
Analysis and Assessment of Integrated Waste-To-Energy 

Systems Based on Plastic Wastes for Multigeneration 

 

 

by 

 

 

Mohamed Ismail 

 

 

 

A thesis submitted to the  

School of Graduate and Postdoctoral Studies in partial 

fulfillment of the requirements for the degree of 

 

 

Master of Applied Science in Mechanical Engineering 

 

 

Faculty of Engineering and Applied Science 

University of Ontario Institute of Technology (Ontario Tech University) 

Oshawa, Ontario, Canada 

April 2022 

 

 

 

© Mohamed Ismail, 2022



ii 

 

THESIS EXAMINATION INFORMATION 

Submitted by: Mohamed Ismail 

 

 
Master of Applied Science in Mechanical Engineering 

 

Analysis and Assessment of Integrated Waste-To-Energy Systems Based on Plastic Wastes for 

Multigeneration 

 

An oral defense of this thesis took place on April 12, 2022, in front of the following 

examining committee:  

 

Examining Committee: 

 

 

Chair of Examining Committee 

 

Prof. Dr. Martin Agelin-Chaab 

 

Research Supervisor 

 

Prof. Dr. Ibrahim Dincer 

 

Examining Committee Member 

 

Dr. Dipal Patel 

 

Examining Committee Member 

 

Thesis Examiner 

 

Prof. Dr. Ghaus Rizvi  

 

Dr. Jana Abou Ziki 

 

The above committee determined that the thesis is acceptable in form and content and that 

a satisfactory knowledge of the field covered by the thesis was demonstrated by the 

candidate during an oral examination. A signed copy of the Certificate of Approval is 

available from the School of Graduate and Postdoctoral Studies. 

 

 

 

 

 



iii 

 

 

Abstract 

This thesis proposes three wastes to energy multigeneration systems that are based on 

plastic wastes. The three systems are coupled with renewable energy resources like solar 

energy, geothermal energy, and wind turbine energy. The three systems are designed to 

convert plastic waste into five useful outputs of electric power, heating, fresh water, 

domestic hot water, and hydrogen. The proposed locations for the three systems are 

Cordoba, Spain for the first multigeneration system, Kakkonda, Japan for the second 

multigeneration system and Tarfaya, Morocco for the third system. The systems are 

analyzed thermodynamically and studied parametrically to identify optimum operating 

conditions. Energy and exergy analyses are performed to identify the efficiency of each 

system. According to the findings, the first system has the highest overall energy efficiency 

at 71.43%, while the second system has the highest exergy destruction rate 8,141.58 kW at 

the gasifier. 
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Ẇ power (kW) 

Subscripts 

comp compressor 

dest destruction  

en energy 

ex exergy 

gen generation 

HE heat exchanger 

GT gas turbine 

Gsf gasifier 

HLU hydrogen liquefaction unit 

i inlet 

j outlet 

P pump 



xiv 

 

PTC parabolic trough collector 

PP plasma pyrolizer 

MPR methane pyrolysis reactor 

ST steam turbine 

T turbine 

Tot total 

vc variable cost 

Greek Letters 

𝜂                    efficiency 

Acronyms 

Comp compressor 

CC                    combined cycle 

Comb combustor 

Cond                condenser 

CS                         column separator 

CYS                       cyclone separator 

CT cold storage tank 

CI capital investment 

DHW domestic hot water 

EES                        engineering equation solver 

GEN                    generator 

HE                    heat exchanger 

HT                   hot storage tank 

R annual cash flow 

RO reverse osmosis 

MED multi-effect distillation 

MPR methane pyrolysis reactor 

Mt million tonnes 

PB payback period 

PTC  parabolic trough collector 



xv 

 

PE polyethylene 

PP polypropylene 

Pyr pyrolysis reactor 

ST                       steam turbine 

S1 first system 

S2 second system 

S3 third system 

WGSR water gas shift reactor



1 

 

Chapter 1. Introduction  

Plastic is a petroleum-based synthetic organic polymer that has the qualities that makes it 

appropriate for a broad variety of uses in different fields, including packaging, 

construction, home and sporting goods, cars, electronics, and agriculture. Each year, over 

300 million tonnes of plastic-based products are manufactured, with over half of that 

amount going toward single-use goods like shopping bags, cups, and straws [1].  

1.1 Plastic waste as an environmental challenge  

In the ocean, plastic debris comes from things like urban and stormwater runoff, sewage 

overflows, littering, poor waste management, industrial activity, tyre abrasion, building, 

and illegal dumping on land. In the oceans, a lot of plastic pollution is caused by the fishing 

and maritime industries, as well as aquaculture and farming [2]. 

Now, plastic waste is the most common type of litter in the ocean. It makes up about 80% 

of all marine debris found in surface waters and deep-sea sediments. At least 14 million 

tonnes of plastic wind up in the ocean each year. Plastic garbage is found on all the 

continent's shorelines, with the highest concentrations around famous tourist sites and 

heavily populated places. Plastic degrades into little particles termed microplastics 

(particles smaller than 5 mm) or nano plastics because of the sun's UV radiation, wind, 

currents, and other natural forces (particles smaller than 100 nm). Due to their tiny size, 

they are easily ingested by aquatic creatures [3]. 

For effective disposal of plastic waste, certain infrastructure is required, including 

incinerator facilities; recycling capacity and circular economy infrastructure; and waste 

management and disposal systems. As the infrastructure required for efficient and effective 

disposal of plastic wastes in an environmentally benign manner is not accessible to many 

countries, leakage of plastic waste into rivers and the ocean happens. Irresponsible disposal 

of plastic waste can have a detrimental effect on our ecosystem and biodiversity [4]. 

Plastic debris has been shown to encourage microbial colonisation by pathogens associated 

with illness outbreaks in the water. The effect of plastic debris on disease risk was 

investigated in 124,000 reef-building corals from 159 reefs in the Asia-Pacific area[5]. 

Corals with a complex structure are eight times more likely to be harmed by plastic, 
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implying that microhabitats for reef-associated animals and economically significant 

fisheries would be disproportionately harmed. Plastic levels on coral reefs are consistent 

with estimates of unmanaged plastic garbage entering the ocean from the land. It is 

estimated that 11.1 billion plastic objects are entangled in coral reefs throughout the Asia-

Pacific region alone, with this figure projected to grow by 40% by 2025 [6]. 

In addition to its environmental and marine life implications, plastic waste is posing a real 

threat to human life in general. Traces of micro-scale plastics were discovered in drinking 

water, carbonated beverages, salt, and many more digestible materials. Plastic is present in 

all water samples collected from all over the world, even in the arctic. Materials used in 

the production of plastics are studied and found to be cancer-causing if consumed. 

Furthermore, clinical studies showed that plastics could damage the body’s endocrine 

system and cause developmental, reproductive, neurological, and immune-related 

disorders in humans. Lately, traces of microplastics have been found in human placentas, 

meaning that humans get a first-hand encounter with plastics even before stepping out of 

the womb. Furthermore, when plastic waste is left on shores for prolonged periods of time, 

they could accumulate even more pathogens, which makes getting in contact with plastic 

waste even more dangerous. As such, marine life is in danger of digesting overly 

pathogenic waste, making them more vulnerable to diseases, and as a result, seafood for 

humans is becoming loaded with dangerous possibilities. The transfer of contaminants 

from marine life forms and humans through the consumption of seafood has been identified 

as a health hazard [7]. 

Plastic waste damages the artistic and cultural value of tourist destinations, which in turn 

leads to a decreased return from tourism. It also generates major economic costs related to 

the cleaning and maintenance of the tourist sites. The fact that tourist locations are visited 

by mainly people only interested in being there for a few hours, or sometimes even less, 

adds to the possibility of single-use items being circulated heavily in that location. The 

accumulation of plastic leftovers because of littering in locations such as beaches, national 

parks, or historical locations can have a negative impact on a country’s economy, 

environment, and the physical and mental health of people living in that country or just 

visiting as tourists [8]. 
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Plastic waste management contributes to climate change as some of the disposal techniques 

involve the production of greenhouse gases and harmful emissions. In fact, when plastic 

waste is incinerated, it releases carbon dioxide and carbon monoxide into the atmosphere, 

thereby increasing harmful emissions. The majority of plastic waste ends up in landfills, 

where it stays for a long time and releases methane into the air because of slow natural 

decomposition. Accordingly, plastic waste contributes directly to global warming and is 

subsequently partially responsible for climate change [9]. 

1.2 Plastic dependency  

Currently, the world is more dependent on plastic than ever before. As more plastics are 

being used, plastic waste is being accumulated with no effective method of disposing of it. 

According to statistical studies [10], plastics began being produced on a wide scale in the 

early 1950s and have steadily maintained increasing growth. It is estimated that in the past 

70 years, 8,300 million metric tonnes (Mt) have been produced, with only 600 Mt being 

recycled and 800 Mt being incinerated, leaving majority of produced plastics to be left for 

chronological decay to decompose, which in some cases might take up to 1,000 years [10]. 

 

Figure 1.1 Plastic waste production since 1950 (amount in Mt) (data from [11]) 

Figure 1.1 shows how the world is accumulating more and more plastic waste due to 

insufficient disposal methods and increased demand. Dependency on plastic has increased 

exponentially in the last few decades, and it is expected to keep on increasing in the future. 

As the world's population is increasing massively, the demand for more plastic will 

Plastic Production

8,300

Discarded 

4,900

Incinerated

 800

In use 

2,600

Recycled

600
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increase even more. Geyer et al. [11] suggests that an exponential growth trend is the  

predicted trend for plastic production, which in turn highlights the importance of finding 

an effective and viable disposal method to counter this exponential trend.  

 

Figure 1.2 Plastic production trend (data from [11]) 

Figure 1.2 shows how the production of plastic has increased over time and the projected 

production till 2050. The graph shows that between the mid 1990s and mid 2010s, plastic 

production doubled from 200 Mt per year to around 400 Mt per year. Unfortunately, the 

trend expects plastic production to double again to reach a massive 800 Mt a year by the 

late 2,030s. Such alarming predictions emphasise the importance of having a more concrete 

approach to handling the plastic waste challenge, one that would be effective as well as 

efficient. 

To counter this environmental challenge, scientists have been trying to find more 

innovative ways to handle plastic waste, as the current methods, including incineration and 

recycling, are not effective. While incineration is a good way to produce energy, the 

environmental impact of the process is negative as it produces harmful emissions. 

Recycling is not a suitable solution as it repurposes plastics to produce more plastics. 

1.3 Multigeneration systems 

Multigeneration systems are designed to integrate multiple sub-systems to produce 

different useful outputs. A sustainable multigeneration system runs on sustainable energy 
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resources such as solar, geothermal, wind, or hydro. In this study, three sustainable waste-

to-energy multigeneration systems are proposed that will couple sustainable energy 

resources with an intricate system that will utilise plastic waste to produce energy [12].  

Furthermore, the study will focus on producing hydrogen as a clean fuel since hydrogen-

driven energy systems are a viable solution for concurrent renewable energy as they may 

be used in lieu of fossil-based fuels. Currently, the bulk of the hydrogen requirements are 

for chemical processes, including the use of hydrogen as a processing agent in some 

chemical processes. According to the International Energy Agency, lowering the cost of 

hydrogen production and delivery will enable the energy source to meet its viability and 

sustainability objectives [13]. Both in terms of production and transportation, green 

hydrogen is more economically viable as a fuel source. Additionally, carbon sequestration 

technologies provide an environmentally benign alternative means of producing hydrogen. 

Moreover, off-grid renewable energy is a more ecologically friendly option. Hydrogen may 

be used in a variety of ways to help decarbonize processes and sectors. During hydrogen 

combustion, no green house emissions are produced. When compared to other fuels and 

energy storage techniques, it has one of the highest energy densities per unit mass. It has a 

variety of uses as an input or chemical ingredient, and accordingly, hydrogen as an energy 

source has several applications in the industry [14].  

1.4 Motivation  

In the last few decades, awareness about the dangers of plastic waste has increased greatly. 

Seeing how many chain stores are acting actively towards lowering the consumption of 

plastic-made materials is a positive. Moreover, governments all around the world are 

issuing new legislation at the individual and business level to limit the use of plastic 

materials. However, as it is evident from the previous section, all the current efforts are not 

enough as the world's dependency on plastic material is increasing, and hence the challenge 

for effective disposal of plastic waste is getting harder and harder every year. 

As a result, the most effective method to counter the accumulation of plastic waste is to 

propose an economically effective solution that is environmentally benign. The solution 

should be economically viable for investors to take active steps toward it and 

environmentally benign, as otherwise it would defeat the purpose of having a better 
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environment to live in. Accordingly, it is certainly crucial to research ways of making 

waste-to-energy systems that are based on plastic waste more efficient so that such systems 

can be implemented on a wider scale and take part in cleaning the world from plastic waste. 

1.5 Objectives 

In this study, three multigeneration systems are developed to efficiently utilise plastic 

waste. The three wastes to energy systems are developed by implementing the three S 

approach [15] (i.e., source, system, and service). The first multigeneration system's energy 

sources are plastic waste and solar energy; the second multigeneration system's energy 

sources are plastic waste and geothermal energy; and the third multigeneration system's 

energy sources are plastic waste and wind energy. Figure 1.3 shows a simple schematic of 

the three developed systems with inputs and outputs. Utilizing exclusively renewable 

energy sources as the secondary source of energy for the proposed systems increases the 

system's sustainability as renewable resources could be used in perpetuity. When 

renewable energy sources are combined with waste-to-energy systems, the environmental 

effect is minimised since energy is recovered from waste material using a benign energy 

source.  

 

Figure 1.3 Representation of the proposed systems with inputs and outputs 

In proposed systems, the waste source is plastic waste, which is not only a source of wasted 

energy but, at the same time, an environmental risk that is causing damage to every aspect 

of the environment.  
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The main objective of this paper is to develop and assess three integrated waste-to-energy 

systems that produce five useful outputs. The system's useful outputs are hydrogen, 

heating, domestic hot water, fresh water, and electricity. The objectives of this thesis are 

summarised in the below points: 

• To design three multigenerational systems that use plastic waste and renewable 

energy sources to make hydrogen, electricity, heating, hot water, and fresh water. 

• To study and analyse the proposed systems by implementing thermodynamic 

energy and energy analyses. 

• To determine the energy and energy efficiencies of the overall multigenerational 

systems as well as the systems outputs. 

• Conduct parametric studies to study the effects of changing systems’ operating 

parameters on the overall system performance. 

• To compare the developed system with comparable waste-to-energy 

multigeneration systems in the literature. 

A comprehensive literature review is conducted in chapter 2 to study the most recent 

advances in all related topics to the thesis topic. In addition, chapter 2 will highlight and 

discuss the literature gaps. In chapter 3, the three developed systems are thoroughly 

discussed. presenting the different sub-systems used to comprise each system and 

discussing the proposed location of each system. In chapter 4, the analyses conducted to 

analyse the three systems is discussed, including all the thermodynamics analyses and 

modelling procedures. In chapter 5, the results of the analyses completed in chapter 4 are 

presented and thoroughly discussed to get an informed understanding of the effectiveness 

of employing each of the three systems. In addition, parametric studies are conducted for 

the three systems, and a comparison study is performed to assess the effectiveness of 

developed systems in comparison with similar systems in the literature. Furthermore, a 

brief economic study was conducted to analyse which system would be better in terms of 

the economy. In chapter 6, the thesis is concluded with closing remarks summarising the 

analyses and results obtained in the thesis. In chapter 7, recommendations for future studies 

are presented to enhance the study and explore in more detail the economic and 

environmental aspects of the thesis. 
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Chapter 2. Literature Review 

A thorough review of the literature on plastic waste decomposition, power generation 

systems, hydrogen production techniques, and water desalination systems was conducted. 

The aim of this literature review is to better understand the literature gaps and provide a 

concrete background for the proposed systems. Plastic waste is a valuable source of energy 

as it is essentially comprised of concentrated hydrocarbons. As such, utilising plastic waste 

as an energy source has been exploited in many research studies. Molgaard [16] studied 

the effectiveness of recycling plastics compared to using it to produce energy through 

incineration, concluded that it would only be viable to recycle plastics if it was thoroughly 

processed and separated into specific types, which would be a financially and economically 

costly process. Bajad et al. [17] studied the conversion of plastic waste into carbon 

nanotubes and hydrogen-based syngas using a multi-core catalyst reactor. The study results 

showed that for each 60 g of plastic waste and 1 gramme of catalyst, 6.63 g of carbon 

nanotubes and syngas with a 78% hydrogen concentration could be produced. 

Devasahayam and Strezov [18] studied the effects of using biomass and plastic waste in 

the process of thermal decomposition of magnesium carbonate. The study showed that 

using biomass and plastic wastes decreased the reaction temperature by 37.5% and 

increased the possibility of carbon dioxide avoidance by 99%. Mir and Pandey [19] studied 

the possibility of utilising plastic wastes in the production of molybdenum carbide. Their 

proposed method was to produce molybdenum carbide by heating molybdenum trioxide 

with plastic waste in a furnace and adding magnesium to facilitate the reduction reaction. 

The results show that molybdenum carbide could be produced at a temperature range of 

600oC to 800oC. 

2.1 Pyrolysis 

Since plastic waste is an energy-dense hydrocarbon material and hence carries a huge 

amount of energy, a more sustainable solution would be to produce energy from plastic 

waste through an environmentally friendly method such as pyrolysis. Pyrolysis 

decomposes materials in the absence of oxygen, which produces clean synthetic gas 

(syngas) without producing harmful emissions [20]. Scott et al. [21] in the early 1990s, 

they proposed different systems based on plastic waste pyrolysis; both thermal and catalytic 

pyrolysis were analysed while further experimental tests were implemented on 
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polyethylene (PE) plastics for validation. The study found that catalytic thermal pyrolysis 

yielded promising results that were recommended for further study due to potential 

financial returns.  

As numerous research and development activities are undertaken on the same subject, 

researchers aim to deploy various approaches and sophisticated methods. Different types 

of pyrolysis were studied in order to produce syngas from different types of plastic 

waste. Omol et al. [22] studied the effect of increasing the pyrolysis temperature on the 

amount of produced syngas. The experiment explored three types of pyrolysis: thermal, 

activated clay catalyst, and aluminium chloride catalyst pyrolysis. The results showed that 

the optimum results were found at a pyrolysis temperature of 400 °C with both catalytic 

pyrolysis yielding greater amounts of syngas. However, aluminium chloride had a slight 

advantage over activated clay catalytic yield in terms of energy content of produced syngas. 

