 

program, with which the trigeneration system energy performance has been assessed 

under different operating conditions (i.e. ambient temperature, evaporation 

temperature and micro gas turbine fuel mass flow rate). Chen, et al. [170] investigated 
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a residential micro trigeneration system with a proton exchange membrane fuel cell 

stack and a single-effect LiBr absorption chiller through steady-state mathematical 

modelling. The simulation model is developed using MATLAB/Simulink software 

and validated with reference data. A parametric study has been presented to identify 

the effect of key parameters (e.g. inlet gas condition, fuel cell operating temperature 

and density) on the fuel cell stack, chiller and overall system performance. In terms of 

performance analysis, they considered electric and thermal power of fuel cell stack, 

cooling capacity and COP of absorption chiller, system and cogeneration component 

energy efficiencies as simulation have been performed for the system operating in both 

winter and summer modes. Under the optimum operation condition, the maximum 

system efficiency reaches 70.1% in summer and 82% in winter. Elmer, et al. [11] 

presented an energetic, economic and environmental performance assessment of a 

novel SOFC micro trigeneration system with a liquid desiccant cooling unit, which is 

based on empirical data of SOFC and liquid desiccant components from experiment 

and existing literature. The proposed SOFC and liquid desiccant cooling technologies 

are viable for a micro trigeneration system, with which the overall system efficiency 

achieves 71% based on their theoretical results. The system environmental viability 

has been confirmed in the UK; with a reduction of up to 51% in the annual carbon 

dioxide emission has been observed compared to the equivalent base case. However, 

due to the high capital cost and requirement of stack replacement for SOFC, the system 

is not economically feasible for domestic applications according to their economic 

assessment. Ebrahimi, et al. [237] presented energy and exergy analyses of a micro-

steam driven trigeneration system, which consists of a closed steam-driven Rankine 

cycle to provide electricity, heating and cooling loads to a residential building located 

in Tehran. They developed a comprehensive mathematical model employing the 
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conservation laws of mass, momentum and energy. Simulations in ASPEN software 

have been conducted for validating the applicability of designed components in the 

trigeneration system. Based on simulation results, they assessed the effect of various 

parameters (e.g. turbine inlet condition, extraction ratio, building heating and cooling 

demands) on the system performance, considering the fuel energy consumption, 

cooling and heating loads, COP, overall system efficiency and exergy efficiency. The 

overall system efficiency reaches 22.82% in summer and 62.15 % in winter at the 

maximum working load. Compared to the separate production, more than 68.21% and 

26.64% of fuel energy consumption can be saved in summer and winter respectively. 

Their exergy analysis indicates that the biggest exergy destruction takes place in the 

steam generator. In addition, Huangfu, et al. [238] introduced a micro trigeneration 

system for domestic and light commercial applications, which comprises a 

reciprocating internal combustion engine with rated power of 12kW and an adsorption 

chiller with refrigerating capacity of 9.0kW. They employed methods of engineering 

economic and thermodynamic analysis to evaluate the system performance 

comprehensively, involving parameters of economic efficiency, energy output, 

primary energy consumption and exergy efficiency. In terms of the economic 

evaluation, factors including initial investment, operating costs and fuel price have 

been taken into consideration. Their simulation results show that the proposed system 

is beneficial in low initial cost and short payback period (i.e. approximately 

£11170/Nm3 with payback period of 2.97 years for the natural gas price of £0.22/Nm3).  

2.8.3 Experimental work 

Number of experimental investigations of the micro trigeneration system have been 

accomplished to assess the system feasibility and performance under various operating 

conditions. This section provides several examples of the experimental work 
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documented in the existing literature. Kong, et al. [175] presented experimental 

investigations of a micro trigeneration system, which involves a gas engine with rated 

electric power of 12kW and a silica gel/water adsorption chiller with cooling capacity 

of 9kW. They built prototype to test the system performance at design load and part 

load conditions. Energetic analysis has been presented based on experimental data, 

examining both thermal and electricity performance of the engine, adsorption chiller 

and whole system. The experimental results indicate that the match of the gas engine 

and adsorption chiller is feasible in a micro trigeneration system as the overall thermal 

and electrical efficiencies are both over 70%. Wu, et al. [176] proposed a micro 

trigeneration comprising an internal combustion engine with a rated electric output of 

16kW, an adsorption chiller with cooling capacity of 7.5kW and a thermal 

management controller to recover and manage the exhaust heat. They conducted 

experimental tests to examine the system performance under cogeneration and 

trigeneration modes and processed the experimental data by taking various 

performance parameters into account, for example input fuel energy, electrical 

efficiency, exhaust heat efficiency, total engine efficiency, cooling output of chiller 

and COP. The experimental results demonstrate the system realised electric output of 

16kW, heating output of 17.7kW and cooling output of 6.5kW simultaneously. Lin, et 

al. [239] constructed a micro trigeneration system in laboratory. In the proposed 

household size system, a Lister-Peter T series diesel engine with capacity of 9.5kW 

and a commercially available Electrolux absorption refrigerator are employed. They 

conducted a series of tests to evaluate the engine, refrigerator and overall system 

performances under different operation conditions; analyses of the fuel consumption, 

total power output, heat and refrigeration effect, system COP and emissions have been 

presented. They proved the feasibility of coupling a refrigerator and heat recovery unit 
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to a diesel engine when the engine load is above 50% with exhaust gas at over 200°C. 

Angrisani, et al. [240] set up a micro trigeneration system in a laboratory in Frignano, 

Italy, which is composed of a natural gas fuelled reciprocating internal combustion 

engine and a triple-state LiCl/water absorption unit. They used model GECC60A2 

NR/P manufactured by AISIN as the core cogenerator for power output, which is 

capable of modulating electricity output according to the end-user’s demands up to a 

maximum capacity of 6.0kW. They monitored and recorded daily electricity load, 

thermal power and primary energy consumption of the micro trigeneration system, and 

the system on-site performance under real operating condition was evaluated. Two 

operation modes are determined, namely winter mode, when thermal energy is used 

for heating and hot water supply, and warm seasonal mode when the system is 

operating to satisfy contemporarily the demands for heating, cooling and electricity 

for a residential building. Based on the gathered data, the proposed micro trigeneration 

is feasible for application in the residential sector with remarkable reduction in 

greenhouse gas emissions and operating cost. In addition, they suggested the system 

energy performance should be experimentally investigated in a wider range of 

operating conditions and the domestic household thermal and electrical loads profiles 

should be taken into account as well. Similarly, Ciampi, et al. [45] analysed the on-

site performance of a micro-scale trigeneration system located in the University of 

Naples during a summer period. They adopted the same commercialised cogenerator 

model as in the literature [240] but coupled with an electric air-cooler water chiller. 

They evaluated the overall system performance experimentally from energy, economic 

and environmental points of view. They highlighted that by employing the micro-scale 

trigeneration system, reduction in the primary energy consumption, operation cost and 
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CO2 equivalent emission are 20%, 39% and 23% respectively compared to the 

conventional separate power generation system. 

Section 2.8 has presented a literature review on the recent research of the micro 

trigeneration system, including relevant review papers, theoretical and experimental 

investigations. In particular, the assessment methods adopted in the theoretical and 

experimental studies have been discussed in detail. One of the common approaches to 

evaluate system performance from energetic, exergetic, economic and environmental 

perspectives is to assess the instantaneous system performance under various operating 

conditions by considering various parametric impacts. The method will be 

fundamental to the theoretical and experimental assessments of the proposed micro 

trigeneration system in the following chapters. In the next section, conclusions to the 

literature review are drawn.   

2.9 Summary 

Extensive literature has been selected with appropriateness in addressing the thesis aim. 

A thorough literature review has been presented in this chapter covering seven key 

topics: micro trigeneration system (Section 2.2), concentrating solar collectors 

(Section 2.3), prime mover (Section 2.4), heat recovery (Section 2.5), thermal-

activated cooling (Section 2.6), operating strategy (Section 2.7) and recent research on 

the micro trigeneration system (Section 2.8). The current research gap in the existing 

literature can be highlighted as: no work has been reported on such a micro 

trigeneration system combining CLFR, scroll-based ORC and MLDC. Main findings 

of the literature review are summarised as follows: 
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1) Many countries have launched support policies and mechanisms for the 

trigeneration system. It is worth noting that the micro trigeneration system is 

promising in domestic applications with benefits in technical, environmental and 

economic aspects, however it is still under research and development stage with 

limited available demonstrations.  

2) CLFR is promising as a reliable heat source for power generation systems, yet no 

work has been investigated for its feasibility for the micro trigeneration system. 

The optical performance comparison between the LFR and CLFR systems has 

been rarely mentioned in the literature, which could be desirable for realising and 

promoting the CLFR system application. In addition, the optical design and 

performance evaluation of the CLFR system with polar orientation through 

simulation and experiment are limited in the literature.  

3) Micro turbine, Stirling engine, Rankine cycle and fuel cells are more preferred for 

the micro trigeneration system. In particular, ORC demonstrates greater potential 

for involvement with simplicity, durability, flexibility and cost effectiveness.  

4) Available demonstrations of the ORC-based micro trigeneration system are 

generally, fuelled with natural gas, biomass, solar thermal and fuel cells. Although 

the scroll expander truly fits the micro scale ORC system, little attention has been 

paid in the scroll-based ORC micro trigeneration system, which indicates potential 

for development of such trigeneration system. 

5) The heat recovery component of the micro trigeneration system should be selected 

properly depending on requirement of thermal energy. 

6) Absorption and adsorption chillers have been widely employed to the micro 

trigeneration system, while environmental-friendly desiccant cooling has been 

more attractive, especially the liquid desiccant cooling technology. The liquid 
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desiccant cooling is more flexible in utilisation and operation with independent 

air temperature and humidity controls. Different cooling technologies can be 

employed to handle the sensible heat load, the low electrical requirement and high 

COP makes the evaporative based liquid desiccant cooling system a promising 

option for the micro trigeneration system.  

7) Membrane-based liquid desiccant cooling system eliminates the issue of desiccant 

entrainment and existing investigations confirm its efficient performance for 

dehumidification and cooling, but such a technology is still in research and 

development stage with limited studies concerning the application to the micro 

trigeneration system. 

8) The operating strategy of the micro trigeneration should be reasonably proposed 

in accordance with the specific demands of electricity, heating and cooling for 

better energy and economic performances. 

9) The existing literature demonstrates the respective feasibilities of CLFR, scroll-

based ORC and MLDC for power generation systems. This indicates the 

possibility of integrating these technologies into an efficient micro trigeneration 

system. 

10) A considerable number of theoretical and laboratory experimental studies of the 

micro trigeneration system have been conducted to prove system feasibility and 

evaluate system performance, especially for systems incorporating mature 

technologies, like diesel engine, micro gas engine, absorption and adsorption 

chillers. However, no work has been previously documented for a micro 

trigeneration system based on CLFR, scroll-based ORC and MLDC, which 

highlights the need and opportunity for research.  
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11) The micro trigeneration system is still under research and development stage, with 

limited demonstrations of the micro trigeneration system around the world. The 

literature also reveals the obstacles in development of the micro trigeneration 

market, such as implementation barriers of the micro trigeneration and the lack of 

policies, regulation and support framework.  
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Chapter 3: Micro Trigeneration System Development 

3.1 Introduction 

As highlighted in Chapter 2, the micro trigeneration system is still under research and 

development stage with a few available demonstrations around the world. To date, the 

integration of scroll-based ORC and MLDC for the micro trigeneration system has 

barely been investigated in the existing literature. In this chapter, a novel micro 

trigeneration system with a size of 1kWe combining technologies of ORC and MLDC 

is designed and additionally, CLFR is considered as the primary energy source for 

powering the scroll-based ORC. Basically, this innovative system is featured with: 

 Capability of running on solar energy; 

 Multifunction with production of onsite electricity, heating and cooling; 

 Reduction in primary energy consumption and greenhouse gas emissions; 

 Summer operation by providing cooling and dehumidification; 

 Independent control in supply air humidity and temperature without 

overcooling, reheating and water condensation problems.  

 Cost effectiveness 

Detailed description of this micro trigeneration system is presented in Section 3.2. 

3.2 System description 

In this section, description of the micro trigeneration system is presented in the 

following four parts: a brief introduction of the micro trigeneration system in Section 

3.2.1 and explanation of the working principle of each sub-system in Section 3.2.2 

(CLFR), Section 3.2.3 (scroll-based ORC) and Section 3.2.4 (MLDC). 
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3.2.1 Overall system 

With an inclusion of CLFR for heat input, the novel micro trigeneration system 

comprises three main sub-systems: CLFR for energy supply, scroll-based ORC for 

power generation, MLDC for dehumidification and cooling, as the design concept 

depicted in Figure 3-1. The micro trigeneration system is capable of operating all the 

year around with simultaneous production of electricity, hot water supply and cooling. 

Electricity is generated by the ORC sub-system, hot water is provided with a heat 

recovery unit utilising the exhaust heat from the scroll expander, meanwhile cooling 

and dehumidification demands are handled by the MLDC sub-system as the outdoor 

hot and humid air is dehumidified and cooled to the desired supply condition.  

 

Figure 3-1 Schematic diagram of the proposed micro trigeneration system 

The components employed in the micro trigeneration system are listed in Table 3-1. 

Table 3-1 Components of the proposed micro trigeneration system 

 Components 

Primary energy source 

CLFR (with flat mirrors and receivers) 

Auxiliary boiler 

Steam storage 
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 Components 

ORC sub-system 

Evaporator 

Scroll expander 

Electricity generator 

Recuperator 

Condenser 

Pump 

Refrigerant Storage Tank 

MLDC sub-system 

Membrane-based dehumidifier 

Membrane-based regenerator 

Evaporative cooler 

Fans 

Tanks 

Pumps 

Liquid-liquid heat exchangers 

Air-air heat exchanger 

Design of the micro trigeneration system is presented schematically in Figure 3-2 with 

the addition of a typical design condition. Basically, the micro trigeneration system is 

flexible to operate in different modes depending on the end-user’s energy demand by 

controlling valves V1, V2 and V3, for example power generation only, combined heat 

and power (CHP), combined cooling/dehumidification and power (CCP) and 

combined heat, power and cooling/dehumidification (CCHP) modes. For CHP and 

CCHP modes, the hot water supply temperature would be provided in a temperature 

range of 30-50°C, and the variation in the supply temperature can be realized by 

adjusting the mass flow rate of the exhaust working fluid. For CCP and CCHP modes, 

the exhaust temperature of the working fluid leaving from the scroll expander would 

be sufficient to heat the diluted solution up to a temperature range of 50-60°C in HX2. 

Additionally, the MLDC sub-system is capable of providing the supply air condition 

for indoor thermal comfort. 
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Figure 3-2 Illustration of the micro trigeneration system  
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3.2.2 Compact linear Fresnel reflector 

For the sake of system sustainability, CLFR can be a choice for the primary energy 

source of the micro trigeneration system. The CLFR sub-system is designed with polar 

orientation so that series of mirrors at the predefined tilt angels and positions direct the 

solar rays onto the respective receivers. Considering simplicity and cost effectiveness, 

flat reflective mirrors and horizontally placed flat receivers are employed. The 

receivers absorb the reflected solar radiation and convert it into thermal energy so that 

the heat transfer fluid can be used for heating the refrigerant in the evaporator in the 

ORC loop. To ensure continuous operation, an auxiliary boiler is essential for 

providing supplementary heat in case the solar radiation level is too low; steam storage 

is used to provide a limited buffer to minimise the effect of solar transient due to 

passing clouds as well as to flatten the solar radiation peak for long time operation. 

3.2.3 Scroll-based organic Rankine cycle 

Figure 3-3 shows the schematic diagram of the ORC sub-system and a typical 

operating condition is indicated as well. The ORC sub-system is designed as a 

regenerative configuration with an additional recuperator, where the remaining heat of 

the exhaust vapour can be recovered to preheat the working fluid before entering the 

evaporator. The core component of the ORC sub-system, scroll expander-generator 

unit, consists of an oil-free scroll expander and a coupled electricity generator. Other 

main components of the system are refrigerant pump and plate heat exchangers (i.e. 

evaporator, recuperator and condenser). R134a is selected as the working fluid because 

of its better thermal efficiency and environmental performance.  
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Figure 3-3 Schematic diagram of ORC sub-system  

In terms of the cycle working process, a temperature-entropy (T-s) diagram is 

presented in Figure 3-4. A refrigerant pump delivers the working fluid R134a to the 

evaporator where the working fluid is heated to be high-pressure subcritical vapour by 

the heat source, which is represented as process 4→1 in Figure 3-4. The high-pressure 

vapour then flows into the scroll expander, where its enthalpy is converted into shaft 

work to drive the generator for electricity generation (i.e. 1→2). The exhaust low-

pressure vapour exits the scroll expander and is led to heat exchangers HX1 and HX2 

depending on the operating mode, where heat transfer takes place for: (a) hot water 

supply in HX1 (CHP and CCHP modes) and (b) heating the dilute liquid desiccant 

solution in HX2 (CCP and CCHP modes). Afterwards, the low-pressure vapour flows 

through a recuperator to a condenser, where it is condensed by cold water (i.e. 2→3). 

A storage tank is added to store the liquefied working fluid after condensation. To 

enhance the ORC performance, the recuperator allows heat transfer between the liquid 

working fluid from the storage tank and the mixed low-pressure vapour leaving from 

HX1 and HX2 (i.e. 2→3’ and 4→4’). With an inclusion of the recuperator, the working 
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fluid temperature entering the evaporator increases, which hence the evaporation load 

can be reduced; on the other hand, the condenser inlet temperature decreases, which 

leads to reduction in the condensing heat load as well. A new cycle starts once the 

preheated working fluid is pumped back to the evaporator.  

 

Figure 3-4 Temperature-entropy diagram of ORC sub-system 

3.2.4 Membrane-based liquid desiccant cooling 

The MLDC sub-system is developed for the proposed micro trigeneration system, as 

depicted in Figure 3-5. The sub-system mainly involves a membrane-based liquid 

desiccant dehumidifier and a membrane-based regenerator, an evaporative cooler, an 

air-air heat recovery unit, heat exchangers (i.e. HX2, HX3 and HX4), pumps and fans. 

The liquid desiccant used in the system is CaCl2. Additionally, three storage tanks are 

set up for storing the regenerated and dilute liquid desiccant solution and cold water 

respectively. In the membrane-based dehumidifier and regenerator, porous membranes 

allow the CaCl2 solution flowing downwards through solution channels, while 

airstream passes through air channels to fulfil dehumidification or regeneration.  



 Chapter 3: Micro Trigeneration System Development  

89 
 

 
Figure 3-5 Schematic diagram of MLDC sub-system  

A psychrometric chart provided under license from the Linric Company has been used 

to show the psychrometric processes of air flow in the MLDC sub-system, as shown 

in Figure 3-6. During operation, the outdoor hot and humid air is firstly dehumidified 

through absorption by the liquid desiccant solution in the dehumidifier (i.e. A→B) and 

the dried air is then cooled by the secondary airflow exiting from the evaporative 

cooler in the air-to-air heat recovery unit to the desired supply temperature (i.e. B→C). 

Regeneration occurs as moisture is vaporised from the liquid desiccant solution and 

absorbed by the passing airstream (i.e. D→E). On the other hand, air is blown to the 

evaporative cooler, where direct evaporative cooling takes place (i.e. F→G) and the air 

leaves for the heat recovery unit to further cool the dehumidified air (i.e. G→H). 
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Figure 3-6 Psychrometric process of air in the MLDC sub-system  

On the basis of the empirical correlation provided in the literature [241], a 

psychrometric chart illustrating the correlation of CaCl2 solution equilibrium humidity 

ratio with solution concentration and temperature has been used to show the 

psychrometric processes of solution in the MLDC sub-system as seen in Figure 3-7. A 

liquid pump (i.e. Pump 2) delivers the regenerated solution to the dehumidifier for 

dehumidification process (i.e. 1→2). After dehumidification, the liquid desiccant 

solution becomes dilute (i.e. 2→3) and flows directly down into the storage tank. Pump 

1 delivers the dilute solution from the storage tank to the heat exchanger HX3 (i.e. 

3→4), where heat transfer takes place with the strong desiccant solution from the 

regenerator storage tank (i.e. 4→4’ and i.e. 1→2’). Then the preheated weak solution 
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is heated by the exhaust heat from the ORC sub-system in HX2 and flows to the 

regenerator (i.e. 4’→5). In the regenerator, the airstream absorbs the moisture of the 

diluted desiccant solution thus strong solution is produced (i.e. 5→6). On the other 

hand, the evaporative cooler can be regarded as the cooling tower to provide cold water 

to precool the strong solution (i.e. 2’→2).  

 
Figure 3-7 Psychrometric process of solution in the MLDC sub-system  

3.3 Summary 

A comprehensive development of the micro trigeneration system has been described 

in this chapter, including the system concept, a schematic system diagram and brief 

description of the working principle of each subsystem. In particular, the CLFR, scroll-

based ORC and MLDC sub-systems have been explained in detail including the 

working principle and how the components connect with each other.  
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Chapter 4: Optical Performance Evaluation of CLFR 

4.1 Introduction 

In the micro trigeneration system, the CLFR can be an option for the primary energy 

source, as the CLFR is capable of subsequently exchanging the absorbed heat to the 

working fluid of the ORC sub-system. Based on the literature review presented in 

Section 2.3, studies in the optical design and performance evaluation of the CLFR 

system through simulation and experiment are very few. The majority of studies 

investigate the CLFR system with north-south and east-west orientations, while the 

polar orientated CLFR system has not received much attention. Furthermore, the 

optical performance comparison between the LFR and CLFR systems has been rarely 

mentioned in the literature, which would be necessary for accomplishment and wide 

promotion of the CLFR system application.  

This chapter is aimed to demonstrate the feasibility of the CLFR system with polar 

orientation and present the optical design and performance evaluation. Besides, a 

comparative study of the concentration characteristics among the LFR, CLFR-

complete and CLFR-hybrid systems is performed through geometrical modelling, ray 

tracing simulation and experimental testing. In order to validate the established 

geometrical model, experimental investigations are implemented with a small-scale 

test rig in Nottingham, UK. Additionally, the optical design of the CLFR-hybrid 

system is assessed theoretically from different design aspects (e.g. mirror array 

arrangement, solar field area, focal length and receiver tilt angle) by evaluating related 

geometrical parameters and optical performance. Therefore this chapter is structured 

in the following sections: Section 4.2 presents the geometrical modelling of the CLFR 

system; Section 4.3 describes the CLFR experimental set-up, instrumentation and 

experimental method; Section 4.4 compares optical performance of the LFR and CLFR 
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systems based on experimental and simulation results; Section 4.5 assesses the optical 

performance of the CLFR-hybrid system from various design perspectives based on 

the simulation results and Section 4.6 concludes this chapter.  

4.2  Geometrical modelling of CLFR 

The main purpose of this section is to develop a generic geometrical model of the 

CLFR system. The comprehensive model of the CLFR system is formed with two sub-

models of the common tilting mirror array and the alternating array. In terms of the 

CLFR-hybrid system, its modelling requires both sub-models, while for modelling of 

CLFR-complete system, only sub-model of the alternating array is taken into 

consideration. The model descriptions together with essential equations are presented 

as: (a) the sub-model of the common tilting mirror array in Section 4.2.1 and (b) the 

model of the central alternating array in Section 4.2.2. Besides, a number of metrics 

are defined for evaluating the optical performance of the LFR and CLFR systems in 

Section 4.2.3. Furthermore, Section 4.2.4 presents the adopted simulation method, 

which involves programming in MATLAB and ray tracing simulation in TracePro.   

Mathur, et al. [242] firstly developed a generalized methodology for the LFR system 

employing mirror elements of varying width in 1991 and then Zhang [73] further 

improved their methodology by considering different receiver configurations and 

orientations. Following the similar methodology presented in the literature [73, 242], 

geometrical modelling of the CLFR system is developed in this section. The modelling 

is on a basis of polar orientation, flat mirrors are defined with variable widths and 

spacing to eliminate end, shading and blocking effect. Two flat receivers are designed 

to absorb the reflected solar rays with a given full width (2B) and an inclination angle 

(  ). In addition, the sun conical angle (represented by 
1

2 32 '  ) is considered for a 
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more accurate optical design. The following assumptions are made for the geometrical 

modelling.   

 The system has a perfect tracking scheme to follow the sun movement; 

 Only direct/beam solar radiation is considered;  

 The sunlight rays are incident axially, which perfectly and normally collimate 

on mirrors in the solar field; 

 Flat mirrors are featured to be specularly reflective. 

4.2.1 Common tilting mirror array modelling 

For the CLFR-hybrid system, the mirror arrangement of the common tilting array near 

the receivers is identical to that of the LFR system, while mirror elements in the central 

field are placed with alternating tilts to focus the sunrays on the respective receivers. 

The geometrical model for the common tilting array of the CLFR-hybrid system is 

established, which refers to the modelling of LFR system presented in the literature 

[73, 242]. Regarding the axially symmetric feature of the CLFR-hybrid system, a basic 

geometry of the left-sided common tilting mirror array is illustrated in Figure 4-1, 

which has been redrawn on the basis of the literature [73, 242]. The central point of 

each mirror element is positioned along the horizontal plane (XX′), the vertical Z-axis 

passes through the central point of the flat receiver. Original point (O) of the defined 

coordinate system is the intersectional point of the X-axis and Z-axis. For modelling, 

focal length (f) represents the height of the receiver lower edge over the horizontal 

plane. 
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Figure 4-1 Schematic diagram of common tilting mirror array of CLFR system 

Each mirror element is characterized by three optical variables: width (
n n

2W b ), tilt 

angle (
n

 ), and reference position ( nx ) which is determined as the distance from the 

original point (O) to the mirror element centre point. Theoretically, the tilt angle of a 

mirror element is proposed to ensure the extreme outer sunlight ray impinging on its 

lower edge strikes at the receiver lower edge after reflection, while the extreme outer 

ray impinging on the mirror upper edge strikes at the receiver upper edge. The angle 

between the reflected extreme outer solar ray impinging on the receiver lower edge 

and horizontal plane XX′ is introduced as 
n

 . To avoid projection caused by the flat 

receiver, mirror elements are precluded underneath the receiver directly. Hence, the 

lower edge position of the first mirror element is 
0  1cos ( 2 sin ) tanx B f B      . 

Design variables of the first mirror element are given by: 
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To eliminate shading and blocking problems, the sunlight rays impinging on the lower 

edge of the second mirror firstly touches the upper edge of the first mirror element and 

then strikes at the receiver lower edge after reflection. Following the similar logic, 

design variables of the nth mirror element are defined as: 

190 2n n                                                                                                      (4-6) 
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4.2.2 Alternating mirror array modelling 

A schematic diagram of the CLFR-hybrid system for modelling the central alternating 

mirror array is presented in Figure 4-2. The total solar field width (W) of the CLFR-

hybrid system is defined as the distance between the two receiver centre points. The 

gap between the last mirror element in the common tilting array and first adjacent 

alternating mirror is represented as D, and the gap of two consecutive mirror elements 

with opposite tilting directions in the alternating array is defined as d. According to 

different optical design requirements, D and d can be adjusted appropriately. To 

address shading and blocking effect, two different mirror arrangements are proposed 

depending on the lower edge positions of two adjacent mirrors. One case is that the 

extreme outer solar ray impinging on the prior mirror element’s lower edge touches 

the lower edge of the latter mirror element and finally strikes at the receiver’s lower 

edge after reflection (e.g. see the arrangement of the first and second mirrors in the 

alternating array with c1 c1 c2 c2sin sinb b   in Figure 4-2). The other one is that the 

extreme outer solar ray impinging on the latter mirror’s lower edge touches the lower 

edge of the prior mirror element and strikes at the receiver’s lower edge after reflection 

(e.g. see the arrangement of the third and fourth mirrors in the alternating array with 

c3 c3 c4 c4sin sinb b   in Figure 4-2). 
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Figure 4-2 Schematic diagram of CLFR-hybrid system 
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The upper edge position of the last mirror element in the left tilting array is given as 

lo ln ln ln
cosx x b   . Consequently, the associated variables of the first alternating 

mirror element are given by: 

c1 c1 190 2                                                                                                  (4-11) 
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In the central alternating solar field, the even and odd mirror elements have different 

features as they redirect the solar rays to two respective receivers. Design variables of 

the even mirror elements are defined as: 
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For the case that the prior mirror’s lower edge is lower than that of the latter one (i.e. 

c(n-1) c(n-1) cn cnsin sinb b  ), 
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For the other case that the prior mirror’s lower edge is higher than that of the latter one 

(i.e. c(n-1) c(n-1) cn cnsin sinb b  ),  
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On the other hand, variables of the odd mirror elements are given as: 

cn cn 190 2                                                                                                 (4-19) 
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cn c(n-1) c(n-1) c(n-1) cn cncos cosx x b d b                                                               (4-22) 

Regarding the modelling of the CLFR-complete, the established model of the 

alternating mirror array can be adopted by defining the upper edge position of the first 

mirror element on the left side as 
co 1

cos ( 2 sin ) tanx B f B      .  

4.2.3 Optical performance evaluation metrics 

Basically, optical performances of the LFR and CLFR systems are mainly evaluated 

by three factors, namely the geometrical concentration, the ground utilisation ratio and 

the solar illumination on the receiver surface. For the system with horizontally 

orientated flat receiver(s), the geometrical concentration (CR) is defined as the ratio of 

the total mirror field area to the receiver surface area [243]. Hence, the CR of the LFR 

system is expressed as:  
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

                                                                                           (4-23) 

Where Nm is total number of mirror elements in the LFR system. 
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For the CLFR-hybrid system, CR is given by: 
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ln ln rn rn cn cn

ln 1 rn 1 cn 1
CLFR-hybrid
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W W W
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                            (4-24) 

Where subscripts ln and rn indicate mirror elements in the left-sided and right-sided 

common tilting arrays respectively, and cn represents an alternating mirror in the 

central solar field.  

For the CLFR-complete system, CR is defined as: 
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                                                                                 (4-25) 

On the other hand, the ground utilisation ratio (K) implies the ratio of the total mirror 

field area to the total solar field area. For the LFR system, it is expressed as: 
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Where n n ncosx b   represents half width of the solar field of the LFR system. 

For the CLFR-hybrid and CLFR-complete systems, K is determined as: 
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4.2.4 Simulation approach 

A comprehensive simulator based on the developed geometrical model is constructed 

in MATLAB. The programed simulator is able to provide the mirror element profile 

including the width, tilt angle and reference position for both the LFR and CLFR 

system with polar orientation. A flow chart showing the overall simulation process is 

presented in Figure 4-3. To investigate the solar radiation distribution on receiver 

surfaces, ray tracing simulation is implemented with the advanced TracePro program. 

The ray tracing simulation is capable of verifying the defined tilt angles and shifts of 

mirrors whether lateral, shading and blocking problems exist. In TracePro program, 

flat mirrors are assigned with reflectance of 95% and receivers are defined with 

absorptance of 0.9. For simulation, the solar field is divided into a large number of 

equal divisions and in each division, a cone contains a certain number of generated 

uniform solar rays, which are all defined to be normally impinged onto the solar field. 

