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ABSTRACT 

Increasingly intensive efforts are being made to enhance energy systems via augmented 

introduction of renewable energy along with improved energy efficiency. Resource 

constraints and sustained high fossil fuel prices have created a new phenomenon in the world 

market. Enhanced energy security and renewable energy development are currently high on 

public agenda worldwide for achieving a high standard of welfare for future generations. 

Biomass and municipal solid waste (MSW) have widely been accepted as important locally-

available renewable energy sources offering low carbon dioxide (CO2) emissions. Concerning 

solid waste management, it has become a critical issue in Southeast Asia since the most 

popular form for waste disposal still employs open dumping and landfilling. While the need 

for a complete sustainable energy solution is apparent, solid waste management is also an 

essential objective, so it makes sense to explore ways in which the two can be joined.  

 

Electricity production in combination with energy recovery from flue gases in thermal 

treatment plants is an integral part of MSW management for many industrialized nations. In 

Sweden, MSW is considered as an important fuel resource for partially meeting EU 

environmental targets within cogeneration. However it is normally difficult to justify 

traditional cogeneration in tropical locations since there is little need for the heat produced. 

Similarly, MSW-fired cogeneration usually operates with low capacity during non-heating 

season in Sweden. Therefore, it is very important to find new alternatives for energy 

applications from waste, such as the implementation of thermally driven cooling processes via 

absorption cooling in addition to electricity production.  

 

The work presented herein concentrates first on an investigation of electricity generation from 

MSW power plants and various energy applications from waste in tropical urban areas. The 

potential for various types of absorption chillers driven by MSW power plants for providing 

both electricity and cooling is of particular interest. Additionally a demonstration and analysis 

of decentralized thermally driven cooling in district heating network supplied by low 

temperature heat from a cogeneration of MSW have been conducted. This study aims at 

developing the best system configuration as well as finding improved system design and 

control for a combination of district heating and distributed thermally driven cooling.  

 

Results show that MSW incineration has the ability to lessen environmental impacts 

associated with waste disposal, and it can contribute positively towards expanding biomass-

based energy production in Southeast Asia. For electricity production, the proposed hybrid 

dual-fuel (MSW/natural gas) cycles feature attractive electrical efficiency improvements, 

leading to greenhouse gas emissions reduction. Cogeneration coupled with thermally driven 

cooling is a solution that holds promise for uniting enhanced sustainability with economic 

advantages. The system offers great opportunity for primary energy saving, increasing 

electrical yield and can significantly reduce CO2 emissions per unit of cooling as compared to 

compression chiller. The demonstration and simulation have also revealed that there is a 

potential with some modifications and improvements to employ decentralized thermally 

driven cooling in district heating networks even in temperate regions like Sweden. Thus, 

expanding cogeneration towards trigeneration can augment the energy supply for summer 

months in Europe and for year-round cooling in tropical locations.  

 

Keywords: municipal solid waste, incineration, hybrid cycle, power production, thermally 

driven cooling, absorption chillers, decentralized thermally driven cooling, district heating. 
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SAMMANFATTNING 

För att förbättra energisystemens prestanda görs allt intensivare ansträngningar för att öka 

andelen förnybar energi och energieffektiviteten. Begränsade resurser kombinerat med fortsatt 

höga priser på fossila bränslen har skapat ett nytt fenomen på världsmarknaden. En tryggad 

energiförsörjning och utveckling av förnybar energiteknik står för närvarande högt på 

agendan runt om i världen, detta för att uppnå en hög välfärd för kommande generationer. 

Biomassa och hushållsavfall (MSW) är allmänt accepterade som viktiga, lokala tillgängliga 

förnybara energikällor med låga utsläpp av koldioxid (CO2). Avfallshantering har samtidigt 

blivit en viktig fråga i Sydostasien eftersom metoder som tippning (mest okontrollerad) finns 

kvar. Även om behovet av en komplett hållbar energilösning är uppenbart, är avfallshantering 

också ett viktigt mål i sig, så det är klokt att undersöka hur de två kan förenas. 

 

Elproduktion i kombination med energiåtervinning från rökgaser i avfallsförbrännings-

anläggningar är en integrerad del av den kommunala avfallshanteringen för många 

industrialiserade länder. I Sverige är MSW betraktad som en viktig bränsleresurs för att 

uppfylla en del av EU:s miljömål inom kraftvärme. Det kan dock vara svårt att motivera 

traditionell kraftvärme i tropiska regioner eftersom det finns lite behov av värme. Likaså körs 

MSW-eldad kraftvärme oftast med låg kapacitet utanför eldningssäsongen i Sverige. Därför är 

det mycket viktigt att hitta nya alternativ för energiutvinning från avfall, exempelvis genom 

integrering av värmedriven kylprocesser via absorptionsteknik. 

 

Det arbete som presenteras i denna avhandling fokuserar först på en utredning av 

elproduktionen från avfallsförbränningsanläggningar och olika tillämpningar i tropiska städer. 

Potentialen för en integration av absorptionskylmaskiner i detta sammanhang är av särskilt 

intresse. Vidare har en djupare studie genomförts av decentraliserad värmedriven kyla i 

fjärrvärmenätet, där en teoretisk prestandamodellering har kombinerats med utvärdering av 

demonstrationsanläggningar. Via denna fördjupning har ny kunskap tagits fram som vad 

gäller effektiva systemkonfigurationer och förbättrad systemdesign och kontrollstrategier. 

 

Resultaten visar att avfallsförbränning har förmågan att minska miljöpåverkan i samband med 

avfallshantering, och kan bidra positivt till expanderande biobränslebaserad energiproduktion 

i Sydostasien. För elproduktion är de föreslagna hybridcykler (MSW/naturgas) attraktiva för 

ökad energieffektivisering, vilket leder till minskning av växthusgasutsläppen. Kraftvärme 

tillsammans med värmedriven kyla är en lovande lösning som förenar förbättrad hållbarhet 

med ekonomiska fördelar. Systemet erbjuder stora möjligheter för primär energibesparing, 

ökad elproduktion och kan avsevärt minska CO2-utsläpp per energienheter för kyla jämfört 

med kompressionskyla. Demonstration och simulering har också visat att det finns en 

potential med decentraliserade värmedriven kyla i fjärrvärmenät även i nordliga breddgrader 

som i Sverige. Därmed blir det tydligt att en expansion av kraftvärme mot trigenerering kan 

utöka kraftvärmekonceptet till kraftkyla under sommarmånaderna i Europa och året runt i 

tropiska regioner. 

 

Nyckelord: hushållsavfall, förbränning, hybridcykler, elproduktion, värmedriven kylning, 

absorptionskylmaskiner, decentraliserade värmedriven kyla, fjärrvärme. 
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1. INTRODUCTION 

1.1 Background and motivation  

Limitations in exploitation of conventional energy sources and continued growth in world 

energy demand – especially for high economic growth regions in Asia – have brought energy 

price unpredictability and uncertainty. Many countries, particularly those under development 

that rely on imported fossil fuels, already have strained resources and suffer as a result. 

Enhanced energy security and renewable energy development are high on public agenda in 

Thailand and other countries of Southeast Asia for achieving a high standard of welfare for 

future generations. To develop sustainable energy systems is perhaps the most direct way of 

moving away from fossil fuels. Biomass and municipal solid waste (MSW) have been 

accepted as important locally-available renewable energy sources and represent one of the 

largest renewable energy sources worldwide. Regarding solid waste management, it is still 

one of the critical issues in Southeast Asia since the most popular form for waste disposal still 

employs open dumping and landfilling. As widely known, improper waste management 

causes severe environmental impacts, including groundwater contamination, air quality 

deterioration, and greenhouse gases emissions. Finding environmentally benign methods 

related to sound MSW management is of highest priority.  

 

Exploring underutilized fuels like MSW is vital towards securing a sustainable energy supply 

while minimizing greenhouse gas emissions and waste management problems. MSW is a 

renewable resource with significant fractions of plant-based materials, so the CO2 impact 

approaches that of biomass. Waste-to-energy (WTE) facilities can play a key role in ensuring 

a swift and economically viable shift to improved MSW management. Positive environmental 

benefits can be achieved in parallel (i.e. reduction of greenhouse gas emissions via 

minimizing open dumping and expansion of a biomass-based energy production method). 

Energy recovery from flue gases in thermal treatment plants is an integral part of MSW 

management for many industrialized nations. Using a proper combustion control and 

sufficient flue gas treatment, MSW can be converted to more stable forms that are more easily 

managed and less harmful to health and environment. Waste incineration with energy 

recovery still represents one of the best options for reducing volume and weight of refuse 

among other waste management technologies.  

 

MSW is considered as an important fuel resource in Europe for partially meeting EU 

environmental targets. Often times cogeneration can be employed for both enhancing the 

plant profitability and increasing the overall energy yield; in fact MSW is used fairly widely 

in Sweden for cogeneration [Petrov, 2002; Knutsson et al., 2006; Egeskog et al., 2009]. Here 

waste incineration is considered as an important sustainable solution with beneficial 

achievements in terms of both waste management and net heat and electricity contributions. 

Continuous efforts to improve system performance and expansion of WTE plant over the past 

decade resulted in 47% increase in energy recovery from waste incineration during 2003 – 

2007 in Sweden. WTE still represents one of the best options for waste management and 

energy recovery in Sweden with over 46% of the total Swedish household waste incinerated 

each year. The energy recovery from MSW-fired cogeneration provides around 1.5 TWh of 

electricity and 12.2 TWh of heat annually. District heating via waste incineration covers more 

than quarter of the country’s needs presently [Swedish Waste Management, 2008]. 
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Although cogeneration has widely been employed for both enhancing the plant profitability 

and increasing the overall energy yield from this mostly renewable resource like MSW, it is 

however difficult to justify traditional cogeneration in tropical locations since there is little 

need for the heat produced. Improving system performance and finding new alternative uses 

or applications of the heat produced from cogeneration are of great challenge. For the case of 

Sweden, MSW-fired cogeneration plants usually operate with low capacity during non-

heating season or in the summer period as there are no or less heating needs. Consequently, 

this causes the cogeneration plants to be operated at relatively low capacity and low 

efficiency. Therefore, it is very important to conduct a comprehensive study and establish 

new applications of the heat produced during this period e.g. using heat as energy carrier for 

distributed small-scale thermally driven machines. Finding new alternatives for energy 

applications from waste like the implementation of thermally driven cooling processes via 

absorption cooling is very attractive.  

 

In addition, the demand of comfort cooling has increased tremendously around the world over 

the past decade, even in the cold climates like Sweden, and district cooling market is expected 

to expand enormously in the next decade. With the growing cooling demand, conventional 

compression chillers from refrigeration and air-conditioning shared around 15-20% of 

worldwide electricity energy consumption [Lucus, 1998]. Utilizing waste heat for cooling 

production via absorption chillers could further reduce the high demand for electricity from 

compression chillers, while improving overall efficiency of cogeneration plants and reducing 

the environmental impact in parallel. Thus, cogeneration coupled with thermally driven 

cooling is a promising solution. Renewable energy sources can be readily employed with 

cogeneration: MSW incineration is even more attractive when the heat produced in 

cogeneration can be used in absorption chillers for cooling production. It is believed that 

expanding cogeneration towards trigeneration can augment the energy supply for summer 

months in Europe and for year-round cooling in tropical locations. The system can serve as a 

provider of various energy applications in tropical areas and can further increase the 

exploitation of existing waste incineration plants and cogeneration during summer period in 

Sweden.  

 

1.2 Research background and objectives 

The findings presented in this thesis are based on two projects, funded by SIDA and the EU. 

The overall SIDA project aim was to find environmentally benign methods related to sound 

MSW management and to promote an expansion of biomass-based energy production in 

Southeast Asia. This study investigated various energy applications i.e. purely electricity 

production and combined heat, cooling and power from MSW for providing both electricity 

and cooling. While the overall EU-PolySMART project (POLYgeneration with advanced 

Small and Medium scale thermally driven Air-conditioning and Refrigeration Technology) 

aimed at developing a set of technical solutions for a new market segment for small 

trigeneration systems. Specific objective of this research was to investigate possibility and 

potential of introducing thermally driven chillers in district heating network supplied by a 

centralized cogeneration with MSW. The demonstration system of decentralized cooling in 

district heating network has been installed, monitored and calibrated during the course of the 

project.  
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1.3 Objectives of the thesis  

In the current thesis, the potential of clean energy conversion from MSW has been analyzed 

covering several types of application and in different locations. It first concentrates on an 

investigation of electricity generation from MSW power plants and various energy 

applications from waste in tropical urban areas. The potential for various types of absorption 

chillers driven by MSW power plants has been analyzed to give a general view of different 

matching approaches. The evaluation and analysis of one specific application of decentralized 

thermally driven cooling in district heating network have later been made using the results 

obtained from demonstration system and simulation study. The specific objectives are also: 

 

(i) To investigate the potential of electricity generation from MSW-fired power plants and 

to explore various energy applications from waste in tropical urban areas. For electricity 

production, both conventional technology and more advanced hybrid dual-fuel cycles 

have been considered in analyses covering cycle performance (electrical efficiency), 

CO2 emissions and economic evaluation. The potential for various types of absorption 

technologies driven by MSW power plants for providing both electricity and cooling is 

considered in terms of covering energy flow, performance, CO2 emissions and 

economic evaluation. Both centralized and decentralized thermally driven cooling 

coupled with MSW-fired power plant have been analyzed and compared with 

electrically driven chillers.  

 

(ii) To investigate possibility and potential of decentralized thermally driven cooling in 

district heating network supplied by a centralized CHP-fired with municipal waste. The 

overall objective of this study is to develop the best system configuration as well as to 

find improved system design and control for a combination of low temperature heat 

from district heating and distributed thermally driven cooling. Results obtained from 

demonstration system have been analyzed and calibrated against simulated results 

obtained via dynamic modeling with TRNSYS. The calibrated system was later used for 

parametric studies with the aim of: reducing the electricity consumption, improving the 

thermal COP’s and capacity if possible; and studying how the system would perform 

with different boundary conditions such as climate and load. 

 

1.4 List of appended articles and main results  

This thesis consists of a summary based on seven publications. The main research findings 

are thoroughly summarized and presented in three main chapters; Chapters four through six. 

The specific objectives and summary of works performed in these chapters are also presented 

in this respective section. Followings are the list of publications included in this thesis.  

 

1.4.1 Appended articles 

I. Seksan Udomsri, Andrew R. Martin, Torsten H. Fransson., 2010. Clean Energy 

Conversion from Municipal Solid Waste and Greenhouse Gas Mitigation in Thailand: 

Waste Management and Thermodynamic Evaluation. Submitted to Energy for 

Sustainable Development. 

 

II. Seksan Udomsri, Andrew Martin, Torsten Fransson, Björn Frostell., 2008. The Role of 

Municipal Solid Waste Incineration for Greenhouse Gas Mitigation: Towards 
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Sustainable Energy Systems in Southeast Asia. Proceedings of SIDA Conference and 

Workshop 2008, Meeting Global Challenges in Research Cooperation, Uppsala, 

Sweden, ISSN 1403 – 1264, ISBN 978–91–975741–9–8, pp. 60-67. 

 

III. Seksan Udomsri, Andrew R. Martin. Torsten H. Fransson., 2010. Economic Assessment 

and Energy Model Scenarios of Municipal Solid Waste Incineration and Gas Turbine 

Hybrid Dual-fueled Cycles in Thailand. Waste Management, Vol. 30, Issue 7, July 

2010, pp. 1414-1422. 

 

IV. Seksan Udomsri, Andrew Martin, Torsten Fransson., 2008. Possibilities for Various 

Energy Applications from Municipal Solid Waste Incineration in Bangkok and Hanoi: 

Combined Heat, Cooling and Power Generation (CHCP) in Southeast Asia. 

Proceedings of i-CIPEC2008 - 5
th

 International Conference on Combustion, 

Incineration/Pyrolysis and Emission Control, Chiang Mai, Thailand, Paper Nr. A-018, 

December 2008, pp.103-109. 

 

V. Seksan Udomsri, Andrew R. Martin, Viktoria Martin., 2011. Thermally Driven Cooling 

Coupled with Municipal Solid Waste–fired Power Plant: Application of Combined 

Heat, Cooling and Power in Tropical Urban Areas. Applied Energy, Vol. 88, Issue 5, 

May 2011, pp. 1532-1542. 

 

VI. Seksan Udomsri, Chris Bales, Andrew R. Martin, Viktoria Martin., 2010. Decentralised 

Cooling in District Heating Network: Monitoring Results and Calibration of Simulation 

Model. Submitted to Energy and Buildings.  

 

VII. Seksan Udomsri, Chris Bales, Andrew R. Martin, Viktoria Martin., 2010. Decentralised 

Cooling in District Heating Network: System Simulation and Parametric Study. 

Submitted to Applied Energy. 

 

1.4.2 Electricity production from MSW-fired power plant (Papers I – III) 

Results of the first three articles are summarized in Chapter 4 that is devoted for electricity 

production from MSW-fired power plants. This chapter serves to find environmentally benign 

methods related to sound MSW management as well as to promote an expansion of biomass-

based electricity in Southeast Asia. The overall objective of these articles was to determine a 

feasible solution for waste management technology as well as to assess the performance of 

different MSW conversion technologies for electricity generation in Thailand as an example 

of the countries in Southeast Asia. The energy recovery potential from MSW was analyzed by 

investigating various types of incineration technologies, in particular conventional 

technologies and more advanced hybrid dual-fuel cycles (which integrate municipal solid 

waste and high-quality fuels like natural gas in an innovative fashion) were considered as a 

solution. Different technologies have been simulated and optimized for the highest electrical 

efficiency, and compared with the reference case of a separate single-fuel power plant. The 

optimal results have been used and implemented in an energy model with the aim to further 

refine the expected potential of MSW incineration with regard to energy recovery and 

environmental issues in long-term perspectives.   
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1.4.3 Thermally driven cooling coupled with MSW-fired power plant (Papers IV & V) 

The results of thermally driven cooling coupled with MSW–fired power plant: application of 

combined heat, cooling and power in tropical urban areas are presented in Chapter 5. The 

main objective of this work was to investigate various energy applications from MSW in 

tropical urban areas, providing general view of thermally driven cooling technologies. 

Opportunities and potential for various types of absorption technologies for providing both 

electricity and cooling were analyzed for both centralized and decentralized applications. 

Efficiency and potential of electrically driven chillers coupled with MSW-fired power plant 

have also been performed to compare with thermally driven cooling technology, both in 

centralized and decentralized (business-as-usual) applications. Comparisons in terms of 

energy flow, performance, CO2 emissions and economic evaluation of these combined 

systems were made to a business-as-usual case considering distributed vapor compression air 

conditioners. 

 

1.4.4 Decentralized thermally driven cooling in district heating network (Papers VI & 

VII) 

This chapter is devoted to a summary of the results presented in Papers VI and VII. It serves 

to highlight the possibility and potential of introducing thermally driven cooling in district 

heating network supplied by a centralized cogeneration of municipal waste. It aimed at 

enhancing thermal power plants via absorption technologies in order to utilize low 

temperature heat for cooling production as well as increasing the exploitation of heat 

produced from cogeneration during summer period in Sweden. The monitoring results and 

simulation study of the demonstration system of decentralized cooling in district heating 

network are presented. This demonstration is one of the 11 demonstration systems installed 

and monitored within the EU-PolySMART project. The system represents a good example of 

distributed cooling in district heating network supplied by low temperature heat from 

cogeneration. The monitoring results obtained from the demonstration were analyzed and 

verified using dynamic modeling with TRNSYS. System simulation and parametric study 

have also been conducted to find improved system design and control, especially to improve 

thermal and electrical COP in different boundary conditions and operations. 

 

1.5 Outline of the thesis 

The current thesis is divided into several chapters. The main research findings are presented 

in Chapters 4 through 6.  

 

Chapter 1 begins with an introduction, background and motivation of the research performed 

during the course of the project. This chapter also presents the objectives of the thesis together 

with structure of the main results and outline of the thesis. 

 

Chapter 2 introduces a brief overview of world energy status and background to the research 

topic as well as a review of MSW resource and waste incineration with energy recovery in 

Sweden and Thailand. This chapter also presents a thorough review of previous works 

relevant to the topic, such as MSW incineration, gas turbine hybrid dual-fueled cycles and 

thermally driven cooling.   

 

Chapter 3 is devoted to the basic methods and some fundamental concepts used in this 

research and particularly in the appended articles. Methodology for calibration and simulation 
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of the demonstration system are also presented in this chapter. Definitions and general 

formula of thermal COP and electrical COP used for calculation of the system performance 

are also given. 

  

Chapter 4 contains a summary based on the results obtained from the first three articles, 

Papers I-III that is devoted to electricity production from MSW power plant.  

 

Chapter 5 presents the results obtained from Papers IV and V for thermally driven cooling 

coupled with MSW-fired power plant. Detailed studies in terms of performance, CO2 

emissions and economic evaluation for various types of absorption technologies driven by 

MSW power plants are analyzed and presented.  

 

Chapter 6 presents the monitoring results and simulation study of the demonstration system 

of decentralized cooling in district heating network. A number of parametric studies 

performed to find improved system design and control are thoroughly presented. 

  

Chapter 7 contains discussion and conclusions of the entire thesis. The need for future works 

is also recognized and presented in Chapter 8.  
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2. BACKGROUND 

2.1 Brief overview of world energy status  

World energy demand is expected to grow more than 50% in 2030 (16.3 billion tons of oil 

equivalents), of which two-thirds is derived from oil and natural gas [IEA, 2004]. Fossil fuels 

still represent the main energy supply worldwide, and oil is expected to remain the dominant 

energy source over the next decades. Developing countries, which feature relatively high 

population growth and accelerating economies, dominate as the biggest consumers in this 

projection, holding a share of more than two-thirds of this increasing amount. Natural gas still 

represents a major energy source particularly using for power generation in the developing 

nations [IEA, 2004]. In Southeast Asia, Thailand for example, the energy sector is one of the 

most sensitive areas since almost half of the total energy supply relies on imported energy 

[DEDE, 2007a]. Of these, fossil fuels currently dominate electricity production. In terms of 

climate change, electricity production still remains one of the major sources of greenhouse 

gas emissions.  