Selvaganapathy et al. [23] simulated the pyrolysis of three types of plastic waste: PE, 

polypropylene (PP), and polystyrene under different temperatures using an electric heating 

coil. The study concluded that plastic waste pyrolysis has the optimum efficiency at 450 

°C, the reactor temperature. Park and Lee [24] conducted some research on PP to study the 

effect of increasing the pyrolysis temperature on plastic waste of the same chemical 

composition with different molecular weights, the study concluded that the higher the 

molecular weight of the plastic being pyrolyzed, the higher the percentage of hydrocarbons 

material in the pyrolysis products. In specific, the study found that higher molecular weight 

PP yielded 20% more hydrocarbons at pyrolysis temperatures between 500°C to 800°C, 

which shows that more complex hydrocarbons require more energy to decompose through 

pyrolysis.  

Williams and Bagri [25] studied the catalytic pyrolysis of polystyrene using both zeolite 

ZSM-5 and Y-zeolite catalysts and the catalyst temperature effect on the composition of 

pyrolysis syngas. The study concluded that using a catalyst produced more vapor syngas 

compared to the vapor gas yield percentage without using a catalyst. Producing a high 

concentration of vapor syngas is significant as it is more useful and could be more easily 

processed to produce hydrogen.  
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The syngas produced by means of plastic pyrolysis could be used in various applications 

by manipulating it through combined power generation cycles or directly as a substitute for 

conventional fuels [22]. Praveenkumar et al. [26] explored the potential of directly using 

syngas produced from plastic pyrolysis as a substitute for conventional diesel oil and 

analysed the performance as well as the emissions levels of this practice. The results show 

that it is quite sensible to use synthetic diesel produced from plastic pyrolysis to run 

conventional diesel engines as the performance of the engine maintained acceptable 

running conditions and did not require any modifications. In particular, the results showed 

a slight reduction in the thermal efficiency and power output of the engine while also 

recording a decrease in carbon dioxide emissions. Lameh et al. [27] studied the possibility 

of using wide-scale plastic pyrolysis to lower the dependency on fossil fuel made in 

Lebanon. The study proposed a plastic pyrolysis system that is based on solar energy to 

produce energy from high-density polyethylene (HDPE). The reactor was kept at 520 °C 

and required 752 kW of energy for each metric tonne of HDPE. The study concluded that 

using a solar integrated system that utilises plastic waste will lead to a 52.5% reduction in 

dependence on fossil fuels and a reduction of carbon dioxide emissions by 67 kg per tonne 

of HDPE. 

Pandey et al. [28] studied the ideal operating parameters for plastic waste processing in a 

bubbling fluidized bed experimentally. The fluidizer was steam, and the bed material was 

sand. The optimal temperature for avoiding liquefaction in the reactor was set at 600 °C. 

Steam was introduced to the reactor at a temperature of 600 °C and a velocity of 0.18 m/s. 

The resultant gas contains 22% carbon monoxide, 7.5% hydrogen, and 7.5% methane. Seo 

et al. [29] studied the effect of using multiple catalyst coupled with plastic waste pyrolysis 

to try and find the optimum catalyst to increase the vapor syngas content. Catalyst such as 

ZSM-5, zeolite-Y, mordenite and amorphous silica-alumina were studied experimentally. 

The results showed that zeolite-based catalyst significantly increased the production of 

vapor syngas in comparison to other types of catalysts. A maximum of 63.5 % of vapor 

syngas was possible using ZSM-5 powder as a catalyst at 450°C.  

Ghaffar et al. [30] studied the effect of heating rate and reaction time on the produced 

syngas. The experiment used ZSM-5 powder as a catalyst for plastic waste pyrolysis at 
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550°C. However, the reactor temperature was controlled to increase gradually to study the 

effect of reaction time and heating rate. The produced syngas included both liquid and 

vapor hydrocarbons with very minimal ash content that did not get more than 0.2%. 

produced liquid syngas had the same thermal energy content as diesel with gross calorific 

value of around 45 MJ/kg. The study found that as the heating rate increased, produced 

vapor syngas increased. While the reaction time had the opposite effect as produced syngas 

increased with decreasing reaction time. Produced syngas vapor content was from 40% to 

52%.  

Thermal pyrolysis could be achieved by heating the feedstock waste in the absence of 

oxygen. This could be achieved by different methods such as electric coil heating, fluidized 

steam heating, and plasma arc heating. The use of plasma to produce the required thermal 

energy for waste degradation has been studied in literature and is currently the main focus 

of waste pyrolysis management plants. Nema and Ganeshprasd [31] studied plasma 

pyrolysis for medical plastic waste. Medical waste has the possibility of carrying dangerous 

and contagious pathogens that could only be discarded or avoided if subjected to high 

temperature. Hence thermal treatment through pyrolysis was proposed to utilize medical 

plastic waste. The reactor was designed to work on plasma arc that heats the reactor to 

around 1,200 °C. Results show a high concentration of hydrogen at 22% of produced 

syngas. Diaz-Silvarrey et al. [32] studied plastic waste decomposition using cold plasma 

pyrolysis with HZMS-5 as a catalyst. Cold plasma pyrolysis is the process of decomposing 

waste materials at a temperature of the range of 600 °C. The study focused on the effect of 

changing the reactor temperature and amount of catalyst to measure the change in the 

syngas composition. A maximum of 74% vapor syngas composition was obtained at 

temperature of 600 °C and a catalyst 5%.  

2.2 Gasification  

Researchers have also studied the possibility of using gasification to extract energy from 

plastic waste and the effect of changing the gasification temperature on the energy content 

of produced syngas. Gasification is the process of decomposing waste material with an 

insufficient oxygen rate that is between one third and one fifth of the stoichiometric rate. 
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This is to avoid full combustion that would burn all the hydrocarbons of the syngas 

composition [33].  

Cho et al. [34] studied the results of a dual stage gasification of plastic wastes to produce 

syngas (i.e., containing hydrogen). The maximum hydrogen concentration in resulting 

syngas was 30% using a 900 g of nickel loaded activated carbon. Saebea et al. [35] have 

simulated the gasification of PE and PP plastics waste as the two most common types of 

plastics at different temperatures to study the effect of changing the temperature on produce 

syngas. The study found that at higher temperatures, the energy content of the syngas 

increases. The graph reached a plateau after increasing the reactor temperature to 900°C. 

This shows that using pyrolysis could be a more efficient way of handling plastic waste as 

it requires less energy input in terms of reactor temperature. He et al. [36] studied the 

gasification of PE from municipal solid wastes. The gasification reactor was coupled with 

NiO catalyst for enhanced vapor yield of the gasification. The experiment was maintained 

between 700-900°C. Steam was introduced to the gasifier at a rate of 1.33 of PE feed rate. 

The results showed hydrogen output of 36.98% and CO output of 27.35%.  

Lazzarotto et al. [37] studied the effect of Calcium oxide (CaO) in the steam gasification 

of plastic wastes. The feed rate of plastic consisted of a mix of three types of plastic that is 

feed into a fluidized bed reactor at a rate of 0.3 kg/s at different reactor temperature ranging 

from 700-900°C. The results show that with CaO as a catalyst, hydrogen production 

increased by 15% to reach a maximum of 104 mol/kgwaste. Yang et al. [38] studied the use 

of a two-stage gasification reactor for plastic waste decomposition. The proposed catalyst 

was Ni/Al-SBA-15 and NiCu/CaOSiO2 and the study aim was to increase hydrogen 

production rate. The reactor temperature was maintained between 600-800°C. the results 

showed a significant increment in hydrogen production percentage of 12% to a total 857.6 

mmol/ kgwaste. 

Carmo-Calado et al. [39] studied the gasification of mix waste material including different 

types of plastic and waste tyres. The reactor temperature was maintained at 800°C and the 

steam feed rate at 60°C and 11L/min. the results shows that vapor syngas produced from 

decomposing plastic waste has a high calorific value of 3.09MJ/Nm3. The results showed 

increased value of greenhouse gasses emissions as air feed rate was increased. Wang et al. 



13 

 

[40] studied the carbon dioxide assisted gasification of plastic waste in a study that aims to 

maximize the vapor content of syngas. The gasification reactor was kept at 800-950°C as 

carbon dioxide feed rate increased from 434-936 m2/g. the results showed significant 

increment in vapor syngas composition that increased from 79.9% to 95.2%. 

2.3 Hydrogen production 

Hydrogen could be produced via multiple chemical processes such as electrolysis, steam 

reforming, plasma reforming, and water-gas shift reaction. The proposed multigeneration 

system includes three different hydrogen production sub-systems that each run on a 

different method. This part will review the related literature for hydrogen production 

through steam reforming, plasma reforming, and water-gas shift reaction [41]. 

Xiu et al. [42] studied the effect of applying adsorption-enhanced reaction to the steam 

methane reforming reaction. The products of steam methane reaction are not pure hydrogen 

and has a high concentration of carbon dioxide, hence the adsorption unit is added in this 

study to purify produced hydrogen and capture the carbon dioxide. The results showed 

significant enhancement as the carbon dioxide level was decreased to less than 400 ppm 

and carbon monoxide level decreased to less than 30 ppm, accordingly, a maximum purity 

of 98% could be achieved. Giuliano et al. [43] studied the Sorption enhanced steam 

methane reforming with Ni as the reforming catalyst and CaO-mayenite as the carbon 

dioxide capturing agent. The Ni catalyst contributed to lowering the required temperature 

for the reforming reaction from 650°C to 800°C while the CaO-mayenite enhanced carbon 

dioxide capturing from produced syngas by 150% resulting in a purer hydrogen final 

product.  

Hacker et al. [44] studied the steam–iron reforming process for hydrogen production from 

syngas that contains carbon monoxide, methane, and hydrogen. Iron-steam reforming is a 

well-established method for hydrogen production, and it is used to produce high purity 

hydrogen gas. The process is a recurring process for water cleavage, whereby syngas is 

consumed. Syngas reacts chemically with iron oxides (haematite Fe2O3 and magnetite 

Fe3O4) to produce a reduced type of iron oxides (wuestite FeO and iron Fe). The reduced 

iron oxide is re-oxidised with steam to return to magnetite and hydrogen. The study showed 

that using iron-steam reforming, a hydrogen gas with high purity could be achieved with a 
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maximum concentration of carbon monoxide in the output gas of less than 10 ppm. 

Takenaka et al. [45] studied the effects of adding two catalysts to the iron regenerator. The 

two catalysts were copper and Chromium. The catalyst was introduced to achieve the same 

reaction at a much lower temperature as iron-steam reforming usually require high 

temperature (more that 1,000 K) while using the proposed catalyst will decrease the 

running temperature to 570 K. Furthermore, the study found that while the iron-steam 

reforming enhances the purity of produced hydrogen significantly compared to methane 

reforming, using the proposed catalyst will not affect the purity of produced hydrogen and 

maintain its high effectiveness. Additionally, the experimental results showed that 

repetition of the process does not affect its efficiency significantly.  

In the hydrogen production industry, water gas shift reaction is a major process that is used 

often. Hydrogen is formed from steam in the water gas shift process, while carbon 

monoxide is transformed into carbon dioxide. Due to advancements in hydrogen 

production and carbon sequestration for the purpose of developing alternative fuels and 

minimising the environmental greenhouse effect, the water gas shift reaction has emerged 

as a critical pathway for meeting hydrogen production demand [46]. Augustine et al. [47] 

studied the effect of using high pressure and high temperature palladium membrane. The 

experimental parameters were 14.4 bar for the pressure and 450°C temperature. The study 

results show a maximum carbon monoxide conversion rate of 98.2%.  

Plasma pyrolysis of methane has been proposed as a more environmentally benign and 

acceptable replacement for conventional techniques of hydrogen production from syngas. 

The method's most important improvement is that hydrogen is produced straight from 

methane without generating carbon dioxide Fincke et al. [48] investigated experimentally 

methane plasma pyrolysis using a modified version of a direct current plasma reactor to 

produce carbon soot and hydrogen. The results show a 30% to 70% ratio for produced 

carbon smoot and hydrogen respectively. The study showed that as the temperature 

decrease below 1,500 K, the amount of carbon soot decrease significantly and hence it is 

recommended to keep the reactor temperature at relatively lower temperatures. Boutot et 

al. [49] studied the conversion of methane or natural gas to hydrogen by plasma pyrolysis. 

The reactor could process 25 kg/h at a temperature of 800°C and requires 5kW of power 
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to generate the required plasma arc. The results show conversion rate of 35% for input 

feedstock.  

2.4 Power generation cycles 

In power generation plants, typically a gas turbine or steam turbine is used to generate 

power. Traditional internal combustion turbine power plants are composed of a 

compressor, a combustion chamber, and a gas turbine. They run on an open Brayton cycle. 

The combustion gas turbine is often regarded as the most efficient method of converting 

the chemical exergy of gaseous or liquid fuels to electrical energy. The majority of the 

thermal power generating cycles in large scale power plants are either air based open 

Brayton cycles or water based closed Rankine cycles [50]. Furthermore, gas turbine 

systems are generally very adaptive systems because of their capacity to use a variety of 

different types of fuel as a source of heat. Additionally, the working fluid for these cycles 

is often air, which makes it even more economically preferable [51].  

2.5 Toxins and greenhouse gas emissions in plastic wastes decomposition  

Different methods could be used to decompose waste material in multigenerational waste-

to-energy systems. Incineration, gasification, and pyrolysis could be used to decompose 

waste material. However, plastic waste thermal decomposition could result in producing 

dangerous toxins like polychlorinated dibenzo-p-dioxins, dibenzofurans, dioxins, and 

furans, all of which are seriously harmful to human beings. Furthermore, thermal 

decomposition of hydrocarbon waste like plastic via incineration produces huge amounts 

of greenhouse gas emissions. In comparison, gasification and pyrolysis decompose waste 

material with an insufficient amount of oxygen, and in the case of pyrolysis, the 

decomposition process happens without any oxygen. As a result, gasification and pyrolysis 

decompose hydrocarbons with a much lower level of greenhouse gas emissions. Verma et 

al. and Weiland et al [52, 53] studied the toxins resulting from thermally decomposing 

plastic waste. The results showed a significant decrease in the amount of toxins released 

from thermal decomposition when gasification and pyrolysis were used compared to 

incineration. Hence, for an environmentally friendly system, gasification and pyrolysis are 

recommended to decompose plastic waste. 
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2.6 Literature gaps 

While multigenerational systems are very successful and hence a well-researched subject 

in the literature, few contemplate incorporating waste-to-energy systems into 

multigenerational systems. When studying waste to energy in multigenerational systems, 

plastic waste is often overlooked, even though it has a huge environmental impact. While 

several studies have classified plastic waste as municipal solid waste, this does not address 

the issue directly. Three systems are presented in this thesis that are based on plastic trash. 

Additionally, multigeneration systems are often designed to provide output that is 

customised to industrial or residential demands. The suggested solutions address both 

community and industrial demands by producing hydrogen, fresh water, heating, 

household hot water, and electric power. 

The novelty in proposed thesis can be summarized as follows: 

• The proposed systems are targeting the utilization of plastic waste in waste to 

energy multigeneration systems 

• In system 1 and 3, thermal pyrolysis is utilized for multigeneration systems. 

• All systems are using only renewable energy sources 

• The system outputs cover both communal and industrial needs.  
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Chapter 3. System Development  

This section will thoroughly discuss the three multigeneration systems proposed in this 

thesis. The three multigeneration systems’ components are discussed, where similarities 

and contrasts will be highlighted. The three proposed systems are as follows:  

• Multigeneration System 1 → Plastic waste thermal pyrolysis coupled with solar energy. 

• Multigeneration system 2 → Plastic waste gasification coupled with geothermal 

energy. 

• Multigeneration system 3 → Plastic waste plasma pyrolysis coupled with wind energy. 

The three systems were developed to utilise plastic waste through different types of 

material decomposition, the first system uses thermal pyrolysis that is heated by an electric 

coil, while the second system uses fixed bed steam gasification, and the third system uses 

plasma pyrolysis. The produced syngas is then processed through different subsystems that 

comprise the multigeneration system to produce hydrogen, electric power, heating, fresh 

water, and hot water. The proposed location for the three systems is dependent on the 

environmental requirements for each system. Accordingly, the first system would require 

a location with high solar irradiation exposure for the majority of the year as it has solar 

energy as an input. Hence, the three systems are summarised in Table 3.1. The proposed 

multigeneration systems are developed to include hydrogen production units to utilize the 

maximum potential of produced syngas. The first system produces hydrogen through steam 

methane reforming and water-gas shift reactor. While the second system produces 

hydrogen using iron-methane reforming and finally the third system is using methane 

plasma pyrolysis.  

The location proposed for each multigeneration system is based on the availability of the 

secondary renewable resource. In particular, each system is proposed to be located at a 

location where the secondary energy source is available in abundance.  The three secondary 

energy sources are solar, geothermal, and wind energy. For the first system, a location with 

high solar irradiation is required, and hence Posadas Córdoba, Andalusia, Spain has been 

selected as a proposed location due to the availability of the La Africana solar trough field 

located in that city. The La Africana solar field is a 50 MW capacity solar field that can 

provide the required energy to run the first multigeneration system [54]. For the second 



18 

 

system as it requires a high temperature geothermal well, it is proposed to be in Kakkonda, 

Japan. The geothermal well in Kakkonda is on of the highest geothermal well in terms of 

energy and temperature of geothermal fluid could reach up to 500oC [55]. For the third 

multigeneration system, the city of Tarfaya, Morocco is proposed as potential location due 

to the availability of Tarfaya Amogdoul wind farm that has the capacity of 300 MW. Such 

capacity would be sufficient to implement the proposed system at a larger scale due to its 

huge capacity [56].  

Table 3.1 Summary of the proposed systems 

 

3.1 First multigeneration system 

The first multigeneration system utilises solar energy as a renewable resource, coupled 

with a plastic waste to energy system that uses thermal pyrolysis to decompose plastic 

waste and produce syngas. Syngas is then manipulated through different subsystems to 

produce hydrogen, generate electric power, provide heating, desalinate saline water, and 

produce domestic hot water. Figure 3.1 shows the schematic of the first multigeneration 

system. 

3.1.1 Plastic processing unit 

In this unit, plastic wastes are preprocessed prior to being fed to the pyrolysis reactor. The 

first step would be the separation of plastic types, as only PE plastics are targeted in this 

Details Multigeneration System 1 Multigeneration System 2 Multigeneration System 3 

Proposed 

Location 
Cordoba, Spain Kakkonda, Japan Tarfaya, Morocco 

Input 

Resources  
Plastic waste pyrolysis, 

Solar  

Plastic waste gasification, 

Geothermal 

Plastic waste pyrolysis, 

Wind 

Output 

Electricity 

production 
Combined Cycle (open) Combined Cycle (closed) Combined Cycle (open) 

Hydrogen 

production 

Methane-Steam reforming 

+ WGSR 

Methane-Steam reforming 

with iron catalyst 
Methane plasma pyrolysis 

Water 

production 
MED RO RO 

Heating 
Excess heat from combined 

power generation cycle 

Excess heat from 

geothermal fluid 

Excess heat from combined 

power generation cycle 

Domestic 

Hot Water 

Excess heat from combined 

power generation cycle 

Excess heat from combined 

power generation cycle 

Excess heat from combined 

power generation cycle 
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study. Then separated PE waste would be processed into a shredding machine to refine the 

feed stock into uniform 13 mm sized bits to optimally go through chemical decomposition 

in the pyrolysis reactor [57]. 