The solar irradiance value as the input parameter in the radiation profile is determined 

in accordance with the local weather condition. In such a way, the absorbed solar 

radiation value could be validated with the experimental data under the same weather 

condition.  
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Figure 4-3 Flow chart of CLFR simulation process with MATLAB and TracePro 
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This section has established the comprehensive modelling for both the CLFR-hybrid 

and CLFR-complete systems and evaluation metrics regarding the optical performance 

have been determined as well. In addition, the simulation method of the CLFR system 

has been discussed. Next, Section 4.3 introduces the experimental set-up of the CLFR 

system.  

4.3 CLFR experimental set-up 

A small-scale CLFR test rig is designed and constructed in Nottingham, UK, latitude 

of 52.97° and longitude of 1.18°. In this section, the experimental instrumentation is 

firstly introduced in Section 4.3.1 and the experimental method is then explained in 

Section 4.3.2. 

4.3.1 Experiment description 

Due to the small-scale set up of the CLFR system, narrow flat mirrors and horizontally 

placed flat receivers are employed. The CLFR system has an overall solar field area of 

2.10m2, which makes it feasible to track the sun movement freely. Specifications of 

the CLFR experimental set-up are presented in Table 4-1. 

Table 4-1 Specifications of CLFR experimental set-up 

Solar Field 

Width 2100mm 

Length 1000mm 

Focal length range 1000mm-2000mm 

Mirror and Receiver Profiles 

Mirror material Glass 

Mirror element length 1000mm 

Mirror element thickness 5mm 

Receiver width  64mm 
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Receiver length 1000mm 

Receiver inclination angle 0° 

As shown in Figure 4-4, the test rig mainly comprises a base framework, a solar field 

platform with supporting beams, saw-tooth shaped bases, mirror elements and 

receivers with flexible supporting structures. For the sake of polar orientation, the 

inclination angle and position of the solar field platform correspond to the solar altitude 

and azimuth at a specific time. Hence, supporting beams are employed to provide an 

accurate inclination angle for the solar field platform. A series of flat mirror strips are 

placed onto the saw-tooth shaped bases at the proposed positions and tilt angles, which 

are obtained from the theoretical modelling.  

 

Figure 4-4 Photo of CLFR test rig 
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4.3.2 Experimental method 

On the whole, the experiment is aimed to obtain the total received solar intensity on 

receiver surfaces. To achieve this, flux measurement is required either using a direct 

or indirect measuring method. Calorimeter and flux sensor are the common direct 

measuring instruments to provide flux value on a target, while an indirect device is 

capable of providing a continuous flux map. In particular, digital camera is mostly 

preferred as the indirect measuring instrument by offering good resolution. For a good 

quality digital camera, a sensor is made up of millions of small photosensitive sensors 

(pixels) and outputs a voltage directly relating to the amount of photons that strike it 

[244]. The amount of photons hitting each pixel is directly proportional to the flux 

incident on a target. Under the experimental investigations, a Nikon D90 digital 

camera is used to produce irradiance maps on receiver surfaces. Reference images of 

receiver surfaces are also taken under different irradiance levels for calibration. 

Moreover, a pyranometer is employed to record the solar radiation level during the 

testing period. In terms of data processing, the image processing toolbox in MATLAB 

is used to obtain the received solar flux.  

The experimental set-up of the CLFR system and the adopted experimental method 

have been detailed in this section. Next, Section 4.4 provides a comparative study of 

the optical performance between the LFR and CLFR systems.  
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4.4  Optical performance comparisons of LFR and CLFR 

In this section, optical performances of the LFR, CLFR-hybrid and CLFR-complete 

systems are investigated through experimental work and simulation, and thus 

comparisons are presented regarding the mirror array arrangement, concentration, 

ground utilisation ratio and absorbed solar energy. For the sake of operability with 

polar orientation, the solar field with a width of 2100mm and a length of 1000mm is 

determined for the LFR, CLFR-hybrid and CLFR-complete systems at a focal length 

of 1500mm. In addition, three different arrangements are proposed for the CLFR-

hybrid configuration with different ratios of the common tilting mirrors to the 

alternating ones. 

4.4.1 Mirror array arrangement 

Table 4-2 lists the total number of mirror elements for each investigated system. It can 

be observed that the total number of mirror elements varies greatly for different 

configurations. With the same solar field width and focal length, the CLFR-complete 

system accommodates 56 pieces of flat mirrors, while the LFR system only allows 42 

pieces to be placed in the solar field. It is also seen that with fewer mirrors in the 

common tilting array, more mirrors could be added in the alternating array. The results 

imply that the alternating array requires less ground area, which contributes to a more 

densely packed array arrangement for the CLFR system.  
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Table 4-2 Total number of mirrors for LFR, CLFR-hybrid and CLFR-complete systems 

Configuration 

Number of Mirrors  
Total Number 

of Mirror 

Elements 

Percentage of 

Alternating 

Mirrors 
Common 

Tilting Array 

Alternating  

Array 

LFR 42 0 42 0% 

CLFR-hybrid A 14 36 50 72% 

CLFR-hybrid B 22 24 46 52% 

CLFR-hybrid C 28 16 44 36% 

CLFR-complete 0 56 56 100% 

4.4.2 Concentration and ground utilisation ratios 

Optical performance of the five systems is shown in Figure 4-5 on the basis of 

numerical modelling results. By comparison, the three CLFR-hybrid systems have 

relative higher concentration and ground utilisation ratios, which are in consistent with 

the findings in the literature [69]. Although the CLFR-complete system consists of 

more mirror elements, its concentration is lower than those of the three CLFR-hybrid 

configurations as a consequence of the large proportion of narrower mirrors located 

far from the respective targeted receivers. The theoretical analysis reveals that the 

CLFR-hybrid system could be a favourable alternative to the LFR system with higher 

concentration and ground usage ratios. It is also noteworthy that the combination of 

mirror elements placed in the common tilting and alternating arrays influences not only 

the geometrical aspect but also optical performance. Among the CLFR-hybrid A, B, 

C systems, the most densely packed CLFR-hybrid A system with comparatively fewer 

mirrors in the common tilting array has the best optical performance, the geometrical 

concentration of 15.14 and ground utilisation ratio of 0.95 are obtained respectively.  
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Figure 4-5 Concentration and ground utilisation ratios of LFR, CLFR-hybrid and CLFR-

complete systems 

4.4.3 Received solar energy 

Based on the geometrical profile of the mirror elements derived through modelling, 

experimental investigations are conducted along with ray tracing simulation to 

quantify the solar illuminance on receiver surfaces. The total received solar energy on 

receiver surfaces of the five systems is obtained from experiment and ray tracing 

simulation as presented in Figure 4-6. The input solar irradiance value in TracePro 

program is in accordance with the testing weather condition, which is 600W/m2. It is 

observed that the variation pattern of simulation results matches with that of the 

experimental data. The simulation results demonstrate that 1150W of the solar energy 

is received by the CLFR-hybrid A system, whereas around 1055W is obtained from the 

experimental testing. With respect to the energy efficiency of the CLFR system, it is 

defined as the ratio of the total received energy on receiver surfaces to the total incident 

energy on mirrors [69]. Referring to the experimental data, the energy efficiency of 

the CLFR-hybrid A system is approximately 91.3%, while 88.47% and 86.03% are 

obtained for the CLFR-complete and LFR systems.  
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Figure 4-6 Simulation and experimental results of received solar energy for LFR, CLFR-hybrid 

and CLFR-complete systems 

The main reasons for the differences between the simulation and experimental results 

are as follows: (1) mirrors and receivers are assigned with ideal properties, for example 

mirror reflectance of 0.95 and receiver absorptance of 0.9 are assumed for ray tracing 

simulation in TracePro program. However, for the experimental set up, the reflectance 

of mirrors and absorptance of flat receivers may differ; (2) although the system with 

polar orientation tracks the sun movement freely, tracking errors may happen during 

testing, for instance the inaccurate positioning of the test rig; (3) the digital camera 

captures illuminance images on receiver surfaces, which may be also influenced by 

the surroundings and (4) errors may occur during the image processing in MATLAB, 

like for the calibration with reference flux images. 

4.4.4 Comparison summary 

In this section, comparison of the optical performance between the LFR and CLFR 

systems has been conducted through both ray tracing simulation and experimental tests. 

In particular, two different configurations of the CLFR system have been involved, 

namely the CLFR-complete and CLFR-hybrid. A good agreement has been noted 
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regarding the variation pattern between the ray simulation and experimental data. The 

following implications can be summarised:  

(1) Compared to the LFR and CLFR-complete systems, better optical performance 

can be achieved for the CLFR-hybrid system. 

(2) Numerical results indicate that the CLFR-hybrid system would be a favourable 

alternative to the LFR system with higher concentration and ground usage 

ratios. 

(3) The more densely the CLFR-hybrid system is designed with fewer mirrors in 

the common tilting array, the better the optical performance. 

Next, Section 4.5 provides the optical analysis of the CLFR-hybrid system based on 

theoretical investigations from various optical design perspectives.   

4.5  Optical design of CLFR 

In this section, a comprehensive optical analysis is presented, in which the optical 

design of the CLFR-hybrid system is investigated from different design aspects, 

including the limited solar field area in Section 4.5.1, limited total number of mirrors 

in Section 4.5.2, given focal length in Section 4.5.3 and variable receiver inclination 

angle in Section 4.5.4. 

4.5.1 With limited solar field area 

Based on the previous findings of Section 4.4, the CLFR-hybrid A system with the 

best optical performance is selected as the basic case to assess the effect of focal length 

on the optical performance, while the solar field width and length are set as 2100mm 

and 1000mm respectively. The gaps D and d are accordingly adjusted for the focal 

length varying from 1100mm to 1900mm. Firstly, the related mirror profile is 
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evaluated based on the geometrical modelling results. The mirror width variations of 

the CLFR-hybrid A system at different focal lengths are presented in Figure 4-7. 

Generally, the farther a mirror element is placed from its targeted receiver, the 

narrower width and larger tilt angle. However, the mirror width variation is more 

significant at a smaller focal length. For instance, mirror width varies from 53.7mm to 

20.2mm at a focal length of 1100mm, while the variation is from 46.3mm to 25.2mm 

at a focal length of 1900mm. A similar finding regarding the geometrical aspect has 

been mentioned by Mathur, et al. [242] as well.  

 

Figure 4-7 Mirror width variations for CLFR-hybrid A system at different focal lengths 

In terms of the optical performance, the numerical results presented in Figure 4-8 show 

that the focal length influences both concentration and ground utilisation ratios when 

the solar field area is limited to a given value and there exists an optimum focal length. 

Both ratios gradually increase as the focal length rises from 1100mm to 1500mm, and 

decrease with a further increase in the focal length. For the investigated solar field area 

of 2.10m2, the optimum focal length for the CLFR-hybrid A system is 1500mm, at 

which both concentration and ground utilisation ratios reach the maximum values.  
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Figure 4-8 Variations of concentration and ground utilisation ratios with focal length for CLFR-

hybrid A system 

Variations in the concentration and ground utilisation ratios throughout the solar field 

of the CLFR-hybrid A system at a focal length of 1500mm are demonstrated in Figure 

4-9. It can be seen that the concentration increases gradually with the mirror element 

position, while the ground utilisation ratio decreases conversely due to the increasing 

shift of mirror elements toward the solar field rim. As the solar field width is limited 

to 2100mm, the gap variables (i.e. D and d) in the central alternating array are defined 

accordingly, which may be larger than the gaps in the common tilting array. This leads 

to the notable drop in the ground utilisation ratio as the mirror element moves from the 

common tilting array to the central alternating array.   



 Chapter 4: Optical Performance Evaluation of CLFR 

114 
 

 

Figure 4-9 Variations of concentration and ground utilisation ratios for CLFR-hybrid A system 

with a focal length of 1500mm and solar field width of 2100mm 

The experimental data for the CLFR-hybrid A system at different focal lengths are 

shown in Figure 4-10. Comparatively, the focal length has a more significant impact 

on the optical performance than that of the mirror arrangement. The results also reveal 

that the focal length should be optimised for optical design of the CLFR-hybrid system 

with a limited ground area to achieve better optical performance. 

 

Figure 4-10 Simulation and experimental results of received solar energy for CLFR-hybrid A 

system 
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The ray tracing simulation is implemented to verify the proposed optical design on the 

basis of the geometrical modelling and produce the illuminance map. The ray tracing 

simulation result of the CLFR-hybrid A system with a solar field width of 2100mm 

and at a focal length of 1500mm is presented in Figure 4-11. It can be observed that 

the receivers on both sides receive all reflected rays from the proposed mirror array, 

which demonstrates the accuracy of the established geometrical model of the CLFR 

system. 

 

Figure 4-11 Ray tracing simulation result of CLFR-hybrid A  

For the sake of simplicity, the solar radiation distribution on the receiver surface is 

obtained with only one mirror element through both experiment and ray tracing 

simulation, and related illuminance maps are presented in Figure 4-12. It is noted that 

almost the entire receiver surface is fully illuminated by the reflected solar rays from 

the mirror element, which is different from that of the point focusing Fresnel lens. The 

solar radiation distribution across the receiver surface as seen in the experimental 

image is not completely uniform, which mainly attributed to its uneven surface pattern. 

Comparatively, more uniform distribution on the receiver surface can be found in the 
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TracePro illuminance map except for the boundary regions. This is mainly due to the 

fact that the total number of generated solar rays for tracing is limited in TracePro 

program, and the generated rays from the defined solar source could not perfectly 

strike at the edges of each mirror element.  

  
                                     (a)                                                                      (b) 

Figure 4-12 Illuminance maps of receiver surface for CLFR-hybrid A system (a) experimental 

(b) ray tracing simulation results 

4.5.2 With limited mirrors 

Besides the design limitation of the solar field area, the total number of mirror elements 

could be another restriction for the practical optical design. Investigations are carried 

out for the CLFR-hybrid system with a fixed total number of mirrors as the focal length 

and solar field area vary accordingly to accommodate mirrors adequately. As listed in 

Table 4-3, to ensure 50 mirrors properly placed in the solar field, only a slight variation 

in the solar field width is observed while the focal length decreases from 2800mm to 

700mm.  
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Table 4-3 Solar field widths for CLFR-hybrid system with the same total number of mirror 

elements 

Configuration Solar Field Width (mm) Focal Length (mm) 

CLFR-hybrid D 

D 

1900 2800 

CLFR-hybrid E 2000 2400 

CLFR-hybrid F 2050 2000 

CLFR-hybrid A 2100 1500 

CLFR-hybrid G 2050 1100 

CLFR-hybrid H 1950 700 

Variations of concentration and ground utilisation ratios for the CLFR-hybrid 

configurations with the focal length are shown in Figure 4-13. It is worth noting that 

the CLFR-hybrid A system with a focal length of 1500mm and the largest solar field 

area is the optimum solution for accommodating 50 mirror elements. The 

concentration increases as the focal length rises from 700mm to 1500mm, it reaches 

the maximum value of 15.14 as receivers are located at a height of 1500mm, and then 

decreases as the focal length continues to increase. Similarly, the ground utilisation 

ratio reaches the maximum value of 0.95 at a focal length of 1500mm. Thus, the results 

imply the necessity to identify the optimum focal length and solar field area for the 

CLFR-hybrid system when the mirror array arrangement is defined with limited total 

number of mirror elements. 
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Figure 4-13 Variations of concentration and ground utilisation ratios with focal length for 

CLFR-hybrid system with 50 mirrors  

 

4.5.3 At a given focal length  

Explorations are then conducted to evaluate the optimum arrangement of the CLFR-

hybrid A system at a fixed focal length of 1500mm for the solar field width ranging 

from 1500mm to 5000mm. As shown in Table 4-4, the proportion of mirrors in the 

central alternating array varies for different configurations. For a larger solar field area, 

fewer mirrors could be accommodated in the central alternating array while more 

mirrors are required in the common tilting array to achieve a higher concentration. For 

instance, approximately 63% of the total number of mirrors are placed in the central 

alternating array for the smallest solar field with a width of 1523mm, while only 5% 

of mirrors are found in the central alternating field for the largest solar field with a 

width of 4997mm. On the other hand, a wider solar field leads to a greater variation 

range in mirror width at the given focal length. Therefore the number of narrow mirrors 

should also be taken into consideration, as extremely narrow mirrors located far from 

the receivers could not be accepted for practical applications.  
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Table 4-4 Mirror arrangements of the CLFR-hybrid system at a fixed focal length of 1500mm 

Configuration 

Solar 

Field 

Width  

Number of Mirrors 
Mirror 

Width Range Alternating 

Array 

Common  

Tilting Array 
Total 

CLFR-hybrid I 1523mm 20 12 32 34.5-50mm 

CLFR-hybrid J 2061mm 26 20 46 27.3-50mm 

CLFR-hybrid M 

KK 

3018mm 50 32 82 15.2-50mm 

CLFR-hybrid L 4001mm 46 70 116 8.5-50mm 

CLFR-hybrid M 4997mm 8 148 156 7-50mm 

Figure 4-14 illustrates variations of concentration and ground utilisation ratios with 

the solar field width. It can be clearly seen that a larger solar field with more mirror 

elements leads to a higher concentration. Nonetheless, in order to avoid the shading 

and blocking problems, the total gap between adjacent mirrors increases accordingly 

with the solar field width, which results in a lower ground utilisation ratio. 

Consequently, a comprehensive procedure should be followed to derive an optimal 

design of the CLFR-hybrid system, by taking the mirror array arrangement, focal 

length, concentration characteristic and ground usage into account.  

 

Figure 4-14 Variations of concentration and ground utilisation ratios with solar field width for 

CLFR-hybrid system at a focal length of 1500mm 
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4.5.4 With variable receiver inclination angles 

Preceding investigations are conducted for the CLFR-hybrid system with horizontally 

oriented flat receivers, nevertheless flat receivers can be placed at an inclination angle. 

To evaluate the effect of receiver inclination angle on the optical performance of the 

CLFR-hybrid system, an angle range of 0° to 90° is considered for both receivers of 

the CLFR-hybrid A system at a focal length of 1500mm and with a solar field width 

of 2100mm. Variations of concentration and ground utilisation ratios with the receiver 

inclination angle are demonstrated in Figure 4-15. It is noteworthy that the highest 

concertation ratio is achieved with horizontal receivers. Both concentration and ground 

utilisation ratios decrease remarkably as the receiver inclination angle is over 55°. 

Though more mirrors could be placed in the solar field for receivers at higher 

inclination angle, the system concentration is lower due to the larger amount of narrow 

mirrors. For example, the widths of mirror elements in the common tilting array are 

less than 10mm for receivers at an inclination angle of 70°, while much wider mirrors 

(i.e. 48mm) are involved for receivers placed horizontally. On the other hand, the 

ground utilisation ratio decreases dramatically with the receiver inclination angle. This 

is due to the fact that the gap between two adjacent mirrors gets much larger as the 

receiver inclination angle increases. In particular, for vertically orientated receivers, 

the large inevitable space between the first mirror element and receiver results in the 

lowest ground utilisation ratio.  
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Figure 4-15 Variations of concentration and ground utilisation ratios with receiver inclination 

angle for CLFR-hybrid A system 

4.5.5 Optical analysis summary 

This section has presented a comprehensive optical analysis of the CLFR-hybrid 

system from different design aspects, including the limited solar field area and total 

number of mirrors, given focal length and variable receiver inclination angle. 

Following implications can be summarised: 

(1) There exists an optimum mirror array arrangement for the CLFR-hybrid 

system even though a more densely packed mirror array is favourable. The 

optimum proportion of alternating mirrors in the central alternating array varies 

widely with the solar field area at a given focal length. The larger the solar field, 

the more the mirrors should be accommodated in the common tilting array for 

a higher concentration.  

(2) There is an optimum focal length for the CLFR-hybrid system when the mirror 

array arrangement is fixed and the solar field area is limited.  
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(3) Horizontal flat receivers are preferred for the CLFR-hybrid system with better 

optical performance. A receiver inclination angle over 55° results in significant 

reduction in both concentration and ground utilisation ratios. 

Next, Section 4.6 concludes the chapter.  

4.6  Summary 

In this chapter, a generic geometrical modelling has been established for the CLFR 

system with polar orientation in Section 4.2, which employs flat mirrors and receivers. 

Based on the numerical modelling, ray tracing simulation and experimental work, a 

comparative study regarding the concentration characteristics for the LFR, CLFR-

complete and CLFR-hybrid systems has been presented in Section 4.4. Moreover, in 

Section 4.5, the optical design analysis of the CLFR-hybrid system has been performed 

from different design perspectives (i.e. limited solar field area, total number of mirror 

elements, focal length and receiver inclination angle) based on the numerical 

simulation results. The following conclusions are drawn: 

(1) The CLFR system with polar orientation is viable for effectively concentrating 

the sunlight onto the receivers, where heat transfer fluids could absorb the heat.    

(2) The CLFR-hybrid system has the highest concentration and ground utilisation 

ratios compared to the LFR and CLFR-complete systems. Geometrical 

concentration of 15.14 and ground utilisation ratio of 0.95 are achieved for the 

CLFR-hybrid system with 50 pieces of flat mirror elements, a solar field width 

of 2100mm and a focal length of 1500mm. 

(3) Concentration of the CLFR-hybrid system increases with the total number of 

mirror elements, while its ground utilisation ratio decreases conversely. The 
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ground usage should be considered to avoid a low ground utilisation ratio while 

achieving a high concentration. 

(4) An optimum mirror array arrangement for the CLFR-hybrid system should be 

determined with optimum proportion of mirrors in the central alternating array 

and the common tilting array for a higher concentration.  

(5) Once the mirror array arrangement is fixed, an optimum focal length should be 

determined for the CLFR-hybrid system with limited solar field area.  

(6) The CLFR-hybrid system is better to employ horizontal flat receivers for better 

optical performance.  

Overall, the work presented in this chapter contributes to a progress in the field of 

concentrated solar power, in particular CLFR. It provides a generalized methodology 

for the optical design of the CLFR system and demonstrates the feasibility of the CLFR 

system with flat mirrors and polar orientation acting as the energy supply source for 

the micro trigeneration system.  
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Chapter 5: Performance Evaluation of Scroll-based ORC 

5.1 Introduction 

The scroll-based ORC acts as the key component of the micro trigeneration system 

producing electricity and exhaust heat to be subsequently recovered for heating and 

cooling/dehumidification demands. In order to effectively integrate ORC into the 

proposed micro trigeneration system, a preliminary performance evaluation of the 

ORC system is essential. Therefore, this chapter aims to present a detailed performance 

evaluation of the scroll-based ORC system based on experimental and simulation data. 

The scroll expander performance and overall ORC system performance are both 

assessed under a wide range of operating conditions experimentally and theoretically. 

This comprehensive assessment facilitates the effective micro trigeneration system 

integration in Chapter 7.   

As previously highlighted in Chapter 2, few experimental and theoretical studies on 

the operating characteristics of the micro scroll-based ORC system have been 

documented in the existing literature and most of the published experimental studies 

have adopted scroll expanders modified from existing refrigeration compressors. More 

precisely, a parametric study is also necessary to evaluate how the ORC system 

performs by varying operating variables, for example the pressure ratio, inlet condition 

and electrical load coupled to ORC system. As a consequence, a micro ORC system 

with a scroll expander is designed and built in the Marmont laboratory of University 

of Nottingham, with which experimental investigations with a working fluid of R134a 

are conducted under various operating conditions. In terms of the numerical modelling, 

a semi-empirical model of the scroll expander is developed and implemented in 

MATLAB and then it is validated with experimental data. Simulations are carried out 
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with the validated model to investigate effect of the working fluid inlet condition (i.e. 

supply pressure and temperature), scroll expander imposed pressure ratio and 

rotational speed on the scroll expander performance. Moreover, the influence of the 

coupled resistive load on the ORC system performance is also clarified through 

experimental work. 

This chapter is split into seven sections: Section 5.2 presents the semi-empirical 

modelling of the scroll expander; Section 5.3 provides details of the ORC experimental 

set-up, instrumentation and experimental method; Section 5.4 validates the scroll 

expander model with experimental data; Section 5.5 analyses the scroll expander 

performance under a wide range of operating variables based on the simulation results; 

Section 5.6 experimentally investigates  the ORC system performance with various 

resistive loads and Section 5.7 concludes the chapter and provides implications for the 

micro trigeneration system integration.  

5.2 Scroll expander modelling 

The aim of the modelling work is to investigate the scroll expander performance, 

which thereby can: (a) enhance the modelling knowledge of the scroll expander; (b) 

facilitate the modelling of the ORC system as well as the entire micro trigeneration 

system in Chapter 7 and (c) be a pre-design tool for the scroll expander to provide 

preliminary assessment. In this section, a semi-empirical modelling approach is 

adopted for computing the scroll expander performance and the modelling 

development is described at length in Section 5.2.1, and the performance metrics are 

presented in Section 5.2.2.   
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5.2.1 Semi-empirical model 

A semi-empirical model of the scroll expander is developed based on references [126, 

147], with which the evolution of the working fluid state through the scroll expander 

is decomposed into the following steps as illustrated in Figure 5-1: 

 

Figure 5-1 Schematic diagram of semi-empirical scroll expander model 

1) State su→su,1 

Firstly, the working fluid in vapour state entering the scroll expander experiences an 

adiabatic pressure drop (i.e. suP  → su,1P ). The main reasons for the supply pressure 

drop are: (a) the effective suction port area is affected by the tip of the orbiting scroll 

and (b) the flow between the suction and adjacent expansion chambers increases at the 

end of the suction process as the scroll tips are not sealed perfectly. Theoretically, the 

supply pressure drop ( suP ) is modelled by comparison to an isentropic flow through 

a converging nozzle, which can be expressed as: 

2

su

su
su

( )

2

M
v

A
P                                                                                                         (5-1) 
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Where is working fluid mass flow rate entering the scroll expander, kg/s. and 

are cross-sectional area, m2 and specific volume at the throat of a converging nozzle, 

m3/kg.  

 represents an average value of the effective area of the suction port during the 

suction process, which can be defined by: 

2

h_su

su
4

d
A 


                                                                                                            (5-2) 

Where h_sud  is diameter at the throat of a converging nozzle, m. 

2) State su,1→su,2 

Heat transfer takes place as vapour is at the contact of the metallic mass of the expander 

and consequently the vapour is cooled down. In order to simulate the supply heat 

transfer, a fictitious metal envelope of uniform temperature ( ) is introduced. In 

general, the envelope represents the metal mass associated to the expander shell, the 

fixed and orbiting scrolls. Hence, the supply heat transfer is given by: 

su( )

su su,1 su,2 su,1 w( ) [1 ] ( )p

AU

M C

pQ M h h e M C T T




                                                    (5-3) 

Where, suU  is supply heat transfer coefficient, W/m2K. 

The supply heat transfer coefficient is assumed to vary with the working fluid mass 

flow rate: 

0.8

su su,n

n

( )
M

U U
M

                                                                                                     (5-4) 

Where, su,nU  is nominal heat transfer coefficient corresponding to the nominal mass 

flow rate ( nM ), W/m2K.  

M suA

suv

suA

wT
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3) Internal leakage 

Basically, the mass flow rate entering the scroll expander ( ) is computed as the sum 

of the internal mass flow rate ( ) causing the shaft to rotate and the leakage mass 

flow rate ( ).   

in leakM M M                                                                                                         (5-5) 

The internal working fluid flow is mixed with the leakage flow after expansion process 

(i.e. State ex,2→ex,1). The internal working fluid mass flow rate ( ) is related to 

the scroll expander swept volume and rotational speed, which is expressed as: 

exp sw_exp

in

su,260

N V
M

v
                                                                                                       (5-6) 

Where, expN  is scroll expander rotational speed, rpm and sw_expV  is swept volume, m3.  

As the orbiting scroll rotates around the fixed scroll, there exist inevitable internal 

leakages between the adjacent chambers, which are namely radial and flank leakages. 

As depicted in Figure 5-2, the flank leakage is resulted from the gap between flanks of 

the two scrolls, whereas the radial leakage goes through the clearance between the tip 

wall of one scroll and the base plate of the other scroll. In general, the leakage flow 

passes directly from the high pressure zone to the low pressure zone without producing 

any useful work. 

 

M

inM

leakM

inM
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  (a)                                         (b) 

Figure 5-2 Internal leakages of scroll expander (a) radial and (b) flank 

To model the internal leakages, all leakage paths are lumped into one unique fictitious 

leakage clearance. Similarly, the leakage flow rate is computed as an isentropic flow 

through a simple convergent nozzle with a cross-sectional area ( leakA ). Hence, the mass 

flow rate of the leakage flow ( leakM ) can be derived with: 

leak f_leak

leak

leak

A v
M

v
                                                                                                      (5-7) 

Where  and f_leakv  are specific volume and velocity at the throat of a converging 

nozzle, m3/kg and m/s. 

In terms of the leakage flow pressure, it corresponds to the maximum value between 

the exhaust and critical pressures: 

leak ex,2 crit,leak( , )P MAX P P                                                                                          (5-8) 

Where the critical pressure ( crit,leakP ) is given by considering the working fluid as a 

perfect gas. 

( )
1

crit,leak su,2

2
( )

1
P P








 

  
  

                                                                                        (5-9) 

Where su,2P  represents nozzle inlet pressure and is isentropic exponent of the 

working fluid.  

leakv


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4) State su,2→ad 

Theoretically, the expansion process starts as the suction chamber ceases to be in 

communication with the suction line, involving adiabatic expansion (i.e. State 

su,2→ad) and adiabatic expansion at a constant volume (i.e. State ad→ex,2). More 

precisely, the adiabatic expansion to the adapted pressure is imposed by the built-in 

volume ratio of the scroll expander ( inR ), and the expansion between the supply 

pressure and adapted pressure is assumed to be isentropic. The specific volume of the 

working fluid during the adiabatic expansion is calculated with: 

ad in su,2v R v                                                                                                             (5-10) 

5) State ad→ex,2 

The second expansion process occurs from the adapted pressure to the exhaust pressure. 

The overall internal expansion process (i.e. State su,2→ex,2) can be expressed as a 

function of initial and final enthalpy states: 

in in su,2 ex,2 in su,2 ad ad ad ex,2( ) [ ( )]W M h h M h h v P P                                                (5-11) 

Pressure ratio (PR) imposed to the scroll expander is defined as the ratio of working 

fluid supply and exhaust pressure. Once the scroll expander built-in pressure ratio 

( ) is imposed, the working fluid exhaust pressure ( ) equals to the built-in 

exhaust pressure (i.e. ) as shown in Figure 5-3(a). However, two other 

operation conditions may occur practically: under-expansion and over-expansion. 

When the imposed pressure ratio is higher than the built in ratio, the scroll expander 

operates at under-expansion state (see Figure 5-3b). On the contrary, over-expansion 

operation takes place when the imposed pressure ratio is lower than (see Figure 

5-3c).  

isPR exP

su isP PR

isPR
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                          (a)                                                         (b)                                                        (c) 

Figure 5-3 P-V diagrams of (a) ideal isentropic expansion (b) under-expansion and (c) over-

expansion 

6) State ex,1→ex 

A similar method can be adopted for calculating the exhaust heat transfer as that of the 

supply heat transfer (i.e. Equation 5-3). 

ex( )

ex ex,1 ex ex,1 w( ) [1 ] ( )p

AU

M C

pQ M h h e M C T T




                                                    (5-12) 

Where, exU  is exhaust heat transfer coefficient, W/m2K. 