 

As is widely known, utilization of fossil fuels or non-renewable sources to produce electricity 

causes serious environmental impacts. The negative impact of using fossil fuels such as coal 

and crude oil has created a high concentration of harmful gases released to the atmosphere, 

e.g. carbon dioxide (CO2). Consequently various alternative sources of renewable energy such 

as solar energy, hydro power, biomass and municipal solid waste (MSW) etc. have been 

explored intensely. Renewable energy is considered as an important energy resource and has 

shared in the world energy supply within different energy sectors such as residential, 

commercial and public sectors. Biomass and waste have widely been accepted as a dominant 

energy source to partially replace fossil fuels because of clean energy, available locally and 

CO2 mitigation concept. With these concerns, global renewable energy use, mostly biomass 

and MSW, has grown to almost 1,200 Mtoe (million tons of oil equivalents) in 2002 and it is 

expected to grow further to 2,000 Mtoe in 2030 (60% growth) [IEA, 2004]. Table 2-1 

presents the world primary energy demand with projections to 2030 (1971 has been used to 

compare).  
 

Table 2-1 : World primary energy demand during 2002 - 2030 (Mtoe) [IEA, 2004].  

Type of fuels 1971 2002 2010 2020 2030 

Coal 1 470 2 389 2 763 3 193 3 601 

Oil 
  Of which international   

  marine bunker 

2 413 

 

106 

3 676 

 

146 

4 308 

 

148 

5 074 

 

152 

5 766 

 

162 

Gas 892 2 190 2 703 3 451 4 130 

Nuclear 29 692 778 776 764 

Hydro 104 224 276 321 365 

Biomass and waste 
Of which traditional biomass 

687 

490 

1 119 

763 

1 264 

828 

1 428 

888 

1 605 

920 

Other renewable sources 4 55 101 162 

 

256 

Total 5 536 10 345 12 194 14 404 16 487 

 

Turning to worldwide electricity generation, which is probably the major fuel consumer, 

renewable sources represent the third largest contributor to the total electricity production 
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worldwide (18%). Most of electricity generated from renewable resources derives from hydro 

power plants (90%), followed by combustible renewables and waste (6%). Wind power plants 

share less than 4% of the total amount [IEA, 2003]. The share of renewable energy in the 

electrical energy production is presented in Figure 2-1.  

 

Oil

7%

Coal**

40%

Combustible

Renewables

and Waste

1%

Hydro

16%

Other*

1%

Renewables

 18%

Gas

 19%
Nuclear

16%

 

Figure 2-1: Renewable energy shares in electricity production in 2003 [IEA, 2003]. 
*Geothermal, solar, wind, tide/wave/ocean. 
**Includes non-renewable wastes. 

 

In Southeast Asia, fossil fuels currently dominate electricity production in Thailand. Natural 

gas accounts for the majority of country’s total electricity generation (68.4%), followed by 

lignite and coal (22.3%) and oil (2.8%). Renewable resources (mostly hydropower) comprise 

less than 10% of electricity production [DEDE, 2007b]. In Vietnam, another example, the 

energy sector is also one of the most critical areas since significant amount of electricity has 

also been imported from China each year. A total amount of 0.77 TWh of electricity has been 

imported from China in 2006 [Hieu, 2006].  

 

2.2 Municipal solid waste as a fuel 

MSW is produced by a combination of residential or domestic waste and other sources, 

determined by the relative proportion of industrial, commercial, or tourism activity in the 

area. The major components of waste stream -- food scraps, paper packaging, lawn clippings 

etc -- are very important biomass contributors. Using MSW as a fuel for power production 

will not only increase the use of renewable energy, but can mitigate the severe problems of 

waste management and greenhouse gas (GHG) emissions.  

 

2.2.1 MSW resource and situation in Sweden 

MSW is considered as an important fuel resource in Sweden for partially meeting EU 

environmental targets within cogeneration. Here environmental and societal benefit has been 

concerned when waste management is to be considered. The most common methods for 

handling waste are (i) material recycling; (ii) biological treatment; (iii) waste-to-energy; and 

(iv) landfilling. Sweden’s environmental targets aim at obtaining at least 50% of the 

household waste to be recycled through material recycling and biological treatment in 2010. 

Biological treatment involves digestion or composting to produce biogas that can be used 

later for vehicle fuel, and bio-fertilizer [Swedish Waste Management, 2008]. In 2007, the 

amount of treated household waste in Sweden was 4.7 million tons of which 46.4% was 

treated in waste-to-energy (WTE) plants. The percentages of waste handling through material 
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recycling including biological treatment and landfill were 48.7% and 4% respectively. 

Landfill continues to decline recently [Swedish Waste Management, 2008]. Per-capita waste 

production was 514 kg and the average energy content is around 10-11 MJ/kg (LHV) 

[Eriksson, 2003; Swedish Waste Management, 2008].  

 

Organic waste represents the majority of waste production and shares around 30-40% of the 

total household waste, followed by paper (20%) and cardboard often found between 5-7% 

[Eriksson, 2003]. In the Stockholm area, some 417,140 tonnes of the household waste 

together with 254,810 tonnes of the industrial waste were incinerated for energy recovery in 

2007. The industrial waste normally consists of garbage from shops, factories and 

construction sites. Table 2-2 presents the quantity of treated household waste in different 

technology [Swedish Waste Management, 2008]. 

 
Table 2-2: Quantity of treated household waste during 2003-2007 in Sweden (tonnes) [Swedish Waste 

Management, 2008]. 

Method/Year 2003 2004 2005 2006 2007 

Hazardous waste 26,600 25,700 26,400 38,960 40,880 

Material recovery 1,313,760 1,384,760 1,474,280 1,657,520 1,737,720 

Biological treatment 402,780 433,830 454,450 469,880 561,300 

Incineration with energy recovery 1,867,670 1,944,290 2,181,890 2,107,860 2,190,980 

Landfilling 575,000 380,000 210,110 226,000 186,490 

Total 4,185,810 4,168,580 4,347,130 4,500,220 4,717,380 

 

Continuous efforts have been made to improve efficiency and expansion of WTE plants in 

Sweden over the past decade. This resulted in 47% increase in energy recovery from 

household waste during 2003-2007 [Swedish Waste Management, 2008]. WTE still 

dominates one of the best options for waste management practices presently. Apart from 

household waste (2.19 million tons), some 2.28 million tons of industrial wastes were 

incinerated [Swedish Waste Management, 2008].  

 

2.2.2 MSW resource and situation in Thailand 

In 2003, Thailand produced nearly 22 million tons of waste; MSW made up 67% while the 

remainder was comprised primarily of non-hazardous industrial waste [Thailand Environment 

Monitor, 2003]. Bangkok Metropolitan Area (BMA), the capital city with 5.7 million citizens 

and 3.0 million temporary daily visitors [Srisuk et al., 2002], produces up to 27% of this total 

amount (i.e. 5 million tons MSW annually) [Thailand Environment Monitor 2003; PCD, 

2003]. The most widespread form of waste disposal is landfilling, and in the BMA up to 90% 

of MSW is handled in this fashion [Muttamara et al., 2002]. Improper waste management 

causes severe environmental impacts, which have already been pointed out by Udomsri et al. 

[2005]. Per-capita waste production varies across Thailand, according to relative income 

levels: 0.4-0.6 kg/day in rural areas, 1.3-1.5 kg/day in the BMA, and up to 2.2 kg/day in 

tourist areas like Phuket [Thailand Environment Monitor, 2003]. The value of heating value 

(LHV) of MSW varies accordingly throughout the country from 6-12 MJ/kg, however in the 

BMA it is around 9-10 MJ/kg [PCD, 2006; Suksankraisorn et al., 2010]. Figure 2-2 presents 

the trend and amount of MSW generation in the BMA and Thailand over the last 10 years 

[PCD, 2006].  
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Figure 2-2: MSW generation in BMA and Thailand during 1998 – 2004. 

 

Waste generation has slightly declined after 2002 because of the encouragement of recycling 

activities [Chiemchaisri et al., 2007]. The percentage of consumer packaging wastes increases 

in relation to the population’s degree of wealth and urbanization. A summary of average 

MSW composition in the BMA and some major cities of Thailand is reported in Paper I. 

Around 43% of MSW generated in the BMA derives from residential sector, which consist 

mostly of food waste. Paper and wood chips share 12% and 7%, respectively. Plastics (11%) 

and glass (6.6%) are significant fractions of recycling materials [Thailand Environment 

Monitor, 2003; PCD, 2006].  

 

For waste management strategy, Thailand focuses on bulk collection and mass disposal 

[Thailand Environment Monitor, 2003]. The collection efforts of MSW within the large cities 

(Muang municipalities) are more variable and typically have more efficient collection 

methods than smaller towns (Tambon municipalities). As a result in the large cities, 57% of 

the MSW have engineered or sanitary landfills, while 30% have open dumping and the rest 

employ controlled dumps. In contrast, only 4% of MSW in Tambon municipalities have 

landfills, while the rest still rely on open dumps [Thailand Environment Monitor, 2003]. In 

the BMA, there has been tremendous progress recently for the collection of household waste. 

In the 1990’s the number of vehicles for waste collection were increased and improvements 

were made in management at district offices. More than 95% of MSW is now collected and 

trucked to one of the three transfer stations, namely On-nut, Nong-Khaem and Tha-Raeng. 

Two private companies have contracts with the BMA to operate the waste transfer sites and to 

transport the waste to landfills (located 10 to 110 km away) [Thailand Environment Monitor, 

2003]. 

 

Difficulties for MSW management in large communities like Bangkok and major regional 

cities have become evident in recent years. The generated amount of MSW in the domestic 

communities tends to increase every year. While the overall waste collection service has not 

fully covered in all service areas, uncollected waste together with improper disposal has 

unavoidably created health hazards and environmental problems. An investigation of MSW 

management and disposal emission inventory has been performed by Chiemchaisri et al. 

[2007]. There are 95 landfills and 330 dumpsites in operation in the county currently. Total 

emissions (methane) have been calculated using the assumption of 425 sites (95 landfills; 330 

open dumps) and presented in Table 2-3. 
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Table 2-3: Solid waste disposal sites in Thailand and total emissions (methane) generated in different 

region [Chiemchaisri et al., 2007]. 

Region Number of sites Amount of waste 

(tons/day) 

Methane emissions 

(thousand tons/year) 

 Landfill Open dumping Landfill Open dumping Landfill Open dumping 

Northern 22 70 854 950 12.03 1.44 

Eastern 8 23 229 904 5.10 0.77 

Southern 17 56 477 1,214 10.86 1.90 

North-

eastern 

30 100 1,162 2,263 19.09 1.62 

Central 16 81 455 2,373 6.30 1.46 

Bangkok 2 - 9,000 - 54.83 - 

Total 95 330 12,177 7,704 108.21 7.49 

  

This study found that waste disposal in 425 disposal sites has generated methane emissions 

around 115.70 thousand tons and will increase to 338.6 thousand tons per year in 2020 

[Chiemchaisri et al., 2007]. Proper disposal of these wastes is crucial if public health and the 

environment are to be protected. With regard to specific environmental impacts, the effect of 

MSW disposal by open dumping in the BMA (Khlong On-Nooch) has been investigated by 

Muttamara et al. [2002], who found that the levels of biological oxygen demand in leachate 

and suspended solids in nearby water bodies greatly exceeded the standard value of 20 and 60 

mg/L, respectively. Dissolved oxygen was found to be very low, about 0.88 to 1.90 mg/L. 

Khlong Canal water also contains high Manganese content (up to 1.4 mg/L) compared with 

the standard value of 0.3 mg/L. Furthermore, the existing ambient air quality contained high 

levels of methane and carbon dioxide: 13.1 mg/m
3
 and 1760 mg/m

3
 respectively, for 

nighttime measuring [Muttamara et al., 2002].  

 

2.3 Waste incineration with energy recovery 

2.3.1 Brief introduction to MSW incineration 

Waste incineration is considered as an important sustainable solution for waste management 

and energy recovery. It is a widespread method for handling MSW in Europe and Japan 

where the landfill space is limited. WTE is one of the best solutions to reduce volume and 

weight of refuse among other waste management technologies, such as landfilling [Waste-to-

energy Research and Technology Council, 2005]. Detailed information of incineration 

including basic concept, incineration technologies/ process technologies, energy recovery and 

pollution control systems is contained in a separate report [Udomsri, 2009]. From a number of 

incinerator technologies in use today, mass-burn (grate-fired) and fluidized bed incinerators 

are most popular and widely accepted for MSW treatment. Mass burning grate incineration 

can generally handle municipal waste without pre-treatment, while fluidized bed combustor is 

more appropriate for burning sorted waste or refuses-derived fuel. The moving grate 

combustor is the most popular and commonly use in Europe. The optimal temperature for 

incineration of mixed solid waste is in the range of 850 – 1,100°C.  

 

A fluidized bed incinerator is an alternative for burning pretreated and homogenized MSW. 

The two available fluidized incinerators are: Bubbling fluidized bed (BFB) and Circulating 

fluidized bed (CFB). Essential requirement of this technology is to treat the waste prior to the 

combustion. This sorting process helps to remove non-combustible and recyclable material. It 
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is an important step to enhance the combustion efficiency and to increase calorific value of 

the waste.  

 

2.3.2 Waste-to-energy plant in Europe and emissions control 

Currently, more than 150 million tons of waste is combusted in over 600 WTE power plants 

worldwide [Waste-to-Energy Research and Technology Council, 2005]. In Europe, more than 

50 million tons of waste is thermally treated in WTE power plants to produce energy each 

year within 18 EU countries. Germany has the largest capacity of treated waste in the WTE 

power plants and more than 13 million tons of waste is incinerated per year [CEWEP, 2004]. 

The distribution of these WTE power plants operated in 2003 is illustrated in Table 2-4. 

 
Table 2-4: Waste-to-energy plants in Europe operating in 2003 [CEWEP, 2004]. 

Name No. of WTE 

plants 

Treated waste 

(million tons) 

Name No. of WTE 

plants 

Treated waste 

(million tons) 

France 123 11.25 Austria 5 0.88 

Spain 11 1.86 Germany 58 13.18 

Portugal 3 1 Czech Republic 3 0.4 

UK 15 3.17 Poland 1 0.04 

Belgium 17 1.64 Hungary 1 0.19 

Netherlands 12 5.18 Denmark 31 3.28 

Luxembourg 1 0.12 Norway 21 0.79 

Switzerland 29 2.97 Sweden 28 3.13 

Italy 49 3.47 Finland 1 0.15 

 

With regard to environmental impact, emissions of most concern from MSW incineration are: 

particulates or dust; acidic gases such as hydrogen chloride (HCl), hydrogen fluoride (HF), 

nitrogen oxides (NOx) and sulfur dioxide (SOx); heavy metals such as mercury, cadmium, and 

lead; and toxic organic compounds such as dioxins and furans [Clayton et al., 1991]. 

Incineration of MSW using proper flue gas cleaning equipment is well-proven and capable of 

reducing these harmful emissions to widely accepted levels [Morris, 1998].  

 

Pollution control technologies including wet or dry gas scrubbers, fabric filters and 

electrostatic precipitators can reduce the amount of toxic chemicals and dust emitted from the 

stack. Scrubbers are used to control and remove acidic gases such as HCl, HF, NOx, SOx as 

well as heavy metal like mercury, etc. Fabric filters and electrostatic precipitators are the 

major techniques employed for particulate emissions control. Dioxins and furans can be 

produced by incomplete combustion at low temperature from the fuels with containing 

halogen elements (fluoride, chloride, etc), such as plastic materials. Dioxins and furans can 

simply be minimized by improved combustion process. The selection of air pollution control 

systems depends on the type of waste, and the actual emissions limits or environmental 

standards. The air pollution control systems can be classified and considered from basic, 

medium, and advanced levels. More information related to flue gas cleaning systems for 

MSW incineration can be found in Udomsri [2009]. 

 

2.3.3 Waste incineration with energy recovery in Sweden 

 

As mentioned above, energy recovery from waste incineration increased by 47% from 2003 – 

2007 in Sweden. WTE is still one of the best options for waste management and energy 

recovery. Table 2-5 presents energy recovery and emissions generated from waste 

incineration in Sweden during 2003-2007 [Swedish Waste Management, 2008].  
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Table 2-5: Energy recovery and emissions from waste incineration in Sweden during 2003-2007. 

Energy recovery and 

emissions 

2003 2004 2005 2006 2007 
 

Incineration (tonnes)* 

Household 1,867,670 1,944,290 2,181,890 2,107,860 2,190,980 

Industry and other 1,264,860 1,243,840 1,637,440 1,991,940 2,279,710 

Total 
 

3,132,530 3,188,130 3,819,330 4,099,800 4,470,690 

Production (MWh) 

Heat 8,613,360 8,548,850 10,168,190 10,270,290 12,151,270 

Electricity 687,260 739,060 943,270 1,187,390 1,482,750 

Total 
 

9,300,620 9,287,910 11,111,460 11,457,680 13,634,020 

Emissions to air (tonnes) 

Dust 27 25 39 33 24 

HCl 126 106 98 55 60 

SOx (SO2) 526 340 310 175 196 

NOx (NO2) 
 

1,745 1,734 1,904 2,180 2,101 

Emissions to air** 

Hg (kg) 23 38 33 39 36 

Cd + Tl (kg) 7 5 21 15 6 

Pb (kg) 116 95 77 54 51 

Dioxin (g) 2.5 1 1.1 0.8 0.49 

Residue (tonnes) 

Slag 446,500 485,000 550,850 598,545 649,680 

APC 149,300 138,000 160,920 176,298 183,370 
Source: Swedish Waste Management * imported household waste is included in ―Industrial and other‖. 

** The emission values are shown according to the regulations for waste incineration; the values from the 

minority of smaller facilities are missing [Swedish Waste Management, 2008]. 

 

Through incineration, total amount of 2.19 million tons of MSW together with 2.28 million 

tons of industrial wastes are incinerated each year to produce 13.6 TWh of energy:  12.2 TWh 

heating/cooling, and 1.5 TWh for electricity [Swedish Waste Management, 2008]. District 

heating via waste incineration covers 25% of the country’s needs currently and can supply to 

810,000 houses. For electricity it can supply to around 250,000 normal sized houses presently 

[Swedish Waste Management, 2008]. In the Stockholm area, some 417,140 tonnes of the 

household waste together with 254,810 tonnes of the industrial waste were incinerated in 

2007. Here energy from waste around 2.02 TWh and 0.33 TWh per year has been used for 

heating and electricity, respectively [Swedish Waste Management, 2008]. 

 

Limitation of emissions released to water and atmosphere from waste incineration was 

introduced in the mid-1980s in Sweden. This resulted in 90-99% reduction in the majority of 

the emissions released to the environment since that time [Swedish Waste Management, 

2008]. In addition to increased regulation demands, other factors such as continuous 

technological development and better sorting system of waste have been made to further 

improve and reduce the emissions [Swedish Waste Management, 2008]. The emission of 

dioxins has recently been declined. For example, the total emission of dioxins released to 

atmosphere from waste incineration plant in Sweden was only 0.5 grams in 2007. Slag 

remained after incineration process accounts for 15–20% by mass of the fuel input, while 3-

5% by mass released as flue gas cleaning residues [Swedish Waste Management, 2008]. 
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1. Example of WTE plants in Sweden 

 

In the Stockholm area, Högdalen waste-to-energy CHP plant is the only waste incineration 

operated in the area. It is capable of handling around 500,000 tons of household waste and 

200,000 tons of industrial wastes per year to produce total energy of 2.2 TWh [Nylund, 2010]. 

There are six boilers, so called P1-P6, installed here. Boiler P4 is the biggest unit while boiler 

P6 is the newest unit installed recently. Boiler P4 is the largest single unit and has capacity of 

burning 275,000 tons of waste per year (both MSW and industrial waste). Heating value of 

the MSW is 10 MJ/kg. The boiler generates 115 t/h of steam at 36 bar, 400ºC [Babcock & 

Wilcox Vølund, 2007]. Boiler P6 has been designed and installed to handle the industrial 

waste, which is able to handle 200,000 tons of waste per year. 

  

Another good example of waste incineration plant in Sweden is at Gärstad CHP plant. 

Gärstad is the first MSW incineration installed in Linköping during 1981-1983 to provide 

district heating. The main objective of this power plant was to eliminate and solve the 

problem of MSW management in landfill sites and to replace the use of fossil fuels [Petrov, 

2002]. Three incinerators were installed in the beginning to provide hot water with a total 

capacity of 73 MWth heat output. In 1990, the Gärstad power plant was upgraded from a 

district heating power plant to combined heat and power. A gas turbine fired with fossil fuel 

has been installed, whereas the exhaust gases from gas turbine have been used to superheat 

steam from MSW incinerator. Around 220,000 tons of MSW is incinerated every year 

[Petrov, 2002]. In 2004, a new unit of Gästad CHP plant has been operated with a capacity of 

handling waste material of 190,000 tons per year more. The heating value of the waste is 

around 11 MJ/kg (household waste 9.7 MJ/kg; industrial waste 13 MJ/kg). The power plant 

produces steam at a temperature of 400
o
C, pressure 40 bar. This new system can produce 19 

MW of electricity and 49 MW of heat [Vlassiouk, 2005].  

 

2.3.4 Waste incineration with energy recovery in Southeast Asia 

In Southeast Asia, Kathirvale et al. [2004] have evaluated the energy recovery potential from 

MSW in Malaysia and reported that 5.6 GWhel/yr can be achieved from operating an 

incineration plant processing 0.55 million tons of MSW/yr. Patumsawad
 
[2002] has conducted 

an investigation of co-firing of coal and MSW in a fluidized bed combustor with a focus on 

applications in Thailand. This study found that up to 20% of MSW can be co-fired with coal, 

although the overall efficiency was dropped by 12% comparing to those burning 100% of coal 

[Patumsawad, 2002]. Sajjakulnukit et al. [2005] have also investigated the energy recovery 

potential from biomass in Thailand and they found that it is very rich and abundant resource. 

