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Abstract

Current technologies of using conventional energy produce a large amount of waste heat
which can potentially be recovered in the form of useful work to use in our day to day
life. This initiative not only optimizes the energy usage but also contributes to mitigating
environmental impact of fossil fuel. There are also two main sources of renewable
energy, solar and geothermal that can be used as an alternative to fossil fuel based
options. Harnessing of this energy with appropriate low cost technology could be a
promising method of alternate energy utilization. However, there are some developed
technologies which are already in use to generate medium to large scale of power or
power and heat (co-generation). But small scale trigeneration with a single source of
energy has not yet been developed. In this research work a small scale trigeneration
system is designed, built and experimentally investigated for simultaneous generation of

power, heating and cooling.

This integrated system combines a power and cooling cycles where the source
heat is used to generate power through a scroll expander and a portion of the heat is used
in an ejector cooling system. The residual heat which is normally released to the
environment in this type of power cycle is captured as much for hot water heating or
space heating. Ammonia-water is used for both the power cycle and the cooling cycle.
The experimental investigation of this thesis work analyzed the performance of a scroll
based heat engine working with low temperature heat source within the trigeneration
facility. Coupling trigeneration and renewable makes a very strong scheme to supply not
only low-carbon electricity and low-carbon heat, but also cooling, in an integrated system
with high utilization factor. The first part of the work is to study the performance of the
heat engine that consists of custom built expander, boiler and condenser in an ammonia
water Rankine cycle system. The second part is to determine the utilization of the heat
engine driven by low grade heat source in a small scale trigeneration unit. Ammonia

water is suitable for low temperature Rankine power cycle, because of its non-azeotropic



properties. The source of heat can be at relatively low and intermediate temperatures in
the range of 80°C — 200°C. This heat can be derived from a multitude of sources
including solar panel collectors, biomass combustion, biofuel, recovered waste heat etc.
Due to the trigeneration feature, the utilization factor of the heat source or fuel energy
with this system exceeds 90%. The experimental result shows a maximum isentropic
efficiency of 67% and an overall energy efficiency of maximum 7% at 120°C source
temperature, while the exergy efficiency is about 30%. The experimental result also
shows that the concentration of ammonia is a dominant factor in determining the
optimum efficiency with a range of ammonia-water mixture. 40% ammonia concentration
found optimum, however higher concentration drastically reduces the work output. In the
trigeneration facility, the cooling and heating can be adjusted without affecting power
generation. Finally, it can be concluded that from the optimization results, if mass
production is put in place, the system shows a high economic competitiveness with
respect to conventional power generation methods which require multiple individual

systems to provide the same results.

This system is very new and novel with unique features, which would resolve
various energetic and environmental issues and provide potential solutions to residential
applications. It is also aimed to make such systems suitable for restaurants, hospitals,
commercial buildings, social centres, farming facilities and to use in remote locations.

The ultimate goal is to produce a viable commercial product.

Keywords: Trigeneration, exergy analysis, optimization, solar power tower, gasification,

Fischer-Tropsch synthesis
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Nomenclature

A area [m?]
AS angular speed [RPM]
BV ball valve
C coefficient
Cy cost of exergy destruction [$/year]
Cy; cost of environmental impact [$/year]
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Chapter 1: Introduction

Energy is one of the major building blocks in the development of mankind. Energy has been
required by life it began. In the primitive ages, the human being was only powered by
biological materials from living organisms or by the burning of wood. As we moved forward,
technological development came into effect and energy sources started diversifying. Oil, gas
and coal became the main sources of energy. However, with the increasing population growth
and the rising consumption of these depleting energy sources, sustainability became a concern.
Another major concern also evolved: the environmental impact related to the energy
consumption for the purpose of power, heating and cooling. Societal needs and environmental
awareness must be taken into account together when the strategic development of energy is to
be determined.

The search for useful energy for the development of mankind is one of the main
historical quests. As the population increases the growth in energy consumption dictates the
need of further exploration for abundant energy. In 2009, petroleum, natural gas, coal, and
nuclear power accounted for 92% of the energy use with various renewable energy sources
accounting for the remaining 8% (Ruehl, 2012). Energy moves people and goods; produces
electricity; heats residences and other buildings; and is used in manufacturing and other
important industrial processes.

Low grade heat is abundantly available in renewable energy sources and also in the
industrial activity that typically rejects heat into environment. Interest for using low grade heat
from solar energy, geothermal, ocean thermal, biomass combustion, heat rejected by fossil fuel-
based power plants, air conditioning and refrigeration systems, and other industrial platforms
grew dramatically with the global awareness of greenhouse effect and global warming due to
carbon based fuel combustion. By using recovered waste heat of any nature that would
otherwise be lost in the power generation process and becomes highly sustainable.

With the context of the growing energy consumption, depleting fossil fuels,
environmental impact and above all utilization of environmentally benign sustainable energy,
the concept of multigeneration has evolved. Multiple product generation with power plant
technology started with the idea of cogeneration. Cogeneration is a means of generating heat

and electric power simultaneously from the same energy source.



A further development of power generation technology which goes beyond cogeneration
is the trigeneration, a case in which power, heating and cooling is produced by an integrated
system. Besides being energy efficient, trigeneration using waste heat recovery or other clean
sources of heat eliminates or reduces the emissions of greenhouse gases (specific to
conventional power generation or heating systems). Furthermore, due to generation of three
marketable commodities — power, heating and cooling — trigeneration can potentially reduce the
return of investment when compared with power only (single generation) and cogeneration.

In the present work, the development of a trigeneration system based on an ammonia-
water Rankine cycle is presented. The experimental research concluded with the practical
realization of a Rankine heat engine prototype of approx. 1 kW power and heat recovery for
service hot water generation. The system integrates an ejector cooling cycle with an application
for cooling in the range of temperatures suitable for air conditioning.

In this introductory chapter, the energy outlook is reviewed in order to emphasise the
importance of renewable thermal energy sources, especially at low grade and to justify the
opportunity of development of advanced power cycles for trigeneration. Subsequently, the
motivation of this work is exposed and the research objectives are stated. The chapter concludes

with an outline of the thesis.

