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Abstract

This study addresses the global technical challenges of resource depletion and climate change
by developing the first demonstration of incorporating smart energy storage (super-capacitors
and batteries) with bio-fuel micro-tri-generation (BMT-HEES) for domestic applications. The
developed system is capable of producing required heat, electricity and refrigeration from
renewable bio-fuels for an average British household usage, and dynamically regulating the
energy distribution within the system by using a novel energy storage system and a following

electric load (FEL) energy management method.

In this study, an extensive literature review has been carried out to investigate previous tri-
generation and hybrid energy storage systems with a particular focus on their features,
advantages and challenges which provide a basis for further improvements. The research
work started with a preliminary investigation to fully understand the dynamic characteristics
of lead acid batteries and super-capacitors used in combination to provide the desirable
electrical output. The test results suggested that the super capacitors performed better than

batteries in meeting transient electrical demands.

In order to develop a complete BMT-HEES system, computational modeling and simulation
was then conducted in the Dymola simulation environment, where the complete BMT-HEES
system with advanced operational strategies has been implemented followed by case studies.
System performance was assessed by evaluating key performance indicators including fuel
consumption, dynamic response of each power sources, operational durations and energy

efficiencies.

A full experimental setup of the proposed system was also developed. Experimental tests on
individual components and the BMT-HEES system as a whole have validated the
effectiveness of the developed methodologies and techniques. Specific case studies have
proved that the system can improve over the existing ones in terms of energy efficiency (with
47.86% improvement compared to one tri-generation system without HEES) and dynamic
response for selected days as reported in the case studies. Test results from both simulation
and physical experiments show that BMT-HEES can satisfy the fluctuating energy demands
faithfully and instantly with high system efficiency for domestic applications.

In addition, the predicted performance based on the developed methodologies has a good

agreement with actual measurements. The low error of each assessment indicator provides



the confidence that the system models can predict the system performance with good

accuracy (all of the errors were within 3%).

The developed technologies in this study can help cut down the carbon footprint in domestic
environments, facilitate a shift towards an environment-friendly lifestyle, and in the long run,
improve the quality of human life. Moreover, the established system is flexible, scalable and
inter-connectable. That is, the system can incorporate other types of bio-fuels or other sources
of new and renewable energy (wind, solar, geothermal, biomass etc.), depending on the
availability of the energy and location of the system used. In addition to the small-scale
domestic environment, the physical system can be scaled up to be used in larger commercial
and industrial environments. It may be used as a stand-alone energy system or it can be inter-
connected with neighboring energy systems or connected with the power grid as a distributed
generation set if there is a need (or a surplus) of generated electricity. Without doubt, this will
require further work on this inter-disciplinary topic as well as new innovations in the fields of

energy networks and smart grids.
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Chapter 1 Introduction

1.1 Global energy challenges

Over the last 50 years, the global economy has been developing rapidly with the aid of
“cheap” fossil fuels. Currently, the majority of energy is still being derived from primary
sources of energy (coal, gas, oil, etc.). On one hand, fossil fuel reserves are finite and it is
only a matter of time before they run out. On the other hand, burning them in large quantities
generates excessive greenhouse gases (mainly CO;) and collectively causes the so-called
“global warming” phenomenon. As a result, it iS now universally accepted that this way of

development is not sustainable.

In 1992, the United Nations Framework Convention on Climate Change (UNFCCC)
proposed a voluntary target for greenhouse gas emissions in 2000 to be lower than 1990
levels. But the result showed that only the UK, Germany and Luxembourg achieved this aim.
In 1997, “The 3rd Conference of the Parties to the United Nations Framework Convention on
Climate Change” was held in Kyoto (Japan). The world leaders agreed that a drastic target of
a 5% reduction in greenhouse gas emissions below 1990 levels by 2010 was to be set for
developed countries. However, this Kyoto Protocol was weakened by several countries
especially by the United States who later withdrew its signature on the treaty. At the 2012
UN Climate Change Conference in Doha (Qatar), the international community agreed to
launch a new commitment period under the Kyoto Protocol in order to achieve its goals, and
to set a timetable to adopt a universal climate agreement by 2015, which will come into effect
in 2020. Overall, international effort to limit greenhouse gas emissions has been taken
forwards in two directions: (i) utilising new and renewable energy in place of fossil fuels; (ii)
Improving the energy efficiency of major components in the power chain (generation,

transmission, distribution, and consumption).

The work in this thesis addresses the global energy challenges in both directions by
developing novel technologies to utilise new and renewable energy, and by improving the
efficiency of small-scale tri-generation systems for domestic applications. It is thus hoped
that this work will play a small part in worldwide energy demand reduction moving towards

tackling global warming issues. Progress is indeed made in small steps.



1.2 Energy policy in the UK

The UK government has always been proactive at facing global energy challenges. In 2008,
the Climate Change Act 2008 [1] was launched with an important objective of reducing 80%
of greenhouse gas emissions by 2050 compared to the 1990 levels. In order to achieve this
long-term objective, an intermediate goal was set to reduce emissions by at least 34% by the
year 2020 with respect to the 1990 baseline levels. Later in 2011, the first Renewable Energy
Roadmap was published and the Department of Energy and Climate Change (DECC) which
proposed a target of 15% renewable energy generation by 2020 [2]. This will require
approximately 239 TWh of renewable energy to be delivered in the UK, including onshore
and offshore wind power, large and small-scale hydropower, biomass and bio-wastes
(including co-firing), solar photovoltaic (PV) and active solar heating, wave and tidal power,
and geothermal aquifers. In 2012, the UK government further proposed to increase the
proportion of renewable energy to 30% by 2020 with an emphasis on electricity consumption,

as compared to around 11% in 2012 [3].

Among all the end-users, domestic energy consumption accounts for approximately half of
the UK greenhouse gas emissions according to an energy analysis report [4] from the
Department for Environment, Food and Rural Affairs (DEFRA). Domestic electricity
consumption is regarded as a major contributing factor (31%) of total demand for electricity
in the UK according to official statistics in 2011 [5].

Without doubt, electricity generation derived from renewable sources is one of the most
important objectives and a crucial development in the UK government energy strategy. An
incentive was the introduction of the Feed in Tariff (FiT) scheme in April 2010 which
attempted to expand renewable electricity generation. As a consequence, wind turbine
installations have increased and now play a dominant role in UK renewable electricity
generation [6], especially for large-scale renewable power generation. Solar PV installations
expanded rapidly with 94% growth across the spectrum of renewable electricity generation
[7], especially for small-scale domestic applications. Similarly, micro combined heat and
power (CHP) schemes demonstrate substantial growth with 241 installations from a total of

354 cases according to an investigation performed by DECC [7].

These government initiatives demonstrate the inclination of the UK authorities towards

building a low-carbon economy with reduced dependency on conventional fuel resources for



energy generation. In the UK, bio-fuels as alternative fuels are playing an increasingly
significant role in meeting the target of cutting down greenhouse gas emissions because they
are non-toxic, sulphur-free, oxygenated and bio-degradable [8]. Traditionally, some of these
bio-fuels have been burnt as wastes releasing a large quantity of CO, and other gases. As a
result, there is a doubly added value to the utilisation of bio-fuels which may be used directly
in diesel engines without substantial modification. Furthermore, distributed CHP (or tri-
generation) fed by bio-fuels is one of the key technologies suited for domestic applications
which are the main focus of this work.

1.3 Domestic energy demands and supplies

A comprehensive review of domestic energy consumption across England and Wales was
provided by DECC in [9]. In the year 2009, the energy consumption was 294 million MWh
(for gas) and 69 million MWh (for electricity) in England while the corresponding figures for
Wales during the same period were 16.2 million MWh (for gas) and 44.6 million MWh (for
electricity). The annual energy consumption of the average household was approximately at
comparable levels in both regions ranging from 13,709 kWh (South west) and 15,777 kWh
(Yorkshire and Humber) in gas and 3,407 (North east) to 4,115 kWh (South east) in
electricity. The average gas and electricity consumption was 15,342 kWh and 3,784 kWh,
respectively, across England and Wales. Furthermore, statistical data from the Office of the
Gas and Electricity Markets (OfGEM) indicated that the average heat demand in a typical
property in the UK ranged from 16,500 kWh to 20,500 kWh and the average electricity
consumption was 3,300 kWh over the year 2011 [10] which are adopted in this study.

1.3.1 Household electricity demands

The day-time variation of household electricity utilisation over a two-year period is depicted
in Fig. 1.1 [11]. The average demand of electricity is generally below 2 kW. In rare situations,
electricity consumption exceeding 6 kW can also be observed. In practice, there is a need to

consider a power system to accommodate the demands of 2-6 kW.
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Fig. 1.2 Electricity demand profile from an individual household [12]

Fig. 1.2 shows daily electricity consumption in the premises of a household [12]. The
household consumption varied dramatically within a day depending on the use of different
electrical appliances. Although one appliance may use less than 1 kWh per day and some
appliances (e.g. kettles, ovens and tumble dryers) may create an individual peak demand of
2-2.5 kW, the cumulative appliance usage could result in high demands for electricity at peak
times. For instance, during dinner times, a peak demand of 10 kW can be produced. In the

4



UK as a whole, the difference between peak demand (45.0 GW at 18:00) and the lowest
demand (29.6 GW at 04:30) [13] can be as much as 50% over the course of a day.

Fig. 1.3 shows the electricity consumption/demand profile over 24 hours for a selected house
from Lawson’s research [14]. From the figure, it can be seen that the minimum demand of
electrical power was around 100 W and the maximum demand reached 6.544 kW. It can also

be found that the electricity consumption was lower than 1 kW for most of the time during
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Fig. 1.3 Household electricity consumption profile over a single day [14]

the 24-hour period while the duration of peak demands was relatively short. For example, the
demand was as high as 6.544 kW at 13:11 and soon plunged to 400 W just 5 minutes later.
The peak demands over 2.5 KW occurred 3 times: at 05:22, 13:11, and 21:22. In total, the
electricity consumption for this household over the chosen day was 9.85 kWh.

Based on the fluctuating nature of electricity demands depicted in Fig. 1.1-1.3, the major
characteristics of a household electricity supply system for design consideration hereafter can

be developed, which are:

o Electricity consumption fluctuates considerably over a wide range, from 0 to 9 kW.
o Off-peak household electricity fluctuates around the 6 kW range.
o Transient peak demands are of short duration.



1.3.2 Household heating demands
According to a report published in 2011 by OfGEM, the average heating demand in a typical
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property in the UK ranged from 16,500 kWh to 20,500 kWh [10]. This data provide the basic
knowledge required for the design of a domestic CHP system shown in Fig. 1.4 and 1.5 are
the annual and daily heat consumption for an average UK household, respectively. It can be
seen that the heat demands exhibit seasonal characteristics. That is, the demand for heating is
significantly higher during the winter than in the summer. This is remarkably different to the

demand for electricity.



1.4 Design challenge of the domestic energy system

CHP can satisfy both the electricity and heat demands and thus is particularly applicable to
domestic environments. However, the heat demands present a distinct seasonal difference
with little daily variation as the electricity demands fluctuate dramatically within a day but
change little over the seasons. Moreover, the demand for electricity can fluctuate rapidly
within minutes whilst the rate of change in heat demands was relatively small. Therefore, a
following electrical loads (FEL) strategy should be adopted for designing a domestic CHP
energy system. In this regard, the versatile generating capability and fast response of the CHP

system are key issues to meet electric load profiles in household dwellings.
1.5 Research contribution

This PhD work was fully supported by the British Engineering and Physical Sciences
Research Council (EPSRC) under the grant EP/F061978/1.

The aim of this work was to develop a micro-tri-generation system fed by bio-fuels and

incorporating advanced energy storage. The principle objectives were:

e To develop an innovative energy storage prototype and investigate its dynamic
characteristics.

e To investigate advanced energy management and operational strategy to optimise the
energy generation process

e To set up complete system models to predict system performance in a simulation
environment.

e To implement a complete BMT-HEES system and evaluate the whole system

performance.

The main contributions of this research are outlined as follows:

o This research has developed an innovative hybrid electrical energy storage system
(HEES) consisting of lead-acid batteries and a super-capacitor module. The HEES had both
power and energy benefits to meet the fluctuation of the energy demands. The super-
capacitors can provide a quick dynamic response to the electrical power demand whilst
batteries are capable of generating electrical outputs to meet the base electrical demand.

When used in combination, the capacitors operate firstly to meet the peak demands followed



by the batteries supplying electricity to the load with increasing current when the super-

capacitor current decays gradually.

o An advanced energy management and operational strategy has been developed under
the principle of FEL in the Dymola simulation environment. The engine in this system can be
switched on over a shorter duty time with higher energy efficiency compared to traditional
engine-based tri-generation. The proposed BMT-HEES can deliver a required amount of
energy to meet electricity and heating demands for domestic applications in the case studies.
By doing so, the need for excessive heat energy in conventional engine-based tri-generation
is avoided meanwhile the system efficiency is improved.

o This research has developed an experimental demonstrator for bio-fuel micro-tri-
generation with hybrid electrical energy storage (BMT-HEES). The system employs a small-
scale diesel engine to provide the main energy required in household usage and the system
dynamic response is managed by the coordination of super-capacitors and batteries. The test
results from both simulation and experimental case studies have validated the effectiveness of

the proposed technologies.

o The developed technologies can be extended to include other types of new and
renewable sources of energy such as solar, wind and geothermal energy. The developed
physical setup can also be scaled up or interconnected to share generating capabilities with
neighbouring systems. In the long term, these systems can also be employed as grid-

connected distributed generation (DG) with the help of “smart grid” technologies.
1.6 Organisation of the thesis

This thesis is arranged in the following manner. Chapter 2 introduces the relevant
technologies of existing tri-generation and electrical energy storage through an extensive
literature review. Chapter 3 presents the outcomes of the preliminary design and tests which
were aimed to investigate the dynamic performance of the HEES prior to establishing a
complete BMT-HEES. Based on the in-depth knowledge of bio-fuels, tri-generation and
electrical energy storage from the preliminary study, Chapter 4 presents the design of the
whole system. The system models of both small-scale HEES and the complete BMT-HEES
were developed in the Dymola environment, and are presented in Chapter 5. Experimental

work using the physical system for household applications is described in detail in Chapter 6.



Test results from both simulation and experiments on the performance of the developed
system are presented and compared in Chapter 7, followed by Chapter 8 to conclude major

research findings of this PhD and further work in this field.



Chapter 2 Literature Review

2.1 Introduction

This chapter provides an overview of the topics covered in the study. Section 2.2 reviews the
general characteristics of renewable bio-fuels which are suited for combustion engines for
domestic applications. The basic features of tri-generation are presented in Section 2.3
followed by the introduction of HEES technologies covering common categories and diverse
combination applications in Section 2.4. A review of energy management strategies and
operational algorithms is presented in Section 2.5. Section 2.6 introduces computational

simulation software package “Dymola”. Section 2.7 provides a brief summary of this chapter.
2.2 Bio-fuels

The term bio-fuel refers to a type of fuel whose energy comes from biological carbon
fixation. Biofuels generally include fuels derived from biomass conversion, solid biomass,
liquid fuels and biogases and can be classified as bio-diesel, bio-ethanol, bio-methanol,
pyrolysis oil, biogas, synthetic gas (dimethyl ether) and hydrogen from renewables. Typical
bio-fuels include straight (unprocessed) plant oils (sunflower, rapeseed, jatropha and croton)
and are considered to be alternative fuels to fossil fuels. Biofuels are gaining in popularity
with the ever-increasing oil prices and increased concern of energy security. Within this
group, bio-ethanol and bio-methanol are petrol additives or substitutes whilst bio-diesel
attracts much attention because it can be used in standard (unconverted) diesel engines.
Moreover, biodiesel can be used alone or mixed with petro-diesel. Overall, bio-diesel is an
environmentally-friendly alternative liquid fuel to diesel fuel [15] that can be produced

economically from a variety of vegetable oils [8, 16].
Advantages of bio-diesel are:

e They are oxygenated, non-toxic, sulphur-free, bio-degradable, and thus environmentally-

friendly and sustainable.

e Use of bio-diesel in a conventional diesel engine results in substantial reduction in
unburned hydrocarbon (UBHC), carbon monoxide (CO) and particulate matters (PM)

emissions [17].
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e The emissions of polycyclic aromatic hydrocarbons (PAH) and nitro PAH compounds

when burning bio-diesel are substantially lower than conventional diesel fuel [18].

e The engine performance with bio-diesel and vegetable oil blends of various origins is

similar to that of a typical diesel fuel with nearly the same thermal efficiency [19].

However, the major disadvantage of bio-diesels and vegetable oils is their inherent high
viscosity [20] that may cause fuel flow and ignition problems [21]. Compared to standard
diesel fuel, a higher mass fuel flow is required to maintain constant energy input to the engine

in order to produce the same output power [18].
2.3 Tri-generation technologies
2.3.1 CCHP and micro-tri-generation

Tri-generation is widely considered as a key method to enhance energy efficiency and reduce
carbon dioxide emissions for small-scale energy users. In most cases, it can also be termed a
combined cooling, heating and power (CCHP) system. As its name suggests, the tri-
generation system can supply three types of energy: electrical, heating and refrigeration. In
theory, tri-generation systems can meet the energy demands at high operational efficiency
and therefore reduce overall energy consumption and environmental impacts compared with

conventional generation.

Despite research and development efforts in traditional tri-generation, there are limited
studies on bio-fuel-based micro-tri-generation (combined power, heating and cooling)
systems for small- and medium-scale domestic, industrial and commercial applications. There
are several technical and economic obstacles limiting the widespread use of micro tri-
generation systems. The technologies are still evolving in matching bio-fuels with diesel
engines, managing the energy distribution and improving the system efficiency. Furthermore,
they generally require relatively high initial cost and complex optimisation of different parts
of the system. Relevant research issues were discussed by Huangfu [22] who asserted that
electricity efficiency should be prioritised in micro-tri-generation systems. Miguez [23, 24]
pointed out that the introduction of a tri-generation system in the domestic sector requires it
to be compact, cost efficient and easily installed. Gigliucci [25] identified key issues for this
technology, including the ability to deliver waste heat to a useful thermal sink, variable heat

to power ratio and the potential for rapid change of electrical load during operation.
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A Conventional tri-generation construction and categories

Generally, a tri-generation system consists of five basic units: the prime mover, electrical
generator, heat recovery system, thermally activated equipment, the management and control
system, as show in Fig. 2.1.