3.1.2 Solar sub-system 

In this sub-system, solar energy is absorbed using a parabolic trough solar collector (PTC) 

to heat molten salt that is used as the running fluid. Molten salt flows through the solar 

collector at a rate of 100 kg/s and is heated to 550°C. Then it is split between two streams; 

one is used to store excess energy in a thermal storage sub-system and the second stream 

is processed through heat exchanger 3 (HE3) to heat water that is the fluid in the first 

Rankine cycle. The first heat exchanger (HE1) is used to heat the molten salt inside the 

thermal energy storage cycle that is used to store solar energy; while the second heat 

exchanger (HE2) is used to heat the fluid in the first Rankine cycle during the time when 

the system is being operated on stored energy (i.e., low sun irradiation time). The first 

Rankine cycle is used to produce electricity that is used for communal needs and also 

powers the heating coil that heats the pyrolysis reactor. The heating rate required for the 

heating coil is 10,000 kW [58]. Furthermore, the dispensed heat at condenser 1 (Cond1) is 

also used to run the MED unit that is used to produce fresh water. 

3.1.3 Pyrolysis reactor and combined cycle 

The pyrolysis reactor heats inlet plastic waste at a temperature of 450°C to produce syngas 

and char. The pyrolysis temperature was set to 450oC as the optimum temperature to yield 

liquid fuel based on experimental work of Selvaganapathy and Muthuvelayudham [59]. 

The system will run on continuous pyrolysis that will maintain the system running 

continuously. The reactor is based on commercially available continuous pyrolysis rotary 

reactors with a size of 1.4 m in diameter and 11 m in length. This is based on leading 

industry model for continuous pyrolysis reactor designed by BESTON Machinery [60] and 

recent studies on plant scale continuous pyrolysis reactor proposed by Yanshan 

Petrochemical company [61]. The type of plastic that is considered in this study is PE as it 

is the most produced plastics type which contributes to 35% of all plastics being produced 

globally [62]. While choosing to process only one type of plastics might seem impractical, 

as PE is by far the most produced and used type of plastics, it is a viable option to separate 
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it and use it for fuel production through pyrolysis. The heating value of PE is 38,036 kJ/kg 

[63] which is referenced from literature. The composition of inlet material and syngas 

composition is listed in the Table 3.2 and Table 3.3 respectively [35] [23]. The chemical 

pyrolysis reaction could be represented by the following [28]. 

Cn Hm Op (polymer) ⎯⎯→ ∑Liquid Cx Hy Oz + ∑gas Ca Hb Oc + C (char)   (3.1) 

Table 3.2 The proximate and ultimate analysis of PE (data from [35]) 

Plastic Type PE 

Moisture Content 0.02 

Proximate Analysis wt% dry basis 

Volatile matter 99.85 

Char 0.15 

Ultimate Analysis wt% dry basis 

C 85.81 

H 13.86 

O 0.15 

N 0.12 

S 0.06 

 

Table 3.3 The pyrolysis product details at 450oC (data based on results in [23]) 

Product Chemical Composition Percentage % 

Hydrogen H2 9% 

Methane CH4 4% 

Synthetic Diesel C11 – C20 84% 

Ash C 3% 

 

The syngas produced is processed into a column separator to separate vapor and liquid 

syngas. The vapor syngas is processed further into second separator to separate hydrogen 

and a hydrogen production unit that transformers methane into hydrogen. The liquid syngas 

is further processed into a Brayton cycle to produce electricity while the combustion 

exhaust gas is processed through a heat exchanger (HE4) to transfer heat into the second 

Rankine cycle that is also used to produce electricity. The second condenser (Cond2) in the 

second Rankine cycle dispenses heat to a water stream turning it into stream that is used 

for methane steam reforming.  
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3.1.4 MED sub-system 

The MED sub-system is used to desalinate saline water to produce fresh water and brine. 

The saline water enters the system at nominal temperature and pressure and is processed 

through three effects desalination units, which use the rejected heat from Cond 1 during 

the first Rankine cycle to vaporise the water that is collected later while separating brine. 

Reference to similar works in literature  [64], the assumptions made for the MED unit are 

as follows: (i) Temperature and pressure of steam entering the first effect are set at 69°C, 

101.3 kPa. (ii) The inlet saline water temperature is 20°C. (iii) The saline water salt 

concentration is 35 g/kg. (iv) The maximum salt concentration of saline water is 70 g/kg. 

Water is used to carry heat from Cond 1 at the first Rankine cycle to the MED unit to 

vaporize saline water. The products of the first effect are heavily concentrated saline liquid 

and steam. Steam produced in the first effect module, is processed to the second effect to 

be used as a heating source for the heavily concentrated liquid to produce more heavily 

concentrated liquid and vapor. The same goes through the final effect producing brine and 

fresh water. Fresh water gets processed further to be partially used for methane steam 

reforming while the remaining part is used for communal needs of fresh water, while brine 

is processed back to the sea. The study will utilize the Aspen HYSYS to model the MED 

sub-system and analyze each effect showing the outcome of the analyses in Table 3.2. 

Figure 3.1 shows the flow sheet of the MED sub-system as modeled on the Aspen HYSYS. 

The property method Peng–Robinson–Stryjek–Vera is used as bases for the analyses. The 

simulation starts with sea water with salt concentration of 0.035 and is optimized to achieve 

a resulting brine with salt concentration of 0.07. The heat recovered from Cond 1 is used 

to initiate the MED unit with an input saline water rate of 10 kg/s. the final output of the 

three effects is 24.17 kg/s of fresh water. This is enough for a small community, and it 

would not be affected when a small portion of the produced fresh water is turned into steam 

and used for the steam reforming sub-system.  

3.1.5 Hydrogen production unit 

The methane steam reforming is the most developed method of producing hydrogen in the 

industry [65]. In the proposed system, methane steam reforming unit is added to further 

increase the system efficiency. The methane steam reforming unit typically contains four 

main units, desulfurizer, reformer, shift reactor and separators. As the inlet stream does not 
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contain any sulfuric materials, the first unit is ignored. In this study, vapor syngas processed 

in stream number 41 consists of hydrogen, methane. While hydrogen is separated before 

the steam reformer at stream number 43. 

Accordingly, two pure streams (i.e., methane and steam) are assumed to enter the methane 

steam reformer and water gas shift reactor (WGSR) where the following chemical reactions 

take place converting methane and steam into hydrogen and carbon dioxide: 

CH4 + H2O → CO + 3H2         (3.2) 

CO + H2O → CO2 + H2        (3.3) 

After the WGSR, the running fluid will consist of carbon dioxide and hydrogen, the stream 

is processed through a scrubbing unit to capture the excess carbon dioxide and then 

processed through to a hydrogen storage unit that will liquefy hydrogen by compressing it 

to 350 bar and store it to be later transported and used in other applications [66]. 

Table 3.4 MED simulation parameters 

Effect 

Number 

Operating 

Temperature 

(0C) 

Operating 

Pressure 

(kPa) 

Salt 

(g/kg) 

Fresh Water 

(kg/s) 

Net Fresh 

Water (kg/s) 

1 63.41 101.3 35 9.65 6.15 

2 46 9.905 56.2 8.37 14.52 

3 44 6.516 69.7 6.15 24.17 

 

Figure 3.2 MED Aspen HYSYS flowsheet 

3.2 Second multigeneration system 

The second multigeneration system utilizes geothermal energy as a renewable resource 

coupled with plastic waste to energy system that uses fluidized bed gasification to 
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decompose plastic waste and produce syngas. Syngas is then manipulated through different 

subsystems to produce hydrogen, generate electric power, provide heating, desalinate 

saline water, and produce domestic hot water. Figure 3.2 shows a schematic of the second 

multigeneration system.  

3.2.1 Geothermal reservoir 

The geothermal fluid pumped from the geothermal reservoir is used to generate steam that 

is used as a catalyst in the fluidized bed gasification for waste plastic. Geothermal fluid is 

pumped into HE1 to heat the steam to 260oC and then passes through HE2 to provide 

domestic heating [67].  

3.2.2 Gasifier and combined cycle 

Plastic wastes are processed through a preprocessing unit like the one used in the first 

multigeneration system to prepare plastic waste for further processing by shredding it to 

smaller bits. Then along with high temperature steam and oxygen, plastic waste will react 

at the gasifier to produce syngas and char. The oxygen rate should be within one third and 

 

 

 Figure 3.3 First multigeneration system layout in the Aspen Plus 
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one fifth of the stoichiometric oxygen level to assure partial combustion and efficient 

gasification of waste plastic [68]. The list of reaction that take place in the gasifier are as 

follow. 

C + ½ O2 → CO         (3.4) 

CO + ½ O2 → CO2          (3.5) 

H2 + ½ O2 → H2O         (3.6) 

C + H2O ↔ CO + H2         (3.7) 

C + CO2 ↔ 2CO         (3.8) 

C + 2H2 ↔ CH4         (3.9) 

The product syngas is then processed through a combined closed cycle that consist of 

helium based closed Brayton cycle and a closed steam Rankine Cycle. In this system, the 

closed gas turbine cycle is used to avoid burning any syngas and hence utilizing it more 

efficiently in producing hydrogen. Whereas the waste PE feed stock has the same 

composition as the one available in Table 3.2, the syngas composition for the second 

multigeneration system is different due to the reactor difference. The syngas composition 

is represented in Table 3.5. 

3.2.3 Hydrogen production unit 

Syngas consisting of carbon dioxide, carbon monoxide, hydrogen methane and steam is 

processed into a methane steam reformer that uses iron as a catalyst. Iron-steam reforming 

is a well-established method for hydrogen production, and it is used to produce high purity 

hydrogen gas. The process is a recurring process for water cleavage, whereby syngas is 

consumed. Syngas reacts chemically with iron oxides (haematite Fe2O3 and magnetite 

Fe3O4) to produce a reduced type of iron oxides (wuestite FeO and iron Fe). The reduced 

iron oxide is re-oxidised with steam to return to magnetite and hydrogen. The chemical 

reaction taking place at this stage is divided into two segments as follows [69]. 

(1) Reduction 

Fe3O4 + 4H2 → 3Fe4H2O        (3.10) 
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Fe3O4 + 4CO → 3Fe4CO2        (3.11) 

Fe3O4 + CO3H2 → 3Fe + CO2 + 3H2O      (3.12) 

Fe3O4 + 4CH4 → 3Fe + 4CO + 8H2        (3.13) 

(2) Oxidation 

3Fe + 4H2O → Fe3O4 + 4H2         (3.14) 

Following the hydrogen production, the resulting stream is processed through to a 

hydrogen storage unit that will liquefy hydrogen by compressing it to 350 bar and then 

store it to be later transported to be used in other applications [70].  

Table 3.5 The gasification product details at 800oC (data based on results in [36]) 

Chemical Composition Percentage % 

Product Distribution 

Vapor Syngas 86.43% 

Tar 4.73% 

Char 8.84% 

Gas composition  
H2 28.94% 

CO2 27.91% 

CO 22.83% 

CH4 14.87% 

C2H4 3.31% 

C2H6 2.14% 

 

3.2.4 Reverse osmosis desalination 

Reverse osmosis desalination is the most used desalination techniques as it is both effective 

and produces high quality fresh water. The running concept is quite simple as saline water 

is being pumped at a very high pressure (i.e., more than 50 bar) through a reverse osmosis 

membrane that separates saline water and allows fresh water to pass through. The 

membrane recovery ratio is 60% and salt rejection ratio is 90% [71].  
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3.2.5 Combined power generation cycle  

Syngas generated in the gasifier is processed through HE5 to heat Helium that is the 

working fluid for a closed gas turbine cycle. The closed cycle is implemented to take full 

advantage of the hydrogen production potential of the syngas produced by the gasifier. The 

working fluid in the closed gas turbine cycle is compressed and then heated by the syngas 

to be later expanded in the gas turbine to produce power. Subsequently, Helium is rejects 

excess heat into a steam turbine Rankine cycle to generate more power and enhance the 

efficiency while running into a secondary heat exchanger to provide required heating for 

domestic hot water. Helium is used as the working fluid as it could be used because of its 

thermodynamic properties as it could be used as ideal gas at very high temperatures [72].  

3.3 Third multigeneration system 

The third multigeneration system utilizes wind energy as a renewable resource coupled 

with plastic waste to energy system that uses thermal plasma pyrolysis to decompose 

plastic waste and produce syngas. In this system, ZSM-5 catalyst is used to promote 

producing more vapor syngas than liquid syngas. Syngas is then manipulated through 

different subsystems to produce hydrogen, generate electric power, provide heating, 

desalinate saline water, and produce domestic hot water. Figure 3.6 shows a schematic of 

the third multigeneration system. In the third multigeneration system, a combined power 

Figure 3.5 Second multigeneration system layout in the Aspen Plus 
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generation cycle with open gas turbine cycle is used for power generation through burning 

liquid syngas in a combustor. This is like the power generation cycle used in the first 

multigeneration cycle. Furthermore, a reverse osmosis cycle is used to desalinate saline 

water and produce fresh water. The cycle is also like the one used in the second 

multigeneration system. 

3.3.1 Plasma pyrolysis reactor 

In the plasma pyrolysis reactor, plastic waste is feed into the reactor at a rate of 3 kg/s, 

where it gets decomposed into syngas by thermal decomposition. The thermal energy 

required for the plastic waste decomposition is achieved by running a high current into 

graphene rods inside the reactor. The high current running through the graphene rods 

excites the electrons across the rods tips and make them transfer from one pole to the other 

through the void in between the two rods. This transfer of electrons that happens suddenly 

and at a quick pace generates very high temperature around the tip of the two rods causing 

a plasma arc to be generated. This plasma arc is maintained at a very high temperature that 

could be controlled to maintain the reactor at desired temperature for the pyrolysis reaction 

to take place. The pyrolysis reactor is equipped with ZSM-5 catalyst powder to enhance 

the vapor syngas yield. While the composition of the input material will not change from 

system 1, the output syngas composition is very different compared to the one produced in 

the first multigeneration system because of using ZSM-5 powder. The output syngas is 

62% vapor containing methane and hydrogen at a very high concentration. While the 

composition of the waste feed stock is the same as in Table 3.2 and the pyrolysis chemical 

reaction is represented in chemical formula 3.1. The product syngas is represented in Table 

3.6. 

Table 3.6 The pyrolysis product details at 600oC (data based on results in [32]) 

Product Chemical Composition Percentage % 

Hydrogen H2 42.23% 

Methane CH4 18.76% 

Synthetic Diesel C11 – C20 36.01% 

Ash C 3% 
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3.3.2 Wind turbine   

Wind energy is a sustainable source that have high energy production capacity. It is coupled 

with this system due to the high electricity requirement for plasma pyrolysis as plasma 

reactors typical demand high electrical power. For the application in the third 

multigeneration system, the plasma pyrolysis as well as the plasma methane pyrolysis will 

require 50 kW [32] and 60 kW [48] respectively. Furthermore, around 1 MW is also 

required for the reverse osmosis desalination plant that requires electric power to pressurize 

saline water. Whereas the power generation capacity of proposed wind turbine farm is very 

high (i.e., 300 MW), only 1% of the capacity is assigned for running the two pyrolysis 

reactors that could generate enough energy with surplus that could be used for the reverse 

osmosis plant that also requires electric power. 

3.3.3 Methane plasma pyrolysis  

Plasma pyrolysis could also be used for methane cracking as to produce solid carbon and 

hydrogen. Methane cracking happens at temperatures higher than 300oC. in the third 

multigeneration system, methane plasma pyrolysis is proposed for hydrogen production to 

produce hydrogen from the resulting syngas of plastic waste pyrolysis. The advantage of 

using methane plasma pyrolysis is that the produced hydrogen is the only vapor product 

meaning that no green house gasses is produced which is the optimum solution for 

Figure 3.7 Third multigeneration system layout in the Aspen Plus 
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producing hydrogen in an environmentally benign manner. The proposed plasma pyrolysis 

reactor operates at 900oC and generates hydrogen with 70% efficiency [48]. Following the 

hydrogen production, the resulting stream is processed through a hydrogen storage unit that 

will liquefy hydrogen by compressing it to 350 bar and then store it to be later transported 

to be used in other applications [70].  
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Chapter 4. Modeling and Analysis 

In this part, thermodynamics analyses of the three multigeneration systems is presented, 

including all equations used to calculate energy and exergy efficiencies for different system 

components. The system is analysed using the Aspen Plus simulator in conjunction with 

the Engineering Equation Solver (EES) [73] [74]. Modeling the solar field in first 

multigeneration system is based on example presented by [75].The following assumptions 

are used to design the system: 

• The system operates under steady state conditions. 

• The pressure losses and changes in kinetic and potential energy are negligible. 

• The reference state temperature and pressure are defined as To = 25°C and Po = 

101.3 kPa. 

• The pumps and turbines isentropic efficiency is 85%. 