1.1 Energy outlook

The purpose of harnessing and converting energy to its useful form is to meet societal needs
such as: electric power, mechanical power, heating supply and heat removal for cooling.
Electrical power as well as mechanical power is highly effective forms of energy which are
essentially required in the industrial, transportation and tertiary sectors. It has also residential
use to run various household equipment and appliances. For human comfort, energy has a great
role in all level of population strata. From cooking to heating, cooling, lighting and even for
amusement, people are using energy.

Two aspects must come into balance in a harmonious energy system: energy supply and
energy demand. This creates an energy market which is generally regulated by the authority for
power generation. The available prospects show that energy demand will increase yearly
whereas the conventional energy resources required for power generation will decrease. When

the energy demand is divided to the population number, the energy demand per capita is



obtained. According to Ruehl (2012), the energy consumption in 2010 has been approx. 17 TW,
whereas according to the United Nations (2013) the global population was close to 7 billion.
Thence, the energy consumption per capita has been 2.46 kW; this figure reflects the fact that
current worldwide energy demand is about 2.5 kW. If this demand is maintained in the future,
the energy demand will reach 5 kW per capita in probably next 20 years when due to the natural
tendency, the worldwide population will be doubled (United Nations, 2013). Regional energy
uses also grew from 1990 to 2008: the Middle East increased by 170%, China by 146%, India
by 91%, Africa by 70%, Latin America by 66%, the USA by 20%, the EU-27 block by 7%, and
world overall grew by 39% (Ruehl, 2012).

The proven reserves of conventional energy resources in the form of coal, petroleum,
natural gas and uranium are reported in Ruehl (2012). Also, if one takes into account the
predicted demand of these resources, their availability can be determined. The resource
availability in terms of years is shown in Figure 1.1. Coal is the most abundant resource with
repositories proven for approx. 120 years. Of course, the continuous depletion of conventional
(non-renewable) energy puts pressure on the current generation to take sustainable energy

approaches, which will ensure a fair access to resources for the future generations.
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Figure 1.1: Availability of conventional energy resources [data from Ruehl, 2012].



Sustainability imposes an increased supply of renewable energy worldwide, whereas the
dependence on fossil fuels must be limited. Nuclear energy itself can be viewed as sustainable
pathway since prospects exist to develop thorium-based reactor in the future, which opens the
door toward a more abundant energy. Furthermore, with the envisaged development of nuclear
hydrogen production and nuclear process heat, nuclear energy appears to be one of the key

sources for worldwide supply.
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Figure 1.2: Current share and 2050 prediction for energy supply [data from European
Commission (2006)].

Figure 1.2 shows the share of energy supply by kinds for today and the predictions for
2050. The share of renewable energy will increase from the current, approx. 8.5% to 25% in
2050. Currently, the overwhelming majority of renewable energy is due to hydropower,
biomass combustion and geothermal. It appears that biomass and waste materials combustion
will remain the lead of biomass supply by 2050 with 68% renewables share (or approx. 17% of
total).

Further from the chart shown in Figure 1.2, one can conclude that energy sources that
manifest in the form of high temperature heat will represent an important share among
renewable energies in the future. A fastest growing renewable source is the solar energy. Solar
power involves using solar cells to convert sunlight into electricity or using a parabolic
concentrator to heat water for hot water system or to produce steam to run a heat engine.
Sunlight entering through window can be used as a passive heating of a building. Solar energy,

radiant light and heat from the sun, have been harnessed by humans since ancient times using a



range of ever-evolving technologies. Solar energy with modern technological advancement can
contribute as an alternative renewable energy source for versatile use.

Solar technologies are broadly used currently in photovoltaic power generation, water
heating, and steam generation and as a heat source of the absorption cooling. Also, with
properly designed building orientation and its construction materials, a large amount of solar
heat can be captured for naturally circulated space heating. Beside solar, the geothermal is
another form of renewable energy transferred in the form of heat.

Geothermal energy is gaining its popularity due to its lack of dependence on the
weather. It harnesses the heat energy present underneath the Earth. Two wells are drilled. One
well injects water into the ground to provide water. The hot rocks heat the water to produce
steam. The steam that shoots back up comes out through the other hole(s) and is used to drive
turbines, which power the electric generators. When the water temperature is below the boiling
point of water, a binary system is used. A low boiling point liquid is used to drive a turbine and
generator in a closed system similar to a refrigeration unit running in reverse.

Biomass was being used as the primary source of energy for heating and cooking at
homes and process heat since long. Wood is the largest biomass energy source to date.
However, garbage or other renewable resources such as corn or other vegetation are largely
used nowadays to generate electricity. When garbage decomposes, the methane produced is
captured in pipes and later burned to produce electricity. Bioethanol is a readily available, clean
fuel made of biomass feed stocks. It produces considerably lower emissions on combustion and
it only releases the same amount of carbon dioxide as plants bound to consume while growing.

Energy is demanded generally in the form of power, heating and cooling as the basic
need for the modern society. Figure 1.4 shows the energy demand in Canada for different
sectors. Only 74.1% of energy input is available as useful energy to the economy sectors, fact
that illustrates the energy losses associated with energy conversion and production of about
25.9%. The energy demand is shared almost equally by industrial and transportation sectors
which are the most important consumers. Also, the residential, commercial, institutional and
agricultural demand altogether represent 35% of total Canadian energy demand.

In 2008, total worldwide energy demand was 474 exajoules (132,000 TWh). This is
equivalent to an average power use of 15 terawatts (2.0x1010 hp). The annual potential for

renewable energy is solar energy 1,575 EJ (438,000 TWh), wind power 640 EJ (180,000 TWh),



geothermal energy 5,000 EJ (1,400,000 TWh), biomass 276 EJ (77,000 TWh), hydropower 50
EJ (14,000 TWh) and ocean energy 1 EJ (280 TWh); US EIA (2009).
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Figure 1.3: Energy demand in Canada [data from Statistics Canada (2008)].
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Figure 1.4: Energy demand in Canada [data from Statistics Canada (2008)].

The Canadian energy demand is shown in Figure 1.5 in terms of fuel type. Most of the
demand is due to refined petroleum products (41%) which mostly go to the transportation

sector. Natural gas and electricity have demand in all Canadian sectors. In residential sector,



natural gas is used for heating in overwhelming majority of households, whereas power is used
for lighting, and appliances. Another important side of power consumption in households is for

air conditioning.
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Figure 1.5: Canadian energy demand by fuel type and Canadian residential power, heating and
cooling demand [data from Statistics Canada (2008)].