The energy recovery potential from various sources of biomass has preliminary been 

calculated and found that MSW has a huge potential among other biomass with capable of 

producing up to 19 PJ (5.3 TWh) of electricity. This calculation has considered only 

electricity generated from the landfilling gas recovery only [Sajjakulnukit et al., 2005].  

  

In Thailand, there are two WTE power plants which are in operation presently and they are in 

the main tourist areas. The first plant has operated in Phuket since 1998 with a capacity of 

MSW 250 tons per day to provide 2.5 MW of electricity [Incinerator Phuket Plant, 2006]. The 

first plant has operated using continuous burning grate incinerator coupled with steam turbine 

generator for electricity generation. The second plant is in operation in the area of Samui 

Island and has a capacity of burning MSW 140 tons per day. The Samui MSW incineration 

plant is located in the area of Kok Khanoon Village, Samui Island, Surat Thani province. The 

power plant was built in 1997 with the investment of 501 million Baht ($13.5 million USD) 
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through a joint Thai-Japanese venture [International POPs Elimination Project, 2006]. These 

two plants have generated some local opposition even though they employ modern 

environmental controls. Since 1999 Greenpeace Southeast Asia together with several NGO’s 

have lobbied against new incineration plants and claimed that they have negative 

environmental and social impacts. Anti-incineration campaigns caused the suspension of 

implementing four new MSW incinerators in the BMA with a capacity of 1,350 tons/day each 

in the areas of On-Nuch, Tha-Raeng and Nong-Khaem [Greenpeace Thailand, 2002]. 

 

2.4 MSW incineration and gas turbine hybrid dual-fuel cycle 

Although energy recovery from the steam in MSW power plant is of great importance, 

conventional MSW incineration provides quite low overall efficiency due to the corrosive 

nature of the flue gases in MSW boiler. Maintaining sufficiently low tube temperatures is 

required in order to avoid hot corrosion and ash melting problems, particularly in the 

superheater. Thus superheating temperatures and pressure are limited to around 380-400°C 

and 40 bar, respectively. The net electric efficiency for conventional MSW incinerator is 

around 22-24%. Efforts have been made to enhance the energy system for improving 

efficiency of MSW incineration, especially in Sweden. A relatively straightforward method 

towards improving system performance (electrical efficiency), while avoiding corrosion 

problems is the concept of hybrid cycle. Hybrid cycles employ integrated bottoming (steam-

based) and topping (gas turbine-based) cycles that are fed with fuels like MSW and natural 

gas, respectively. The high temperature of gas turbine exhaust is a well-suited concept to 

integrate with MSW incinerator.  

 

2.4.1 Brief history and previous works  

There are several good examples of the previous works done to investigate MSW incineration 

and gas turbine combined cycle. This section reviews few examples that can be used to design 

and model the waste incineration and gas turbine hybrid dual-fueled cycle for electricity 

production in Southeast Asia. Korobitsyn et al. [1999] is one of the first groups studied and 

proposed a concept of gas turbine and waste incinerator integration. The system allows steam 

leaving the waste incinerator to be superheated at the external superheating in a Heat 

Recovery Steam Generator (HRSG), which is located behind the gas turbine. This work 

suggested three schemes for a combination of a waste incinerator and gas turbine. In the first 

case, steam generated from MSW boiler is superheated in a combined cycle, which is 

operated in parallel. Case 2, the gas turbine exhaust heat is partially recovered in a superheater 

before the exhaust is passed to the MSW incinerator as air preheater. Korobitsyn et al. [1999] 

also recognized that the large steam flowing from MSW boiler limits the steam temperature in 

superheater to around 486
o
C. Case 3 was designed to employ HRSG and exhaust bypass in 

order to raise the steam temperature. As a result, the steam temperature can be increased to 

520
o
C. The results from this study show that energy conversion efficiency increases to around 

3.6 -4.6 % points in comparison with the reference case [Korobitsyn et al., 1999]. 

 

A year later, Consonni [2000] presented an investigation of a combined cycle for MSW 

incineration and gas turbine with the aim to provide high performance, low cost and low 

environmental impact. In this respect, the saturated steam generated in WTE plant is exported 

and superheated in HRSG located behind a gas turbine. This steam is then supplied to a single 

steam turbine, which can serve both combined cycle and WTE plant. Advantages of using this 

single steam turbine are reducing the cost, increasing cycle efficiency and especially avoiding 

all extra costs due to the corrosive gases generated in grate combustor by using superheating 
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steam from gas turbine [Consonni, 2000]. The results from this study showed that WTE and 

gas turbine combined cycle with a medium-size and heavy-duty increased efficiency of 

energy recovery from waste by 5%. Consonni [2000] has also suggested the formulations to 

evaluate the electrical efficiency, which is attributable to MSW within the integrated cycle. 

The results from this study have further indicated that the electrical efficiency of MSW plant 

with 150,000 tons/year MSW input can increase up to 36% points. This represents 1.5 times 

efficiency increasing over the conventional MSW incineration [Consonni, 2000]. Scale effect 

and variation of MSW fuel input have also been conducted to further investigate the 

efficiency of the WTE power plant as well as cost and economic comparison of WTE power 

plant and gas turbine combined cycle [Consonni, 2000].  

 

Petrov [2003] performed an investigation of performance analysis for MSW boiler and gas 

turbine hybrid combined cycle for an application in Sweden. Four most representative and 

attractive hybrid cycles are depicted and presented here through Figures 2-3 to 2-6 below; 

referred to as ―case a‖, ―case b‖, ―case c‖ and ―case d‖ respectively. These studies and cases 

can be used as a starting point with some modifications for further design of the hybrid cycle 

application in Southeast Asia. Case ―a‖ presents a fully-fired cycle with superheating entirely 

by gas turbine (GT) exhaust and all steam is generated in the MSW incinerator, while case 

―b‖ represents the fully-fired cycle with partial superheating by gas turbine exhaust. Case ―c‖ 

represents a parallel-powered cycle where all steam generated from MSW incinerator is 

entirely superheated in GT exhaust. Case ―d‖ presents the configuration of a parallel-powered 

cycle with superheating partly in the MSW incinerator and partly in GT exhaust. All steam in 

these four cases is generated from MSW incinerator [Petrov, 2003].  

 

This work recognized a scale effect of hybrid power plant and capacity of the power plant is 

at 50 MWel. As shown in Figure 2-7 below, efficiency calculation of each cycle has been 

expressed in a function of fuel energy input ratio [Petrov, 2003]. The results have also 

revealed that hybrid cycles featuring MSW and natural gas are very competitive in terms of 

improved system performance. Efficiency gains of up to five percentage points can be 

attained for system configurations that are not very complex [Petrov, 2003]. The positive 

effect of adding gas turbine in a topping cycle to a MSW fired steam boiler is very attractive 

to improve energy conversion efficiency of both single fuels [Petrov, 2003]. 

 

  
 

Figure 2-3: Fully-fired cycle with superheating 

entirely by gas turbine exhaust. All steam is 

generated in MSW incinerator (FFS). Case “a” in 

Petrov [2003]. 

Figure 2-4: Fully-fired cycle with superheating 

partly by gas turbine exhaust. All steam is 

generated in the MSW incinerator (FFpS). Case 

“b” in Petrov [2003]. 
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Figure 2-5: Parallel-powered hybrid cycle with 

superheating entirely by gas turbine exhaust. All 

steam is generated in the MSW incinerator (PPS-

FP). Case c in Petrov [2003]. 

Figure 2-6: Parallel-powered hybrid cycle with 

superheating partly by gas turbine exhaust. All 

steam is generated in the MSW incinerator 

(PPpS-FP). Case d in Petrov [2003]. 

 
 

 
Figure 2-7:  Electrical efficiency as a function of fuel energy input ratio from the hybrid combined 

cycle [Petrov, 2003]. 

 

This study has also confirmed that there are several advantages of superheating the steam in 

hybrid gas turbine cycle by natural gas with MSW as bottoming fuel. The scale effect in a 

function of fuel energy input ratio (MSW for incineration and natural gas for gas turbine) has 

also been taken into account. The detailed formulation for an evaluation of electrical 

efficiency of the hybrid dual-fuel combined cycle can also be found in this thesis [Petrov, 

2003]. The net efficiency and separated single fuel efficiency were established; particularly 

the average efficiency of the reference case for this two individual single-fuel (can be used 

further). A further environmental assessment for greenhouse gas emissions in terms of CO2 

has been also evaluated in a function of fuel energy input ratio. The results showed that all 

hybrid configurations with MSW incineration as bottoming cycle are capable of reducing CO2 

levels up to 11% in comparison with two reference single-fuel units [Petrov, 2003]. 

 

2.4.2 State of the art and examples of existing hybrid cycle plants 

Some existing hybrid dual-fuel power plants (MSW incineration and gas turbine combined 

cycle) have already been pointed out in several published materials including in Petrov [2002] 
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and Petrov [2003]. It is however necessary to present the-state-of-the-art and existing of the 

hybrid dual-fuel power plant here again. In 1991, the first hybrid dual-fuel cycle with gas 

turbine topping cycle and MSW bottoming cycle was built in Karlskoga, Sweden. Several 

steam boilers have been employed in the bottoming cycle, of which MSW was also used as a 

fuel in one boiler. The designed capacity of the gas turbine is 25 MWel, and allows the cycle 

to generate the 45 bar and 460
o
C superheated steam after HRSG. With this condition, power 

output from steam turbine is around 11 MWel. However, the gas turbine unit of this power 

plant is not in operation today [Petrov, 2003]. A year later, MSW fired steam boiler and gas 

turbine combined cycle (using natural gas as a fuel) were constructed in Horsens, Denmark. 

This power plant was in operation with a designed capacity of the gas turbine at 22 MWel and 

steam turbine at 13 MWel [Horsens Kraftvarmeværk, 2000; Petrov, 2002]. The exhaust gas 

from gas turbine has been used to superheat the steam leaving MSW boiler in the HRSG to 

the pressure and temperature of 47 bar and 425
o
C respectively. The superheated steam is later 

supplied to the steam turbine [Horsens Kraftvarmeværk, 2000; Petrov, 2002]. 

 

Another good example of waste incineration plant and gas turbine combined cycle in Sweden 

is at Gärstad CHP plant in Linköping. As mentioned earlier, Gärstad is the first MSW 

incineration installed in Linköping during 1981-1983 to provide district heating. In 1994-1995 

this power plant has upgraded to the hybrid combined cycle using MSW-based steam 

generation with superheating by gas turbine exhaust gases. All steam from incinerators is 

superheated in HRSG [Petrov, 2002]. The system employed gas turbine using natural gas with 

capacity of 25 MWel electrical outputs; while steam turbine generated 25 MWel electrical 

outputs. Backpressure turbine has been employed to also provide 85 MWth district heating. 

The superheated steam leaving MSW boiler is superheated by gas turbine exhaust to the 

temperature of 430
o
C [Petrov, 2003]. For other EU countries like Germany, hybrid cycle was 

also recognized to improve energy efficiency of MSW incineration. In 2003, the hybrid dual-

fuel combined cycle governed with gas turbine in topping cycle and MSW fired steam boiler 

in bottoming cycle was constructed in Mainz. Using natural gas as a fuel input in gas turbine, 

the gas turbine generates the exhaust temperature of up to 555
o
C which can be used to 

superheat superheated steam leaving from MSW boiler. Special design for MSW fired steam 

boiler allows the superheat steam leaving the boiler with 40 bar and 400
o
C [Petrov, 2003].  

 

2.5 Thermally driven cooling 

Although cogeneration has widely been employed for both enhancing the plant profitability 

and increasing the overall energy yield from the renewable resource like MSW in Sweden and 

Europe, it is difficult to justify traditional cogeneration in tropical locations since there is little 

need for the heat produced. Similarity, the cogeneration plants in Sweden usually operate with 

low capacity during summer period as there is no or little heating consumption needs. Finding 

new alternatives for energy applications from waste like the implementation of thermally 

driven cooling processes via absorption cooling is of great interest. Utilizing waste heat for 

cooling production via absorption chillers could definitely reduce the high demand for 

electricity consumed in compression chillers, while it can improve overall efficiency of MSW 

incineration and reduce the environmental impact from improper waste management.  

 

2.5.1 Cooling demand 

The demand for cooling has increased tremendously around the world during the past decades 

and it is believed to grow even further in the near future. In USA and Japan for example, more 

than 80% of commercial and institutional buildings have installed comfort cooling, while 
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50% of commercial and institutional buildings in Europe have comfort cooling [Capital 

cooling, 2005]. Ecoheatcool [2006] has done an estimation of cooling consumption in 32 

countries of Europe and found that the total cooling consumption in useful buildings is 1,370 

TWh per year (560 TWh for the service sector and 810 TWh for the residential sector). In 

Sweden, the demand for cooling has also increased relatively over the past few years despite 

its upper northern latitude [Rydstrand, 2004; Lindmark, 2005]. The largest cooling demand 

has always been found in tropical regions which have a very high average air temperature and 

high relative humidity levels [Udomsri et al., 2008].  

 

In Stockholm, the district cooling network has been installed with a cooling capacity of more 

than 100 MW [Rydstrand, 2004]. In 2002, total amount of 597 GWhcooling were supplied 

through district cooling system in Sweden using free cooling and vapor compression chillers 

[Westin, 2003]. However, this figure reaches 700 GWhcooling currently for the need of district 

cooling consumption. A survey has been made and the results show that the total demand of 

district cooling in Sweden is around 2,000–5,000 GWhcooling [Swedish District Heating 

Association, 2009]. In Thailand, electrical energy used in mechanical chillers for cooling 

production is the main contribution of energy expenditure within residential, commercial and 

institutional buildings [Gvozdenac et al., 2009]. The cooling demand depends on many 

parameters however outdoor temperature normally dominates the predominating factor 

among these parameters. Sivak [2009] investigated potential energy demand for cooling in the 

50 largest populous metropolitan areas of the world, using cooling degree-day. He found that 

the highest cooling degree day is located in most of the countries in tropical regions of 

Southeast Asia. The potential cooling demand can be derived from the product of the 

population and cooling degree days [Sivak, 2009]. For cooling demand in a small residential 

building, Saman et al. [2007] conducted an investigation of residential application of solar 

liquid desiccant cooling system in tropical countries of Southeast Asia. This study is an 

example of a small residential building and aims to define the monthly cooling demand in 

term of sensible and latent load (see Figure 2-8).   
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Figure 2-8: Monthly cooling consumption for both sensible, latent and total cooling loads in term of 

kWh for the size of 235 m
2
 building in the BMA [Saman et al., 2007].  

 

For this small building in the BMA, the small distributed TDC with capacity of 5-10 kW can 

be employed. The percentage of monthly latent load is however relatively high, with the 
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lowest value of 34% and the highest of 51%. This implies that both sensible and latent loads 

have to be considered when designing or choosing cooling technologies in Southeast Asia. It 

is clearly seen that that the BMA requires a very high cooling around the year and has a high 

average air ambient temperature and relative humidity. 

 

2.5.2 Thermally driven cooling technologies 

Absorption chiller is an excellent example of thermally driven cooling (TDC) technology 

where low-grade heat can be utilized effectively. Commercial thermally driven chillers 

available in the market today for comfort cooling can be operated using steam, hot water from 

solar thermal system and combustion gases. The main purpose of the TDC system is to 

produce the chilled water to cool the buildings or residential areas. The benefits of employing 

absorption chillers in comparison with vapor compression chiller are to reduce the electrical 

power consumption and can utilize primary energy input more efficiently. Absorption chillers 

using lithium bromide and water are well known and commercially available for small and 

large scale application. There are several good examples of the previous work investigated the 

potential of using thermally driven cooling. For instance Rydstrand et al. [2004] found that 

heat-driven cooling can have huge advantages over traditional cooling production. 

Commercial absorption chillers are able to power with different low temperature heat such as 

heat from waste incineration, cogeneration and even hot water [Bruno et al., 2010]. Table 2-6 

presents a summary of characteristics and performance of some chosen technologies. 

 
Table 2-6: Summary of estimated characteristics for cooling technologies [Rydstrand et al., 2004]. 

Technology COPheat* COPel* Driving heat 

temperature (
o
C) 

Scale 

kWcooling 

Conventional LiBr absorption chiller 0.7 20-50
1
 120 >250 

Double effect LiBr absorption chiller 1.2 15-40
1
 150-170 >350 

Low temperature LiBr absorption chiller  0.7 15-50
1
 >65 >350 

Thermo Chemical Accumulator (Climate 

Well Chiller)  

0.6 20-50
1
 >65 5-10 

Ammonia-water absorption chiller
2
 0.5 10-25

1
 >100 - 

Ejector cooling
3
 0.2-0.5 10-50

1
 >80 - 

Desiccant cooling 0.4-1.5
4
 10-50 >60

4
 - 

1The higher number only including chiller electricity consumption; 2Can supply temperature below 0oC; 3Limited 

temperature lift; 4Very dependent on application; *COPheat is coefficient of performance with respect to driving heat; *COPel 

is coefficient of performance with respect to driving electricity. 

 

There are several technologies of absorption chillers commercially available today, e.g. a 

standard absorption chiller using LiBr/water, ammonia/water, salt-water absorption chiller 

and chemical heat pump. Three different types of the TDC system using LiBr-water as 

working fluid pairs will be considered in this study for application of comfort cooling. A 

conventional LiBr absorption chiller is suitable to apply in both small and large unit cooling 

system, while double effect absorption chiller can be used in centralized cooling system for 

achieving higher COP. The low temperature LiBr chiller that is quite new and available in 

small-scale application. It is however still under research development and will be used here 

to compare the results only. In addition, information of thermo chemical accumulator (TCA) 

which has been employed in the EU-PolySMART project in Sweden is also given below.  

 

1. Single effect and double effect lithium bromide absorption chiller  
 

Thermally driven cooling with LiBr/water working fluid pairs is commercially available for 

air conditioning applications in both single and double effect design. Information related to 
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this chiller is available in open literatures. Single effect consists of two pressure level; lower 

in evaporator and absorber and higher pressure for generator and condenser. In general 

absorption chiller operates in much the same way as compression chiller; however the 

generator/absorber in absorption chillers can be driven by thermal energy [Rydstrand et al., 

2004]. Heat is supplied to the generator to heat the dilute absorbent solution outside of the 

tubes and refrigerant vapor is released. Then refrigerant vapor flow through to the condenser, 

where it is cooled by cooling water from cooling tower or the like. The refrigerant with high 

pressure is sent back to the evaporator via an expansion valve. The refrigerant (pure water) is 

evaporated in evaporator by the latent heat of vaporized refrigerant to produce chilled water. 

Refrigerant vapor is later absorbed by absorbent (LiBr) in absorber. The LiBr chiller is able to 

operate with the temperature between 90-120
o
C to produce the chilled water temperature at 

around 6-7°C. COP of this single effect chiller is found to be in the range of 0.7-0.8 and 

cooling capacity between 300 - >5000 kW [Idczak, 2008; Bruno et al., 2010]. However the 

COP is considerably lower if lower driving temperatures are employed. Martin et al. [2005] 

presented the COP of single effect absorption chiller in a function of different heat source 

temperature. A maximum COP of 0.75 is found at 120
o
C driving temperature and lower COP 

of 0.25 at 80
o
C driving temperature [Setterwall et al., 2003; Martin et al., 2005].  

 

For double effect chillers, higher driving temperatures are required while the system can 

provide higher COP (up to 1.3). In single effect chiller, refrigerant vapor leaving generator is 

cooled in condenser and condensation heat is removed. However, the double effect chillers 

have an extra pressure level (so called low-temperature generator) between high-temperature 

generator and condenser. The heat or refrigerant vapor produced in high-temperature 

generator can be used in the low-temperature generator. This is an advantage as more heat can 

be absorbed in evaporator [Rydstrand et al., 2004]. In terms of design, double effect 

absorption chiller is more complex and complicated than single effect chiller as more heat 

exchangers and pumps are needed. Double effect LiBr chiller can operate with driven heat 

temperature around 120-170
o
C to produce the chilled water to the temperature of 6-7°C. COP 

of these chillers is found to be in the range of 0.9-1.3 and cooling capacity between 300 - 

>5000 kW [Idczak, 2008; Bruno et al., 2010]. 

 

2.  Low temperature lithium bromide absorption chiller 
 

The low temperature LiBr chiller is quite new and still under research development. The 

system can operate with low temperature in the range of 70-90
o
C. There have been some 

research activities and attempts performed around the world to investigate the use of low 

temperature heat from solar, geothermal, waste incineration and even low-grade heat from the 

CHP plant for cooling production [Lamp et al., 1998; Schweigler et al., 1999; CORDIS, 2002; 

Kren et al., 2002]. For instance, Lamp et al. [1998] has investigated and reported the 

opportunities for sorption cooling using low grade heat from district heating system in Berlin. 