The analyses are conducted using thermodynamics first law and the concept of 

conservation of energy. The system balance equations are discussed in general form and 

then presented for each component separately. Thermodynamics analyses are based on 

principles discussed in [76] and [77]. Referring to the conversation of mass principle, the 

mass balance equation is expressed as  

∑ ṁin = ∑ ṁout          (4.1) 

where ṁ is the mass flow rate per second. Subsequently, from the conservation of energy 

principle, the energy balance equations in rate form is expressed as 

 Q̇ − Ẇ = ∑ ṁout hout − ∑ ṁin hin       (4.2) 

where Q̇ is the heat transfer rate, Ẇ is the work rate, and h is the specific enthalpy at a 

specific state point. Following the same principle for entropy balance, the entropy balance 

equations is represented as 

ṠQ + Ṡ gen = ∑ ṁout sout − ∑ ṁin sin       (4.3) 

ṠQ = 
 Q̇

Ts
           (4.4) 
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Here, s represents specific entropy Ṡgen represents generated entropy in a specific system 

component, ṠQ is the entropy associated with heat transfer and Ts is the source temperature 

at a specific system component. Following the same principle for exergy balance, the 

following equations can be used to represent the exergy balance at a certain system 

component 

EẋQ − EẋW = ∑ ṁout exout − ∑ ṁin exin + Eẋdest      (4.5) 

EẋQ = (1 –  T0
Ts

 ) Q̇         (4.6) 

EẋW = Ẇ          (4.7) 

ex = h − T0 s          (4.8) 

where 𝑒𝑥 is the specific exergy, EẋQ is the exergy rate associated with heat transfer, EẋW  is 

the exergy rate associated with work, Eẋdest is the exergy destruction rate at a specific 

system component, T0 is the surrounding temperature and Ts is the source temperature at 

the component. To find the physical exergy destruction rate, the following equation is used 

Eẋdest = T0 Ṡ gen         (4.9) 

4.1 Thermodynamics analyses of system 1 

Referencing the first multigeneration system, the mass, energy, entropy, and exergy 

balance equations for the parabolic solar trough collector are written as follows: 

ṁ5 = ṁ1          (4.10) 

ṁ5h5 + Q̇Solar = ṁ1h1         (4.11) 

ṁ5s5+(Q̇Solar/TSolar) + Ṡ gen, PTC = ṁ1 s1      (4.12) 

ṁ5 ex5 + Q̇Solar (1 – T0/ TSolar) = ṁ1 ex1 + Eẋ dest, PTC      (4.13) 

The mass, energy, entropy, and exergy balance equations for the hot storage tank are 

written as follows: 

ṁ8 = ṁ9          (4.14) 

ṁ8 h8 = ṁ9 h9 + Q̇l, HT         (4.15) 



35 

 

ṁ8 s8 + Ṡ gen, HT = ṁ9 s9 + (Q̇l,HT/Tsurr,HT)      (4.16) 

ṁ8 ex8 = ṁ9 ex9 + Q̇l, HT (1 – T0/Tsurr,HT) + Eẋdest, HT     (4.17) 

The mass, energy, entropy, and exergy balance equations for the cold storage tank are 

written as follows: 

ṁ12 = ṁ13          (4.18) 

ṁ12 h12 = ṁ13 h13 + Q̇l,CT        (4.19) 

ṁ12 s12 + Ṡ gen, CT = ṁ13 s13 + (Q̇l, CT /Tsurr,CT)      (4.20) 

ṁ12 ex12 = ṁ13 ex13 + Q̇l, CT (1 – T0/ Tsurr,CT) + Eẋdest, CT    (4.21) 

The mass, energy, entropy, and exergy balance equations for the pumps in the first 

multigeneration system are written as follows: 

ṁin = ṁout          (4.22) 

ṁin hin +ẆPump = ṁout hout        (4.23)  

ṁin sin + Ṡ gen, Pump = ṁout sout        (4.24) 

ṁin ex in + ẆPump = ṁout ex out + Eẋdest, Pump      (4.25) 

The mass, energy, entropy, and exergy balance equations for the heat exchangers in the 

first multigeneration system are written as follows: 

ṁin1 = ṁout1          (4.26) 

ṁin2 = ṁout2          (4.27) 

ṁin1 hin1 + ṁin2 hin2 = ṁ out1h out1+ ṁ out2 hout2      (4.28) 

ṁin1 sin1 + ṁin1sin1 + Ṡ gen, HE = ṁ out1 s out1 + ṁ out2 s out2    (4.29) 

ṁin1 ex in1 + ṁin1 ex in1 = ṁ out1 ex out1 + ṁ out2 ex out2 + Eẋdest, HE   (4.30) 

The mass, energy, entropy, and exergy balance equations for the turbines in the first 

multigeneration system are written as follows: 
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ṁin = ṁout          (4.31) 

ṁin hin = ṁout hout + ẆTurbine        (4.32)  

ṁin sin + Ṡ gen, Turbine = ṁout sout       (4.33) 

ṁin ex in = ṁout ex out + Eẋdest, Turbine + ẆTurbine     (4.34) 

The mass, energy, entropy, and exergy balance equations for the pyrolysis reactor in the 

first multigeneration system are written as follows: 

ṁ23 = ṁ21 + ṁ22         (4.35) 

ṁ23 h23 + Q̇Coil = ṁ21 h21 + ṁ22 h22       (4.36) 

ṁ23s23 + (Q̇Coil/Tcoil) +Ṡ gen,Pyr = ṁ21 s21 + ṁ22 s22     (4.37) 

ṁ23ex23 + Q̇Coil (1– T0/ TCoil) = ṁ21ex21+ ṁ22 ex 22 + Eẋdest, Pyr   (4.38) 

The mass, energy, entropy, and exergy balance equations for the column separator in the 

first multigeneration system are written as follows: 

ṁ22 =ṁ24 + ṁ42         (4.39) 

ṁ22 h22 = ṁ24h24 + ṁ42 h42        (4.40) 

ṁ22 s22 + Ṡ gen, CS = ṁ24 s24 + ṁ42 s42       (4.41) 

ṁ22 ex22 = ṁ24 ex24+ ṁ42 ex42+ Eẋdest,CS      (4.42) 

The mass, energy, entropy, and exergy balance equations for the combustor in the first 

multigeneration system are written as follows: 

ṁ24+ ṁ26 = ṁ27         (4.43) 

ṁ24h24 + ṁ 26h26 + Q̇Comb = ṁ27 h27       (4.44) 

ṁ24s24 + ṁ 26s26 + Ṡ gen,Comb + (Q̇Comb/TComb) = ṁ27 s27    (4.45) 

ṁ24ex24 + ṁ26ex26 + Q̇Comb(1-T0/TComb) = ṁ27ex27 + Eẋdest, Comb   (4.46) 
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The mass, energy, entropy, and exergy balance equations for the hydrogen liquefaction unit 

in the first multigeneration system are written as follows: 

ṁ46 = ṁ47          (4.47) 

ṁ46 h46 + ẆHLU = ṁ47h47        (4.48) 

 ṁ 46s46 + Ṡ gen,HLU =  ṁ 47s47        (4.49) 

ṁ46 ex 46 + ẆHLU = ṁ47ex47 + Eẋdest,HLU      (4.50) 

The mass, energy, entropy, and exergy balance equations for the compressors in the first 

multigeneration system are written as follows: 

ṁin = ṁout          (4.51) 

ṁin hin + Ẇcomp = ṁout hout        (4.52)  

ṁin sin + Ṡ gen, comp = ṁout sout        (4.53) 

ṁin ex in + Ẇcomp = ṁout ex out +Eẋdest, comp      (4.54) 

The mass, energy, entropy, and exergy balance equations for the condensers in the first 

multigeneration system are written as follows: 

ṁin = ṁout          (4.55) 

ṁ in h in = ṁout hout + Q̇Cond        (4.56) 

ṁin sin + Ṡ gen, Cond = ṁout sout + ( Q̇Cond /Tsurr,Cond)     (4.57) 

ṁin exin = ṁout exout + Q̇Cond (1 – T0/ Tsurr,Cond) + Eẋdest, Cond    (4.58) 

The mass, energy, entropy, and exergy balance equations for the MED unit in the first 

multigeneration system are written as follows: 

ṁ35 = ṁ36 + ṁ37         (4.59) 

ṁ35 h35 + Q̇MED = ṁ36 h36 + ṁ37 h37       (4.60) 

ṁ35 s 35 + ( Q̇MED/TMED) + Ṡgen, MED = ṁ36s36 + ṁ37s37     (4.61) 
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ṁ35ex 35 + Q̇MED (1–T0/TMED) = ṁ36ex36 + ṁ37ex 37 + Eẋ dest,MED   (4.62) 

The mass, energy, entropy, and exergy balance equations for the DHW storage unit in the 

first multigeneration system are written as follows: 

ṁ49= ṁ50          (4.63) 

ṁ49 h49 = ṁ50 h50 + Q̇l, DHW        (4.64) 

ṁ49 s49 + Ṡ gen, DHW = ṁ50 s50 + (Q̇l,DHW/Tsurr,DHW)     (4.65) 

ṁ49 ex49 = ṁ50 ex50 + Q̇l, DHW (1 – T0/Tsurr,DHW) + Eẋdest, DHW    (4.66) 

The equations for calculating the overall energy and exergy efficiencies for the first 

multigeneration system are listed. To begin with, the net work in the system is defined as 

follows: 

Ẇnet = ẆTurbines − ẆPumps− ẆComp       (4.67) 

ẆTurbines = ẆPumps = ẆComp = ṁOut h Out − ṁIn hIn     (4.68) 

where Ẇnet is the net work in the system, ẆTurbines is the total sum of all turbines work rate, 

ẆPumps is the total sum of all pumps input work rate and ẆComp is the sum of all the 

compressors input work rate. Accordingly, the system’s efficiencies expressions can be 

obtained from the following equations 

ηen =  
Ẇnet +Q̇Cond1  +Q̇Cond2  +Q̇HE5  +Q̇HE6  +  ṁH2LHVH2

Q̇Solar +  LHVPE
     (4.69) 

and 

ηex = 
Ẇnet + Q̇Cond1(1− 

To
TCond1

)+Q̇Cond2(1− 
To

TCond2
)+Q̇HE5(1− 

To
THE5

)+Q̇HE6(1− 
To

THE6
)+�̇�𝐻2𝑒𝑥𝐻2

Q̇Solar(1 − 
To

TSolar
)+(ṁ23ex23− ṁ22ex22)

 (4.70) 

where ηen is the energy efficiency, ηex is the exergy efficiency. 

4.2 Thermodynamics analyses of system 2 

Referencing the second multigeneration system, the mass, energy, entropy, and exergy 

balance equations for the condenser are written as follows: 
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ṁ28 = ṁ29          (4.71) 

ṁ 28 h28 = ṁ29 h29 + Q̇Cond        (4.72) 

ṁ28 s 28 + Ṡ gen, Cond = ṁ29 s29 + (Q̇Cond/Tcond)     (4.73) 

ṁ28ex28 = ṁ29ex29 + Eẋdest,Cond + Q̇Cond(1 – T0/TCond)    (4.74) 

The mass, energy, entropy, and exergy balance equations for the compressors in the second 

multigeneration system are written as follows: 

ṁin = ṁout          (4.75) 

ṁin hin + Ẇcomp = ṁout hout        (4.76)  

ṁin sin + Ṡ gen, comp = ṁout sout        (4.77) 

ṁin ex in + Ẇcomp = ṁout ex out +Eẋdest, comp      (4.78) 

The mass, energy, entropy, and exergy balance equations for the hydrogen liquefaction unit 

in the second multigeneration system are written as follows: 

ṁ19 = ṁ20          (4.79) 

ṁ19 h19+ ẆHLU=ṁ20h20        (4.80) 

 ṁ 19s19 + Ṡ gen,HLU= ṁ 20s20        (4.81) 

ṁ19 ex 19 + ẆHLU = ṁ20ex20 + Eẋdest,HLU      (4.82) 

The mass, energy, entropy, and exergy balance equations for the cyclone separator in the 

second multigeneration system are written as follows: 

ṁ9 = ṁ11 + ṁ12         (4.83) 

ṁ9 h9 = ṁ11h11+ ṁ12 h12        (4.84) 

ṁ9 s9 + Ṡ gen, CYC = ṁ11 s11 + ṁ12 s12       (4.85) 

ṁ9 ex9= ṁ11 ex11+ ṁ12 ex12+ Eẋdest,CYS      (4.86) 



40 

 

The mass, energy, entropy, and exergy balance equations for the gasification reactor in the 

second multigeneration system are written as follows: 

ṁ10 + ṁ9=ṁ11 + ṁ6 + ṁ7+ ṁ8        (4.87) 

ṁ9 h9 + ṁ10 h10 + Q̇Gsf = ṁ11 h11 + ṁ6 h6 + ṁ7 h7 + ṁ8 h8     (4.88) 

ṁ9s9 + ṁ10s10+(Q̇Gsf/TGsf)+Ṡgen,Gsf = ṁ11 s11 + ṁ6 s6 + ṁ7 s7 + ṁ8 s8   (4.89) 

ṁ9ex9 + ṁ10ex10+ Q̇Gsf (1– T0/ TGsf) = ṁ11ex11+ ṁ6 ex 6 + Eẋdest, Gsf + ṁ7 ex7 + ṁ8 ex8  (4.90) 

The mass, energy, entropy, and exergy balance equations for the turbines in the second 

multigeneration system are written as follows: 

ṁin = ṁout          (4.91) 

ṁin hin = ṁout hout+ ẆTurbine        (4.92)  

ṁin sin + Ṡ gen, Turbine = ṁout sout       (4.93) 

ṁin ex in = ṁout ex out +Eẋdest, Turbine + ẆTurbine     (4.94) 

The mass, energy, entropy, and exergy balance equations for the heat exchangers in the 

second multigeneration system are written as follows: 

ṁin1 = ṁout1          (4.95) 

ṁin2 = ṁout2          (4.96) 

ṁin1 hin1 + ṁin2 hin2 = ṁ out1h out1+ ṁ out2 hout2     (4.97) 

ṁin1 sin1 + ṁin1sin1 + Ṡ gen, HE= ṁ out1 s out1 + ṁ out2 s out2    (4.98) 

ṁin1 ex in1 + ṁin1 ex in1 = ṁ out1 ex out1 + ṁ out2 ex out2 + Eẋdest, HE   (4.99) 

The mass, energy, entropy, and exergy balance equations for the DHW unit in the second 

multigeneration system are written as follows: 

ṁ36= ṁ37          (4.100) 

ṁ36 h36 = ṁ37 h37 + Q̇l, DHW        (4.101) 
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ṁ36 s36 +Ṡgen, DHW = ṁ37 s37 + (Q̇l,DHW/TDHW)      (4.102) 

ṁ36 ex36 = ṁ37 ex37 + Q̇l, DHW (1 – T0/TDHW) + Eẋdest, DHW    (4.103) 

The mass, energy, entropy, and exergy balance equations for the pumps in the second 

multigeneration system are written as follows: 

ṁin = ṁout          (4.104) 

ṁin hin + ẆPump = ṁout hout        (4.105)  

ṁin sin + Ṡ gen, Pump = ṁout sout        (4.106) 

ṁin ex in + ẆPump = ṁout ex out +Eẋdest, Pump      (4.107) 

The equations for calculating the overall energy and exergy efficiencies for the second 

multigeneration system are listed. To begin with, the net work produced by the system are 

defined as follows: 

Ẇnet = ẆTurbines − ẆPumps− ẆComp       (4.108) 

ẆTurbines = ẆPumps = ẆComp = ṁOut h Out − ṁIn hIn     (4.109) 

where Ẇnet is the net work in the system, ẆTurbines is the total sum of all turbines work rate, 

ẆPumps is the total sum of all pumps input work rate and ẆComp is the sum of all the 

compressors input work rate. Accordingly, the system’s efficiencies expressions can be 

obtained from the following equations 

ηen =  
Ẇnet +Q̇HE1 +Q̇HE2 +Q̇HE4 +Q̇Cond +  ṁH2LHVH2

Q̇Geo +  LHVPE
     (4.110) 

and 

ηex = 
Ẇnet + Q̇HE1(1− 

To
THE1

) + Q̇HE2(1− 
To

THE2
) + Q̇HE4(1− 

To
THE4

)  + Q̇Cond(1− 
To

TCond
)+�̇�𝐻2𝑒𝑥𝐻2

Q̇Geo(1 – 
To

TGeo
)+(ṁ9ex9− ṁ6ex6− ṁ7ex7−ṁ8ex8)

 (4.111) 

where ηen is the energy efficiency, ηex is the exergy efficiency. 
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4.3 Thermodynamics analyses of system 3 

Referencing the third multigeneration system, the mass, energy, entropy, and exergy 

balance equations for the condenser are written as follows: 

ṁ28 = ṁ29          (4.112) 

ṁ 28 h28 = ṁ29 h29 + Q̇Cond        (4.113) 

ṁ28 s 28 + Ṡ gen, Cond = ṁ29 s29 + (Q̇Cond/Tcond)     (4.114) 

ṁ28ex28 = ṁ29ex29 + Eẋdest,Cond + Q̇Cond(1 – T0/TCond)    (4.115) 

The mass, energy, entropy, and exergy balance equations for the pumps in the third 

multigeneration system are written as follows: 

ṁin = ṁout          (4.116) 

ṁin hin + ẆPump = ṁout hout        (4.117)  

ṁin sin + Ṡ gen, Pump = ṁout sout        (4.118) 

ṁin ex in + ẆPump = ṁout ex out + Eẋ dest, Pump      (4.119) 

The mass, energy, entropy, and exergy balance equations for the compressors in the third 

multigeneration system are written as follows: 

ṁin = ṁout          (4.120) 

ṁin hin + Ẇcomp = ṁout hout        (4.121)  

ṁin sin + Ṡ gen, comp = ṁout sout        (4.122) 

ṁin ex in + Ẇcomp = ṁout ex out +Eẋdest, comp      (4.123) 

The mass, energy, entropy, and exergy balance equations for the hydrogen liquefaction unit 

in the third multigeneration system are written as follows: 

ṁ8 = ṁ9          (4.124) 

ṁ8 h8 + ẆHLU = ṁ9h9         (4.125) 

ṁ8 s8 + Ṡ gen, HLU = ṁ9s9        (4.126) 



43 

 

ṁ8 ex 8 + ẆHLU = ṁ9ex9 + Eẋdest,HLU       (4.127) 

The mass, energy, entropy, and exergy balance equations for the column separator in the 

third multigeneration system are written as follows: 

ṁ3=ṁ4 + ṁ5          (4.128) 

ṁ3 h3 =ṁ4h4+ ṁ5 h5         (4.129) 

ṁ3 s3+  Ṡ gen, CS = ṁ4 s4 + ṁ5 s5       (4.130) 

ṁ3 ex3= ṁ4 ex4+ ṁ5 ex5+ Eẋdest,CS       (4.131) 

The mass, energy, entropy, and exergy balance equations for methane pyrolysis reactor in 

the third multigeneration system are written as follows: 

ṁ4=ṁ6 + ṁ7          (4.132) 

ṁ4 h4 + Q̇Coil = ṁ6 h6 + ṁ7 h7        (4.133) 

ṁ4s4+(Q̇Coil/Tcoil)+Ṡgen,MPR = ṁ6 s6 + ṁ7 s7      (4.134) 

ṁ4ex4+ Q̇Coil (1– T0/ TCoil) = ṁ6ex6+ ṁ7 ex 7 + Eẋdest, MPR    (4.135) 

The mass, energy, entropy, and exergy balance equations for DHW storage unit in the third 

multigeneration system are written as follows: 

ṁ29= ṁ30          (4.136) 

ṁ29 h29 = ṁ30 h30 + Q̇l, DHW        (4.137) 

ṁ29 s29 + Ṡ gen, DHW = ṁ30 s30 + (Q̇l,DHW/TDHW)     (4.138) 

ṁ29 ex29 = ṁ30 ex30 + Q̇l, DHW (1 – T0/TDHW) + Eẋdest, DHW    (4.139) 

The mass, energy, entropy, and exergy balance equations for turbines in the third 

multigeneration system are written as follows: 

ṁin = ṁout          (4.140) 

ṁin hin = ṁout hout+ ẆTurbine        (4.141)  
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ṁin sin + Ṡ gen, Turbine = ṁout sout       (4.142) 

ṁin ex in = ṁout ex out +Eẋdest, Turbine+ ẆTurbine     (4.143) 

The mass, energy, entropy, and exergy balance equations for pyrolysis reactor in the third 

multigeneration system are written as follows: 

ṁ1=ṁ2 + ṁ3          (4.144) 

ṁ1 h1 + Q̇Coil = ṁ2 h2 + ṁ3 h3        (4.145) 

ṁ1s1+(Q̇Coil/Tcoil)+Ṡgen,Pyr = ṁ2 s2 + ṁ3 s3      (4.146) 

ṁ1ex1+ Q̇Coil (1– T0/ TCoil) = ṁ2ex2 + ṁ3 ex3 + Eẋdest, Pyr    (4.147) 

The mass, energy, entropy, and exergy balance equations for heat exchangers in the third 

multigeneration system are written as follows: 

ṁin1 = ṁout1          (4.148) 

ṁin2 = ṁout2          (4.149) 

ṁin1 hin1 + ṁin2 hin2 = ṁ out1h out1+ ṁ out2 hout2     (4.150) 

ṁin1 sin1 + ṁin1sin1 + Ṡ gen, HE= ṁ out1 s out1 + ṁ out2 s out2    (4.151) 

ṁin1 ex in1 + ṁin1 ex in1 = ṁ out1 ex out1 + ṁ out2 ex out2 + Eẋdest, HE   (4.152) 

The mass, energy, entropy, and exergy balance equations for combustor in the third 

multigeneration system are written as follows: 

ṁ11+ ṁ5= ṁ12          (4.153) 

ṁ11h11+ ṁ5h5+Q̇Comb = ṁ12 h12       (4.154) 

ṁ11s11+ ṁ5s5+ Ṡ gen,Comb +(Q̇Comb/TComb) = ṁ12 s12     (4.155) 

ṁ11ex11+ṁ5ex5+Q̇Comb(1-T0/TComb) = ṁ12ex12 + Eẋdest, Comb   (4.156) 

The equations for calculating the overall energy and exergy efficiencies for the third 

multigeneration system are listed. To begin with, the net work generated by the system is 

defined as follows: 
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Ẇnet = ẆTurbines − ẆPumps− ẆComp       (4.157) 

ẆTurbines = ẆPumps = ẆComp = ṁOut h Out − ṁIn hIn     (4.158) 

where Ẇnet is the net work in the system, ẆTurbines is the total sum of all turbines work rate, 

ẆPumps is the total sum of all pumps input work rate and ẆComp is the sum of all the 

compressors input work rate. Accordingly, the system’s efficiencies expressions can be 

obtained from the following equations 

ηen =  
Ẇnet +Q̇Cond + Q̇HE2+ ṁH2LHVH2  

Q̇PP +  Q̇MPR+LHVPE
       (4.159) 

and 

ηex = 
Ẇnet +  Q̇Cond(1− 

To
TCond

) + Q̇HE2(1− 
To

THE2
)+�̇�𝐻2𝑒𝑥𝐻2  

Q̇PP(1 – 
To

TPP
)+ Q̇MPR(1 – 

To
TMPR

) + (ṁ3ex3− ṁ2ex2)
     (4.160) 

where ηen is the energy efficiency, ηex is the exergy efficiency. 