Over 40% of the average home's energy consumption is used for heating. The percent of
household power used for cooling (for running freezers, refrigerators and air conditioning) can
be estimated to about 21%. This figure has been found as an annual average for USA
households in US EIA (2009) and it is assumed to be the representative for both USA and
Canada. Under this assumption and based on residential power and natural gas consumption
from Statistics Canada (2008), the following average demand is determined: 38% power (for
lighting and appliances other than cooling and air conditioning), 52% heating (space and water
heating) and 10% cooling demand. The chart from Figure 1.5 shows this demand distribution.

Efficient use of energy is thus an important factor in consuming energy. Scientific
principles and technological developments are the ongoing processes to optimize energy
efficiency. Energy is a broad term whereas another useful term known as exergy determines the
amount of maximum potential of useful work. Technological development is now more
concerned about exergy analysis to optimize the system efficiency. All forms of energy

calculations are done currently based on energy and exergy analysis.



1.2 Single generation, cogeneration and trigeneration

The demand of power, heating and cooling is obvious not only in residential sector but in many
other sectors. The conventional approach is to provide these commodities using separate units.
Typically, the power demand is satisfied by the electricity grid. The need for heating is fulfilled
by the use of natural gas furnaces and cooling is generated by refrigerators and air conditioning
units that typically are driven by electricity.

With the context of growing energy consumption, depleting fossil fuel, environmental
impact and above all utilization of environment friendly sustainable energy, the concept of
multigeneration system has been evolved. In this approach, an integrated system is devised
which is able to deliver multiple commodities in an efficient manner. Multi generation with
power plant technology started with the idea of cogeneration. Cogeneration is normally a means
of generating heat and electric power simultaneously from the same energy source.
Trigeneration brings an additional output in terms of cooling. Basically, a trigeneration system
represents an integration of a power cycle, a refrigeration cycle and a heat recovery subsystem.
One typical system configuration for trigeneration is adopted with the integration of an
absorption chiller to facilitate the cooling demand with the same energy input. In this system,
the waste heat of the power cycle is utilized to an absorption chiller for cooling purpose. A
simple representation of single, co- and trigeneration systems is shown in Figure 1.6.

The idea of a smaller capacity trigeneration evolves with the possibility of using low
grade heat sources available in renewable energy or waste heat. Low grade heat is abundantly
available in renewable energy sources and also in the industrial waste that normally rejects heat
to the environment. Interest for using low grade heat from solar energy, geothermal, ocean
thermal, biomass combustion, heat rejected by fossil fuel-based power plants, air conditioning
and refrigeration systems, and industrial processes plants grew dramatically with the global
awareness of greenhouse effect and global warming due to carbon based fuel combustion. By
using recovered waste heat of any nature that otherwise will be lost, the power generation
process becomes highly sustainable. If the system operates with cogeneration or trigeneration
technique, then the overall efficiency is increased. Besides being energy efficient, cogeneration
and multi-generation using waste heat recovery or other clean sources of heat such as solar
thermal energy, carbon dioxide emissions (specific to conventional power generation or heating

systems) are reduced or even eliminated.
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Figure 1.6: Black-box representation of a) single generation, b) cogeneration, and c)
trigeneration systems.

Al-Sulaiman et al. (2011) has revised trigeneration opportunities and shown that
integration of various technologies within a single overall system enhances the efficiency and
revenues; and reduces the environmental impact and payback period. These benefits are higher
when renewable thermal energy sources are used as input as shown in the paper by Dincer and
Zamfirescu (2012). In this respect, heat engines that use an external heat supply have a great
deal of potentials because in such systems, heat is transferred from the external source to the
working fluid using a heat exchanger. This facilitates versatility in linking of the power cycle
with a heat source such as solar, geothermal, ocean thermal, hot waste stream or flue gas
streams from combustion processes.

Many research works have been performed on various configuration of heat engines,
such as the organic Rankine cycle (ORC), Kalina cycle, steam Rankine cycle and ammonia-
water variations of Rankine cycle. Zamfirescu and Dincer (2008) mentioned that Rankine cycle
and its variations are excellent choices to use in a heat engine working with low grade heat
sources. They also pointed out of achieving higher exergy efficiency of using ammonia-water
as the working fluid with 150°C geothermal heat source. Thus, ammonia water low power

capacity heat engines using low grade heat source is of particular interest for this thesis.



Depending on the process fluid and the heat quality, a careful selection of prime mover
is essential. Quoilin et al. (2010) suggested that the use of positive displacement expanders is
advantageous over turbo-machines for use in power generation at low and intermediate power
range when low grade heat sources are the energy source. They had pointed out that due to the
performance criteria, turbo-machines should have high tip speeds compared to smaller positive

displacement machines.
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Figure 1.7: GHG mitigation potential by year 2100 [data from IPCC (2007)].

Yanagisawa et al. (1988), Nagatomo et al. (1999) and Kim et al. (2001) had investigated
the performance characteristics of a scroll expander and found that at lower operating speed the
isentropic efficiency is lower. This is because of the fact that at lower angular speeds, the
leakage loss is more and also mechanical loss is more in scroll machine. By redesigning the
bearing surfaces of the shaft, the mechanical losses can be minimized. Also ensuring to work at
higher speed, the leakage loss can be reduced. This can be achieved by using ammonia water as
working fluid which has high power production capacity due to desorption and resorption
behaviour as a non-azeotropic mixture. Considering more advantage over drawbacks of using
scroll unit, a scroll expander is determined to be a better choice for working as a prime mover

in the heat engine developed in the present thesis.
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While cogeneration itself helps to reduce CO2 emissions significantly, a two-fold option
of CO2 emission reduction (or more) can be obtained by using renewable energy as an input
source to trigeneration. Ahmadi et al. (2013) has shown that carbon emission reduction of more
than two can be obtained when a cogeneration system is applied to combust biomass and
generate power and heating. If more products are generated, the system efficiency gets
increased even more and the carbon specific emission gets decreased seven times with respect
to reference case of single generation. Also, the system efficiency is increased by 1.5 times.
Due to a higher efficiency and multiproduct generation, the return of investment generally
decreases as indicated in several examples presented in Dincer and Zamfirescu (2014).