5.2.2 Energy balance 

Mechanical losses ( lossW ) are caused by fictions between the scrolls and losses in the 

bearings. For the sake of simplicity, all mechanical losses are lumped into one unique 

mechanical loss torque ( lossT ), which is independent of the scroll expander rotational 

speed. Thus, the mechanical losses can be calculated with: 

exp loss

loss

2

60

N T
W


  

                                         
                                                         (5-13) 

Correspondingly, the shaft power of the scroll expander ( shW ) can be derived: 

loss
sh in loss in

2

60

NT
W W W W


     

                    
                                                       (5-14) 
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Ambient heat losses ( ambQ ) are associated with the wall temperature to the ambient 

temperature, which can be obtained by introducing a global heat transfer coefficient 

( ambU ) between the envelope and ambient.  

amb amb w amb( )Q AU T T                                                                                           (5-15) 

Where 
ambT  is ambient temperature, K.  

Thus, the energy balance for the steady-state model is expressed as: 

loss su ex amb 0W Q Q Q      
                              

                                                      (5-16) 

And the electric output of the scroll expander ( elW ) is determined by the coupled 

electric generator: 

el sh gW W     
        

                                            
                                                      (5-17) 

Where g  is generator efficiency.  

5.2.3 Scroll expander performance evaluation metrics 

To assess the scroll expander performance, several metrics are taken into account 

including the scroll expander isentropic efficiency, volumetric efficiency and net 

efficiency. 

The isentropic efficiency ( is ) is defined as the ratio of the actual work to work that 

produced by isentropic expansion process [132].  

sh
is

su ex,is( )

W

M h h



  

        
                                            

                                            (5-18) 

Where  is working fluid exhaust specific enthalpy of working fluid in the 

isentropic expansion process, kJ/kg.  

ex,ish
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The scroll expander volumetric efficiency (
v ) is determined as the ratio of the internal 

mass flow rate to the mass flow rate entering the expander [129].   

in
v

M

M
    

 
                      

                                            
                                            (5-19) 

The net efficiency of the scroll expander-generator ( ) is expressed as the ratio of 

the electric output power to the isentropic power [146].  

el
ex

su ex,is( )

W

M h h



   

     
                                            

                                             (5-20) 

Section 5.2 has provided detailed descriptions of the semi-empirical modelling and the 

scroll expander performance evaluation metrics. Next, Section 5.3 provides the 

experimental description of the scroll-based ORC system.  

5.3 ORC experimental description  

A micro scroll-based ORC system is proposed and built in the Marmont laboratory of 

University of Nottingham. A detailed description of the ORC experimental set-up and 

instrumentation is provided in Section 5.3.1 and the experimental method with 

evaluation metrics used to evaluate the ORC system performance is explained in 

Section 5.3.2.  

5.3.1 Experimental set-up 

A schematic diagram of the scroll-based ORC system is presented in Figure 5-4 and 

photos of the test rig are shown in Figure 5-5. With considerations of limited laboratory 

space and experimental condition, an electric steam boiler is installed acting as the 

supply heat source provide steam in the ORC system by providing steam, and its 

ex
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temperature and mass flow rate can be adjusted manually. An oil-free scroll expander 

manufactured by Air Squared, Inc. is selected with nominal output of 1kW and coupled 

with a separate electrical generator. The generator is coupled directly to the scroll 

expander, so it rotates at the same speed as the scroll expander. The scroll expander is 

fed with working fluid of R134a, which is heated by the steam from the boiler in the 

evaporator. The high-pressure vapour of R134a flows into the scroll expander, where 

its enthalpy is converted into shaft work to drive the generator for electricity generation. 

Afterwards, the low-pressure vapour leaves the scroll expander is condensed by cold 

water in a condenser and the working fluid flows directly to the storage tank. To 

improve the ORC performance, a recuperator is included, where heat transfer takes 

place between the low-pressure vapour leaving from the scroll expander and the 

liquefied working fluid pumped from the storage tank. After being preheated, the 

working fluid exits the recuperator to the evaporator, and next cycle begins. A vapour 

by-pass line is installed to completely isolate the scroll expander for the starting period 

in case of an emergency. To vary the ORC system operation condition, valves V1-V7 

can be adjusted correspondingly and the refrigerant pump can be controlled by a 

frequency adaptor. 
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Figure 5-4 Schematic graph of scroll-based ORC system 
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Figure 5-5 Photos of scroll-based ORC test rig 

Specifications of the main components in the scroll-based ORC system are listed in 

Table 5-1. The evaporator, recuperator, condenser and cooler are all brazed plate heat 

exchangers manufactured by SWEP, but in different dimensions. According to the 

manufacture data, the scroll expander has a built-in expansion ratio of 3.5 and 

maximum rotational speed of 3600rpm. The coupled electric generator has an 

efficiency of 85% with rated power output of 2500W. The magnetic pump delivers the 

working fluid has a maximum speed of 5000rpm and an efficiency of 75%.  

Table 5-1 Specifications of main components in scroll-based ORC system 

Equipment Properties Manufacturer 

Electric Steam 

Boiler 

Rating kilowatts 24kW Fulton Boiler 

Works (G.B.) 

Ltd. Rated output 80kg/hr 

Suction Line 

Filter 

Pressure 27.5bar 
Emerson Alco 

Control  

(ASF-35S5) 

Temperature range -45°C -50°C 

Volume 0.8Litre 
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Equipment Properties Manufacturer 

Evaporator 

Minimum temperature -196°C 

SWEP 

(B25T×20) 

Maximum temperature 225°C 

Test pressure 50bar 

Heat transfer area 7.6m2 

Maximum flow rate 12m3/h 

Scroll Expander 

Displacement 12cm3/rev 

Air Squared, 

Inc 

(E15H22N4.25) 

Expansion ratio 3.5 

Maximum pressure 13.8bar 

Maximum inlet temperature 175oC 

Nominal output 1kW 

Maximum rotational speed 3600rpm 

Standard fluid R134a / R245fa 

Lubrication Oil-free 

Coupling Magnetic  

Electric 

Generator  

Rated Watts 2500W 

 WANCO, Inc. 

(Voltmaster 

AB30L) 

Rated AMPS 20.8A 

Rated Volts 120V 

Rated Hertz 60Hz 

Maximum ambient temperature 40°C 

Efficiency 85% 

Recuperator 

Minimum temperature -196°C 

SWEP 

(BX8TH×20) 

Maximum temperature 225°C 

Heat transfer area 1.4m2 

Maximum flow rate 4m3/h 

Condenser 

Minimum temperature -160°C 

SWEP 

(B10H×30) 

Maximum temperature 225°C 

Heat transfer area 3.8m2 

Maximum flow rate 12m3/h 
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Equipment Properties Manufacturer Equipment 

Magnetic Pump 

Maximum speed 5000rpm 

Tuthill  

(D Series Pump) 

Maximum differential pressure 

(intermittent) 
10.3bar 

Maximum differential pressure 

(continuous) 
6.9bar 

Maximum temperature 177°C 

Efficiency 75% 

Storage Tank Maximum working pressure 10bar 
Zilmet S.p.A 

(092809) 

5.3.2 Experimental method 

For experimental testing, series of measuring instruments have been installed to 

acquire the desired experimental data. For a more rigorous and precise experimental 

work, it’s best to calibrate the measuring instruments depending on the measuring 

range for investigation. Because of the time constraints, the uncertainties of the 

measuring instruments have been adopted by reference to the manufacturers’ 

datasheets. The measuring range and accuracies of devices are presented in Table 5-2. 

Basically, the accuracy of a measuring instrument can be specified in different ways: 

(a) as a percentage of full scale (i.e. % FS), which is a constant value throughout the 

measurement range. For instance, OMEGA PXM Series pressure transducers are used 

to measure the pressure of the working fluid R134a, which feature an accuracy of 0.25% 

of full scale. K-type temperature sensors with accuracies of ±0.75% FS measure the 

working fluid temperature. A Platon liquid flow meter with an accuracy of ±1.25% FS 

is installed to record the working fluid volume flow rate; (b) as a percentage of reading 

(% RD), which is a function of the indicated measurement as it varies with the 

measurement reading; and (c) as a combined percentage of reading and percentage of 

full scale. For example, to derive the electric output of the ORC system, a Chauvin 
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Arnoux power quality analyser is used to measure the frequency, voltage and current 

of the output power generated. From the datasheet, the accuracy of measuring voltage 

is indicated as “0.5% RD +2 counts”, where count is defined as a unit change in the 

last digit of the meter display and the display resolution for voltage measurement is 

0.1V, 0.1A for current and 0.01 for frequency. Once a steady-state regime of operation 

is achieved, a set of measurement data can be recorded by DataTaker 505, which 

comprises working fluid pressure, temperature, mass flow rate and scroll expander 

electric output power.  

Table 5-2 Measuring instruments with associated accuracies 

Parameter Instrument Measurement Range Accuracy 

Pressure 
Pressure transducer 

(OMEGA PXM41MD) 
0-40 bar G 0.25% FS 

Temperature 
Type K insulated 

thermocouple 
0-1100°C ±0.75% FS 

Voltage 
Power Quality 

Analyser 

(Chauvin Arnoux CA 

8230) 

6VRMS - 600VRMS   ±0.5% RD+2 counts 

Current 100mA -6500A ±0.5% RD+1 count 

Frequency 40Hz – 70Hz ±1 count 

Flow rate 
Platon Glass Tube 

Flowmeter 
0.05– 1.4 L/min ±1.25% FS 

Data 

Acquisition 
DataTaker 505 - 0.15% FS 

In order to obtain the thermodynamic properties of the working fluid, both pressure 

and temperature of the working fluid have been measured and crosschecking has been 

conducted for validating the data collected from testing. For instance, the working fluid 

is condensed by cold water to the saturated liquid state and stored in the storage tank; 

the corresponding pressure and temperature have been measured at the inlet of the 

storage tank by the thermocouple and pressure transducer, which are indicated as P3 
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and T3 in Figure 5-4. For crosschecking, the property table of R134a provided in the 

literature [245] can be referred, by validating the corresponding saturated liquid 

temperature of R134a at the given pressure or the corresponding pressure at the given 

saturated temperature. Hence, the validity of the measuring data could be assessed for 

performance analysis. Moreover, the instruments measure corresponding physical 

parameters directly with their respective accuracies, but other desired parameters such 

as working fluid enthalpy and electric output power cannot be measured directly. In 

such cases, an uncertainty analysis is essential to provide a measure of the error related 

to a calculated value. A function of the measured physical parameters and the 

calculated parameter is adopted with reference to the literature [126] and [246]:  

2 2

1

( )
i

N

y x

i i

y
U U

x


 


                                                                                              (5-21) 

Where Uy and Uxi are uncertainties of the calculated parameter and each measured 

variable xi. 

Subsequently, the experimental data can be processed to determine the performance 

of the scroll expander as well as the complete ORC system. Based on the experimental 

schematic diagram, the overall working process of the scroll-based ORC system is 

depicted in Figure 5-6, using a pressure-enthalpy (P-h) diagram of R134a reproduced 

by Potter and Hotchkiss [247].  
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Figure 5-6 P-h diagram of scroll-based ORC system 

The components of the ORC system are all considered as steady-state flow devices, 

thus the kinetic and potential energies are neglected. The working fluid R134a is 

heated in the evaporator (i.e. State 4→4’→1), in which heat is transferred from the 

electric boiler to the working fluid. Thus, the thermal load ( inQ ) supplied by the boiler 

via the evaporator is: 

 1in 4fMQ h h                                                                                                     (5-22) 

Where fM  is working fluid mass flow rate, kg/s and h is working fluid specific 

enthalpy, kJ/kg. 

Both the desuperheating process (i.e. State 2→3’) and the preheating process (i.e. State 

4→4’) occur in the recuperator. The recovered heat ( reQ ) in the recuperator is 

calculated with:  

re 2 3' 4' 4( ) ( )f fQ M h h M h h                                                                               (5-23) 
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Taking the recovery heat from the recuperator into consideration, Equation 5-22 

relating to the heat input can be modified to: 

 1in 4'fQ hM h                                                                                                    (5-24) 

On the other hand, the input power of the liquid pump (i.e. State 3→4) is defined as: 

p 4 3( )fW M h h                                                                                                     (5-25) 

Where the specific enthalpy at State 4 (i.e. h4) is correlated with the pump efficiency 

( p ). 

The mechanical work delivered by the scroll expander in the expansion process (i.e. 

State 1→2) is given by: 

sh 1 2 v m( )fW M h h                                                                                               (5-26) 

Where v  and m  are volumetric and mechanical efficiencies of the scroll expander 

respectively. 

As heat input and power output are the main indicators of the system energy 

conversion efficiency, the ORC system net electric power ( elW ) with neglecting the 

work input by the liquid pump can be expressed as: 

el sh gW W                                                                                                              (5-27) 

Where g  is electric generator efficiency.  

In addition, the ORC system electrical efficiency ( el ) is determined as the ratio 

between the electric output power and the heat rate absorbed by the working fluid in 

the evaporator: 

el
el

in

W

Q
                                                                                                                   (5-28) 
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Based on the experimental measurements, the scroll expander performance can be 

evaluated by the isentropic, volumetric and mechanical efficiencies. The isentropic 

efficiency of the scroll expander ( is ) is calculated as: 

1 2
is

1 2s

h h

h h





                                                                                                             (5-29) 

Where 2sh  is specific enthalpy at State 2 in an isentropic expansion process, as 

indicated in Figure 5-6. 

The ideal volumetric flow rate at the scroll expander inlet is given as: 

in, ideal

exp

exp
60

V
N

V                                                                                                   (5-30) 

Where expN  represents scroll expander rotational speed, rpm and expV  is the scroll 

expander volume, m3. However, the actual volumetric flow rate at the expander inlet 

is larger than the ideal volumetric flow rate owing to internal leakages, which can be 

calculated with: 

in f_infV M v                                                                                                            (5-31) 

Where f_inv  is vapour specific volume at the scroll expander inlet, m3/kg.  

As a result, the volumetric efficiency of the scroll expander ( v ) can be obtained by: 

in, idea
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in in
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

                                                                                       (5-32)  

By taking the scroll expander performance into account, the electrical efficiency of 

ORC system ( el ) can be regarded as a function of scroll expander isentropic, 

volumetric and mechanical efficiencies, and generator efficiency: 

el v is
1 2s

m g

1 5

( )

( )

h h

h h
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



                                                                                         (5-33)  
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Section 5.3 has described the experimental set-up of the scroll-based ORC system and 

the instrumentation. The experimental method has also been discussed with 

explanation of the experimental evaluation metrics that would be used to evaluate the 

ORC system performance in Section 5.6. Next, Section 5.4 presents the validation of 

the semi-empirical model developed for the scroll expander.   

5.4 Model validation with experimental work 

To use the semi-empirical model with confidence, validation with reliable 

experimental data is indispensable. In this section, the input parameters of the 

established semi-empirical model are firstly identified on a basis of experimental 

results in Section 5.4.1, with which the model is validated in Section 5.4.2. In addition, 

potential reasons for discrepancies are discussed in Section 5.4.3.  

5.4.1 Identification of input parameters 

The semi-empirical model of the scroll expander is developed with MATLAB, which 

determines the scroll expander performance under various operating conditions. The 

open source CoolProp library is applied as the main source to retrieve thermo-physical 

properties for the working fluid R134a. The CoolProp library is capable of 

implementing accurate equations of state for property calculations. A flow chart of the 

simulation process in MATLAB is presented in Figure 5-7.  

Once the working fluid configuration is determined as R134a, a number of operating 

variables are required for input, such as the rotational speed of the scroll expander 

( expN ), working fluid supply pressure ( ), supply temperature ( ) and exhaust 

pressure ( ). Besides, several input parameters are necessary for identification to 

match with the experimental data. Generally, the identification process is 

suP suT

exP
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accomplished by minimizing a global error function accounting for errors on the 

predictions of the mass flow rate, electric power and exhaust temperature. 

                           (5-34)  

As long as all the input parameters tuned adequately, the semi-empirical model is 

capable of producing the following outputs: working fluid mass flow rate ( ), 

exhaust temperature ( ), electric power ( ), ambient heat losses ( ), scroll 

expander isentropic efficiency ( ), volumetric efficiency ( ) and net efficiency 

( ).  

 

Figure 5-7 Flow chart of overall simulation process 
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With reference to the experimental data, the input parameters of the semi-empirical 

model are identified as listed in Table 5-4. 

Table 5-3 Identified input parameters of the scroll expander model 

Input Parameters Value 

Built-in volume ratio (
inR

 
) 3.5 

Nominal mass flow rate ( nM ) 0.12 kg/s 

Scroll expander swept area ( swV ) 12 cm3/rev 

Supply heat transfer parameter ( suAU ) 30.4 W/K 

Exhaust heat transfer parameter ( exAU ) 40.2 W/K 

Leakage area (
leakA ) 1.5 mm2 

Supply port cross-sectional area ( suA ) 22.63 mm2 

Mechanical loss torque ( lossT ) 0.14 N∙m 

Ambient heat transfer parameter ( ambAU ) 2.5 

5.4.2 Model validation  

As mentioned in Section 5.3, once a steady operation of the ORC system is achieved, 

a set of measurements are produced including working fluid pressure, temperature and 

mass flow rate as well as electric output power. For the purpose of validation, the 

scroll-based ORC system is tested under various operating conditions and comparisons 

are conducted between the experimental and simulation results regarding the working 

fluid mass flow rate, exhaust temperature and delivered electric power. The 

experimental data with error bars are shown alongside the simulation results in Figure 

5-8. The simulation results of the working fluid mass flow rate fit within  5% margin, 

as seen in Figure 5-8(a). The working fluid exhaust temperatures calculated by the 
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model are clustered around two regions within  3K, as observed in Figure 5-8(b). 

On the other hand, the maximum deviation is approximately 5% for the electric output 

power, which is indicated in Figure 5-8(c). Hence the comparative results prove the 

accuracy and validity of the established scroll expander model.  

 

             (a) 

 

 

       (b) 
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         (c) 

Figure 5-8 Comparisons of between calculated and measured results for: (a) working fluid mass 

flow rate, (b) working fluid exhaust temperature and (c) electric output power 

5.4.3 Validation summary  

The experimental results have been compared with simulation results of the semi-

empirical model of the scroll expander fed with R134a. The validation demonstrates 

that the model produces results within a reasonable error range to simulate the scroll 

expander performance. Consequently, the validated model can be used with 

confidence for the scroll expander parametric analysis in Section 5.5 and for 

integration into the complete micro trigeneration system in Chapter 7. Potential 

reasons for the discrepancies between the experimental and simulation results have 

been also explained as follows: 

1) The semi-empirical model simplifies the working process of the scroll 

expander by adopting a lumped method, while detailed geometries of scroll 

expander chambers are not taken into account and state changes of the working 

fluid inside the scroll expander are also neglected. 

2) For the sake of simplicity, the internal leakage of the scroll expander is 

modelled by lumping both radial and flank leakages into one fictitious leakage 
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clearance, which may be not precise enough to reflect the real leakage 

condition inside the scroll expander.  

3) Experimental tests have been conducted under variable environmental 

conditions, for instance the laboratory indoor temperature maybe changeable 

because of occupancy and equipment operation, which would not be accurately 

manifested in the semi-empirical model. The ambient temperature during 

experimental testing has also been measured and recorded; the maximum 

temperature variation is approximately 4.6K. 

4) Inevitable experimental errors exist due to accuracies of the measurement 

instruments, measurement methods and etc.  

Next, using the validated model, Section 5.5 provides a comprehensive parametric 

analysis for the scroll expander under a wide range of operating conditions. 

5.5 Scroll expander parametric analysis 

In this section, the validated semi-empirical model is employed to simulate the scroll 

expander performance under different operating conditions. Based on the simulation 

results, effect of a variety of operating variables are investigated: the imposed pressure 

ratio in Section 5.5.1 and Section 5.5.2, the scroll expander supply pressure in Section 

5.5.3, the scroll expander supply temperature in Section 5.5.4 and the scroll expander 

rotational speed in Section 5.5.6. 

5.5.1 Effect of scroll expander pressure ratio at constant supply pressure 

As a matter of fact, the imposed pressure ratio of the scroll expander may deviate from 

the built-in pressure ratio, thus either under-expansion or over-expansion may take 

place. Investigations are conducted to evaluate how the pressure ratio affects the scroll 
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expander performance at different rotational speeds, as the scroll expander supply 

pressure is maintained at 13.5bar and the exhaust pressure varies from 2.25bar to 

6.75bar. Due to the constant supply condition of the scroll expander, the internal mass 

flow rate of the working fluid is independent of the pressure ratio as indicated in 

Equation 5-6, however the working fluid mass flow rate entering the scroll expander 

decreases in line with the pressure ratio as shown in Figure 5-9(a). This is because that 

the exhaust pressure reduces with the increasing pressure ratio at a constant supply 

pressure and thus less leakage would be obtained. Nevertheless, the electric output 

increases dramatically with the imposed pressure ratio. The electric output of the scroll 

expander increases from 13.39W at PR=2 to 806.61W at PR=6 when the scroll 

expander runs at N=2400rpm, and an increase of the electric output is about 1244.94W 

at N=3600rpm. More precisely, the rate of increase in the electric output decreases 

gradually. As noted in Figure 5-9(b), the variation of the electric output levels off as 

the pressure ratio exceeding 6.  

 

(a) 
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(b) 

Figure 5-9 Variations of (a) working fluid mass flow rate and (b) scroll expander electric output 

with pressure ratio 

When different pressure ratios are imposed to the scroll, the working fluid exhaust 

temperature and ambient heat losses vary accordingly as shown in Figure 5-10. The 

higher the pressure ratio, the lower the working fluid exhaust temperature is. 

Consequently, less ambient heat losses are obtained. For instance, the exhaust 

temperature reduces by 9.22% at N=3600rpm and the ambient heat losses decline by 

21.30% as the pressure ratios increases from 2 to 6. It is also worth noting that the 

pressure ratio influences the ambient heat losses less markedly when the scroll 

expander operates at the under-expansion state. 
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(a) 

 

(b)  

Figure 5-10 Variations of scroll expander (a) exhaust temperature and (b) ambient heat losses 

with pressure ratio 

Figure 5-11(a) demonstrates that the maximum scroll expander isentropic efficiency 

is achieved when the imposed pressure ratio matches with the scroll expander built-in 

volume ratio at a given rotational speed. For instance, at a pressure ratio approximately 

of 4, the scroll expander isentropic efficiency reaches the highest value of 0.78 at 

N=3600rpm. When the scroll expander operates at the over-expansion state, the higher 

the pressure ratio, the higher the isentropic efficiency until reaching the maximum 

efficiency, however it gradually declines once the under-expansion occurs. As 
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indicated in Equation 5-19, the internal leakage characteristic of the scroll expander is 

also an important factor that affecting the volumetric efficiency. Because more leakage 

of the scroll expander is observed at a lower pressure ratio, a lower volumetric 

efficiency can be noted in Figure 5-11(b). On the other hand, the scroll expander net 

efficiency firstly rises sharply as the pressure ratio increases from 2 to 4 and then 

remains steady as the pressure ratio above 4. The results indicate that both under and 

over expansion influence the scroll expander performance negatively, especially when 

the scroll expander working at the over-expansion state, where the expander working 

condition is deteriorated [129] with lower system stability [248].  

 

(a) 

 

 

(b) 
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(c) 

Figure 5-11 Variations of scroll expander (a) isentropic, (b) volumetric and (c) net efficiencies 

with pressure ratio 

5.5.2 Effect of scroll expander pressure ratio at constant exhaust pressure 

Different from the simulations conducted in Section 5.5.1, in this section the effect of 

the pressure ratio is evaluated as the scroll expander operates at a constant exhaust 

pressure of 2.25bar and the supply pressure ranges from 4.5bar to 13.5bar. Due to the 

fact that the working fluid supply pressure rises, a rising trend of the working fluid 

mass flow rate at a given rotational speed is seen from Figure 5-12(a). Hence, the 

electric output power increases significantly. When the scroll expander operates at 

N=3600rpm, the mass flow rate increases rapidly from 0.01kg/s at PR=2 to 0.04kg/s 

at PR=6 and the electric output rises from 2.52W to 1270.76W accordingly.  
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(a) 

 

 

(b) 

Figure 5-12 Variations of (a) working fluid mass flow rate and (b) scroll expander electric 

output with pressure ratio 

On the other hand, the working fluid exhaust temperature varies steeply with the 

pressure ratio. As shown in Figure 5-13(a), the exhaust temperature reduces by 31.12K 

and 34.51K at N=2400rpm and 3600rpm respectively. In terms of the ambient heat 

losses, the associated effect of the pressure ratio is sensitive to the rotational speed. At 

N=3600rpm, a slight variation of the ambient heat losses is obtained, while a more 

noticeable increase with the pressure ratio is observed at N=2400rpm. The reason is 

that although the supply heat transfer increases in line with the working fluid supply 
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pressure, the exhaust heat transfer direction between the envelope and working fluid 

depends on the imposed pressure ratio. For example, the supply heat transfer rate is 

36.54W and the exhaust heat transfer from the envelope to the working fluid is 32.87W 

at N=2400rpm and PR=2, while at PR=6 the supply heat transfer increases up to 

87.32W and the exhaust heat transfer takes place from working fluid to the envelope 

conversely (i.e. 8.65W).  

 

(a) 

 

 

(b) 

Figure 5-13 Variations of scroll expander (a) exhaust temperature and (b) ambient heat losses 

with pressure ratio 
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Similar to the observation discussed in Section 5.5.1, an optimum pressure ratio exists 

for the scroll expander, at which the isentropic efficiency achieves the highest at a 

given rotational speed as implied in Figure 5-14(a). The imposed pressure ratio affects 

the isentropic efficiency of the scroll expander more considerably for the over-

expansion operation. At N=3600rpm, the isentropic efficiency improves from 0.29 at 

PR=2 to the highest 0.76 at approximately PR=4.6, and then it decreases by around 

5.40% with the pressure ratio further increasing to 6. In terms of the volumetric 

efficiency of the scroll expander, the related effect is not remarkable, as the volumetric 

efficiency only increases by 1.10% over the investigated range at N=3600rpm. It is 

apparent from Figure 5-14(b) that the scroll expander net efficiency dramatically 

increases at the over-expansion state, and then a stable net efficiency is noted as the 

pressure ratio above the built-in pressure ratio. This is mainly attributed to the smaller 

variation in the electric output when the scroll expander operates at the under-

expansion state. The simulation results reveal the importance of the imposed pressure 

ratio on the scroll expander performance for both constant supply pressure and exhaust 

pressure operating conditions. The scroll expander is thereby recommended for 

operating at the built-in pressure ratio in order to minimize the negative effect of the 

imposed pressure ratio especially for the over-expansion operation, which has also 

been stated in the literature [146]. 
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(a) 

 
(b) 

 
(c) 

Figure 5-14 Variations of scroll expander (a) isentropic, (b) volumetric and (c) net efficiencies 

with pressure ratio  
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5.5.3 Effect of scroll expander supply pressure 

To explore the influence of working fluid supply pressure on the scroll expander 

performance, the working fluid supply pressure ranges from 8.5bar to 13.5bar while 

the scroll expander operates at a constant rotational speed of 3600rpm and supply 

temperature of 378.15K. Three constant pressure ratios are imposed for simulation (i.e. 

PR=3, 4, 5), at which the exhaust pressure varies in accordance with the variable 

supply pressure. Figure 5-15 presents variations of the mass flow rate and electric 

output with the supply and exhaust pressures at different pressure ratios respectively 

in 3D view. It can be observed that the mass flow rate increases markedly with the 

increment of the supply pressure at a given pressure ratio, which results from the 

increasing working fluid density. As a result, more electric output is produced at a 

higher supply pressure.  

Comparatively, the effect of the supply pressure is less significant at a higher pressure 

ratio. For instance, at PR=3, the mass flow rate rises by approximately 32% as the 

supply pressure rises from 10.5bar to 13.5bar and more electricity is generated with an 

improvement of 49.22%, while the rates of increase in the mass flow rate and electric 

output are 29.25% and 32.81% respectively at PR=5.  
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(a) 

 

(b) 

Figure 5-15 Variations of (a) working fluid mass flow rate and (b) scroll expander electric 

output with supply pressure 

A less noticeable influence of the supply pressure on the working fluid exhaust 

temperature is noted in Figure 5-16(a). The exhaust temperature decreases from 

344.44K at Psu =8.5bar to 342.60K at Psu =13.5bar for the scroll expander operating at 

PR=3. On the other hand, a higher supply pressure leads to a higher envelope 

temperature and thus more ambient heat losses are caused. As illustrated in Figure 5-
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16(b), the ambient heat losses increases by 7.56% as the supply pressure increases 

from 8.5bar to 13.5bar at PR=3. 

 

(a) 

 

(b) 

Figure 5-16 Variations of scroll expander (a) exhaust temperature and (b) ambient heat losses 

with supply pressure 

Figure 5-17 shows the variations of the scroll expander isentropic, volumetric and net 

efficiencies with the supply pressure. As the supply pressure increases from 8.5bar to 

13.5bar, the scroll expander isentropic efficiency improves by 4.92% at PR=3. Though 
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the working fluid mass flow rate increases with the supply pressure, the scroll expander 

volumetric efficiency is insensitive to the increment of the supply pressure. Over the 

investigated supply pressure range, the scroll expander volumetric efficiency increases 

only from 0.82 to 0.83, while the net efficiency rises greatly by 47.70%. The results 

indicate that by increasing the supply pressure at a constant pressure ratio, an 

improvement in the scroll expander performance can be achieved, which is line with 

the finding presented in the literature [117]. 

 

(a) 

 

(b) 
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(c) 

Figure 5-17 Variations of scroll expander (a) isentropic, (b) volumetric and (c) net efficiencies 

with supply pressure 

5.5.4 Effect of scroll expander supply temperature 

By changing the working fluid supply temperature, the scroll expander performance 

would be affected accordingly. The scroll expander supply temperature is simulated in 

a range of 348K to 423K at a constant pressure ratio of 3.97 (i.e. Psu 
=13.5bar and Pex 

=3.4bar). Figure 5-18 demonstrates the variations of the mass flow rate and electric 

output power with the supply temperature at different rotational speeds (i.e. N=2400, 

3000 and 3600rpm). There is an evident decline tendency in the mass flow rate at a 

given rotational speed as shown in Figure 5-18(a), which is due to the fact that the 

working fluid density reduces with the increasing supply temperature at a constant 

supply pressure. Moreover, the effect of the supply temperature on the mass flow rate 

is independent of the scroll expander rotational speed. For example, at N=2400rpm, 

the mass flow rate reduces by 23.03% as the supply temperature rises by 75K, and the 

rate of decrease at N=3600rpm is approximately 23.77%. On the contrary, a negligible 

effect of the supply temperature on the scroll expander electric output is noted in 
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Figure 5-18(b). Over the investigated supply temperature range, the reduction in the 

electric output is only 15.33W at N=2400rpm and 13.52W at N=3600rpm respectively.  