The prime mover consists of five types: steam turbines and combustion turbines,
reciprocating internal combustion engines, micro-turbines, Sterling engines and fuel cells.
Major thermally activated technologies include absorption chillers, adsorption chillers, and
desiccant dehumidifiers. These cooling and dehumidification systems can be driven by steam,
hot water or hot exhaust gas derived from prime movers. EXisting tri-generation systems
including laboratory-sized units and models vary from site to site, with diversity in prime
movers, cooling options, connecting forms, rated size ranges, heat-to-power rates, and

demand limitations.

Steam Turbine
Combustion
Engine
Prime Mover Micro-turbine
Stirling Turbine
Generator
Fuel Cell
Tri-generation Heat Recovery
Systcm Sys(cm
Management
&Control Absorpton
Chiller
Thermal Activated Adsqrp(on
Equipment Chiller
Desicant
Dehumidifier

Fig. 2.1 Construction units of tri-generation system
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In terms of system rating, tri-generation systems are categorized into large-scale, medium-
scale, small-scale and micro-tri-generation systems, ranging from 10MW and above, 1-
10MW, 20kW-1MW and under 20kW [26]. Some examples of these tri-generation systems
are summarized in Table 2.1 for detailed information.

Fig. 2.2 shows the schematic diagram of a typical micro tri-generation system [27] which is

comprised of an internal combustion gas engine coupled with an adsorption chiller.

According to the functions performed, the whole system is divided into the following units:
heat and power generation unit (gas engine/generator set), cooling unit (adsorption chiller),
domestic hot water supply unit (water tank), and floor heating unit (plate HE). The engine is
powered by fuels and mechanically connected to the electrical generator through a shaft,
which transfers mechanical energy into electricity which can then be supplied to the end users
or feed back to the power grid. At the same time, jacket water exchanges heat from the
exhaust gas via a heat recovery unit before it is fed into an adsorption chiller for cooling
applications. Some hot water coming from the heat recovery unit is delivered into the plate
heat exchanger for space heating or is stored into the insulated water tank for storing
domestic hot water.

Under its rated power operation, the system electrical efficiency is 21.4%, heat recovered
from the exhaust gases and from the cylinder jacket cooling are 13.6 kW (24.3%) and 14.4
kW (25.7%), respectively. It can be seen this system functions to produce the energy required
but suffers from low system efficiency, without an electrical energy storage unit.

B Improved tri-generation system

Tri-generation or CCHP [26, 28] technology, as a popular research topic, ranges from large-
scale tri-generation in power plants to small-scale generation in stand-alone domestic
applications [29, 30]. Recently, new technologies have been developed with the main
objectives of improving their system performance and energy efficiency. Other research
employed highly efficient components, for instance, micro gas turbines [31], fuel cells [30],
or PV cells as the prime mover. Additionally, a variety of developments have been attempted

to integrate biomass [32, 33], solar sources [34-40] or hydrogen [41] into tri-generation.
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Table 2.1 Technical specification in four specific tri-generation systems

Size

Example

Specification

Large-scale systems (above
10MW)

Tri-generation plant at the
University of Illinois at Chicago
[26]

Two units of 6.3MW Cooper-Bessemer dual-fuel reciprocating engine generators;
Two units of 3.8MW Wart-sila 18V-28SG gas reciprocating engine generators;

A 3.5MW Trane two-stage absorption chiller;

Two units of 7MW York International electrical centrifugal chillers;

Several remote building absorption chillers activated by the hot water loop (4. 7MW
maximum cooling capacity).

Medium-scale systems
(1- 10MW)

The system in the Domain Plant
of Austin [42-44]

A gas-based combustion turbine and generator for electricity demands (4.6MW 28.6%
electricity efficiency);

A two-stage indirect-fired absorption chiller for cooling and heating (8918 kW of cooling
power).

Small-scale systems
(20 KW- 1MW)

Tri-generation at the University
of Maryland [45]

A micro-turbine/generator (60 kW electricity at 90 k rpm and exhausts flue gas at 310 1C
after recuperation, 26.9% electricity efficiency);

A single absorption chiller (65 kW of cooling power at the COP of 0.65);
RTU (316 kW direct expansion electric rooftop cooling units);

Solid desiccant dehumidifier system.

Micro systems
(under 20 kW)

Tri-generation system at
Shanghai Jiao tong University
[26, 46]

A 12 KW gas-fired reciprocating engine (21.4% electricity efficiency);
A 10 kW adsorption chiller (0.3-0.4 COP at 65-95°C) & a cooling water tower;
A floor radiate heating system & a hot water tank;

A waste heat recovery.
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C Bio-tri-generation

Bio-fuels are a renewable and sustainable type of fuel which can be utilised to power engines
and in turn to generate power to the supply. In the literature, there are a limited number of

publications available to cover this topic.

Parise et al. [47] and Galvao et al. [33] have developed a bio-tri-generation model for
simulation purposes. They considered and discussed several important aspects of using a tri-
generation system, including energy consumption, CO, emission and system efficiency.

Parise et al. [47] studied a tri-generation system fired by bio-fuel, which employed a heat
engine and a vapour compression chiller, along with a boiler as an auxiliary thermal device.
This system could produce 1.5 kW of electrical power, 19.6 kW heating, and 9.1 kW cooling
power at maximum capacity. Clearly, this system has a large heating power output and was
preferred in applications with relatively large heating demands. The outcomes from the
calculations illustrated that total energy consumption was considerably reduced (by as much
as 50%) and CO, emission decreased 95%, as compared with a conventionally fuelled tri-

generation system of the same size.

Galvao et al. [33] carried out a study on bio-tri-generation and compared two kinds of
biomass (wood chips and pellets) in a practical tri-generation system used in a hotel. In this
case, a general heat engine, thermal processor and an alternator equipped with PV panels as
supplement were developed and validated. The electrical requirements for the tri-generation
energy system were a maximum power of 26.3 kW per day and a maximum energy of 318
kWh per month. This investigation verified that this tri-generation system has an overall
efficiency of 75% and consumed approximately 720 kg wood chips per day or 529.3 kg wood
pellets per day to provide electrical power of 20 kW and thermal power of 87.8 kW.

D Hybrid tri-generation

In household environments, it would be ideal to utilise other new or renewable sources [35,
36, 38-40] available to the end users along with the tri-generation systems. Various hybrid
types of tri-generation systems have been proposed to include renewable energies (solar,
wind, geothermal energy etc). Immovilli et al. [35] compared solar based tri-generation
systems in terms of electrical efficiency, coefficient of performance (COP) and cooling
power density. In this paper, solar as a primary energy source was utilised both for thermal

and electrical purposes. Six categories of cooling technologies for tri-generation were
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discussed in this paper, followed by a comparison of three types of thermal solar panels,
including flat plate solar collectors, evacuated collectors and concentrators. Solar based tri-
generations with different combinations were studied in detail. Simultaneously generated
cooling energy was taken into account. Among these different combinations, solar tri-
generation consisting of photovoltaic (PV) panels and vapour combustion (VC) cooling was

determined to be a superior option due to its compactness, simplicity and reliability.

Furthermore, Carmeli et al [36] proposed a hybrid distributed system, in which a PV source
with a conventional CHP were employed to improve the system’s thermal and electricity
efficiency. In this study, PV arrays were used as electricity supplement and were integrated
into an internal combustion engine equipped CHP with two operation options. This system

can provide a nominal 15.2 kW of electrical power and 30 kW of thermal power.

With the development of solar collection technologies [37] and cost reduction due to mass

production, PV technologies have been commercially successful.

Overall, hybrid tri-generation may provide much promise to cut down the carbon emissions
as well as to make tri-generation commercially viable. However, drawbacks are generally
associated with high capital costs and some similar technical challenges to optimise the

system configuration and performance.
2.3.2 Micro-tri-generation systems

Micro-scale tri-generation systems refer to those tri-generation systems with a capacity of
less than 20kW and are typically used for domestic applications.

A Energy cascading utilization and energy saving

Fig. 2.3 shows a simple calculation of prime energy utilisation based on traditional energy
supply mode and a typical tri-generation mode. Some assumptions are made based on
empirical data including 33% for electrical efficiency, 85% for heating efficiency of a boiler,
and electrical air-conditioner with COP 4 in a traditional mode. It is obvious that energy
cascading utilization facilitates the energy savings in a micro tri-generation system. For
example, a tri-generation system requires 100 units of prime energy to provide energy needs,
including 33 units of electric power, 40 units of cooling power and 15 units of heating power
for a typical summer day [22, 26]. In contrast, the consumption is 148 units in a traditional

energy supply model with 33 units of electricity, followed by 34 units of cogenerated waste
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heat utilised to obtain 40 units of cooling power with COP of 1.2. Another 18 units of waste

heat can be recovered to provide 15 units of heating to domestic water at efficiency of 85%.

Traditional energy supply mode

Energy Electricity Cooling power Heating power
required 33 units 40 units 15 units
Prime Electricity Cooling power Heating power
energy 100 units 30 units 18 units
Total: 148 units
Tri-generation mode
Energy Electricity Cooling power Heating power
required 33 units 40 units 15 units
Prime Electricity Cooling power Heating power Energy loss
energy 33 units 34 units 18 units 15 units

Total: 100 units

Fig. 2.3 Prime energy consumption comparison between traditional energy supply mode and tri-generation system

[26]

B Cost-effectiveness and economic efficiency

A key issue for developing any commercial product is the capital and operational cost. The
micro tri-generation systems are no exception. Huangfu, et al. [22] analysed a typical micro-
tri-generation system in detail with an economic evaluation for a traditional electricity power
mode and a tri-generation mode. This micro-tri-generation system can supply 12 kW
electricity and 28 kW heating load and 9 kW cooling power to the load. The economic
evaluation shows that this micro-tri-generation system has a good economic efficiency with a
payback period of approximately 3 years based on the then energy price. This should be
commercially appealing to potential customers. Similar conclusions had also been drawn by
other researchers in this field [22, 48, 49].
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C Environmental impacts and greenhouse gas emission reduction

A primary aim of developing tri-generation technologies is to reduce greenhouse gas
emissions by using different prime movers such as fuel cells and micro-turbines. Although
the fossil fuel-based centralised power plants release a large quantity of CO, and NOx, some
smaller tri-generation systems connected with certain prime movers may emit more
greenhouse gases per kKW electricity generated. Therefore, it would be advantageous in the
meantime to promote energy efficiency of tri-generation systems while still meeting the same

energy demand requirements with reduced emissions.

2.4 Energy management strategies and operational algorithms for tri-

generation
2.4.1 Energy management strategies and performance indicators

The operational strategy of a tri-generation system is key to the efficient operation, depending
largely on the specific goals the designers and users want to achieve. Furthermore,
optimisation techniques are the route to meet these goals. Commonly, the optimisation
criteria are: (1) reduction of operational cost (OC), (2) primary energy consumption (PEC),
(3) carbon dioxide emissions (CDE) and (4) a combination of the above listed criteria [24,
49-61].

However, the optimal energy management strategy of tri-generation systems calls for
complex mathematic algorithms and experimental justification. In the literature, the majority
of these strategies are operated in two basic ways: following the electric load (FEL) and
following the thermal load (FTL) [48, 50, 53, 60, 61]. In the case of the FEL operation
strategy, the prime mover is primarily operated to satisfy the electric demand in the
application. For the FTL strategy, the prime mover is controlled to ensure the recovered

waste heat will be adequate to meet heating and cooling requirements.

2.4.2 The application of optimisation algorithms

As a promising technology for efficient and clean provision of energy, tri-generation systems
demonstrate vast potential for energy savings and emission reduction. Therefore, significant

research attention and investment are directed towards developing efficiency improvement
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technologies for tri-generation systems. In order to meet the optimisation criteria, various
optimisation algorithms associated with different tri-generation models have been proposed,

as tabulated in Table 2.2 and explained as follows.

Table 2.2 Optimisation algorithms for tri-generation systems

Algorithm Optimisation objective

Genetic algorithm Minimising operational costs or emission

o ) ) Exergetic efficiency, total levelised cost rate of the system
Multi-objective evolutionary algorithm ] ]
product, the cost rate of environmental impact

Decomposition technology Cost-efficient operation
Lagrangian relaxation Minimising annual costs
Optimal energy dispatch algorithm Minimising operational costs, PEC, or CDE

The particle swarm optimization algorithm  Minimizing costs

o o ] Energy saving potential, carbon dioxide emission reduction
Fuzzy multi-criteria decision-making )
and annual total cost savings

A Genetic algorithm

The genetic algorithm (GA) is an optimisation technique based on natural genetics.
Researchers including Sakawa and Ahmadi [62, 63] applied it to search operational variables
in the tri-generation operation aiming to achieve an optimum overall design and to minimise

the operating costs and emissions simultaneously.

B Multiple-objective evolutionary algorithm

The evolutionary algorithm was employed by Burer et al [64-66] to solve the
thermoenvironomic or exergoeconomic optimisation in the tri-generation systems.
Thermoenvironomic or exergoeconomic criteria are used to evaluate the thermal efficiency
for the purpose of improving the design of energy systems and reducing the impact on the

environment.

C Decomposition technology

Successful application of decomposition technology requires the modelling of the tri-
generation system and then operational tri-generation algorithms are developed. Lahdelma,
Rong and Makkonen [67-69] adopted decomposition technology to deal with tri-generation

problems in which they built up the system models as linear programming (LP) models and
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decomposed the tri-generation system into a large number of hourly models. LP models can
be solved independently without influence of dynamic dependence between different hourly

models.

D Lagrangian relaxation

Rong et al [70] proposed a Lagrangian relaxation based algorithm to analyse a tri-generation
system where a storage system was integrated into the tri-generation system and, therefore,
some dynamic factors relating to energy storage system performance were taken into account

as the system model was constructed.

E Optimal energy dispatch algorithm

Cho et al employed an optimal energy dispatch algorithm to identify an optimal operating
mode for the specific CCHP system in the most economical manner. They built up a linear
programming model after outlining an energy flow chart with various efficiency limitations
with an aim to minimise an objective function based on the operational cost, primary energy

consumption (PEC), and carbon dioxide emission (CDE) [71].

F Particle swarm and fuzzy logic algorithms

Other optimization algorithms, such as the particle swarm optimisation algorithm [72] and
fuzzy multi-criteria algorithm [73] were also proposed for the analysis and optimisation of

tri-generation economic solutions.

Overall, all the algorithms have their own merits and shortcomings. There does not exist a
best algorithm for all optimisation situations. It is always a matter of balance to strike

between convergence, efficiency and computational time.
2.5 Electric energy storage system

2.5.1 Relationship between electric energy storage system and tri-generation

optimisation

From previous discussions, an energy storage system is of critical importance to be added in
tri-generation systems in order to improve energy efficiency and to meet the complexity of

load requirements. The energy storage can serve the four following functions:
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e An electrical energy storage system in the tri-generation system would help to achieve

energy efficient operation of the prime mover so that wasted generation is minimised.

e Under the operation of the FTL energy management strategy, an electrical energy storage

system could meet the transient changes in demand to best match the load.

e Auxiliary electrical energy storage devices could facilitate supplying complicated

fluctuations of electric load domestically.

e An energy storage system makes it possible for optimisation strategies to be exerted to

manage the power distribution within the tri-generation system.

First of all, implementation of an electric energy storage subsystem is the prerequisite of
efficient operation of prime movers. Huangfu et al [22] pointed out that the electricity
efficiency is the most influential factor in improving the primary energy ratio (PER) for high
efficiency and regulation performance where the PER is a common evaluation indicator of
micro-tri-generation efficiency. They further suggested that the efficiency reaches a high
level and varies slightly when the electricity output is greater than half load. Therefore, for
better energy utilisation, the prime mover should be operated with an electrical output of
greater than half load. When generated electricity is not used, it should be stored in an

auxiliary electric energy storage system or fed back to the power grid.

Secondly, the preferable energy management strategy (e.g. FTL), requires specific equipment
for storage of electricity. Mago et al [53] studied the performance of Tri-generation and CHP
systems operating under both FEL and FTL, based on primary energy consumption,
operational costs, and CO, emissions for different climate conditions. Their results show that

FTL is the preferred energy management strategy over FEL.

However, with the following thermal load method, the prime mover is controlled to generate
heating or cooling power to meet the thermal demands from the load. As a result, generation
of electrical power cannot perfectly match electrical loads. Thus, extra electricity should be
stored into the electric energy storage devices or supplied from them, depending on the
mismatch of the supply and the load.

Clearly, the electric energy storage system can accommodate the complicated demand

changes in a tri-generation application. Compared to the thermal load in tri-generation, the
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FEL requirement is comparatively complicated, which can be observed from fluctuating daily
household electricity demands. In this case, there are obvious differences between peak and
off-peak power demands. Additionally, the fluctuation of electrical demands varies instantly,
making the stand-alone generator difficult to adapt to these changes. Auxiliary electric power

sources in the loop can shave the peak and fill the trough of electric demands.

Moreover, the electricity profile is changeable under different optimisation strategies from
FEL to FTL. Thus, the electric energy storage system can be regarded as a favourable
solution to adapt to different electricity requirements. Miguez [23] integrated an electric
energy storage system into a tri-generation system to improve its performance. In that case,
batteries were employed as an electricity energy storage device to assist the tri-generation

operation.