The GHG mitigation potential from switching renewable energy is expected to become
35% among other measures as shown in Figure 1.7. This clearly shows that if a trigeneration
system supplied by renewables is developed important carbon mitigation is obtained. Hence,
trigeneration represents one of the solutions for greenhouse gas mitigation and as such financial

encouragement from the government in this technology development is highly probable.

1.3 Motivation
Energy being an inseparable part of human life demands the most efficient use of its sources.
Trigeneration systems draw interest in this regard, as exposed in the previous section. The
purpose of this research work is to analyze the performance of a scroll based heat engine
working with low temperature heat source in a trigeneration facility. Linking trigeneration to
heat sources derived from renewable, makes a very strong scheme to the supply not only low-
carbon electricity and low-carbon heat but also cooling in an integrated system with high
utilization factor. The first part of the work focuses on heat engine prototype development. The
second part analyses and assesses the system performance driven by low grade heat source
provided as hot thermal oil. The system is further compared with potential competitors and
conventional solution for power, heating and cooling at small scale (e.g., residential). The
motivational aspects of this work are as follows:
a) Energy system is ever changing and differs widely across regions. Every energy source has
substantial environmental and economic impacts that ripple through the connected systems
that form the environment and shape of society. New technologies and societal wants and

needs will bring continuous change to where we get our energy from and how we use it.
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b)

d)

Throughout human history, the ways in which one produces and uses energy have changed.
Often, one part of the system changes gradually while another is quickly transformed.
Almost all the nuclear power plants in the U.S.A. were built in the course of twenty years.
Almost all of the wind generated electrical capacity in the world has come online in the last
few years. While our transportation system has been driven by petroleum for decades, it has
not always been so. Our transportation system moved from domination by animal power to
coal (for trains and shipping) to petroleum in steps that each took only a few decades, after a
new technology showed clear advantage. These sweeping and unpredictable changes in
energy system will doubtlessly happen again and again, while other parts of the system will
change remarkably slowly. Any change in the energy system impacts both the environment
and the economy. Most or all increase in energy production and use will damage aspect of
the environment, and need to be considered in the context of current energy practices. By
better understanding the components of energy system, their interconnections and how these
things have changed in the past, one can make more informed decisions about our energy
future. Development of trigeneration systems in general and small scale scroll expander
based, ones may help in this respect.

Energy development is the ongoing effort to provide sufficient primary energy sources and
secondary energy forms to fulfill civilization's needs. It involves both installation of
established technologies and research and development to create new energy-related
technologies. Major considerations in energy planning include resource depletion, supply
production peaks, security of supply, cost, impact on air pollution and water pollution, and
whether or not the source is renewable.

Technologically, advanced societies have become increasingly dependent on external
energy sources for transportation, production of many manufactured goods, and delivery of
energy services. This energy allows people who can afford the cost to live under otherwise
unfavourable climatic conditions through the use of heating, ventilation, and/or air
conditioning. Level of use of external energy sources differs across societies, as do the
climate, convenience, levels of traffic congestion, pollution production, and greenhouse gas
emissions of each society.

Expanding human populations generally require an increased consumption and dependence

on external energy sources. Research, development and practice of energy efficiency and
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conservation by the populace allow a degree of mitigation of this dependence. Wise energy
use embodies the idea of balancing levels of human comfort and energy consumption by
researching and implementing effective and sustainable energy harvesting and utilization
measures.

Trigeneration systems gained importance recently due to their higher efficiency compared
to conventional systems. Utilizing the same amount of an energy source, it is possible to
obtain more useful outputs rather than only one. Power, heating and cooling are highly
required commodities with market value which can improve the return on investment for
trigeneration systems as compared to single generation and cogeneration.

Global energy consumption is increasing drastically with the increase of world population
and rapid industrialization. Consuming energy has a direct and indirect impact on the
environment from energy production to energy utilization. The unprecedented increase in
the emissions of harmful greenhouse gasses due to high level of use of fossil fuels in
different energy sectors inspired the researchers to explore efficient methods of using
renewable energy sources. Extensive research has been carried out exploring the potential
of sustainable energy sources such as bio-fuels, biomass, municipal waste, solar,
geothermal, wind, and industrial waste heat. Furthermore, efficient alternative technology to
replace the existing production of the commodities that is primarily driven by the highly
pollutant combustion of fossil fuels should also be researched. However, sustainable energy
in the form of low grade heat source requires more than the conventional heat engine to
harness this type of green energy. To exploit this heat source and make it usefully, an
externally heat driven engine is the most suitable. In an external heat driven heat engine, the
thermal energy from these renewable sources can be harvested and converted into useful
work that can be used for smaller scale electric power generation. A well-known and
established thermodynamic cycle to apply to the externally heat driven heat engine is
Rankine cycle. Normally, steam is being used for this cycle when using fossil fuel. But for
low grade sustainable energy sources steam Rankine cycle is not suitable because of the low
heat flux. A process fluid with high molecular density has the characteristic of having the
liquid-vapor phase change at a lower temperature than the water-steam phase change to

extract more heat from low grade heat source.
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g) Although this type of heat engine works on low grade heat source, the thermal efficiency is
much lower due to heat waste in the condenser, higher energy irreversibility in the expander
and single commodity energy utilization. Therefore, from both thermodynamic and
economic points of view, a highly efficient low grade heat driven heat engines development
has solid motivation. Conceptually, it is found that a sustainable heat driven heat engine in a
trigeneration platform should have much higher efficiency than a single commodity heat
engine. However, harnessing low grade sustainable energy is not suitable using

conventional expansion devices like turbine.

1.4 Objectives

Tarique (2011) conducted an experimental investigation on scroll based low grade heat engine
and the energy; and the exergy efficiency was evaluated. The results show a maximum
isentropic efficiency of 67% and an overall energy efficiency of maximum 7% at 120°C source
temperature, while the exergy efficiency is about 30%.

Moreover, scroll machines are commercially available and used by refrigeration
industries for long in its developed design form. An off-the-shelf refrigeration scroll
compressor can easily be converted to scroll expander to work as a prime mover in the
proposed engine. Design, construction and analysis of a scroll based trigeneration unit are
therefore the plan for the proposed research.