 

(a) 

 

(b) 

Figure 5-18 Variations of (a) working fluid mass flow rate and (b) scroll expander electric 

output with supply temperature 

In addition, the higher temperature the working fluid is supplied to the scroll expander, 

the higher the exhaust temperature and the more the ambient heat losses as presented 

in Figure 5-19. At N=3600rpm, the working fluid exhaust temperature rises from 

303.81K at Tsu 
=348.15K to 378.56K at Tsu 

=423.15K, and the associated ambient heat 

losses increase by 124.26W accordingly. The increase in the supply temperature leads 
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to more heat transfer between the envelope and ambient, in other words more ambient 

heat losses are resulted.  

 

(a) 

 

(b) 

Figure 5-19 Variations of scroll expander (a) exhaust temperature and (b) ambient heat losses 

with supply temperature 

It can be noted from Figure 5-20 that the working fluid supply temperature has a 

negative influence on the scroll expander performance. However, the influence is not 

very distinguished, and it becomes less at a higher rotational speed. As the scroll 

expander supply temperature rises by 75K, the rates of decline in the isentropic, 

volumetric and net efficiencies are 3.91%, 3.93% and 4.58% at N=2400rpm, whereas 
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the isentropic efficiency reduces by 2.71%, the volumetric and net efficiencies 

decrease by 2.85% and 2.51% at N=3600rpm. The results reveal that the superheated 

working fluid results in worse scroll expander performance at a constant pressure ratio. 

However a different observation has been presented in the literature [249], indicating 

that superheating of the working fluid is preferred for improvement in the power 

generation and ORC system efficiency. The reason for the difference is explained as 

follows: To figure out the influence of supply temperature on the scroll expander 

performance, only one parameter (i.e. the supply temperature) has changed while other 

parameters were kept constant for simulation presented in this section. Nevertheless, 

the study in the literature [249] has been conducted by concerning a variation of the 

heat source supply temperature, which subsequently influences the supply temperature 

of the scroll expander. In such a way, the operating condition of the scroll expander as 

well as the corresponding performance varied.  

 

(a) 
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(b) 

 

(c) 

Figure 5-20 Variations of scroll expander (a) isentropic, (b) volumetric and (c) net efficiencies 

with supply temperature 

5.5.5 Effect of scroll expander rotational speed 

Simulations are also conducted for the scroll expander running at various rotational 

speeds with a constant pressure ratio (i.e. PR=4). There is an evident linear relationship 

between the working fluid mass flow rate and the rotational speed as seen in Figure 5-

21(a), which can be justified by Equation (5-6). The higher the scroll expander 

rotational speed, the higher the working fluid mass flow rate and consequently the 
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more the electric output are achieved (Figure 5-21b). At =13.5bar, the mass flow 

rate rises by 50.53% and 493.61W more electric output is produced as the scroll 

expander rotational speed increases from 2100rpm to 3600rpm. A greater effect of the 

rotational speed on the electric output is noticed at a lower supply pressure. For 

instance, at =9.5bar, the rate of increase in the electric output power is 

approximately 183.78% over the investigated rotational speed range, while 98.09% is 

obtained at =13.5bar.  

 

(a) 

 

(b) 

Figure 5-21 Variations of (a) working fluid mass flow rate and (b) scroll expander electric 

output with rotational speed 

suP

suP

suP
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However, the rotational speed of the scroll expander has an insignificant effect on the 

working fluid exhaust temperature as only slight variations with the rotational speed 

are noted in Figure 5-22(a). For Psu 
=13.5bar, the exhaust temperature decreases from 

336.44K at N=2100rpm to 334.41K at N=3600rpm. On the contrary, a higher rotational 

speed accounts for a higher working fluid mass flow rate, more mechanical losses, 

supply and exhaust heat transfers, which thereby leads to more ambient heat losses. 

As seen in Figure 5-22(b), the ambient heat losses increase by 16.20% and 12.55% 

when the scroll expander rotates from 2400rpm to 3600rpm at Psu =9.5 and 13.5bar.  

 
(a) 

 

(b) 

Figure 5-22 Variations of scroll expander (a) exhaust temperature and (b) ambient heat losses 

with rotational speed 
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Figure 5-23 confirms the positive impact of the rotational speed on the scroll expander 

performance. With more shaft power produced, the isentropic efficiency of the scroll 

expander improves from 0.69 to 0.78 as the rotational speed increases to 3600rpm at 

Psu =13.5bar. Meanwhile, the volumetric and net efficiencies rise by 12.30% and 31.59% 

respectively. The lower volumetric efficiency at a low rotational speed is mainly 

attributed to the larger leakage flow. Furthermore, variations of the three efficiencies 

become more stable as the rotational speed further increases, which indicate that the 

scroll expander performance is not greatly dependent on the rotational speed when the 

rotational speed is beyond the maximum rotational speed. Practically, the scroll 

expander is suggested to operate at a higher rotational speed but within its capacity to 

ensure better energy performance and this has also been considered in the literature 

[129]. 

 

(a) 
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(b) 

 

(c) 

Figure 5-23 Variations of scroll expander (a) isentropic, (b) volumetric and (c) net efficiencies 

with rotational speed 

5.5.6 Parametric analysis summary 

Section 5.5 has presented a comprehensive parametric analysis of the scroll expander 

on the basis of the simulation results and the effect of the working fluid inlet condition 

(i.e. supply pressure and temperature), scroll expander imposed pressure ratio and 

rotational speed have been investigated. The following findings are summarised: 

 Once the imposed pressure ratio matches with the built-in expansion ratio, the 

maximum isentropic efficiency of the scroll expander is attainable.  
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 The scroll expander performance deteriorates as the imposed pressure ratio 

deviating from the built-in pressure ratio; in particular a more considerable 

effect of the pressure ratio is observed when the scroll expander operates at 

over-expansion state. 

 By increasing the working fluid supply pressure at a constant pressure ratio, 

better scroll expander performance can be achieved, with more electric output 

power as well as higher isentropic, volumetric and net efficiencies.  

 Superheated working fluid negatively influences the scroll expander 

performance when the scroll expander operates at a constant pressure ratio.   

 The higher the rotational speed of the scroll expander, the more the electric 

output power and the better the scroll expander performance.  

Next, Section 5.6 presents experimental investigations of the scroll-based ORC system 

with different electrical resistive loads.  

5.6 Experimental investigations of ORC system 

As discussed in Chapter 2, limited studies have been conducted regarding the effect of 

the coupled electrical resistive load on the scroll expander and ORC system 

performances. Hence, in this section, based on the experimental investigations, a 

detailed analysis of the performances for both the scroll expander and the ORC system 

is presented for operation with variable resistive loads. A series of tests have been 

performed with the scroll-based ORC system and six different resistive consumers are 

selected for load simulation, which were 18.6Ω, 19.4Ω, 26.2Ω, 34.7Ω, 64.0Ω and 

75.6Ω respectively. The evaluation presented in this section is structured as: Section 

5.6.1 discusses the influence of the electrical resistive load on the electric output 
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characteristic of the ORC system; Section 5.6.2 analyses how the electrical resistive 

load affects the imposed pressure ratio of the scroll expander; Section 5.6.3 presents 

variations of the electric output with the pressure ratio and rotational speed of the scroll 

expander and the impact of the electrical resistive load on the efficiencies of the scroll 

expander and ORC system are clarified in Section 5.6.4. 

In addition, error bars are included in the experimental result analysis, which are 

associated with the calculated uncertainties.  

5.6.1 Variation of electric output with resistive load 

The resistive load coupled to the scroll expander-generator unit results in shaft 

resisting torque. For a low resistive load, the generated current is high based on the 

interaction between electromagnetic and mechanical loads, thus the corresponding 

shaft resisting torque is high owing to the proportional relation between the current 

and the torque. To ensure the scroll expander-generator unit runs smoothly, the shaft 

torque produced by the scroll expander should be equal to the total resisting torques 

induced by the generator and various frictions. Variations of the electric output power 

with the resistive load at different rotational speeds (i.e. 3432, 3144, 3006, 2730rpm) 

are presented in Figure 5-24. As can be seen, the output power decreases with the 

resistive load at a given rotational speed. However, the decreasing rate of output power 

declines gradually as the resistive load gets higher. When the scroll expander rotates 

at a speed of 3432rpm, the output power is 557.2W for a resistive load of 18.6Ω, while 

only 20% of the power can be produced for a resistance of 75.6Ω. Moreover, the linear 

relationship between the electric output and rotational speed is clearly indicated for all 

resistive loads. The increasing rate for the lower resistive load is much higher than that 

for the higher one. As the scroll expander rotational speed rises from 2730rpm to 
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3432rpm, 257.7W more electric power can be generated for the resistive load of 18.6Ω, 

while the increase is only approximately 68.5W for the resistance of 75.6Ω. The results 

reflect the significant role of the resistive load in the ORC system output power. 

Similarly, an experimental study of a small ORC power generation system with five 

different load resistances (20Ω, 60Ω, 100Ω, 140Ω and 180Ω) has been also presented 

in the literature [152]. Their measurement data also have confirmed that the decreasing 

rate of the electric output power with the resistive load becomes larger at a higher 

rotational speed, but at a different rate owing to the different working fluids and 

operating conditions. 

 

Figure 5-24 Variations of electric output power with resistive load 

5.6.2 Variation of electric output with pressure ratio 

Due to the fact that the evaporation and condensation pressures of the working fluid 

are influenced by the temperatures of heat source and heat sink respectively, an 

adjustment in the pressure ratio of the scroll expander could be realised by controlling 

the supply conditions of boiler and cold water for testing. Variations of the electric 

output with the pressure ratio of the scroll expander for the six different resistive 

configurations are shown in Figure 5-25(a). For a given resistive load, the output 
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power increases with the pressure ratio until reaching a maximum and then it decreases 

gradually. Moreover, it can be also observed that the resistive load has a marked impact 

on the optimal pressure ratio of the scroll expander from Figure 5-25(b). Initially, the 

optimal pressure ratio decreases sharply with the increasing resistive load and then the 

decreasing rate declines gradually. Because of the correlation between the shaft torque 

and the output power, less power can be produced at a lower pressure ratio of the scroll 

expander. The optimal pressure ratio for the resistive load of 18.6Ω is approximately 

3.6 and the maximum output power of 564.5W is achieved, while only 154.2W electric 

power is generated for the resistance of 64.0Ω under an optimal pressure ratio of 2.8. 

The relationship implies that a lower electrical resistive load contributes to the larger 

amount of electric output under a higher optimal pressure ratio.  

 

(a) 
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(b) 

Figure 5-25 Variations of (a) electric output power with pressure ratio and (b) optimal pressure 

ratio with resistive load 

 

5.6.3 Variation of electric output with pressure ratio and rotational speed 

A set of 3D images presented in Figure 5-26 show variations of the electric output 

power with the scroll expander rotational speed and pressure ratio for all resistive loads. 

In particular, with the resistive load of 18.6Ω, the output power increases dramatically 

with the pressure ratio and rotational speed, and reaches the maximum value of 

564.5W under a pressure ratio of 3.6 and a rotational speed of 3450rpm, and then it 

decreases as the pressure ratio is higher than 3.6 and the scroll expander rotates faster. 

Therefore, the load characteristic in correlation to the expander-generator unit plays 

an important role in achieving an optimal performance of the ORC system. 
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Figure 5-26 Variations of electric output power with pressure ratio and rotational speed 



  Chapter 5: Performance Evaluation of Scroll-based ORC 

178 
 

5.6.4 Variation of electrical and scroll expander efficiencies with resistive load 

Additionally, the maximum electrical efficiency of the ORC system under the optimal 

pressure ratio for each resistive load is presented in Figure 5-27(a). A dramatically 

decreasing tendency can be observed for the electrical efficiency curve, which is 

similar to that of the output power in Figure 5-24. The maximum electrical efficiency 

reaches 2.04% for the resistive load of 18.6Ω; however it reduces by 70% for the 

resistance of 64.0Ω. 

Referring to Equation 5-32, the electrical efficiency of the ORC system relates directly 

to the performance characteristic of the scroll expander. To evaluate the effect of the 

resistive load on the scroll expander isentropic and volumetric efficiencies, 

investigations are carried out under the optimal pressure ratio operating condition for 

the six resistive loads. Different resistive loads cause different resisting torques, which 

also influence the operation of the scroll expander as demonstrated in Figure 5-27(b). 

The results clearly show that the lower resistive load results in both higher isentropic 

and volumetric efficiencies of the scroll expander. Compared with the decreasing rate 

of isentropic efficiency, the resistive load influences the volumetric efficiency less 

significantly. For the resistive load of 18.6Ω, the isentropic and volumetric efficiencies 

are 78% and 83% respectively while the isentropic efficiency reduces to 65% and the 

volumetric efficiency decreases by 41.7% for a higher resistive load of 75.6Ω. A 

similar variation of the scroll expander isentropic efficiency with the resistive load has 

also been presented in the literature [151]. For example, based on the obtained 

experimental data, the isentropic efficiency is 78% for the resistive load of 18.6Ω and 

70% for the resistive load of 34.7Ω, in other words, the efficiency decreases by 8% as 

the resistive load nearly doubles. The electrical loads in the literature [151] were 

adjusted by changing the number of the bulbs parallel connected to the power 
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generator, based on their experimental results, the isentropic efficiency of the scroll 

expander is 55% for 12 bulbs and 47% for 6 bulbs, that is to say the reduction in the 

isentropic efficiency is also 8% when the resistive load doubles. 

 

(a) 

 

 

(b) 

Figure 5-27 Variations of (a) ORC electrical efficiency and (b) isentropic and volumetric 

efficiencies of scroll expander with resistive load 
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5.6.5 Experimental investigations summary 

Section 5.6 has presented the experimental work for the scroll-based ORC system with 

different electrical resistive loads, in which the effect of the resistive load on the 

performances of both the scroll expander and ORC system has been investigated. 

Some implications are drawn as follows: 

1) Different resistive loads coupled to the scroll expander-generator unit result in 

different shaft resisting torques. A low resistive load leads to a high linear 

increasing rate in the electric output with the scroll expander rotational speed. 

The electric output power decreases with the resistive load at a fixed rotational 

speed, while the associated decreasing rate reduces gradually. 

2) There exists an optimal pressure ratio with the maximum electric output at a 

given electrical resistive load. However, the optimal pressure ratio decreases 

markedly with the resistive load.  

3) The optimal pressure ratio at a corresponding rotational speed could be 

determined based on the variations of the electric output power with the 

pressure ratio and rotational speed. For a resistive load of 18.6Ω, the optimal 

pressure ratio is 3.6 with the maximum electric output power of 564.5W at a 

rotational speed of 3450rpm.  

4) The electrical efficiency of the ORC system decreases significantly with the 

resistive load. The maximum electrical efficiency reduces by 70% for the 

resistance of 64.0Ω compared with a load of 18.6Ω. A lower resistive load 

leads to in both higher isentropic and volumetric efficiencies of scroll expander. 

The scroll expander volumetric efficiency drops by 41.7% as the resistive load 

increases from 18.6Ω to 75.6Ω, while the isentropic efficiency decreases from 

78% to 65%. 
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5.7 Summary 

This chapter has presented a comprehensive evaluation of the ORC system with a 

scroll expander through experimental testing and theoretical modelling, including 

performance assessments of the scroll expander and the ORC system under a variety 

of operating conditions. A semi-empirical model of the scroll expander has been 

developed to describe the scroll expander thermodynamic behaviour and the 

electromechanical losses of the generator have also been taken into account. The 

validation results have proved the validity and accuracy of the model, with maximum 

deviations of 5% for the working fluid mass flow rate and electric output power and 

3K for the exhaust temperature. Based on the simulation with the validated model, 

effect of the working fluid inlet condition (i.e. supply pressure and temperature); scroll 

expander imposed pressure ratio and rotational speed have been investigated 

respectively with the working fluid of R134a. On the other hand, a comprehensive 

assessment based on experimental work has been performed regarding influence of the 

electrical resistive load on the performance of the scroll-based ORC system. Main 

findings of the theoretical and experimental investigations are presented as follows:  

(1) Both the numerical and experimental data demonstrate the capability of the 

micro scroll-based ORC to efficiently produce electric power and the exhaust 

heat temperature of the scroll expander is adequate for subsequent heat 

recovery (i.e. typically above 65°C under investigated operating conditions), 

which thereby affirms the feasibility of integration to the micro trigeneration 

system.   

(2) Either a higher working fluid supply pressure or a higher rotational speed of 

the scroll expander contributes to better scroll expander performance, whereas 

an small negative impact of the superheated supply working fluid is observed.  
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(3) For the investigated scroll expander, a maximum isentropic efficiency of 78% 

can be reached once the imposed pressure ratio matches with the built-in 

volume ratio. However, both under and over-expansion operations negatively 

influence the scroll expander performance, in particular the over-expansion 

operation should be avoided practically due to the associated lower system 

stability and a more considerable negative effect of the pressure ratio. 

(4) The electrical resistive load coupled to the scroll expander-generator unit 

indeed affects not only the electric output characteristic of the scroll expander 

but also the ORC system performance. 

(5) The experimental data also indicate that an optimum pressure ratio of the scroll 

expander exists with the maximum electric output. Nevertheless, the optimal 

pressure ratio of the scroll expander decreases markedly as the resistive load 

gets higher.  

(6) Based on the experimental tests, the optimum pressure ratio of the scroll 

expander is approximately 3.6 at a rotational speed of 3450rpm for a resistive 

load of 18.6 Ω. The maximum electric output of 564.5W is obtained with 

corresponding isentropic and volumetric efficiencies of 78% and 83% 

respectively. 

The validated model of the scroll expander can be adopted as a useful tool for pre-

design and preliminary assessment of the scroll expander as well as the scroll-based 

ORC system. The work presented in this chapter facilitates an effective integration of 

the scroll-based ORC system to the proposed micro trigeneration system in Chapter 7. 

Furthermore, the investigations provide contributions to the knowledge of modelling 

and simulation of the scroll expander and comprehensive experimental assessment of 
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the scroll-based ORC system. Next, Chapter 6 presents a detailed performance 

evaluation of the MLDC system based on experimental work. 
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Chapter 6: Performance Evaluation of MLDC 

6.1 Introduction  

In the proposed micro trigeneration system, the inclusion of MLDC is aimed to handle 

the cooling and dehumidification demands with utilisation of the exhaust heat from the 

scroll-based ORC sub-system. In order to gain the knowledge of the MLDC and prove 

the feasibility of an effective combination with the scroll-based ORC for the micro 

trigeneration system, experimental investigation of a MLDC system is conducted in 

this chapter, the MLDC dehumidification, regeneration, evaporative cooling as well 

the overall system performances are investigated under a wide range of operating 

conditions.  

As stated in Chapter 2, the liquid desiccant cooling system is regarded as an 

environmental-friendly and economical air conditioning alternative to the 

conventional mechanical vapour compression system, owing to its flexibility in 

utilising low-grade energy sources [194] and capability of efficient independent 

humidity and temperature controls [197]. By adding the evaporative cooling into the 

liquid desiccant system, such a system has been proved with remarkable energy and 

cost saving potential [213]. More specifically, the MLDC system successfully 

eliminates the liquid desiccant carryover problem by adopting membranes as selective 

barriers for heat and mass transfer between the solution and airstream [206]. To date, 

the MLDC system is still under the research and development stage and the majority 

of the existing studies are based on modelling and simulation, whereas relatively few 

studies have been conducted to experimentally investigate the effect of various 

operating variables on the MLDC system performance. In this chapter, a novel MLDC 
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system is developed with the following characteristics to address the issues of 

temperature and humidity controls as well as carryover of liquid desiccant droplets:  

 Low-grade heat sources can be utilised to regenerate the liquid desiccant CaCl2 

(i.e. in a temperature range of 50.0°C to 80.0°C).   

 Independent control in the supply air temperature and humidity in the hot and 

humid climate without overcooling, reheating and water condensation 

problems.   

 The carryover problem of liquid desiccant solution droplet into supply 

airstream is avoided by adopting semi-permeable micro porous membranes in 

both the dehumidifier and regenerator. 

 An indirect approach is employed to handle the sensible cooling load, where 

heat transfer takes place between the cool airstream from the direct evaporative 

cooler and the dehumidified airstream. 

Very few similar studies have been found in the literature on experimental 

investigation of an integrated liquid desiccant cooling system combining the 

membrane-based dehumidifier, regenerator and evaporative cooler. In this chapter, 

experimental tests of the MLDC system are conducted under variable controlled 

laboratory conditions, which generate greater understandings of the MLDC system and 

its performance. The main aims of the experimental work in this chapter are to: (a) 

demonstrate the MLDC system feasibility in the hot and humid climate and (b) identify 

the impacts of changes in environmental and operating condition on the performance 

of the dehumidifier, regenerator, evaporative cooler and complete MLDC system. 

Thus, this chapter is structured into seven sections: Section 6.2 describes the MLDC 

experimental set-up, instrumentation and experimental method; Section 6.3 introduces 

the performance evaluation metrics for analysis; Section 6.4 assess the MLDC system 
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dehumidification performance under various operating conditions; Section 6.5 

evaluates the MLDC system regeneration performance by varying the inlet air flow 

rate, hot water supply temperature and desiccant solution concentration; Section 6.6 

presents investigation on the overall MLDC system performance under various 

operating conditions (i.e. different cold water and regeneration temperatures) and 

Section 6.7 summarises the chapter and discusses potentials for the micro trigeneration 

system integration. 

6.2 Experimental set-up of MLDC 

A MLDC test rig is designed and built in the Marmont laboratory of University of 

Nottingham. Aqueous CaCl2 is selected as the liquid desiccant solution. This section 

describes the MLDC experimental set-up with instrumentation in Section 6.2.1 and 

detailed descriptions of the membrane-based unit are presented in Section 6.2.2. The 

experimental method together with measuring instrumentation is explained in Section 

6.2.3.  

6.2.1 System description 

The proposed MLDC system consists of four main components: a dehumidifier, a 

regenerator, an evaporative cooler and an air-to-air heat exchanger, in which four 

processes are involved as illustrated in Figure 6-1:  

 Dehumidification process: the outdoor hot and humid air is dehumidified by 

liquid desiccant solution in the dehumidifier;  

 Regeneration process: the indoor return airstream passes through the 

regenerator and absorbs moisture from the dilute desiccant solution;  

 Direct evaporative cooling process: the evaporative cooler lowers the indoor 

return air temperature through water evaporation; 
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 Sensible cooling process: the airstream from the evaporative cooler is used to 

cool the dehumidified air to meet the desired supply air requirement in the air-

to-air heat exchanger. 

 

Figure 6-1 Block diagram of MLDC system 

A schematic diagram of the MLDC experimental set-up is presented in Figure 6-2 and 

main instruments with their specifications are listed in Table 6-1. For experimental 

testing, a 3kW electric boiler is used to provide hot water for the regeneration purpose. 

Three AC axial fans are fitted in the dehumidifier, regenerator and evaporative cooler 

respectively. Two 15W single phase magnetic-driven pumps are used to circulate the 

regenerated and dilute desiccant solutions. In order to enhance the dehumidification 

performance, a liquid-to-liquid heat exchanger (HX2) allows heat recovery between 

the regenerated and dilute solutions, and cold water is utilised to further cool the 

regenerated solution prior to flowing into the dehumidifier. Ball valves (i.e. V1, V2, 

V3, and V4) are installed to control the desiccant solution and water flow rates.   

  



 

188 
 

 

 

Figure 6-2 Schematic graph of MLDC system 
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Table 6-1 Specifications of main equipment in MLDC system 

Equipment Properties Manufacturer 

Magnetic pump 

Power 15W 

Shanghai Jiaxing 

Pumps Co., Ltd. 

Maximum frequency 50Hz 

Maximum speed 2600rpm 

Maximum capacity 10L/min 

AC axial fan 
Power 45W ebm-papst Mulfingen 

GmbH & Co. KG Nominal speed 2800rpm 

Boiler 

Capacity 3kW 

Wilo SE 

Supply temperature range 50-80°C 

Water storage 120Litre 

Circulating pump 45W 

Water flow rate 0-6L/min 

6.2.2 Membrane-based unit 

Both the dehumidifier and regenerator are membrane-based units with specifications 

presented in Table 6-2. The evaporative cooler has the same dimensions as the 

membrane-based unit, whereas its air channels are formed only by fibre sheets, 

providing wet surfaces for water evaporation.  

Table 6-2 Specifications of membrane-based unit 

Membrane-based unit dimension 

Length 410mm 

Width 230mm 

Height 210mm 

Membrane thickness 0.11mm 

Air channel barrier thickness 0.13mm 

Solution channel 

Quantity 21 

Width 4.30mm 
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Air channel 

Quantity 21 

Width 7.73mm 

The membrane-based unit has a series of separate channels in the cross-flow manner 

for the airstream and desiccant solution, as depicted in Figure 6-3. The semi-permeable 

micro-porous hydrophobic membranes allow heat and moisture transfer between the 

airstream and desiccant solution while the liquid desiccant cannot permeate. Each 

solution channel is formed by two flat membrane sheets. During operation, the 

desiccant solution passes through the permeable barrier on the top and then flows 

downwards in the solution channels. Simultaneously, the gap between two solution 

channels allows the airstream to pass through for dehumidification or regeneration, 

where fibre materials are added only as supporting barriers. 

 

Figure 6-3 Illustration of membrane-based unit 

6.2.3 Experimental method 

Photos of the experimental rig are provided in Figure 6-4. An environmental chamber 

in the Marmont laboratory is used to provide inlet air for the dehumidifier unit, which 

is capable of simulating various desired hot and humid climate conditions. On the other 
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hand, an air conditioner is used to supply air for the regenerator and evaporative cooler. 

With consideration of the surrounding effect, components such as air ducting, pipe 

work and heat exchangers are well insulated.  

  

 

Figure 6-4 Photos of MLDC test rig 
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The main measurement devices with their associated accuracies are presented in Table 

6-3, which have been drawn from manufacturers’ datasheets. A Testo anemometer is 

used to measure air velocity, with an accuracy of ± (0.03m/s+5% FS). Air temperatures 

and relative humidity at inlets and outlets of the dehumidifier, regenerator, evaporative 

cooler and air-to-air heat exchanger are obtained by Sensirion humidity sensors, which 

have an accuracy of 1.8% RH (relative humidity) and a temperature accuracy of 

±0.2°C. In addition, K-type thermocouples are used to measure the desiccant solution 

and water temperatures, and a data acquisition system is employed to record the data 

during operation. Once the desired inlet conditions for the three units are achieved, the 

entire system runs continuously until the steady state is reached and then the measured 

data is collected with a computer.  

Table 6-3 Measurement devices with associated accuracies 

Instruments Parameters 
Measurement 

Range 
Accuracy 

Testo thermo-

anemometer 
Air velocity 0-10 m/s ±(0.03m/s+5% FS) 

Sensirion humidity 

sensor 

Air temperature -40 - +125°C ±0.2°C 

Air relative humidity 0 - 100% ±1.8% RH 

K-type thermocouple Liquid temperature 0-1100°C ±0.75% FS 

Data logger DT500 Data Acquisition ±0.15% 

Brannan hydrometer 

200 Series 
Solution density 1.0-1.6 g/m3 ±0.002g/m3 

Parker Easiflow meter  Liquid flow rate 1-15 L/min ±5% FS 

Parker liquid flow 

indicator 
Liquid flow rate 4-22 L/min ±2% FS 
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For experimental investigations, tests are conducted at various concentrations of CaCl2 

solution. Practically, the solution concentration ( solC ) is a function of solution density 

and temperature, which is expressed as [250]: 

2 3sol sol sol
sol sol sol w sol

sol sol sol

( , ) ( ) [1 0.8360 ( ) 0.4363( ) 0.1056( ) ]
1 1 1

C C C
C T T

C C C
      

  
 

(6-1) 

where, solT  and sol  are solution temperature, °C and density, kg/m3. The solution 

density is measured by a Brannan hydrometer. w  is saturated water density at solT , 

kg/m3. 

Desiccant solution and water volumetric flow rates are measured by Parker liquid flow 

meters, which are calibrated with water at 20°C. To equate the volumetric flow rate 

readings from the installed flow meters to the actual solution flow rates in the 

dehumidifier and regenerator, a correction correlation is used [251]:  

float float sol w
sol w

float float w sol

( )

( )

m V
v v

m V

 

 





                                                                                 (6-2) 

where, solv  and wv  are volumetric flow rates of the desiccant solution and water 

respectively, L/min. floatm  and floatV  are flow meter float weight in kg and volume, m3.  

Refereed to Section 5.3.2, the uncertainty analysis is carried out to correlate the 

uncertainty of a calculated variable. Error bars associated with the respective 

uncertainties are provided in Section 6.4-6.7. 

Section 6.2 has presented descriptions of the MLDC experimental set-up, 

instrumentation and experimental method.  Next, Section 6.3 provides the performance 

evaluation metrics used for the system performance assessment.  
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6.3 Performance evaluation metrics 

A wide range of metrics are required to assess the dehumidification, regeneration, 

evaporation and overall system performance of the MLDC system comprehensively. 

In this section, the involved evaluation metrics are explained. The rate of mass change 

occurring in the dehumidifier and regenerator is referred as moisture removal rate (
rM ) 

to evaluate the dehumidification and regeneration performance of the MLDC system, 

which is given as: 

r_DH air_DH in_DH out_DH( )M m                                                                                  (6-3) 

r_RE air_RE out_RE in_RE( )M m                                                                                   (6-4) 

where, airm is mass flow rate of the airstream passing through the 

dehumidifier/regenerator, kg/s. in and out  are air humidity ratios at the 

dehumidifier/regenerator inlet and outlet respectively, kg/kgdryair, which are calculated 

based on the measured air temperature and relative humidity [252].  

Dehumidification effectiveness ( DH ) which is defined as the ratio of the actual change 

in moisture content to the maximum moisture transfer: 

in_DH out_DH

DH

in_DH eq_DH

 


 





                                                                                               (6-5) 

Where, eq_DH  is equilibrium humidity ratio of the desiccant solution at the inlet 

condition, kg/kgdryair. Referred to the empirical correlation derived by Cisternas and 

Lam [241], a psychrometric chart illustrating the correlation of CaCl2 solution 

equilibrium humidity ratio with solution concentration and temperature is presented in 

Figure 6-5. 
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Figure 6-5 CaCl2 solution equilibrium humidity ratio with concentration and temperature 

In addition, the evaporative cooling effectiveness ( EV ) of the MLDC system is 

defined to evaluate the evaporative cooler performance, which is expressed as:  

in_EV out_EV

EV

in_EV wb_in_EV

T T

T T






                                                                                              (6-6) 

where, in_EVT  and out_EVT  are air dry bulb temperatures at the evaporative cooler inlet 

and outlet respectively, °C. wb_in_EVT  is air wet bulb temperature at the evaporative 

cooler inlet, °C. 