Obviously, an electric energy storage system is indispensable for the tri-generation system if
its performance and efficiency are to be improved. But how to select appropriate electric
storage devices and to coordinate the energy distribution within the tri-generation system will
be the next question to ask. Accordingly, relevant investigations will be presented in the

following section.
2.5.2 Electric energy storage technologies

The basic function of an energy system is to generate sufficient electricity to meet demands at
acceptable prices and to do so with a clean, safe and reliable source of energy [73]. Electric
energy storage is regarded as a crucial factor associated with reliable and reasonable use of
primary electric sources. It can be described as a process that can store electricity by diverse
means and convert it back to electricity when needed. In general, energy storage can be
employed in various applications [74, 75], such as generation-based applications,
transmission and distribution, energy services, and renewable energy applications. Electric
energy storage systems can be categorised in terms of their forms and functions. Firstly, there
are four different forms of energy which can be stored, namely, electrical, mechanical,
chemical energy, and thermal energy storage, as illustrated in Fig. 2.4. Each form of storage
has different features. For instance, the technology of super capacitors is largely dependent
on the development of optimised electrode materials and electrolytes whilst the lithium-ion

batteries depends on materials science to deliver new electrodes and electrolytes [76].
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Secondly, they can function primarily for improving power quality/reliability, and energy
management. Taking super-capacitors for example, they are activated in a fraction of a
second to ensure a reliable response to the demand change in the system. On the other hand,
energy storage devices such as fuel cells or sodium-sulphur (Nas) batteries are better suited to

energy management [73, 77, 78].

Electnc energy
storage classification
[ 1
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Fuction Form
Power Energy
quality/reliability
Capacitors& e Tlectrical eoergy
Supercapacitor Storage
CAES -
SMES Mechanical
Targe-scale |_CnCTRy slorage
Batiery
Chemucal
Flywheel
— Fuel Cell | energy storage
Advanced TES Thermal
Battery |_energy storage |

Fig.2.4 Classification of electric energy storage system [73-81]

Recently, the use of hydrogen storage has received much attention but the novel hydrogen
storage systems require extremely demanding properties and low heat loss during normal
operations [79]. As the only commercially-proven large-scale electric energy storage
technology, pumped hydraulic energy storage systems have gained in popularity especially as
they can be incorporated with variable renewable generation such as wind energy technology
[80].

In the literature, a wide range of investigations has been carried out by researchers to
understand the technological characteristics, application environments and energy storage

capacity of different systems [73-81]. In order to achieve optimal system operation in this
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study, specifications of the storage devices needed to be studied thoroughly, prior to a

decision being made on device selection.

A Batteries storage technology

Rechargeable batteries are a traditional energy storage device associated with electrochemical
reactions to store electricity. These types of reaction are reversible, allowing the batteries to
be recharged through current generated by electrochemical reaction between two electrodes.
Generally, the most popular devices in this category include lead acid batteries, nickel
cadmium batteries, sodium sulphur (NaS), sodium nickel chloride, and lithium ion batteries.
Some of them can be employed in energy management and usual candidates are lead-acid and
nickel cadmium batteries. Other have superior power capability and are more suitable for
applications where power quality and peak shavings are of importance. For example, the
sodium sulphur battery has a power density of 150-230w/kg with the capability of pulse
power of 6 times over their rating [73]. The sodium nickel chloride battery is a new type of
battery. The power version has been applied to hybrid electric vehicles while the high energy
version is used for storing renewable energy and levelling loads in industry. Very high
efficiency (almost 100%) and relatively high cycle life (10,000 cycles) makes the lithium ion
battery the promising branch in the battery family [73, 75, 82]. Despite high costs, it is widely
employed in portable electrical and electronic devices. Table 2.3 shows the pros and cons of
typical batteries for comparison.

Clearly, batteries have widely proliferated into various electricity storage systems.
Meanwhile, technology improvement in terms of cost reduction, lifetime increase as well as
reduction of flammability will contribute to the promotion of batteries in a plethora of

applications.
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Table 2.3 Various types of batteries comparison [73,75,82]

Types Advantages Drawbacks
Lead-acid Mature technology; Low cycle life and operational
batteries High energy efficiency; (85%-90%) lifetime
Low level of maintenance and investment cost; Be affected by depth of discharge
and temperature
Very low self-discharge rates(2% per month)
Nickel-based Superior operational life and cycle life(1500- 10 times than lead-acid
batteries: 3000)

Lithium-based
batteries

(lithium-ion
&lithium-
polymer)

Sodium  sulphur
(NaS) battery

Higher energy densities than lead-acid
one(50Wh/kg — 80Wh/kg)

Higher energy density(100Wh/kg - 150
Wh/kg)

Energy efficiency (90%-100%)

Lower self-discharge rate(maximum 5% per
month)

Extremely low maintenance
High power density(500W/kg-2000W/kg)

High power density
High energy efficiency (89-92%)

Lower energy efficiency

Inferior self-discharge rate( 10%
per month)

High cost

Highly operating temperature/
highly corrosive nature of sodium
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B Flow battery

Flow battery is an emerging technology based on reversible electrochemical reactions. Unlike
conventional batteries, flow batteries have the capability of fully discharging without any
damage, and they exhibit very low self-discharge. The electrolytes are stored in separate
sealed tanks. Flow batteries therefore are a long life and low maintenance system that allows

energy storage over a long period of time.

There are three commercially available flow batteries: vanadium redox battery (VRB), zinc
bromine battery (ZBB) and polysulphide bromide battery (PSB). Since their operation is
based on reduction and oxidation reactions of the electrolyte solutions, they are also called

redox flow batteries [83].

C Fuel cells

Fuel cells are regarded as a promising renewable energy device with immense popularity due
to their clean, easily scalable and zero self-discharge characteristics [84]. Similar to batteries,
fuel cells are also commonly used as electric energy facilities associated with electrochemical
conversion approaches. However, unlike batteries, fuel cells exhibit both high energy and
high peak power capabilities. There are five main types of fuel cells available: hydrogen fuel
cell, proton exchange membrane fuel cell (PEMFC), solid oxide fuel cells, metal-air battery
and molten carbonate fuel cells (MCFC). Among them, the PEMFC is a commonly used
device in practice and its development is closely associated with hydrogen storage and

electrolyser progress.

D Flywheel storage technology

The flywheel storage system stores kinetic energy by means of electromechanical conversion
[74, 75]. Energy is delivered by the rotational part of the system. During the charging period,
the flywheel is spun up by a motor; during the discharging period, the same device acts as a
generator producing electricity from the rotational energy of the flywheel. The flywheel
storage system has some prominent advantages such as high efficiency and long cycling life.
However, the drawbacks of this technology include relatively short storage duration, high
standing loss, as well as high self-discharge (at least loss of 20% per hour). The applications
of flywheels are principally on high power/short duration applications [75]. The most
common application is to be utilised as a power quality device that is incorporated with
stand-by generators. The flywheels can also be integrated with renewable energy source
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power plants (e.g. photovoltaic cells or wind turbines), used for power-quality-sensitive

customers such as communication facilities and computer serve centres.

E Super capacitor storage technology

Super capacitors (or ultra-capacitors) are technologically promising devices for
electricalenergy storage. They generally have high surface areas along with a molecule-thin
layer of electrolyte as the dielectric to separate charges. The super-capacitor resembles a
regular capacitor except that it offers very high capacitance in a small package.

Super-capacitors can be categorised into electrochemical double layer super-capacitors
(ECDL), pseudo-capacitors, and hybrid capacitors according to their electrodes used. The
ECDL super-capacitors are currently the least costly to manufacture and are the widespread

type of super-capacitors.

Super capacitors can have extremely high power density (up to 10kW/kg) but low energy
density (2-5Wh/kg). Therefore, they are mainly adopted in power quality applications such as
ride-through, bridging, and energy recovery in mass transit systems [73, 85, 86]. Other
features, such as long life (50,000-100,000 cycles), high efficiency (90% and above) make
this technology a promising storage candidate [85, 86].

F Superconducting magnetic energy storage (SMES)

The SMES stores energy in a magnetic field supplied by DC current through a large
superconducting coil at cryogenic temperature [87-89]. Higher energy density is available
with superconducting technology (40 MJ/m) than that of flywheels and conventional
batteries. Besides, SMES systems have very high energy efficiency of over 90%. SMES can
reach its rated power within a very short period (200kW within 20ms). In addition, SMES
systems have a very long cycle life of tens of thousands of cycles. Despite the advantages of
this technology, SMES has limited applications due to its high costs. The capital cost may
vary between 1000 and 10,000$/kW. Besides, cooling is a very strict requirement in
applications in order to keep superconductor coils in a cryogenic state rendering its

applicability questionable.
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G Cryogenic energy storage (CES)

CES is a relatively new electricity energy storage system. The CES stores energy by gas
liquefaction as a cryogen (e.g. liquid nitrogen -196°) using electricity and then releases
energy through a boiling liquid by cryogenic heat engine. The operational principle of such a
technology is shown in Fig. 2.5. CES has a relatively high energy density (100-200 Wh/ kg),
and a relatively long storage period. One additional benefit is that it produces less greenhouse
gas in solid form (dry ice) which is easy to capture and process. However, CES has a
relatively low efficiency (40-50%) and the technology is still under developed [74].

H Pumped hydroelectric storage technology (PHS)

Liquid Air
—_—

Tank
Liquid Air

Flectricity Output
Hectricity Input

Power Plant

Air{ or Nitrogen
Input fI
E— ) ) Hectricity

Liquefaction Plant P B

Fig.2.5 Schematic diagram of cryogenic electricity storage system [74]

PHS is a mature storage technology and the only commercially proven large-scale
(>100MW) energy storage technology with over 300 plants installed worldwide and a total
installed capacity of over 95GW [80]. The PHS is applied in energy management due to its
mass capacity of energy storage in mechanical energy form. This technology exploits the
hydraulic potential energy of two reservoirs at different elevations to store and produce
electricity by reversible turbine/pump. In the case of low electricity demands, excessive

29



electricity is stored in the form of potential energy. Turbine pumps propel the water into the
high reservoir. On the other hand, water is released back into the low reservoir through a
turbine which generates electricity to satisfy the peak electricity demands. Overall, PHS plays
the dominant role in energy management applications due to the technological maturity, long-

term storage and long cycling life.

However, the high initial capital cost, relatively low energy density as well as its geographic

dependence are obstacles limiting the wide adoption of PHS technology.

I Compressed air energy storage technology (CAES)

Similar to the PHS technology, CAES is large-scale electrical storage technology in energy
management applications. It stores the electricity in the form of elastic potential energy of
compressed air [74]. Typically the output power of CAES systems is in the range of 50-
300MW. Preferable merits include long life time (40 years) and long storage duration, low
self-discharge and high efficiency (71%) [83]. The major barrier for CAES implementation is

its geographic reliance.

The analysis has given a brief introduction to the diverse electrical energy storage

technologies. Their main characteristics have been summarised in Table 2.4.
2.5.3 Hybrid electric energy storage

As mentioned before, different electric storage devices have different applications. Super
capacitors, SMES, flywheels and batteries can be used as the power quality and reliability in
electric systems thanks to their superior Kkinetic properties. Meanwhile, in energy
management applications, energy devices with favourable energy capacities, such as PHS,
CAES, large-scale batteries, Fuel cell and CES, can function properly. Meanwhile, the basis
of an energy system is the capacity of this system to generate sufficient energy to meet
demand. Therefore, electric energy storage has always been a challenge since these
applications require energy storage devices to supply ranging from fractions of a second in
high power applications to hours in high energy applications [73, 77, 78]. However, some
specific situations require electricity energy storage systems that can accommodate bothhigh-

level power and energy demands. A combination of devices with high-level power properties
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Table 2.4 Electric energy storage technologies

Name

Classification

Characteristic

Capacitor/super capacitor
[73, 85, 86]

Power quality/ electric energy
storage

Low energy density & high power density
Short duty duration & high self-charge ratio
Transient charge/discharge period

High efficiency & long life

Developed technology

Flywheel [74, 75]

Power quality/ mechanical
energy storage

Long cycling life & high efficiency
High power & short duration
Developed technology

Battery

Power quality/reliability &
energy management/ chemical
energy storage

Multi-types

Low standby losses & high energy efficiency
Short cycle life/ limited discharge capability
Mature technology

Superconducting
magnetic [87-89]

Power quality/reliability

High energy density

Prompt response

Long cycle life & high energy efficiencies
High cost

Pumped hydroelectric
storage (PHS)

Energy management/
Mechanical energy storage

Mature technology, large-scale

Long-term discharge time & long-term storage duration & long cycle life
Low-range capital cost per KwWh

High efficiency & relatively low energy density

Dominant EES system

Compressed air energy
storage (CAES)

Energy management/
Mechanical energy storage

Developed technology

Long-term discharge time & long storage period
Low-range capital cost per KWh

High efficiency & medium energy density
Rapid commercial development

Fuel cell [50, 82, 85]

Energy management/ chemical
energy storage

Clean technology & long storage period

Fast response/non self-discharge

High energy density (0.6- 1.2kWh/kg)

Low efficiency (20-50%) & high cost ($6-20/kWh)
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Developing technology

Cryogenic energy storage

Energy management/ Thermal
energy storage

Developing technologies
Medium-storage period

Low-range capital cost per KWh

Low efficiency & medium energy density
Long cycle life
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and devices with superior energy capacities can be incorporated to satisfy the complex load
scenario. Hybrid electric energy systems are seen increasingly such as combined flywheels
and wind turbines, integration of fuel cells and batteries, amalgamation of super-capacitors,
fuel cells and batteries. How to validate a hybrid electric energy storage system relies on a
systematic consideration to include power density, energy capacity, cost, cycle lifetime and

energy efficiency as well as technology maturity.

Among all these electric energy storage technologies, super-capacitors provide much
promise in high power density applications, which is a few orders of magnitude higher than
the power density achieved with batteries. Besides, they have preferable features including
several million full charge-discharge cycles and deep discharge capacity [85] and thus were

selected in this study as an energy storage device.

However, due to their low energy density, this high amount of power will only be available
for a very short duration. Furthermore, cost is a main barrier constraining super capacitors
from commercial applications. Fortunately, these drawbacks can be compensated by the use
of batteries. Especially lead-acid batteries, as a mature electric energy storage technology,
possess very high energy density and can be used in combination with super-capacitors.
Other energy storage methods such as micro pumped hydro, compressed air, or flywheel are

not economical at the small scales this research is concerned with.

In the literature, research on dynamic response has been reported on different experimental
benches [85, 86, 90-92]. From the current perspective, the application of hybrid energy
systems can be found in use in hybrid electric vehicles, power quality regulation, and
regenerative braking for energy recovery. However, research on the integration of hybrid

energy storage system into tri-generation is hardly reported.

In this research, because domestic electricity demands have a complicated profile, the energy
system should feature fast response in a short period and long-term energy supplying
capability. As a result, a combination of batteries and super-capacitors is an appropriate
option because of their output characteristics, size, capital and operational costs, for the

targeted domestic applications.
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2.6 Dymola simulation environment

Before a physical system is set up, computational simulations for predicting system
performance and validating the feasibility of the system should be employed. This involves
developing analytical models for simulation. In this study, the software “Dymola” was
selected. Dymola refers to “dynamic modelling laboratory” which employs hierarchical
model composition. Components and connectors are reusable. Model libraries include diverse
physical systems such as mechanical, electrical, thermodynamic, hydraulic, pneumatic,
thermal and control system. Based on the Modelica language, Dymola features an object-
oriented approach and performs multi-domain modelling simultaneously, and is regarded as a

powerful tool appropriate for multidisciplinary applications [93, 94].
Its features include:

* Handling of large, complex multi-engineering models.

* Faster modelling by graphical model composition.

* Open for user defined model components.

* Open interface to other programs, such as Matlab.

* Plotting and 3D Animation.

* Real-time simulation.

Dymola can also import data in other forms including graphics files. Furthermore, Dymola
contains a symbolic translator generating C code for simulation making Dymola compatible
with Matlab/Simulink. Scripts can be used to manage experiments and to perform

calculations.
2.7 Summary

This chapter reviewed tri-generation technologies in terms of their type, configuration,
advantages and drawbacks. The analysis of different technologies demonstrated that
integrating auxiliary storage units into the tri-generation system was necessary and can

improve system performance and energy efficiency. Therefore, electrical energy storage
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technologies have been investigated following the discussion of general energy management

strategies and control algorithms in the applications.

Hybrid electrical energy storage technologies can employ various components for specific
applications. A combination of super-capacitors with batteries was chosen in this study which
provides both power and energy benefits due to high power capability of super-capacitors.
This study uses these technologies in the bio- tri-generation systems. The integration of a
hybrid electrical energy storage system into tri-generation system provides much promise in
reducing the CO, emissions and increasing the system efficiency. In the last section, the
computational simulation tool Dymola was introduced and used to develop computational

models for testing the proposed system in simulation before the physical system was built up.
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Chapter 3 Preliminary hybrid electrical energy storage (HEES)

system

3.1 Introduction

This chapter presents the investigations of the initial experimentation of the HEES. The key
aim was to develop a power system to charge/discharge automatically. In order to build up
this system, a couple of relevant preliminary experiments had been executed to test the
performance of the devices used. The objectives included testing Hall-effect sensors,
inverter/charger and super-capacitors. These tests ranged from simple to sophisticated, along
with the experimental bench being improved gradually to build up a small-scale, controlled
hybrid electric storage and power system, in which electricity can be either stored or be
released by hybrid power sources. The control strategy was implemented in a programmable
logic controller (PLC) to allow hybrid DC storage sources to be discharged automatically

after being fully charged.

In the system, the hybrid power sources consisted of super capacitors and batteries. The load
was represented by an AC resistive load (bulb board). A super capacitor module with high
power density was connected in parallel to the lead acid battery group as energy devices.
Therefore, the small-scale HEES system had both the desired power and energy advantages

as proposed. The purpose of this test was to obtain the characteristics of the HEES system.