The purpose of this work is to investigate the performance of a scroll expander in an
ammonia based Rankine cycle and to optimize the operating parameters in developing a highly
efficient heat engine using low grade heat source. The main goals are:

1. Use of sustainable energy to mitigate environmental impact,
ii.  Develop and tune the heat engine for best efficiency, and

1ii.  Increase the utilization factor of heat source energy.

The objectives of the research work are as follows:
a)  To design a trigeneration system for power, heating and cooling in the range of 1 kW
power. The system parameters are determined on the basis of source and sink temperature

and the system output requirements. The heat source is hot thermal oil with temperature
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in the range of 80°C to 160°C. The trigeneration system prototype will include an
ammonia-water based power cycle and an ejector cooling cycle.

b)  To perform the energy and exergy analysis of the ammonia-water trigeneration system as
designed and compared with other configurations to investigate for multigeneration
systems. One performs the thermodynamic and heat transfer analysis to develop a precise
system model of the heat engine. Exergy destruction for each component will be
determined for the tested operating conditions.

c) To construct and commission the trigeneration prototype system for experimental analysis
based on design considerations.

d)  To perform experimental analysis of the trigeneration system with a lab setup. With the
varying operating parameters, analyze the scroll expander performance and expansion
process. The data acquisition system will be programmed and a plan of experimentation
elaborating the through experimental information is collected.

e) To analyze the experimental data and assess the performance of the trigeneration system.
Determine the energy and exergy efficiency and COP of the trigeneration system. The
energy and exergy analyses will help to understand the performance of a trigeneration
system and its system components by determining the exergy destructions.

f)  To optimize the operational parameters of the trigeneration systems in improving the

efficiency and energy utilization factor.

1.5 Thesis outline
This thesis comprises seven chapters structured as follows: Introduction, Literature review,
Trigeneration system description and development, Experimental work, Analyses, Results and
discussion, and Conclusions and recommendations. After this introductory chapter, a
comprehensive literature review is presented on the following topics: thermodynamic cycles for
power and for cooling with focus on Rankine cycle, trigeneration systems, turbines and
expanders with focus on scroll expanders as an emerging technology, ejectors for steam cooling
cycles, working fluids with focus on ammonia-water mixture and solution thermodynamics,
heat exchangers with focus on ammonia-water desorber and resorber.

Chapter 3 of the thesis describes the development of trigeneration system and gradual

development of the prototype in many phases and construction iterations. The experimental
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work is described in Chapter 4 including methodology and uncertainty analysis. The analyses
section in Chapter 5 concerns energy and exergy analyses of the system and components, scroll
machine geometrical and thermodynamic analysis and modeling of the processes in heat
exchangers.

The core chapter of the thesis is the Results and Discussion which is divided in four
sections: “Experimental Results”, “Modeling and Numerical Simulations”, “Comparative
assessment of trigeneration systems” and “System Improvement and Optimization”. Chapter 7
gives the concluding remarks, recommendation and future perspectives. The thesis includes an

abstract, a reference list, nomenclature and lists of tables and figures.
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Chapter 2: Literature Review

The concept of sustainable energy has been promoted as a fair solution to the complex
problems that the growing demand for energy creates: pollution, depletion of energy sources,
ethical aspects etc. In this framework, the idea of multigeneration systems evolved. These
systems are an extension of conventional power generation plants which include additional
subsystems integrated in a manner that the overall product is power, heating and cooling.
Likewise, trigeneration systems are more complex than single generation systems, involving
additional design and optimization issues related to system integration. In this chapter, the main
issues and recent developments in power cycles, cooling cycles, working fluids, turbines and
expanders and heat exchangers are reviewed from the literature with emphasis on trigeneration

systems.

2.1 Power cycles
A thermodynamic cycle that generates power in the form of mechanical work is often referred
to as a power cycle and it is generally used to convert heat (thermal energy) into work. General
thermodynamic textbooks categorize power cycles in two main kinds: gas power cycles and
vapor power cycles (see Cengel and Boles, 2010). In a gas power cycle, the working substance
stays in the gas phase all the time whereas in vapour cycles, the vapor (gas) condenses to liquid
in some processes of the cycle whereas liquid transforms into vapor during other processes
(e.g., boiling). Gas power cycles include three totally reversible cycles — Carnot, Stirling and
Ericson — and three main internally reversible cycles, namely Brayton, Otto and Diesel cycle.
Although heat engines based on Stirling and Ericson cycles are practically realisable,
these machines appear to be uncommon in cogeneration systems or trigeneration systems.
Stirling engines, though, have been successfully demonstrated for concentrated solar dishes for
a long time (Jaffe and Poon, 1981). However, more recently, applications with Stirling engines
for cogeneration have appeared in the literature (Kong et al., 2004). One major advantage of the
Stirling cycle is that this engine can be coupled to an external heat source and heat sink through
heat transfer processes. This offers versatility because at the heat source either a combustion
process conducted externally can be coupled or a renewable energy source, such as

concentrated solar radiation, can be connected. On the contrary, Otto and Diesel cycles are
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restricted to fuels and processes with internal combustion. Nevertheless, internal combustion
engines can be integrated into cogeneration and trigeneration systems, as shown in the literature
(Khatri et al., 2010).

The Brayton power cycle possesses one interesting feature: it can be configured as an
internal combustion engine, or as an externally heated heat engine. Therefore, this cycle has
excellent versatility with respect to coupling to the heat source. Jaffe (1983) mentioned the
application of the open-air Brayton cycle for solar dish concentrators. The successful
application of the open-air Brayton cycle in three large scale central receivers for power
generation with concentrated solar radiation is also mentioned in the review by Romero et al.
(2002).

Vapor power cycles use a working fluid with liquid-vapor phase change within the cycle.
At the low temperature side (heat sink) vapors convert to liquid which can then be pressurized
by pumping under little expense of mechanical work. At the heat sink side, liquid is converted
to vapor under heat addition and eventually expanded for work generation. The vapor power
cycle was established by the Scottish inventor William Rankine using steam as the working
fluid. Many types of vapor power cycles exist today with various working fluids, but the
general name for these types of cycles is Rankine. This thesis focuses on the development of a
particular Rankine cycle, therefore more emphasis is placed on Rankine cycles in this review.