They found that the system has a COP of 0.6 for 80
o
C driving temperature. In Sweden, 

research activities have been performed to develop the low temperature driven chiller using 

heat from district heating network [Setterwall et al., 2001; Setterwall et al., 2003; Rydstrand 

et al., 2004]. For instance, Setterwall et al. [2003] investigated and demonstrated the potential 

of low temperature heat source in the lab scale and pilot project with different size e.g. 1 kW, 

30 kW and 1.15 MW. The 1.15 MW absorption chiller using heat from district heating system 

with the temperature down to 70
o
C has been developed within this project by KTH 

[Setterwall et al., 2001]. Finally the system has been installed at Chalmers Technical 

University in Gothenburg by Berglunds Rostfria AB, a Swedish manufacturing company 

located in Boden [Setterwall et al., 2001].  
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3.  Thermo chemical accumulator (ClimateWell Chiller)  
  
A chemical heat pump or Thermo-Chemical Accumulator (TCA), patented in 2000 [Olsson et 

al., 2000] has been developed and sold by a Swedish company ClimateWell AB. This is an 

example of a TDC driven by low temperature heat and small-scale chiller. It is a three-phase 

absorption chillers/heat pump that is capable of storing energy internally with high energy 

density in the form of crystallized salt (LiCl) with water as refrigerant. In principal, the 

process operates under vacuum condition like in standard absorption chillers using LiBr-

water. The TCA is however different from traditional absorption chillers in that it works in 

batch mode with relatively long cycle times (>6 hours). The common heat sources for this are 

district heating, waste heat from cogeneration and solar thermal collectors. Figure 2-9 shows 

diagram of the ClimateWell chiller including major components. The triple-state process, so 

called because it uses solid, solution and vapor at the same time, makes it particularly 

different from other chemical heat pumps or standard absorption processes (two phase) [Bales 

and Nordlander, 2005]. It consists of two identical units, so called barrels, that work together 

to provide quasi-continuous operation (see Figure 2-9). Each barrel consists of a reactor and a 

condenser/evaporator that is connected by the gas pipe or vapor channel. The reactor, called 

generator/absorber in normal absorption chillers, contains sorbent/hygroscopic salt solution 

(LiCl), while the condenser/evaporator contains pure water (refrigerant). The system operates 

intermittently with a charge phase followed by discharge phase. 
 

 

 

 

 

 
 

Figure 2-9: Working principal of the 5
th
 generation ClimateWell chiller major components included 

[left] and drawing of ClimateWell solar chiller with two barrels [right] [ClimateWell, 2010].  

 

In the charging phase, salt-water solution is heated by a thermal source via a heat exchanger 

in the reactor and the solution becomes steadily more concentrated. This can be continued 

until solid is formed. The solid (crystals) are physically restrained from being transported 

from the reactor and causing clogging. At the same time water is evaporated and steam is 

released to the condenser/evaporator. In discharge process, a reversed process takes place, 

with a heat exchanger transferring heat from the building to the water, which evaporates and 

is transported to the reactor. The water is absorbed by the concentrated salt, either in solid or 

solution form depending on the state of charge, and heat is released and transferred to an 

external circuit via a heat exchanger [Bales and Nordlander, 2005]. The technology has been 

developed through five different generations, each with its own particulars that make it 
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significantly different in terms of operation from its predecessors. Recently, the 4
th

 generation 

has been installed in the demonstration system subproject 1b (SP1b) in Sweden, and a 5
th

 

generation as was installed in the Madrid, Spain (SP1a) through EU-PolySMART project 

[PolySMART, 2006]. The 4
th

 generation ClimateWell chiller (CW10) was from 2007 with 

nominal cooling capacity of 10 kW and has integral storage of 25 kWh cool per barrel. Table 

2-7 shows specification of the 4
th

 generation ClimateWell Chiller.  

 
Table 2-7: Specification of the 4

th
 generation ClimateWell Chiller [ClimateWell, 2007]. 

Mode Storage capacity Maximum output 

capacity 

Electrical COP Thermal 

efficiency 

Cooling 60 kWh 10/20 kW 77 68% 

Heating 76 kWh 25 kW 96 85% 

 

The 5
th

 generation is the one currently sold (2010), called ClimateWell Solar Chiller. With 

technology development, the 5
th

 generation is operated with significantly different internal 

operation and lower pressure drop. This makes the 5
th

 generation operated without internal 

pumps (LiCl pumps). The main aim of this design is to reduce the electricity consumption of 

the system. The nominal cooling capacity is around 7-10 kW depending on the recooling 

temperature and driving temperatures [ClimateWell, 2010]. Some technical data and 

operational data are presented in Table 2-8 [ClimateWell, 2010].  

 
Table 2-8: Technical and operational data of the 5

th
 generation ClimateWell solar chiller. 

ClimateWell Solar Chiller 

Technical data 

Average power consumption Electrical 18 kW 

COP Thermal Triple state absorption process COP 

0.68. Depending on installation 

characteristics, typically 0.52-0.57 

Maximum Temperature  From heat source 120
o
C 

Maximum pressure From heat source 10 bar 

Pressure drop Heat source circuit 30 kPa at 25 l/min 

Heat rejection circuit 38 kPa at 50 l/min 

Distribution circuit 45 kPa at 25 l/min 

Energy storage capacity Cooling 56 kWh 

Salt solution Lithium chloride LiCl 

Operational data 

Heat source circuit Flow 25 – 30 l/min 

Typical power range 15 – 20 kW 

Operational 

temperature 

Out 75
o
C – 100

o
C 

In 85
o
C – 110

o
C 

Operational pressure 3 bars 

Maximum pressures 6 bars 

Distribution circuit Flow 25 – 30 l/min 

Operation temperature Out 10
o
C – 16

o
C 

In 15
o
C – 21

o
C 

Heat rejection circuit Flow 50 – 60 l/min 

Type of power range 20 – 30 kW 

Operational 

temperature 

Out 30
o
C – 45

o
C 

In < 30
o
C 
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2.5.3 Brief history and previous works 

Various sources of cooling production are explored intensively to replace mechanical chillers 

with the goal to reduce electrical energy consumption and CO2 emissions.  Absorption chillers 

are a key technology in the effective conversion of low-grade heat to cooling. Many studies 

have demonstrated the potential of district cooling in temperate regions and even in the cold 

regions like Sweden [Rydstrand, 2004; Lindmark, 2005; Trygg and Amiri, 2007]. Rydstrand 

[2004] investigated heat-driven cooling in Sweden which concentrated on using the waste 

heat from cogeneration plant fired with coal or natural gas (NG) as the heat source in 

absorption chillers. Lindmark [2005] has also investigated the role of absorption cooling in 

two municipalities of Sweden. Absorption technology in a district energy system was 

considered via heat-driven absorption chillers in combination with waste incineration during 

the summertime. In terms of greenhouse gas reduction, Riley and Probert [1998] investigated 

a combination of small-scale CHP plant with an absorption chiller and found that it can 

reduce the CO2 emissions of 0.1 kg CO2/kWh of cooling as compared to conventional 

mechanical chiller. Maidment et al. [1999] determined that cogeneration coupling with 

absorption cooling is of great interest to apply in supermarket/shopping centers, office 

buildings and industrial buildings. The system could save primary energy of up to 20% 

[Maidment et al., 1999].  

 

In Thailand, there are several examples of research conducted to investigate cooling 

production from absorption chillers using different prime movers [Hirunlabh et al., 2007; 

Pongtornkulpanich et al., 2008; DCAP, 2010; Jaruwongwittaya and Chen, 2010]. However, 

most of studies are related to a combination of solar energy and absorption chillers. For 

instance, Jaruwongwittaya and Chen [2010] published a review article of renewable energy 

potential and absorption chiller system in Thailand. The main focus of this study was to use 

renewable energy in low temperature applications, for low operating cost, high availability 

and non-polluted emission. Solar energy was proposed and used as a power source for cooling 

production in absorption chiller. This study has come with conclusion that an absorption 

chiller using lithium bromide/water is the most appropriate for cooling application in tropical 

areas [Jaruwongwittaya and Chen, 2010].  

 

A successful project of cogeneration system providing electricity and cooling in Thailand is at 

Suwarnabhumi International Airport [DCAP, 2010]. With district cooling concept, the system 

employs natural gas-fired gas turbine and LiBr/water absorption chillers. Within 

cogeneration, the gas turbines generate 40 MWel while steam turbine further generates 13.6 

MWel. The waste steam after being used in steam turbine still with high temperature has been 

used to drive eight single-effect absorption chillers to provide 16,800 TR/or 59.1 MW of 

cooling (2100 TR each/or 7.4 MW). The chilled water to a temperature around 5-7
o
C was 

produced and circulated to passenger buildings, hotels and other buildings within the airport 

[DCAP, 2010; Jaruwongwittaya and Chen, 2010]. The market for LiBr/water absorption 

chiller is quite strong in Asia, followed by the USA and Europe. The sizes of the chillers 

installed in Asia and in the USA are relatively larger than in Europe [Bruno et al., 2010]. 

Table 2-9 below summarizes the list of manufacturers in terms of product, size and heat 

source. 
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Table 2-9: Manufacturers of LiBr/water absorption equipment with product and sized [Bruno et al., 

2010]. 

Manufacturers Products Heat source Size (kW) 

 

Carrier Corporation  Single-effect chiller Steam & hot water  350 – 2,400 

USA, (www.carrier.com)  Double-effect chiller/heaters Direct fired 475 – 3,500 

 Double-effect chillers Steam fired 350 – 6,000 

YORK international  Single-effect chillers Hot water 400 – 5,000 

USA, (www.york.com)  Double-effect chiller/heaters Direct fired 400 – 5,500 

 Double-effect chillers Steam fired 900 – 5,500 

The TRANE company  Single-effect chillers Steam & Hot water 350 – 6,000 

USA, (www.trane.com) Double-effect chiller/heaters Direct fired 350 – 4,000 

 Double-effect chillers Direct fired 300 – 4,000 

 Double-effect chillers Steam fired 1400 – 4,000 

Yazaki (Japan) Single-effect chillers  Hot water 10 – 105 

 Double-effect chiller/heaters Direct fired 105 - 352 

Sanyo (Japan) Single-effect chillers Hot water 105 – 1,838 

 Double-effect chiller/heaters Direct fired 350 – 5,250 

 Double-effect chillers Steam fired 350 – 5,250 

Ebara Corporation (Japan) Single-effect chillers Steam fired 300 – 5,000 

 Double-effect chillers Direct fired 300 – 2,000 

 Low level heat source chiller Hot water 100 – 9,00 

Hitachi (Japan) Single-effect chillers Steam 100 – 5,000 

(www.hitachi-hic.com)  Double-effect chiller/heaters Direct fired 70 – 5,000 

 Double-effect chillers Steam fired 400 – 6,000 

Thermax (India) Single-effect chillers Steam & Hot water 352 – 4,900 

(www.thermaxindia.com)  Double-effect chiller/heaters Direct fired 352 – 2,710 

 Double-effect chillers Steam fired 352 – 4,928 

Weir Entropie  Single-effect chillers Hot water 300 – 6,000 

(France/Germany) Double-effect chillers Indirect fired 300 – 6,000 

(www.entropie.com)  Double-effect heat pumps  300 – 6,000 

LG Machinery (Korea) Single-effect chillers Hot water 100 – 3,300 

 Double-effect chiller/heaters Direct fired 350 – 1,750 

 Double-effect chillers Steam fired 350 – 1,750 

Kyung Won Century  Single-effect chillers Steam & Hot water 280 – 5,200 

(Korea) Double-effect chiller/heaters Direct fired 350 - 520 

Broad (China) 

(www.broad.com) 

Micro air conditioning: 

(Cooling, heating, hot water) 

- 16, 23, 70, 

115 

 CHP (Cooling, heating and 

power system) 

- 70 – 11,630 

 Single-effect chiller/heaters Indirect fired (steam, 

hot water, exhaust gas) 

174 – 23,000 

 Double-effect chiller/heaters Indirect fired (steam, 

hot water) 

174 – 23,260 

 Double-effect chiller/heaters Direct fired 174 – 23,260 

Rotartica (Spain) Air and water-cooled 

absorption chiller 

In development 4.5 
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3. METHODOLOGY AND DEMONSTRATION SYSTEM 

This chapter introduces methodology and fundamental concepts used in this research and 

particularly in the appended articles. The first part of the present thesis focuses on system 

modeling and simulation of MSW power plants, hybrid dual-fuel cycles and absorption 

chillers driven by heat from waste incineration. Power production and performance analysis 

of electricity and cooling production from MSW-fired power plants have been modeled using 

a software package designed specifically for thermodynamic analyses of thermal systems. The 

last section concentrates on calibration and simulation of decentralized thermally driven 

cooling in district heating network, for which the demonstration system has been installed, 

monitored and calibrated. Detailed approaches and demonstration system are also presented in 

this respective chapter. In addition, literature report and CompEdu chapter on the introduction 

to MSW incineration not included in this thesis have also been used as an introduction and 

background to the topic.  

 

3.1 Electricity production from MSW-fired power plant (Papers I - III) 

3.1.1 Cycle performance analysis 

This section highlights the basic methods used in Papers I through III, for which the main 

results are summarized in Chapter 4. The analyses involve system modeling, simulation and 

analysis of power production and performance of different incineration technologies. 

Simulation of electrical energy production for conventional incineration is first considered. 

Hybrid dual-fuel cycle has later been proposed to improve the overall electrical efficiency of 

the MSW incineration. This relatively straightforward method towards improving system 

performance involves integrating a gas turbine with the steam bottoming cycle with the 

addition of clean-burning natural gas (NG) as the topping fuel. Four different types of 

combined hybrid dual-fuel power plant configurations have been selected and modeled in this 

study. Natural gas has been used in the gas turbine due to its efficient and clean-burning 

characteristics along with its availability. MSW characterizations and energy value (LHV) of 

the waste are presented in Paper I. The simulation results were obtained by computer 

simulation via Aspen Utilities Planner at steady state conditions and full-load operation. 

Aspen utilities planner is the software designed and developed for steady-state power plant 

heat-balance simulation under Aspen One Package [Aspen Technology, 2006].  

 

All configurations were simulated in cold-condensing mode with constant fuel input from 

MSW incineration (around 405,000-450,000 tons of MSW annually, a size representative of 

Bangkok) while the natural gas input was varied in order to compare the effect of fuel input 

ratio on electrical efficiency. The gas turbine used in this simulation is based on ISO 

conditions a General Electric Frame 6 turbine with standard performance. Energy value 

(LHV) for natural gas was assumed as 49.1 MJ/kg at 0.8 kg/m
3
 density. Different 

technologies have been simulated and compared against the reference case of a separate 

single-fuel power plant. The analysis of CO2 production from MSW power plant has directly 

been assessed and modeled through efficiency improvement. The amount of CO2 production 

per unit output was calculated by using the mass flow of specific fuel input and the carbon 

content in the fuel (33% of the CO2 emissions are assumed to be of non-renewable origin) 

[Otoma et al., 1997; Petrov, 2003; Swedish Waste Management, 2004].  
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3.1.2 Economic assessment and energy model analysis 

An economic assessment and energy model analysis of the proposed systems have been 

conducted for both conventional incineration and combined hybrid dual-fuel cycle through 

excels calculation and computer simulation. The capital investment requirements along with 

estimated variable costs like operation and maintenance of the above systems have been 

considered using standard economic calculation and can be found in Paper III. The aim was to 

obtain an overall picture of the operating costs and electricity production in the first year with 

a simple payback period. In a long-term project evaluation, the study has evaluated using Net 

Present Value (NPV) and Internal Rate of Return (IRR). The price sensitivity analysis of gas 

and electricity was further calculated to identify the impact of electricity and gas price 

variations that may happen in the future. The best options in terms of performance, emissions 

and economic situation have been selected and used in energy model analysis framework. 

Energy models were developed to further refine the expected potential of MSW incineration 

with regard to energy recovery and environmental issues. An assessment of electrical energy 

model together with environmental impact for GHG mitigation from the proposed 

technologies has been conducted using a computer modeling software, LEAP (Long-range 

Energy Alternatives Planning System) [Stockholm Environment Institute, 2006]. LEAP has 

extensively been used for analysis of end-user both demand and supply analysis towards 

projecting the future energy demand or supply. Energy system scenarios have been performed 

to investigate the impact of MSW power plants with electricity supply forecasting. Electricity 

demand model was also developed with existing conditions, thus yielding the consumption 

from the end-use based on current situation in each economic sector.  

 

3.2 Thermally driven cooling coupled with MSW-fired power plant (Papers 

IV & V) 

3.2.1 Energy flow and performance analysis 

The implementation of thermally driven cooling via absorption chillers has been introduced 

and investigated in this study, whereas the main results are presented in Chapter 5. The 

system involves a thermally driven cooling coupled with MSW–fired power plant for an 

application of combined heat, cooling and power. An analysis of energy flows from MSW 

power plants, both in condensing mode and cogeneration unit has been modeled using Aspen 

Utilities Planner. The simulation results were obtained at steady state conditions and full-load 

operation with the fuel input around 1,350 tons of MSW per day. The performance or COP of 

the chosen conventional LiBr/water absorption chillers was performed using Aspen Plus as 

well as taken from above literatures. The climatic condition and cooling load have also been 

made using the climatic data from Meteonorm 5.1 [Remund and Kunz, 2004] and TRNSYS 

[TRNSYS]. Cooling degree days and cooling demand were calculated using a software 

package provided by Bizee [2010] and Saman et al. [2007], respectively. Similarly, the 

analysis of CO2 production from MSW power plant has been assessed and modeled through 

efficiency improvement in relation to MSW input. 

  

With respect to economic evaluation, for the MSW power plant the investments, workforce 

costs, operating costs have already reported above. For thermally driven cooling, the 

economic feasibility studies of different systems of small scale and large scale absorption 

chillers were reported in various studies for example by Rydstrand [2004], Lindmark [2005] 

and Mollstedt [2007]. The capital investment requirements along with estimated variable 

costs like operation and maintenance and installation of the pipes have been considered with 
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some price adjustment to realistically reflect the local investment climate. Cost of absorption 

chillers was also made according to the information from different chiller manufacturers as 

well as in above literatures. The specific cost of these components corresponds to mechanical 

and absorption chillers rated at 300 kW and 10 MW that have been deployed in distributed 

and centralized applications, respectively. Sensitivity analysis in terms of working hours of 

the cooling systems has also been analyzed to further investigate cash flow and payback 

period of the systems in a function of operating hour. Additionally a sensitivity analysis with 

respect to the relative price ration of cooling and electricity has further been evaluated to 

identify the impact of electricity and cooling price variations in the future. 

 

3.2.2 Electrical yield concept  

The concept of the net electrical yield was introduced to evaluate the benefit of employing 

thermally driven chillers over the compression chillers in MSW-fired CHP plant. The concept 

of the net electrical yield involves the produced and used electricity from heat-driven system 

in comparison with fuel input [Lindmark, 2005]. To define electrical yield from MSW-fired 

CHP plant, the production of cooling in thermally driven cooling is regarded as the electricity 

saving (saved from other plants) and the saved electricity in a combination of heat-driven 

cooling coupled with CHP plant can be considered as an increase in the electrical yield. The 

heat produced from the power plant is assumed as waste heat in the energy system. Figure 3-1 

shows an example of the energy flows from MSW plant with the same cooling demand.  

 

 
 

Figure 3-1: Basic concept of electrical yield from thermally driven cooling coupled with MSW-fired 

power plant. 

 

With 148 MSW fuel input, a combination of CHP and conventional thermally driven cooling 

is capable of producing net electricity and cooling for 21 MWel and 77 MWcold, respectively. 

To produce the same amount of cooling, 39 MWel from other power producing plants is 

required for electric chiller (calculating with the same COP of 2). Therefore the thermally 

driven system provides 41% of the net electrical yield that is resulted from the saved energy 

from electric chiller plus produced electricity in the CHP.  

 

3.3 Decentralized thermally driven cooling in district heating network 

(Papers VI & VII) 

Within the course of the project, a demonstration system of decentralized thermally driven 

cooling in district heating network has been installed, monitored and calibrated. This study 
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concentrates on system calibration, verification and simulation study. The monitoring data 

obtained from the demonstration system was analyzed and calibrated against a dynamic 

simulation model using TRNSYS (TRaNsient SYstem Simulation program). The calibrated 

system was later used for parametric studies in order to find improved system design and 

control. This section provides detailed information and description of the demonstration 

system as well as basic concept of the COPs used for calculation of the system performance. 

 

3.3.1 Demonstration system 

This demonstration is one of the 11 demonstration systems installed and monitored within the 

EU-PolySMART project [PolySMART, 2006]. The system employed a thermally driven 

cooling (TDC) driven by district heat from a network supplied by a centralized combined heat 

and power fired with municipal waste. This is a good example of distributed cooling in 

district heating network supplied by low temperature heat from waste. The system consists of 

a ClimateWell (4
th

 generation) TDC that pre-cools chilled water for the head office of 

Borlänge municipality. The TDC system is designed as an addition to the existing 

compression chiller system where the chilled water return from the building is pre-cooled by 

the TDC via heat exchanger. Figure 3-2 shows a schematic of the system including the 

sensors in the monitoring system. 
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Figure 3-2: Schematic of the demonstration system, including monitoring sensors in three different 

circuits. 

 

The site was identified at the end of 2006 and installation commenced during the late spring 

of 2007. The system was tested during the rest of the cooling season in 2007 and 2008. The 

cooling system is only operated from 06:00 to 17:00 during weekdays, and the cooling season 

is generally from mid-May to mid-September. The nominal operating conditions of the main 
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chiller are 12/15°C. The nominal cooling rate and cold storage capacity per barrel of 

ClimateWell Chiller are 10 kW and 25 kWh, respectively. Measured data are obtained 

through data loggers; one for temperature measurements and the other for flows. Heat power 

is calculated from the temperature and flow measurements. Electrical meters are connected to 

measure the instantaneous power and energies are derived by time integration. Measurements 

are made every 10 seconds, but average values for each minute are stored. Measured data 

obtained during cooling season in 2008 have been used to calibrate and verify against 

simulated results obtained via dynamic modeling with TRNSYS. As the TDC has been 

employed to just pre-cool the chilled water return, the evaluated system is thus only a part of 

the total cooling system and does not operate during the winter. Other information of the 

demonstration plant is presented in Papers VI-VII. Figure 3-3 shows the main compression 

chiller, TDC, the city hall (one of six wings), heat exchangers and cooling tower (dry cooler). 

 
 

 

 

 
  

  
 

Figure 3-3: [Upper]: the main compression chiller (left) and TDC (right) and Entrance to the city hall 

(one of six wings). [Lower]: Dry cooler and Stevenson screen for sensors (left) and Heat exchangers 

for district heat and cold supply (right) [Bales, 2009]. 