Based on the airstream enthalpy difference between the inlet and outlet, the 

dehumidifier cooling output ( DH_coolingQ ) and the MLDC system total cooling output 

( coolingQ ) are determined respectively: 

DH_cooling air_DH in_DH out_DH( )Q m h h                                                                             (6-7) 

cooling air_DH in_DH supply( )Q m h h                                                                                   (6-8) 
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where, 
in_DHh  and 

out_DHh  are specific enthalpies of the airstream entering and leaving 

the dehumidifier respectively, J/kg, and supplyh  is supply air enthalpy, J/kg.  

The overall performance of the MLDC system is assessed by the overall coefficient of 

performance (COP), which is defined as: 

cooling

RE

COP
Q

Q
                                                                                                           (6-9) 

where REQ  is regenerator thermal input power, W: 

RE w_RE p_w_RE w_f w_r( )Q m c T T                                                                                (6-10) 

where, w_REm  and p_w_REc  are hot water mass flow rate, kg/s and specific heat capacity, 

J/kg K. w_fT  and w_rT  are hot water supply and return temperatures in the heating 

circuit respectively, °C.  

Section 6.3 has listed all the performance evaluation metrics for evaluating the MLDC 

system comprehensively. In the next Section 6.4, a detailed evaluation of the MLDC 

system dehumidification performance is provided.  

6.4 MLDC dehumidification performance evaluation 

In this section, the influence of various operating variables on the MLDC 

dehumidification performance is analysed. As defined in Section 6.3, the MLDC 

dehumidification performance is mainly assessed by the dehumidification moisture 

removal rate, the dehumidification effectiveness and the dehumidifier cooling output. 

A series of tests have been conducted for MLDC dehumidification performance 

evaluation and the base operating condition is listed in Table 6-4. Based on the CaCl2 
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solution operative concentration level for dehumidification as previously presented in 

Table 2-5, a concentration range of 30% to 42% was selected for testing. Solution flow 

rate in the dehumidifier remained the same at 1L/min throughout the investigation, 

which is capable of providing sufficient wetting surface in the membrane unit for 

continuous operation. Hot and cold water was supplied at flow rates of 2L/min and 

12L/min respectively.  

Table 6-4 Operating condition for MLDC dehumidification performance evaluation 

Operating variables Value 

CaCl2 solution concentration 30% - 42% 

CaCl2 solution flow rate 1L/min 

Hot water flow rate 2L/min 

Cold water flow rate 12L/min 

6.4.1 Influence of inlet air condition  

Experimental tests have been firstly conducted to evaluate the dehumidification 

performance under various inlet air conditions at CaCl2 solution concentration of 39%. 

The inlet air conditions provided by the environmental chamber are shown in Figure 

6-6. To simulate different weather conditions in the hot and humid region, the 

dehumidifier inlet air has been set in the temperature range from 28.0°C to 40.0°C and 

relative humidity range from 65% to 95%. The absolute humidity ratio varied from 

16.39g/kgdryair to 36.48g/kgdryair accordingly. Throughout testing, the cold water has 

been supplied at a constant temperature of 12°C. 
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Figure 6-6 Dehumidifier inlet air condition range 

As shown in Figure 6-7, the dehumidification performance improves with inlet air 

temperature and relative humidity. The higher the air temperature and relative 

humidity, the higher the vapour pressure and the more mass transfer occurs owing to 

the greater vapour pressure difference between the airstream and desiccant solution. 

Consequently, corresponding increases in the dehumidification moisture removal rate, 

effectiveness and cooling output are observed. For example, when the dehumidifier 

inlet air temperature is maintained at 36.0°C, the moisture removal rate increases from 

0.15g/s to 0.25g/s as the air relative humidity rises from 71% to 92%, and 

correspondingly the dehumidification effectiveness increases from 0.50 to 0.68 and 

the dehumidifier cooling output increases from 332.6W to 642.3W. This is because of 

the increase in inlet air humidity ratio with relative humidity at a constant temperature, 

which causes more mass transfer in the dehumidification process. Similarly, the 

dehumidification performance improves with inlet air temperature under a constant 

relative humidity condition. For instance, at an inlet air relative humidity level of 75%, 

the moisture removal rate increases from 0.06g/s at air temperature of 29.0°C to 

0.22g/s at air temperature of 39.0°C and simultaneously, the dehumidification 
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effectiveness improves by 0.34 and the cooling output increases by 451.6W. This is 

due to the fact that the inlet air humidity ratio increases with air temperature while the 

relative humidity remains constant. Thus more heat and mass transfer takes place and 

the associated cooling load increases. The effect of inlet air condition on the 

dehumidification performance in this study is consistent with those in the literature 

[160, 203, 221, 225, 253]. For instance, the dehumidifier performance of a MLDC 

system with a potassium formate desiccant solution  has been experimentally 

investigated under various inlet air conditions in the literature [225]. Their 

experimental data have demonstrated that at the inlet air relative humidity of 60%, the 

moisture removal rate increases by approximately 35.69% as the inlet air temperature 

rises from 30°C to 35°C and over the inlet air relative humidity range of 50% to 70%, 

the dehumidification effectiveness improves from 0.32 to 0.47 and the dehumidifier 

cooling output increases by 303W at the inlet air temperature of 35°C. The results 

presented in this section indicate that the outdoor weather condition significantly 

affects the dehumidification performance and by comparison, the inlet air temperature 

has a more notable impact on the dehumidification performance.  

 

(a) 
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(b) 

 

 

 

(c) 

Figure 6-7 Influence of inlet air condition on dehumidifier (a) moisture removal rate, (b) 

dehumidification effectiveness and (c) cooling output 
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6.4.2 Influence of air flow rate  

In order to assess the impact of inlet air flow rate on the dehumidification performance, 

tests were carried out for the CaCl2 solution concentration ranging from 30% to 42% 

with the inlet air temperature of 34.0°C and relative humidity of 72%. The supply 

temperature of the cold water is maintained at 11°C throughout testing. The influence 

of dehumidifier air flow rate is presented in Figure 6-8, it can be noted that the variation 

in the dehumidification performance is not very significant. At solution concentration 

of 42%, the moisture content change in the dehumidification process is 8.62g/kgdryair 

at air flow rate of 34.17m3/h, and it reduces to 7.47g/kgdryair at air flow rate of 

45.88m3/h. This is due to the fact that the dehumidification capability decreases with 

air flow rate. However, the moisture removal rate is a function of air flow rate and 

moisture content change, which increases with air flow rate as displayed in Figure 6-

8(a). For instance, the moisture removal rate increases by 16.72% over the investigated 

air flow rate range at concentration of 36%. As indicated in Figure 6-8(b), the 

dehumidification effectiveness decreases with dehumidifier air flow rate at a given 

solution concentration. The influence of dehumidifier air flow rate on the dehumidifier 

moisture removal rate and the dehumidification effectiveness demonstrated in this 

section is in a good agreement with those in the literature [254]. With LiCl as the liquid 

desiccant for a liquid desiccant cooling system in the literature [254], the dehumidifier 

moisture removal rate increases from 0.17g/s to 0.21g/s as the inlet air flow rate rises 

from 70kg/h to 115kg/h, while the dehumidification effectiveness reduces from 0.67 

to 0.51 accordingly. Moreover, a high dehumidifier air flow rate causes a large volume 

of air being conditioned in the dehumidifier, thus the dehumidifier cooling output 

increases correspondingly as shown in Figure 6-8(c).  
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(a) 

 
(b) 

 
(c) 

Figure 6-8 Influence of air flow rate on dehumidifier (a) moisture removal rate, (b) 

dehumidification effectiveness and (c) cooling output 
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6.4.3 Influence of cold water temperature  

In the proposed MLDC system, cold water was utilised to pre-cool the regenerated 

solution prior to flowing into the dehumidifier and the effect of cold water temperature 

on the dehumidification performance is then examined. The dehumidifier inlet air 

condition was maintained constant, while cold water was supplied in the temperature 

range of 10.0°C to 20.0°C. Temperature variations in the dehumidifier sprayed 

solution and outlet air with cold water temperature are illustrated in Figure 6-9. It can 

be seen that the desiccant solution spray temperature rises in accordance with cold 

water temperature from 13.9°C to 24.2°C at CaCl2 solution concentration of 42%, and 

the dehumidifier outlet air temperature increases from 29.5°C to 33.1°C 

correspondingly.  

 

Figure 6-9 Variations of dehumidifier solution spray temperature and outlet air temperature 

with cold water temperature  

Apparently, an increase in the desiccant solution spray temperature has a negative 

impact on the dehumidification performance as demonstrated in Figure 6-10. At CaCl2 

solution concentration of 42%, the dehumidifier moisture removal rate reduces by 

32.04% as cold water temperature increases by 10°C, the dehumidification 
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effectiveness decreases by 21.12% and the dehumidifier cooling output decreases by 

28.23%. This is because that a higher desiccant solution temperature causes higher 

vapour pressure on the solution side, so less mass transfer occurs in the 

dehumidification process with a smaller vapour pressure difference between the 

solution and airstream. The experimental results imply that an enhancement in the 

dehumidification performance can be achieved by lowering the desiccant solution 

spray temperature in the dehumidifier, which has also been stated in the literature [203].  

 
(a) 

 

 
(b) 
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(c) 

Figure 6-10 Influence of cold water temperature on dehumidifier (a) moisture removal rate, (b) 

dehumidification effectiveness and (c) cooling output 

6.4.4 Influence of solution concentration 

It is noteworthy that the solution concentration has a significant influence on the 

dehumidification performance, which has been confirmed by many researchers in the 

literature [210, 254-256]. A higher solution concentration contributes to better 

dehumidification performance as seen previously in Figure 6-8 and Figure 6-10. Under 

the investigated operating condition (i.e. the dehumidifier inlet air flow rate of 

35.93m3/h and cold water supply temperature of 10°C), the dehumidifier moisture 

removal rate is only 0.05g/s at CaCl2 solution concentration of 30%, while it increases 

to 0.14g/s at concentration of 42%, simultaneously, the dehumidification effectiveness 

improves from 0.22 to 0.56 and the dehumidifier cooling output increases from 

178.2W to 425.4W. This is mainly attributed to the larger vapour pressure difference 

between the airstream and desiccant solution at a higher concentration, thus more 

moisture can be removed during the dehumidification process. A similar impact of 

LiCl solution concentration on the dehumidification performance has been presented 

in the literature [254]. Based on their experiential data, the dehumidifier moisture 
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removal rate increases from 0.06g/s at solution concentration of 26% to 0.21g/s at 

concentration of 39% and the dehumidification effectiveness improves from 0.34 to 

0.61 consequently. 

6.4.5 Dehumidification performance evaluation summary  

In this section, the dehumidification performance of the MLDC system has been 

assessed by investigating the effect of different operating variables through 

experimental work. It has been noted that the MLDC system is feasible for effective 

dehumidification with CaCl2 solution. Based on the experimental results, the following 

findings can be obtained: 

 The MLDC system dehumidification performance is significantly influenced 

by the local weather condition, both the dehumidifier moisture removal rate 

and dehumidification effectiveness increase with inlet air temperature and 

humidity.  

 The dehumidifier cooling output increases with the inlet air flow rate, 

nevertheless its dehumidification effectiveness deceases simultaneously.  

 The CaCl2 solution concentration has a marked impact on the dehumidification 

performance. The higher the concentration, the better the dehumidification 

performance. As the CaCl2 solution becomes stronger from the concentration 

of 30% to 42%, the dehumidifier dehumidification effectiveness improves by 

0.37. 

Next, the MLDC regeneration performance is evaluated under various operating 

conditions in Section 6.5. 
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6.5 MLDC regeneration performance evaluation 

In this section, the impact of different operating variables on the MLDC regeneration 

performance is clarified on the basis of experimental data, including the influence of 

the air flow rate in Section 6.5.1, the regeneration hot water supply temperature in 

Section 6.5.2 and solution concentration in Section 6.5.3. As defined in Section 6.3, 

the main regeneration performance evaluation parameters are the regeneration 

moisture removal rate and regenerator thermal input power. CaCl2 solution flow rate 

in the regenerator was set at 1L/min throughout the investigation, so as to ensure 

sufficient wetting surfaces in the regenerator for continuous operation. Hot and cold 

water were supplied at flow rates of 2L/min and 12L/min respectively. 

6.5.1 Influence of air flow rate  

The regenerator inlet air temperature and relative humidity were set at 26.0°C and 30% 

respectively, while its air flow rate increased from 43.82m3/h to 148.44m3/h for 

experimental testing. The increase in the regenerator air flow rate leads to a reduction 

in the moisture absorption capability. Nevertheless, the regeneration performance, 

which is assessed by the moisture removal rate, improves with air flow rate as shown 

in Figure 6-11. At CaCl2 concentration of 30%, the moisture removal rate reaches 

0.08g/s at air flow rate of 148.44m3/h, while only 0.01g/s is achieved at flow rate of 

43.82m3/h. A similar variation trend of the regenerator performance with air flow rate 

has been indicated in the literature [210], in which the moisture removal rate improves 

by 44.45% as the regenerator air flow rate increases by 0.12kg/s.  
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Figure 6-11 Influence of air flow rate on regenerator moisture addition rate 

The variation of the regenerator thermal input power with air flow rate at CaCl2 

solution concentration of 42% is presented in Figure 6-12. Over the investigated air 

flow rate range, the hot water temperature difference in the heating circuit varied from 

4.1°C to 5.2°C, as a result, the regenerator thermal input power was in the range of 

568.9W to 728.6W. The higher air flow rate, the more thermal input power is required 

for heating the dilute solution. The finding is consistent with the statement presented 

in the literature [256] that the regenerator air flow rate is a critical parameter 

influencing the regeneration performance. Therefore, the required thermal input power 

should be taken into account to determine the regenerator air flow rate.  
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Figure 6-12 Influence of air flow rate on regenerator thermal input power 

6.5.2 Influence of regeneration hot water temperature  

Hot water from an electric boiler is utilised for regeneration purpose. In order to 

identify the influence of the regeneration temperature on the regeneration performance, 

the hot water supply temperature was set in the range of 55.0°C to 80.0°C while the 

regenerator inlet air was maintained at a temperature of 26.0°C and relative humidity 

of 33%. The impact of hot water supply temperature on the regeneration removal 

addition rate is indicated in Figure 6-13. It can be observed that the regeneration 

performance greatly improves with hot water temperature. For instance, the moisture 

removal rate increases by 72.32% as hot water temperature rises from 55.0°C to 

80.0°C at CaCl2 solution concentration of 42%, while it doubles at CaCl2 concentration 

of 30%. A higher hot water supply temperature causes higher vapour pressure of the 

desiccant solution in the regenerator; hence more mass transfer from the solution to 

airstream occurs because of a greater vapour pressure difference. Based on the 

experimental data of a liquid desiccant cooling system using LiBr aqueous solution 

presented in the literature [210], an approximately 30% increase in the moisture 
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removal rate has also been observed as hot water supply temperature rises from 31°C 

to 42°C.  

 

Figure 6-13 Influence of hot water temperature on regenerator moisture addition rate 

A considerable increase in the regenerator thermal input power with hot water 

temperature is observed, as illustrated in Figure 6-14. At CaCl2 solution concentration 

of 42%, the thermal input power doubles as the hot water supply temperature rises 

from 55.0°C to 80.0°C. The higher the hot water temperature, the better the 

regeneration performance, but simultaneously more thermal input power is required.  

 

Figure 6-14 Influence of hot water temperature on regenerator thermal input power 

 



 Chapter 6: Performance Evaluation of MLDC 

211 
 

6.5.3 Influence of solution concentration  

It can be noted that better regeneration performance can be achieved at a lower solution 

concentration as shown in Figure 6-11 and Figure 6-13. For example, at regenerator 

air flow rate of 148.44m3/h, the moisture removal rate increases by 63.83% as the 

CaCl2 solution concentration decreases from 42% to 30%. In the regeneration process, 

less mass transfer takes place at a higher concentration due to the lower vapour 

pressure. Similar effect of LiCl solution concentration on the regeneration 

performance has been demonstrated in the literature [257]. Based on their observations, 

the regenerator moisture removal rate reduces by 10.14% as the concentration of LiCl 

solution increases from 32% to 35%.  

Moreover, a more significant variation of the moisture removal rate with hot water 

supply temperature is observed at a lower concentration as presented in Figure 6-13. 

It is also worth noting that the rate of increase in the moisture removal rate with hot 

water temperature slows down gradually. For example, at CaCl2 concentration of 42%, 

only a slight change in the moisture removal rate (i.e. 0.01g/s) has been observed over 

the investigated hot water temperature range of 65.0°C to 80.0°C. Thus, an appropriate 

regeneration temperature range should be determined for the adequate regeneration 

performance based on the operative solution concentration so that excessive thermal 

input power can be avoided and thereby the overall system energy performance can be 

enhanced.   

6.5.4 Regeneration performance summary 

The regeneration performance of the MLDC system under various operating 

conditions has been investigated experimentally in Section 6.5 and the following 

findings are provided:  
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 The regeneration performance improves with regenerator air flow rate and hot 

water supply temperature, whereas the required thermal input power increases 

accordingly. At CaCl2 solution concentration of 42%, the regenerator moisture 

removal rate increases by 72.32% as the hot water supply temperature rises 

from 55.0°C to 80.0°C, however regenerator thermal input power doubles. 

 To avoid excessive thermal input power for the liquid desiccant solution 

regeneration, the hot water temperature should be supplied within an 

appropriate range based on the solution operating concentration.   

 The solution concentration has a marked impact on the MLDC regeneration 

performance. At a higher solution concentration, the regeneration capability is 

degenerated, and the associated crystallization risk should be noted as well. As 

the CaCl2 solution becomes stronger from the concentration of 30% to 42%, 

the regenerator moisture removal rate decreases by 58.38% correspondingly. 

Next, the MLDC evaporative cooling performance is assessed experimentally in 

Section 6.6. 

6.6  MLDC evaporative cooling performance evaluation 

Tests have been carried out to identify the effect of cold water supply temperature on 

the evaporative cooling performance in this section. Variations of the cooler outlet air 

temperature and evaporative cooling effectiveness are shown in Figure 6-15. Under 

the constant inlet air condition of the evaporative cooler, the evaporative cooler outlet 

air temperature increased from 19.4°C to 23.8°C and the evaporative effectiveness 

decreased from 0.72 to 0.37 as cold water supply temperature increased from 10.0°C 

to 20.0°C. In the proposed MLDC system, the cold water supplied at a lower 

temperature not only evidently leads to better evaporative cooling performance [212] 
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but also contributes to an improvement in the dehumidification performance as 

previously discussed in Section 6.4.3.  

 

Figure 6-15 Variations in evaporative cooler outlet air temperature and evaporative 

effectiveness with cold water temperature  

Next, Section 6.7 presents a comprehensive assessment of the overall MLDC system 

performance under variable operating condition.  

6.7 MLDC overall system performance evaluation 

With respect to the MLDC system steady operation at a given solution concentration, 

the performance balance between the dehumidifier and regenerator is of great 

importance as desiccant mass imbalance problems may occur over time, such as the 

dilution of the solution with insufficient regeneration and a more concentrated solution 

with excessive regeneration. As referred to Section 6.4 and Section 6.5, measures can 

be taken to balance the dehumidification and regeneration performances. For instance, 

the improvement of the dehumidification performance can be realised by increasing 

the dehumidifier air flow rate. On the other hand, the regenerator moisture removal 

rate can be enhanced to by increasing the regenerator air flow rate and hot water 

temperature. Alternatively, the regenerator could be designed with a large dimension, 
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which has also been stated in the literature [225], so that a large contact area for more 

heat and mass transfer in the regeneration process could be provided. Furthermore, the 

crystallization problem may appear for the high concentrated solution, which causes 

the risks of fluid mal-distribution, channel blockage, high pumping pressure, and 

membrane fouling [210]. For example, at CaCl2 solution concentration of 42%, 

solution begins crystalizing at a temperature of 16.0°C.  

6.7.1 Influence of cold water temperature   

Under the stated operating conditions, the effect of cold water temperature on the 

MLDC system performance is assessed at CaCl2 solution concentration of 36%. 

Declines in the system total cooling output and COP with cold water temperature are 

observed in Figure 6-16. The system total cooling output reduces from 486.7W at cold 

water temperature of 10.0°C to 339.6W at cold water temperature of 20.0°C, and the 

COP decreases from 0.70 to 0.59 accordingly. As mentioned in Section 6.4.3, the cold 

water temperature also influences the desiccant solution spray temperature in the 

dehumidifier, the solution spray temperature increases from 13.9°C to 24.2°C as the 

cold water temperature rises from 10°C to 20°C. A similar effect of solution 

temperature has been presented in the literature [203], the system COP reduces from 

0.75 to 0.65 as LiCl solution temperature at the dehumidifier inlet increases from 15°C 

to 25°C. The results imply that cooler water is preferred for better dehumidification 

and system performances, which has been also suggested by Gandhidasan [196]. In 

addition, varying the cold water temperature could also be a solution to reach the 

desired supply air temperature. According to the experimental data, the supply air 

temperature rises from 20.4°C to 24.8°C as the cold water temperature rises from 10°C 

to 20°C. 
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Figure 6-16 Influence of cold water temperature on system cooling output and COP  

6.7.2 Influence of regeneration temperature  

The effect of hot water supply temperature on the MLDC system performance is 

indicated in Figure 6-17. The desiccant solution temperature at the regenerator inlet 

varies in line with the hot water temperature. As a result, an evident reduction in the 

system COP with the regenerator desiccant solution temperature and more thermal 

input power is associated. At CaCl2 solution concentration of 36%, the regenerator 

thermal input power increases by 635.3W while the system COP reduces by 21.33% 

as the hot water supply temperature rises from 55.0°C to 80.0°C. It has also been 

indicated in the literature [203], as the system COP decreases by approximately 17% 

when the temperature of LiCl solution rises from 40°C to 65°C at the regenerator inlet. 

The results reveal that more thermal input power is required to attain a higher 

regeneration temperature and thereby a lower system COP is obtained.  
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Figure 6-17 Influence of hot water temperature on regenerator thermal input power and system 

COP 

6.7.3 System performance evaluation summary 

In this section, the MLDC system performance has been evaluated through 

experimental work. With CaCl2 solution, the MLDC system is feasible for operating 

in the hot and humid region with efficient independent temperature and humidity 

controls. Based on the experimental results, the following implications can be 

identified:  

 The MLDC system mass balance between the dehumidifier and regenerator is 

of vital importance for steady operation. Appropriate adjustments should be 

applied for the match the moisture removal rates between the dehumidifier and 

regenerator at a given solution concentration.  

 The overall system performances decrease with cold water supply temperature 

and the supply air temperature increases accordingly. Based on the 

experimental data, the MLDC system is capable of providing the supply air at 

a temperature range of 20.4°C to 24.8°C as the cold water temperature rises 

from 10.0 °C to 20.0°C.  
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 The dehumidification effectiveness of 0.30 and system COP of 0.70 are 

achieved at CaCl2 solution concentration of 36% under the investigated 

operating condition. 

Next, Section 6.8 concludes this chapter and implications are also provided.  

6.8  Summary 

In this chapter, the hybrid MLDC system with CaCl2 solution has been evaluated 

through experimental work regarding the dehumidification, regeneration, evaporative 

cooling and overall system performance. The experimental data has evidently 

demonstrated the feasibility of the MLDC system for providing cooling and 

dehumidification demands in the hot and humid region. Under the investigated 

operating condition with an outdoor temperature of 34°C, the MLDC system provides 

dehumidification effectiveness of 0.3, COP of 0.7 and a supply air temperature of 

20.4°C. On the basis of the experimental results, the following conclusions are drawn: 

(1) The MLDC system with CaCl2 as the liquid desiccant is feasible for running 

with low-grade heat sources, as sufficient regeneration can be attainable in a 

heat source supply temperature range of 55°C to 80°C. Therefore the MLDC 

system can be incorporated with the scroll-based ORC system forming an 

effective integration in the micro trigeneration system, as the exhaust heat 

temperature from the scroll expander suffices the regeneration requirement of 

the dilute CaCl2 solution in the MLDC system.  

(2) Practically, the system mass balance between the dehumidifier and regenerator 

is crucial for steady operation of the MLDC system.  

(3) The inlet air condition greatly affects both the dehumidification and 

regeneration performance of the MLDC system. 
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(4) Depending on the operating environment, the MLDC system dehumidification 

performance varies as it improves with the dehumidifier inlet air temperature 

and humidity.  

(5) Based on the operating solution concentration, the heat source supply 

temperature for regeneration should be controlled appropriately without excess 

energy being wasted. 

(6) The dehumidification, evaporative cooling and overall system performance 

decrease with cold water supply temperature, however the supply air 

temperature rises.  

(7) The solution concentration influences the MLDC system performance 

considerably. The MLDC system is better running with liquid desiccant 

solution at a concentration for better the dehumidification and overall system 

performance. Nevertheless, the more thermal input power for the solution 

regeneration and crystallization risks in the normal operating temperature 

range should be noted as well.  

The work presented in this chapter provides contribution to knowledge of the 

comprehensive experimental testing of a liquid desiccant cooling system and 

evaluating effect of a wide range of operating conditions on the system performance. 

Furthermore, the work facilitates an effective pairing of MLDC and scroll-based ORC 

system for the proposed micro trigeneration system in Chapter 7. Next Chapter 7 

presents a detailed performance evaluation of the overall micro trigeneration system 

with scroll-based ORC and MLDC through theoretical modelling. 
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Chapter 7: Performance Evaluation of Micro Trigeneration 

System  

7.1 Introduction 

Owing to the benefits in technical, environmental and economic aspects, the onsite 

micro power generation system have been a highly-anticipated solution to fulfil the 

domestic energy requirements [160]. As highlighted in Chapter 2, to date a micro 

trigeneration system combining the scroll-based ORC and MLDC has been rarely 

explored in the literature. This chapter mainly presents a validated steady-state micro 

trigeneration system model, which has advantages in simplicity and effective 

prediction of the system performance in a wide range of operating conditions. A 

comprehensive analysis of the trigeneration system energy performance in different 

operating modes (i.e. single power generation, CHP, CCP and CCHP) is produced. 

The work in this chapter provides a contribution to knowledge of theoretical modelling 

and analysis of the micro trigeneration system.  

The schematic diagram of the proposed micro trigeneration system is presented in 

Figure 7-1 and this multifunctional system is featured with: 

 Simultaneous production of onsite electricity, heating and cooling. 

 Capability of running on low-grade heat sources. 

 Reduction in primary energy consumption, thermal loss and greenhouse gas 

emissions. 

 Summer operation by meeting the cooling and dehumidification demands. 

 Independent control in supply air humidity and temperature without 

overcooling, reheating and water condensation problems.  

 Cost effectiveness 
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The aims of this chapter are to (a) develop a comprehensive model of the micro 

trigeneration system and validate with experimental data; (b) demonstrate the 

feasibility of combining scroll-based ORC and MLDC technologies for an efficient 

micro trigeneration system, (c) conduct a comparison of energy performance for the 

single power generation, cogeneration and trigeneration operating modes; (d) 

investigate effect of different operating variables on the system energy performance 

under various operating conditions through simulation and (e) provide 

recommendations for practical operation of the micro trigeneration system. Therefore, 

this chapter is organised in the following sections: Section 7.2 establishes the micro 

trigeneration system modelling; Section 7.3 presents validation of the developed 

system model with experimental data; Section 7.4 compares the system energy 

performance for single power generation, CHP, CCP and CCHP modes; Section 7.5 

provides a theoretical performance analysis of the trigeneration system in cogeneration 

mode; Section 7.6 evaluate the energy performance of the trigeneration system in 

trigeneration mode based on simulation results and Section 7.7 summarises the chapter 

and provides recommendations for practical operation. 
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Figure 7-1 Schematic diagram of micro trigeneration system with scroll-based ORC and MLDC 
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7.2 Micro trigeneration system modelling 

In terms of modelling, the micro trigeneration system can be regarded as a closed-loop 

cycle with several connected components, which mainly consists of the scroll expander, 

heat exchangers, pumps, membrane-based dehumidifier, membrane-based regenerator 

and evaporative cooler. The system component modelling is implemented individually 

and subsequently linked in series to form a steady-state trigeneration system model, 

which predicts the trigeneration system performance under static equilibrium. In this 

section, modelling of the involved components is described respectively with reference 

to a number of the literature [126, 147, 258, 259], and the overall system energy 

performance evaluation metrics are presented as well.  

7.2.1 Scroll expander 

The scroll expander modelling (i.e. EXP) with a complete description of the governing 

equations has been presented in Section 5.2. As mentioned in Section 5.4.1, the 

identification of eight parameters of the scroll expander has been accomplished using 

experimental data. In general, the input variables of the semi-empirical scroll expander 

modelling are listed in Table 7-1: the working fluid properties (i.e. pressure, enthalpy 

and temperature) at inlet and outlet of the scroll expander and scroll expander 

rotational speed. The scroll expander static performance under a variety of operating 

conditions can be explored, with the output variables of: the exhaust enthalpy of the 

working fluid, the working fluid mass flow rate delivered by the scroll expander, shaft 

and electric power produced.  

Table 7-1 Parameters of scroll expander model 

EXP Model Parameters Descriptions Unit 

Inputs Pexp_su Inlet pressure of working fluid Pa 
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hexp_su Inlet enthalpy of working fluid J/kg 

Pexp_ex Exhaust pressure of working fluid Pa 

Nexp Scroll expander rotational speed rpm 

Texp_ex Exhaust temperature of working fluid K 

Outputs 

hexp_ex Exhaust enthalpy of working fluid J/kg 

Mdot Working fluid mass flow rate kg/s 

Wsh Shaft power W 

Wel Electric power W 

7.2.2 Pump 

The role of a refrigerant pump is to move and pressurize the organic working fluid 

R134a in the ORC loop. In principle, an isentropic process takes place inside the pump, 

where the working fluid entropy remains unchanged while passing through the pump. 

A semi-empirical pump model (i.e. PP) is developed to characterize the pump 

performance. Basically, the pump power consumption and volumetric flow rate vary 

with the pump speed (Npp) and the pressure difference between pump inlet and outlet 

(i.e. 
pp pp_ex pp_suM P P  ) [147]. The semi-empirical pump model using physics-based 

equations requires the several input variables as listed in Table 7-2, including the pump 

basic specification (i.e. displacement volume and volume), rotational speed, losses (i.e. 

leakage surface area and power loss factor), working fluid property at inlet and outlet 

of the pump (i.e. pressure and enthalpy).  

Table 7-2 Parameters of pump model 

PP Model Parameters Descriptions Unit 

Inputs 

Vpp_sw Pump displacement volume m3 

App_leak Pump leakage surface area m2 

Npp Pump speed rpm 

Wpp_loss Pump constant power losses W 
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Kpp_loss Pump proportional loss factor - 

Ppp_su Inlet pressure of working fluid Pa 

hpp_su Inlet enthalpy of working fluid J/kg 

Ppp_ex Exhaust pressure of working fluid Pa 

Outputs 

Tpp_ex Exhaust temperature of working fluid K 

hpp_ex Exhaust enthalpy of working fluid J/kg 

Mpp Working fluid mass flow rate kg/s 

Wpp Mechanical power input W 

In terms of the output variables, the pump model predicts the working fluid mass flow 

rate delivered by the pump (
ppM ), in which the internal leakage is modelled as an 

incompressible flow through an equivalent orifice.   

pp

pp pp_leak pp_su pp_ex pp_su

pp_sw pp_su

2 ( )
60

N
M A P P

V



   

 
                                        (7-1) 

Where pp_su  is density of the working fluid at the pump inlet, kg/m3. 