Currently, most large electricity generation plants use steam as a working fluid in steam
Rankine cycles. Zamfirescu and Dincer (2008) mentioned that the steam power cycle is used in
80% of all electric power generation systems throughout the world, including virtually all solar
thermal, biomass, coal and nuclear power plants.

For small power generating plants with a low-temperature heat source (<450 K), steam is
not the best choice for the working fluid because of its low vapour pressure and huge specific
volume at those temperatures. Instead of steam, various organic fluids can be used for better
efficiency in the range of low power and low source temperature applications. Rankine cycles
with organic working fluids are known as organic Rankine cycles (ORC).

Typical working fluids are hydrocarbons, or halocarbons. There are commercial ORC
engines powered by waste heat or solar heat (usually hot water at >85 °C) generating some 50
kW in a 20 °C environment, with an energy efficiency of about 10%. There is an abundance of

published literature on the development of Rankine cycles operating with working fluids other
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than water. Due to lower boiling temperatures and pressures, these fluids are capable of
operating with low capacity heat sources. Furthermore, the number of applications of such heat
engines is remarkably large.

The ORCs are quite relevant to the paradigm of efficient power production from
renewable sources. Schuster et al. (2009) noted the following applications of low-capacity heat
sources in externally supplied heat engines as follows: biomass combustion, solar desalination,
waste heat recovery from biogas digestion. Zamfirescu et al. (2012) demonstrated the
application of heat engines for small-capacity concentrated solar power and heat cogeneration.
For all these cases, the heat source temperature is found to be limited to below 200°C.

We limit the scope of our literature review to a range of source temperatures up to 250°C,
and denote this range as “low-temperature”. The reason for choosing this range relates to two
aspects: the vast majority of renewable and sustainable energy sources fall within this
temperature range and the current technology allows the use of positive displacement expanders
or expander-generator units operating at temperatures below 250°C. While energy sources are
identified suitable with respect to abundance, environment friendliness and cost effectiveness,
the next step is to examine the suitable power cycle and working fluid to harness it.

There are several established configurations of the organic Rankine cycle which we
review here as follows:

e ORC with basic configuration (including pump, vapor generator, turbine and
condenser),

e Regenerative ORC with vapor extraction and regular working fluids,

e Regenerative ORC with retrograde working fluids and counter-current gas-liquid heat
exchanger used as regenerator,

e ORC with retrograde working fluid using expansion of saturated vapor,

e Reheat-regeneration cycle configurations,

e Transcritical cycle configuration in which heat addition process evolves at supercritical
pressure and eventually reaches supercritical temperature (see Chen et al., 2006).

An ORC of basic configuration which uses R134a as working fluid was developed by
Hogerwaard et al. (2013) for scale applications. The system was conceived with off-the-shelf
components from HVAC and automotive industries. For example, the vapor generator is a

selected coil and fins evaporator for air conditioning application. The condenser is a typical
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brazed plate heat exchanger. The working fluid pump is a sealed positive displacement one
originally used for fuel injection in automotive engines.

Hogerwaard et al. (2013) used a scroll expander-generator unit developed and tested by
Prof. Dincer group at UOIT during successive research phases reported previously as follows:

e Tarique (2011), Tarique et al. (2011) and Tarique et al. (2014a) studied, assessed
experimentally and reported a 1 kW scroll expander unit using an ORC test bench which
included an electrically heated vapor generator for the working fluid R134a. Power
generation in the order of hundred W was proven and the optimal operation of the
expander determined based of the experimental tuning.

e Hoque (2011) developed an ORC system using the scroll-expander-generator unit from
Tarique (2011) within a hot air heated ORC test bench. In this case, hot air at
temperature up to 160°C has been obtained within a closed duct; the heat from hot air is
transferred to the ORC vapor generator using a finned coil evaporator. Enhanced power
generation of few hundreds of W has been obtained.

A configuration of ORC which uses a vapor drum as thermo-mechanical accumulator for
solar energy with low concentration is analyzed and assessed in Tarique et al. (2014b). The
ORC is made to operate continuously and steadily during the daylight to produce power with a
solar multiplicity factor of 3 using cyclohexane as working fluid. A calandria loop is used to
generate the vapors which are accumulated under pressure in the drum tank. The cycle uses a
scroll expander and due to thermo-mechanical storage is able to dump fluctuations in solar
radiation intensity. The parametric optimization and comparative study of organic Rankine
cycle for low grade waste heat recovery is described in Dai et al. (2009). Analysis and
optimization of the low-temperature solar ORC is presented by Delgado-Torres and Garcia-
Rodriguez (2010). A review of organic Rankine cycles (ORCs) for the recovery of low-grade
waste heat is given by Hung (1997, 2001).

The use of organic zeotropic mixtures as working fluids in ORC is studied by
Aghahosseini and Dincer (2013). Due to the change of temperature during vapor generation, the
pinch point temperature difference and thence the exergy destruction at the vapor generator can
be reduced.

Other zeotropic mixtures that are not based on organic chemicals are also considered as

working fluids in Rankine cycles. One remarkable working fluid of this kind is the ammonia
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water. Of course, the purpose of using ammonia-water in a power cycle is to take the advantage
of temperature matching in the heat exchange processes with an excellent match of temperature
profiles at sink and source.

In fact, matching the temperature profiles at sink and source is stringently important when
the heat engine operates with low temperature differential. OTEC (ocean thermal energy
conversion) applications are one example where ammonia-water Rankine cycles are best suited.
In these applications, as mentioned above, the source temperature is in the range of 25-30°C,
while the sink is at 4°C.

One of the best known types of ammonia-water power cycle is the Kalina cycle (Kalina
1983, 1984) in which the high pressure vapor are generated though a non-isothermal phase
change process and after the expansion the low pressure mixture is cooled in a so called
distillation and condensation subsystem which includes an absorber, a vapor-liquid separator
and a condenser which eventually produces a slightly subcooled liquid (Marston, 1992).
Bombarda et al. (2010) studied comparatively the application of Kalina and ORC for heat
recovery and work generation from exhaust gas of Diesel engines. The performance of Kalina
cycle with low-temperature heat sources is analysed in Hettiarachchi et al. (2007).