 

3.3.2 Thermally driven chiller  

A chemical heat pump or Thermo-Chemical Accumulator (TCA) has been employed in this 

project as a TDC unit. (Detailed information like operating principal, parameters and other 

information related to this particular TDC can be found in Chapter 2.5). In this study, two 

versions of the TDC were analyzed: the 4
th

 generation as installed in the demonstration 

system, subproject 1b (SP1b) in Sweden, and the 5
th

 generation as was installed in the Madrid, 

Spain (SP1a). The 5
th

 generation, the one currently sold (2010) is implemented in system 
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simulations and parametric studies of this study. It was designed and developed with 

significantly different internal operation and lower pressure drop. This newer version has no 

internal pumps as well as reduced pressure drops in the heat exchangers. 

 

3.3.3 Subsystem model and system calibration 

The system was modeled in TRNSYS using standard components for the heat exchangers and 

dry cooler, and with a specially developed grey box model for the chemical heat pump 

(referred to as TDC unit in this chapter). The load and district heat supply were not modeled 

explicitly, rather were derived either as constant values or as a correlation based on the 

monitored data from the system. The system supplies cold at maximum available capacity, 

but the cooling system is only turned on when the ambient temperatures is above the balance 

temperature of 13°C and during the hours of 06 to 17 on office days. These are the same 

conditions as for the monitored system described in Paper VI. The study used detailed 

dynamic modeling with TRNSYS in order to attain results for the whole cooling season for 

different boundary and operating conditions. The basic dynamics of the system are accounted 

for with thermal masses for pipes as well as chemical storage in the TDC. As mentioned, the 

TDC is always operating at the maximum capacity for the current boundary conditions. 

Therefore no modeling of the building, auxiliary chiller or cold distribution was made. Instead 

the temperature of the fluid returning from the air handling unit was modeled with a 

correlation based on measured data. Similarly, the supply temperature from the district 

heating network was modeled using a constant supply temperature, the average for the 

complete cooling season. More detailed approaches are presented in Papers VI and VII. The 

calibration simulation model was made and compared again monitored data. The calibration 

was made from subsystem level towards system level. The interactive process with general 

concept of subsystem calibration is shown in Figure 3-4. The interactive process of the three 

subsystem calibrations is generally the same using an input file or data from measurement e.g. 

inlet and outlet temperatures, flow rate, thermal and electrical power and heat transfer rate.  

 

 
 

Figure 3-4: Basic methodology for calibration of subsystem models. 
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Performance figures for evaluation of the results were defined and criteria was set that the 

model should predict the use and delivered energy quantities of within 4% of measured 

values. The following steps are the procedure of system calibration and simulation: 

1. The calibration of the system model was made in three stages: (i) estimation of 

parameters based on manufacturer data and dimensions of the system; (ii) calibration 

of each circuit (pipes and heat exchangers) separately using steady state data points; 

(iii) and finally calibration of the complete model in terms of thermal and electrical 

energy as well as running times, for a five day time series of data with one minute 

average data values. 

2. Subsystem calibration. The three subsystems for the driving, recooling and cooling 

circuits to the TDC were calibrated against the measured data in terms of energy 

balance using a range of steady state values from different operating states. The UA-

values of the heat exchangers and of the pipes are the parameters that were varied in 

the calibration process. Determination of the power use of the fan in the dry cooler as 

a function of the air flow. This was carried out based on the identified dry cooler 

parameters, measured weather data and inlet/outlet temperatures together with average 

electrical power for quasi steady state periods. The flow temperature from the cooling 

distribution loop coming from the air handling units (TCdnFl) was analyzed and a 

simple correlation between TCdnFl and ambient temperature was derived. 

3. The complete system model was then calibrated against a five day dynamic 

measurement sequence from a hot period. As the TDC has significant internal thermal 

storage, the starting state of charge had to be determined for each of the two internal 

storage units (barrels). The main criteria for calibration were the thermal and electrical 

energies of the whole system. The parameters that were varied in order to gain a good 

fit were the control parameters for TDC, electrical power of components, UA-values 

for the TDC heat exchangers and losses from the internal stores. 

 

3.3.4 Base case model and parametric study 

The calibration system has been done and calibrated base case system was defined. Finally 

the complete cooling system was changed to use the weather data (Meteonorm) for the 

location of Borlänge.  A check was done for a similar period of weather in the (Meteonorm) 

weather data file as that for the 5-day measurement period used for the calibration. The 

resulting system showed a good agreement and it was defined as the base case for this study. 

The matrix of cases has the base case system as the starting point. Two versions were created, 

one for the 4
th

 generation TDC and one for the 5
th

 generation, and similar cases were studied 

for both base cases. The 4
th

 generation TDC has been used in the demonstration system and 

available commercially until 2009, while 5
th

 generation is the latest version of the 

ClimateWell chiller, available commercially since 2009.  

 

The first study was to change to high-efficiency pumps, resulting in a new HEP base case 

(high efficiency pumps). Using this new HEP base as starting point a number all other 

parametric studies were performed. For the 4
th

 generation TDC, the following parametric 

studies were performed:  

a. Use of high efficient pumps.  

b. Variation of flow in the driving, recooling and cooling circuits. 

c. Set temperature for return from the recooling circuit (THrRl,set) using variable fan speed 

in recooler. 

d. Flow temperature from the cooling distribution circuit (TCdnFl). 
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e. Available driving temperature from the district heating system (TDhFl). 

f. Balance temperature for the cooling load, above which cooling is required (TOAbalance).  

g. Possible operation at any time of the day, all days of the week (24/7 operation) instead 

of being limited to office hours as in the monitored system. 

h. Climate (Borlänge, Stockholm, Gothenburg, Copenhagen, Berlin, Madrid). 

 

A new version of the system was also created using the latest version of the ClimateWell 

chiller (5
th

 Generation) – 5G base case. Using the base case with the 5
th

 generation TDC, the 

following parametric studies were also performed: 

a. Variation of flow in the driving, recooling and cooling circuits. 

b. Set temperature for return from the recooling circuit (THrRl,set) using variable fan speed 

in recooler. 

c. Flow temperature from the cooling distribution circuit (TCdnFl). 

d. Available driving temperature from the district heating system (TDhFl). 

e. Balance temperature for the cooling load, above which cooling is required (TOAbalance). 

f. Possible operation at time of the day, all days of the week (24/7 operation) instead of 

being limited to office hours as in the monitored system. 

g. Climate (Borlänge, Stockholm, Gothenburg, Copenhagen, Berlin, Madrid). 

 

3.3.5 Definition of electrical and thermal COP 

General formula of thermal and electrical COP’s has been defined within the PolySMART 

project and following is also for the case of demonstration plant and TDC in Sweden 

[PolySMART, 2006]. The aim was to use the same formula for the future comparison and 

final report. The thermal COP for both system and TDC unit can simply be expressed through 

standard equation. Note that the values mentioned below are based on energies as 

charge/discharge cycles are independent and instantaneous values are not relevant. 
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QCdn is the cold produced by the system (measured), QCHP is the driving heat from district 

heating system (measured), QTdcCc is cold produced by the TDC system (measured) and 

QTdc,Dc is the heat supplied to the TDC system (after heat exchanger). For a calculation of the 

electrical COP of the TDC circuit, it takes into account also the pressure drop in heat 

exchangers. These include the electrical consumption in the TDC alone plus electrical 

consumption to overcome the internal pressure drop of the machine in the internal hydraulic 

circuits. 
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ETdc is the electricity consumption of TDC alone (measured), Edpi is the estimated electricity 

consumption due to the internal pressure drop of the TDC in the three hydraulic circuits 

(estimated) and Edpi is estimated according to: 

 

                       i
i

dpi t
pm

E

.

                                                   (Eq. 3-4) 

 

im
.

 is the flow rate of circuit i (i = driving circuit, heat rejection circuit, cooling circuit) 

(measured) [m³/s], Δpi is the pressure drops in circuit i at each flow rate (from manufacturers’ 

data) [Pa], η is the electric efficiency of standard pump and the figure of 0.3 is suggested in 

this study for comparison reasons [Why/Wel]. The ti is the observation/evaluation time when 

the circuit i is running or active. This time is derived from the operation time of the respective 

pump from measurement [PolySMART, 2006].  

 

For system level, the electrical COP (COPel,sys) takes into account the electric requirements 

for the TDC (ETdc), the three hydraulic circuits (Ecircuit) and the heat rejection unit (EHr). This 

figure is generally based on the cold provided to the distribution system (QCdn) and therefore 

includes all possible cold losses. However the equation excludes the loss in the distribution 

system as this depends on the application and is not a common component of the cold 

production system [PolySMART, 2006]. A general formula is presented below:  
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4. ELECTRICITY PRODUCTION FROM MSW-FIRED 

POWER PLANT (Papers I - III) 

This chapter summarizes the main results presented in Papers I through III, which considered 

electricity production from MSW-fired power plants in tropical, urban areas of Southeast 

Asia. It serves to determine a feasible solution for waste management technology as well as to 

obtain the results for clarifying the opportunities and potential for electricity generation from 

MSW power plants in tropical areas like Thailand. The energy recovery potential of MSW is 

analyzed by investigating various types of conversion technologies, in particular conventional 

incineration and hybrid combined cycles with MSW-fired bottoming cycle and natural gas 

fired topping cycle are mainly considered. Different technologies have been simulated and 

optimized for the highest electrical efficiency, and compared with the reference case of a 

separate single-fuel power plant. 

 

4.1 MSW conversion technologies 

Incineration of MSW with energy recovery is considered as an important sustainable solution 

for waste management in terms of weight and volume reduction as compared to other 

conversion technologies. The analysis in this chapter concentrates on purely electricity 

production from waste incineration plant in Thailand as an example of the countries in 

Southeast Asia. The power plant simulation has been made to evaluate the amount of energy 

recovery via Aspen Utilities Planner. MSW is combusted in a conventional boiler with flue 

gas recirculation for NOx control, and a combustion air pre-heater and regenerative feed-water 

heater for enhanced heat recovery. The simulated conventional MSW basic cycle has been 

optimized for the highest electrical efficiency at given parameters. Figure 4-1 presents a 

simplified layout and an example configuration of a conventional MSW incineration. 

 

 

Figure 4-1: Simplified layout and example configuration of conventional MSW incineration for a 

condensing mode of operation. 

 

Superheat temperatures and pressures in the incineration plant are generally limited to around 

380-400°C and 40 bar respectively because of higher corrosion risks from MSW boiler and 

for proper treatment of flue gases (cool-down to approximately 200°C). As a result, the net 

electrical efficiency for conventional MSW incinerator is fairly low. Although a conventional 
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MSW incineration is considered as an important sustainable solution for waste management 

and energy recovery, best-available conversion technologies provide quite low overall 

efficiency due to the corrosive nature of the flue gases in the boiler. In case of producing 

electricity only with a simple condensing steam turbine, the system is able to recover less than 

30% of available energy in the waste to power. A lower amount of heat recovery compared to 

traditional boiler using fossil fuels and high investment cost are the main problems to make 

MSW incineration economically not justified. The need for proper flue gas treatment and 

residue disposal adds further to the cost.  

 

Therefore, a combination of a waste incineration and gas turbine combined cycle has been 

proposed to improve the overall electrical efficiency of MSW incineration. Hybrid dual-fuel 

cycle (or hybrid cycle) is a promising solution with a simple concept to increase the electrical 

efficiency of MSW incineration while avoiding corrosion problems (to employ external 

superheat steam). This makes MSW even more attractive by virtue of enhanced waste 

utilization and lowering of secondary waste like emissions, ashes, and residues, etc. Hybrid 

cycles involve integrating a gas turbine with the steam bottoming cycle with the addition of 

natural gas as the topping fuel. Figure 4-2 shows a simplified layout and example 

configuration of this hybrid dual-fuel cycle.  

  

 

 

Figure 4-2: Simplified layout and example configuration of hybrid dual-fuel cycle for a condensing 

mode of operation. 

 

With a hybrid system, high temperature of gas turbine exhaust is a well-suited concept to 

integrate with MSW incinerator. In general, superheat steam temperatures are in the range of 

440 – 560°C depending on the size of the gas turbine. Detailed specifications, basic 

assumptions, standard performance etc. of conventional incineration and gas turbine are listed 

in Paper I. Four different types of combined hybrid dual-fuel power plants have been selected 

and modeled. The simplified layouts are also presented in Paper I.  

 

4.2 Cycle performance and selected results 

The simulated conventional MSW basic cycle and hybrid cycles have been optimized for the 

highest electrical efficiency at given parameters. The simulated results show that the net 

electrical efficiency of the conventional MSW incineration is around 22-25% for this study. 

The performance figures and other results of the proposed systems are presented in Fig. 4 and 

Table 7 in Paper I. It is clearly seen that the advanced technologies like combined hybrid 
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dual-fuel power plants provide significant efficiency improvement in any case. The evaluation 

and equation of electrical efficiency improvement from these types of hybrid dual-fuel cycles 

are also defined in Paper I. Cycle efficiencies of hybrid cycle cases 1-4 were compared with 

the reference case that is defined based on an average efficiency of two separate single-fuel 

units at a given ratio of natural gas to total fuel input (e.g. 24.5% with 0% NG and 51% with 

100% NG). The increase of power outputs from the only MSW bottoming cycle in all hybrid 

cycles have clearly seen, if NG utilization is assumed with typical efficiency. The efficiency 

of MSW incineration in the overall hybrid cycle was calculated by assuming the NG 

utilization with typical efficiency of single-fuel gas turbine combined cycle (51%). Figure 4-3 

presents the electrical efficiency of MSW-fired steam boiler bottoming cycle in hybrid cycle.  
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Figure 4-3: Electrical efficiency of MSW bottoming cycle in hybrid cycle as a function of fuel energy 

input ratio. This efficiency is calculated by assuming the NG utilization with typical efficiency of 

single-fuel gas turbine combined cycle (51%). 

 

As can be seen in Fig. 4 in Paper I, the hybrid dual-fuel cycle of any configuration provides 

significantly higher electrical efficiencies than a composite of separate single-fuel power plant 

performance at the same energy input ratio. The cycle electrical efficiency increases by up to 

5% for each case. In comparison, hybrid dual-fuel cycles case 2 and case 4 provide higher 

electrical efficiency than case 1 and case 3 at the same energy input ratio for most of the case. 

These systems still offer reasonable electrical efficiencies even at low NG-to-MSW energy 

ratios. Optimum values for the highest electrical efficiency of hybrid cycles in cases 2 and 4 

are located at 0.22 - 0.55 NG to total fuel energy input ratio. Figure 4-3 also shows that the 

efficiency of the only MSW-fired steam boiler in the overall hybrid cycle increases up to 

10%. Similarly, the efficiency of gas turbine combined cycle will increase up to 60% if the 

efficiency of MSW-fired bottoming cycle is assumed without efficiency increase in hybrid 

cycle (the same efficiency as conventional MSW incineration). The environmental assessment 

for greenhouse gas emissions in terms of CO2 has also been performed for some points. The 

results showed that the hybrid cycles are capable of reducing CO2 levels by 5-10%, even for 

small NG to MSW fuel ratios (see Fig. 6 in Paper I). 
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4.3 Economic assessment  

An economic analysis and energy model scenarios of these systems have been analyzed and 

presented in Paper III. This section summarizes the main results obtained from this study. The 

approximate capital investments along with variable costs like operation and maintenance of 

the MSW incineration plant and hybrid dual-fuel cycles are listed in Paper III. Included are 

also the breakdowns of investment costs of each component and summation results of the 

total investment costs and operating cost. The economic evaluations in terms of NPV, IRR 

and payback period have been employed to evaluate the project. Table 4-1 presents a 

summary of these economic evaluations. Other economic factors such as discount rate, 

inflation and electricity price, income tax rate etc. can be found in Paper III. 

 
Table 4-1: Economic evaluation and payback period. 

  System layout 

Project evaluation Unit Basic 

MSW 

Case 1 Case 2 Case 3 Case 4 

Net present value (NPV) M$ 6.50 42.83 62.35 43.46 48.60 

Internal rate of return (IRR) % 12.21 17.65 19.99 17.94 18.98 

Payback period Year 6.01 4.78 4.39 4.72 4.54 

 

It is clearly seen that the proposed cycles (conventional and hybrid) are economically viable 

with short payback period (less than 7 years), high NPV and IRR. The hybrid dual-fuel cycle 

is more attractive in these economic comparisons as it has the shortest payback period (less 

than 5 years). Based on preliminary calculations, hybrid cycles case 2 and case 4 dominate the 

best option. In addition, the importance of sensitivity analysis with respect to the gas price 

and electricity price has also been recognized in order to identify the impact of electricity and 

gas price variations that may happen in the future. The results of NPV and IRR variation in 

relation to the fuel and electricity prices escalation are presented in Figures 4-4 and 4-5, 

respectively.  
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Figure 4-4: NPV versus the fuel price (NG) escalation from different MSW conversion technologies 

(left Y-axis) and NPV versus the electricity escalation (right Y-axis with broken line pattern). 
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Figure 4-5: IRR versus the fuel price (NG) escalation from different MSW conversion technologies 

(left Y-axis) and IRR versus the electricity escalation (right Y-axis with broken line pattern). 

 

Inflation was assumed to vary from 0-7% in both cases. As expected, when gas prices go up, 

the NPV and IRR values will decrease, implying a longer payback period of the project. 

When the electricity prices increase, the NPV and IRR values also increase, adding more 

benefit for investment of the project. As the electricity price increases, the financial viability 

of the project improves and provides a shorter payback period. Conversely, any increase in 

the natural gas price has a detrimental effect or reverses effect to the investment of the project 

and financial viability. Hybrid cycle case 2 and case 4 still provide the highest NPV and IRR. 

These hybrid options have been used further to analyze in energy model analysis. 

 

4.4 Energy model scenarios  

Energy models were developed to further refine the expected potential of MSW incineration 

with regard to energy recovery and environmental issues in national perspective. Electricity 

demand and supply forecasting are significant part of evaluating the impact of various 

alternatives in terms of environmental and economic consequences. An electricity demand 

model for the business-as-usual (BAU) case was first constructed to demonstrate how the 

demand will grow based on current situation towards forecasting the future trend (Table 4-2).  

 
Table 4-2: Forecast of total electricity consumption in the BMA by specific customer. 

Specific customer Electricity consumption (GWh) 

 2010 2015 2020 2025 2030 

Residential 10,654 12,781 15,114 17,512 19,909 

Small general service 7,592 9,553 11,823 14,196 16,568 

Medium general service 8,639 8,526 8,333 8,121 7,908 

Large general service 20,977 29,321 39,612 50,570 61,527 

Specific general service 2,391 3,057 3,852 4,692 5,532 

Government and non-profit org. 1,871 2,528 3,429 4,417 5,404 

Public lighting 251 319 404 497 589 

Total 52,375 66,085 82,567 100,002 117,437 
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The results show that three economic sectors – large general service, residential and small 

general service – will remain the most energy-consuming sectors in a megacity like the 

Bangkok. The electricity used in the large general service represents the major electricity 

consumption, followed by residential sector and small general service. The small and medium 

size enterprises (SMEs) - providing general service for the industrial sector - will consume 

significant amounts of energy in the future. Electricity consumption grows increasingly in line 

with economic growth: from 52 TWh in 2010 to 117 TWh in 2030, which represents almost 

three time higher than today. To explore the potential of WTE to meet part of electricity 

demand in the BMA, models of different MSW conversion technologies including various 

types of incineration have been developed, giving the overall view of the energy system. 

Figure 4-6 presents the potential of electricity production from different MSW conversion 

technologies.  
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Figure 4-6: Forecast of electricity production from different MSW technologies during 2010-2030. 

 

The input parameters, efficiency and CO2 emissions were taken from simulation results. 

Hybrid cycles case 2 and case 4 have been chosen to perform in this model. This analysis has 

been made using a simple calculation for gasification as well as biogas utilization to only 

explore the potential and overall impact of other technologies to the system. Biogas utilization 

from anaerobic digestion or others can also produce significant amount of electricity 

production: assuming the anaerobic digestion can partially handle the wet and organic waste. 

Biogas is a by-product of this process which can be used in a gas engine or gas turbine. 

Results show that hybrid dual-fuel cycles case 2 and case 4 provide the highest electricity 

production in this projection. Hybrid cycle case 2 is capable of providing around 4-4.5 TWh 

of electricity production in 2012 and this amount increases up to nearly 10 TWh in 2030. 

Since hybrid technology derives from a combination of MSW and NG, although it provides 

the better solution or efficiency, it is necessarily to clarify the share attributed to biomass part 

of MSW from hybrid technologies. Figure 4-7 presents the share attributed to biomass part of 

MSW in hybrid case 2 and case 4. 
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Figure 4-7: Forecast of electricity production from hybrid power plants and share attributed to 

biomass part of MSW in hybrid technologies during 2010-2030. 

 

The share attributed to the biomass part of MSW in hybrid versions contributes in case 2 for 

around 2.3 TWh and 5 TWh of electricity production and in case 4 for 1.8 TWh and 4 TWh of 

electricity production in 2012 and 2030, respectively. Figure 4-8 below shows cumulative 

electricity production from the above cases (hybrid cycle corresponds to hybrid case 2).  
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Figure 4-8: Cumulative electricity production from different MSW technologies during 2008-2030 

(using 2008 as a referent year). 
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For CO2 emissions, CO2 generation from the selected technologies has also been conducted. 

The analysis was compared with current technology or BAU case: the CO2 emissions from 

existing electricity production in the BMA using thermal power plant with gas-fired combined 

cycle and small fraction of coal and oil [DEDE, 2007b]. The MSW-only power plant emits 

the CO2 emissions approximately 440 kg CO2/MWhel, while the existing technologies are 

assumed to produce approximately 550-583 kg CO2/MWhel. The hybrid cycles generate 

around 380-395 kg CO2/MWel. Figure 4-9 presents the results of the CO2 reduction from 

proposed technologies in comparison with the BAU case.  
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Figure 4-9: CO2 reduction from selected WTE technologies in comparison with the BAU case during 

2010-2030. 