The mechanical power of the pump ( ppW ) is determined by taking mechanical losses 

into account. The mechanical losses ( pp_lossW ) are obtained by means of constant losses 

added to a term proportional to the isentropic power.  

pp

pp pp_loss pp_loss pp_ex pp_su

pp_su

( )
M

W W K P P


                                                               (7-2) 

Therefore, the pump exhaust temperature ( pp_exT ) can be determined by exhaust 

enthalpy ( pp_exh ) and pressure ( pp_exP ) of the working fluid thermodynamically: 

pp

pp_ex pp_su

pp

W
h h

M
                                                                                                   (7-3) 
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7.2.3 Heat exchangers 

As depicted in Figure 7-1, a number of plate heat exchangers are involved in the micro 

trigeneration system and serve various purposes: (a) evaporator-transfers heat from the 

hot water supplied by the electric boiler to the working fluid; (b) HX1-captures exhaust 

heat from the scroll expander for supplying hot water; (c) HX2-captures exhaust heat 

from the scroll expander to heat the dilute solution in MLDC; (d) recuperator-allows 

heat transfer between the working fluid leaving from HX1 and HX2 with the liquefied 

working fluid pumped from storage tank; (e) condenser-condenses the working fluid 

by cold water; (f) HX3-provides heat transfer between dilute solution and regenerated 

solution and (g) HX4-precools the regenerated solution by cold water before entering 

the dehumidifier. A counter-flow arrangement has been assumed for the heat 

exchanger modelling and the effectiveness-number of heat transfer units (NTU) 

method has been adopted to conveniently predict the working fluid temperature at the 

heat exchanger outlet. As listed in Table 7-3, the input variables of the heat exchanger 

model (i.e. HEX) are heat exchanger specification (i.e. total surface area), and hot and 

cold fluids properties at inlet of the heat exchanger (i.e. pressure, temperature and mass 

flow rate).  

Table 7-3 Parameters of heat exchanger model 

HEX Model Parameters Descriptions Unit 

Inputs 

Atot Heat exchanger total surface area m2 

Phf_su Inlet pressure of hot fluid Pa 

Thf_su Inlet temperature of hot fluid K 

mhf Mass flow rate of hot fluid kg/s 

Pcf_su Inlet pressure of cold fluid Pa 

Tcf_su Inlet temperature of cold fluid K 

mcf Mass flow rate of cold fluid kg/s 
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Outputs 
Thf_ex Exhaust temperature of hot fluid K 

Tcf_ex Exhaust temperature of cold fluid K 

The following assumptions have been made for modelling the heat exchanger.  

1) The heat exchanger operates under steady-state conditions (i.e. uniform 

temperature and flow rate of fluids at entrances of the heat exchanger); 

2) On each fluid side, the fluid flow rate and heat transfer surface area are 

distributed uniformly through the heat exchanger;   

3) The thermophysical properties of each fluid are constant throughout the heat 

exchanger, for instance the fluid specific heat; 

4) The overall heat transfer coefficient is constant (i.e. independent of temperature, 

time and position) throughout the heat exchanger; 

5) Heat loss to or heat gain from the surroundings is negligible. 

In the effectiveness-NTU method, the heat exchanger effectiveness ( ) is defined as 

the ratio between the actual heat transfer rate (q) to the maximum possible heat transfer 

rate that would be transferred within the heat exchanger (qmax) [260]: 

max

q

q
                                                                                                                     (7-4) 

The maximum heat transferable rate between two fluids in the heat exchanger at the 

given inlet temperatures can be obtained with: 

max min hf_su cf_su( )q C T T                                                                                            (7-5) 

Where C is heat capacity rate of the fluid. It can be expressed as C M cp  , M is 

fluid mass flow rate and cp  is fluid specific heat at constant pressure. Subscripts of hf 
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and cf denote hot and cold fluid respectively, and 
minC is the minimum of hfC and cfC . 

hf_su cf_suT T represents fluid inlet temperature difference.  

In terms of the counter-current flow heat exchanger, the relationship between the heat 

exchanger effectiveness and NTU is expressed as [261]: 

min

max

min min

max max

1 exp[ (1 )]

1 exp[ (1 )]

C
NTU

C

C C
NTU

C C



  



   

                                                                         (7-6) 

Where maxC  is the higher of two heat capacity rates of hfC and cfC . 

The number of transfer units (NTU) is defined as a ratio of the overall thermal 

conductance to the smaller heat capacity rate [262], which is calculated with:  

min

NTU
UA

C
                                                                                                              (7-7) 

Where U is overall heat transfer coefficient and A is total heat transfer area, m2.  

Hence, the heat transfer rate from the hot fluid to the cold fluid within the heat 

exchanger (q) is given by: 

max hf hf hf_su hf_ex cf cf cf_su cf_ex( ) ( )q q m cp T T m cp T T                                        (7-8) 

Accordingly, the exhaust temperatures for hot and cold fluid can be determined by: 

hf_ex

hf hf

q
T

m cp



                                                                                                      (7-9) 

cf_ex

cf cf

q
T

m cp



                                                                                                      (7-10) 
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7.2.4 Membrane-based unit 

In the MLDC, the membrane-based dehumidifier/regenerator unit consists of air and 

solution channels arranged in parallel, which are separated by semi-permeable 

membranes. Both heat and vapour can be transferred through membranes, whereas the 

liquid desiccant solution is prevented from passing through. In view of the complexity 

of MLDC modelling, a steady-state cross flow mathematical model has been 

developed for the membrane-based dehumidifier, and the regenerator and evaporator 

models have been implemented by a simplified empirical approach. A single-layer 

membrane unit has been established using one air channel and one neighbouring 

solution channel as the domain for dehumidifier modelling. As depicted in Figure 7-2, 

air flows along x axis positive direction, while desiccant solution flows along y 

positive direction, heat and mass are exchanged in z direction.  

 

Figure 7-2 Schematic diagram of a cross-flow single-layer membrane unit 
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For modelling, air and solution flows are considered to be laminar since their Reynolds 

numbers are less than 2000 [224]. The flowing assumptions are made to simplify the 

flow model:  

1) The membrane-based unit is well-insulated with negligible heat transfer taking 

place between the unit and ambient. 

2) Thermodynamic and physical properties of air and solution flows are constant 

and independent of temperature and humidity. 

3) Flows with uniform velocity are fully developed with negligible entrance effect.  

4) Both air and solution flows are fully developed and the bulk properties (i.e. 

temperature and humidity) of two flows only vary along channel length.  

5) The membrane properties are uniform in the unit. 

6) Heat and mass transfer through membrane only occurs normally to the 

membrane in z axis direction and axial diffusion is neglected. 

7) Water vapour is transferred in the membrane and condensed at the membrane-

solution interface. The heat released during the process is added to the solution 

side since the convective heat transfer coefficient on solution side is much 

higher than that on air side. 

8) The channel boundaries are flat with no fins or any heat transfer enhancements. 

Based on the mathematical models in the literature [263] [224] and [264], 

modifications are adopted to develop a simplified numerical model of coupled heat 

and mass transfer for a single-layer membrane unit using CaCl2 as the liquid desiccant. 

Figure 7-3 illustrates the incremental control volume for heat and mass balances in the 

solution and air channels respectively.  
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                                     (a)                                                                              (b) 

         

                                      (c)                                                                                (d) 

Figure 7-3 Control volumes for (a) heat balance, (b) mass balance in solution channel, (c) heat 

balance and (d) mass balance in air channel 

Explanations for parameters involved in the MLDC model are presented in Table 7-4:   

Table 7-4 Parameters for MLDC modelling 

Parameters Explanations Unit 

dem  Liquid desiccant mass flow rate kg/s 

airm  Air mass flow rate kg/s 

solm  Solution mass flow rate kg/s 

air  Specific humidity of air kg/kg 

sol,mem  Solution specific humidity on the membrane surface kg/kg 
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Parameters Explanations Unit 

_solpC  Solution specific heat kJ/kg K 

_airpC  Air heat capacity kJ/ kg K 

fgh  Water condensation heat J/kg 

solT  Solution temperature °C 

airT  Air temperature °C 

sol,memT  Membrane surface solution temperature °C 

The solution mass fraction ( solX ) is defined as the mass ratio between water and 

desiccant, with which the liquid desiccant solution concentration ( solC ) can be derived: 

wate
sol

r

de

 X
m

m
                                                                                                            (7-11) 

sol

sol

1
 

1
C

X



                                                                                                         (7-12) 

Where waterm and dem  are masses of water and desiccant respectively, kg.  

Regarding to the heat and mass transfer inside the two channels, overall convective 

mass transfer coefficient ( mU ) and heat transfer coefficient (U) are defined 

respectively, which can be obtained by dimensionless Nusselt number (Nu) and 

Sherwood number (Sh) under conjugate transfer condition.  

1

m

m,air m,mem

1
U

h k




 
   
 

                                                                                          (7-13) 

Where hm,air is air side mass transfer coefficient, kg/m2K and km,mem is membrane mass 

conductivity, kg/ms.  
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1

air mem sol

1 1
U

h k h




 
   
 

                                                                                       (7-14) 

Where hair is air side heat transfer coefficient, W/m2K, kmem is membrane heat 

conductivity, W/mK and hsol is solution side heat transfer coefficient, W/m2K. 

With referred to validated heat and mass transfer models for various membranes by 

Huang, et al. [224], the corresponding Nu and Sh values under the defined conjugate 

transfer condition of this model are adopted directly.  

Besides the heat and mass transfers occurring in the air and solution channels, the 

membrane heat and mass transfer should be also considered, which takes place at the 

membrane surface as the heat from vapour condensation is added to the solution side. 

The overall heat transfer coefficient is used for heat transfer from air channel to 

membrane, which includes the resistance of convective heat transfer of the solution. 

The heat transfer boundary conditions are based on thermal energy balance through 

the membrane: 

     sol sol,mem sol air sol,mem fg m air sol,mem  h T T U T T h U                                          (7-15) 

Where hm,sol  is solution convective mass transfer coefficient, kg/m2s and Csol,mem is 

solution concentration on membrane surface. 

Similarly, mass transfer boundary conditions are based on mass balance through the 

membrane: 

   m air sol, mem m,sol sol sol,memU h C C                                                                  (7-16) 

The governing equations are then normalized to outline important parameters. The 

normalization procedure is explained in Figure 7-4. In particular, NTU is obtained 
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based on the minimum capacity ratio (i.e. air ,air sol ,solp pm c m c ). The normalized 

equations for the membrane-based unit modelling are provided in Table 7-5. 

 

Figure 7-4 Normalization process with dimensionless parameters for governing equations 

 

Table 7-5 Normalized equations for heat and mass balances 

Descriptions  Normalized Equations 

Solution side 

heat balance 
   

*
*

* * * *sol
m air sol,mem air sol*

1 1
0

T
NTU h NTU T T

y Cr Cr
 


     


 

Solution side 

mass balance 
    * *sol

sol,in air,in m sol air sol,mem* *

1
1 0

X
NTU X

y m
   


      


 

Air side heat 

balance 
 

*
* *air

m air sol*
0

T
NTU T T

x


  


 

Air side mass 

balance 
 

*
* *air

m air sol,mem*
0NTU

x


 


  


 

Membrane 

surface  

heat balance 

     * * * * * * *

sol sol,mem sol air sol,mem m air sol,memNTU T T NTU T T NTU h       

Membrane 

surface 

mass balance 

     * *

m sol,in air,in air sol,mem m,sol sol sol,memNTU NTU C C         
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For modelling, air specific humidity is used instead of vapour pressure since it is more 

straightforward and the vaporisation heat can be easily derived. The relationship 

between the specific humidity and vapour pressure is given by [265]: 

v

a v

0.62198
P

P P
 


                                                                                                (7-17) 

Where Pa and Pv are atmospheric pressure and vapour pressure respectively, Pa. 

Similarly, the equivalent specific humidity ratio of the desiccant solution is adopted 

for modelling, which can be calculated with equilibrium state of air at the interface. 

The differential membrane surface humidity governing equations can be obtained from 

surface temperature and solution concentration. The equilibrium water vapour 

pressure of desiccant solution is a function of solution temperature and concentration. 

An empirical correlation is derived by Cisternas and Lam [241] as expressed: 

v

s s

 
B d

Log P KI A C
T E T E

   
      

    
                                                              (7-18) 

Where K is an electrolyte parameter relating to solute; A, B, C, D and Es are parameters 

regarding to solvent. As CaCl2 is selected as the liquid desiccant, the psychrometric 

chart of CaCl2 solution has been previously presented in Figure 6-5. 

7.2.5 Performance evaluation metrics 

Theoretically, the energy performance of the micro trigeneration system is mainly 

assessed by three parameters: the electrical efficiency, the thermal efficiency and the 

system overall efficiency. The electrical efficiency ( el ) represents the useful power 

produced by the micro trigeneration system, which is expressed as: 

net net
el

in ev

W W

Q Q
                                                                                                        (7-19) 
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Where 
netW  is system net power output as the difference between the scroll expander 

output power and the pump input power (i.e. net el ppW W W  ) and evQ  represents heat 

absorbed by the working fluid in the evaporator, W. 

The thermal efficiency (
th ) is the thermal energy proportion in the entire micro 

trigeneration system, which indicates how much energy is recovered rather than 

wasted. 

th th
th

in ev

Q Q

Q Q
                                                                                                          (7-20) 

Where thQ  is total thermal output discharged by the scroll expander and distributed to 

the heat recovery and MLDC units respectively, W. 

The coefficient of performance (COP) of the MLDC is defined as: 

cooling

th_MLDC

COP
Q

Q
                                                                                                      (7-21) 

Where coolingQ  is cooling output of the MLDC and th_MLDCQ  is heat input of the MLDC 

regenerator, which is recovered from the exhaust heat of the scroll expander, W.  

The micro trigeneration system overall efficiency ( overall ) is determined as the ratio of 

the overall trigeneration system energy conversion (i.e. electricity, heating and cooling) 

over the total energy input to the system: 

net HR cooling

overall

ev

W Q Q

Q


 
                                                                                   (7-22) 

Where HRQ  is thermal output of heat recovery unit, W. 
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All the evaluation metrics has been included as the output variables for the micro 

trigeneration system modelling.  

7.2.6 Modelling method 

MATLAB provides highly self-defined mathematical model environment and 

provides comprehensive numerical equation solvers compared to EES or other 

potential simulation software. Referred to the methodology presented in the literature 

[147], the integrated micro trigeneration system modelling is implemented by linking 

the established components together in series in MATLAB. The open source CoolProp 

library is applied as the main source to retrieve thermo-physical properties of the 

working fluid R134a applicable for the micro trigeneration system. Maim assumptions 

adopted in the system modelling are: (a) the trigeneration system operate in steady 

state and (b) the pressure drops in heat exchangers and pipelines are neglected. 

A flow chart of theoretical modelling is shown in Figure 7-5. The input variables of 

the system model mainly include heat source of ORC, cold and hot water properties, 

ambient environment temperature, solution and air inlet conditions of MLDC. As the 

entire system model is regarded as a closed loop with all the components combined 

and connected in series, fluid properties and variables of every individual component 

will interact with each other. For example, the working fluid condition at the pump 

outlet also acts as the supply condition for the evaporator. In order to obtain the steady-

state result, a comprehensive iteration process is necessary. At the start of implicit 

iteration, a good initial guess is essential for saving calculation time and shortening 

the simulation process. In principle, on a basis of the steady-state condition guessed 

for each component, the iteration process gradually narrows down the discrepancy 

among variables of components, and finally the steady-state result will be determined 
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once reasonable residual is reached. For the sake of efficient simulation in MATLAB, 

a pre-conditioner solver and an overall cycle solver are programmed. The pre-

conditioner mainly functions to implement the guess process implicitly, while the 

cycle solver assigns the guessed results to the components at the beginning of iteration, 

which starts from the pump model. Each iteration result serves as the initial input for 

the next calculation loop, while residuals between the loop input and output are 

calculated accordingly. The overall system steady-state result is produced when the 

average residual is narrowed to a given criterion. Basically, three main outputs of the 

micro trigeneration system, including the electric generated, hot water supply 

temperature, cooling output of MLDC can be produced by the model. In addition, for 

performance evaluation in this chapter, the output variables of the model are generated 

in a comprehensive profile format, as presented in Table 7-6.  
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Figure 7-5 Modelling flow chart 

 



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

239 
 

Table 7-6 Outputs of the micro trigeneration system model 

Scroll expander  
Shaft power Wsh 

Electric power Wel 

Hot water supply  HX1 outlet Thf_ex   

Thermal energy 

Input thermal of heat source Qev 

Recovered thermal energy for heating Qth_heating 

Recovered thermal energy for cooling Qth_coolling 

MLDC cooling output Qcooling 

Total recovered thermal energy Qth 

MLDC  COP 

System net power output Wnet 

Efficiency  

Scroll expander isentropic efficiency 
is  

Scroll expander volumetric efficiency 
vo  

Electrical efficiency 
el  

Thermal efficiency
th  

Overall system efficient 
overall  

In this section, the complete system modelling has been presented in detail with 

descriptions of each individual component modelling as well as modelling method. 

Next, Section 7.3 presents the validation of the system model with the experimental 

work.  

7.3 Model validation with experimental work 

To use the model with confidence, the model validation is conducted with 

experimental data. In this section, the validation is mainly focused on the main 

components of the micro trigeneration system (i.e. ORC), by comparing simulation 

results with experimental data. The experimental testing of the ORC has been 
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described previously in Section 5.3 with R134a as the working fluid. The parameters 

involved in the model validation are namely the working fluid pressures at inlet and 

outlet of the scroll expander (i.e. P1 and P2), the working fluid mass flow rate (m), the 

electricity output (We) and working fluid temperatures at various locations. Ten tests 

have been selected for validation and the experimental data alongside the simulation 

results, the operating conditions are listed in Table 7-7, and validation results are 

presented in Figure 7-6 and Figure 7-7.  

Table 7-7 Operating variables for validation 

Operating variables Range 

Hot water temperature 368-378K 

Hot water mass flow rate 0.12kg/s 

Scroll expander rotational speed 3000-3600rpm 

Pump rotational speed 3300-3600rpm 

Cold water temperature  283-287K 

Cold water mass flow rate 0.20kg/s 

 

Figure 7-7 presents the comparisons between the measured and simulated data for the 

working fluid pressure, working fluid mass flow rate and electricity output. Error bars 

of ±10% are included to illustrate the degree of agreement between the experimental 

and simulation results. Over the 10 tests, good agreements between the simulation and 

experimental results are observed for both the inlet and outlet pressures (i.e. P1 and 

P2), with a maximum deviation of ±8%. On the other hand, the simulation results of 

the working fluid mass flow rate and generated electric power match well with the 

experimental data, where predictions fit within ±8% margin.  
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         (a) 

 

          (b) 

 

          (c) 
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          (d) 

Figure 7-6 Comparison of the calculated and measured results for: (a) scroll expander supply 

pressure (b) scroll expander exhaust pressure (c) working fluid mass flow rate and (d) electric 

output power 

Regarding to the validation of temperature variables, working fluid temperatures at 

inlet and outlet of the scroll expander (i.e. T1 and T2) as well as the condenser outlet 

(i.e. T3) are compared to the experimental data, which are measured by thermocouple 

sensors during testing. As show in in Figure 7-7(a) and 7-7(b), the calculated working 

fluid temperatures at inlet and outlet of the scroll expander (i.e. T1 and T2) correspond 

well to the experimental data, which are all clustered around two regions within ±3K 

and ±4K respectively. However, a more notable difference of the condenser outlet 

temperature between the prediction and measurement is seen in Figure 7-7(c), as the 

calculated condenser outlet temperatures are fluctuating within the margin of +7K.  
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         (a) 

 

          (b) 

 

          (c) 

Figure 7-7 Comparison of the calculated and measured results for working fluid temperature 

at: (a) scroll expander inlet (b) scroll expander outlet (c) condenser outlet 
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Overall the developed micro trigeneration system model works within an acceptable 

error range for the parameters required to evaluate the micro trigeneration system. 

Consequently, the model can be used confidently in the following parametric studies 

presented in Section 7.4, 7.5 and 7.6. The discrepancies between the experimental and 

simulation results may be caused by the following reasons: 

1) Average values of experimental conditions are used as the modelling input.  

2) Semi-empirical modelling has been adopted for the scroll expander and pump, 

which simplifies the working processes inside the scroll expander and pump. 

The internal leakages of the scroll expander are modelled by lumping leakages 

paths into one fictitious leakage clearance and the mechanical losses are 

obtained by considering a proportional loss factor for the pump, which may not 

precisely simulate the real leakage condition.  

3) Pressure losses due to friction in the pipe and heat exchangers are assumed to 

be negligible. 

4) The ambient temperature maybe not constant throughout the testing period, 

which cannot be accurately manifested in the modelling.  

5) Due to the accuracies of the measurement instruments and measuring method, 

inevitable experimental errors exist. 

This section has presented the validation of the micro trigeneration system model with 

experimental data for a wide range of parameters. Reasonable agreements have been 

found for all the investigated parameters between the simulation and experimental data. 

Next, a detailed comparison of the system energy performance under different 

operating modes is provided in Section 7.4.   
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7.4 System energy performance in different operating modes 

The proposed micro trigeneration system enables various operating modes to meet the 

end-user’s energy demands, which include: (a) ORC-based single power generation 

mode for electricity only; (b) CHP mode for electricity and hot water supply; (c) CCP 

mode for electricity and cooling/dehumidification demands and (d) CCHP mode for 

electricity, hot water supply and cooling/dehumidification demands. Based on the 

validated model, the micro trigeneration system performance can be simulated in 

different operating modes by varying the input variables. For simulation, the working 

fluid of R134a and liquid desiccant of CaCl2 are chosen for the micro trigeneration 

system. In this section, comparisons of the micro trigeneration system performance are 

conducted among the four operating modes for generating similar amount of electric 

output power. More specifically, by adjusting the distribution ratio of the recovered 

thermal power for heating and cooling/dehumidification demands, the micro 

trigeneration system performs differently in CCHP mode. Hence, as the micro 

trigeneration system operates in CCHP mode, three distribution ratios are selected for 

the comparative study (i.e. 30%, 50% and 70%) in this section.  

A number of evaluation metrics with regard to the micro trigeneration system energy 

performance are taken into account for comparison, as previously stated in Section 

7.2.5, including the electric power generated, scroll expander isentropic efficiency, 

thermal power recovered for heating, recovered thermal power for cooling, total 

recovered thermal power, total useful energy power, system electrical efficiency, 

thermal efficiency, COP of MLDC and overall system efficiency. Table 7-8 shows the 

simulation results of the micro trigeneration system in different operating modes. 

Apparently, the feasibility of the proposed micro trigeneration system is proved based 

on the simulation data. The micro trigeneration system operating in the CHP, CCP and 
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CCHP modes exhibits better energy performance compared to that of the separate 

power generation mode. Comparatively, CCP mode demonstrates the highest overall 

system efficiency of 42.04%, while only 5.74% is achieved for the single power 

generation. The results also imply that by integrating a heat recovery component in a 

single power generation system for hot water supply, the overall system efficiency 

improves by additional 33.32% and an integration of the MLDC contributes an 

improvement of additional 36.30% in the overall system efficiency. For the micro 

trigeneration system operating in CCHP mode, the more thermal power is recovered 

for cooling/dehumidification demand, the higher overall system efficiency can be 

reachable owing to the more total useful energy output. With 40% more recovered 

thermal energy is distributed for cooling demand, the improvement in the overall 

system efficiency is approximately 4.1%. On the contrary, the COP of MLDC 

decreases accordingly because the heat input power added for heating the dilute 

solution plays a more predominant role than the cooling output of the dehumidifier.  

Table 7-8 Energy performance of micro trigeneration system in different operating modes 

Parameters 
Power  

only 
CHP CCP 

CCHP_1 CCHP_2 CCHP_3 

H:30 

C:70 

H:50 

C:50 

H:70 

C:30 

Input power (W) 12996 13198 13173 13109 13128 13134 

Electric output 

(W) 
825.57 825.18 825.33 825.50 825.54 825.39 

Scroll expander 

exhaust 

temperature (K) 

337.64 337.51 337.52 337.49 337.49 337.49 

Scroll expander 

isentropic 

efficiency (%) 

65.88 65.74 65.72 65.75 65.78 65.76 
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Parameters 
Power  

only 
CHP CCP 

CCHP_1 CCHP_2 CCHP_3 

H:30 

C:70 

H:50 

C:50 

H:70 

C:30 

Working fluid 

mass flow rate 

(kg/s) 

0.05 0.05 0.05 0.05 0.05 0.05 

Recovered 

thermal energy 

for hot water 

supply (W) 

- 4385.03 - 1206.52 2311.01 2716.21 

Recovered 

thermal energy 

for MLDC (W) 

- - 4781.00 3440.45 2238.21 1730.89 

Total useful 

energy output 

(W) 

758.12 5142.21 5538.33 5404.47 5304.76 5202.49 

Electrical 

efficiency (%) 
5.83 5.74 5.75 5.76 5.76 5.75 

Thermal 

efficiency (%) 
- 33.23 36.29 35.28 34.53 33.76 

COP - - 0.21 0.26 0.37 0.45 

Overall system 

efficiency (%) 
5.85 38.96 42.04 41.23 40.41 39.61 

In this section, the simulation results have demonstrated the pairing of ORC and 

MLDC for a micro trigeneration system is viable. It has also been found from the 

comparison that the micro trigeneration system in cogeneration and trigeneration 

modes exhibits better energy performance compared to the single power generation 

mode. Next, a comprehensive parametric study of the micro trigeneration system 

performance in CHP mode is presented in Section 7.5.  
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7.5 Parametric study of system performance in cogeneration mode  

In this section, the micro trigeneration system is simulated in CHP mode, which only 

provides electricity and hot water supply. For the parametric study in this section, the 

system energy performance is assessed by a number of metrics as defined in Section 

7.2.5, namely the generated electricity, the recovered thermal energy for hot water 

supply, the electrical efficiency, the thermal efficiency and the CHP efficiency. Based 

on the simulation results, the effect of different operating variables on the system 

performance are investigated as well: (a) the effect of hot water supply temperature in 

Section 7.5.1; (b) the effect of hot water supply mass flow rate in Section 7.5.2; (c) the 

effect of cold water supply temperature in Section 7.5.3; (d) the effect of cold water 

supply mass flow rate in Section 7.5.4 and (e) the effect of scroll expander rotational 

speed in Section 7.5.5. For the parametric study in this section, the typical operating 

condition for simulation is presented in Table 7-9, and the ranges of the operating 

variables used in the investigation are also listed.  

Table 7-9 Operating variables for simulation 

Operating variables Value Simulation Range 

Hot water temperature 370K 365-385K 

Hot water mass flow rate 0.12kg/s 0.10-0.15kg/s 

Scroll expander rotational speed 3600rpm 2800-3600rpm 

Refrigerant pump rotational speed   3600rpm - 

Cold water temperature  3000rpm 280-292K 

Cold water mass flow rate 285K 0.15-0.35kg/s 



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

249 
 

7.5.1 Hot water supply temperature 

As depicted in Figure 7-1, hot water is supplied from the electric boiler to the 

evaporator for heating up the working fluid R134a in the ORC loop, so that the 

working fluid enters the scroll expander at a high temperature and pressure vapour 

state. To investigate the impact of the hot water supply temperature on the system 

performance, simulations are conducted for the micro trigeneration system operating 

in CHP mode with hot water supply temperature ranging from 365K to 385K. Figure 

7-8 demonstrates temperature variations of the working fluid at scroll expander supply 

and exhaust respectively. Apparent linear relationships with the hot water supply 

temperatures are observed for both the working fluid inlet and outlet temperature. Over 

the investigated hot water supply temperature range, the scroll expander supply and 

exhaust temperatures rise linearly from 364.97K to 385.01K and from 330.88K to 

350.69K respectively.  

 

Figure 7-8 Influence of hot water supply temperature on scroll expander supply and exhaust 

temperatures  

As the supply condition varies with the hot water supply temperature, the scroll 

expander performs differently. Figure 7-9 presents the scroll expander operating 
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pressure ratios and isentropic efficiencies at different hot water supply temperatures. 

It can be clearly seen that higher hot water supply temperature leads to higher supply 

temperature and pressure of the scroll expander, thus a higher pressure ratio is imposed 

and a higher isentropic efficiency can be achieved. For example, at a hot water supply 

temperature of 365K, the scroll expander is operated at a pressure ratio of 2.63 and its 

isentropic efficiency is approximately 66.27%, while with hotter water supplied to the 

system (i.e. 385K), the scroll expander isentropic efficiency improves by 5.46% as the 

scroll expander operates at a pressure ratio of 2.87.  

 

Figure 7-9 Influence of hot water supply temperature on scroll expander pressure ratio and 

isentropic efficiency 

At a higher hot water supply temperature, more heat transfer occurs between the hot 

water and working fluid in the evaporator and the working fluid leaves for the scroll 

expander at a higher volume flow rate and enthalpy. Evidently, more heat input is 

provided to the system with the increasing hot water supply temperature as indicated 

in Figure 7-10. As the hot water supply temperature rises, working flow per unit mass 

flow rate produces more power owing to the increasing supply temperature and 

pressure as well as the mass flow rate. As a consequence, more thermal power can be 

recovered for heating purpose. For instance, over the simulated hot supply temperature 
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range, the electric output power and the recovered thermal power increase by 11.86% 

and 28.81% respectively, whereas meanwhile 9.87% more heat input is required to 

power the scroll expander. 

 

Figure 7-10 Influence of hot water supply temperature on heat input power, electric output 

power and recovered thermal power 

Figure 7-11 presents the impact of the hot water supply temperature on the system 

electrical, thermal and CHP efficiencies. As the hot water supply temperature increases 

from 365K to 385K, only approximately 85.39W more electricity is produced by the 

scroll expander, thus the variation in the system electrical efficiency is not significant 

(i.e. an increase rate of 3.84%). Comparatively, higher rates of increase in the system 

thermal and CHP efficiencies are noted. The thermal efficiency increases by 16.71% 

and the CHP efficiency improves by 14.39% as the hot water supply temperature rises 

by 20K. It is also worth noting that as the hot water supply temperature increases 

gradually, the rates of increase in the thermal and CHP efficiencies decline accordingly. 