The test bench of the HEES included: (1) a HCC super capacitor module with 40F/60V; (2) 3
units of lead acid batteries (12V/12Ah for each); (3) inverter/ charger (HBC-3000PVA) ; (4)
load bank (up to 600W) ; (5) data detection devices; (6) Controller (Simens S7-200 PLC) and

monitoring software Kingview.
3.2 HEES system components
3.2.1 Super capacitors

In the preliminary test, a super capacitor module was selected to be one of main components
in the energy storage system. This module was constructed with 27 super-capacitors units
(2.7 V/1200 F for each) connected in series.
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Fig.3.1 (a) Super capacitor module
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Fig.3.1 (b) Charge/discharge performance

Fig. 3.1 (a) illustrates the layout of this module and Fig. 3.1 (b) demonstrates
charge/discharge performance of single super capacitor unit. This test used 40 A DC current
to charge/discharge the super capacitor constantly. The voltage increased or decreased in a
linear manner. Table 3.1 shows the specifications of the super capacitor unit. From the table,

it can be seen that the HCC super capacitor has small internal resistance which results in
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current leakage during operation. Meanwhile, the high power density of the super capacitor

allows high-level current release transiently and the maximum transient current reached as

high as 550 A within 1s for a single unit. Long cycle life is another good characteristic of a

super capacitor where it is 500,000 cycles in this case.

Table 3.1 Specification of super capacitor (single unit)

Item Value Note

Rated voltage 2.7V

Surge voltage 2.85V

Internal Resistance 0.0016 Q

Capacitance 1200F

Energy stored (at Vg) E 4.4k] (1.2Wh) E=1/2CV¢’

Nominal current (25°C) 235A Discharge to 1/2 Vg within 5S
Maximum current (25°C) >550A Discharge to 1/2 Vg within 1S
Power density 5.1Wh/kg

Maximum leakage current 8mA

Operational temperature -40 ~60°C

Life

Cycle life
Size
Volume

Mass

90000h(at Vg, 25°C)
1000h (at Vg, 70°C)
500,000

@50%x110

216ml

240g

3.2.2 Batteries

Three units of batteries were selected as the main DC source and were linked together in

series, and then coupled with super capacitor module in parallel later in the test as the

Fig. 3.2 Batteries
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electrical hybrid sources. Each battery was a 12 V/12 Ah lead-acid used as a common
electrical energy storage device by storing/releasing DC power for a backup power supply.

The layout of the batteries in series is illustrated in Fig. 3.2.

3.2.3 Load bank

Bulb board

Power meter

Switch group

Fig. 3.3 Load bank

The load bank in Fig. 3.3 consisted of 6 groups of bulb boards with 100 W for each.
Therefore, the load power could change between 0-600 W according to the demands. The
change of power demand was accomplished by switching on and off. The power meter
connected with the load bank recorded the real-time power signal for further analysis.

3.2.4 Inverter/charger

input bus Output bus

from grid | v\I to AC load

Stabilizator(if applicable}—»

break

HBC-P3000VA

DC device

Fig. 3.4 (a) Inverter/Charger Fig.3.4 (b) Common connection with HBC-P3000VA
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As a central control device, HBC-P3000VA shown in Fig 3.4 played a crucial role to
charge/discharge the hybrid DC power sources (super capacitors and batteries). It was fed
with AC current from the grid and transformed it into DC to charge DC devices and in turn to
convert DC current into AC current back to the grid for regeneration. Therefore, the inverter

acted as an inverter or charger with the capacity of bi-directional power delivery.

3.2.5 Signal detection devices

The test with the DC hybrid sources aimed to detect the current and voltage changes along
with the charge/discharge operation. Therefore, current and voltage sensors were employed in
the signal measuring circuits. Fig. 3.5 illustrates these connections.

3.2.6 Signal conversion, control and display

The signals detected by the sensors were analogue and needed to be transformed into digital
signals before being analysed for further processing. In this test, a Siemens S7-200 PLC
(Programmable Logic Controller) extension module EM231 was selected for accepting
analogue signals and transferring them for further calculation by the CPU unit in the PLC.
Meanwhile, these digital signals were displayed on a desktop by software Kingview which
communicated with the PLC. Fig. 3.6 illustrates the PLC and monitoring software Kingview

in the test.

The experiments employed a Siemens S7-200 PLC as the controller to perform the
charge/discharge tasks for HEES automatically. It accepted the signals from the data
detection devices via an I/O module and calculated the control output to the execution

devices relay 1 and relay 2. Table 3.2 lists all of the constituents of the PLC employed.
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Fig. 3.5 (c) DC voltage measuring circuit

3.3 Experimental circuit design

The experimental bench is illustrated in Fig. 3.7. A super capacitor module was connected to
3 units of lead acid batteries as energy devices and fed to the inverter/charger via the DC
input port. The bulb boards, as load bank, were linked with the inverter/charger via the AC

output port while the AC power from the grid took the role of the main electrical source to
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supply the HBC-P3000. HEES parameters were detected by the sensors placed in the DC
circuits and sent to the PLC for calculation. A PC interacted with the hardware circuit via
serial communication RS485 and interfaced with the software WINCC and the utility
Kingview for monitoring and control purposes.

The programme implemented in the PLC was used to assess the data collected by the input

Central panel

Measuring board PLC control panel

EM231 module in S7-200 PLC CPU unit in S7-200 PLC

Fig. 3.6 (a) Signal conversion and processing bench

Fig. 3.6 (b) Kingview interface on a desktop

ports which linked with the sensors and DC meters and then to drive the actuator elements
(relay 1 and relay 2) via output ports for charging and discharging the hybrid power system.
Simultaneously, the data that the PLC received was sent to the supervisory software Kingview
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on a desktop for display. The allocation of input/output (I/O) ports and the registers of the

PLC are summarised in Table 3.3.

The complete PLC programme is shown in Appendix 1.

Table 3.2 S7-200 PLC

Item Specification

CPU module CUP-224

1/0 module EM231/EM232 (8 analogue in/4 analogue out)
Communication RS485 (built-in)

Power module 220V In/ 24V Out

Software HMI-Software WinCC
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Fig. 3.7 (a) Layout of the primary test bench
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44



Table 3.3 Variables allocation

Item PLC 1/O Port PLC Register Kingview
Variable

Battery charge current AIWO0 VD100 AlO
Battery discharge current AlIW2 VD104 All
Super capacitor charge current Alw4 VD108 Al2
Super capacitor discharge current AIW6 VD112 Al3
DC voltage value AIW8 VD200 Al4
Total discharge current AIW10 VD204 AUO0
Transient load power AIW12 VD208 AWO0
Output 1 to relay 1 AOWO Q0.0 -
Output 1 to relay 2 AOW4 Q0.4 -

3.4 Test plan and procedures

The experimental bench was developed to charge and discharge hybrid power sources

automatically.

Tests were carried out in two steps:

Charge batteries and super capacitors : relayl on and relay 2 on
Discharge batteries and super capacitors: relay 1 off and relay 2 off

The inverter charged the DC sources (batteries and super capacitors) along with electricity
supplies to the load bank. After the batteries and super capacitors were fully charged, the
inverter started to convert DC power originating from batteries and super capacitors into AC

power to supply the load bank. During the operation, the load demand was 100 watts.
3.5 Test results

Three diagrams in Fig. 3.8 show voltage and current waveforms as a result of charging and

discharging the DC sources.
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Fig. 3.8 (a) presents the experimental result of the voltage curve of the hybrid power sources
during both the charging and discharging processes. From the figure, the charge process can

be divided into two stages.

Three-stage charging is a widely used method for lead-acid batteries. It is the combination of
constant-current and constant-voltage and float stages. The batteries were charged with
constant current in the first stage and with constant voltage in the second stage. Float charge
provided a small current to charge the batteries. When the charging started, an immediate
high current was supplied to the batteries and their voltage increased gradually. This is the
first stage, constant-current charging. Afterwards, the batteries were charged with constant
voltage for a period of time. In this stage, the current decayed to a preset value, the charging
process transferred from the second stage to the third stage the purpose of float charging is to
charge the batteries with a low rate that is approximately equivalent to the internal losses of

the battery over long-period operation.

In the tests, the batteries were charged by the first two stages of the three-stage charging
method. Therefore, the voltage variation over the charging process can be divided into two

parts.

The voltage dropped swiftly in the discharge phase of the test because the hybrid DC sources
offered the maximum power to the load. However, the total energy supplied by the hybrid
power sources was relatively limited. As a result, the voltage plunged when hybrid power
sources discharged with relatively high power.

Fig.3.8 (b) presents the current curves of the hybrid power sources being charged. From
Fig.3.8 (b), it can be seen that the super capacitors responded more rapidly compared to the
batteries’. The charging current for the super capacitor increased from 0 to 6A within 5s. In

contrast, the charging current for the batteries only increased to 1.8A.

On the other hand, there was an undesired current rushing to the batteries at the last stage of
the charge process. It was mainly due to the higher voltage of the super-capacitor compared

to the batteries’ at the transient time. This undesired current can be seen in Fig. 3.8 (b).

Fig. 3.8 (c) shows the current curves of the hybrid power sources being discharged. From the
figure, it can be seen that during the period of discharge, the super capacitor module showed
active characteristics and fast response capability. Super capacitors provide a higher current
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to the load instantly than batteries at the start of the discharging period. However, the current

plunged along with the voltage while the batteries’ current increased dramatically.
3.6 Summary

The preliminary tests were conducted to gain in an understanding of the small-scale HEES
system and were used later as a basis for developing the complete BMT-HEES system. Some

points could be summarised as follows,

e Super capacitors exhibit excellent dynamic characteristics and they responded promptly
both in charging and discharging, which will benefit the complete system in terms of

satisfying the dynamic electrical loads.

e Hybrid DC sources operated with their maximum capability to supply power to the load

demand.

e Due to the parallel connection between the batteries and the super capacitors, there was a
voltage difference between them at the start of second charging stage (constant-voltage
stage). As a result, DC current released from super capacitors flowed into batteries even
though it was in the charge phase, which was undesired in this system. This issue could

be sort out by adding a diode in the circuit in the complete system.

e In-depth investigation was followed in developing a complete bio-fuel tri-generation

with hybrid energy storages system.

48



Chapter 4 The design of the BMT-HEES

4.1 Introduction

In this section, a full-sized HEES system based on that presented in Chapter 3 was used for
the BMT-HEES and configured in the laboratory. The system was composed of the following
parts: (1) Diesel engine & generator; (2) Waste heat recovery system; (3) Absorption
refrigerator and exhaust heat recovery system; (4) HEES; (5) Energy management and

control unit.

The design of the complete BMT-HEES system proposed is presented in the schematic
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Fig. 4.1 Schematic diagram of the BMT-HEES system
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diagram shown in Fig. 4.1. The system includes an engine-based bio-fuel micro- tri-
generation and a hybrid energy storage system. The system was stand-alone and allowed
three different types of energy (electricity, heat and cooling energy) to be generated locally.
The engine was fuelled with bio-diesel and was used to satisfy basic electricity demand; the
waste heat from the engine cooling system and the exhaust gas was recovered and stored in a
tank; and the hot water was utilised to supply heating and hot water for the house. Heat was
exchanged between jacket water and hot water in the heat exchanger in the engine cooling
system. Hot water then continued to be heated up by waste heat from exhaust gas before it
flowed into the water heat exchanger for third heat exchange. Therefore, waste heat was
recovered from both coolant source and exhaust gas. The water heat exchanger supplied hot

water for both space heating and domestic hot water consumption.

The HEES consisted of battery banks and a super capacitor module. It was connected to the
diesel generator. The electric energy produced from the generator but not used at off-peak
hours was stored in the HEES system and then released along with electricity directly
produced from the generator to satisfy the electricity demands at peak time. Since both
branches of electricity generated by the engine were AC while electricity for
charging/discharging the HEES was DC, the system included a rectifier and an inverter for

POWEr CONVersion purposes.

Experimental equipment were selected based on computational simulation and preliminary
study. Component performance tests had been carried out, especially for batteries which are a
key component in HEES system. After that, the HEES system performance was investigated
followed by testing the complete system of BMT-HEES based on daily electricity

consumption in the selected examples in the UK.
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4.2 System components

4.2.1 Diesel engine & generator

The developed BMT-HEES system employed a Yanmar diesel engine (series YTG6.5S) as
the prime mover. It provided a nominal power output of 6.5 kW electrically and both engine
coolant as well as exhaust heat recovery systems were adopted for heat recovery/delivery

purposes.

The fuel supply system is a key part in an engine system. Fuel from a fuel tank was preheated

hetreopupple
T AAAL

Cylindky \AA LS

AAAL
L\ AAAAI

Fig.4.2 Diagram of the fuel supply system
at two levels before it went through the injector and was then burnt in the cylinder. The pre-
heater, controlled by a set of temperature/process controllers, could facilitate reduction of
viscosities of the oils to a diesel oil level as fuel temperature could go up to 120°C. Fig.4.2
below illustrates the construction of the fuel supply system. Table 4.1 lists the main devices

in this subsystem.

Table 4.1 Device list in the diesel engine & generator subsystem

Device name Unit

Engine/generator
Fuel tank

Valve

Pre-heater
Thermal couple
Fuel flower meter
Pump

filter

R R P NN R R
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The curves in Fig. 4.3 and Fig. 4.4 represent the trial test outcomes of the engine/generator
associated with energy indicators, including efficiency, consumed energy and acquired
energy respectively. Fig. 4.3 illustrates both electric and heat efficiency on the basis of the
diesel engine fuelled by bio-diesel. Table 4.2 summarises the testing values in detail. Electric
efficiency ranged from 7.8% to 28.1% when electric power output varied from 0.64 kW to
6.35 kKW and heat efficiency changes from 38.45% to 41.03% under the same circumstances.
Fig. 4.4 demonstrates energy consumed and heat recovered over the electric power output
from 10% to full load. The fuel consumption ranged from 8.19 to 22.62 kWh while heat
recovered from 3.15 to 9.28 kWh and electric power outputs altered from 0.64 kW to 6.35
kKW.

Table 4.2 Engine performance

Engine power Fuel Total heat Heat Electricity
Load (kW) energy(kwWh) recovered (kwh) Efficiency (%)  efficiency
(%) (%)
10 0.64 8.19 3.15 38.45 7.81
25 1.61 0.86 3.4 34.49 16.30
50 3.28 13.53 4.93 36.44 24.23
75 4.81 17.66 7.25 41.05 27.25
100 6.35 22.62 9.28 41.03 28.09
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4.2.2 Waste heat recovery system

5 b
o wu
1 )

~

o

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Electric power output (kW)

N W W
i o un
1 1 1

Efficiency (%)
== N
o 0 o

w
1

o

— Electricity efficiency = ——Heat efficiency

Fig. 4.3 Electric and heat efficiency of the engine
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Fig. 4.4 Energy versus electric power

Two kinds of waste heat source could be utilised for heating and cooling purposes after waste
heat was recovered. One main heat source was the engine cooling system by means of

coolant heat recovery. The other was derived from the exhaust heat recovery system. Fig. 4.5
and Fig. 4.6 demonstrate their layout.
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Heat from the engine cooling system was dispatched into two branches. One branch went
through the radiator along with the other branch flowing through the coolant heat exchanger.
Within the loop, they were later pumped back into the coolant jacket. At the same time,
heated fluid coming from the coolant heat exchanger flowed into the exhaust heat exchanger
and absorbed heat from the exhaust gas and went through the heat dumper before flowing

back to the coolant heat exchanger. Three flow meters were utilised to measure heat fluid

Table 4.3 Main devices in the subystem

Device name unit

Engine cooling system
Radiator

Coolant heat exchanger
Exhaust heat exchanger
Heat dumper

Pump

valve

W © N PR R R R

Flow meter

[EEN
N

Thermal couple

cycling within these three heat circuits. The main components in this subsystem can be

summarised as shown in Table 4.3.

4.2.3 Absorption refrigerator and exhaust heat recovery system

Table 4.4 Main devices in heat recovery system

Device list Unit

Engine exhaust gas channel
Absorption refrigerator
Exhaust pipe

valve

Exhaust flow meter

Air flow meter

(& I ¢ L N N

Thermal couple

High-temperature exhaust gas was divided into three branches. In one branch, waste gas

exchanged heat with water in exhaust heat exchanger before it was disposed of through the
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exhaust pipe. The second one was used for preheating bio-fuel. The absorption refrigerator
generated cooling by means of waste heat where the third branch of the engine exhaust heat
was consumed. After that, these three branches of exhaust gas converged together and were
disposed of through the exhaust pipe. Table 4.4 shows main components in this section.

424 HEES
A Introduction of HEES

The HEES system consisted of batteries and super-capacitors. Batteries are commonly
regarded as an energy storage device which can store and supply large amounts of energy in a
relatively small volume. Super-capacitors are used as an auxiliary power device to store
electricity. Compared to batteries, they have much lower energy density but higher power
density, long cycle life and fast charge/discharge capability. Super capacitors have become
essential components to shave peaks and responded to the fluctuating load in storage

applications.
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Andrew [108] explained the reason why super-capacitors are better than batteries in high
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Fig. 4.6 Diagram of exhaust heat recovery system

power applications. For instance, the super capacitor module Superfarad 50V/250F has an
energy density of 5.4 Wh/kg but a power density of 219 W/Kg where as the Varta NiHD
battery has 70 Wh/kg energy densities and 46 W/kg power densities.

B Batteries

As one of main components in the BMT-HEES system, batteries stored and released most of
energy in the HEES. Valve Regulated Lead Acid (VRLA) batteries manufactured by Victron
were selected as the energy device. Because the batteries were required to couple with the
engine/generator to supply electricity over the 24-hour test, the energy capacity of the battery

Fig. 4.7 (a) Valve Regulated Lead Acid battery Fig. 4.7 (b) Battery set
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set could be calculated based on the energy consumption of 1 kW power for 12 hours.
Therefore, the total energy required was equal to 12 kWh (1 Kw x 12 hours). Therefore 6
units of Victron VRLA batteries (12 /220 Ah) were selected in this study. Fig. 4.7 illustrates
the exterior image of the battery and the battery set on the bench.