 

In comparison, it is necessary to specify the BAU case which presents the electricity 

production and CO2 production in the current situation or as planned. Emissions contributed 

from the BAU scenario were simply calculated in an attempt to compare the CO2 emitted 

from current thermal power plants and different MSW incineration technologies. Hybrid dual-

dual cycle still provides the highest CO2 reduction in comparison with the current situation 

and reduction of more than 800 thousand tons could be met in 2012.  

 

4.5 Summary 

MSW incineration can play significant role for not only greenhouse gas reduction but also 

waste management, and it can contribute positively towards expanding biomass-based 

electricity production in Southeast Asia. It can reduce large amount of waste, greenhouse gas 

emissions and simultaneously enhance material and energy recovery. The simulation results 

have revealed that the hybrid dual-fuel cycle can be proposed to improve electrical efficiency 

in the condensing mode of operation. Followings are the summary of results: 

 The conventional version and hybrid cycles are capable of providing the electricity of 

up to 0.3 and 0.9 TWh annually, respectively (these systems can reduce amount of 

waste by up to 0.45 million tons per year). Conceivably, four such plants could be 

constructed in the BMA as planned, thus providing nearly 1.5 and 4 TWh/year in 
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conventional and hybrid cycles respectively (reduces more than 1.6 million tons of 

MSW each year).  

 Electrical power generation via conventional incineration and hybrid power plants can 

cover up to 3% and 8% of Bangkok’s electricity consumption, respectively.  

 The maximum electrical efficiency increased by up to nearly 5% points for all hybrid 

cycles, leading to greenhouse gas emissions reductions in terms of CO2. Hybrid dual-

fuel cycles can also provide significant CO2 reductions.  

 MSW incineration is even more attractive when methane generated from the existing 

landfill sites is to be compared. Methane emissions from MSW in modern landfills 

contribute 50-100 kg/ton that is equivalent to 1,150-2,300 kg CO2 [IEA, 2007]. 

 Economic analysis yields that all proposed cycles (conventional and hybrid) are 

economically viable with short payback period, high NPV and IRR. The hybrid dual-

fuel cycle is more attractive in terms of economic comparisons as it has the shortest 

payback period (less than five years).  

 



Page 46                                Doctoral Thesis / Seksan Udomsri 



Doctoral Thesis / Seksan Udomsri                                                                               Page 47 

5. THERMALLY DRIVEN COOLING COUPLED WITH MSW-

FIRED POWER PLANT (Papers IV & V)  

This chapter examines possibilities and potential of thermally driven cooling coupled with 

MSW-fired power plant for application of combined heat, cooling and power in tropical urban 

areas. Energy from waste can be used in different applications depending on the user i.e. 

purely electricity production, combined heat and power or combined heat, cooling and power. 

Cogeneration or polygeneration has always been employed for enhancing the plant 

profitability and increasing overall energy, however it is difficult to justify traditional 

cogeneration in tropical locations since there is little need for the heat produced. Cogeneration 

coupled with thermally driven cooling (TDC) is proposed and discussed in this chapter. 

Figure 5-1 presents one concept of various energy applications from MSW. 

 

 

Figure 5-1: General concept of various energy applications from MSW power plant. 

 

The results presented in Paper IV & V are summarized in this chapter. A significant increase 

in MSW capacity would be realized if thermally driven cooling technologies could be 

integrated with power production, analogous to cogeneration in temperate industrialized 

nations like Sweden. Comparisons in terms of performance, CO2 emissions and economic 

evaluation are made to a business-as-usual case considering distributed vapor compression air 

conditioners. 

 

5.1 Studied system and assumptions 

5.1.1 Cooling demand and climatic conditions 

The demand for cooling has increased tremendously around the world during the past 

decades, even in the cold climate like Sweden. However, the largest cooling demand has 

always been found in tropical regions which have a very high average air temperature and 

high relative humidity levels [Udomsri et al., 2008]. With the growing cooling demand, 

conventional compression chillers from both refrigeration and air-conditioning shared more 

than 15% of worldwide electricity energy consumption [Lucus, 1998]. In Thailand, electrical 

energy used in mechanical chillers for cooling production represents the main contribution of 

energy expenditure within residential, commercial and institutional buildings [Gvozdenac et 

al., 2009]. Cooling demand depends on many parameters; however the ambient temperature 

and relative humidity are the most effective parameters. Cooling degree day can also be used 
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to define the potential of cooling consumption as mentioned in Chapter 2. The results of 

monthly solar radiation on horizontal, temperature and relative humidity around the year, as 

well as the monthly cooling degree day in Bangkok are listed in Table 3 in Paper V. Monthly 

cooling degree-day in Bangkok and Stockholm were depicted to compare the cooling demand 

between the tropical and the temperate location.  

 

While the average ambient temperatures around the year in Bangkok are at 27-28
o
C and the 

highest temperatures are attained in March-May; the average relative humidity is 74%, which 

is relatively high. For cooling demand in a small residential building, the demand of the 

cooling loads is very high and almost constant around the year, while the peak demand occurs 

during the months of March-May (see Papers IV & V). This result highly corresponds to 

cooling degree day. The percentage of monthly latent load is relatively high according to this 

analysis (the lowest value is 34.4% and the highest is 51.3%).  

 

5.1.2 Electricity production and cogeneration from MSW incineration 

In the present study, simulation of electricity production from MSW power plant is 

considered using the same input as mentioned in Chapter 3. Basic assumptions and 

performance and other information related to thermodynamic evaluation of the MSW 

incineration and hybrid dual-fuel cycle are presented in Paper V. Figure 5-2 shows a 

simplified layout, energy conversion and simulation results from conventional MSW 

incineration/steam cycle and hybrid dual-fuel cycle in both condensing mode and 

cogeneration unit. Energy conversion from both cases has been modeled via simulation 

software, Aspen Utilities Planner. A combination of waste incineration and combined cycle 

has been made to compare the electrical efficiency of the system only.  

 

  

Figure 5-2: Energy conversion from MSW incineration [left]; and Energy conversion with hybrid 

dual-fuel combined cycle configuration [right] for: (a) condensing mode, (b) cogeneration. 

 

The results show that, in cold condensing mode, the net electric efficiency of conventional 

MSW incineration is around 22-24% -- relatively low -- and more than two thirds of the 

energy in steam is lost during in the cooling processes or to heat rejection. The cogeneration 

unit can improve overall cycle efficiency of up to 89%, while the heat produced can be used 

in absorption chiller for cooling production. In this study MSW-fired cogeneration plant has 

mainly been considered and the heat produced has been used in the thermally driven chiller. 
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5.1.3 Thermally driven cooling technologies 

The most widely known technology for comfort cooling production is electrically driven 

chillers and electrically driven air-conditioning systems, both of which have commonly been 

employed for comfort cooling in Southeast Asia. The thermally driven chiller is an alternative 

for cooling production, for which the system can be operated using steam, hot water and 

combustion gases. The benefits of replacing absorption chillers over vapor compression 

chillers are to reduce the electrical power consumption and better utilization of primary 

energy. Three different types of thermally driven chillers were considered in this study; the 

performance figures and driving temperatures of each technology are presented in Table 2 in 

Paper V. Thermally driven cooling with LiBr/water working fluid pairs is commercially 

available in both single and double effect design. The low temperature LiBr chiller that is 

quite new and available in small scale application can operate with lower temperature. 

However it is still under research development and has been used in this study for comparison 

only. The COP of these single effect chillers is found to be in the range of 0.7-0.8. For double 

effect chillers, the system can provide higher COP. Conventional LiBr absorption chiller is 

suitable to apply in both small and large unit cooling systems, while double effect absorption 

chiller can be employed in the large unit cooling system for achieving higher COP. For vapor 

compression chillers, a small unit can provide a COP around 2-3, while the large unit can 

achieve the COP up to 4. 

  

5.2 Decentralized cooling coupled with MSW incineration  

5.2.1 Electrically driven cooling 

Electrically driven compression chillers have been deployed extensively in Southeast Asia for 

comfort cooling. Small air conditioning units can be found in most residential buildings 

(decentralized cooling), while larger mechanical chillers have been installed in commercial 

and industrial buildings (centralized cooling). Electrically driven chillers have been analyzed 

in order to compare with thermally driven cooling technology, both centralized and 

decentralized (business-as-usual) applications. Figure 5-3 shows a simplified layout and 

energy conversion chain for electricity generation from MSW plant and cooling conversion 

from electrically driven chillers. Electricity production from MSW power plant can supply to 

the national grid and will be used in compression chiller. 

 

 

Figure 5-3: Energy conversion chain for electrically driven cooling in MSW plant: electricity   

generated from MSW power plant and cooling conversion from electrically driven chillers. 
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The condensing plant generates 36 MWel that is capable of providing 72 MWcooling when 

distributed vapor compression chillers are employed. Here the performance of energy used 

per unit of cooling is 2.06 MWfuel/MWcooling (1 MWcooling requires 2.06 MWfuel) or a COP 

based on primary fuel input (COP_PF) of 0.49 is obtained.  

 

5.2.2 Thermally driven cooling 

In this study, conventional LiBr absorption chillers have been selected for cooling production 

in tropical areas. Figure 5-4 depicts the energy conversion chain from cogeneration of MSW 

power plant and decentralized thermally driven chillers and some key results.  

 
 

 

Figure 5-4: Energy conversion chain from cogeneration of MSW power plant and thermally driven 

cooling from absorption chillers (decentralized units). 

 

As can be seen, many benefits can be obtained if an MSW-fired cogeneration plant is 

integrated with absorption technology. In the case of cogeneration plant, higher system 

efficiency will be obtained and better fuel utilization. The benefit of employing heat driven 

cooling in MSW plant is clearly seen; producing similar cooling demand and simultaneously 

providing a net surplus of electricity (21.5 MW). The COP based on primary fuel input has 

increased to 1.3, implying that the system consumes less energy input per unit of cooling 

produced (0.78 MWfuel/MWcooling: 1 MWcooling requires 0.78 MWfuel). The fuel used for 77 

MW cooling production requires only 60 MW of MSW input in this case, while the rest (88 

MW) can be used for electricity generation.   

 

5.3 Centralized cooling and system comparison  

For small units, the highest fuel utilization has been attained if heat produced in cogeneration 

plant is used for cooling production instead of maximizing electrical output in a condensing 

plant. The centralized applications of both technologies have been examined further and 

presented below. This section presents the results and potential of cooling production from 

electrically and thermally driven cooling in the large scale applications as well as the results 

of the small scale. The performance figures can also be found in Table 2 in Paper V. Figure 5-

5 presents electricity production, cooling production, performance in terms of specific fuel 

consumption per unit of cooling and COP_PF of each cooling technology. 
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Figure 5-5: Summary of electricity production, cooling production and specific energy consumption 

from different cooling technologies. 

 

The results show that COP based on fuel input (COP_PF) of thermally driven chillers in all 

cases are substantially higher than electrical chillers; COP_PF of 1.3 and 1.53 are obtained 

from distributed LiBr absorption chillers and centralized LiBr absorption chillers, 

respectively. While COP_PF of 0.5 and 1.0 are attained from distributed and centralized 

compression chillers, respectively that is relative low. The conventional LiBr chillers coupled 

with cogeneration plant also provide 0.28 MWel/MWcooling saving in the MSW condensing 

plant, meaning that 0.28 MWel/MWcooling will be saved if conventional LiBr chiller is 

introduced in comparison with MSW condensing plant. The same gained electricity can be 

obtained in centralized LiBr absorption and low temperature LiBr absorption chillers, giving 

0.10 and 0.33 MWel/MWcooling, respectively. For specific fuel consumption per unit cooling, 

centralized LiBr chiller represents the best option followed by distributed LiBr chiller. 

 

5.4 Electrical yield and CO2 emissions 

The electrical yield and CO2 emissions in thermally driven chillers are discussed in this 

section. The concept of the net electrical yield involves the produced and used electricity from 

heat-driven system in comparison with fuel input. The concept and definition of the electrical 

yield from MSW-fired CHP plant coupled with thermally driven chillers have already 

explained in Chapter 3. Summary of results and performance figures of each technology are 

presented in Table 5-1 below.  

  
Table 5-1: Summary of results and performance figures of chosen chiller alternatives. 

Technology MWproduced el. 

/MWcooling * 

MWfuel used 

/MWcooling 

COP_PF Electrical 

yield 

Vapor compression chiller (small units) -0.50 2.06 0.49 0 

Vapor compression chiller (large units) -0.25 1.03 0.97 0 

Conventional LiBr absorption chiller 0.28 0.78 1.30 41% 

Double effect LiBr absorption chiller 0.10 0.65 1.53 57% 

Low temp. LiBr - absorption chiller 0.33 0.62 1.60 42% 
*Negative value represents the electricity consumed in vapor compression chillers at a given specific cooling demand. 
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With 148 MSW fuel input, a combination of cogeneration and conventional thermally driven 

cooling provides 41% of the net electrical yield. Net electrical yields of over 57% can be 

obtained in large unit thermally driven chillers. To compare with NG-fired condensing plants 

(51% efficiency), 75.5 MW of NG input will be required to produce 77 MW of cooling (in 

distributed generation) and 42.1 MW NG will be required more to produce 21.5 MW of 

electricity. This means that the implementation of MSW-fired cogeneration with distributed 

absorption chiller provides the fuel saving from NG power plant of up to 118 MW. For CO2 

emissions, the analysis of CO2 production from these cooling technologies has been 

conducted to stress how CO2 emissions can be influenced from introducing thermally driving 

cooling options. The concept of calculating CO2 emissions is based on the net combustion of 

MSW used for cooling produced. The net emissions of CO2 for a given demand of cooling 

from different chillers are presented in Fig. 6 in Paper V.  

 

It is important to state that the CO2 emissions per MWh of cooling produced in conventional 

electric chiller coupled with MSW power plant is relatively low in comparison with other 

power plants fired with coal or oil. However the thermally driven cooling technologies 

generate less CO2 emissions than electrically driven chillers at a given demand of cooling. 

This CO2 emissions reduction can be obtained through utilizing heat from cogeneration in 

absorption chillers for producing cooling and increasing electrical yield. The system increases 

the net electrical yield that can be supplied to the grid or could replace electricity production 

from somewhere else. The primary energy use has been reduced, yielding a reduction in CO2 

emissions at consequently. For a small unit, conventional absorption chillers reduce over 130 

kg CO2/MWhcooling (around 62%) as compared to a small-scale electrically driven chiller. 

While the CO2 emissions reduction is 40 kg CO2/MWhcooling (around 40%) in centralized unit. 

This figure is even more attractive when the methane emitted from landfilling is to be 

compared; electricity production from the MSW plant has contributed 1,553 – 3,105 tons/day 

of CO2 reduction (see Paper V). 

 

5.5 Economic evaluation 

The economic evaluation has also been conducted to determine the costs of absorption and 

mechanical compression chiller coupled with MSW incineration for the case of Thailand. For 

the MSW power plant the investments, workforce costs, operating costs were reported in 

Chapter 4. For the TDC, the calculation has been made for both centralized and decentralized 

thermally driven cooling, covering the capital investments, operation and maintenances and 

installation and distribution costs. The specific cost of these components corresponds to 

mechanical and absorption chillers rated at 300 kW and 10 MW that have been deployed in 

distributed and centralized applications in this study, respectively. Estimated investment costs 

for each component are presented in Table 6 in Paper V. Figure 5-6 presents breakdown cost 

of thermally driven chillers used for centralized and distributed system in comparison with 

mechanical chillers. The cooling capacity is calculated based on cooling output from these 

chillers driven by MSW incineration. Total investment cost of the system is made by a 

summation of the investment cost of cogeneration plant and chillers plant. When comparing 

compression and absorption cooling, it is obvious that the investment per kW installed 

cooling of absorption chiller both large and small unit is higher than compression chillers. 

The centralized unit of both technologies is not greatly different in this investment, although 

cost of cooling tower for absorption chiller is more expensive, as distribution costs are the 

same for new installation of district cooling network. The cost of distribution system for 

distributed compression chiller is regarded as no cost since MSW power plant can supply 

electricity to the national grid. 
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A) 

 

B) 

 
C) 

 

D) 

 

Figure 5-6: Summary of breakdown investment cost of the system for; A) Compression chiller 10 MW; 

B) Absorption chiller 10 MW; C) Compression chiller 300 kW and D) Absorption chiller 300 kW. 

Investment cost of MSW power plant is the total investment with installation etc., while the costs of 

cooling system involve chiller, cooling tower and installation. The cost of distribution and piping is an 

estimation of the installation cost of piping network within district cooling and district heating. 

 

To further evaluate the economic feasibility of the system, the costs of operation and 

maintenance, electricity production and cooling production have been made and are listed in 

Table 7 in Paper V. Table 5-2 presents a summary of these results and project evaluation.  

 
Table 5-2: Summary of operating costs, electricity and cooling production and project evaluation. 

Operating costs Unit Compression Absorption Compression Absorption 

   (10 MW) (10 MW) (300 kW) (300 kW) 

1) Annual O&M for cooling- 

    system M$ 9.34 15.90 8.53 11.48 

2) Annual O&M for MSW-  

    plant M$ 9.01 9.01 9.01 9.01 

 

Costs of MSW and Chillers M$ 18.35 24.91 17.54 20.49 

Cash flow of the system      

Before-tax cash flow M$ 28.62 32.04 10.12 19.25 

Simple payback of the system Years 4.87 4.67 8.26 5.67 
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In this calculation, the chillers have been assumed to operate and supply cooling to cooling 

demand in commercial and industrial buildings during working period and high peak period at 

a maximum of 12 hours/day (accounts for 4,380 hours/year), while cogeneration plant is 

operated with 7,500 hour/year (see Chapter 4). Electricity generated from cogeneration plant 

coupled with the thermally driven cooling has been considered as electricity produced from 

the system and that can sell to the grid. Economic results indicate that absorption chiller 

coupled with MSW incineration is very attractive and has shorter payback period for both 

centralized and decentralized cooling, although the cooling price was assumed the same as 

electricity price. Since the cooling demand is generally required all year-round in tropical 

areas like Thailand, sensitivity analysis of operating hour of the cooling system was further 

evaluated and varied from 4,000-7,500 hours/year to monitoring the cash flow into the 

system. Figure 5-7 shows the benefit in terms of project cash flow and payback period of the 

systems in a function of operating hour of the cooling technologies. 
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Figure 5-7: The project evaluation in terms of the project cash flow (Upper) and payback period 

(lower) of the proposed cooling systems in a function of operating hour. 
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As expected, the operating hours of the chillers have significant impact on the project 

evaluation for all cases. With longer period of operation, all chillers gain more benefits from 

cooling produced from the system. However, absorption chillers still exhibit the best option in 

this projection. The cooling and electricity prices will also play significant impact to this 

project evaluation in the future. As such, a sensitivity analysis with respect to the relative 

price ration of cooling and electricity has further been calculated to identify the impact of 

electricity and cooling price variations in the future (see Figure 5-8).  

 

0

5

10

15

20

25

0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13

P
ay

b
ac

k
 p

er
io

d
 (

y
ea

rs
)

Cooling price ($/kWh)

Compression (10 MW) Absorption  (10 MW) Compression  (300 kW) Absorption  (300 kW)

 

0

2

3

5

6

8

9

0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13

P
ay

b
ac

k
 p

er
io

d
 (

y
ea

rs
)

Electricity price ($/kWh)

Compression (10 MW) Absorption  (10 MW) Compression  (300 kW) Absorption  (300 kW)

 

Figure 5-8: Sensibility analysis with respect to the relative price ration of cooling (Upper) and 

electricity (lower) of the proposed cooling systems. 

 

The sensitivity analysis results indicated that the cooling price has a significant impact on the 

project evaluation in terms of cash flow and payback period. As the cooling price increases, it 

improves the financial viability of the project and offers shorter payback period. In contrast, 

any increase in the electricity price has neutral effect to the financial situation and cash flow 

of the compression chillers (both small and large unit) since the systems utilized all electricity 

generated from MSW power plant for cooling production. While the electricity price makes a 
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significant impact to absorption chillers, adding more benefit to the project; the MSW-fired 

cogeneration can use heat for cooling production while the systems also yield the electricity 

that can be sold to the grid. In addition, absorption chillers both small and large scale 

represent the best solution from this evaluation scheme. 
 

5.6 Summary 

The thermally driven cooling technologies are well proven technology in its environmentally 

friendly way for cooling production. The combination of power production and thermally 

driven absorption chillers is very attractive, as the low temperature waste heat from 

incineration plants can be used in absorption chillers. The benefits of employing absorption 

chillers in comparison with vapor compression chiller are: reducing the electrical power 

consumption, reducing primary energy use and decreasing greenhouse gas emissions. Thus 

the absorption chiller has ability to replace existing electrically driven cooling. Key results 

and specific conclusions are:  

 For one cogeneration plant with 148 MW of MSW input, the system is capable of 

providing 77 MW of cooling and 21.5 MW of electricity. For energy used per unit of 

cooling, thermally driven cooling consumes less input fuel than compression chiller 

for the same amount of cooling demand. For distributed system, fuel consumption per 

unit of cooling is only 0.78 in conventional absorption chiller and 2.06 in compression 

chiller. Furthermore, the system can save electricity, giving a net electrical yield by 

41%.  

 To compare with existing NG power plant used for electricity and cooling production, 

the new MSW power plant can save 118 MW of NG input, corresponding to 60 MW 

or 0.53 TWh of electricity per year.  

 If a thermally driven cooling coupled with MSW-fired power plant is to be 

implemented, the system can further reduce CO2 emissions more than 130 kg 

CO2/MWh of cooling (over 60%) as compared to conventional compression chiller.  