4.4 Combined power generation cycle analysis 

The combined power generation consists of one gas turbine cycle and one steam turbine 

cycle. They are both used in conjunction to increase the efficiency as the heat rejected from 

the gas turbine cycle is used as the heat input to the steam turbine cycle. The overall 

combined cycle efficiency are calculated as follows. 

ηCC = 
ẆBrayton + ẆRankine

Q̇in
         (4.161) 

ηCC = (ηBrayton + ηRankine) – (ηBrayton * ηRankine)      (4.162) 

4.5 Cost assessment analysis 

Cost assessment is used to establish the economic feasibility and cost effectiveness of 

proposed multigeneration systems. The purpose of this cost assessment is to roughly 

estimate which system would be more viable from an economic point of view. Table 4.1 

summarises the cost of major system components used in proposed systems with 

corresponding capacities while prices are included in million Canadian dollars (MC$). The 

commercial prices for selling systems’ outputs are added to assess which system would 

present the highest return on investment.  
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Table 4.1 Cost assessment for major components of the three systems 

Equipment 
Scaling 

Parameter 

Reference 

Cost 

Reference 

Capacity 
Reference 

Plastic Pre-

processing unit 

Plastic waste 

input (kg/s) 
31.53 38.72 [78] 

Gas Turbine 
Power output 

(MW) 
127.23 282.87 [79] 

Steam Turbine 
Power output 

(MW) 
70.94 168.46 [79] 

Condenser 
Power output 

(MW) 
53.24 168.46 [79] 

Gasifier 
Thermal Input 

(MW) 
245.58 954.08 [79] 

Electric Pyrolizer 
Power input 

(MW) 
110.42 524.35 [80] 

Plasma Pyrolizer 
Power input 

(MW) 
126.78 615.25 [78] 

Steam Reformer 
Syngas flowrate 

(kg/s) 
35.76 89.21 [79] 

 

Payback period is the amount of time required for a certain investment recovers the same 

amount of money initially invested. According to Xin-gang et al. [81] this can be presented 

by the below equation  

∑ R(n)PBP
n=0 = CI         (4.163) 

where CI is the capital investment and R is the return cash flow from each system. 

After calculating the cost of each system using data in Table 4.1, the annual cash flow for 

each system is calculated using the below equation 

RTot = 0.96 × (RElectricity + RHydrogen + RHeating + RWater + RDHW) − (Rvc) (4.164)    

Where RTot is the total cash flow generated from all the multigeneration system outputs, 

Rvc is the total variable cost that includes maintenance cost and operating cost [81]. The 

total income cash flow is multiplied by a factor of 0.96 to account for and annual slowdown 

of 2 weeks that could happen for unforeseen circumstances.   
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Chapter 5. Results and Discussion 

In this section, the results obtained by implementing the thermodynamics analyses 

conducted in the previous section are analyzed and discussed thoroughly. The system 

inputs and outputs are calculated, and reference case state points are recorded in the state 

points table. Subsequently, the systems’ energy and exergy efficiencies are calculated using 

the previously defined efficiencies formulas. In addition, the exergy destruction rate is 

calculated at the major exergy destruction components for each system. Furthermore, the 

parametric studies are conducted on each system to study the effect of significant operating 

parameters on system outputs. Finally, a comparison study on the three systems is 

performed to compare the systems' results.  

5.1.1 First multigeneration system results  

Table 5.1 shows the state points thermodynamics properties of the reference case for the 

first multigeneration system. It is important to note that results shown in the table are 

produced using EES and the Aspen Plus with exergy values reflecting physical exergy. 

Chemical exergy was introduced into the calculation to find the relevant value where 

chemical reactions take place in components such as the Pyrolizer, combustor, steam 

reformer and WGSR.  

Subsequently, value from the state point table were used to find the system inputs and 

output for the reference case. Table 5.2 shows the value for the first multigeneration system 

inputs and outputs. 

Furthermore, the energy and exergy efficiencies for the first system is 71.43% and 54.68% 

respectively. In addition, in the reference case for the first multigeneration system, the 

produced fresh water is 22 kg/s, hydrogen is produced at a rate of 0.36 kg/s domestic hot 

water is produced at a rate of 1 kg/s, heating at a rate of 7 kW and net power output of 

27,820 kW which is sufficient to cater for the power requirements for 2,959 houses based 

on average household power requirements in Ontario Canada [82]. 
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Table 5.1 State points for the first multigeneration system 

Substance State Point Temperature (°C) Pressure (kPa) ṁ (kg/s) h (kJ/kg) s (kJ/kg K) ex (kJ/kg) 

Molten Salt 1 550 101.3 100 456.3 0.6899 252.68 

Molten Salt 2 550 101.3 50 456.3 0.6899 252.68 

Molten Salt 3 260 101.3 50 15.26 0.0278 7.06 

Molten Salt 4 260 300 50 15.37 0.0278 7.17 

Molten Salt 5 260 101.3 100 15.26 0.0278 7.06 

Molten Salt 6 550 101.3 50 456.3 0.6899 252.68 

Molten Salt 7 260 101.3 50 15.26 0.0278 7.06 

Molten Salt 8 545 300 50 448.7 0.6799 248.25 

Molten Salt 9 540 101.3 55 441.1 0.6708 243.11 

Molten Salt 10 540 101.3 55 441.1 0.6708 243.11 

Molten Salt 11 550 300 55 456.4 0.6899 252.68 

Molten Salt 12 260 300 55 15.26 0.0278 7.06 

Molten Salt 13 250 101.3 50 15.26 0.0278 7.06 

Molten Salt 14 250 101.3 50 15.26 0.0278 7.06 

Molten Salt 15 260 300 50 15.37 0.0278 7.17 

Water 16 150 400 20 2,753.00 6.931 687.56 

Water 17 80 400 20 353 1.075 30.5 

Water 18 80 6,000.00 20 339.8 1.072 18.2 

Water 19 350 6,000.00 20 2,992.00 6.936 925.07 

Water 20 350 6,000.00 20 2,992.00 6.936 925.07 

Ash 21 440 101.3 0.09 1.03 0.005 0.45 

Syngas 22 440 101.3 2.69 2,152.54 8.622 627.92 

Plastic Feedstock 23 25 101.3 2.78 1.25 0.241 2,230.00 

Liquid Syngas 24 440 101.3 2.34 2,746.00 6.837 728.06 

Oxygen 25 25 101.3 28.08 - - - 

Oxygen 26 70 1300 28.08 2.956 0.671 19.8334 

Exhaust Gas 27 600 1,300.00 30.42 2,240.80 4.4751 919.99 

Exhaust Gas 28 380 101.3 30.42 1,879.00 4.846 448.7 

Exhaust Gas 29 120 101.3 30.42 1,477.97 4.0656 278 

Exhaust Gas 30 80 101.3 30.42 199.66 0.6384 11.23 

Water 31 60 2,000.00 4 252.8 0.8302 5.4 
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Water 32 300 2,000.00 4 3,024.00 6.768 1,007.14 

Water 33 180 250 4 2,827.00 7.313 647.73 

Water 34 25 250 4 205.1 0.3672 95.67 

Saline Water 35 20 101.3 60 84.01 0.2965 4.35 

Brine 36 50 13.1 35.83 165.9 0.5724 3.04 

Water 37 30 13.1 24.17 209.3 0.7038 1.57 

Water 37a 30 13.1 22 209.3 0.7038 1.57 

Water 37b 30 13.1 1 209.3 0.7038 1.57 

Water 38 150 101.3 1 2,777.00 7.609 531.2 

Air 39 25 101.3 0.25 298.6 5.696 - 

Air 40 26 150 0.25 299.6 5.586 138.6 

Air 41 55 150 0.25 328.8 5.68 237.7 

Vapor Syngas 42 440 101.3 0.02 2,047.36 7.55 547.12 

Vapor Syngas 43 750 7,000.00 0.24 2,300.97 8.49 614.89 

Vapor Syngas 44 700 1,200.00 0.24 2,272.09 8.38 607.17 

Hydrogen 45 400 1,200.00 0.36 9,378.00 43.41 3,645.00 

Hydrogen 46 400 1,200.00 0.36 9,378.00 43.41 3,645.00 

Hydrogen 47 -250 35,000.00 0.36 4,129.00 29.05 7,645.80 

Water 48 30 13.1 1.17 125.7 0.4368 4.47 

Water 49 42 13.1 1.17 175.9 0.599 2.6 

Water 50 40 13.1 1.17 167.5 0.5724 3.08 

Exhaust Gas 51 50 101.3 5.34 199.66 0.6384 11.23 

 

Figure 5.1 includes the seven highest contributors to exergy destruction in the first 

multigeneration system. Understanding where exergy destruction is highest in the system 

is essential for multigeneration systems as destroyed exergy is wasted potential and 

enhancing major contributors will have a high impact on the overall system performance 

and efficiency.  

Table 5.2 First multigeneration system inputs and outputs 

Parameter Unit (kW) 

P1 5 

P2 841 

P3 264 

P4 954 

Comp1 2,331 

Comp2 0.25 

Q̇Cond1 48,000 

Q̇Cond2 52,438 
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GT 11,006 

ST1 4,780 

ST2 3,940 

Q̇Solar 44,080 

 

All remaining components contribute to less than 1% of the total exergy destruction in the 

system. The highest exergy was destroyed in the Pyrolizer as the input PE feed stock is 

being thermally decomposed, exergy is being destroyed. At the Pyrolizer, exergy is being 

destroyed at a rate of 1,600 kW which is close to 40% of the total exergy destroyed in the 

system. Other major components with significant exergy destruction rates includes the 

three turbines where power is being generated and the two condensers where heat is 

rejected to be used for heating and thermally desalinating water. The combustor also has a 

high exergy destruction rate due to the fact the liquid fuel is being burned at the combustor 

and accordingly the working fluid is changing chemically and loosing the stored energy 

potential to heat exhaust gas.  

 

Figure 5.1 Exergy destruction for major components in the first multigeneration system 

5.1.2 First system parametric studies results  

The parametric studies are essential to understand how significant operating parameters 

affect the systems’ output and it could serve as a tool for future implementation of the 

systems to choose design parameters.  
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Figure 5.2 Net power output and hydrogen production rate vs pyrolysis temperature 

In Figure 5.2, the effect of changing the pyrolysis temperature on net output power and 

hydrogen production rate is studied. It is evident that as the pyrolysis temperature increases, 

the hydrogen production increase as the vapor portion of the output syngas increase. 

However, the opposite is found when looking at the net power output as the power 

generation is dependant on the amount of liquid syngas (synthetic diesel) produced as it is 

the driving force in the combined power generation cycle.  

 

Figure 5.3 Energy and exergy efficiencies vs pyrolysis temperature 

 

In Figure 5.3, the affect of changing the pyrolysis temperature on the energy and exergy 

efficiencies is studied. The results show that both energy and exergy efficiencies increase 
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with increasing the pyrolysis temperature. However, the change in the exergy efficiency is 

more significant compared to the change in energy efficiency. The energy efficiency 

increases from 67% to 74% while the exergy efficiency increased from 48% to 56%.   

 

Figure 5.4 Energy and exergy efficiencies vs ambient temperature 

In Figure 5.4, the affect of changing the ambient temperature is studied on the energy and 

exergy efficiencies. This is an important parameter as it could serve as a guide when 

choosing a location for commissioning such multigeneration system specially that the first 

multigeneration system is using solar energy as an input, a parameter that is highly 

dependant on location. The results shows that both efficiencies were not greatly changed. 

However, the energy efficiency showed slight increment when ambient temperature 

increased while the exergy efficiency showed a more evident decrement when the ambient 

temperature increased.  

In Figure 5.5, the outcome of increasing the PE feed rate in term of energy and exergy 

efficiencies. The feed rate was changed from 1 kg/s to 3 kg/s with 0.5 kg/s increment rate. 

The results show steady rise in both energy and exergy efficiencies. The energy efficiency 

increased from 61% to 73% while exergy efficiency increased from 44% to 56%. This is 

logical as increasing the amount of available input energy would allow for more useful 

outputs to be produced considering that it is within the range compatible with the heating 

rate and the pyrolysis reactor. As such in increase of more feed stock than 3 kg/s would 

cause a sudden and massive drop in efficiency as the remaining parameters are designed 

for the reference case feed stock that is 2.78 kg/s. 
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Figure 5.5 Energy and exergy efficiencies vs Polyethylene feed rate 

 

In Figure 5.6, the effect of changing the pressure ratio at the gas turbine cycle is studied 

against the net power generated in the combined cycle. The graph shows that as the pressure 

ratio increases the net power generated increases with slowing rate meaning that further 

increment to the pressure ratio would not be efficient. The reference case is designed for a 

gas turbine pressure ratio of 13. 

 

Figure 5.6 Gas turbine pressure ratio vs net power output (combined cycle) 
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As pyrolysis take place with absence of air or oxygen. Thermal decomposition to input 

material happen without producing carbon monoxide and carbon dioxide that usually 

accompany similar reactions when oxygen is available. Figure 5.7 shows the composition 

of the pyrolysis syngas for the first multigeneration system as it is changed with increasing 

pyrolysis temperature. The results show that increasing the pyrolysis temperature have a 

positive effect on the amount of methane and hydrogen produced as both substances 

increase in volume. However, the opposite is true for synthetic diesel produced by the 

Pyrolizer. As the pyrolysis temperature increases the amount of liquid syngas decreases.  

 

Figure 5.7 Pyrolysis temperature vs syngas composition 

In Figure 5.8 and Figure 5.9 the effect of changing the PE feed stock and pyrolysis 

temperature on the energy output of the combined cycle is studied. The power generated 

in each cycle turbine is taken as the comparison criteria. It is shown that as the feed stock 

is increasing the energy output increases which is expected as more row material is added 

to the system containing more energy. At the same time and confirming results found in 

literature, increasing the pyrolysis temperature increases the energy content of the output 

syngas as the decomposition process happens more efficiently. However, at the lowest 

temperature, the syngas composition changes significantly causing a big drop in power 

production as the waste decomposition is happening at very low efficiency.   
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Figure 5.8 Pyrolysis temperature vs combined cycle turbines output   

 

 

Figure 5.9 Polyethylene feed stock vs combined cycle turbines output 

 5.2.1 Second multigeneration system results  

Table 5.4 shows the state points thermodynamics properties of the reference case for the 

second multigeneration system. It is important to note that results shown in the table are 

produced using EES and the Aspen Plus with exergy values reflecting physical exergy. 

Chemical exergy was introduced into the calculation to find the relevant value where 

chemical reactions take place in components such as the Gasifier and methane-steam 

reformer. While the first system used solar energy as an input source, the second system  
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uses steam generated from geothermal energy as an input for the fluidized gasifier. 

Furthermore, the second system syngas composition is drastically different from that of the 

first system and as such a closed loop Brayton cycle is used in conjunction with the steam 

turbine Rankine cycle.  

Subsequently, value from the state point table were used to find the system inputs and 

output for the reference case. Table 5.3 shows the value for the second multigeneration 

system inputs and outputs. 

Furthermore, the energy and exergy efficiencies for the second system is 66.24% and 

48.10% respectively. In addition, in the reference case for the second multigeneration 

system, the produced fresh water is 12 kg/s, hydrogen is produced at a rate of 1.05 kg/s 

domestic hot water is produced at a rate of 1 kg/s, heating at a rate of 7 kW and net power 

output of 73,550 kW which is sufficient to cater for the power requirements for 7,824 

houses based on average household power requirements in Ontario Canada [82]. 