For instance, as the hot water supply temperature rises from 380K to 385K, the thermal 

and CHP efficiencies improve by only 0.94% and 0.74% respectively.  
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Figure 7-11 Influence of hot water supply temperature on system electrical, thermal and CHP 

efficiencies 

The results imply that the improvement in the energy performance of the micro 

trigeneration system would be limited as the temperature difference between the hot 

water and working fluid further increases, which is attributed to the heat transfer 

mechanism in the evaporator. Over the hot water temperature range for simulation, the 

working fluid R134a is heated by the hot water and leaves the evaporator at the 

superheated vapour state. By varying the hot water temperature, the variation in the 

superheated degree of the vapour could be realised and the results reveal that 

superheating of the working fluid contributes to an improvement in the electric 

production as well as system efficiency. Basically, in terms of the boiling process 

occurring in the evaporator, the working fluid is firstly heated by the hot water to the 

superheated liquid through convective heat transfer, and then followed by saturated 

nucleate boiling, where a sufficient degree is reached for boiling nucleation to occur 

and vapour bubbles are generated [266]. Generally, nucleate boiling takes place when 

the surface temperature is higher than the saturation temperature by 4 to 30°C. In the 

nucleate boiling mode, the larger the temperature difference between the hot water and 

working fluid, the more the heat flux can be achieved. As the vapour production further 
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progresses with a larger temperature difference, the transition from the saturated 

nucleate boiling leads to the departure from nucleate boiling. At the departure from 

nucleate boiling point, the heat flux occurred in the evaporator reaches a maximum 

value and is called the critical heat flux [267], beyond which the vapour bubbles merge 

to form a continuous vapour film and less effective heat transfer takes place at low 

mass vapour quality with a notable reduction in the heat transfer coefficient [268]. 

Hence, when further increases the hot water temperature, the heat absorbed by the 

working fluid in the evaporator would level off gradually.  

7.5.2 Hot water supply mass flow rate 

Alternatively, varying the hot water mass flow rate is another way to realise changes 

in the hot water supply condition. To identify the effect of the hot water mass flow rate 

on the system energy performance, the hot water is simulated in a mass flow rate range 

of 0.10kg/s to 0.15kg/s. As the hot water mass flow rate increases, in other words, 

more hot water is supplied to transfer heat to the working fluid in the evaporator. In 

such a way, the scroll expander performance improves in accordance with the hot 

water mass flow rate as illustrated in Figure 7-12. When the hot water mass flow rate 

is 0.10kg/s, the scroll expander isentropic efficiency is 66.19% at a pressure ratio of 

2.57, while at a hot water mass flow rate of 0.15kg/s, the scroll expander operates at a 

pressure ratio of 2.89 and its isentropic efficiency rises up to 70.01%. 
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Figure 7-12 Influence of hot water mass flow rate on scroll expander pressure ratio and 

isentropic efficiency 

The increase in the hot water mass flow rate allows more heat input into the micro 

trigeneration system, as indicated in Figure 7-13. The results imply that though a 

higher mass flow rate of the hot water leads to more electric output and more recovered 

thermal energy, more heat input power are required simultaneously. For instance, as 

the hot water mass flow rate increases from 0.10kg/s to 0.15kg/s, the heat input power 

increases by 12.38% and the rates of increase in the electricity and recovered thermal 

output are 19.53% and 19.32% respectively. In addition, as the mass flow rate further 

increases, the variation in the heat input power becomes gentler which is related to the 

critical heat flux of the boiling process occurring in the evaporator, as mentioned in 

Section 7.5.1.  
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Figure 7-13 Influence of hot water mass flow rate on heat input power, recovered thermal 

power and electric output  

Figure 7-14 presents the impact of the hot water mass flow rate on the system electrical, 

thermal and CHP efficiencies. Due to the increases in the heat input power, recovered 

thermal energy and electric output; variations in the efficiencies are not marked. Over 

the investigated mass flow rate range, the electrical efficiency varies from 4.95% to 

5.69%, the thermal efficiency increases by 8.07% and the CHP efficiency improves by 

6.44%. The results demonstrate that an improvement in the system energy 

performance can be attainable by providing the hot water at a higher mass flow and 

the actual heat transfer in the evaporator should be noted since it affects the heat input 

of the evaporator. Basically, the increase in the hot water mass flow rate directly 

influences the working fluid temperature at the evaporator outlet and thus the degree 

of superheat is affected as well. In terms of the evaporator, there exists a pinch point 

for the two-phase plate heat exchanger, which limits the capacity of the heat exchanger 

and increases irreversibility. From the previous studies [269-271], it has been noted 

that the pinch point of the evaporator plays an important role and its position is 

influenced by the inlet temperature of the working fluid and hot water. When the 

degree of superheat rises, it would cause an increase of the temperature difference at 



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

256 
 

pinch point in the evaporator as well as the irreversibility in the heat transfer process, 

which thus would result in the reduction of the heat exchanger efficiency and the 

attenuation in the increment of electric power generated could be observed. Therefore, 

the degree of superheat should be optimised based on the working fluid type, properties 

and parameter, heat source parameters and evaporator configuration, which has been 

also stated in the literature [112, 272]. 

 

Figure 7-14 Influence of hot water mass flow rate on system electrical, thermal and CHP 

efficiencies 

7.5.3 Cold water supply temperature 

As presented in Figure 7-1, when the micro trigeneration system operates in the CHP 

mode, the low-pressure vapour of R134a exiting from the scroll expander firstly flows 

into the heat exchanger HX1 for heat recovery to provide hot water supply, and 

afterwards it enters the recuperator and is condensed by cold water. In such a way, the 

liquefied working fluid will be stored in the storage tank and pumped to the evaporator 

for the continued operation. By varying the cold water supply temperature from 280K 

to 292K while keeping the other parameters constant, its impact on the system energy 

performance is assessed in this section.  
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Apparently, the working fluid temperature at the pump inlet increases linearly with the 

cold water supply temperature as observed in Figure 7-15. As the cold water 

temperature rises from 280K to 292K, the pump supply temperature increases from 

284.91K to 293.93K. A higher cooling water temperature results in a higher 

condensing temperature and hence higher condensing pressure is obtained, which 

directly influences the scroll expander exhaust pressure. When the scroll expander 

operates at a higher exhaust pressure, the scroll expander supply pressure increases 

correspondingly with the cold water supply temperature to ensure the steady operation. 

As the cold supply water rises by 12K, the scroll expander supply and exhaust 

pressures increase by 6.86% and 24.79% respectively.  

 

Figure 7-15 Influence of cold water supply temperature on pump supply temperature and scroll 

expander supply and exhaust pressures  

Because the increase rate of the condensing pressure is larger than that of the supply 

pressure, the scroll expander pressure ratio decreases with the cold water supply 

temperature as shown in Figure 7-16. As a consequence, the scroll expander efficiency 

is lowered. At a cold water supply temperature of 280K, the scroll expander operative 

pressure ratio is 3.07 with an isentropic efficiency of 71.31%, while the isentropic 
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efficiency declines by 7.29% and the pressure ratio reduces to 2.64 as the cold water 

temperature rises by 12K.  

 

Figure 7-16 Influence of cold water supply temperature on scroll expander pressure ratio and 

isentropic efficiency 

The increasing evaporating pressure with a higher cold water temperature results in a 

higher evaporating temperature and a higher working fluid density in the evaporator. 

However the hot water supply temperature is maintained at 365K, thus the heat transfer 

between the hot water and working fluid reduces and less heat input power is required 

as noted in Figure 7-17. With a higher cold water temperature, the scroll expander 

operates at a lower pressure ratio, which degenerates the power generation ability of 

the scroll expander. The decreasing power output is mainly determined by the 

increasing condensing pressure with a higher cold water temperature. On the other 

hand, less thermal power is recovered owing to the reduction in the heat input, 

condensing output and power output at a higher cold water supply temperature. For 

instance, at a cold water supply temperature of 280K, the system heat input power is 

12519.26W, the electric output power is around 855.98W and 3673.05W thermal 

power is recovered, while 2.42% less heat input power is observed at a cold water 
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supply temperature of 292K, the electric output power reduces by 16.74% and 

recovered thermal power declines by 9.82% respectively.  

 

Figure 7-17 Influence of cold water supply temperature on heat input power, electric output 

power and recovered thermal power 

Negative impacts of a higher cold water supply water temperature on the system 

electric, thermal and CHP efficiencies are demonstrated in Figure 7-18. The higher the 

cold water temperature, the lower the electrical, thermal and CHP efficiencies of the 

micro trigeneration system are. Over the investigated cold water supply temperature 

range, the CHP efficiency decreases by 9.06% and the electrical efficiency lowers by 

16.74%, and 7.58% of decrease for the thermal efficiency. The result reveals the 

importance of supplying cooler water to the micro trigeneration system for better 

energy performance, which has also been stated in the literature [159]. Similar to the 

heat transfer mechanism of the evaporator explained in Section 7.5.1 and 7.5.2, 

condensation process taking place in the condenser also involves convection, drop 

nucleate, transition and film-wise modes [266]. By lowering the cold water supply 

temperature, the temperature difference between the cold water and working fluid 

increases and drives more heat transfer especially in the drop nucleate process. 
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However, there exists a critical heat flux in the condenser, beyond which a much less 

effective heat transfer would occur. Thus it is also noteworthy that the cold water 

supply temperature should be reasonable to avoid detrimental effects on the system 

power generation and efficiency due to the condensate sub-cooling [273] . 

 

Figure 7-18 Influence of cold water supply temperature on system electrical, thermal and CHP 

efficiencies 

7.5.4 Cold water supply mass flow rate 

Then investigations are carried out to identify the effect of the cold water supply mass 

flow rate on the system energy performance by varying the cold water mass flow rate 

from 0.15kg/s to 0.35kg/s. It is noted from Figure 7-19, the scroll expander pressure 

ratio rises in line with the increase in the cold water mass flow rate, which thus leads 

to higher isentropic efficiency. This is mainly attributed to more cold water being 

supplied for condensing the working fluid in the condenser. When the cold water mass 

flow rate is 0.15kg/s, the scroll expander isentropic efficiency is approximately 62.45% 

at a pressure ratio of 2.45, and it rises to 69.57% at a cold water mass flow rate of 

0.35kg/s and scroll expander operates at a pressure ratio of 2.84. Moreover, the rate of 

increase in the isentropic efficiency gradually reduces, which indicates that when the 
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cold water mass flow rate exceeds a critical value, the scroll expander performance 

levels off as sufficient cooling power is provided for condensation of the working fluid.  

 

Figure 7-19 Influence of cold water mass flow rate on scroll expander pressure ratio and 

isentropic efficiency 

At a higher cold water mass flow rate, the larger temperature difference between the 

cold water and working fluid leads to more heat transfer taking place in the drop 

nucleate condensation mode and hence the working fluid exits the condenser at a lower 

temperature. In other words, more heat input is demanded for the evaporator to recover 

the temperature difference caused by larger cold water flow in the condenser. In terms 

of the power output, slight tendencies of rising with the cold water mass flow rate are 

noted in the heat input power and recovered thermal power as seen in Figure 7-20. 

Over the investigated cold water mass flow rate range of 0.15kg/s to 0.35kg/s, the heat 

input power increases by 4.17% and the recovered thermal power varies by only 2.32%. 

Contrarily, there is an evident increase in the electric output, which is because of the 

higher pressure ratio. Approximately 275.41W more electric power is produced by the 

scroll expander as the mass flow rate rises by 0.20kg/s. 
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Figure 7-20 Influence of cold water mass flow rate on heat input power, recovered thermal 

power and electric output  

In terms of the system efficiencies as shown in Figure 7-21, the thermal efficiency 

decreases by only 1.77% owing to the slight increases in the input heat power and the 

recovered thermal power. Nevertheless, a more remarkable influence is observed on 

the system electrical efficiency with an improvement of 51.57%. Due to the larger 

increment in the electric output power compared to that of the heat input power, the 

system CHP efficiency increases by 6.09% in accordance with the increase in the cold 

water mass flow rate. Similar to the findings discussed in Section 7.5.2, although a 

higher cold water mass flow rate is favourable for better system energy performance, 

it is necessary to take into account the corresponding configurations and parameters of 

the working fluid, cold source and condenser for designing the cold source supply 

condition (i.e. mass flow rate and temperature) without causing negative effect of the 

condensate sub-cooling.  



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

263 
 

 

Figure 7-21 Influence of cold water mass flow rate on system electrical, thermal and CHP 

efficiencies 

7.5.5 Scroll expander rotational speed 

The scroll expander as the core power generation component of the micro trigeneration 

system can operate at different rotational speeds, therefore the micro trigeneration 

system performance differs. As previously presented in Table 5-2, the selected scroll 

expander has a maximum rotational speed of 3600rpm, hence in this section, the 

impact of the scroll expander rotational speed on the system energy performance is 

investigated for a range of 2800rpm to 3600rpm. As discussed previous in Section 

5.5.5, by increasing the scroll expander rotational speed, the scroll expander operating 

pressure ratio increases and thus a higher isentropic efficiency can be obtained. It is 

seen from Figure 7-22, the pressure ratio increases from 2.86 to 3.28 and the isentropic 

efficiency improves significantly from 67.27% to 74.14% as the scroll expander 

rotational speed increases by 800rpm.  
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Figure 7-22 Influence of scroll expander rotational speed on scroll expander pressure ratio and 

isentropic efficiency 

Figure 7-23 shows the influence of the scroll expander rotational speed on the heat 

input, electric output and recovered thermal power. The higher the rotational speed, 

the more energy is required for heat input and more electric power is generated owing 

to the larger pressure ratio. As a result, more thermal energy from the scroll expander 

could be utilised at a higher rotational speed. For instance, as the scroll expander 

rotational speed increases from 2800rpm to 3600rpm, the heat input power increases 

by 18.08%, the electric output power increases by 29.73% and 22.49% more thermal 

energy is recovered for hot water supply.  
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Figure 7-23 Influence of scroll expander rotational speed on heat input power, electric output 

power and recovered thermal power 

Figure 7-24 demonstrates the positive impact of the scroll expander rotational speed 

on the system efficiencies. Compared to the heat input power and recovered thermal 

power, the electric output power is more sensitive to the scroll expander rotational 

speed. The electrical efficiency improves by 12.77% when the scroll expander 

rotational speed increases from 2800rpm to 3600rpm, whereas the improvements in 

the thermal and CHP efficiencies are 5.16% and 3.74% respectively. The results reveal 

that when electricity is the top consideration for energy supply, a significant 

improvement in the electric output power can be attainable by speeding up the scroll 

expander.  
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Figure 7-24 Influence of scroll expander rotational speed on system electrical, thermal and CHP 

efficiencies 

7.5.6 Cogeneration performance summary 

In this section, with the validated system model, the micro trigeneration system has 

been simulated to operate in CHP mode with production of electricity and hot water 

supply. Based on the simulation results, the effect of various operating variables on 

the micro trigeneration system have been discussed, including hot and cold water 

supply conditions as well as scroll expander rotational speed. The following findings 

are identified: 

 The higher the hot water supply temperature, the higher the scroll expander 

supply temperature and the better the scroll expander performs. Consequently, 

more recovered thermal power can be utilised for heating demand and higher 

system electrical, thermal and CHP efficiencies are observed. However, the 

increment of the power output is attenuated gradually owing to the heat transfer 

mechanism in the evaporator as the degree of superheat increases. 

 By increasing the hot water supply mass flow rate, a higher pressure ratio of 

the scroll expander is imposed and thus a higher isentropic efficiency and more 
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electricity output can be achieved. However, the associated impacts on the 

electrical, thermal and CHP efficiencies are not significant.  

 Both higher hot water supply temperature and mass flow rate lead to 

superheating of the working fluid leaving the evaporator, and better system 

performance could be achieved without condensation in the scroll expander as 

liquid droplets would be detrimental. The degree of superheat should be 

optimised based on the working fluid, heat source and evaporator 

configurations and parameters.   

 Colder water and a higher cold water mass flow rate are preferred for providing 

better condensation effect to the working fluid and hence better energy 

performance of the micro trigeneration system can be reachable. Nevertheless, 

the cold water supply condition should be controlled within a reasonable range 

in order to provide sufficient cooling effect for condensation in the micro 

trigeneration system and to avoid negative effect of the condensate sub-cooling 

at a larger temperature difference between the cold water and working fluid.   

 Comparatively, the scroll expander rotational speed plays a more predominant 

role in the electricity output than in the system thermal and CHP efficiencies. 

When the scroll expander operates at a higher rotational speed, more electricity 

is produced and more thermal energy can be recovered for hot water supply. 

Next, a parametric study of the micro trigeneration system performance is presented 

for operation in trigeneration mode.  
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7.6 Parametric study of system performance in trigeneration mode  

In this section, the micro trigeneration system is simulated in CCHP mode with 

production of power, heating and cooling/dehumidification. The recovered thermal 

power from the scroll expander is distributed evenly for hot water supply and 

regeneration of dilute solution. Similar to the assessment presented in Section 7.5, the 

energy performance of the micro trigeneration system is evaluated by several defined 

metrics: the electricity generated, the total thermal energy recovered for heating and 

cooling/dehumidification demand, the electrical efficiency, COP of the MLDC and 

CCHP efficiency. Three operating variables are selected for the parametric study of 

the micro trigeneration system performance in this section: (a) hot water supply 

temperature in Section 7.6.1, (b) cold water supply temperature in Section 7.6.2 and 

(c) scroll expander rotational speed in Section 7.6.3. A similar typical operating 

condition has been adopted as that shown in Table 7-9 in Section 7.5, and the ranges 

of operating variables investigated in this parametric study are explained in the 

following sections.   

7.6.1 Hot water supply temperature 

As discussed in Section 7.5.1, the supply state of hot water from the boiler influences 

the scroll expander supply condition as well as the system energy performance in CHP 

mode. Similarly, to clarify how the hot water supply temperature influences the energy 

performance of the micro trigeneration system in CCHP mode, simulations are 

conducted for the hot water supply temperature ranging from 363K to 383K. Figure 7-

25 demonstrates the temperature variations at the scroll expander inlet and outlet. 

Evident linear relationships are observed, as the hot water temperature increases from 
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363K to 383K, the scroll expander supply and exhaust temperatures increases by 5.32% 

and 6.03% respectively.  

 

Figure 7-25 Influence of hot water supply temperature on scroll expander supply and exhaust 

temperatures  

Based on the simulation condition, the working fluid leaves the evaporator at the 

superheated vapour state and the degree of superheat varies with the hot water supply 

temperature. It can be noted from Figure 7-26 that a higher water supply temperature 

contributes to a higher scroll expander operating pressure ratio and isentropic 

efficiency. For instance, when the hot water is supplied at a temperature of 363K, the 

scroll expander operates at a pressure ratio of 2.57 with an isentropic efficiency is 

63.68%, whereas the operative pressure ratio reaches up to 2.86 as the hot water supply 

temperature increases to 383K and an isentropic efficiency of 68.92% is obtained.  
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Figure 7-26 Influence of hot water supply temperature on scroll expander pressure ratio and 

isentropic efficiency 

Figure 7-27 presents the variations in electric, recovered thermal power and heat input 

power with the hot water supply temperature. As a matter of course, the electric output 

power increases in accordance with the scroll expander operating pressure ratio. 

However, an apparent increase in the heat input power is notable for the hot water 

providing at a higher temperature. By increasing the hot water supply temperature by 

20K, 10.59% more input heat power is desired. On the other hand, owing to the better 

scroll expander performance, more thermal power can be utilised for both heating and 

cooling purposes when hot water is provided at a higher temperature. For instance, 

over the simulated range, the electric output power increases by 14.48% and 

meanwhile the total recovered thermal power increases from 3238.32W to 4527.77W.  
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Figure 7-27 Influence of hot water supply temperature on heat input power, electric output 

power and total recovered thermal power 

The increases in the electric, recovered thermal and heat input power with hot water 

supply temperature are also reflected in the system efficiencies. As demonstrated in 

Figure 7-28, the CCHP efficiency improves markedly while the electrical efficiency is 

less sensitive to the rising hot water supply temperature. Contrarily, a reduction in the 

COP of MLDC is noted with increasing hot water supply temperature, which is mainly 

attributed to the more recovered thermal power added for heating the weak solution. 

Over the investigated hot water supply temperature range, the electrical efficiency 

variation is only approximately 5.04%, while the COP reduces from 0.40 to 0.35 and 

CCHP efficiency improves from 33.80% to 41.55%. Moreover, their associated rates 

of increase gradually decrease, as the actual heat transfer in the evaporator from hot 

water to the working fluid may gradually become less effective when the temperature 

difference exceeds the departure from nucleate boiling point. This finding also is in 

the agreement with that presented in Section 7.5.1, that the increase of the superheated 

degree of the working fluid with the hot water supply temperature leads to the 

improvement of the electric power generation and system efficiency. But the increase 

range of the heat source supply temperature should be noted by considering the 
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working fluid and heat source, evaporator configurations and parameters, so that the 

evaporator instability and subsequent flow oscillation would be eliminated [274]. 

 

Figure 7-28 Influence of hot water supply temperature on system COP, electrical and CCHP 

efficiencies 

7.6.2 Cold water supply temperature 

On the other hand, the cold water supply temperature is another crucial operating 

variable for evaluation. Simulations are conducted to identify how the system performs 

with an increase in the cold water supply temperature from 283K to 291K and the other 

paratmers are constant. Figure 7-29 shows the temperature variation at the pump inlet 

and pressure variations at the inlet and outlet of the scroll expander. The cold water 

supply temperature is directly related with the working fluid temperature leaving from 

the condenser. It is clearly seen that the pump inlet temperature increases linearly from 

287.01K to 294.96K as the cold water supply temperature rises from 283K to 291K. 

The evident increase in the scroll expander exhaust pressure is mainly caused by the 

higher condensing temperature and pressure at a higher cold water supply temperature, 

and therefore the scroll expander supply pressure increases so that the scroll expander 

runs steadily. In comparison, scroll expander exhaust pressure is more sensitive to the 

cold water supply temperature. For instance, as the cold supply water rises by 8K, the 
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scroll expander supply and exhaust pressures increase by 4.98% and 18.34% 

respectively.  

 

Figure 7-29 Influence of cold water supply temperature on pump supply temperature and scroll 

expander supply and exhaust pressures  

Due to the larger increment in the exhaust pressure of the scroll expander, the scroll 

expander operative pressure ratio decreases in correspondence with the increasing cold 

water supply temperature and thus a lower isentropic efficiency is observed in Figure 

7-30. The results demonstrate that at a cold water supply temperature of 283K, the 

scroll expander isentropic efficiency is approximately 70.91% at a pressure ratio of 

3.02, while the scroll expander efficiency reduces by 5.94% and the operative pressure 

ratio drops to 2.68 as the cold water temperature rises by 8K.  
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Figure 7-30 Influence of cold water supply temperature on scroll expander pressure ratio and 

isentropic efficiency 

 

Additionally, it is indicated in Figure 7-31 that less heat input power is needed at a 

higher cold water supply temperature, which is mainly ascribed to the increasing 

evaporating temperature and working fluid density in the evaporator. However, the 

associated effect on the heat input power is not very significant. A lower scroll 

expander operative pressure ratio results in reduction in the power generation as well 

as the recovered thermal power for heating and cooling/dehumidification demands. 

Over the investigated temperature range of 283K to 291K, the system heat input power 

decreases by 1.43%, while the decreasing rates in the electric output power and total 

recovered thermal power are 11.84% and 9.67% respectively. 
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Figure 7-31 Influence of cold water supply temperature on heat input power, electric output 

power and total recovered thermal power 

Basically, the recovered thermal power is utilised for heating the dilute solution, in 

other words, less heat power is added for regeneration in MLDC with the increasing 

cold water supply temperature. As a consequence, an improvement in the COP of 

MLDC is observed from Figure 7-32, because the cooling output of the MLDC 

changes less markedly. In contrast, more evident negative influence of a higher cold 

water supply water temperature on the system electrical and CCHP efficiencies are 

worth of noting. Over the investigated cold water supply temperature range of 283K 

to 291K, the CCHP efficiency and the electrical efficiency decreases by 8.91% and 

6.75% respectively, while COP of MLDC increases by 3.49%. The results reveal that 

by considering the electrical and overall system efficiencies preferentially, cooler 

water should be provided to the condenser; simultaneously auxiliary measures should 

be implemented regarding the steady operation of the MLDC unit as previously stated 

in Chapter 6. Moreover, a lower cold water supply temperature causes a larger 

temperature difference between water and the working fluid with more heat flux 

obtained in the drop nucleate condensation process, and thus leads to the improvement 

of the electric power generation and system efficiency. Regarding the heat transfer 
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mechanism in the condenser, the detrimental effect of condensate sub-cooling should 

be concerned because less effective heat transfer in the film-wise condensation mode 

would take place when exceeding the critical heat flux at a higher temperature 

difference. 

 

Figure 7-32 Influence of cold water supply temperature on system COP, electrical and CCHP 

efficiencies 

7.6.3 Scroll expander rotational speed 

Simulations are conducted for the micro trigeneration system operating at variable 

scroll expander rotational speeds. In this section, the investigated rotational speed 

range is from 2000rpm to 3600rpm. As discussed in Section 5.5.5 and Section 7.5.5, 

the higher the scroll expander rotational speed, the higher the scroll expander operating 

pressure ratio and isentropic efficiency can be achieved. It can be also evidently 

observed in Figure 7-33, the imposed pressure ratio of the scroll expander increases 

from 2.37 to 3.42 and the isentropic efficiency improves by 24.69% as the scroll 

expander rotational speed increases from 2000rpm to 3600rpm.  
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Figure 7-33 Influence of scroll expander rotational speed on scroll expander pressure ratio and 

isentropic efficiency 

The impact of the scroll expander rotational speed on the input heat, electric output 

and recover thermal power is illustrated in Figure 7-34. Because of the larger pressure 

ratio at a higher rotational speed, more electric output power and recovered thermal 

energy are provided with a simultaneous increasing demand of the input heat. For 

instance, over the investigated rotational speed range of 2000rpm to 3600rpm, the 

electric output and total recovered thermal energy increase by 452.72W and 1455.81W 

respectively, while the heat input power increases by 39.78%.  

 

Figure 7-34 Influence of scroll expander rotational speed on heat input power, electric output 

power and total recovered thermal power 
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Figure 7-35 shows the noticeable positive impact of the scroll expander rotational 

speed on the system electrical and CCHP efficiencies, which are mainly attributed to 

the larger increase in the electric output power. The improvement in the system 

electrical efficiency is approximately 27.55% as the scroll expander rotational speed 

increases from 2000rpm to 3600rpm, while the rate of increase for the CCHP 

efficiency is about 10.51%. On the other hand, the COP of MLDC decreases with the 

rotational speed of the scroll expander, because the significant increment in the 

recovered exhaust heat from the scroll expander is utilised for heating the dilute 

solution. The results demonstrate that more electric output power would be obtained 

by increasing the scroll expander rotational speed and practically measures should be 

taken to ensure the mass balance between the membrane-based dehumidifier and 

regenerator for steady operation of the MLDC loop as more heat input power would 

be available for regeneration.  

 

Figure 7-35 Influence of scroll expander rotational speed on system COP, electrical and CCHP 

efficiencies 

 



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

279 
 

7.6.4 Trigeneration performance summary 

In this section, the effect of the hot supply temperature, cold water supply temperature 

and scroll expander rotational speed on the system energy performance have been 

investigated with the micro trigeneration system operating in CCHP mode. Based on 

the simulation results, following observations are summarised: 

 Both the electric output power and total recovered thermal power increase in 

accordance with the hot water supply temperature. A higher hot water 

temperature leads to superheating of the working fluid and thus higher system 

electrical and CCHP efficiencies are attainable, whereas more heat input power 

is delivered into the micro trigeneration system.  

 Comparatively, the system electrical efficiency is less sensitive to the hot water 

supply temperature compared with COP of MLDC and CCHP efficiency.  

 In contrast, a higher cold water supply temperature causes worse system energy 

performance. Although less heat input power is consumed for heating the 

working fluid at a lower cold water supply temperature, more significant 

reduction in the electricity generation and recovered thermal power are notable. 

Consequently, the system electrical and CCHP efficiencies decrease in 

correspondence with the cold water supply temperature.  

 Both higher degree of superheat and lower cold water supply temperature 

causes larger temperature difference between water and working fluid, 

however the improvement in the energy performance of the micro trigeneration 

system would be limited because of the heat transfer mechanism in the 

evaporator and condenser.  

 The rotational speed of the scroll expander has evident positive impacts on the 

electric output power, the system electrical and CCHP efficiencies.  



 Chapter 7: Performance Evaluation of Micro Trigeneration System 

280 
 

 COP of the MLDC is more sensitive to a variation of the recovered thermal 

power that is distributed for regeneration of dilute solution. To ensure better 

system energy performance as well as steady MLDC performance, thereupon 

additional measures regarding the operating variables of the MLDC should be 

considered.  

Next, Section 7.7 summarises the chapter findings and provides implications of the 

micro trigeneration system operation based on the parametric studies.  

7.7 Summary 

In this chapter, detailed component modelling of the micro trigeneration system has 

been firstly described and a comprehensive model of the micro trigeneration system 

has been established with an integration of scroll-based ORC and MLDC. The system 

model has been validated with experimental data. With the validated system model, 

parametric studies have been conducted to investigate the impact of various operating 

variables on the micro trigeneration system energy performance. The simulation 

results have demonstrated the feasibility of the proposed micro trigeneration system 

and the system energy performance is influenced by operating variables in both CHP 

and CCHP modes. The following conclusions are drawn: 

 The pairing of scroll-based ORC and MLDC is a viable option for a micro 

trigeneration system. The micro trigeneration system demonstrates 

considerable higher overall system efficiency in CHP and CCHP modes, 

compared to the ORC-based single power generation mode.  

 Simulations of the micro trigeneration system show an overall system 

efficiency of 38.96% in CHP mode and 41.23% in CCHP mode. The inclusion 
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of MLDC contributes to an efficiency increase of approximately 35.49% 

compared to the ORC-based electrical generation mode.  

 More precisely, a higher overall system efficiency can be realised by allowing 

more recovered thermal power to the MLDC unit for dealing with 

cooling/dehumidification demand in the micro trigeneration system.  

 For the micro trigeneration operating in CHP and CCHP modes, a higher hot 

water supply temperature is preferred to heat up the working fluid, because of 

the better scroll expander performance with more electric output and recovered 

thermal power for heating and cooling/dehumidification demands. 

 Though more heat input power from the boiler is attributed to a higher hot 

water supply temperature, higher superheated degree of the working fluid is 

reached with more remarkable improvements in the system electrical, thermal 

CHP and CCHP efficiencies. It is noteworthy that the heat transfer mechanism 

in the evaporator should be considered when magnifying the temperature 

difference between the working fluid and hot water. 

 On the contrary, an increase of the cold water supply temperature has negative 

influence on the scroll expander performance as well the trigeneration system 

energy performance in both CHP and CCHP modes.  

 The micro trigeneration system energy performance is not sensitive to the hot 

water or cold water mass flow rate. However, the simulation results indicate 

that the mass flow rates of the hot and cold water should be controlled 

rationally in order to provide sufficient heat input and cooling power for 

evaporation and condensation without any detrimental effects of evaporator 

instability and condensate sub-cooling. This is because that the heat transfer 
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mechanism in the evaporator and condenser is influenced by the temperature 

difference between the working fluid and water, 

 When the scroll expander operates at a higher rotational speed, better micro 

trigeneration system energy performance can be achieved with more electric 

output and recovered thermal power for hot water supply and heating dilute 

solution. 