 This figure is even more attractive if the CO2 emissions from landfilling are to be 

compared (Methane emissions from MSW management in modern landfills contribute 

50-100 kg/ton that is equivalent to 1,150-2,300 kg CO2). The electricity production 

from this MSW plant can lead to 1,500-3,000 tons/day CO2 reduction.  

 Thermally driven cooling has also indicated that they are more attractive in term of 

economic evaluation, economically viable and has short payback period. 
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6. DECENTRALIZED THERMALLY DRIVEN COOLING IN 

DISTRICT HEATING NETWORK (Papers VI & VII) 

The monitoring results and simulation study of decentralized thermally driven cooling in 

district heating network are examined and discussed in this chapter. There are different 

approaches of composing the CHP with the TDC, however this study concentrates on a 

combination of centralized CHP and decentralized TDC in district heating networks. 

Cogeneration facilities especially with MSW are an important contributor to the overall 

energy mix in Sweden, in particular for heat delivery in wintertime. However the capacity of 

district heating is not fully utilized during non-heating period. This makes the CHP plant 

operated relatively low capacity and low efficiency. Thermally driven chiller has been 

employed to investigate the heat produced during this period for cooling production. The 

demonstration system of thermally driven cooling (TDC) driven by district heat from a 

network supplied by a centralized CHP-fired with municipal waste has been installed, 

monitored and calibrated during the course of the project. Within this chapter, the monitoring 

results and calibration of simulation model are presented in the first part, while the second 

part focuses on system simulation and parametric study.  

 

6.1 Monitoring results and calibration of simulation model  

6.1.1 Demonstration system 

As mentioned in Chapter 3, the system consists of a ClimateWell (4
th

 generation) TDC that 

pre-cools chilled water for the head office of Borlänge municipality. A chemical heat pump or 

Thermo-Chemical Accumulator (TCA) has been employed and installed in this project as a 

TDC unit. It is developed and sold by a Swedish company ClimateWell AB. The complete 

cooling system is only operated when the ambient temperatures is above the balance 

temperature of 13°C and during the hours of 06 and 17 on office days. The cooling season is 

generally from mid-May to mid-September. In this study, two versions of the TDC were 

analyzed: the 4
th

 generation as installed in the demonstration system, Subproject 1b (SP1b) in 

Sweden, and a 5
th

 generation as was installed in the Madrid, Spain (SP1a). The 5
th

 generation 

is the one currently sold (2010) and has been employed in system simulation and parametric 

study of the SP1b. The 5
th

 generation was designed and developed with significantly different 

internal operation and lower pressure drop. The newer version has no internal pumps as well 

as reduced pressure drops in the heat exchangers. The general boundary conditions and 

components of the plant, such as the CHP, TDC and heat rejection are presented in Paper VI.  

 

6.1.2 Monitoring results 

1. Example day 

 

The whole system was set into operation and various operational tests were carried out during 

August 2007. The system was finally determined as commissioned on 25
th

 June 2008 [Bales, 

2009]. Data for a good example of the overall operation of the system with explanations is 

presented in Fig. 3 in Paper VI. In addition, Figure 6-1 shows another good example of 

operation when the system was working properly and when there was hot weather. The 

system has relatively low charging rate of the TDC in this example, especially at the end of 

the day when the TDC takes a long time to charge because of high ambient temperatures and 
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relatively low driving temperatures. The system requires greater electrical energy use for the 

pumps due to longer running times. At the start of the day there is no activity as the TDC can 

only deliver cooling when the main compressor chiller is in operation. The chilled water starts 

circulating at 06:10 and the main chiller is operating intermittently at lower power during the 

early morning before operating continuously until the afternoon (higher outside ambient 

temperature). There are periods when no cooling is supplied that happen when the two units 

in the TDC swap from between charging and discharging. The charging of the TDC is 

asynchronous with the discharge (cold delivery).  
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Figure 6-1: Plot of temperatures (upper diagram) and heat transfer rates (lower diagram) for the 

TDC for 23
rd

 July 2008. Red for driving circuit (Dc), green for recooler (Rc) and blue for chilled 

water (Cc), grey for outside ambient temperature (OA) [Bales, 2009]. 

 

The figure shows that the charge cycle was completed at around 07:15, with swaps at around 

10:15 and 15:45. The charging power decreases significantly during the charging cycle, 

typical for this chiller. The TDC provides cooling at full capacity, but with these operating 

conditions it can only provide at best 7.5 kW of cooling power. For driving circuit, the driving 

temperature from the district heat (after the heat exchanger) is normally around 75°C, but 

occasionally goes up above 80°C. In recooling circuit, the recooler fan is operated with an 

on/off controller at set temperature of 26/28°C (the fan turns on when a return temperature 

goes above 28°C and turns off when it goes below 26°C). Around 13:00 the fan was on 

continuously because of the high ambient temperatures. During 16:00 to 17:00 the heat 

rejection rate is roughly constant with 14 kW.  

 

2. Cooling season 2008 

 

Within cooling season 2008, the period 21
st
 July to 1

st
 August is the period when the system 

was working properly and when there was hot weather. Data for this period, together with the 
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whole operation period after commissioning are presented in Table 6-1 and Table 6-2. These 

show that the thermal COP for the system is less than 0.30 for the whole operational period 

and 0.38 for the hot period. The corresponding figures for the TDC only are 0.41 and 0.50, 

which is roughly 12 percentage points higher. This is due to the fact that there is a significant 

heat loss within the system for the heat exchangers and pipes between the district heat supply 

and the TDC and between the TDC and the chilled water delivery circuit. In the case of the 

chilled water there are also two pumps which add thermal energy to the chilled water thereby 

reducing the cooling power delivered. Table 6-1 summarizes the results of this operation. 

 
Table 6-1: Energy and COP key figures for the demonstration system and for the TDC itself.  

Period  COPth 

[-] 

COPel 

[-] 

QCHP 

[kWh] 

QCDN 

cooling 

[kWh] 

1
Qrecool 

[kWh] 

2
EBOP+

TDC 

[kWh] 

Loss

-DH 

[%]
 

Loss-

CDN 

[%]
 

Normal Operation 
(25

th
 June – 5

th
 Sept) 

Sys 0.29 1.00 2034 596 2424 597 13% 17% 

TDC 0.41 2.10 1696 691 2339 280   

Hottest Period 
(21

st
 July – 1

st
 Aug) 

Sys 0.38 1.46 769 292 989 200 12% 14% 

TDC 0.50 4.57 699 337 1008 52   

1
 The recooling energy was measured only at the outlet of the TDC and not at the dry cooler. 

2
 The electrical consumption for the TDC is for only the TDC and not external circuits or recooler. 

 

For the electrical COP, the figures are really low, being only 1.00 and 1.46 for the system 

COP over the whole period and hot period respectively. For the TDC only, the values are 2.10 

and 4.57. The breakdown of the electrical use for these two periods is presented in Fig. 4 in 

Paper VI. For the whole operational period nearly half the electricity is used to run the TDC, 

while it is only a quarter during the hot period, the recooler fan becoming significantly more 

important. The running times of the main compression chiller and the TDC show significant 

differences. For the hot period the availability of the TDC (for cooling) is only 82% and is 

even less for the whole period (see Table 6-2), which can be partially explained by the two 

week period when the TDC was not operating due to a burnt out wire [Bales, 2009]. Other 

causes are presented in Paper VI. 

 
Table 6-2: Running times and number of starts for the TDC and for the main compression chiller. 

Period  Num. Starts 

[-] 

Delivery 

[hr] 

Recooler Fan 

[hr] 

Normal Operation 

(25
th
 June – 5

th
 Sept) 

Main Chiller - 321 321 

TDC 69 221 543 

Hottest Period 

(21
st
 July – 1

st
 Aug) 

Main Chiller - 99 99 

TDC 26 82 267 

 

The operation during the cooling season of 2008 has revealed a number of weaknesses in the 

system and several of them can be improved. The main problem to be addressed is the high 

use of electricity to run the system. Running time for cool delivery is lower than recooler fan 

by more than one half. The recooler circuit is in operation for longer than the cool delivery 

because it is required also during charging, which is asynchronous with cool delivery. To get 

further, the pump power needs to be reduced as well as the electrical energy for recooling. 

This and other improvements aimed to increase the electrical COP were studied in system 

simulation and parametric study and reported in Paper VII. 
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6.1.3 Calibration of system model 

As mentioned in Chapter 3, the calibration of the base case was made in three stages. 

Calibration of system model has been made by comparing simulated results with measured 

data obtained during cooling season of 2008. 

 

1. Description and modeling of system components 

 

The complete TRNSYS system model is shown in Figure 6-2, not including the output 

components. The complete details of the system components can also be found in Table 5 in 

Paper VI. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TDC 

Recooling circuit 

Driving circuit 

Cooling circuit 

Load 

 

Figure 6-2: TRNSYS studio representation of base case system model with main subsystems marked. 

 

2. Calibration of subsystem models 

 

Calibration of the subsystem models was performed for driving circuit (Dc), cooling circuit 

(Cc) and recooling circuit (Rc). The subsystem was simulated first to define input parameters, 

heat losses in the pipes and overall heat transfer coefficient (UA-values) of heat exchangers as 

well as air mass flow in the dry cooler. Once calibration of subsystems was completed and all 

parameters were defined, the calibrated parameters were transferred to a system model. The 

interactive process and general concept of subsystem calibration were presented in Chapter 3. 

For the dry cooler, the monitored electrical use as well as inlet and outlet conditions for the 

water loop and the inlet conditions for the air were used in a model of the recooling circuit. 

The PID controller was used to control the air mass flow to give the monitored return 
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temperature. The simulated air mass flow was correlated with measured average fan power 

(see Fig. 7 in Paper VI). The correlation of power and air mass flow is presented below. 

 
261001.4112.07.37 airairHr mmP    [W], based on air flow in kg/hr.       (Eq. 6-1) 

                                            

The cold distribution was not modeled explicitly. Instead a function describing the return 

temperature from the distribution circuit was derived based on the measured data for 5 days of 

operation. The return temperature (TCdnFl) is plotted against the outside ambient temperature 

and presented in Fig. 8 in Paper VI. The equation below shows the correlation derived.  

 

             20)-(T*,20.0)GE(T +  
7

)T-(20*,20.0)LT(T*0.5
 - 13.0 OAOA

OAOA

CdnFlT    (Eq. 6-2)                                            

 

6.1.4 Calibration of complete system model and results 

The complete system model was calibrated using five days monitoring period with relatively 

high cooling loads. The charge/discharge cycles were controlled by the TDC controller model 

and the start conditions (state of charge and temperatures) of the TDC were adjusted to be as 

close to those in reality as possible by estimating the water content in the internal TDC water 

store from the monitored data from the TDC controller. Inputs were taken from monitoring 

data on a one minute time scale. The system was simulated and parameters were adjusted in 

order to get good agreement between the summed thermal and electrical energy quantities at 

system and TDC level. Figures 6-3 and 6-4 below show the online plots for thermal power 

(QDh and QCdn) and electrical power respectively.  
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Figure 6-3: Time plot of QCdn and QDh for both monitored data (thin line, red and pink respectively) 

and simulated values (thick line, blue and green respectively) for one day. 

 

The results show that there is good agreement in terms of levels, but that the time point for 

swaps is different. The latter indicates that the controller model is not completely accurate, 
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but the focus of the calibration was on agreement of energy quantities over the whole 

calibration period of five days. The power matching is quite good, apart from for the pump 

power when the cooling is off in the early afternoon. The data indicates that the Cc pump is 

still on but that the flow is blocked by an internal valve in the TDC. This is a non-optimized 

operation of the real controller, and was thus not included in the simulation model. 

Additionally the TDC has the second water pump running at times when it is not modeled, 

however these result in very small electrical use. 
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Figure 6-4: Time plot of sum of pump power (thin line: red measured, thick line: blue simulated) as 

well as TDC power (pink measured – thin line and green simulated - thick line) for one day. 

 

The identification/calibration results are also detailed in Tables 6-3 and 6-4. All simulated 

quantities (energy performance figures) are within 4% of the measured values.  

 
Table 6-3: Summary of energy performance figures for the calibration period together with relative 

differences. 

 QDh QCdn QTdcDc QTdcCc QTdcRc Epump ETdc EHr EBOP+Tdc 

 [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] 

Meas 395.5 162.8 352.0 184.4 517.8 41.1 19.9 27.9 89.0 

Sim 397.5 163.2 356.2 185.3 519.6 40.9 20.0 27.4 88.3 

 

% Diff 0.5% 0.2% 1.2% 0.4% 0.3% -0.5% 0.4% -1.9% -0.7% 
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Table 6-4: Summary of results for thermal and electrical COP at both system and TDC level for the 

calibration period together with relative differences. Also shown are the running times for the pumps. 

 System TDC Simulated 

 COPth COPel COPth COPel DcPump CcPump RcPump 

Meas 0.41 1.83 0.52 2.07 93.9 39.0 111.7 

Sim 0.41 1.85 0.52 2.10 90.4 39.7 109.5 

 

%Diff -0.3% 1.0% -0.7% 1.2% -3.7% 1.8% -2.0% 

 

A final check of the system model was made by using the TRNSYS weather data for 

Borlänge and picking out a similar period of weather data as for the calibration period. No 

inputs from the monitored data were used in the model. The performance figures for this 

simulation are compared with those from the monitored data in Table 6-5. This shows that 

there is a good agreement between the values, although the real boundary conditions were not 

exactly the same. 

 
Table 6-5: Summary of energy performance figures for the calibration period together with relative 

differences. The simulation uses TRNSYS weather data and derived correlation for TCdnFl. 

 QDh QCdn QTdcDc QTdcCc QTdcRc Epump ETdc EHr EBOP+Tdc 

 [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] 

Meas 395.5 162.8 352.0 184.4 517.8 41.1 19.9 27.9 89.0 

Sim 389.8 167.4 347.9 190.3 515.1 40.7 19.6 24.9 85.2 

 

% Diff 

 

-1.4% 

 

2.8% 

 

-1.2% 

 

3.2% 

 

-0.5% 

 

-0.9% 

 

-1.5% 

 

-10.9% 

 

-4.2% 

 

Table 6-6 shows the main energy performance figures for the base case system and will be 

used and referred to in the second part. This is the system that has been calibrated against the 

monitored data and then been simulated with the same boundary conditions, but for the whole 

cooling season, defined as being from mid-May to mid-September (3240 – 6216 hours), and 

with the weather data for Borlänge available with TRNSYS. The figures for COP for the 

whole season are better than those derived from the monitoring data due to for example, the 

monitored system had a relatively long period when no cold was delivered due to an electrical 

fault in a relay, however the TDC was charged during this period and additionally used 

significant amounts of electricity for the internal pumps. A fault in the internal controller for 

the TDC limited the operation of the TDC at certain times, often at the start of the day, 

resulting in reduced cooling output. 

 
Table 6-6: Summary of main performance figures for the base case system, which has the same system 

and boundary conditions as the SP1b monitored system, but weather data from TRNSYS. 

COPth,TDC 

[-] 

COPth,sys 

[-] 

COPel,TDC 

[-] 

COPel,sys 

[-] 

QDh 

[kWh] 

QCdn 

[kWh] 

EPump 

[kWh] 

ETDC 

[kWh] 

EHr 

[kWh] 

         

0.568 0.447 4.56 2.13 4434 1982 345 414 163 

 

The matrix of cases for parametric studies presented in the second part has this base case 

system as a starting point. 



Page 64                                Doctoral Thesis / Seksan Udomsri 

6.1.5 Summary 

The operation during the cooling season of 2008 has revealed a number of weaknesses in the 

system design and operation. However, the TDC has worked reliably during the whole 

season. The maximum thermal and electrical COP’s of the TDC system during the hottest 

period were 0.50 and 4.6 respectively. These figures were only 0.41 and 2.1 for the complete 

monitoring period in 2008. The lower figures were due to continuous pump operation inside 

the TDC even during periods of no cold production as well as a period when no cold was 

produced. The figures for the complete system were 0.38 and 1.46 for the thermal and 

electrical COP respectively for the hot period and 0.29 and 1.0 for the whole summer.  

 

For system simulation, the performance figures of the base case system for the complete 

cooling season of mid-May to mid-September were significantly better than those for the 

monitoring data. This was attributed to longer periods when the monitored system was not in 

operation and due to a control parameter that hindered cold delivery at certain times. There 

are a number of causes of the relatively low thermal and electrical COP values such as 

significant heat losses between TDC and supply as well as high electricity use compared to 

cold production. The internal pumps in the TDC and high pump power in the connected 

circuits accounted for the majority of this energy. Other causes of the relatively low COP are:  

 

 Heat exchanger in the driving circuit, causing extra heat losses in the driving circuit of 

the TDC. 

 Heat exchanger in the chilled water delivery circuit, causing heat gains in the delivery 

circuit both through normal gains through the insulation and components but also due 

to thermal energy from the two pumps used.  

 The driving temperature available from the district heating network is lower than ideal 

for the TDC. It is on average 75 – 80°C, whereas 80 – 90°C would be more ideal. 

 The operating times of the whole system are relatively short.  

 The TDC cannot deliver at full power with the normal operating conditions of the 

system. 

 

A significant reduction of the electrical use could be achieved by replacing the current TDC 

with the newer version (5
th

 generation TDC) that has no internal pumps as well as reduced 

pressure drops in the heat exchangers. The calibrated model has further been used for 

parametric studies in order to find improved system design and control. 
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6.2 System simulation and parametric study   

This chapter presents system simulation and parametric study of the demonstration unit for 

decentralized cooling in district heating network. The results presented in Paper VII will be 

summarized below. The calibrated base case has been used for parametric studies in order to 

find improved system design and control. The main objectives of this work are to: reduce the 

electricity consumption, to improve the thermal COP’s and capacity if possible, and to study 

how the system would perform with different boundary conditions such as climate and load. 

The study used the base case system (in Table 6-6) as the starting point. Two versions of 

simulation model were created, one for the 4
th

 generation TDC and one for the 5
th

 generation 

TDC, and similar input conditions were studied for both base cases.  

 

6.2.1 Base case system with high efficient pump 

The first study was to change to high-efficiency pumps (HEP), resulting in a new HEP base 

case. Table 6-7 shows the identified values (PPump), values for high efficiency pumps, 

Grundfos Magma (PPump,HEP), together with the flow rates and pressure drops for the whole 

circuit (dPtot) as well as the TDC itself (dPTDC). Additionally the nominal electrical power 

required to overcome the pressure drop in the TDC is given based on a nominal efficiency of 

0.3 (PTDC). It was assumed that 50% of the pump power was converted to heat and transferred 

to the fluid circuit. The electrical power of the high efficient pumps was estimated also for the 

system variations with the 5
th

 generation ClimateWell chiller by assuming the same flows and 

pressure drops in the external part of the circuit and recalculating the total pressure drop with 

the new TDC. This resulted in lowers pressure drops and thus lowers power in the pumps.  

 
Table 6-7: Pressure drops and pump power for the three circuits coupled to the 4

th 
& 5

th 
gen. TDC. 

Electrical power and pressure drop for circuits using the  

4
th
 & 5

th
 generation ClimateWell chiller 

Circuit Flow dPtot  [kPa] dPTDC [kPa] PPump [W] PPump,HEP  [W] PTDC [W] 

 [kg/hr] 4
th

  5
th

  4
th

  5
th

  4
th

  5
th

  4
th

  5
th

  4
th

  5
th

  

Dc 732 40 20 26 6 90 - 41 21 18 4 

Rc 1560 70 45 38 13 190 - 99 57 55 18 

Cc 1360 60 60 30 30 145 - 76 76 57 38 

 

The power used within the 4
th

 generation TDC was calculated according to the equation 6 in 

Paper VII and, based on monitored data. For the 5
th

 generation TDC, the power is taken from 

manufacturer’s data. A significant reduction of the electrical use could be achieved in the 5
th

 

generation TDC that has no internal pumps.  

 

6.2.2 Improved electrical COP  

The pumps in the base case model were replaced with high efficiency Grundfos Magna 

pumps. The electrical power for these was determined using the pump characteristics and the 

pressure drop in the circuits. This resulted in a 49% decrease in electricity use for the pumps 

and 24% increase in COPel,sys, see Table 6-8. The table also shows the results for the 5
th

 

generation TDC, for which COPel,sys is 5.27, roughly double that for the 4
th

 generation TDC. 

The electrical COP is much higher due to the very much reduced power consumption of the 

TDC and also a reduced pump energy, due to reduced running times as well as reduced 

pressure drops. The fan energy is more or less the same. The thermal COP is substantially 

lower as is the delivered cold. 
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Table 6-8: Summary of main performance figures for the base case system with high efficiency pumps 

together with the relevant improvement in performance figure due to the change to the new pumps. 

The last line shows the values for the 5
th
 generation TDC with high efficiency pumps. 

TDC COPth,TDC 

[-] 

COPth,sys 

[-] 

COPel,TDC 

[-] 

COPel,sys 

[-] 

QDh 

[kWh] 

QCdn 

[kWh] 

EPump 

[kWh] 

ETDC 

[kWh] 

EHr 

[kWh] 

          

4
th
 G 0.568 0.447 4.56 2.64 4434 1982 174 414 163 

 0% 0% 0% +24% 0% 0% -49% 0% 0% 

5
th
 G 0.378 0.297 22.97 5.27 5641 1677 106 48 165 

 

Figure 6-5 shows the variation of the system electrical COP with the set temperature for the 

fan speed control of return temperature from dry cooler. In all the following figures, the base 

case value is shown with a vertical dashed grey line.  
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Figure 6-5: Delivered cold (QCDN or QCdn) and electrical energy use as well as COPel,sys plotted for 

varying set temperatures for the fan speed control of the return temperature from the dry cooler. Base 

case is for 27°C. Top 4
th
 generation TDC, bottom 5

th
 generation TDC. 
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For the 4
th

 generation TDC, the COPel,sys decreases steadily above a set temperature of 25°C 

(base case 27°C) while it is essentially the same below this level. The delivered cold (QCDN or 

QCdn) however, decreases steadily over the whole range as does the electrical energy for the 

dry cooler fan. The pump energy (EPump) increases with increased set temperature due to the 

lower charging powers and thus longer running times for the pumps. The pattern for the 5
th

 

generation machine is different. Here there is a maximum COPel,sys at 27°C due to the fact that 

both the delivered cold energy and fan energy decrease with increasing return temperature 

from the dry cooler, but at different rates. The cold energy is lower for the 5
th

 generation and 

is more dependent on the return temperature from the dry cooler. At a return temperature of 

22°C, it delivers 10% less energy and at 30°C 23% less energy than the 4
th

 generation TDC. 