Table 5.3 Second multigeneration system inputs and outputs 

Parameter Unit (kW) 

P1 16 

P2 954 

P3 528 

P4 114 

Comp1 0.25 

Comp2 20,800 

Q̇Cond1 52,438 

PT 50 

GT 69,560 

ST 3,940 

Q̇Geo 15,317 

 

Figure 5.10 includes the seven highest contributors to exergy destruction in the second 

multigeneration system. Knowing which component shows the highest exergy destruction 

is essential for multigeneration systems as destroyed exergy is wasted potential and 

tweaking major contributors will have a high impact on the overall system performance 

and efficiency. All remaining components contribute to less than 1% of the total exergy 

destruction in the system. The highest exergy was destroyed in the gasifier as the input PE 

feed stock is being thermally decomposed in a fluidized bed reactor with high temperature 
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Table 5.4 State points for the second multigeneration system 

Substance State Point Temperature (°C) Pressure (kPa) ṁ (kg/s) h (kJ/kg) s (kJ/kg K) ex (kJ/kg) 

Water 1 350 5,000.00 5.3 3,041.00 6.152 1,132.00 

Water 2 350 6,000.00 5.3 3,044.00 6.332 1,168.00 

Water 3 80 101.3 5.3 335.1 1.076 12.3 

Water 4 40 94.3 5.3 151 0.519 1.1 

Water 5 25 101.3 4.8 104.9 0.3672 - 

Water 6 260 101.3 4.8 2,994.00 8.066 574.2 

Oxygen 7 25 101.3 3 - - - 

PE Feedstock 8 25 101.3 2.78 1.25 0.241 2,230.00 

Syngas 9 800 1,600.00 10.58 2,772.10 8.984 76.9 

Syngas 12 800 1,450.00 10.58 2,584.55 8.3762 71.7 

Hydrogen Sulfide 13 800 1,450.00 0.02 1,045.84 2.64 66.85 

Syngas 14 800 1,450.00 10.56 2,584.55 8.3762 71.7 

Syngas 15 150 1,450.00 10.56 580.23 1.8805 16.1 

Redox Fluid 16 150 1,200.00 10.56 682.15 2.2107 18.92 

Iron Oxides 17 150 1,200.00 10.56 801.96 2.5991 22.25 

Syngas 18 178 1,200.00 10.56 942.82 3.0556 26.15 

Hydrogen 19 178 1,200.00 1.05 9,378.00 43.41 3,645.00 

Hydrogen 20 -250 35,000.00 1.05 4,129.00 29.05 7,645.80 

Helium 21 750 5,800.00 40 5,335.00 25.98 2,457.00 

Helium 22 417 2,280.00 40 3,596.00 25.87 4,165.00 

Helium 23 80 2,280.00 40 1,847.00 22.39 2,457.00 

Helium 24 30 2,280.00 40 1,587.00 21.6 4,165.00 

Helium 25 128 5,800.00 40 2,107.00 21.12 2,457.00 

Water 26 60 2,000.00 20 252.8 0.8302 5.4 

Water 27 300 2,000.00 20 3,024.00 6.768 1,007.14 

Water 28 180 250 20 2,827.00 7.313 647.73 

Water 29 25 250 20 205.1 0.3672 95.67 

Saline Water 30 25 101.3 25 104.9 0.3672 - 

Saline Water 31 30 300 25 126 0.4367 126 

Saline Water 31a 30 300 22 126 0.4367 126 

Saline Water 31b 30 300 3 126 0.4367 126 

Saline Water 32 30 6,000.00 22 131.2 0.4349 131.2 

Brine 33 30 5,100.00 10 150.9 0.3672 40.74 

Brine 34 30 101.3 10 145.9 0.3672 35.74 

Water 35 30 101.3 15 125.8 0.436 4.13 

Water 35a 30 101.3 2 125.8 0.436 4.13 

Water 35b 30 101.3 13 125.8 0.436 4.13 

Water 36 42 101.3 2 176 0.599 2.5 

Water 37 40 101.3 2 167.6 0.5724 2.98 

Air 38 25 101.3 0.25 298.6 5.696 - 

Air 39 26 150 0.25 299.6 5.586 138.6 

Air 40 55 150 0.25 328.8 5.68 237.7 
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steam, exergy is being destroyed. At the gasifier, exergy is being destroyed at a rate of 

8,141 kW which is close to 55% of the total exergy destroyed in the system. Other major 

components with significant exergy destruction rates includes the three turbines where 

power is being generated and the two heat exchangers that run the combined cycle and 

provide the gasifier with high temperature steam where water is turned into steam.  

 

Figure 5.10 Exergy destruction for major components in the second multigeneration 

system 

5.2.2 Second system parametric studies results 

The parametric studies are essential to understand how significant operating parameters 

affect the systems’ output and it could serve as a tool for future implementation of the 

systems to choose design parameters.  

In Figure 5.11, the effect of changing the gasification temperature on net output power and 

hydrogen production rate is studied. It is evident that as the gasification temperature 

increases, the hydrogen production increase. Additionally, the same pattern is observed 

when looking at the net power output as the power generation is dependant on the 

temperature of produced syngas as it is the driving force in the combined power generation 

closed cycle. 
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Figure 5.11 Gasification temperature vs net power output and hydrogen production 

In Figure 5.12, the affect of changing the gasification temperature on the energy and exergy 

efficiencies is studied. The results show that both energy and exergy efficiencies increase 

with increasing the gasification temperature. However, the change in the exergy efficiency 

is more significant compared to the change in energy efficiency. The energy efficiency 

increases from 62% to 68% while the exergy efficiency increased from 42% to 49%.   

  

 

Figure 5.12 Gasification temperature vs energy and exergy efficiencies 
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Figure 5.13 Energy and exergy efficiencies vs ambient temperature 

In Figure 5.13, the affect of changing the ambient temperature is studied on the energy and 

exergy efficiencies. This is an important parameter as it could serve as a guide when 

choosing a location for commissioning such multigeneration system specially that the 

second multigeneration system is using geothermal energy as an input, a parameter that is 

highly dependant on location. The results show that both efficiencies were not greatly 

changed. However, the energy efficiency showed slight increment when ambient 

temperature increased while the exergy efficiency showed more significant reduction when 

the ambient temperature increased.  

In Figure 5.14, the outcome of increasing the PE feed rate in term of energy and exergy 

efficiencies. The feed rate was changed from 2 kg/s to 4 kg/s with 0.5 kg/s increment rate. 

The results show steady rise in both energy and exergy efficiencies. The energy efficiency 

increased from 57% to 70% while exergy efficiency increased from 42% to 50%. This is 

logical as increasing the amount of available input energy would allow for more useful 

outputs to be produced considering that it is within the range compatible with the heating 

rate and the gasification reactor temperature and input oxygen rate and steam rate. As such 

in increase of more feed stock than 3 kg/s would cause a sudden and drastic drop in 

efficiency as the remaining parameters are designed for the reference case feed stock that 

is 2.78 kg/s. 
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Figure 5.14 Energy and exergy efficiencies vs polyethylene feed rate 

In Figure 5.15, the outcome of increasing the steam feed rate in term of energy and exergy 

efficiencies. The feed rate was changed from 2 kg/s to 6 kg/s with 0.5 kg/s increment rate. 

The results show sharp rise in both energy and exergy efficiencies which indicates that the 

energy and exergy efficiency is highly sensitive to changes in steam rate. The energy 

efficiency increased from 37% to 72% while exergy efficiency increased from 28% to 53%. 

This is logical as increasing the amount of available input fluidizer would allow for more 

useful outputs to be produced considering that steam is acting as a catalyst in the 

gasification reaction.  

 

Figure 5.15 Energy and exergy efficiencies vs steam feed rate 
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In Figure 5.16, the outcome of increasing the oxygen rate in term of energy and exergy 

efficiencies. The results show that both efficiencies will increase with increasing oxygen 

feed rate until the oxygen feed rate reaches the threshold of one third of stoichiometric 

oxygen level. As gasification reaction is driven by oxygen feed rate that is significantly 

less than stoichiometric level and precisely between one fifth and one third of 

stoichiometric level, only oxygen feed rate outside of that range is not optimal. Using an 

oxygen feed rate outside those boundaries will cause either burning more input feed stock 

of PE (i.e., if oxygen level is more that one third stoichiometric amount) resulting in 

producing more carbon dioxide and residue char or it will be difficult to get the required 

temperature for producing the desired syngas composition.  

In Figure 5.17, the effect of changing the pressure ratio at the gas turbine cycle is studied 

against the net power generated in the combined cycle. The graph shows that as the pressure 

ratio increases the net power generated increases with slowing rate meaning that further 

increment to the pressure ratio would not be efficient. The reference case is designed for a 

gas turbine pressure ratio of 2.4. 

 

 

Figure 5.16 Energy and exergy efficiencies vs oxygen feed rate 
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Figure 5.17 Gas turbine pressure ratio vs net power output (combined cycle) 

As gasification take place wit absence of air or oxygen. Thermal decomposition to input 

material happen without producing carbon monoxide and carbon dioxide that usually 

accompany similar reactions when oxygen is available. Figure 5.18 shows the composition 

of the gasification syngas for the second multigeneration system as it is changed with 

increasing gasification temperature. The results show that increasing the gasification 

temperature have a positive effect on the amount of carbon monoxide and hydrogen 

produced as both substances increase in volume. However, the opposite is true for methane 

and carbon dioxide produced by the Gasifier. As the gasification temperature increases the 

amount of methane and carbon dioxide decreases. The reason behind this is that 

endothermic gasification chemical reactions represented in equations 3.7 and 3.9 are 

increasing because more thermal energy is available.  
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Figure 5.18 Gasification temperature vs syngas composition 

 

5.3.1 Third multigeneration system results  

Table 5.5 shows the state points thermodynamics properties of the reference case for the 

third multigeneration system. It is important to note that results shown in the table are 

produced using EES and the Aspen Plus with exergy values reflecting physical exergy. 

Chemical exergy was introduced into the calculation to find the relevant value where 

chemical reactions take place in components such as the Pyrolizer, combustor and methane 

Pyrolizer. 

Subsequently, value from the state point table were used to find the system inputs and 

output for the reference case. Table 5.6 shows the value for the third multigeneration 

system inputs and outputs. 

Furthermore, the energy and exergy efficiencies for the third system is 55.85% and 43.04% 

respectively. In addition, in the reference case for the third multigeneration system, the 

produced fresh water is 12 kg/s, hydrogen is produced at a rate of 1.53 kg/s domestic hot 

water is produced at a rate of 1 kg/s, heating at a rate of 7 kW and net power output of 

27,888 kW which is sufficient to cater for the power requirements for 2,966 houses based 

on average household power requirements in Ontario Canada [82]. 
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Table 5.5 State points for the third multigeneration system 

Substance State Point Temperature (°C) Pressure (kPa) ṁ (kg/s) h (kJ/kg) s (kJ/kg K) ex (kJ/kg) 

PE Feedstock 1 70 101.30 3.00 1.25 0.2410 2,230.00 

Ash 2 600 101.30 0.09 1.03 0.0050 0.45 

Syngas 3 600 101.30 2.91 2,771.72 11.1000 505.08 

Vapor Syngas 4 600 101.30 1.83 3,044.00 6.3320 1,168.00 

Liquid Syngas 5 600 101.30 1.08 2,422.62 9.7038 706.71 

Ash 6 600 101.30 0.17 1.03 0.0050 0.45 

Hydrogen 7 900 101.30 1.53 11,870.19 54.9500 4,613.65 

Hydrogen 8 -250 35,000.00 1.53 4,129.00 29.0500 7,645.80 

Hydrogen 9 -250 35,000.00 1.53 4,129.00 29.0500 7,645.80 

Oxygen 10 25 101.30 12.96 - - - 

Oxygen 11 70 1,300.00 12.96 2.956 0.671 19.8334 

Exhaust Gas 12 900 1,300.00 14.04 2,240.80 4.4751 919.99 

Exhaust Gas 13 380 101.30 14.04 1,879.00 4.8460 448.70 

Exhaust Gas 14 120 101.30 14.04 1,477.97 4.0656 278.00 

Exhaust Gas 15 80 101.30 14.04 199.66 0.6384 11.23 

Water 16 300 2,000.00 1.75 3,024.00 6.7680 1,007.14 

Water 17 180 250.00 1.75 2,827.00 7.3130 647.73 

Water 18 25 250.00 1.75 205.10 0.3672 95.67 

Water 19 60 2,000.00 1.75 252.80 0.8302 5.40 

Air 20 25 101.30 0.25 298.60 5.6960 - 

Air 21 26 150.00 0.25 299.60 5.5860 138.60 

Air 22 55 150.00 0.25 328.80 5.6800 237.70 

Saline Water 23 25 101.30 25.00 104.90 0.3672 - 

Saline Water 24 30 300.00 25 126 0.4367 126 

Saline Water 24a 30 600.00 22 126 0.4367 126 

Saline Water 24b 30 200.00 3 126 0.4367 126 

Saline Water 25 30 6,000.00 22 131.2 0.4349 131.2 

Brine 26 30 5,100.00 10.00 150.90 0.3672 40.74 

Brine 27 30 101.30 10.00 145.90 0.3672 35.74 

Water 28 30 101.30 15.00 125.80 0.4360 4.13 

Water 28a 30 101.30 2.00 125.80 0.4360 4.13 

Water 28b 30 101.30 13.00 125.80 0.4360 4.13 

Water 29 42 101.30 2.00 176.00 0.5990 2.50 

Water 30 40 101.30 2.00 167.60 0.5724 2.98 

 

Figure 5.19 includes the seven highest contributors to exergy destruction in the third 

multigeneration system. Calculating which component has the highest exergy destruction 

is essential for multigeneration systems as destroyed exergy is wasted potential and 

tweaking major contributors will have a high impact on the overall system performance 

and efficiency. All remaining components contribute to less than 1% of the total exergy 

destruction in the system. 
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Table 5.6 Third multigeneration system inputs and outputs  

Parameter Unit (kW) 

P1 16 

P2 528 

P3 954 

Comp1 206.92 

Comp2 0.25 

Q̇Cond 52,438 

GT 25,717 

PT 50 

ST 3,940 

ẆWind 3,000 

 

 

Figure 5.19 Exergy destruction for major components in the third multigeneration system 

The highest exergy was destroyed in the Pyrolizer as the input PE feed stock is being 

thermally decomposed, exergy is being destroyed. At the Pyrolizer, exergy is being 

destroyed at a rate of 1,724 kW which is more than half the total exergy destruction in the 

system (51%). Other major components with significant exergy destruction rates includes 

the three turbines where power is being generated and the condenser where heat is rejected 

to be used for heating. The combustor also has a high exergy destruction rate due to the 

fact the liquid fuel is being burned at the combustor and accordingly the working fluid is 

changing chemically and loosing the stored energy potential to heat exhaust gas.  



67 

 

5.3.2 Third system parametric studies results 

The parametric studies are essential to understand how significant operating parameters 

affect the systems’ output and it could serve as a tool for future implementation of the 

systems to choose design parameters.  

In Figure 5.20, the effect of changing the pyrolysis temperature on net output power and 

hydrogen production rate is studied. It is evident that as the pyrolysis temperature increases, 

the hydrogen production increase as the vapor portion of the output syngas increase. 

However, the opposite is true when looking at the net power output as the power generation 

is dependant on the amount of liquid syngas (synthetic diesel) produced as it is the driving 

force in the combined power generation cycle.  

 

Figure 5.20 Net power output and hydrogen production rate vs pyrolysis temperature  

 

In Figure 5.21, the affect of changing the pyrolysis temperature on the energy and exergy 

efficiencies is studied. The results show that both energy and exergy efficiencies increased 

with increasing the pyrolysis temperature. However, the change in the energy efficiency 

was more significant compared to the change in exergy efficiency. The energy efficiency 

increased from 51% to 58.5% while the exergy efficiency increased from 39% to 44%.  
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Figure 5.21 Energy and exergy efficiencies vs pyrolysis temperature 

In Figure 5.22, the affect of changing the ambient temperature is studied on the energy and 

exergy efficiencies. This is an important parameter as it could serve as a guide when 

choosing a location for commissioning such multigeneration system specially that the third 

multigeneration system is using wind energy as an input, a parameter that is highly 

dependant on location. The results show that both efficiencies were not greatly changed. 

However, the energy efficiency showed slight increment when ambient temperature 

increased while the exergy efficiency showed an evident decrement when the ambient 

temperature increased. 

 

Figure 5.22 Energy and exergy efficiencies vs ambient temperature 



69 

 

In Figure 5.23, the outcome of increasing the PE feed rate in term of energy and exergy 

efficiencies. The feed rate was changed from 2 kg/s to 4 kg/s with 0.5 kg/s increment rate. 

The results show steady rise in both energy and exergy efficiencies. The energy efficiency 

increased from 48% to 57% while exergy efficiency increased from 35% to 43%. This is 

logical as increasing the amount of available input energy would allow for more useful 

 

Figure 5.23 Energy and exergy efficiencies vs PE feed rate 

 

outputs to be produced considering that it is within the range compatible with the heating 

rate and the pyrolysis reactor. As seen in Figure 5.23, the increment in efficiency begins to 

plateau after reaching 3 kg/s as the feed rate is approaching the maximum possible feed 

rate with respect to remaining design parameters. As such in increase of more feed stock 

than 4 kg/s would cause a sudden and massive drop in efficiency as the remaining 

parameters are designed for the reference case feed stock that is 3 kg/s. 

In Figure 5.24, the effect of changing the pressure ratio at the gas turbine cycle is studied 

against the net power generated in the combined cycle. The graph shows that as the pressure 

ratio increases the net power generated increases with slowing rate meaning that further 

increment to the pressure ratio would not be efficient. The reference case is designed for a 

gas turbine pressure ratio of 13. 
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Figure 5.24 Gas turbine pressure ratio vs net power output (combined cycle) 

As pyrolysis take place with absence of air or oxygen to avoid combustion and to avoid 

producing green house gases. Thermal decomposition to input plastic waste material take 

place without producing carbon monoxide and carbon dioxide that usually accompany 

similar reactions when oxygen is available. Figure 5.25 shows the composition of the 

pyrolysis syngas for the third multigeneration system as it is changed with increasing 

pyrolysis temperature. The results show that increasing the pyrolysis temperature have a 

positive effect on the amount of methane and hydrogen produced as both substances 

increase in volume. However, the opposite is true for synthetic diesel produced by the 

Pyrolizer. As the pyrolysis temperature increases the amount of liquid syngas decreases.  

 

Figure 5.25 Pyrolysis temperature vs syngas composition 
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Figure 5.26 Pyrolysis temperature vs combined cycle turbines output 

In Figure 5.26 and Figure 5.27 the effect of changing the PE feed stock and pyrolysis 

temperature on the energy output of the combined cycle is studied. The power generated 

in each cycle turbine is taken as the comparison criteria. It is shown that as the feed stock 

is increasing the energy output increases which is expected as more row material is added 

to the system containing more energy. At the same time and confirming results found in 

literature, increasing the pyrolysis temperature increases the energy content of the output 

syngas as the decomposition process happens more efficiently.  

 

Figure 5.27 PE feed stock vs combined cycle turbines output 
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Furthermore, this reconfirms the results found in the first multigeneration system as similar 

pattern was observed when increasing the pyrolysis temperature and PE feed stock. 

However, at the lowest temperature, the syngas composition changes significantly causing 

a big drop in power production as the waste decomposition is happening at very low 

efficiency.   