C Super capacitor module

The super-capacitor module employed in the complete BMT-HEES system was the same one
as in preliminary test. It was a 30 /160 F HCC module.

D Centre unit

A key unit of the electrical system was the Multiplus 24V/5000VA manufactured by Victron
which has a nominal output 5000VA power capacitity when coupled with 24V DC power
devices. It performed the monitoring and governing function by analysing the signals and
deciding which operation should be implemented. It accepted the signal for the power output
and set out the commands of power demand to the AC input device and HEES system as well
to the logic controlling regulation which had been programmed in the control unit in the
Multiplus. Fig. 4.8 shows this unit on the bench.

E DC link box
The DC link box provided the connections for all DC power sources and it had functions of

primary DC protection, DC monitoring and sensors in one enclosure. The key components
were (1) 4 Mega fuses (2x 300A, 1x 200A, 1x 100A) and 1 Midi fuse (60A) as default for
DC source connections under protection (2) connection points for the sensors, which were
used to link with MultiPlus voltage sensor and BMV-600 (battery monitor) (3) DC output
connection points joined with the Multiplus DC points. Fig. 4.9 illustrates its exterior layout.

F Protection circuit and DC actuators
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In addition to the main functional circuit in the system, an emergency circuit and a protection
device were designed and configured. These included: (1) the air-break switches (2) the DC
circuit protection devices (2 emergency buttons and 4 safety relays) for stopping current from
the batteries and the super capacitors flowing into the main circuit when the fault condition
happened. (3) diodes, which allowed the current to flow from the batteries, the super

capacitors and the DC power supply unit (4) voltage contactors, which provided the function

Fig .4.8 Multiplus 24V/5000VA Fig. 4.9 DC link box

of voltage monitoring and prevent under-voltage and over-voltage of the super capacitors.
(5) two relays as acuators in the DC circuits, which accepted the commands from the control
unit in the Multiplus and switched on/off DC current from the batteries and super capacitors.

The exteriors are illustrated as in Fig. 4.10.
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Battery switch Diode 1
Emergency button Relay 1
Fig. 4.10 (a) Part 1 Fig. 4.10 (b) Part 2
Voltage contactor
Diode 2 Relay 2

Safety relay
Fig. 4.10 (c) Part 3

Fig. 4.10 Protection circuit and DC actuators

G Input/ output circuit

The input/output circuit accepted the AC electricity from the grid or other AC power sources,

Output

Fig. 4.11 Input / Output Fig. 4.12 Load bank
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Power supply

Transmitters

Power meter

Fig. 4.13 (a) Transmitters and power supply Fig. 4.13 (b) Shunt and power meter

such as a generator or other renewable resources in AC form. After combining DC power

sources in the Multiplus system the electrical energy was sent out via the output port shown

in Fig. 4.11.

H Load bank

Load bank provided electrical demands of up to 16,570W power by employing 2 units of

adjustable load box and 1 bulb board, shown in Fig. 4.12.
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I Analogue signal detection

There were 5 necessary signals to be monitored by the system, including 2 DC currents, 1 DC
voltage and 2 power signals (system input/output). They were analysed and served as the
basis of the controller output. These 5 signals were detected by the transmitters or the power
meters as analogue signals within 4-20 mA output. Fig. 4.13 (a) and (b) show the exteriors of

them on the bench.

J Signal conditioning devices and monitoring interface

The signals from the transmitters and power meters were unable to be directly read by the
controller or displayed with monitoring software. Therefore, these analogue signals were
firstly transformed into digital form by the NI USB-6212 data log (Fig. 4.14 (a)). The
monitoring software accepted these digital signals and then they were recorded by Labview
(Fig. 4.14 (b)) via the interface or the data files. Real-time data related to batteries were
shown via battery monitor (Fig. 4.14 (c)) and recorded by the interface (Fig. 4.14 (d)) via

serial communication.

4.2.5 Control circuit design

In the main unit, Multiplus was used to execute the embedded control command in relevant
codes input to the control unit according to the user applications. A programmable relay
controlled relay 1 and relay 2 in the external circuit.

4.3 BMT-HEES circuit design

Fig. 4.15 provides the details of the whole BMT-HEES electrical design. The system
consisted of three main power sources, including engine/generator, AGM batteries and the
super capacitor module. The batteries and super capacitor were connected in parallel.
Multiplus is a bi-directional converter device, and it transferred AC current to DC to charge
the DC power sources (batteries and super capacitors) or converted DC power source outputs
to AC electricity to supply the load or for grid connection. The signals during the tests were
acquired by the current/voltage sensors then transformed into digital signals by the NI data
logger. Meanwhile, the data was sent to the control unit in the Multiplus for analysis and
control purpose and also sent to real-time monitoring and recorded in data files on the laptop.

61



Fig.4.15 (a) Photograph of the BMT-EES system
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4.4 Summary

The designed system reported in this chapter was developed in the laboratory and in the
Dymola modelling and simulation environment. In order to evaluate system performance,

case studies were carried out and will be reported in the following chapters.
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Chapter 5 Bio-fuel tri-generation and HEES system modelling and
simulation
5.1 Introduction

A system performance assessment was necessary before the experimental tests were carried
out. Computational modelling and simulation was used to determine control strategies and

predict system performance.
5.2 System configuration

On the basis of tri-generation technologies and the preliminary design, a complete BMT-
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Fig. 5.1 Energy flow chart in a tri-generation

HEES system is developed in this chapter in the computational environment. The system
consisted of the following components: a diesel engine generator set, a waste heat recovery
unit, a hybrid electric energy storage system, and a control unit. The tri-generation system
can provide three different forms of energy (electricity, heating and cooling) simultaneously

for one application. Traditionally, such systems do not include an energy storage system.
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This study integrated a novel electric energy storage system to improve the energy efficiency

and dynamic performance in this tri-generation arrangement.

The generator set includes an engine and a generator. The generator set produces electricity
and meanwhile the heat energy coming from the jacket water and the exhaust gas is collected.
Part of the heat produced is then transferred into cooling energy through absorption or
adsorption refrigeration unit. The rest of the heat that is collected is used for space heating or
domestic hot water if the system is adopted in the domestic sector. In this research, FEL
energy management strategy was adopted. Therefore, the system primarily satisfied the
electric demands along with producing the required amount of heat and cooling energy for
domestic usage.

5.2.1 Generator set
The generator set is the heart of the whole system since all energy is generated from this unit.

A Mathematic analysis of a diesel-engine based generator set

In terms of energy conversion, the generator set can be considered as a bilateral energy
converter so that the developed mechanical power is just equal to the generated electrical
power. Equations (5-1) to (5-3) describe the relationship between mechanical and electrical

power based on the equivalent circuit [95] shown in Fig. 5.2.

T,Q=El (5-1)
E = KoQ (5-2)
T, = K, (5-3)

Where,
generated Electromotive Force (EMF) in volts
(0 air gap flux per pole in webers
Q angular velocity in radians per second
T, developed torque in newton-meters
Ia armature current in amperes
K constant for the given machine
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However, this model presents the static state of a generator set with respect to the relationship

between the mechanical and electrical sections. Dynamic characteristics of the generator set

should also be considered. Normally, a diesel engine is mechnically linked to a synchronous

permanent magnet generator for the purpose of electricity generation. The mathematic model

of a generator set based on the dynamic characteristics of a diesel engine with a generator

(electrical part) can be described as Fig. 5.3 [96, 97]. The two parts are analysed as follows,

Fig. 5.2 Equivalent circuit for an engine/generator

Mechanical part of a generator set

dw,, 1

FZY(Te_me_Tm)
dao
dar -~ Om

Where,

W Mechanical rotational speed

J Combined inertia of rotor and load

F Combined viscous friction of rotor and load

66

(5-4)

(5-5)



Rotor angular position

Tm Shaft mechanical torque

Equations (5-4) and (5-5) give the relationship between rotor angular position, rotor rotation,
and the torque values.

e Electrical part of a generator set

Mechanical energy is transformed into electricity by a generator. This investigation adopted a
mathematical model of a PMSM (permanent magnet synchronous motor) to describe a
generator that is derived in the two-axis d-q synchronous rotating reference frame. Equations

(5-6) to (5-9) give the relationship between the variables.

The d-gq component of the current vector are calculated through a state transformation of the

stator currents phases i, , iy, , i and the rotor angular position 6

_1 1 (5-6)
ia\ |2 cos(pf) sin(pB) _ 1 2 2 _ ig
(i,,) h \/;(— sin(p@) cos(p@)) 0 g _ @ (i.b>

lc

The machine equations associated with the rotor frame are as follows,

Vg =R i+ L oia — Lowrig (5-7)
Vg =Riq + Lq - -ig + Lawyig + 0@ (5-8)

T, = 1.5p[Aig + (Lg — Lg)iai] (5-9)

Where,

Lg,Lg g and d axis inductances

R Resistance of the stator windings

Vg Va g and d axis voltages

Wy Angular velocity of the rotor

d Permanent magnet flux coupled with the stator windings

p Number of pole pairs
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B Generator set model in Dymola

Fig. 5.3 illustrates an improved model for an engine/generator set which consists of the

models including Accessories, Engine (mechanical part), Generator (electrical part) and

P
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Fig. 5.3 Dynamic model for engine/generator

L o

Control_Bus. The model world is used to set up the environmental variables such as gravity,

temperature. Current sensor is used to acquire circuit current associated with the generator

for analysis and control. The details of three main components Accessories, Engine,

n

engineflange

ST

torqueL oss inertia=acces?
/\“ 1
accessori? I:i:)
i
AR
=
Accessories
(a) Exterior (b) Interior

Fig. 5.4 Model Accessories
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Generator are discussed thereafter.

e Accessories

In addition to the consideration of the essential sections in the engine system, in most cases,
the mechanical or other power losses should be taken into account for more accurate
simulation. Therefore, a model to describe the mechanical losses within the component

Accessories is illustrated in Fig. 5.4.

This model represents mechanical loss during operation. Referring to Fig. 5.5 (b), friction
loss is represented by the variable torquelLoss, which is sent out via the component
engineFlange associated with the mechanical calculation.

e Engine

The engine model includes mechanical inertia, engine torque and speed. This model includes
two inputs and two outputs, as shown in Fig. 5.5 (a). This model accepts the signal coming
from model ‘Accessories’ via inputl and the value of the load via input (the small tri-angle at
the left corner). On the other hand, there are two outputs from this model, namely mechanical
power and mechanical torque. Mechanical power is delivered to the model Generator via
transmission flange on the right hand side (the middle one). The real-time value of the
mechanical torque is sent out by output2 (the small triangle at the right corner).

Fig. 5.5 (b) provides the model details. This module links with module Accessories via
accessory flange at the left hand side where mechanical loss delivered into engine model is
involved in the calculation. The load demands are sent into this model by input signal
Powerln via the unit engine_tau which then links to the flywheel before the energy is output

via the ‘transmission flange’ on right hand side.
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Fig. 5.5 Model Engine

e Generator

The generator model is shown in Fig. 5.6. It is another key component of an
engine/generator, which accepts mechanical energy derived from an engine and then transfers
it electrically. Terminals pin_p and pin_n in Fig. 5.6 stand for positive and negative
connections of the electrical part, respectively. The item shaft_b is used to link to the model
Engine to accept mechanical variables. variables L and R are the equivalent inductor and

resistor in the circuit, respectively.

The model controlBus is for communication where three signals are transmitted including
generator current, mechanical torque and power in operation. These signals are used for

overall control by exchanging information with other models.

pin_n pin_p

L]
ik
eMF S%b
Generator o e
(a) Exterior (b) Interior

Fig. 5.6 Model Generator
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C Simulation on engine starting

Generally, an engine has to undergo a transient process before it approaches a steady state. In
this section, simulation with respect to engine response during the starting process is
presented. In the simulation, model ‘Engine’ is based on the specifications of the Yammar

engine discussedin Chapter 4, at nominal rotation speed and power.

RotationRef :
PWMController DCAC Startingbatteries
duration=0.5 5
hallSensor
ground
LoadRef :
Torque
>_’ /—‘C .

S

startTime=0.75

Fig. 5.7 (a) Dynamic simulation of the starting process of an engine

The model in Fig. 5.7 was used to simulate the starting of a diesel engine. The components in
this model include (1) RotationRef, it is used to provide rotation reference of the engine over
the starting process; (2) PWMController, it is a PWM (Pulse width module) signal generator.
It accepts the rotation reference and compares it with the feedback of the engine rotational
speed to generate the signal to control the device DC/AC; (3) DC/AC, which is a converter. It
transforms DC power from ‘StartingBatteries’ to AC power to crank the engine; (4)
StartingBatteries is a small-scale set of batteries providing initial power over the starting
process; (5) Engine represents the Yanmar engine; (6) LoadRef provides the load demand
over the simulation without dimension. (7) Torque is a conversion component that accepts a
non-dimensional variable and transforms it to mechanical torque with the same value to link

with the engine as a torque demand.
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Fig. 5.7 (c) Enigne rotation
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The engine was started by the power from the starting batteries after the DC current had been
transferred to AC current by the DC-AC inverter. A speed reference lasted 0.5 seconds to
reach the nominal value of 2400rpm. Load demand was applied to the engine 0.75 seconds
later. The outcomes derived from the starting process can be seen as Fig. 5.7. The curves in
Fig. 5.7 (b)-(e) represent a series of dynamic indicators during the process, including rotation
reference, rotation response of the engine, load torque and response torque of the engine,
respectively. The engine rotational speed increased gradually to the nominal value of
2400rpm, as shown in Fig. 5.7 (c), under the demand from the module ‘RotationRef”. After
the engine reached a stable point, a 6500W load requiring a torque of 25.86 N.m. and was
connected at 0.75s (seen as in Fig. 5.7 (d)). The engine rotational speed dropped slightly
when the load was applied suddenly as seen in Fig. 5.7 (c). High level torque was required as
shown in Fig. 5.7 (e) at the begining of the engine starting process, which was followed by
some fluctuations until 0.5 seconds and it then dropped to nearly zero. From 0.75 seconds
onward, the torque increased again to reach the demand of 25.86 N.m. as requested by the

load.

The simulation output illustrates that the engine has unstable torque for the first 0.6 seconds
and it took 0.1 seconds to reach the torque required of the engine when the load changed at
0.75 seconds. In practice, the engine may take longer to reach the stable level. During the
transient process, the generator set cannot provide the expected output. Therefore, an
auxiliary power source, such as energy storage and a power system would be preferable
options to satisfy the transient load demands and improve the system dynamic performance

electrically.

5.2.2 Batteries

In the literature, there are three types of battery model commonly employed: (1) simple
model consisting of constant voltage source and constant resistance; (2) Ceraolo model
including variable voltage source, constant capacitor and three resistors with variable values;
(3) defined model consisting of a constant capacitor, a variable resistor and variable current

source.

74



rsPackage p

R=RsPackage

Batteries -

(a) Exterior (b) Interior

Fig. 5.8 Simple battery model

A Simple battery model

A simple model for batteries consists of a constant voltage and resistance as shown in Fig.
5.8. However, this model is over simplified and cannot take into account the different

characteristics of battery charging/discharging operations.

B Ceraolo battery model

E2 |
]

R1

C1

Batteries

n_bat

(a) Exterior (b) Interior

Fig. 5.9 Ceraolo battery model

As shown in Fig. 5.9, the dynamic model used for this battery bank employs the lead-acid
battery prototype proposed by Massimo Ceraolo with an electrochemical battery model for

electrical systems [98]. This model takes into account of the heating influence, non-linear
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characteristics during battery operation and parasitic reaction at the end of charging. This
prototype was further improved by Barsali [99], Jackey [100] and Glavin[101]. In this model,
the parameter RO is set with the value of 0.12Q. Meanwhile, the variable resistances R1 and
R2 are calculated by module SOC (state of charge)/DOC (discharge of capacity) and the
initial values are 0.02 Q and 0.006 Q respectively.

Ceraolo developed the lead-acid model where equivalent resistance in the circuit changes
dependent on charging and discharging processes. The calculation of the coefficients in the

equation was determined experimentally.

C Defined model

This model was set up on the basis of the experimental outcomes of the batteries being
charged or (and) discharged where battery current and voltage were detected. The equivalent
resistance was equal to the voltage v; against current i,.. Meanwhile, the state of charge (SOC)

was calculated by equation (5-10). The experimental circuit is illustrated in Fig. 5.10 (a).
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Fig. 5.11 Battery equivalent resistance

The model in Fig. 5.10 (c) considers the influence caused by stray current and consists of a
variable resistor and a constant capacitor. The resistance is calculated from experimental

results as follows,
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S0C = Qinitiar + kf idt (5-10)
al * e C(0c=b1)/c1)?) 4 40 4 o(=(soc=b2)/c2)?) (5-11)
+a3 x e(-(s0c=b3)/c3)?) | 14 4 o(~(soc=bH)/c4)?) i<0
r=
I
\ pl*soc® + p2 * soc + p3 i>0 51

Fig. 5.11 illustrates curves used for the equivalent resistance calculation. The dotted lines
represent the equivalent resistance curve from experimental tests while the solid lines

represent the computed resistance found by curve fitting.

When the batteries are charged, the relationship between the equivalent resistor and the
indicator SOC can be expressed with a quartic Gaussian equation given in equation (5-11)
along the curves demonstrated in Fig. 5.11 (a). When they are discharging, this relationship
can be described with a cubic polynomial as in equation (5-12) and the curves in Fig. 5.11

(b). The values of these coefficients in the equations are listed in Table 5.1 and Table 5.2.