The results of the 4
th

 generation TDC also show that optimizing the operating conditions of 

the dry cooler fan, by reducing the set point for the return temperature from the dry cooler 

from 27 to 24°C, does increase the electrical COP but only by 4% (relative). Figure 6-6 shows 

the variation of the system electrical COP with different flow rates in the three circuits.  

 

 

Figure 6-6: Delivered cold (brown) and electrical energy use (green) as well as COPel,sys (blue) 

plotted for relative flow rate in the three circuits: thick line (recooling), thin line (cooling) and dashed 

line (driving). The same flow was used on both sides of the heat exchangers. Top 4
th
 generation TDC, 

bottom 5
th
 generation TDC. 
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For the 4
th

 generation TDC, the system electrical COP decreases with flow rate in all the three 

circuits. For both the recooling and cooling circuits, decreasing to 75% of the monitored flow 

results in small differences in COP as well as delivered cooling energy and total electrical 

energy used. However, at half the flow rate of the base case the delivered cold is significantly 

reduced as is the electrical COP despite less electricity use, because the delivered cooling is 

much reduced. For the driving circuit the delivered cooling is hardly affected by a change in 

flow, showing that charge and discharge are essentially independent of one another. The 

electrical COP is much reduced at lower flow rates due to increased electrical use of the Dc 

pump during the significantly longer running times. The results of the 5
th

 generation TDC are 

similar to the results of the 4
th

 generation TDC. However electrical COP of the 5
th

 generation 

is higher than the 4
th

 generation. 

 

Table 6-9 compares the base case system with the systems with 4
th

 and 5
th

 generation TDC’s 

optimized for reduced electrical use, i.e. with high efficient pumps and a set temperature for 

the return from the dry cooler of 24°C. This is not the exact maximum for the electrical COP 

of the 5
th

 generation TDC, but is a compromise between electrical and thermal COP as well as 

delivered cold. For the 4
th

 generation TDC it is possible to increase both the thermal and 

electrical COP at the same time as increasing the delivered cold. The 5
th

 generation TDC has 

nearly twice the system electrical COP compared to the optimized 4
th

 generation system, but 

it has 26-29% lower thermal COP and delivers slightly less cold. 

 

Table 6-9: Summary of main performance figures for the systems optimized in terms of electricity use 

compared to the base case system. The optimized systems use high efficient pumps and a return 

temperature from the dry cooler of 24°C. The percentage improvement compared to the base case is 

given as well. 

Case COPth,TDC 

[-] 

COPth,sys 

[-] 

COPel,TDC 

[-] 

COPel,sys 

[-] 

QDh 

[kWh] 

QCdn 

[kWh] 

EPump 

[kWh] 

ETDC 

[kWh] 

EHr 

[kWh] 

Base case 0.568 0.445 4.57 2.13 4415 1965 345 413 164 

4
th
 gen, opt 0.594 0.483 5.38 2.74 4803 2320 155 413 279 

 5% 9% 18% 29% 9% 18% -55% 0% 70% 

5
th
 gen, opt 0.402 0.327 27.94 5.01 6360 2081 105 47 263 

 -29% -26% 512% 135% 44% 6% -69% -89% 60% 

 

6.2.3 Variation of boundary conditions: load, driving temperature and climate 

Figure 6-7 shows how the performance figures vary with the driving temperature for the TDC 

(supply temperature from the district heating network, TDhFl). For the 4
th

 generation TDC the 

cold delivered and COPel,sys increase steadily up to a temperature of 85°C but then increase 

only slowly above this temperature. For the 5
th

 generation TDC the increase continues over 

the whole range for cold delivered but COPel,sys stabilizes above 100°C. The 5
th

 generation 

TDC requires a higher temperature to fully utilize the chemical storage and is designed for 

these higher temperatures. Above a supply temperature of 90°C, the 5
th

 generation TDC 

delivers more cold than the 4
th

 generation TDC, together with a higher COPel,sys. However the 

COPth,sys is much lower. 
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Figure 6-7: Delivered cold (QCDN) and electrical energy use as well as COPel,sys plotted for varying 

supply temperatures from the district heating network (TDhFl). Base case is for 77.7°C. Top 4
th
 

generation TDC, bottom 5
th
 generation TDC. 

 

Figure 6-8 shows how the performance figures vary with the base temperature for the return 

from the cooling distribution loop (TCdnFl). The actual return temperature depends on the 

outside ambient temperature, and will be higher for ambient temperatures above 20°C (see 

Eq. 6-2). Increased return temperatures represent improved heat exchange to the cooled space. 

Both the 4
th

 and 5
th

 generation TDC’s react in the same way, with improved cold delivered 

and electrical COP for increasing return temperatures, an improvement of 35 – 50% for the 

temperature range shown. 
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Figure 6-8: Delivered cold (QCDN) and electrical energy use as well as COPel,sys plotted for varying 

base return temperatures from the cold distribution loop (TCdnFl). Base case is for 13°C. Top 4
th
 

generation TDC, bottom 5
th
 generation TDC. 

 

Figure 6-9 shows how the performance figures vary with the cooling balance temperature, the 

outside ambient temperature above which cooling is required. These simulations are for 

different boundary conditions than for SP1b and the base case: the cooling can be on at any 

time of the day as long as the ambient temperature is greater than the balance temperature. 

This results in much greater delivered cold (nearly double). The 4
th

 generation TDC produces 

much more cold than lower the balance temperature while for the 5
th

 generation the produced 

cold reaches a more or less stable level when the balance temperature is below 12°C. Similar 

trends are seen for the electrical COP. As with the results for operation limited to the hours of 

06-17, the produced cold is much greater for the 4
th

 generation while the electrical COP is 

much greater for the 5
th

 generation TDC. 
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Figure 6-9: Delivered cold (QCDN) and electrical energy use as well as COPel,sys plotted for varying 

outside ambient temperatures at which the cooling system is turned on (balance temperature). Base 

case is for 13°C. Top 4
th
 generation TDC, bottom 5

th
 generation TDC. 

 

Figure 6-10 shows how the key performance figures vary with different load conditions. 

There are three cases, giving longer operating hours in each case. In the third case, there are 

also better operating conditions for the TDC: 

1. Base case with optimized electrical performance, as shown in Table 6-9 (591 operating 

hours). 

2. As 1, but with cold delivery possible at any stage during the day, every day (24/7) (1431 

operating hours). 

3. As 2, but with the temperature from the district heating network (TDhFl) at 90°C instead 

of 77.7°C, the return from the cold supply based on 14°C instead of 13°C, and for a 

balance temperature of 10°C (1814 operating hours).  
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The results show that the boundary conditions make a very large difference in the 

performance of the system. For both 4
th

 and 5
th

 generation TDC’s the delivered cooling and 

electrical COP increase from case 1 to 3. The 4
th

 generation TDC has a better thermal COP 

and delivered cold but worse electrical COP, compared to the 5
th

 generation, but the relative 

differences are smaller for case 3. 
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Figure 6-10: Delivered cold (QCdn), thermal and electrical COP for the system (COPth,sys and 

COPel,sys) for three different cases. Top 4
th
 generation TDC, bottom 5

th
 generation TDC. 

 

Fig 6-11 shows how the key performance figures vary with climate, using the same operating 

conditions as case 3 for Figure 6-10. The results show that the thermal COP is very similar for 

all climates but that the electrical COP is worse for the hotter climates. This is due to higher 

electrical use in the dry cooler fan. In these climates, and especially Madrid a cooling tower 

would be more appropriate. As expected the delivered cold is greater for the hotter climates. 

The cooling season was adapted for each climate, varying from 15/5 – 15/9 in the Swedish 

climate to 1/4 – 31/10 in Madrid. 
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Figure 6-11: Delivered cold (QCdn), thermal and electrical COP for the system (COPth,sys and 

COPel,sys) for several different climates, with good operating conditions for the TDC. The simulation 

time was adapted to the cooling season for each climate. Top 4
th
 generation TDC, bottom 5

th
 

generation TDC. 

 

6.2.4 Summary 

The improvement of system performance, especially electrical COP obtained from this study, 

shows that there is a potential, with some modification, to employ the low temperature heat 

from cogeneration of MSW in decentralized thermally driven cooling. Electrical COP of the 

existing system can be improved by the following measures: (i) installation of high efficiency 

pumps: increase from 2.13 to 2.64, (ii) reduction of the set point for the return temperature of 

the dry cooler from 27 to 24°C: 2.64 to 2.74.  Reducing the flow rate in the external circuits 

caused a reduction in the electrical COP.  

 



Page 74                                Doctoral Thesis / Seksan Udomsri 

Replacement of the 4
th

 generation TDC with the 5
th

 generation TDC that has lower pressure 

drops and very little power consumption internally resulted in an increase of the system 

electrical COP from 2.64 to 5.27. However, this also resulted in a reduced thermal COP from 

0.45 to 0.30. A number of parametric studies were carried out and are summarized below: 

 

 The 4
th

 generation TDC has better thermal COP but worse electrical COP than the 5
th

 

generation TDC in all the studied cases. 

 Increased operation time due to reduced cooling balance temperature and allowing 

cooling to be supplied at any time of the day leads to a significant increase in 

delivered cold as well as improved electrical and thermal COP’s.  

 The electrical COP increases if the return temperature from the cooling distribution 

has a higher temperature. This effect is more pronounced for the 5
th

 generation TDC, 

for which the thermal COP also increases. In contrast the 4
th

 generation machine has a 

thermal COP that is more or less independent of this temperature level. 

 Increased driving temperature increases significantly the electrical and thermal COP 

of the 5
th

 generation TDC as well as delivered cold. There is only a small increase for 

the 4
th

 generation TDC. 

 For the following realistic boundary conditions (base case in parentheses), the 

electrical and thermal COP’s increased from 2.74 to 5.53 and 0.483 to 0.522 

respectively for the 4
th

 generation TDC and from 5.01 to 7.46 and 0.327 to 0.432 

respectively for the 5
th

 generation TDC. Additionally the delivered cold increased 

from 2320 to 8670 and 2080 to 7740 kWh for the 4
th

 and 5
th

 generation TDC’s 

respectively.  

 Driving temperature of 90°C (77.7°C), cooling balance temperature of 10°C 

(13°C), return from cooling distribution of 14°C (13°C) and with possible 

operation 24/7 (office hours from 06-17). 

 Finally it was shown that the thermal COP of this TDC machine does not vary with 

climate but that the electrical COP is lower for hotter climates due to increased use of 

the dry cooler fan. The delivered cold however, is much greater for the hotter climates.  

 



Doctoral Thesis / Seksan Udomsri                                                                               Page 75 

7. DISCUSSION AND CONCLUSIONS 

As can be seen in this thesis, the potential of clean energy conversion from MSW has been 

analyzed covering various types of application and in different locations. It first investigated 

the potential of electricity generation from MSW power plants and various energy 

applications from waste in tropical urban areas. Results obtained from demonstration system 

and simulation study have later been used to evaluate one specific application of decentralized 

thermally driven cooling in district heating network supplied by a cogeneration of municipal 

waste. Discussion and conclusions of these works are summarized below: 

 

7.1 Results from electricity production from MSW  

It is clearly seen that MSW incineration has the ability to lessen environmental impacts 

associated with waste disposal in Southeast Asia and can augment energy supply with a 

renewable, low-carbon resource. Waste-to-energy facilities can play a key role in ensuring a 

swift and economically viable shift to improved MSW management. Positive environmental 

benefits can be achieved in parallel e.g. reduction of greenhouse gas emissions via 

minimizing open dumping and expansion of a biomass-based electricity production method. It 

is however important to stress that modern pollution control technologies must be employed 

in order to avoid harmful pollutants like dioxins. In addition adequate safeguards must be 

implemented to ensure that toxic compounds in solid wastes are disposed off properly. It is 

believed that incineration of MSW using modern environmental controls, in combination with 

recycling programs represents the most logical path in a long-term perspective for Southeast 

Asia, especially in Thailand and should strive towards via promotion of economically 

efficient and environmentally sound practices. Part of the society shares an accepted opinion 

that waste incineration is a toxic process and that its promotion as renewable source will have 

an adverse effect.  

 

In tropical areas, different MSW power plants can be installed in order to provide energy for 

various applications. In this analysis, the energy recovery potential from MSW has the 

potential to cover up to 8% of Bangkok’s electricity consumption; this amount is sufficient to 

meet the growth of national electrical consumption during the next few years. Energy 

recovery from the steam in MSW power plant is of great importance, although conventional 

MSW incineration provides quite low electrical efficiency. However a combination of waste 

incineration plant and a combined cycle power plant can be proposed to improve the overall 

electrical efficiency of conventional incineration. The hybrid dual-fuel cycle featuring parallel 

interconnections is more attractive in terms of economic comparisons as it has the shortest 

payback period (less than five years) and highest cycle efficiency gained. The maximum 

electrical efficiency increases by up to nearly 5% points and CO2 levels are reduced by 5-10% 

as compared to the reference case. The system is capable of providing an electrical energy by 

up to 0.9 TWh/year. Conceivably four such plants could be constructed in the Bangkok area 

as planned, thus providing nearly 4 TWh/year in hybrid cycle. These systems can also reduce 

amount of waste by 1.6 million tons each year.  

 

7.2 Results from thermally driven cooling coupled with MSW power plant 

In addition to purely electricity production, different MSW power plants can be installed in 

order to provide energy for various applications. There is a significant potential for various 
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energy applications i.e. electricity, heat and cooling from MSW in tropical locations. The 

combination of power production and thermally driven absorption chillers is very attractive, 

as the use of low temperature waste heat from incineration plants as a driving heat input in 

absorption chillers can enhance overall plant efficiency. The system offers great opportunity 

for primary energy saving, greenhouse gas emissions reduction and especially contributions to 

biomass-based energy production. Utilizing waste heat for cooling production via absorption 

chillers could further reduce the high demand for electricity from compression chillers. 

Cogeneration coupled with thermally driven cooling is a solution that holds promise for 

uniting enhanced sustainability with economic advantages. MSW incineration is even more 

attractive when the heat produced in cogeneration can be used in absorption chillers for 

cooling production.  

 

For one cogeneration plant, the system is capable of providing both electricity and cooling. 

For energy used per unit of cooling, thermally driven cooling consumes less input fuel than 

compression chiller for the same amount of cooling demand. In distributed system, fuel 

consumption per unit of cooling is only 0.78 in conventional absorption chiller while it is 2.06 

in compression chiller that is almost three times higher. Furthermore, the system can save 

electricity, giving a net electrical yield of over 41%. If the MSW power plant coupled with 

thermally driven cooling is to be implemented, the system can further reduce CO2 emissions 

more than 130 kg CO2/MWh of cooling (over 60%) as compared to conventional compression 

chiller. For centralized unit, the CO2 emissions reduction from absorption chiller is lower than 

the first case as centralized electrically driven chillers operate more efficiently with high COP 

(reduces by 40 kg CO2/MWhcooling). This figure is even more attractive if the CO2 generation 

from landfilling is to be compared. The electricity production from this MSW plant can lead 

to 1,500-3,000 tons CO2 reduction per day. Thermally driven cooling has clearly indicated 

that they are somewhat more attractive in terms of economic evaluation, economically viable 

and has short payback period. It is clear to conclude that the absorption chiller has ability to 

replace existing electrically driven cooling. 

 

7.3 Results from decentralized thermally cooling in district heating 

network 

This chapter evaluates one specific application of decentralized thermally driven cooling in 

district heating network supplied by a cogeneration of municipal waste by means of the 

results obtained from demonstration and simulation study. The results show that the system 

worked reliably during the whole cooling season of 2008, although a number of weaknesses 

in the system design and operation have been found. With existing design, the TDC system is 

capable of providing maximum thermal and electrical COP’s during the hottest period of 

around 0.50 and 4.6 respectively. However, the figures were only 0.41 and 2.1 for the 

complete monitoring period during the summer of 2008 respectively. The figures were even 

lower than these values for the complete system. This was due to continuous pump operation 

inside the TDC even during periods of no cold production as well as a period when no cold 

was produced. The complete cooling season is also relatively short starting from mid-May to 

mid-September.  

 

There are a number of causes of the relatively low thermal and electrical COP values such as 

significant heat losses between TDC and supply as well as high electricity use compared to 

cold production. The internal pumps in the TDC and high pump power in the connected 

circuits accounted for the majority of this energy. The driving temperature available from the 

district heating network is lower than ideal for the TDC. These problems have been 
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investigated and solved in a parametric study such as a significant reduction of the electrical 

use could be achieved by replacing the current TDC with the newer version (5
th

 generation 

TDC) that has no internal pumps as well as reduced pressure drops in the heat exchangers. 

The results show that electrical COP of the existing system can be improved by the following 

measures: (i) installation of high efficiency pumps: increase from 2.13 to 2.64, (ii) reduction 

of the set point for the return temperature of the dry cooler from 27 to 24°C: 2.64 to 2.74. 

 

Replacement of the 4
th

 generation TDC with the 5
th

 generation TDC that has lower pressure 

drops and very little power consumption internally resulted in an increase of the system 

electrical COP from 2.64 to 5.27. However, this also resulted in a reduced thermal COP from 

0.45 to 0.30. A number of parametric studies have been carried out. Following is an example 

of this improvement made. 

 

For the following realistic boundary conditions (base case in parentheses), the electrical and 

thermal COP’s increased from 2.74 to 5.53 and 0.483 to 0.522 respectively for the 4
th

 

generation TDC and from 5.01 to 7.46 and 0.327 to 0.432 respectively for the 5
th

 generation 

TDC. Additionally the delivered cold increased from 2320 to 8670 and 2080 to 7740 kWh for 

the 4
th

 and 5
th

 generation TDC’s respectively.  

 

 Driving temperature of 90°C (77.7°C), cooling balance temperature of 10°C (13°C), 

return from cooling distribution of 14°C (13°C) and with possible operation 24/7 

(office hours from 06-17). 

 

With this system improvement especially electrical COP, it is apparent to conclude that there 

is a potential to employ decentralized cooling in district heating network supplied by heat 

from cogeneration. Therefore, expanding cogeneration towards trigeneration can certainly 

augment the energy supply from waste for summer months in Europe. Here the cogeneration 

unit generates electricity and heat where the heat can be distributed in terms of steam and 

district heating in the district heating network that can be employed further in decentralized 

cooling systems. It is a very attractive approach where the cooling is provided on the demand 

side and consumers can deploy the system themselves to produce cooling by using heat from 

existing district heating networks. Beyond this study it would be of great interest to see if the 

results obtained from this research and demonstration could be applied (with some 

modification) to tropical countries of Southeast Asia in the future. (Indeed, results related to 

MSW utilization would also have broadened ramifications). Hence, there is a distinct 

possibility of suggesting pathways for significant GHG reductions and possibly reducing the 

impact of climate change on developing countries in the decades to come.  
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8. FUTURE WORK 

The present work has shown a potential for introducing a concept of decentralized thermally 

driven cooling in district heating network, for which the low temperature heat from 

cogeneration can be used effectively in absorption chillers for cooling production. Beyond 

this study, it is however necessarily for the future work to find improved system performance 

both thermal and electrical COP’s using different absorption chillers; giving an opportunity to 

introduce different absorption chillers to compare with existing chiller. The main aim of this 

simulation will be to improve the electrical and thermal COP’s and capacity as well as to 

study how each chiller would perform with the same and different boundary conditions such 

as climate and load. Experience and results obtained from other demonstration systems 

installed and monitored within the PolySMART project can be used in a selection of the new 

chiller. For instance, Sonnenklima absorption chiller or adsorption chiller with the Sortech 

can be proposed and investigated. The replacement of the new absorption chillers or 

adsorption chiller will be performed using the same boundary condition and other boundary 

conditions in warm or hot climate. This would give a comparison with continuous full load, 

and gives information on their maximum possible cold production with the given boundary 

conditions. It is very attractive to look at how they perform at part load, e.g. to meet a given 

load in cold distribution system or buildings.   

 

Beyond this study and as mentioned above, it would be of great interest to see if the results 

obtained from this research and demonstration could be applied (with some modification) to 

tropical locations, where the largest cooling demand (year-round cooling) has always been 

found. It would be of great interest to see a comparison with continuous full load where 

cooling needs all year-round, yielding the results on the maximum possible cold production. 

Experiences learned from this demonstration will be used to modify and design a proper or 

better system in the tropical locations. For example the replacement of the dry cooler with 

cooling tower will be made since experiences here confirmed that the electrical COP is lower 

for hotter climates due to increased use of the dry cooler fan. In tropical climate, a cooling 

tower would be more appropriate. The study will employ a detailed dynamic modeling with 

TRNSYS in order to attain results for the whole cooling season around the year with different 

boundary and operating conditions. 

  

Nevertheless, particular interest will also be given to a combination of different approaches of 

composing the CHP with TDC. One example of particular significance is the combination of 

decentralized CHP and decentralized TDC: both are on the demand side. This aims to 

evaluate the potential of different conditions in terms of heat source and energy generation 

that is at the demand side. One future plan is to install and test a small scale TDC using low 

temperature hot water at the Department of Energy Technology. The system will be first 

designed to use low temperature hot water from district heating network with the future plan 

and potential to employ heat from a micro-scale gas turbine unit installed at the Department 

of Energy Technology under the Explore Polygeneration project. The design of the new 

complete small scale TDC as well as system installation and verification will be placed in 

focus.  
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