5.4 Three systems comparison results 

In this part of the thesis, the results obtained from the three systems analyses are compared 

to each other to get a better understanding of how the three systems could be used 

effectively. Figure 5.28 shows a comparison of the component with the highest exergy 

destruction rate from the three multigeneration systems. It shows that the reactors where 

the chemical composition is drastically changing have the highest exergy destruction. This 

is a result of the chemical exergy change when materials are being decomposed to their 

basic elements. Additionally, the gas turbine at the second multigeneration system as well 

as the heat exchanger that converts water into steam from geothermal energy are also 

available in the top exergy destruction components.  

 

Figure 5.28 Major exergy destruction components in the three systems 
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Figure 5.29 Net power output and hydrogen production vs reactor temperature for the 

three systems (i.e., for S1, temperature range is from 350oC-550oC, for S2, temperature 

range is from 700oC-900oC, for S3, temperature range is from 500oC-700oC, temperature 

increment is equally spaced) 

Figure 5.29 shows the change in net power output as well as the hydrogen production with 

increasing the temperature of the reactor. While the effect on hydrogen production is the 

same in the three systems as hydrogen production rate increases with similar trend. The 

effect on output power varies as both system 1 and system 3 net power output decreases 

with increasing temperature while for system 2 it increases. Accordingly, when targeting 

maximizing hydrogen production as well as net power output, system 2 would be more 

suitable.  

Figure 5.30 shows the effect of increasing the reactor’s temperature on the energy and 

exergy efficiencies for the three systems. While all three system’s energy and exergy 

efficiencies increase with increasing reactor temperature. System 1 and system 3 show 

more sensitivity to reactor temperature as the increment in both energy and exergy 

efficiencies is more significant.  
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Figure 5.30 Energy and exergy efficiencies vs reactor temperature for the three systems 

(i.e., for S1, temperature range is from 350oC-550oC, for S2, temperature range is from 

700oC-900oC, for S3, temperature range is from 500oC-700oC, temperature increment is 

equally spaced) 

 

Figure 5.31 Energy and exergy efficiencies vs ambient temperature for the three systems 
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Figure 5.31 studies the effect of varying the ambient temperature and its affect on energy 

and exergy efficiencies. The results clearly show minimal sensitivity with energy 

efficiency as it only increases slightly with increased ambient temperature while the exergy 

efficiency decreases in all three systems with increasing ambient temperature. This 

suggests that locations with lower ambient temperature would be more suitable to such 

multigeneration systems. 

Figure 5.32 shows how the PE feed rate affects the energy and exergy efficiencies of the 

three systems. While all efficiencies increase with increasing PE feed rate, it is important 

to notice that the increment is decreasing as the feed rate approaches the limit of the design 

feed rate. As more feed rate would require higher heating rate, reactor temperature and in 

case of system 2 more steam and oxygen input.  

 

Figure 5.32 Energy and exergy efficiencies vs Polyethylene feed rate for the three 

systems 

Figure 5.33 shows the ne power output for the three system with increasing pressure ration. 

While the three systems experience an increase in net power output with increasing the 

pressure ratio, system 2 exhibits the highest impact on net power output. Hence, system 2 

is more sensitive for compression ration.  
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Figure 5.33 Net power output vs gas turbine compression ratio for the three systems  

 

Figure 5.34 Brayton Cycle back work ratio for the three systems 

Figure 5.34 shows a comparison for the back-work ratio for the three systems’ gas turbine 

cycle while Figure 5.35 shows a comparison of combined cycle efficiency for the three 

systems. Combined cycle in system 2 shows the highest efficiency and comparatively low 

back work ratio, hence it is the most effective power generation cycle. While in system 3, 

the combined cycle is showing high relative combined cycled efficiency when compared 

to the system 1 setup. However, the back-work ratio at system 3 is more than 50% which 

is not desirable. The high back work ratio at system three could be a result of having the 

highest mass flow rate between the three cycles. 
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Figure 5.35 Combined cycle efficiency for the three systems 

 

Figure 5.36 Overall energy and exergy efficiencies for the three systems 

Figure 5.36 shows the energy and exergy efficiencies of the three systems and Figure 5.37 

shows the hydrogen production rate for the three systems. While the third system show the 

least energy and exergy efficiencies, it has the highest hydrogen production rate which 

could be attributed to using enhanced catalytic reactant and producing significantly more 

vapor syngas. In addition, the results show that the first system is showing the highest 
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energy and exergy efficiencies while producing the least amount of hydrogen as the plastic 

waste is producing mainly liquid syngas that is used to produce electric power.  

 

 

Figure 5.37 Overall hydrogen production capacity for the three systems 

 

Figure 5.38 Fresh water produced per unit power consumed for the three systems 

Figure 5.38 shows the amount of fresh water produced by each system per unit energy used 

for freshwater production. Since all energy used in proposed system is coming from either 

sustainable energy resources or waste to energy sub-system, efficiency of producing fresh 

water at the lowest possible energy consumption is significant. The third system show the 
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best possible freshwater production combination as it produces more freshwater per unit 

energy used.  

Figure 5.39 shows how the composition of output syngas is changing with increasing the 

reactor temperature. System 1 and 3 has synthetic diesel as part of the syngas while all the 

remaining components are vapor fuels. With increasing reactor temperature, synthetic 

diesel production decreases as well as the production of methane and carbon dioxide in 

system 2. However, methane production from pyrolysis in both systems 1 and system 3 

increases. The results show that hydrogen production always increases with increasing 

temperature as will as carbon monoxide. In addition, the results show that in system 3, 

hydrogen production is more sensitive to reactor temperature than the other two systems.  

 

Figure 5.39 Syngas composition with varying reactor temperature for the three systems 

(i.e., for S1, temperature range is from 350oC-550oC, for S2, temperature range is from 

700oC-900oC, for S3, temperature range is from 500oC-700oC, temperature increment is 

equally spaced) 

5.5 Comparative results of three systems 

As mentioned previously, plastic waste is not being targeted solely as a feed material for 

waste to energy multigeneration systems. However, some studies included the use of plastic 

waste as part of the composition of waste feed material as those studies targeted municipal 
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solid waste, which includes plastic waste. The results of three studies are compared to the 

results obtained in this thesis in terms of energy efficiency, exergy efficiency, and net 

power generated. For the net power generation, the amount per unit mass was considered 

to avoid scaling related issues, as while the feed rate of waste material in the three proposed 

systems in this thesis is similar, the waste feed rate is not like the one used in referenced 

studies [83, 84, 85].  

 

Figure 5.40 Energy and exergy efficiencies vs similar multigeneration systems from 

literature 

 

Figure 5.41 Net power generated per unit mass of waste vs similar multigeneration 

systems from literature 
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Figures 5.40 and 5.41 show a comparison of the three proposed systems with three systems 

referenced in the literature. The system developed by Chasemi [85] was based on 

integrating solar energy with waste material gasification for multigeneration and hence the 

energy and exergy efficiencies were comparable to the efficiencies for the developed three 

systems, while the net power generated per unit waste was lower as the energy content of 

waste material used was lower than the PE energy content. This shows that gasification-

based waste to energy multigeneration systems are efficient systems and that it could be 

more productive when using waste of higher energy content as its input. The other two 

systems used waste combustion as the technique for decomposing waste material and using 

it as a fuel. The results show that although conventional combustion could be effective in 

terms of energy production compared to more environmentally benign methods such as 

gasification or pyrolysis, the energy and exergy efficiencies of such systems is very low in 

comparison to gasification and pyrolysis-based systems and hence ineffective.   

5.6 Cost assessment results 

In this part of the study, the economic viability of the three developed systems is analyzed. 

The major components cost is calculated based on data in Table 4.1. Then using the 

commercial prices of systems outputs, the amount of years required for each system to 

recover initial investment is calculated. In Table 5.7, the value for each system output is 

listed along with the total initial investment required for each system (all values are in 

Canadian Dollars). The cost assessment will depend on payback period to identify the most 

economically viable system. Payback period is the total number of years the system 

requires to compensate the initial investment.  Figure 5.42 compares the results obtained 

for the three systems.  

Table 5.7 Three multigeneration systems annual cash flow 

System Hydrogen Electricity Heating 
Fresh 

Water 

Hot 

Water 
Total 

Initial 

Investment 

First 65,238 409,624 357,431 87,191 160,656 1,080,139 7.30 

Second 188,537 872,529 278,827 32,799 27,636 1,400,329 9.70 

Third 316,794 386,456 468,507 29,474 20,168 1,221,399 8.10 

 

The results show that the third system would be the most cost effective followed by the 

first system and lastly the second system would be the least cost effective. This could be 
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attributed to the fact that the waste decomposition reactor (i.e., the highest component in 

value) is significantly more expensive in the second system while the first system produces 

less hydrogen and uses more components overall compared to the third system and hence 

it is more expensive. When compared to operational waste to energy systems, the 

developed systems show significant advantage as most operational waste to energy systems 

have a payback time of 9-15 years [86].  

 

Figure 5.42 Payback period in years for the three systems. 
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Chapter 6. Conclusions and Recommendations  

In this thesis, three waste to energy multigeneration systems based on plastic waste were 

developed and analyzed. As the systems are proposed to counter the environmental 

challenge of plastic waste disposal, only renewable energy resources are used. Solar, 

geothermal, and wind turbine energy are used in conjunction with plastic wastes 

decomposition to produce five useful outputs. Plastic wastes decomposition is achieved 

through pyrolysis and gasification as a more environmentally benign decomposition 

technique compared to incineration. For each system, a reference case study was 

analyzed, and accordingly, several parametric studies were performed to identify the 

optimum operating parameters. The study emphasised energy and exergy efficiencies as 

the base criteria for system performance. In this part of the thesis, the most important 

findings are shown. 

6.1 Conclusions 

In conclusion, the three proposed systems use plastic wastes as an input material with the 

same composition. To maintain consistency, the detailed material composition is 

referenced from an experimental study. The plastic waste is decomposed to produce 

syngas, which is processed into different subsystems to generate useful outputs. The three 

systems are designed to generate the same five outputs: heating, hot water, fresh water, 

hydrogen, and electricity. Hydrogen production is emphasised in this thesis because of its 

high demand and because of its many useful applications, as hydrogen is an energy-dense 

material that produces energy without generating emissions of greenhouse gases. The 

systems are designed to operate with gasification and pyrolysis reactors as opposed to 

commonly used combustion reactors, which are frequently used in waste to energy systems 

to be more environmentally friendly as combustion reactors tend to produce a lot of 

greenhouse gas emissions and their efficiency is relatively low. The three systems are 

proposed to be located in locations where the secondary renewable resource is available in 

abundance. Accordingly, Cordoba, Spain is proposed for the first system due to the 

availability of a high-capacity solar trough field at the same location, Kakkonda, Japan is 

proposed for the second system because of the availability of high energy geothermal wells; 

and finally, Tarfaya, Morocco is proposed for the third system because of the availability 
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of a high-capacity wind turbine plant. The main results obtained form analysing the three 

systems is listed as follows: 

• The first multigeneration system shows an energy and exergy efficiencies of 

71.43% and 54.68% respectively. In addition, in the reference case for the first 

multigeneration system, the produced fresh water is 22 kg/s, hydrogen is produced 

at a rate of 0.36 kg/s, domestic hot water is produced at a rate of 1 kg/s, heating at 

a rate of 7 kW and net power output of 27,820 kW. The combined power generation 

cycle efficiency is 55% with the back work ratio at the gas turbine cycle as 27%. 

The highest exergy destruction in the system was calculated at the pyrolysis reactor 

at 1,601.63 kW. 

• The second multigeneration system shows an energy and exergy efficiencies of 

66.24% and 48.10% respectively. In addition, in the reference case for the second 

multigeneration system, the produced fresh water is 12 kg/s, hydrogen is produced 

at a rate of 1.05 kg/s, domestic hot water is produced at a rate of 1 kg/s, heating at 

a rate of 7 kW and net power output of 73,550 kW. The combined power generation 

cycle efficiency is 64% with the back work ratio at the gas turbine cycle as 30%. 

The highest exergy destruction in the system was calculated at the gasification 

reactor at 8,141.58 kW. 

• The third multigeneration system shows an energy and exergy efficiencies of 

55.85% and 43.04% respectively. In addition, in the reference case for the third 

multigeneration system, the produced fresh water is 12 kg/s, hydrogen is produced 

at a rate of 1.53 kg/s, domestic hot water is produced at a rate of 1 kg/s, heating at 

a rate of 7 kW and net power output of 27,888 kW. The combined power generation 

cycle efficiency is 56% with the back work ratio at the gas turbine cycle as 57%. 

The highest exergy destruction in the system was calculated at the methane plasma 

pyrolysis reactor at 3,446.1 kW. 

 6.2 Recommendations 

As the plastic waste is being accumulated non-stop with current demand trends, more 

emphasis should be attributed to effective plastic waste management. In this thesis, the 

proposed multigeneration waste to energy systems is considered as a possible solution, 
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however, more should be done to effectively resolve this environmental challenge. To 

further promote an environmentally viable plastic waste disposal several recommendations 

should be considered. 

• Making a comprehensive economic feasibility study on waste to energy 

multigeneration systems that are based on plastic waste disposal. 

• Performing a comprehensive life cycle assessment to developed systems will 

important for future research. 

• Performing experimental studies on the developed systems to validate the results 

experimentally. 

• Conducting scale up studies and building prototypes of designed systems to identify 

the pilot plant processes and that is essential for designing full scale plant. 

• Adding a multi-objective optimization study on how collective operating 

parameters could affect the waste to energy multigeneration systems efficiency will 

be valuable and will provide more reliability. 

• Conducting logistical studies on how to separate, relocate and pre-process plastic 

waste to be more viable as waste material for waste to energy systems. 

• Conducting a comprehensive environmental impact study should also be added to 

future research on the topic to measure how implementing such systems would 

affect the ecosystem as a hole. 

 

 

 

 

 

 

 



86 

 

 

 

References  

[1] P. Eyerer, Polymers - Opportunities and Risks I, vol. 11. Springer, 2010. doi: 

10.1007/978-3-540-88417-0. 

[2] T. M. M Letcher and T. M. M Letcher, Plastic Waste and Recycling: Environmental 

Impact, Societal Issues, Prevention, and Solutions. San Diego, UNITED STATES: 

Elsevier Science & Technology, 2020. [Online]. Available: 

http://ebookcentral.proquest.com/lib/oculuoit-ebooks/detail.action?docID=6130680 

[3] J. R. Jambeck, “Plastic waste inputs from land into the ocean,” Source: Science, New 

Series, vol. 347, no. 6223, pp. 768–771, 2015, doi: 10.1126/science. l260879. 

[4] J. P. Lange, “Managing Plastic Waste-Sorting, Recycling, Disposal, and Product 

Redesign,” ACS Sustainable Chemistry and Engineering, vol. 9, no. 47. American 

Chemical Society, pp. 15722–15738, Nov. 29, 2021. doi: 

10.1021/acssuschemeng.1c05013. 

[5] M. R. Abbing, Plastic Soup: An Atlas of Ocean Pollution. Island Press, 2019. [Online]. 

Available: http://ebookcentral.proquest.com/lib/oculuoit-

ebooks/detail.action?docID=6154228 

[6] A. Pariatamby and M. Tanaka, Environmental Science Municipal Solid Waste 

Management in Asia and the Pacific Islands Challenges and Strategic Solutions. 

Springer, 2014. [Online]. Available: http://www.springer.com/series/3234 

[7] L. M. L. Nollet and K. S. Siddiqi, Analysis of Nanoplastics and Microplastics in Food, 

1st ed., vol. 1. Boca Raton: CRC Press, 2020. 

[8] M. T. Tran, T. L. Pham, and X. T. Nguyen, “Reducing plastic waste for the 

competitiveness of Vietnamese tourist attractions,” in E3S Web of Conferences, Dec. 

2020, vol. 210. doi: 10.1051/e3sconf/202021001011. 

[9] P. Singh, R. P. Singh, and V. Srivastava, Contemporary environmental issues and 

challenges in era of climate change. Springer Singapore, 2020. doi: 10.1007/978-981-32-

9595-7. 

[10] H. Alhazmi, F. H. Almansour, and Z. Aldhafeeri, “Plastic waste management: A review 

of existing life cycle assessment studies,” Sustainability (Switzerland), vol. 13, no. 10. 

MDPI AG, May 02, 2021. doi: 10.3390/su13105340. 

[11] R. Geyer, J. R. Jambeck, and K. L. Law, “Production, use, and fate of all plastics ever 

made,” Science Advances, vol. 3, no. 7, pp. 3–8, 2017, doi: 10.1126/sciadv.1700782. 

[12] I. Dincer and C. Zamfirescu, “Multigeneration Systems,” Advanced Power Generation 

Systems, pp. 517–573, 2014, doi: 10.1016/B978-0-12-383860-5.00009-2. 



87 

 

[13] F. Birol, “IEA (2019), The Future of Hydrogen, Paris,” Japan, 2019. Accessed: Feb. 01, 

2022. [Online]. Available: www.iea.org/reports/the-future-of-hydrogen 

[14] C. B. B. Farias, R. C. S. Barreiros, M. F. da Silva, A. A. Casazza, A. Converti, and L. A. 

Sarubbo, “Use of Hydrogen as Fuel: A Trend of the 21st Century,” Energies, vol. 15, no. 

1. MDPI, Jan. 01, 2022. doi: 10.3390/en15010311. 

[15] I. Dincer, “Greenization,” International Journal of Energy Research, vol. 40, no. 15, pp. 

2035–2037, Dec. 2016, doi: 10.1002/ER.3619. 

[16] C. Mølgaard, “Environmental impacts by disposal of plastic from municipal solid waste,” 

Resources, Conservation and Recycling, vol. 15, no. 1, pp. 51–63, 1995, doi: 

10.1016/0921-3449(95)00013-9. 

[17] G. Bajad, R. P. Vijayakumar, P. Rakhunde, A. Hete, and M. Bhade, “Processing of 

mixed-plastic waste to fuel oil, carbon nanotubes and hydrogen using multi–core 

reactor,” Chemical Engineering and Processing: Process Intensification, vol. 121, no. 

September, pp. 205–214, 2017, doi: 10.1016/j.cep.2017.09.011. 

[18] S. Devasahayam and V. Strezov, “Thermal decomposition of magnesium carbonate with 

biomass and plastic wastes for simultaneous production of hydrogen and carbon 

avoidance,” Journal of Cleaner Production, vol. 174, pp. 1089–1095, 2018, doi: 

10.1016/j.jclepro.2017.11.017. 

[19] R. A. Mir and O. P. Pandey, “Waste plastic derived carbon supported Mo 2 C composite 

catalysts for hydrogen production and energy storage applications,” Journal of Cleaner 

Production, vol. 218, pp. 644–655, 2019, doi: 10.1016/j.jclepro.2019.02.004. 

[20] C. Wu and P. T. Williams, “Pyrolysis-gasification of post-consumer municipal solid 

plastic waste for hydrogen production,” International Journal of Hydrogen Energy, vol. 