The literature review on Kalina cycle is briefly summarized as follows:

e Corman et al. (1995) demonstrated that Kalina cycle has better potential to recover heat
from a toping cycle in an integrated power generation system.

e For a case study provided by Park and Sontag (1990), Kalina cycle performed better
than multipressure steam Rankine cycle with 5% higher energy efficiency and 15%
higher exergy efficiency.

e For a case study by Gajewski et al. (1989), the Kalina cycle showed 1.5% better
efficiency than triple pressure steam Rankine cycle in the conditions when the Kalina
system has been found more expensive than the steam system due to a more
complicated heat exchanger system.

e DiPippo (2004) showed for a case study that Kalina cycle has a 3% better efficiency
than an ORC.

e Jonsson and Yan (2001) reported that at temperatures higher than 300°C ammonia
decomposition at small rate occurs which can generate technical problems with the

power plant during long runs.
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e Uechara and Ikegami (1993) studied Kalina cycle application for OTEC and showed that
the exergy efficiency of power generation can be superior to 60%.

e Milcak (2002) assessed the geothermal application of Kalina cycle.

¢ Bloomquist (2003) studied Kalina cycle integration into agricultural projects.

Although Kalina is the most common configuration of ammonia-water power cycle,
several other ammonia-water based Rankine cycles were proposed in the literature. Desideri
and Bidini (1997) studied ammonia-water Rankine cycle for geothermal applications and their
parameter optimization. Roy et al. (2009) report a thermodynamic analysis of a low temperature
NH3-H20 Rankine cycle. The thermodynamic optimization of the performance of an ammonia-
water Rankine cycle is reported in Pouraghaie et al. (2010). In Wagar et al. (2010), an
ammonia-water based Rankine cycle is thermodynamically analyzed for renewable-based
power production, e.g. solar, geothermal, biomass, oceanic-thermal, and nuclear as well as
industrial waste heat. One remarkable feature of the ammonia-water cycle is that the ammonia
concentration can be adjusted during the heat engine operation as a mechanism to adapt the
cycle to possible fluctuation at the heat source or heat sink temperatures. The concentration can
be varied from nil (zero) when the cycle runs with pure steam or 100% when the cycle becomes
a pure ammonia Rankine cycle. Thus, ammonia-water Rankine cycle appears suitable to heat
sources that are variable in nature, such as solar radiation. According to Wagar et al. (2010), the
energy efficiency of this cycle can reach 30% with a heat source as low as 250°C. Koji et al.
(2004) analysed heat recovery power generation with a purely ammonia Rankine cycle.

In Zamfirescu and Dincer (2008), a novel trilateral flash Rankine cycle (TRC) is
described that uses no boiler, but rather the saturated liquid is flashed by a positive
displacement expander for power generation. Because the cycle has no pinch point, the exergy
of the heat source is better harvested provided that the heat source stream exchanges sensible
heat with the working fluid. In the same time a better temperature match can be obtained at sink
side heat exchanger which brings 7% improvement of exergy efficiency when compared with a
case when the working fluid is steam for similar operating conditions.

A double stage configuration of the ammonia-water trilateral flash cycle for cogeneration
purpose has been recently studied by Cetinkaya (2013). The double stage TRC showed better
efficiency than the simple stage TRC for applications with 150°C temperature with the potential

of 1.5 time increase of exergy efficiency.
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2.2 Cooling cycles

The objective of this research project was to integrate a power and a cooling cycle to develop a
trigeneration system. There are three basic refrigeration cycles that are suitable for smaller scale
application: vapor compression cycle, absorption cycle, and ejector refrigeration cycle.

The most common technology uses the vapor compression refrigeration cycle, which
provides excellent cooling but at a substantial cost because it is powered directly by mechanical
energy taken from a motor. If electricity is provided to cooling for air conditioning through
fossil fuel generated electrical power plants, which often have efficiencies of less than 40
percent, and is transmitted long distances through the power grid with consequent energy
dissipation, the costs in terms of energy consumption and the emission of global warming
effluents is enormous (Garris and Charles, 2005). Furthermore, vapor compression refrigeration
generally uses hydro-fluorocarbon based refrigerants, which deplete the earth’s ozone layer and
further contribute to global warming. Also the compressor consumes substantial amount of
electrical energy that again contributes to the emission of global warming effluents. The
integration of vapor compression refrigeration in trigeneration system should be done either by
driving the compressor directly by the turbine or by using a part of the generated electric power
to drive an electric motor for compressor.

Better system integration for trigeneration is obtained when absorption or ejector cycles
are used. In these cases, there is not any essential requirement of shaft power to drive any
mechanical equipment of the refrigeration system. In absorption refrigeration system, heat is
recovered to drive the vapor generator. For ejector cooling, seam (or another working fluid) is
extracted from the turbine to power an ejector system. Two particular absorption cycles are
generally used: LiBr-water and ammonia-water. These cycles show a COP (coefficient of
performance) of the order of 0.8 or above and were used in past studies with trigeneration.

There are several approaches used to improve the performance of a single-effect
absorption refrigeration system. Many literature sources were reviewed by Srikhirin et al.
(2001). Applying an ejector to the conventional absorption system is one of the remarkable
alternatives. The appropriate installation configuration introduces the magnificent improvement
of COP to nearly to that of a typical double effect absorption cycle machine. Moreover,

according to the simplicity of the hybrid ejector-absorption refrigeration machine, its capital
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investment cost is comparatively low when compared to other conventional high performance
absorption cycle systems.

The ejector cooling cycle on the other way is interesting because it requires less moving
parts and no stringent need of heat recovery for driving the vapor generator. This will reduce
the investment because less hardware is required as compared to the absorption cycle. Ejector
refrigeration is a thermally energized refrigeration system, which has an additional potential
benefit of being capable of using environmentally friendly refrigerants, such as water. Omitting
the moving parts by replacing the compressor with ejector achieved the advantage of reduced
consumption of electrical energy, very little wear and a highly reliable system (Chang and
Chen, 2000).

The steam ejector cooling cycle has been demonstrated in 1910 by Maurice Leblanc
(Gosney, 1982) and gained its popularity in the early 1930s for air conditioning of large
buildings (Stoecker, 1958). Although having certain limitations, steam-jet systems are regaining
importances, particularly for industrial applications such as the chilling of water to moderate
temperatures in process industries, pharmaceutical and chemical industries, manufacturing
processes (Decker, 1993).