 When the micro trigeneration system is operating in CCHP mode, the variation 

in the recovered thermal power distributed for the MLDC unit play a 

predominant role in the COP of MLDC. As a result, the operating variables of 

the MLDC should be adjusted correspondingly to ensure better system energy 

performance as well as steady operation of MLDC with mass balance between 

the dehumidifier and regenerator.  

On the basis of the findings, following recommendations for practical operation of the 

micro trigeneration system can be summarised:  

 The micro trigeneration system should enable operations in various modes to 

meet diverse energy demands, like CHP/CCP (i.e. with productions of power 

and heating/cooling) and CCHP (i.e. with productions of power, heating and 

cooling). More specifically, when the micro trigeneration system operates to 

provide electricity, heating and cooling demands, the amount of the recovered 

thermal power should be distributed appropriately to meet the heat and cooling 

demands respectively as well as for a higher overall system efficiency.  

 Though a higher heat source supply temperature is favourable for superheating 

the refrigerant in the ORC, the temperature difference between the heat source 

and working fluid should not be provided at a too high value to eliminate less 

effective heat transfer and negative effect of evaporator instability. 
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 Cold water supply temperature is another important operating variable 

influencing the micro trigeneration system energy performance. Better system 

performance is attainable with a lower cold water supply temperature for 

condensation of the refrigerant in the ORC. But less thermal energy would be 

recovered for heating the dilute solution, therefore measures should be taken 

regarding to the operating variables of MLDC to ensure sufficient regeneration 

performance and mass balance between the dehumidifier and regenerator.   

 Both hot and cold water should be supplied at adequate mass flow rates to 

provide sufficient heat transfer for the refrigerant in the evaporator and 

condenser without causing less effective heat transfer in the evaporator and 

condenser as well as system instabilities.  

 For operation with a priority of electricity supply, the scroll expander should 

operate at high rotational speed but not beyond its maximum capacity.  

 Renewable energy or low-grade heat sources can be integrated into the micro 

trigeneration system to replace the electric boiler as the primary energy source 

to power the scroll-based ORC.   

The work presented in this chapter has demonstrated the feasibility of the micro 

trigeneration system combining scroll-based ORC and MLDC through semi-empirical 

analysis. Furthermore, this chapter has provided a contribution to knowledge of 

modelling and evaluating the novel ORC and MLDC-based micro trigeneration system.   
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Chapter 8: Conclusions and Recommendations for Future 

Work 

8.1 Introduction 

The micro trigeneration system offers significant technical, environmental and 

economic benefits compared to the conventional separated power generation and 

cogeneration systems. The main aim of this thesis has been to design, develop and 

evaluate a novel micro trigeneration system combining scroll-based ORC and MLDC 

technologies. Also the feasibility of CLFR functioning as the primary energy source 

for the micro trigeneration system has been investigated. In this thesis, both theoretical 

and experimental methods have been adopted for a rigorous and analytical piece of 

work. Based on the simulation and experimental results, the thesis has proved the 

design concept of the micro trigeneration with a pairing of scroll-based ORC and 

MLDC, which thereby provides an evident contribution to new knowledge in the field 

of the micro trigeneration technology. To produce a coherent conclusion of this thesis, 

this chapter is split into two sections: Section 8.2 comprehensively summarises major 

findings from each chapter by revisiting the thesis aim and objectives and critically 

examines the degree to which the objectives have been fulfilled and Section 8.3 

discusses limitations of this study and provides recommendations for future work.  

8.2 Major findings  

The preceding seven chapters have sought to achieve the main aim of the thesis by 

accomplishing the thesis objectives as presented in Section 1.3. In this section, main 

findings of this thesis are presented and the degree to which these objectives have been 

completed are discussed.  
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(1) The first objective “Literature review and highlight the current gap in the 

existing literature of the micro trigeneration system, particularly for the 

combination of concentrating solar collectors, ORC and liquid desiccant 

cooling” has been achieved in Chapter 2. An extensive review of literature has 

highlighted the gap of development and a theoretical and experimental 

evaluation of a novel micro trigeneration system with scroll-based ORC and 

MLDC. A number of theoretical and experimental studies regarding the micro 

trigeneration system have focused on integration of mature technologies, like 

diesel engine, micro gas engine, absorption and adsorption chillers. In addition, 

the potential of utilising CLFR as the primary energy source for power 

generation systems has not been widely explored yet. Based on the literature 

review, the feasibilities of scroll-based ORC and MLDC for the trigeneration 

system have been already examined respectively, whereas no previous work 

has been reported on a micro trigeneration system incorporating with CLFR, 

ORC and MLDC. 

(2) The second objective “Numerical and experimental evaluation of CLFR under 

the local weather conditions and investigate the feasibility of integrating into 

the micro trigeneration system” has been accomplished in Chapter 4 through 

both geometrical modelling and experimental work. The CLFR system with 

polar orientation is viable to effectively concentrate the sunlight onto the 

receivers and subsequently the absorbed heat can be utilised as the primary 

energy supply for power generation systems, for example power the scroll-

based ORC in the proposed micro trigeneration system. Compared to the LFR 

and CLFR-complete systems, the CLFR-hybrid system has the highest 

concentration and ground utilisation ratios. The experimental results 
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demonstrate that for the CLFR-hybrid system with 50 pieces of flat mirror 

elements, a solar field width of 2100mm and a focal length of 1500mm, 

geometrical concentration of 15.14 and ground utilisation ratio of 0.95 are 

attainable. Based on the parametric study with numerical modelling, to achieve 

an optimum optical performance of the polar-orientated CLFR-hybrid system 

with flat receivers, several design parameters should be taken into account: (a) 

ground usage; (b) mirror arrangement with adequate proportion of mirrors in 

the central alternating array and common tilting array; (c) focal length and (d) 

horizontally orientated flat receiver. The work presented in Chapter 4 has 

contributed to a progress to the field of the concentrated solar power, more 

precisely to the knowledge of the optical design of the CLFR system with polar 

orientation. 

(3) The third objective “Performance evaluation based on simulation and 

experimental investigation of the scroll-based ORC system for an effective 

integration of the micro trigeneration system” has been completed in Chapter 

5. Both the simulation and experimental results demonstrate that the micro 

scroll-based ORC system can effectively produce electric output and under the 

investigated operating conditions the exhaust heat temperature typically higher 

than 65°C, which thus confirms the feasibility of the scroll-based ORC acting 

as a prime mover in the micro trigeneration system. A good agreement has been 

identified between the semi-empirical model of the scroll expander and 

experimental data. Based on the analysis of simulation results, better scroll 

expander performance can be achieved by increasing the working fluid supply 

pressure and rotational speed of the scroll expander. As only few experimental 

studies concerning the impact of the couple electrical resistive load to the scroll 
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expander-generator unit on the ORC system performance, the experimental 

work in Chapter 5 has clarified an evident decrease in the electric output with 

the resistive load when the scroll expander operates at a constant rotational 

speed. The negative influence of under and over-expansion operations on the 

scroll expander and ORC system performance have been observed both 

theoretically and experimentally. Results imply that an optimum scroll 

expander imposed pressure ratio exists which matches with the built-in volume 

ratio for maximum electricity production. Moreover, the optimum pressure 

ratio decreases significantly with the resistive load. Under the tested operating 

condition, the ORC system produces the maximum electric output of 564.5W 

at the scroll expander optimum pressure ratio of 3.6 and rotational speed of 

3450rpm, with  associated isentropic and volumetric efficiencies of the scroll 

expander are 78% and 83% respectively. The investigations in Chapter 5 have 

provided a contribution to the knowledge of modelling and testing of the scroll-

based ORC system. 

(4) The fourth objective “Performance evaluation based on experimental data of 

the MLDC system for effectively integrating into the micro trigeneration 

system” has been achieved in Chapter 6. The experimental results proved the 

feasibility of the MLDC system with CaCl2 as the liquid desiccant for the hot 

and humid climate, which shows good dehumidification performance and 

sufficient cooling output without the carryover problem of liquid desiccant 

droplets. Under the tested operating condition with an outdoor temperature of 

34°C, the MLDC system is capable of providing supply air at a temperature of 

20.4°C with dehumidification effectiveness of 0.3 and system COP of 0.7. On 

the other hand, sufficient regeneration of CaCl2 solution can be attainable with 
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low-grade heat sources in a supply temperature range of 55°C to 80°C, which 

would be also realised by the exhaust heat of the scroll expander. Thus, the 

MLDC system is feasible to pair with the scroll-based ORC system forming an 

effective integration for the micro trigeneration system. Series of experimental 

tests have been conducted to establish the effect of various operating variables 

on the dehumidification, regeneration and overall system performances of the 

MLDC system respectively. Based on the experimental investigations, the 

indicators for better MLDC system performance can be summarised as: (a) the 

system mass balance between the dehumidifier and regenerator should be 

maintained for system steady operation;  (b) inlet air flow rates for the 

dehumidifier and regenerator should be adjusted based on the local weather 

condition as the inlet air condition (i.e. inlet air temperature and humidity level) 

significantly influences the system dehumidification and regeneration 

performance; (c) the solution concentration should be determined properly as 

the higher the concentration, the better the dehumidification performance but 

with less regeneration capability and potential crystallization risks; (d) the heat 

source supply temperature should be controlled within an appropriate range to 

avoid excessive thermal input power for solution regeneration and (e) the cold 

water supply temperature should be lower for better system performance, and 

desired variation in supply air temperature can be achieved by varying the cold 

water supply temperature of the evaporative cooler. 

(5) The fifth objective “Development of a comprehensive system model to 

demonstrate the feasibility of integrating scroll-based ORC and MLDC into 

the micro trigeneration system and to investigate effect of a wide range of 

operating variables on the system performance” has been realised in Chapter 
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7. Through semi-empirical modelling, Chapter 7 has successfully achieved the 

objective of integrating scroll-based ORC and MLDC into a complete micro 

trigeneration system, and the system performance has been assessed on the 

energetic basis. The simulation results demonstrate that the pairing of scroll-

based ORC and MLDC is viable for a micro trigeneration system. With the 

inclusion of MLDC, the improvement of 35.49% in the overall efficiency is 

achieved with comparison to the ORC-based separate power generation. The 

micro trigeneration system enables different operating modes by adjusting the 

amount of recovered thermal power for heating and cooling/dehumidification 

demands in accordance with the end-user’s energy demand. An optimum 

distribution of the recovered thermal power facilitates effective micro 

trigeneration integration and operation. Based on the simulation data for the 

micro trigeneration system, an overall system efficiency of 38.96% is obtained 

in CHP mode and 41.23% in CCHP mode. Practically, the micro trigeneration 

system is capable of running with low-grade heat sources, but the heat source 

supply temperature and flow rate should be provided reasonably in order to 

avoid potential excessive energy. Contrarily, the higher cold water supply 

temperature for condensing the working fluid negatively affects both the scroll 

expander and overall trigeneration system energy performances in both CHP 

and CCHP modes. However, sufficient regeneration performance of the 

MLDC system should be guaranteed as less thermal energy can be recovered 

when cooler water is supplied to the micro trigeneration system. The work 

presented in Chapter 7 has provided a contribution to knowledge of modelling 

of the novel ORC and MLDC-based micro trigeneration system. 
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Overall, the thesis main aim has been successfully achieved through accomplishment 

of the thesis objectives and the highlighted research gap has been addressed. The micro 

trigeneration system appears attractive for decentralized energy supply, especially for 

places in the hot and humid climate, where electrical grid connection is unavailable 

and dehumidification and cooling are of necessity. Although the proposed design 

concept of the novel micro trigeneration system with effective technological pairing 

of scroll-based ORC and MLDC has been proved at a micro scale, the system can be 

scalable. Low-grade energy sources can be feasible for powering the developed system, 

for example industrial and automobile waste heat sources, which thereby indicates that 

the system applications may not be restricted only to the domestic sector. Besides 

integrating to the field of trigeneration, the explored technologies of CLFR, scroll-

based ORC and MLDC demonstrate potential for low carbon sustainable energy 

conversion, energy efficient power generation and effective air conditioning 

respectively. Therefore it could be concluded that this thesis not only provides an 

evident contribution to new knowledge of the micro trigeneration system but also to 

the field of solar energy conversion, distributed power generation and air conditioning.  

8.3 Limitations and recommendations for future work  

8.3.1 Limitations of the study 

Although the research aim has been reached, some limitations to this thesis have been 

identified. Firstly, the feasibility evaluation of the micro trigeneration system in this 

study has mainly focused on the system energy performance, while due to the time 

constraints, other aspects like exergy, economy, environment and optimisation of the 

micro trigeneration system have not been considered, which would be realised for 

examining and optimising the system comprehensively in the future. Also the system 
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model has been established mainly based on the semi-empirical method, which would 

be improved for more detailed and precise modelling of the trigeneration system. For 

instance, the heat exchanger modelling has been implemented using the effectiveness-

NTU approach, while it may be not precise enough to simulate a two-phase heat 

exchanger since mass transfer in the phase change results in variable fluid properties, 

flow rates as well as heat transfer coefficients.  

Secondly, since there are few prior studies for feasibility study of the CLFR system, 

only the optical performance of the CLFR system has been evaluated in this study, 

while an assessment of the thermodynamic behaviour has been not included. Also, 

regarding the MLDC system, only experimental tests have been carried out to 

investigate the MLDC system performance, a detailed model of the MLDC system has 

not been developed due to limitations in time and complexity. Hence, future work 

would concern the comprehensive feasibility study of a micro trigeneration system 

combining CLFR, scroll-based ORC and MLDC through both modelling and 

experimental work.  

Thirdly, owing to limitations in time, finance and laboratory space, the experimental 

tests have been conducted for each components (i.e. CLFR, ORC and MLDC) 

respectively. The measuring instruments have not been calibrated rigorously 

depending on the measuring range used in the investigation, which could influence the 

accuracy of the measurement data collected from experimental work. On the other 

hand, for the scroll-based ORC and MLDC, only one working fluid (i.e. R134a in ORC) 

and one liquid desiccant (i.e. CaCl2 in MLDC) have been taken into account for testing. 

Thus other alternatives for efficient operation of ORC and MLDC would be examined 

in the future. In addition, all the experimental tests were carried out in a laboratory 
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setting, which could not reflect the system application in the real-time situation 

precisely.  

8.3.2 Recommendations for future work 

Recommendations for the future work of the micro trigeneration system are presented 

as follows overcome limitations to this research.  

 For a more comprehensive performance evaluation, assessments regarding 

perspectives of energy, exergy, economy and environment need to discuss for 

the system combining CLFR, scroll-based ORC and MLDC through a more 

detailed numerical modelling. For example, future modelling work would 

focus on the thermodynamic behaviour of the CLFR as the primary energy 

source, the detailed dynamic process of the scroll expander and the conjugate 

heat and mass transfers for the membrane-based dehumidifier and regenerator. 

 The work presented in Chapter 6 has demonstrated the feasibility of MLDC 

system with CaCl2 for dehumidification and cooling. Future work can be 

conducted for other liquid desiccants to facilitate more effective MLDC 

performance.  

 A complete micro trigeneration system would be constructed for future work, 

so that more extensive tests can be conducted to further investigate the overall 

system performance under a wider range of operating conditions.  

 The diverse end-user’s energy demand requires different operating strategies 

for a micro trigeneration system. As a result, future work would be conducted 

for optimizing the micro trigeneration system based on different operating 

strategies through a multi-objective procedure.  
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 Future work would consider applying the developed micro trigeneration 

system to a practical operating setting, for example in a domestic home or 

office building which simultaneously requiring electricity, heating and 

dehumidification/cooling.   
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Appendix A: Excerpt of CLFR Model Script 

An excerpt from Matlab script of the CLFR model is presented in this appendix.  

Function 1 

function q=function1(p) 

 

% CLFR input 

f = 1,800;      % Focal Length 

r = 35;          % Radius of Absorber  

omiga_1 = 16/60;   %Subtended angle by the Sun 

x0 = r;         %Position of Lower Edge of First Mirror Element 

 

% calculation of the first mirror 

a1=p(1);      % Tilt Angle of First Mirror Element 

b1=p(2);      %Length from Edge Point of First Mirror Element to its Central Point 

  

q(1)=90-2*a1-omiga_1-atand((f+b1*sind(a1)-

r*sind(2*a1+omiga_1))/(x0+r*cosd(2*a1+omiga_1))); 

q(2)=tand(2*a1-omiga_1)-(x0-r*cosd(2*a1+omiga_1)+2*b1*cosd(a1))/(f-

b1*sind(a1)+r*sind(2*a1+omiga_1)); 

 

result (a_i_1, b_i_1, x_i_1) = fsolve('function1',[0.5,0.5]) 

 

Function 2 

% Calculate the second mirror elements 

global a_i_1 ;  

global b_i_1 ; 

global x_i_1;  

 

a_i = input(1);   %Tilt Angle of Second Mirror Element 

b_i = input(2);   %Length from Edge Point of Second Mirror Element to its Central Point 

x_i = input(3);   %Specific Reference Location of Central Point of Second Mirror Element 

     

output(1) = 90-2*a_i-omiga_1-atand((f+b_i*sind(a_i)-r*sind(2*a_i+omiga_1))/(x_i-

b_i*cosd(a_i)+r*cosd(2*a_i+omiga_1))); 

  

output(2) = tand(2*a_i-omiga_1)-(x_i+b_i*cosd(a_i)-r*cosd(2*a_i+omiga_1))/(f-

b_i*sind(a_i)+r*sind(2*a_i+omiga_1)); 

    

output(3) = sind(90-2*a_i-omiga_1)*(x_i-b_i*cosd(a_i)-x0)-2*(b_i_1)*sind(180-

90+2*a_i+omiga_1-a_i_1); 
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Function 3       

% calculate ith mirror element 

global a_i_1 ;  

global b_i_1 ; 

global x_i_1;  

a_i = input(1);   %Tilt Angle of the Mirror Element 

b_i = input(2);   %Length from Edge Point of the Mirror Element to its Central Point 

x_i = input(3);   %Specific Reference Location of Central Point of the Mirror Element 

     

output (1) = 90-2*a_i-omiga_1-atand((f+b_i*sind(a_i)-r*sind(2*a_i+omiga_1))/(x_i-

b_i*cosd(a_i)+r*cosd(2*a_i+omiga_1))); 

  

output (2) = tand(2*a_i-omiga_1)-(x_i+b_i*cosd(a_i)-r*cosd(2*a_i+omiga_1))/(f-

b_i*sind(a_i)+r*sind(2*a_i+omiga_1)); 

    

output (3) = 2*(b_i_1)/sind(90-2*a_i-omiga_1)-(x_i-b_i*cosd(a_i)-

x_i_1+b_i_1*cosd(a_i_1))/sind(180-90+2*a_i+omiga_1-a_i_1); 

       

Main function  

function output = main(count) 

%usage: count is the number of mirrors 

%output :  a, b, x, respectively. 

  

global a ; 

global b ; 

global x; 

global a_i_1 ; 

global b_i_1 ; 

global x_i_1;    

  

a = zeros(1,count); 

b = zeros(1,count); 

x = zeros(1,count); 

  

result = fsolve('function1',[0.5,0.5],optimset('Display','off')); 

a(1) = result(1); 

b(1) = result(2); 

x(1) = r+b(1)*cosd(a(1)); 

  

if count>=2   

    result = fsolve('function2',[0.5,20,35],optimset('Display','off')); 

    if function2(result)<1e-1 

        a(2) = result(1); 
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        b(2) = result(2); 

        x(2) = result(3); 

    else 

        function2(result) 

    end 

end 

  

if count>2 

    for i = 3:count 

    a_i_1 = a(i-1); 

    b_i_1 = b(i-1); 

    x_i_1 = x(i-1); 

    result = fsolve('function3',[2,20,35+i*60], optimset('Display','off')); 

    if function3(result)<1e-1 

        a(i) = result(1); 

        b(i) = result(2); 

        x(i) = result(3); 

    else 

        function3(result) 

        i 

    end 

    end 

end 

  

output(1,:) = a; 

output(2,:) = b; 

output(3,:) = x; 

  

end   
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Appendix B: Excerpt of Micro Trigeneration System Model 

Script 

An excerpt from model script of the micro trigeneration system is presented in this 

appendix.  

function [data] = TriModel(F_wf, F_hw, F_cw, F_hf , F_cf , P_hw_su, T_hw_su, m_hw_su, 

P_cw_su, T_cw_su, m_cw_su, P_hf_su,  T_amb, T_hf_su, m_hf_su, perc_heating, P_cf_su, 

T_cf_su, m_cf_su  N_exp, N_pp, param) 

 

%Input parameters for ORC loop: 

    F_wf = 'R134a'; %working fluid in ORC 

    F_hw = 'water'; % hot source fluid in ORC 

    P_hw_su = 0.78129852050448e+05; % hot source supply pressure 

    T_hw_su = 373.15; % hot source supply temperature (K) 

    m_hw_su = 0.133; % hot source mass flow rate 

    F_cw = 'water'; % cold source fluid in ORC 

    P_cw_su = 70000; % cold source supply pressure 

    T_cw_su = 285.15; % cold source supply temperature (K)  

m_cw_su = 0.133; % cold source mass flow rate 

r_v =3.5 % scroll expander built-in volume ratio 

N_exp = 3600; % scroll expander rotational speed (rpm) 

V_s_exp = 1.2e-05; % scroll expander swept volume 

A_leak_exp = 2.06e-06; % scroll expander leakage area 

d_su = 0.0078 % scroll expander nozzle diameter 

    T_amb = 288.15; % ambient temperature (K) 

N_pp = 3600; % pump rotational speed (rpm) 

A_leak_pp = 6.06e-09; % pump leakage area 

W_pp_loss = 15.0504; % pump mechanical loss 

K_0_loss =0.4090; % pump loss factor 

V_s_pp = 2.3e-06; % pump swept volume 

 

%Input parameters for hot water supply loop: 

    F_hf = 'water'; % heating fluid type 

    P_hf_su = 70000; % heating fluid supply pressure 

    T_hf_su = 293.15; % heating fluid temperature (K)  

    m_hf_su = 0.53; % heating fluid mass flow rate 

    perc_heating = 0.3; % percentage of exhaust heat for hot water supply 

 

%Input parameters for MLDC loop: 

    F_cf = 'water'; % cold fluid type: dilute solution 

    P_cf_su = 70000; % cold fluid supply pressure 
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    T_cf_su = 295.15; % cold fluid temperature (K)  

    m_cf_su = 0.53; % cold fluid mass flow rate 

    perc_cooling = 1- perc_heating; % percentage of exhaust heat for MLDC 

     

% Heat exchangers input parameters (i.e. evaporator, condenser and recuperator) 

parameters      

param.EV.A_tot = 5.6; % evaporator total heat transfer area 

param.EV.V_h_tot = 0.05; % evaporator hot fluid volume 

param.EV.V_c_tot = 0.05; % evaporator cold fluid volume 

param.CD.A_tot = 5.6; % condenser total heat transfer area 

param.CD.V_h_tot = 0.05; % condenser hot fluid volume 

param.CD.V_c_tot = 0.05; % condenser cold fluid volume 

param.REC.A_tot = 5.6; % recuperator total heat transfer area 

param.REC.V_h_tot = 0.05; % recuperator hot fluid volume 

param.REC.V_c_tot = 0.05; % recuperator cold fluid volume 

param.HX1.A_tot = 5.6; % HX1 (hot water supply) total heat transfer area 

param.HX1.V_h_tot = 0.05; % HX1 hot fluid volume 

param.HX1.V_c_tot = 0.05; % HX1 cold fluid volume 

param.HX2.A_tot = 5.6; % HX2 (regeneration) total heat transfer area 

param.HX2.V_h_tot = 0.05; % HX2 hot fluid volume 

param.HX2.V_c_tot = 0.05; % HX2 cold fluid volume 

………. 

% Initial condition guess 

% condenser 

P_cd_ll = max (CoolProp.PropsSI('P', 'Q', 0, 'T', T_cw_su, F_wf ), 

CoolProp.PropsSI('P_min', 'Q', 0, 'T', 273.15, F_wf )); 

% evaporator 

P_ev_ul = CoolProp.PropsSI('P', 'Q', 0, 'T', min (CoolProp.PropsSI('Tcrit', 'Q', 0, 'T', 273.15, 

F_wf ), T_hw_su -1), F_wf ); 

orc_max = P_ev_ul/P_cd_ll; 

orc_min = min (1.000, orc_max); 

P_ev_ll = orc_min*P_cd_ll; 

P_cd_ul = P_ev_ub/orc_min; 

% initial guess 

P_cd_guess0 = linspace (CoolProp.PropsSI('P', 'Q', 0, 'T', T_cw_su+10, F_wf ), 

CoolProp.PropsSI('P', 'Q', 0, 'T', T_cw_su+18, F_wf ), param.init(1) ); 

x_orc_guess0 =  linspace (0.1, 0.8, param.init(2)); 

x_Q_re_guess0 = linspace (0.2, 0.5, param.init(3)); 

x_h_pp_su_guess0 = linspace (0.2, 0.8, param.init(4)); 

 

……….. 

 res(num) = guess.res; 

                  

 end 
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……      

 % Call PPModel function 

[data_PP] = PPModel(F_wf, N_pp, T_amb, param.PP, data.P_pp_su, data.h_pp_su,); 

% assign outputs for TriModel inputs 

data.M_pp = data_PP_M; 

data.m_wf = data_PP_m; 

data.W_pp = data_PP_W; 

T_pr = data_PP_T_ex; 

h_pr = data_PP_h_ex; 

… 

% Call RECModel function (cold side) 

data.P_recc_su = P_pr; 

data.T_recc_su = data_PP_T_ex; 

data.h_recc_su = data_PP.h_ex; 

h_pr = CoolProp.PropsSI('H', 'P', data.P_rec_su, 'T', T_hw_su, F_wf)); 

P_pr = data.P_recc_su; 

T_pr = CoolProp.PropsSI('T', 'P', P_pr, 'H', h_pr, F_wf); 

… 

% Call EVModel function 

[data_EV] = EVModel(F_hw, P_hw_su, T_hw_su, m_hw, F_wf, data.P_ev_su, 

data.h_ev_su, data.m_wf , param.EV); 

data.Q_ev = data_EV_Q_tot; 

Q_in = data.Q_ev; 

data.T_htf_ev_ex = data_EV_T_h_ex; 

data.h_htf_ev_ex = data_EV_h_h_ex; 

data.M_ev = data_EV.M_c; 

P_pr = data.P_ev_su; 

T_pre= data_EV_T_c_ex; 

h_prev = data_EV_h_c_ex; 

… 

% Call EXPModel function  

[data_EXP] = EXP(F_wf, data.P_exp_su, data.h_exp_su, N_exp, P_exp_ex, T_amb, 

param.EXP); 

data.m_wf = data_EXP_M; 

data.W_exp = data_EXP_W; 

data.WE_exp = data_EXP_W_el; 

data.Q_exp = data_EXP_Q_amb; 

data.is_exp = data.EXP_is; 

data.vol_exp = data_EXP_vol; 

T_pr = data_EXP_T_ex; 

h_pr = data_EXP_h_ex; 

P_pr = P_exp_ex; 

… 
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% Call HX1Model function 

[data_HX1] = HX1Model(F_wf, data.P_heating_su, data.h_heating_su, data.m_wf_heating, 

fluid_hf_heating, P_hf_su_heating, T_hf_su_heating, m_hf_heating, param.HX1); 

data.Q_heating = data_HX1_Q _tot; 

data.T_hf_heating_ex = data_HX1_T_c_ex; 

data.h_hf_heating_ex = data_HX1_h_c_ex; 

… 

% Call HX2Model function 

[data_HX2] = HX2Model(F_wf, data.P_cooling_su, data.h_cooling_su, data.m_wf_cooling, 

fluid_cf_cooling, P_cf_su_cooling, T_cf_su_cooling, m_cf_cooling, param.HX1); 

data.Q_cooling = data_HX2_Q _tot; 

data.T_cf_cooling_ex = data_HX2_T_c_ex; 

data.h_cf_cooling_ex = data_HX2_h_c_ex; 

… 

% Call RECModel function (hot side) 

[data_REC] = RECModel(F_wf, data.P_rech_su, data.h_rech_su, data.m _wf, 

data.P_rech_su, data.h_rech_su, data.m_wf, param.REC); 

data.Q_rec = out_REC.Q_tot; 

… 

% Call CDModel function 

[data_CD] = CDModel(F_wf, data.P_cd_su, data.h_cd_su, data.m_wf, F_cw, P_cw_su, 

T_cw_su, m_cw , param.CD); 

data.Q _cd = data_CD_Q_tot; 

data.T_cw_cd_ex = data_CD_T_c_ex; 

data.h_cw_cd_ex = data_CD.h_c_ex; 

……. 

%overall performance 

data.W _net = data.W_el - data.W _pp 

data.eleff_Tri = data.W_net/data.Q_in; 

data.theff _Tri = data.Q_th/ data.Q _in; 

data.overalleff_Tri = (data.W_net + data.Q_th) / data.Q _in 

……. 

 

%Residuals 

data.res_Tri_hsu = 1 - data.h_pp_su/h_pr; 

data.res_Tri_M_dot = 1-data.m _wf/data.m_wf_rec; 

data.res_Tri_Q_rec = 1 - data.Q_rec_guess/data.Q_rec; 

data.res_vec  = [data.res_Tri_M_dot data.res_Tri_hsu data.res_Tri_Q_rec]; 

data.res  = norm(data.res_vec) 

 

…… 

 

end 
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Appendix C: Experimental Instrument Manufacture 

Datasheets 

In this appendix, manufacture datasheets of the main employed experimental and 

measuring instruments for the ORC and MLDC laboratory testing are presented. The 

listed instruments are: scroll expander (Figure A-1), electric boiler (Figure A-2), 

refrigerant pump (Figure A-3), heat exchanger (Figure A-4), AC axial fan (Figure A-

5), magnetic liquid pump (Figure A-6), power quality analyser (Figure A-7) and 

humidity sensor (Figure A-8). 

Scroll expander 
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Figure A-1 Photo and manufacture datasheet of scroll expander 
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Figure A-2 Photo and manufacture datasheet of electric boiler 
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Figure A-3 Manufacture datasheet of refrigerant pump  
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Figure A-4 Manufacture datasheet of heat exchanger  
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Figure A-5 Manufacture datasheet of AC axial fan  
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Model 

MP-20RZ 

  

Tube interface 

Inlet 18 mm 

Outlet 18 mm 

Voltage 220 / 240  V 

Current 150 mA 

Phase Single 

Output Power 15W 

Specific Gravity < 1.1 

Maximum Frequency 50 Hz 60  Hz 

Maximum Speed 2600rpm 3000rpm 

Maximum Head 4.6 m 6.9 m 

Maximum Capacity 10 L/min 11  L/min 
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Figure A-6 Manufacture datasheet of magnetic liquid pump  

  



Appendixes 

344 
 

Single-phase power quality analyser CA8230
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Figure A-7 Manufacture datasheet of power quality analyser  
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Figure A-8 Manufacture datasheet of humidity Sensor 