Table 5.1 Coefficients in fitting curve for charging (i<0)

Coefficient al a2 a3 a4 b1l b2 b3 b4 cl c2 c3 c4
Value 6.14 1169 1482 -10.62 2569 2563 8939 2568 76.94 2283 4421 95.67

Table 5.2 Coefficients in fitting curve for discharging (i>0)

Coefficient pl p2 p3
Value 3.232 e-007 -0.00102 2.345
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5.2.3 Super capacitors

The super capacitor model is illustrated in Fig. 5.12 as a classical RC equivalent circuit,

o——————

ESR

c 1 EPR

Fig. 5.12 Classic equivalent circuit for single unit of super capacitor
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Fig. 5.13 Super capacitors model in DYMOLA

which is commonly used in super capacitor modelling due to its simplicity. Uzunoglu [102,
103] and Spyker [104, 105], carried out investigations by using this model. This model
contains three main elements, an equivalent circuit capacitance (C), an equivalent series
resistance (ESR) and an equivalent parallel resistance (EPR). ESR represents the charging
and discharging resistance and EPR accounts for current losses or leakage which affects the

long term energy storage performance of super capacitors. In most applications for super
capacitors, EPR is ignored for simplicity.
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Normally, a super capacitor bank includes a number of single units connected to build up to a

whole bank. In these cases, relevant parameters can be describe as follows,

Rtotal

Ctotal

ESR

Riotar = Ms n_p (5-13)
C
Ctotal = ny n_s (5-14)
1
E= > * Crotar * (ULZ - U]g) (5-15)

The total resistance of super capacitor bank ()

The total capacitance of super capacitor bank (F)

The number of super capacitors connected in series

The number of super capacitors connected in parallel

The amount of energy released or stored in super capacitor bank (Ws)
The initial voltage of super capacitors before discharging starts (V)

The end voltage of super capacitors after discharging ends (V)

The Dymola model of the super capacitors is shown in Fig. 5.13, which includes one

capacitor and one resistance, the values of R and C are dependent on the total number of

super capacitors which are connected in parallel or series.
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5.2.4 Charger/Inverter

The conversion device is necessary because that the DC devices (batteries and super
capacitors) are charged by an AC device (generator). Also, DC electricity from the batteries
and super capacitors has to be converted to AC current before it is provided to the AC load.

Therefore, this conversion device can accept a DC power input and transmit it as AC power

DC_AC const

AC

k=VLoadNomi?

pload

pSupp?

buffferingCar|?

s

nSupp?

T e

nload
(a)Exterior (b) Interior
Fig. 5.14 Charger/Inverter

to connect with other AC loads. The conversion device in Fig. 5.14 converts DC to AC or AC
to DC electricity. The Charger/Inverter model is a bidirectional device which can transfer DC
power to AC power and vice versa. Three main modules have been included, DC_AC,
efficiency and f function. Energy loss over delivery has been taken into account by using the

function module f.
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5.25 Grid/Load

The Grid/Load model in Fig. 5.15 is a simple model consisting of a powerLoad component
and a PowerData model. The PowerLoads component has electrical property and decides
how much load power should be applied. The element PowerData provides the power value
of the load/charger in the simulation. For the purpose of simplicity, the data representing the
power from the grid and from the load demand were included into one table ( PowerData )
where negative values represent grid power for charging purposes and positive ones stand for

discharging power to supply the load.

pl

Pow erData

Grid —
offset=0
[17 Load nl

(a) Exterior (b)Interior

Fig. 5.15 Grid/Load model
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Fig. 5.16 Simulation for HEES performance test
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5.3 Modelling and simulation for the preliminary tests

5.3.1 Methodology

The HEES system is shown in Fig. 5.16 where the batteries and super capacitors were

connected in parallel and then linked with the Charger/Inverter. The DC sources (batteries

and super capacitors) deliver the power to the load via the inverter which converts the DC

current into AC current. Similarly, AC power from the grid was converted by the charger

when it is used to charge DC sources. Power loss during the process is accounted for in the

component ‘charger/inverter’.

The curve in Fig. 5.17 shows the power demand profile which was applied by the

‘Grid/Load’ model where both positive and negtive values were included. The positive power

shows periods when the power was supplied from the DC sources (batteries and super

capacitors) whilst negtive values represented the power from the grid used to charge the DC

sources (batteries and super capacitors).
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Fig. 5.17 Power from Grid/Load
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5.3.2 Outcomes and analysis

A Power delivery

ACPower. power DCPower. power

180{ _
120 - || — |
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- : /’

Power (W)
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Fig. 5.18 Power scenario

The charging and discharging of the DC sources can be seen in Fig. 5.18. The blue curve in
Fig. 5.18 represents the power required by the electrical load or coming from the grid while
the red one shows the DC power to/from the DC sources. The difference between these two
curves is due to the power loss within the inverter/charger as mentioned earlier. For instance,
251.7 W of AC power is provided by the grid while 218.8 W of DC power is delivered to the
DC sources (batteries and super capacitors) at 100 s. The efficiency of the inverter/charger is
86.95%. In another case, there was 163.7 W of DC power provided by the batteries and super
capacitors while 142.2 W of power was transmitted to the AC load at the time of 450 s. The
efficiency was 86.92% this time. Energy efficiency had a 0.03% difference between these
two cases with the efficiency at 100s being slightly higher than that at 450 s due to the
different amount of power delivered at each point in time. The higher the power that was

delivered, the higher the efficiency in these tests.

B Current flows

Fig. 5.19 shows the current scenarios of the batteries and super capacitors during
charge/discharge operations. The blue line, red line and green line in the figure represent the

super capacitor current, battery current and the total current respectively.
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Current (A)

Initially, both the super capacitors and batteries were discharged. The current from the super
capacitor to the load increased more rapidly than did that from the batteries. The super
capacitor initially supplied 3.35 A while the batteries provided 0.94 A. However, the current
from the super capacitors reduced quickly as its voltage decreased. At the same time, the
batteries increased their output current. Therefore, the total power output from the DC
sources was able to keep the same level as expected even though the total current (green line)
from both the super capacitors and batteries increased slightly due to the DC voltage
dropping.

The performance of these two sources during charging has a similar trend to their discharge.
The super capacitors absorbed much more current than the batteries did initially. As seen at
the time point 80 s, the super capacitors absorbed 5.23 A current where only 0.34 A current
was achieved by the batteries. The super capacitor current decreased rapidly as the voltage
increased quickly. By contrast, the batteries absorbed current increasingly with a small

amount initially.
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Fig. 5.19 Current scenario of the DC sources

In both charging and discharging, the super capacitor showed fast response while the batteries

had a relatively slow response.
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C DC voltage scenario

Fig. 5.20 shows the voltage curve during the charge/discharge operation. Over the period
between 0 s to 80 s, the DC sources were discharged and the voltage decreased from 39.5 V
to 36.4 V. During charging, the voltage increased gradually with the three stage charging
procedure. Again, the discharging/charging cycle repeated after 370s. At this time, the
voltage maintained the same level for some time and this indicated that the sources were
fully charged.
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Fig. 5.20 The voltage curve of the DC sources

Overall, the purpose of the preliminary simulation was to assess the performance of the
hybrid DC sources before the physical system was set up. In the simulation, the super
capacitors exhibited good dynamic characteristics over short time scales, more suitable for
household applications. The DC voltage reflected both the voltages of the batteries and super
capacitors due to the parallel connection between them. The conversion model of the
Charger/Inverter was built up on the basis of the principle of energy balance and energy

efficiency along with power variation, which made the model close to the practical case.

The preliminary simulation employed a simple power demand profile to assess the hybrid
electric energy storage system (HEES) without consideration of integration with the main
power source, e.g. engine system. Therefore, the following section carries out further
investigation improving the system step by step.
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5.4 System improvement and performance evaluation

The aim of this research was to develop a complete BMT-HEES system which could
accommodate complex domestic energy demands. In order to build up the whole system, the

performance in large scale applications needed to be estimated along with an initial system

Batienes = rrenrterCharges

T | & [sl=]s!

[ m—
B o
1

punolt
a

Fig. 5.21 Initial BMT-HEES system model on the top level

model, as shown in Fig. 5.21. The system model included the key control unit
CentreController as seen in Fig. 5.21 which realised the operational method under the energy
management strategy. System performance was estimated and compared with the common
tri-generation system without HEES. Compared indicators included energies (electricity and
heat), duration (e.g. engine operational duration,etc), efficiencies (e.g. electrical or heat
efficiency, etc.), and power range ( e.g. engine power output range for two different
systems,etc.).

5.4.1 Energy management

A normal domestic electricity profile over 24 hours varies over a wide range and an engine-

based tri-generation was hardly able to meet this demand for the reasons below,
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e First of all, domestic electrical power demands typically consist of a couple of hundreds

watts over most time of a day but with several thousand watts within short period (1-2

minutes). To meet peak demands, the nominal power of the engine has to match the

power demands of a household. But an engine might have low electrical efficiency due

to running at low power output over most of the time.

e Electricity demands fluctuate over a day and the change in demands occurs quickly and

by a large amount. However, an engine has to undergo a transient process to reach the

stable output.

Table 5.3 Description of the operational state

State State description

1 In peak-demand :
electricity demands greater than output of the generator
set

2 Non-peak demand
Generator supplies electricity to the load and meanwhile

Power source(s) in
operation

Engine/generator with
DC sources

Engine/generator with
DC sources

charges DC devices
3 Low demand DC sources
DC devices supply electricity to the load without
generator
Table 5.4 Variables summary
Variable name  Explanation Note

Flags Engine operational state
flagEnd State variable (true or false) represents charge
state
Pcharge Default charge power for storage system
Pgen The maximum value of output power from
generator
Pload Load power demands
Pstorage Maximum discharge power from storage system

=True Engine on
=False Engine off

=True Charge end
=False Charging

Default setting charge
curve f(t,SOC)

Constant

Constant

Therefore, an electric storage system was required to be integrated into the system to

improve the performance of the system. The key issue arises in terms of coordinating the

engine and the electric energy storage system. The system operates in different modes
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depending on the SOC of the DC sources and the demand. The engine provides electricity to
satisfy household demands while also charging the hybrid DC devices (batteries and super
capacitors). The DC sources supplied electricity as a supplement to assist the engine over the
peak period and then were charged by the engine/generator within a certain duration when
the demands were relatively low. Table 5.3 describes the system operation, in relation to an
initial plan for energy supply management as shown in Fig. 5.22. Table 5.4 summarizes the
variables applied to the control process. There were three main states and two sub states
applied to the system operational procedures. State 1 is for the condition that both the
generator set and DC sources are supplying electricity. In operating state 2, the generator set
supplies both the electric load and the DC source charging. In operating state 3, the electric
storage system (DC sources) provided electricity to the domestic appliances alone and the
generator set is switched off in the period of low electricity requirement. Sub-state 2-1 and 2-
2 stood for two different charging approaches. In sub-state 2-2, the HEES was charged by
default charging curves. Otherwise, the demand must be met first and the charge power is
equal to the generator power minus the demand load. The optimisation energy management
strategies were programmed in the control system for energy demands analysis as well as

decision-making for energy allocation.
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5.4.2 Operational methods

According to the principle of operation stated above, relevant models were built up. In
simulation, the models on the top level represented the whole structure of the electricity
supplying system. Batteries and super-capacitors were linked together in parallel. On the
other hand, the generator set was an AC power source connected with the unit of
Enginedata, in which power for the generator set was decided by the component of
CentreController. The role of the CentreController model was to decide the operational state
based on the electricity demand data before calculating the energy amount to both AC

sources and DC sources.

A Model CentreController

The state diagram shown in Fig. 5.22 was implemented by the CentreController. During the
period of low power requirement (state 3), power was supplied from the storage system with

a power demand less than 4000W. In this case, the power storage system would not be able
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Fig. 5.22 State flow chart for the operation of the system
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to provide enough power for the household load and the system would go back to state 1

where the generator set worked together with the HEES to satisfy the load requirements over

CentreController

(a) Exterior

Loaddata realSignall Enlw) : controlBus

EnginePow er
G

hysteresis

realSignall > D_

D—

(b) Interior

Fig. 5.23 Model CentreController

peak time. If the load power demand reduced to below 2500W, the available power drawn
from the generator was greater than the household demand. Therefore, extra current could be
provided to charge the storage system and the system entered state 2. The system entered
state 3 when HEES was fully charged and household electricity demands were within 2500
W. Otherwise, the system transferred from state 2 to state 1 when the electricity demand was
more than 2500 W. In fact, state 2 included two different operational sub-states. In one case,
HEES was charged by the engine with pre-setting charge equation f(t) if the engine was able
to supply enough electricity for both the load and charging requirements. Otherwise, the
majority of electricity generated by the engine/generator was used to supply to the load and
the remaining electricity was used to charge the HEES. The model CentreController fulfilled
the function stated above. Fig. 5.23 (a) shows the exterior when it was employed by the
higher level model (in the system in Fig. 5.21 or Fig. 5.26, for instance) and Fig. 5.23 (b)
shows detailed model with its construction. The model CentreController accepted external
data via data bus Loaddata and then sent it to the model EnergyDivision and meanwhile fed

into the model hysteresis.

In the model CentreController in Fig. 5.23, hysteresis had two threshold values, the upper
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one of 4000 and the low one of 2500. The component hysteresis accepted the signal
realSignall representing load data and compared with these two thresholds. If realSignall
increased above the upper limit (4000), the binary output signal of the hysteresis model
would be set to 1 (true). By contrast, if the input decreased below the lower limit (2500), the
output would be set to 0 (false). This binary signal was sent to the component EnergyDivison
along with the load data (realSignall) as two inputs to calculate the output data for the
amount of power the engine (EnginePower) and DC sources (DCPower) should provide.
Signals EnginePower and DCPower were sent out via the component controlBus linked with

the other models outside CentreController.

B Model EnergyDivision

EnergyDivison

Fig. 5.24 (a) Model EnergyDivision

Fig. 5.24 (a) illustrates the top level of the model EnergyDivision, in which the system
operation state and energy amount for each power sources (generator, DC devices) were
decided. After that, the value of the transient power amount needed was sent out via
controlBus. The EnergyDivsion component was programmed by using the language

Modelica. The programme flow chart is presented as Fig. 5.24 (b).

93



Start
(Initialising variables)

4
Y Load>4000?
\ N
‘Flags'=1 ‘Flags’=previous value
I
/‘

Charge end?
(‘flagEnd’=17?)
N\
‘Flags’=0
‘Flags’=previous value
\
\l/Y ‘Flags’'=1? N
Y N
Load>2500?
State=1 State=2 State=3
‘flagCha’=0 ‘flagCha’=1 “flagCha’=0
Y ‘Chargepower’ +'Loadpower’
>2500 ?
A N
‘EngPower’ = 2500 ‘BatPower’= - f(t)
‘BatPower’= - (2500-'Loadpower’) "EngPower’ = {(t) +'Loadpower’
Charge end?
(‘flagEnd’=1?)
'ﬂagEnd’:l L 4 ’flagEnd’=O
“EngPower’ = 2500 :BatPower’l=_’Loadp0wer’
‘BatPower’="Loadpower’-'EngPower’ ® EngPower’ =0

Fig. 5.24 (b) Main program flow chart for the model EnegyDivision
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The flow chart in Fig. 5.24 (b) presents the whole process of energy distribution. Here, the
variable flags represents the engine operation state. Flags=true means running the generator
set and vice versa. The variables flagend stands for the charging state for the batteries and
super-capacitors. flagend=true represents end of charge and vice versa.

5.5 Case studies
5.5.1 Case 1-domestic investigation with 2500W generator set

A Load power profiles

Fig. 5.25 (a) shows the electricity demand profile over 24 hours for a selected house in the
UK [14]. From the figure, it can be seen that the minimum demand of electrical power was
around 100W and the maximum demand reached 6544 W. The electricity consumption was
lower than 1 kKW during the majority of the 24-hour time while the peak demand occurred
over relatively short periods. For instance, at 13:11 (47448s), the demand was as high as 6544
W before it plunged to 400 W 5 minutes later. The peak demands over 4000W took place
twice, at 05:22 (19296s) and 13:11 (47448s). Electricity consumption for this household over
24 hours is 9.85 kWh in total.

In this case study, the following assumptions were made based on its electrical demand

profile,

(D The maximum power demand was set to 6544.85 W
(2 An engine was selected with 2500 W power output.

(3 The HEES supplied the load with a maximum of 4 kW

@ This system was also compared with an engine-only system of 6500 W to check its

effectiveness.

B Outcomes

Fig. 5.25 (b) to (d) illustrates various power profiles of the outputs.

e Engine/generator power profile
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Fig. 5.25 Power demands and supplies

(b). The decision on operating the engine mainly depended on the level of load power. If load

power went beyond 4000W, the energy storage system was unable to supply enough power

to the electrical loads and the engine needed to be started as the main power source to feed

the load. Before midnight in this case, the engine needed to be switched on to charge the

energy storage system to make sure there would be enough energy available over night. On
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the basis of these operational arrangements, the engine started three times and its overall

operation duration was 6.87 hours calculated from the simulation outputs.

e Battery profiles

Similarly, there were three times of the battery charging as presented in Fig. 5.25(c). The first
two started after the end of the peak hours as the engine was still running. The last charging
took place at 21:22 (76932 s) to make sure the storage devices had enough energy to cover
the consumption over night. The batteries were able to operate within the power range from -
3514.23 W to 2097.64 W in the simulation.

e Super-capacitor power profile

In Fig. 5.25 (d), the super-capacitors exhibited prompt response capability in the simulation.
However, they could contribute limited energy to the system over an extended period. In
other words, the amount of the energy supplied by the super capacitors was significantly less
than the batteries. Meanwhile, the power of the super capacitors was quite limited, ranging
from -663.7 (discharging) to 866.6 W (charging).