35, no. 3, pp. 949–957, 2010, doi: 10.1016/j.ijhydene.2009.11.045. 

[21] D. S. Scott, S. R. Czernik, J. Piskorz, and D. S. A. G. Radlein, “Fast Pyrolysis of Plastic 

Wastes,” Energy and Fuels, vol. 4, no. 4, pp. 407–411, 1990, doi: 10.1021/ef00022a013. 

[22] D. K. Omol, O. Acaye, D. F. Okot, and O. Bongomin, “Production of Fuel Oil from 

Municipal Plastic Wastes Using Thermal and Catalytic Pyrolysis,” Journal of Energy 

Research and Reviews, vol. 4, no. 2, pp. 1–8, 2020, doi: 10.9734/jenrr/2020/v4i230120. 

[23] T. Selvaganapathy, R. Muthuvelayudham, and M. Jaya Kumar, “Simulation of waste 

plastic pyrolysis process using aspen hysys V9 simulator under steady state operating 

condition,” in Emerging Trends in Engineering Research and Technology Vol. 2, 

Changwon: Book Publisher International, 2020, pp. 108–118. doi: 10.9734/bpi/etert/v2. 

[24] C. Park and J. Lee, “Pyrolysis of polypropylene for production of fuel-range products: 

Effect of molecular weight of polypropylene,” International Journal of Energy Research, 

vol. 45, no. 9, pp. 13088–13097, 2021, doi: 10.1002/er.6635. 

[25] P. T. Williams and R. Bagri, “Hydrocarbon gases and soils from the recycling of 

polystyrene waste by catalytic pyrolysis,” International Journal of Energy Research, vol. 

28, no. 1, pp. 31–44, 2004, doi: 10.1002/er.949. 



88 

 

[26] T. R. Praveenkumar, P. Velusamy, and D. Balamoorthy, “Pyrolysis oil for diesel engines 

from plastic solid waste: a performance, combustion and emission study,” International 

Journal of Ambient Energy, vol. 0, no. 0, pp. 1–5, 2020, doi: 

10.1080/01430750.2020.1818124. 

[27] M. Lameh, A. Abbas, F. Azizi, and J. Zeaiter, “A simulation-based analysis for the 

performance of thermal solar energy for pyrolysis applications,” International Journal of 

Energy Research, vol. 45, no. 10, pp. 15022–15035, 2021, doi: 10.1002/er.6781. 

[28] U. Pandey, J. A. Stormyr, A. Hassani, R. Jaiswal, H. H. Haugen, and B. M. E. Moldestad, 

“Pyrolysis of plastic waste to environmentally friendly products,” WIT Transactions on 

Ecology and the Environment, vol. 246, pp. 61–74, 2020, doi: 10.2495/EPM200071. 

[29] Y.-H. Seo, K.-H. Lee, and D.-H. Shin, “Investigation of catalytic degradation of high-

density polyethylene by hydrocarbon group type analysis,” 2003. [Online]. Available: 

www.elsevier.com/locate/jaap 

[30] Ghaffar, Johari, Abdullah, and Ripin, “Catalytic Cracking of High-Density Polyethylene 

Pyrolysis Vapor over Zeolite ZSM-5 towards Production of Diesel,” 2019. doi: 

doi:10.1088/1757-899X/808/1/012025. 

[31] S. K. Nema and K. S. Ganeshprasad, “Plasma pyrolysis of medical waste,” 2002. 

[Online]. Available: https://about.jstor.org/terms 

[32] L. S. Diaz-Silvarrey, K. Zhang, and A. N. Phan, “Monomer recovery through advanced 

pyrolysis of waste high density polyethylene (HDPE),” Green Chemistry, vol. 20, no. 8, 

pp. 1813–1823, 2018, doi: 10.1039/c7gc03662k. 

[33] O. Parthiba, K. Kirsten, H. Subramanian, and S. Muthu, Environmental Footprints and 

Eco-design of Products and Processes Recycling of Solid Waste for Biofuels and Bio-

chemicals. Springer. doi: 10.1007/978-981-10-0150-5. 

[34] M. H. Cho, Y. K. Choi, and J. S. Kim, “Air gasification of PVC (polyvinyl chloride) 

containing plastic waste in a two-stage gasifier using Ca based additives and Ni loaded 

activated carbon for the production of clean and hydrogen-rich producer gas,” Energy, 

vol. 87, pp. 586–593, 2015, doi: 10.1016/j.energy.2015.05.026. 

[35] D. Saebea, P. Ruengrit, A. Arpornwichanop, and Y. Patcharavorachot, “Gasification of 

plastic waste for synthesis gas production,” Energy Reports, vol. 6, pp. 202–207, 2020, 

doi: 10.1016/j.egyr.2019.08.043. 

[36] M. He, B. Xiao, Z. Hu, S. Liu, X. Guo, and S. Luo, “Syngas production from catalytic 

gasification of waste polyethylene: Influence of temperature on gas yield and 

composition,” International Journal of Hydrogen Energy, vol. 34, no. 3, pp. 1342–1348, 

Feb. 2009, doi: 10.1016/j.ijhydene.2008.12.023. 

[37] I. P. Lazzarotto, “The role of CaO in the steam gasification of plastic wastes recovered 

from the municipal solid waste in a fluidized bed reactor,” Process Safety and 

Environmental Protection, vol. 140, pp. 60–67, Aug. 2020, doi: 

10.1016/j.psep.2020.04.009. 



89 

 

[38] R. X. Yang, S. L. Wu, K. H. Chuang, and M. Y. Wey, “Co-production of carbon 

nanotubes and hydrogen from waste plastic gasification in a two-stage fluidized catalytic 

bed,” Renewable Energy, vol. 159, pp. 10–22, Oct. 2020, doi: 

10.1016/j.renene.2020.05.141. 

[39] L. Carmo-Calado, M. J. Hermoso-Orzáez, R. Mota-Panizio, B. Guilherme-Garcia, and P. 

Brito, “Co-combustion of waste tires and plastic-rubber wastes with biomass technical 

and environmental analysis,” Sustainability (Switzerland), vol. 12, no. 3, Feb. 2020, doi: 

10.3390/su12031036. 

[40] Z. Wang, K. G. Burra, X. Li, and M. Zhang, “CO2-assisted gasification of polyethylene 

terephthalate with focus on syngas evolution and solid yield,” Applied Energy, vol. 276, 

Oct. 2020, doi: 10.1016/j.apenergy.2020.115508. 

[41] J. Editor, “Green Energy and Technology Sustainable Hydrogen Production Processes 

Energy, Economic and Ecological Issues.” [Online]. Available: 

http://www.springer.com/series/8059 

[42] G. Xiu, P. Li, and A. E. Rodrigues, “Adsorption-enhanced steam-methane reforming with 

intraparticle-diffusion limitations,” Chemical Engineering Journal, vol. 95, no. 1–3, pp. 

83–93, Sep. 2003, doi: 10.1016/S1385-8947(03)00116-5. 

[43] A. di Giuliano, J. Girr, R. Massacesi, K. Gallucci, and C. Courson, “Sorption enhanced 

steam methane reforming by Ni–CaO materials supported on mayenite,” International 

Journal of Hydrogen Energy, vol. 42, no. 19, pp. 13661–13680, May 2017, doi: 

10.1016/j.ijhydene.2016.11.198. 

[44] V. Hacker, R. Fankhauser, G. Faleschini, and H. Fuchs, “Hydrogen production by steam-

iron process,” Journal of Power Sources, vol. 86, pp. 531–535, 2000, [Online]. 

Available: www.elsevier.comrlocaterjpowsour 

[45] S. Takenaka, V. T. D. Son, and K. Otsuka, “Storage and supply of pure hydrogen from 

methane mediated by modified iron oxides,” Energy and Fuels, vol. 18, no. 3, pp. 820–

829, May 2004, doi: 10.1021/ef030188i. 

[46] W. H. Chen and C. Y. Chen, “Water gas shift reaction for hydrogen production and 

carbon dioxide capture: A review,” Applied Energy, vol. 258. Elsevier Ltd, Jan. 15, 2020. 

doi: 10.1016/j.apenergy.2019.114078. 

[47] A. S. Augustine, Y. H. Ma, and N. K. Kazantzis, “High pressure palladium membrane 

reactor for the high temperature water-gas shift reaction,” International Journal of 

Hydrogen Energy, vol. 36, no. 9, pp. 5350–5360, May 2011, doi: 

10.1016/j.ijhydene.2011.01.172. 

[48] J. R. Fincke, R. P. Anderson, T. A. Hyde, and B. A. Detering, “Plasma pyrolysis of 

methane to hydrogen and carbon black,” Industrial and Engineering Chemistry Research, 

vol. 41, no. 6, pp. 1425–1435, Mar. 2002, doi: 10.1021/ie010722e. 

[49] T. Boutot, J. Bullerwell, Z. Liu, W. Niu, T. K. Whidden, and Y. Yang, “Hydrogen and 

Nanostructured Carbon by Plasma Decomposition of Natural Gas,” ECS Transactions, 

vol. 16, no. 50, pp. 155–166, Aug. 2009, doi: 10.1149/1.3157945. 



90 

 

[50] K. Brun, P. Friedman, and R. Dennis, Fundamentals and Applications of Supercritical 

Carbon Dioxide Based Power Cycles. Elsevier, 2017. 

[51] I. Dincer, Comprehensive Energy Systems. Elsevier, 2018. 

[52] R. Verma, K. S. Vinoda, M. Papireddy, and A. N. S. Gowda, “Toxic Pollutants from 

Plastic Waste- A Review,” Procedia Environmental Sciences, vol. 35, pp. 701–708, 

2016, doi: 10.1016/j.proenv.2016.07.069. 

[53] F. Weiland, L. Lundin, M. Celebi, K. van der Vlist, and F. Moradian, “Aspects of 

chemical recycling of complex plastic waste via the gasification route,” Waste 

Management, vol. 126, pp. 65–77, May 2021, doi: 10.1016/j.wasman.2021.02.054. 

[54] T. J. Teleszewski, M. Żukowski, D. A. Krawczyk, and A. Rodero, “Analysis of the 

applicability of the parabolic trough solar thermal power plants in the locations with a 

temperate climate,” Energies (Basel), vol. 14, no. 11, Jun. 2021, doi: 

10.3390/en14113003. 

[55] S. Tamanyu and K. Fujimoto, “Hydrothermal and Heat Source Model for the Kakkonda 

Geothermal Field, Japan,” 2005. 

[56] A. Benazzouz, H. Mabchour, K. el Had, B. Zourarah, and S. Mordane, “Offshore wind 

energy resource in the Kingdom of Morocco: Assessment of the seasonal potential 

variability based on satellite data,” Journal of Marine Science and Engineering, vol. 9, 

no. 1, pp. 1–20, 2021, doi: 10.3390/jmse9010031. 

[57] N. Kirana, E. Ekincib, and C. E. Snapec, “Recyling of plastic wastes via pyrolysis,” 

Resources, Conservation and Recycling, vol. 29, no. 4, pp. 73 – 283, 2000, doi: 

https://doi.org/10.1016/S0921-3449(00)00052-5. 

[58] K. Nakanoh, S. Hayashi, and K. Kida, “Waste Treatment Using Induction-Heated 

Pyrolysis,” Fuji Electric Review, vol. 47, no. 3, pp. 69–73, 2001. 

[59] S. T and M. R, “Recycling of Plastic Wastes in Tiruvannamalai City: Thermal Cracking 

of Waste Plastic into Gasoline Products under Various Operating Conditions,” Applied 

Ecology and Environmental Sciences, vol. 9, no. 1, pp. 47–52, Nov. 2020, doi: 

10.12691/aees-9-1-6. 

[60] BESTON (HENAN) machinery co. ltd, “Waste Pyrolysis Plant,” 2021. 

[61] X. Tang, X. Wei, and S. Chen, “Continuous pyrolysis technology for oily sludge 

treatment in the chain-slap conveyors,” Sustainability (Switzerland), vol. 11, no. 13, 

2019, doi: 10.3390/su11133614. 

[62] O. Dogu, “The chemistry of chemical recycling of solid plastic waste via pyrolysis and 

gasification: State-of-the-art, challenges, and future directions,” Progress in Energy and 

Combustion Science, vol. 84, p. 100901, 2021, doi: 10.1016/j.pecs.2020.100901. 

[63] R. N. Walters, S. M. Hackett, and R. E. Lyon, “Heats of combustion of high temperature 

polymers,” Fire and Materials, vol. 24, no. 5, pp. 245–252, 2000, doi: 10.1002/1099-

1018(200009/10)24:5<245: AID-FAM744>3.0.CO;2-7. 



91 

 

[64] M. Moradi, B. Ghorbani, R. Shirmohammadi, M. Mehrpooya, and M. H. Hamedi, 

“Developing of an integrated hybrid power generation system combined with a multi-

effect desalination unit,” Sustainable Energy Technologies and Assessments, vol. 32, no. 

January, pp. 71–82, 2019, doi: 10.1016/j.seta.2019.02.002. 

[65] I. Dincer and C. Acar, “Review and evaluation of hydrogen production methods for better 

sustainability,” International Journal of Hydrogen Energy, vol. 40, no. 34, pp. 11094–

11111, 2014, doi: 10.1016/j.ijhydene.2014.12.035. 

[66] M. Temiz and I. Dincer, “Enhancement of solar energy use by an integrated system for 

five useful outputs: System assessment,” Sustainable Energy Technologies and 

Assessments, vol. 43, Feb. 2021, doi: 10.1016/j.seta.2020.100952. 

[67] R. Alipour Moghadam Esfahani, L. Osmieri, S. Specchia, S. Yusup, A. Tavasoli, and A. 

Zamaniyan, “H2-rich syngas production through mixed residual biomass and HDPE 

waste via integrated catalytic gasification and tar cracking plus bio-char upgrading,” 

Chemical Engineering Journal, vol. 308, pp. 578–587, Jan. 2017, doi: 

10.1016/j.cej.2016.09.049. 

[68] J. G. Speight, Gasification of Unconventional Feedstocks. Elsevier, 2014. 

[69] R. Chaubey, S. Sahu, O. O. James, and S. Maity, “A review on development of industrial 

processes and emerging techniques for production of hydrogen from renewable and 

sustainable sources,” Renewable and Sustainable Energy Reviews, vol. 23. pp. 443–462, 

2013. doi: 10.1016/j.rser.2013.02.019. 

[70] R. R. Hopkins and K. J. Kim, “Hydrogen compression characteristics of a dual stage 

thermal compressor system utilizing LaNi5 and Ca0.6Mm0.4Ni5 as the working metal 

hydrides,” International Journal of Hydrogen Energy, vol. 35, no. 11, pp. 5693–5702, 

Jun. 2010, doi: 10.1016/j.ijhydene.2010.03.065. 

[71] O. Siddiqui and I. Dincer, “Examination of a new solar-based integrated system for 

desalination, electricity generation and hydrogen production,” Solar Energy, vol. 163, pp. 

224–234, Mar. 2018, doi: 10.1016/j.solener.2018.01.077. 

[72] Z. Tian, B. Jiang, A. Malik, and Q. Zheng, “Axial helium compressor for high-

temperature gas-cooled reactor: A review,” Annals of Nuclear Energy, vol. 130. Elsevier 

Ltd, pp. 54–68, Aug. 01, 2019. doi: 10.1016/j.anucene.2019.02.032. 

[73] F-Chart-Software, “EES: Engineering Equation Solver | F-Chart Software: Engineering 

Software,” F-Chart Software, vol. 2012, no. 07.07. pp. 6–8, 2018. Accessed: Sep. 10, 

2021. [Online]. Available: https://fchartsoftware.com/ees/mastering-ees.php 

[74] “Aspen Plus | Leading Process Simulation Software | Aspen Tech.” 

https://www.aspentech.com/en/products/engineering/aspen-plus, 2022. 

[75] S. Kalogirou, Solar Energy Engineering. Elsevier Inc., 2009. doi: 10.1016/B978-0-12-

374501-9.X0001-5. 

[76] I. Dincer and M. A. Rosen, Exergy: Energy, Environment and Sustainable Development. 

Elsevier Ltd, 2013. doi: 10.1016/C2010-0-68369-6. 



92 

 

[77] Y. A. Cengel and M. A. Boles, “Thermodynamics: An Engineering Approach 8th 

Edition” 2015. 

[78] I. J. van der Walt, J. T. Nel, D. Glasser, D. Hildebrandt, and L. Ngubevana, “An 

Economic Evaluation for Small Scale Thermal Plasma Waste-To-Energy Systems.” 

[79] “CO2 Enhanced Separation and Recovery Deliverable No. CESAR D2.4.3 Deliverable 

Title D2.4.3 European Best Practice Guidelines for Assessment of CO2 Capture 

Technologies Dissemination Level Public” 2011. 

[80] M. M. Wright, J. A. Satrio, R. C. Brown, D. E. Daugaard, and D. D. Hsu, “Techno-

Economic Analysis of Biomass Fast Pyrolysis to Transportation Fuels,” 2010. [Online]. 

Available: http://www.osti.gov/bridge 

[81] X. gang Zhao, G. wu Jiang, A. Li, and L. Wang, ‘Economic analysis of waste-to-energy 

industry in China’, Waste Management, vol. 48, pp. 604–618, 2016, doi: 

10.1016/j.wasman.2015.10.014. 

[82] Financial Accountability Office of Ontario, “FAO: Home Energy Spending in ON,” 

2019. [Online]. Available: https://www.fao-on.org/web/default/files/publications/FA1911 

Home Energy/Home Energy Spending in Ontario 2019 Update.pdf 

[83] P. Heidarnejad and A. Noorpoor, “Performance comparison and investigation of two 

different renewable energy fueled multigeneration systems,” Journal of Thermal 

Engineering, vol. 7, no. 5, pp. 1039–1055, Jul. 2021, doi: 10.18186/thermal.977707. 

[84] D. H. Jamali and A. Noorpoor, “Optimization of a novel solar-based multi-generation 

system for waste heat recovery in a cement plant,” Journal of Cleaner Production, vol. 

240, Dec. 2019, doi: 10.1016/j.jclepro.2019.117825. 

[85] A. Ghasemi, A. A. Shayesteh, A. Doustgani, and M. Pazoki, “Thermodynamic 

assessment and optimization of a novel trigeneration energy system based on solar energy 

and MSW gasification using energy and exergy concept,” Journal of Thermal 

Engineering, vol. 7, no. 1, pp. 349–366, 2021, doi: 10.18186/Thermal.850819. 

[86] C. Li, F. Wang, D. Zhang, and X. Ye, “Cost management for waste to energy systems 

using life cycle costing approach: A case study from China,” Journal of Renewable and 

Sustainable Energy, vol. 8, no. 2, Mar. 2016, doi: 10.1063/1.4943092. 

 

 

 

http://www.osti.gov/bridge