Ejector cycle (also denoted as jet refrigeration) having a significant characteristic of
utilization of low temperature thermal energy is suitable to use solar energy. Solar energy
available abundantly in nature is a perfect match thermodynamically to generate the primary
fluid for an ejector refrigeration system. However, according to the characteristic of an ejector
and the initial investment cost, the solar jet refrigerator system is suitable for the application of
air-conditioning system rather than other refrigeration purposes at lower temperatures.

The solar jet air-conditioning system can cope up with the availability of energy source
required to remove the increased cooling load, incoming with higher solar intensity. Solar
cooling systems powered primarily by direct solar thermal energy is therefore an attractive
option and improved performance can be achieved with an increase in available solar radiation
(Khattab and Barakat, 2002).

Sokolov and Hearshgal (1990), developed two new configurations of efficient uses of the
mechanical power in order to enhance the secondary pressure without disturbing the
refrigeration temperature, which are: (1) the booster assisted ejector cycle and (2) the hybrid

vapour compression-jet cycle. The hybrid compression-jet refrigeration system consists of a
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conventional compression and ejector sub-cycles with heat exchanger. Their simulated results
show that the compression enhanced ejector can significantly improve the system performance.

Sun (1997) conducted mathematical simulation of a solar hybrid system with ejector
cooling. Steam is used for the ejector system while R134a is used as the refrigerant in
compression sub-cycle. The simulated results showed that the COP of the hybrid unit could be
raised up to 50% compared to the conventional vapour compression system.

The combined ejector-compression machine of Huang et al. (2001), allows the wasted
heat from the superheated vapour refrigerant in the compression sub-cycle to drive the ejector
sub-cycle. The cooling effect achieved from the ejector-cooling device is used to cool the liquid
condensate of compression sub-cycle that has an enhancement of the COP of the system. The

COP of the system was 10% improved.

2.3 Working fluids for vapor power and cooling cycles

Steam is the most common working fluid for vapor power cycle. Steam is also used in
industrial scale vapor compression cycles for refrigeration. Beside stream, many other working
fluids exists for vapor cycles, both for power generation and refrigeration. In the open literature
there are comprehensive approaches regarding the appropriate selection of the best working
fluid for both cases: i) power generation when the fluid must be selected such that the work
generated by expansion is maximized or ii) refrigeration when a high COP must be achieved.

Available options can include pure working fluids or a mixture of working fluids, where
the mixtures can be zeotropic or azeotropic. In particular, for a trigeneration system, a working
fluid which shows good characteristics for both cooling and power cycles must be selected.
This aspect is discussed subsequently after reviewing the main characteristics and options of
working fluids.

The working fluid selection should be the result of technical, economical, and ecological
analyses. Many criteria can be inferred as identified by Papdopoulos et al. (2010) or Tchanche
et al. (2008). According to them, the most important fluid properties are: density, boiling
enthalpy, liquid heat capacity, viscosity, thermal conductivity, melting point temperature,
critical temperature, critical pressure, ozone depletion potential (ODP), global warming

potential (GWP), toxicity, flammability and the zeotropic or azeotropic characteristic.
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The atmospheric life time of the working fluid is also important. An example of this
would be a comparison of R11 and R152. Harada (2007) reported that the life time of R11 is 45
years while R152 is only 0.6 years. However, R11 has a GWP of 6370 and ODP of 11, while
R152 has a GWP of 187 and ODP of 0.

Harada (2007) emphasized the importance of the retrograde or regular behavior of the
working fluid for low-capacity applications using R134a (regular) and R245fa (retrograde).
Borsukiewicz-Gozdur and Nowak (2007) studied regular working fluids such as propylene,
propane, R227ea, R236fa, RC 318. Schuster et al. (2009) analysed ORCs with cyclohexane,
R245fa, R141b, R365mfc. Larioala (1995) studied R11, R113, R114, toluene, fluorinol
(CF3CH20H) application in ORC. Saleh et al. (2007) — studied 21 organic refrigerants and 10
other organic fluids for ORC, among which n-hexane had the highest critical temperature
(234.67°C) and R41 the lowest (44.25°C). Mago et al. (2008) examined the application of
R113, R123, R245ca, isobutane. Colonna et al. (2006) proposed siloxanes as working fluids for
ORGC; they identified four siloxanes, namely MM, MD4M, D4 and D5.

Some zeotropic mixtures of organic fluids were identified by Borsukiewicz-Gozdur and
Nowak (2007) as propane-ethane. Another zeotropic working fluid is the ammonia-water,
mentioned above. This working fluid is very relevant for trigeneration systems because of the
following features:

e Better match for the temperature profiles of the heat exchangers by adjusting the
ammonia concentration,

e Excellent performance in power cycles,

e Excellent performance in absorption refrigeration and possible good performance for
ejector cooling systems,

e Abundant and cheap,

e Does not pose essential safety and material issues,

e It does not produce negative environmental impact,

e There is a good knowledge of thermo-physical characteristics and equation of state for
ammonia water mixture.

Note that in this work, ammonia-water is the selected working fluid owing to its
characteristics and arguably the best suitability for trigeneration. In the thesis, ammonia-water

is modeled with Engineering Equation Solver (EES) developed by Klein (2013). In this
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software, the ammonia-water equation of state developed by Ibrahim and Klein (1993) is

implemented.

2.4 Trigeneration systems

Multi-commodity generation increases the efficiency and utilization factor of a power
generation system. Cogeneration at large scale is an established technology which has proven
advantage over single power generation.

In the present context of the environmental impact and energy consumption further
improvement of cogeneration system to utilize as much input energy as possible with the major
components co-sharing concept of trigeneration was evolved. Keeping the end product as
heating, cooling and power several researches and experimental analyses are being continuing.
However current situation of environmental awareness energy supply, energy conservation and
cost are primarily considered.

Cardona and Piacentino (2003a) formulated a measurement methodology for monitoring
trigeneration systems for office buildings. Also Cardona and Piacentino (2003b) elaborated a
sizing methodology of trigeneration plants for the Mediterranean area and a plant validation
scheme as described in Cardona and Piacentino (2004).

Miguez et al. (2004) studied the feasibility of a cogeneration system. Ziher and Poredos
(2006) analysed the economics of a trigeneration system for a hospital application. Lin et al.
(2007) discussed a household trigeneration system. Meunier (2002) analysed the impact of co-
and trigeneration on climate change control.