C System efficiency analysis

In order to identify the benefits of integrating the HEES, a comparison between the
conventional engine-based system without HEES and the system with HEES was conducted.
All the criteria associated with the efficiencies refer to arithmetic average value over the duty

duration.
e Engine electric efficiency

According to the actual engine operation, the engine/generator started three times. Therefore,

average efficiency over the operational duration of engine is calculated as,

E _ Zg fGen(p) (5 —16)
Gen — T

fgen(P) Generator efficiency at power output p

K Generator operational duration

e Battery operational efficiency
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The battery operational efficiency is equal to its charge efficiency multiplied by its discharge

efficiency.
E _ ZI(\)/[ fGen(p) " Zg* fBat(p) (5 - 17)
Bat M N
Where,
Egat Average operational efficiency of batteries
20 foen (P) Average charge efficiency of batteries operated over duration of M
M
20+ fBat () Average discharge efficiency of batteries operated over duration of N

N

e Overall electrical efficiency

The system operational efficiency including the HEES and supplying system is equal to the
average efficiency of the power sources over the supply duration. Therefore, it can be
expressed as follow,

EGgentEBa
Eave = % (5-18)

D Comparison of the system with and without HEES

Two types of electrical supply systems were compared as given in Table 5.5. The traditional
energy system employed an engine only and the proposed system included an engine with an
electrical energy storage system. From Table 5.5, it can be observed that the operational
duration of the engine/generator decreased from 24 hours to 6.87 hours for the whole day
while the engine efficiency increased dramatically from 5.0% to 25.9 %. On the other hand,
the overall efficiency for the electrical supply system increased from 5.00% to 23.57% using
the HEES.
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Table 5.5 Comparison table of performance indicator in two electrical systems

System type Engine with energy

Item Engine only storage system
Engine nominal Power (kW) 6.5 2.5
Operational range (kW) 0—6.54 0-251
Engine operation duration (hours) 24 6.87
Storage system charge duration(hours) N/P 6.46
Storage system charge range (W) N/P 567.3 -2097.6
Storage system discharge duration N/P 17.05
Storage system discharge range (W) N/P 0-4044.9
Storage system charge efficiency (%) N/P 231
Storage system discharge efficiency (%) N/P 21.2
Engine efficiency (%) 5.0 25.9
Overall electrical system efficiency (%) 5.0 23.6

Therefore, the engine/generator worked at a relatively high operational power level.

The above illustrated the operational efficiencies of the engine and the storage system over 24
hours. In the case of the engine without HEES, it provided all electricity required during the
24 hours and the instantaneous efficiency depends on the electricity requirement. The average
electrical efficiency in the system with the engine only was low due to the fact that the engine
operated with both low and high electrical load for the whole day. In the case of the engine
with HEES, it was able to work with high efficiency continuously according to the optimal
strategy. The engine was switched on three times with limited duration and the total duty
period was 6.87 hours under the same load demand scenario. Accordingly, the engine

efficiency increased dramatically and operational time was reduced.
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5.5.2 Case 2- domestic application with 6500 W generator set

For case 2 study, the following assumptions were made,

(O The maximum power demand was 10,290 W

(2 An engine was selected with 6.5 kW power output.

(3 The HEES supplied a maximum power output of 4 KW

(@ This system was also compared with an engine-only system of 10 kW.

In case study 2, the model of the system was further improved. A complete system model of
the BMT-HEES was set up, as shown in Fig. 5.26. This system consisted of a diesel engine-
based tri-generation and HEES units where fuel consumption, electricity generated, heat
recovered and refrigeration temperature in real time were monitored. Meanwhile, dynamic
response of the relevant units, including engine/generator, batteries and super capacitors were

recorded.

In the system shown in Fig. 5.26, the HEES consisting of batteries and super capacitors was
coupled with the 6.5 kW engine/ generator (main power source). All control signals
governing the whole system were provided by the unit centrecontroller which collected the
data of electrical demands before control signals were generated under the control strategy.
Component Fuel calculated the instantaneous fuel consumption and meanwhile gave the total
amount accumulated based on fuel types, in which the fuel characteristics were loaded before
the calculation was carried out. The components cooling and Heat used the equations
representing the heat and cooling characteristics of the systems. Therefore, simulation data
was obtained from these calculations and shown via display units, such as FuelConsumption,

Totalfuel and Temperature etc.
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Fig. 5.26 Schematic layout of BMT-HEES system in Dymola
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Fig. 5.27 illustrates a dynamic picture corresponding to real-time simulation of the BMT-
HEES under the control of the optimal energy management strategy. At the time 19:13
(69750s), the engine fuelled by rapeseed oil was running to generate a 6500 W power output
to satisfy 3600 W of domestic electricity demand and charging the HEES with 2900 W. Heat
recovered simultaneously was 9280 W and part of which was used in the absorption
refrigerator at a temperature of -25.45°C. The real-time fuel consumption was 2.33 kg/h and

the amount of fuel consumed by that time was 15.47 kg in total.

Household electricity demands [W]

Power (W)

Fig. 5.28 Household electricity demands profile over 24 hours in case 2
A Electricity demands scenario

Case study 2 adopted a typical electricity demand scenario for a household as depicted in Fig.
5.28 [14]. There were two peak durations which took place at around 6am and 5pm. The
maximum power reached approximately 10 kW while the minimum power was only 250W
on this day. Basically, there was constant fluctuation from Oam to 6am, 12 o’clock to 4 pm 18
minutes where the load power varied from 290W to 540W, 250W to 1390W respectively.
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Fig. 5.29 Electric power output in system 1

Fig. 5.29 and Fig. 5.30 depict electric power output from system 1 and system 2. System 1
represented the engine-based tri-generation system without HEES. The output power from
the generator set followed the household electric profile ranging from 250 W to 10 kW.
Therefore, an engine/generator set with nominal electrical output of at least 10 kW was used.
The electric efficiency of this system fluctuated from 7.8% to 28.1% over the whole 24 hours
of operation. Meanwhile, the generator had average electric efficiency of 9.3% due to being
operated with low efficiency for the majority of the time in one day. The system was able to

recover 146.7 KWh thermal energy in total for household heating and hot water purposes.

By comparison, system 2 in Fig. 5.30 was the BMT-HEES system proposed which employed
electric energy storage system and a set of energy management and control systems were
included as well. From Fig. 5.30, it can be seen that the generator in this case was operated
with relatively high electric output over limited duration. Therefore, relatively high electric
efficiency was achieved under this operation. Meanwhile, the HEES as the main supplying
source was operated over low electricity demands, for instance, from 0 am to 6 am. While it
also assisted the engine as an auxiliary power source during peak demands from 6 am to 12
o’clock or from 16:18 to 18:18. The engine with nominal 6.5 kW electrical output in system 2

achieved 25.94% electrical efficiency on average over 24 hours of operation where 51.03
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kWh of thermal energy was recovered. Relevant performance parameters in the simulation

are summarised in Table 5.6.

Fig. 5.31 illustrates the response curves of the system in case study 2 with key variables of
fuel consumption, heat and cooling characteristics shown. Fuel consumption, instantaneous
heat power, accumulated amount of heat energy and cooling temperature are shown in Fig.
5.31 (a) to (d) respectively. With these diagrams, dynamic characteristics of the system could

be learned, analysed and assessed.
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Fig.5.30 Electric power output in system 2

T T T
OEO 1E4 2E4 3E4

107

9E4



E Fuel consumption [kg/h]
22| B T
=
Eu Ll | |V' \l L T I T | T T T ] T I Ll T ¥
<0EQ 1E4 2E4 3E4 4E4 5E4 G6E4 TE4 8E4 9E4
(a)
——— Heat power [k\W]
210
= L] L
gﬂ_ . . I | | | | ]
C0E0  1E4 24  3E4  4E4  SE4  6E4  T7E4  8E4  OE4
(b)
g‘ — Heat accumulated [k\Wh]
=40- e
1 —
20
m L T L T | T | T I T ] T ] L] ] ¥ 1
Lﬁ OED 1E4 2E4 3E4 4E4 5E4 GE4 TE4 BE4 9E4
(c)
E — Cooling temperature [°C]
g0
- \
L20-
E T T T T T T T T T T T T T T T T 1
ﬁ OEO 1E4 2E4 3E4 4E4 5E4 GE4 TE4 8E4 9E4
Time (s)

(d)

Fig. 5.31 Fuel consumption, heat and cooling curves over 24 hours
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Table 5.6 Performance parameters summary in case 2 study

System 1
Tri-generation
(without HEES)

System 2
Tri-generation (with
HEES)

Energy(kWh) Discharge energy from HEES - 9.12
Electric energy from engine 32.96 34.41
Ene_rgy supplying to load directly from 32.96 24.97
engine
Energy for charging energy storage - 15.05
system
Electricity consumed by load 32.96 32.96
Thermal energy recovered 140.40 51.03
Time (hrs) HEES discharge duration - 18.24
Engine running 24.00 7.22
Charge period for HEES - 5.8
Efficiencies (%) HEES electric efficiency - 24.45
Engine electric efficiency 7.20 25.94
Heat efficiency 40.40 38.72
System electric efficiency 7.20 25.20
System overall efficiency 47.60 63.92
Power (W) Variation of power, HEES - -2364/4373
Variation of power, engine 0/10,290 0/6500
Load power 0/10,290 0/10,290
C Analysis

Table 5.6 provides simulation results from case 2. The performance indicators include

energy, operational duration, efficiencies, and power indicators. Compared to system 1,

system 2 (Tri-generation with HEES) had apparently higher operational efficiency due to the

assistance of electric energy storage that took on the majority of operation over the duration

of low electricity demands. Meanwhile, even though electrical power as high as 10 kW was
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requested over the 24 hours of operation, a smaller engine with nominal electric output of 6.5

kW was selected as the prime mover in the tri-generation-HEES while system 1 had to adopt

a 10 kW engine to satisfy the same needs. Meanwhile, the operational duration of the engine

Energy (kWh)

Time of day (hour)

18

Spring Summer Autumn Winter

¥ Electricity consumption = Discharge energy from HEES B Engine supply for the load

(@) Energy consumption and contribution

24
22
20
18
16
14
12
10

o N B OO

Spring Summer Autumn Winter

B Engine running period = HEES duty time

(b) Duty duration of the supplying sources

Fig. 5.32 Daily electricity consumption and supplies
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declined from 24 hours (for 10 kW engine) to 7.22 hours (for 6.5 kW engine).

Under the same electrical demands with 32.96 kWh over 24 hours, the engine in system 2
supplied 34.41 kWh of electrical power with higher electrical efficiency (25.94%) while the
tri-generation without HEES had only 7.2% electrical efficiency to contribute 32.96 kWh of
electricity output. In other words, the amount from system 2 was almost the same as that from
system 1 but the electrical efficiency improved dramatically. Meanwhile, the overall system

efficiency increased as well, from 47.60% to 63.92% with a 16.32% improvement.

Clearly, the combination of batteries and super capacitors boost the dynamic performance of
the energy storage system. There were two obvious advantages. On one hand, the batteries
were not over-discharged even when the power demand increased suddenly because the super
capacitors provided part of the electricity required. On the other hand, frequent fluctuation of
power demands from the load within a short period of time was satisfied by super capacitors
due to their speedy response capability. Therefore, over and frequent discharge of the
batteries was avoided. In this application, a 30 /160 F super capacitor module was linked
with the batteries in parallel to assist their operation. In fact, alternate topologies of the HEES
could benefit the system by decreasing the size of the super capacitor further and therefore
reducing the system cost. This could be one option for system optimisation for future
research. Naylor et al. [106] give a detailed discussion on the topic of hybrid energy system

topologies.

The engine operation in system 2 was in good agreement with the findings explored by
Huangfu, et al [22] who regarded the electricity efficiency as the highest influence factor
concerning improving PER in CHP systems. He further advised that the prime mover should
be operated with the electricity output greater than half load. This was proved by the results

from system 2.

According to the statistics from the Office of Gas and Electricity Markets (OfGEM), end-user
energy demand for average household is 21,000 kWh/year, 61% space heating and 23% hot
water. So, the average thermal demand over one year was 48.3 kWh/day [10]. However,
thermal energy recovered by off-grid CHP was apparently far more than this amount with
140.4 kWh recovered per day and much more energy was wasted. By contrast, 51.3 kWh of
thermal energy was available in the tri-generation system with HEES. This was therefore the

reason that the tri-generation with HEES system performed better than tri-generation without
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HEES for common domestic applications where both electricity and heating energy produced

by the tri-generation-HEES system can supply all the household demands properly.

5.5.3 Case 3 -BMT-HEES performance investigation based on domestic electricity

consumption in four seasons

Case study 3 was carried out to consider four different daily electricity consumption profiles
with respect to four seasons in one house where different bio-fuels or bio-oils were
compared. Results of the BMT-HEES are shown in Appendix (A2).

Fig. 5.32 (a) illustrates daily electricity consumption and the contributions from each energy
source. Taking the case of Spring for example, the total electricity demand in that day was
11.97 kWh and 8.33 kWh of electricity came from discharging the HEES and the rest 3.36
kWh, was provided directly by the engine running at the peak demand time. Actually, the
total electricity generated by the engine was 9.59 kWh of which 5.96 kWh of electricity was
used to charge the HEES and the rest 3.63 kWh was for supplying electric loads. In
accordance with the supply contribution in Fig. 5.32 (b), the duty duration of the engine and
the HEES were 3.12 hours and 20.97 hours respectively in this case. Table 5.7 summarizes
performance indicators of the BMT-HEES over the four-season case study. Compared to the
engine-based tri-generation, electric efficiency of the BMT-HEES increased dramatically by
441.4% and overall efficiency (electric and heat) was 58.08%, increasing by 29%. Obviously,
system performance was promoted by integrating HEES into the engine-based supply system.
The main reason for that was due to performance improvement of the engine that ran in
limited periods with relatively high efficiency. For most of time, energy was derived from the

HEES unit which was charged by the engine over a period of time.

Table 5.8 summarises various the fuel consumptions on a daily basis for the engine to satisfy
domestic electricity demands in the simulation. From the table, it can be seen that
consumption amounts for different fuels in the same case were slightly different. Take
‘Spring’ for example, fuel consumption for diesel, Rapeseed oil, Sunflower and Croton were
2.54 kg, 3.12 kg, 3.10 kg and 3.16 kg respectively for the single day demands. Autumn had a
significant increase in terms of fuel consumption for various fuels. Croton consumed most in

all these case studies while diesel was the least used.
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The aim of the computational simulation based study was to assess the performance of the
BMT-HEES system proposed before building up a full prototype. The following conclusions

can be drawn:

First of all, the BMT-HEES system has superior energy efficiency which profited from the
integration of HEES. Secondly, the implementation of super capacitors assisted the dynamic
performance of the HEES system and prevented from over and frequent discharge of the
batteries. Furthermore, the design of the BMT-HEES satisfied the criteria of system
optimisation. Last but not least, both electricity and thermal energy generated by the BMT-
HEES system met with the common domestic energy requirements, which was much better
than the system without HEES.

Furthermore, in order to improve system dynamic response, the super capacitor module was
integrated into system, which apparently increased system cost. However, the price of super
capacitors has dramatically decreased along with the technology development. The cost of a
3 KF capacitor dropped from $5,000 in 2000 to $50 now[107]. The implementation of the
BMT-HEES proposed is one of the competitive options for domestic energy supply system in

the future.
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Table 5.7 Performance summary in the case studies in four seasons

Increa
. . Engine . . se of
Electrici supplyi engine discha charge heat . Increase Over the Engine charge  HEES
ty suppl rge Electric  of the all . . .
ng for . energ  recove .. . . . overal Enginestart running duratio duty
consum y in energ efficienc electric  effici . . .
. the y(kW  red(k o ffici 1 time period( n(Hour time(H
ption(k load(k total(le - y(kW h) Wh) y (%) CHICIEnC CIY efficie Hours) s) ours)
wh R W b YO ) o
(%)
Spring
day 11.97 3.63 9.59 8.33 5.96 1598  20.79 4414 58.08 29 30000/66840 3.12 3.03 20.97
i‘al;“mer 1101 256 904 845 647 1491 2121 47793 5817 27.5  29050/63000 297 2.94 21.06
?;;umn 16.1 5.09 14.01  11.01  9.01 222 22.7 340.78  60.15 30.73  26350/62850 4.04 3.99 20.01
Winter
day 12.5 3.83 9.57 8.67 5.72 1553  21.72 42464  58.67 2835  31750/59950 3.22 297 21.03
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Table 5.8 Daily fuel consumption in four seasons

Fuel consumption (kg)

Diesel  Rapeseed oil Sunflower Croton
Season
Spring 2.54 3.12 3.10 3.16
Summer 3.06 3.75 3.74 3.85
Autumn 5.42 6.64 6.61 6.75
Winter 2.43 2.97 2.96 3.02

5.6 Summary

This section presented the simulation outcomes before the practical investigation was carried
out. Outcomes validated that the system with an optimal energy management strategy had
relatively high efficiency where the engine was operated for limited duration with high
electric efficiency. In this section, work has been done as follows,

The engine/generator mathematical model was discussed both in the process of starting and
continuous operation before the computer model was built up in Dymola. Preliminary

performance test of the engine system was carried out after that.

Key component models were introduced, including batteries, super capacitors, conversion
device (Inverter/Charger), communication devices, energy management strategy and centre
controller. Preliminary performance simulation for the HEES was carried out for estimation

purpose before the prospective system was set up physically.

The BMT-HEES system was improved step by step along with the investigation of the case
studies where diverse daily electricity consumptions were applied. Comparison between the

BMT-HEES and a conventional CHP system with engine only were presented.

Furthermore, instantaneous fuel consumption and refrigeration temperature were displayed
over the simulation and performance criteria were summarised, which provide detailed

information for physical system estimation.
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Chapter 6 Physical experiments of BMT- HEES

6.1 Introduction

In this chapter, experimental tests of the BMT-HEES system are introduced followed by the
presentation of the preliminary test results from the HEES system.

6.2 Testplan

The performance tests of the system were divided into two parts. Firstly, the performance of
the energy storage devices was evaluated. The purpose of this section was to investigate the
performance of deep discharge or power/energy capacities with various discharge powers.
Thus, how to operate the engine/generator to accommodate the fluctuations of the load
demand with an appropriate operational strategy could be estimated. For this purpose, 4
groups of tests were carried out in which the batteries were operated with different discharge
powers after the same charge process.

The second part of the tests aimed to evaluate the performance of the integrated BMT-HEES
system. First of all, a Yanmar engine/generator was coupled with the HEES to supply the
electrical loads under different power levels. For this purpose, different levels of electrical
load were applied into the BMT-HEES system and continuous tests under these loads were
carried out. Based on the outcomes of this test, a grid power of 2.5 kW was used to replace
the engine/generator to match the HEES system and to carry on the experiments relating to
the entire system performance with a specific household electrical profile over 24 hours.
Finally, the HEES system was supplied with AC power to carry on the second study. From
this experiment, the whole system performance indicators could be evaluated through the

outcomes and the complete system could be built up as a result.
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6.3 Test procedure

6.3.1 Battery performance tests

These tests aimed to evaluate the perfomance of the batteries as they were discharged with
different power levels ranging from 1kW to 4kW. The circuit used for the test is illustrated in
Fig. 6.1. The batteriess were linked with the ‘Multiplus’ via the DC port where the batteries
received or released the power as commanded by the control unit in the ‘Multiplus’. Data

relating to the battereies was detected by the battery monitor and recorded in the files

simultaneously.

Table 6.1 Parameters setting

Parameters value

Current value 16A
(maximum AC input current)

Maximum charge current 120A

Bulk Charge voltage (Up to) 28.8V
Absorption Charge voltage 28.8V

Float Charge voltage 27.6V

Battery @
Monitor

Batteries

Fig. 6.1 Schematic diagram of the battery tests
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Step 1

To set the key operational parameters shown in Table 6.1 before the test, other parameters
related to the battery operation were maintained at their default values before the batteries

were charged.

Step 2 Launch charging and then record the relevant parameters

Step 2 was to charge the batteries with the three-stage method, including bulk, absorption and
float charging periods. The batteries were charged with a maximum current of 120A unitl the
voltage reached 28.8V. In the third stage, float charge, the batteries were charged with a

small current to compensate the losses during the battery operation.

Step 3 Display and save real data

After starting the charge cycle, real-time parameters were shown on the visual monitor panel.
Meanwhile relevant data was saved to a file in CSV format which could be imported into
other applications, such as Microsoft Excel, for further processing.

These relevant procedures on how to save real-time data to CSV files are referenced from the
document ‘BMV-602 Data Link Manual’.

Step 4 Set power level of load bank, launch discharge, record parameters

Four tests with different discharging power were carried out, which was to identify the
discharge capacity of the batteries under different rates. These consumed power levels ranged
from 1 kKW to 4 kKW.

6.3.2 Electrical performance tests for the engine/generator with the HEES

Five different electrical conditions were tested, including

(1) Base demands: 1000W

(2) Peak demands: increasing loads from 6500W to 10,000W

(3) Medium-level demands: 5000W
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(4) Increasing demands followed by maintaining the value.

(5) Extremely high and fluctuating power demands

6.3.3 Case studies

The two cases followed the same testing procedure.

Case study 1: AC grid power of 2.5 kW with HEES supplying a household electrical
demand over 24 hours.

(1) Operational strategy plan and control code programming

(2) Detection device check and preparation

(3) Applied household profile to the whole system by adjusting the load bank output
(4) Data collection and analysis

Case study 2 AC grid power up to a maximum of 6.5kW with HEES supplying a
household electrical demand over 24 hours.

The test steps (1) - (4) were the same as above.
6.4 Test results

6.4.1 Battery performance results

The data collected was divided into 4 files which included the parameters mainly concerned

in each charge and discharge cycle. Since each charge cycle started from the end of a

discharge cycle, the complete charge/discharge data could be saved into a single file to

represent the complete process for charge and discharge.

A Discharge with 1 kW power:

In this cycle, the batteries were discharged with an energy released of 8000.3Wh in total.

SOC decreased from 100% to 41.1% with a duration of 7 hours 50 minutes. The alarm relay

switched on at an SOC equal to 49.9% when the energy consumed was 6846.71 Wh and this

took 6 hours 42 minutes.
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After discharge to an SOC of 41.1%, the batteries began to be charged with a maximum
current setting of 120 A. After 3 hours 53 minutes, the SOC increased to 100% that meant the
batteries were fully charged. The total energy supplied for charging the batteries was 8694.1
Wh. After that, the charge voltage decreased slowly as the current was released until the float
charge stage was reached. It is noteworthy that the current at the beginning of the charge
cycle was 108.996 A even though the default setting value was 120 A. Energy efficiency in
this test was 92.02% ; that was calculated from the ratio between energy supplied by the
batteries to energy consumed for charging the batteries.

B Discharge with 2 kW power:

In this cycle, the batteries were discharged with an energy release of 7296.26 Wh along with
298.614 Ah in total. The discharge duration was 3 hours 33 minutes. Here, the battery voltage
decreased to 23.503 V and after that, the batteries began to be charged. After 3 hours 29
minutes, the SOC had increased t0100% that meant that the batteries were fully charged. The
total energy supplied for charging the batteries was 8257.03 Wh. After that, the charge
voltage decreased slowly with the current until the float charge stage was reached. It is
noticeable that the current at the beginning of charge cycle was 109.588 A even though the
default setting value was 120 A. Energy efficiency in this test was 88.36%, again calculated
as the ratio between energy supplied by the batteries to energy consumed for charging the
batteries.

C Discharge with 3 kW power:

In this cycle, the batteries were discharged with an energy release of 6887.23 Wh in total.
The SOC decreased from 100% to 30.8% within 2 hours 25 minutes. The alarm switched on
at a SOC equal to 49.3% when the energy consumed was 5138.6 Wh and took 1 hours 39

minutes.

After discharge to a SOC of 30.8%, the batteries began to be charged with the maximum
current setting of 120 A. After 3 hours 19 minutes, the SOC increased t0100%. The total
energy supplied for charging the batteries was 7849.1 Wh. After that, charge voltage
decreased slowly with current decreasing evenly until the float charge stage. It is noticeable
that the current at the beginning of the charge, cycle was 108.142 A even though the default

setting value was 120 A. Energy efficiency in this test was 87.75 % which was calculated
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from the ratio between energy supplied by the batteries to energy consumed for charging the

batteries.

D Discharge with 4 KW power:

In this cycle, the batteries were discharged with an energy released of 6588.06 Wh in total.
SOC decreased from 100 % to 25.5 % with duration of 1 hours 38 minutes. Alarm relay
switch on at SOC equal to 49.8% when the energy consumed was 4536.565 Wh and this took

1 hours 5 mins.

After discharge to an SOC of 25.5%, the batteries began to be charged with a maximum
current setting of 120 A. After 3 hours 11 minutes, the SOC increased to 100%. The total
energy supplied for charging the batteries was 7516.11 Wh. After that, the charge voltage
decreased slowly with the current descending evenly until the float charge stage. It is
noticeable that the current at the beginning of the charge cycle was 108.829 A even though
the default setting value was 120 A. Energy efficiency in this test was 87.65%, which was
calculated from the rratio between energy supplied by the batteries to energy consumed for

charging the batteries.

E Analysis and discussion

e Initial charge current and energy efficiency

If the initial charge current and energy efficiency are taken into account, it is easy to
understand why the charge current wwas 108 A at the start of the charge cycle even though
the value was set to 120 A as the maximum charge current. Due to the charge efficiency
factor (CEF), 90% current can be absorbed by the batteries when they are in a good condition
or new. Meanwhile, the CEF will be affected by other factor such as temperature change.
The higher the operational temperature of the batteries, the longer it takes to fully charge
them.. In this series of tests, energy efficiency was used instead of the CEF factor.
Accordingly, the overall energy efficiency ranges from 87.7% to 92%, which shows us the

batteries performing well in the tests.

e Ah capacity of the batteries
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According to the theory of the Peukert exponent, it is easy to understand the change of the Ah
capacity of a battery under different discharge currents. It is noticeable that the higher the
discharge current, the lower the discharge Ah capacity will be. The discharge begins from
100% SOC but will not reach zero percent due to the safety and protection concerns for the
batteries concerns. However, from Fig. 6.2 (c), it can be seen that discharge capacity is
significantly decreased along with the increase of discharge current. Meanwhile, energy

efficiency tends to reduce gradually, which can be seen in Fig. 6.2 (d).

Table 6.2 shows a summary of the important performance parameters. Fig.6.2 shows three

graphis of the charging/discharging performance. Four levels of discharge duration have been

Table 6.2Performance indicators summary

Discharge 1kW 2kW 3kw 4kwW
power level

Performance
indicators
Energy released (Wh) 8000.3 7296.26 6887.23 6588.06
Energy consumed (Wh) 6846.71  8257.03 7849.10 7516.11
Discharge duration (hours) 7.83 3.50 2.42 1.63
Charge duration (hours) 3.88 3.48 3.32 3.18
Energy efficiency (%) 92.02 88.36 87.75 87.65
SOC at discharge end (%) 41.1 35.5 30.8 25.5
Discharge Capacity (Ah) 325 299 287 284

compared on the basis of different discharge power rating alongside different charge
duration. Furthermore, total energy released and consumed has been compared as below.
Energy efficiency, deepest discharge capacity and cumulative discharge capacity have been
presented in Fig. 6.2

According to the results of the battery tests and their subsequent analysis, it is reasonable to

draw the following conclusions,

e Moderate discharge with appropriate current levels is beneficial to extend the battery life

and to increase their discharge capacity.
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Fig.6.2 Performance diagrams

Due to the CEF factor, only part of charge current can be absorbed by the batteries in
practice. CEF will affect the energy efficiency of battery systems due to power loss, in
the form of waste heat and temperature rise.

Under different discharge schemes, it has taken a similar time to charge the battery to
100% SOC, about 3 to 4 hours. However, it should take a longer time for float charge to
reach the fully charged state.
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e Energy efficiency ranged from 87.65 % to 92.02 %, which showed that the batteries
performed well in tests. However, both energy efficiency and discharge capacity tend to
decrease with large discharge currents. These findings provide guidelines to improve the

performance of the batteries.

6.4.2 BMT-HEES system results

The components in the BMT-HEES system may perform differently with changing loads.
Fig. 6.3 provides the overall profile of the test conducted over 11 minutes on the generator
set, batteries, super capacitors subject to different processes. Sometimes, electricity from the
generator set was used to meet load demands assisted by the charging hybrid sources.
Otherwise, both engine/generator and hybrid sources collaborated to satisfy the demands as

the power requirements increased. The overall test can be generally divided into three
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Fig .6.3 Performance test for the BMT-HEES

sections. Each section reflected a different power demand scenario as well as power source

responses over the period.

Phase 1 Load power increase from low to high
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At this stage, the generator set supplied electricity to the load along with charging the energy
storage system. Fig. 6.4 (a) demonstrates the load profile over this stage. In these diagrams,
the positive values represent the electricity derived from power sources and negative values
are power absorbed. It can be seen that load demands increased gradually from O up to 10
kW. Correspondingly, power generated from the engine increased as shown in Fig. 6.4 (b).
At the time of 38.2 s, the engine power increased to the nominal value of 6.5 kW and
remained at this output level even though the load requirements increased continuously. The
hybrid power sources, namely batteries and super capacitors provided the shortfall between
the load demand and the engine power output. Note that, the batteries were charging with
relatively high charge power under the situation of demands lower than 6.5 kW. This scenario
appeared from the beginning to the time of 38.2 s. After that, the batteries changed from the
charge to discharge state, providing the gap between load demand and the engine output. The
Super capacitors absorbed or released power as supplement over a very short period when the
demand altered. Compared to engine or battery, the power level of the super capacitors was

relatively low due to their small size.
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Fig. 6.4 Performance in the phase 1 of the test
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With the integration of the energy storage devices, the batteries and super capacitors, the
hybrid power system can satisfy the load increase up to 10 kW. Meanwhile, the engine can

work stably at nominal output despite demand variations.
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Fig. 6.5 Performance in the phase 2 of the test

Phase 2 load demands consistent increase

Due to the small difference between the engine supply and load demand, there was an amount
of electricity available to charge the batteries. After time 400s in Fig. 6.5, the batteries started
to discharge along with the electricity from the engine to satisfy the load requirement of over
6.5 kW. The variation of the battery output was quite similar to the load demand. Therefore,
the batteries responded to the load variation much more than the engine did. It can be
observed from Fig. 6.5 (d) that the super capacitor responded to the sudden variation of the

load demand rapidly even though the power level was relatively low.

Phase 3 high and sudden changes of the electric load

Over this stage, the energy storage system discharged along with the engine working at its
nominal output. When the electric demand fluctuated, the energy storage system responded to
the change before the engine. Therefore, it enabled the engine output to alter smoothly. From
the time 533.5 s to 571.6 s, there were two sudden changes of the load demand. All of the

power sources, engine, batteries as well as super capacitors followed these changes.
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However, the batteries responded to this sudden change by increasing their power output by

142.8% while the engine decreased by 50.8%. Fig. 6.6 shows the details of these results.
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This test confirms the feasibility of the integration of the Yanmar engine with the energy
storage system. The engine-based HEES was able to match the load fluctuation over a wide

range which provided significant benefit for the domestic case studies.

6.4.3 Case studies

There were two cases employed to study the effectiveness of the proposed system.

A Casel

The first case study was set up based on an electricity profile over one working day in a UK
house where hybrid power system employed a generator, AGM (Absorbent Glass Mat)

batteries and supercapacitor module as electricity supply sources.

Fig. 6.7 (a) illustrates the electricity demand scenario adopted by the case 1 study. The
electricity demand fluctuated over 24 hours with a large power difference between the
minimum of 120 W and the maximum of 10.02 kW respectively. Furthermore, the overall

amount of electricity over the 24 hours was 33.63 kWh. Actually, the peak hour (electricity

127



demands over 6.5 kW) lasted 1.48 hours in this case but it is impossible for a stand-alone 6.5
kKW engine to satisfy this without assistance from other power sources. Therefore, the
engine/generator being assisted by auxiliary power sources and operating with an optimal
operational strategy was a superior solution in this case study. Otherwise, a bigger
engine/generator would have to be chosen to satisfy higher power demands but it would

exhibit inferior option due to its low energy efficiency.
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Fig.6.7 Demands and supplying in the case 1

After presenting demonstration results from the trial test, a comparison was then carried out
where one system was supplied by an engine only, and the other by a hybrid power source
including generator set, batteries and supercapacitor module.
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e Energy management strategy

Batteries and supercapacitor, as the main electrical storage and power sources, were operated
over peak time and off-peak time. In order to make sure the engine worked with relativly

high efficiency, the engine started at these two operational criteria,

(D Peak hour, when the batteries and super capacitors cannot provide enough electricity to
the load.
(2 For charging the batteries when the SOC of the batteries decreased to some low threshold

level.

Additionally, there was once extra charging operation for the HEES before the first peak
hour. Therefore, the HEES was ensured to have enough energy stored for the first peak hour
after it discharged over the night time. The maximum charge power for the HEES was around
3000 W which is recommended by the manufacturer as the default value subject to the

batteries’ capacity.

The operational methods employed in the tests were the same as in the simulation. Section

5.4.1 provides the details.

e Criteria for efficiency calculation

Employing a hybrid power supply system, the test was executed over 24 hours. Batteries
along with super capacitors, as electricity storage/supply sources, were operated in off-peak
hours. On the other hand, the engine/generator worked with them when peak power demands
were needed. When the SOC of the batteries decreased to a relatively low level, the engine
switched on to charge batteries with a relatively high power output. Therefore, high
efficiency operation of the engine was achieved.

According to the results from the test, several important efficiency indicators can be derived.
The calculation is presented below and the definition of the parameters is provided in the list

of Symbols,

(1) Waste heat recovery
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Heat obtained was recovered from the cooling system and the exhaust gas of the
engine/generator. Therefore, heat energy recovered was equal to the sum of them over the

whole engine operation which was calculated by the series of equations below,

T; )
Q _ £{=1 fO Pexn (t: pe)dt (6 l)
exh = 3600
0. = §<=1 fo 'Peo(t pe)dt (6-2)
co 3600 63
So,
T;
0= i fo Prec(t, pe)dt
B 3600 64
With

Prec (t' pe) = Pexn (t: pe) + Peo (t' pe)

(2) System efficiencies
Several important efficiency-related indicators can be produced. The calculation is described

in the following sections.
Engine electric efficiency

The electric efficiency of the engine is the mean efficiency over the engine operation as
follows:

T; }
£<=0 fO feng (t, pe)dt (6 5)

Neng = K T
i=0 ‘1

The electric efficiency of the storage system,

The electric efficiency of the storage system is equal to its charge efficiency multiplied by its
charge/discharge transferring efficiency. Therefore, electric efficiency can be expressed as

equation (6-6) below:
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(6-6)

) (fo” Nen (D) * fongese (6 pe>dt>
Zj=1 T]'
Jy dt

Nstorage =

(6-7)

T;
fo fCh (t’ pe)dt
[} dt

nch(i) =

The overall electric efficiency of the system

System overall electric efficiency 7, can be calculated by equation (6-8),

Nsys = (neng * Teng + Nstorage * Tees + (neng + 7751&0rage) * 0.5 * Ttogether)/(Teng +
Tees + Ttogether) (6'8)

e Test results

In case 1, the BMT-HEES was applied to a domestic dwelling requiring much more electrical
power than a 6.5kW Yanmar engine/generator can provide. The test was based on 24-hour

electricity demand to assess the feasibility and evaluate the performance of BMT-HEES.

The peak hour (electricity demands over 6.5 kW) lasted for 1.48 hours while the engine
operated for 7.16 hours in total. The electricity demand profile in case 1 is illustrated in

Fig.6.7 (a) while Fig.6.7 (b) to (d) demonstrate the details of the system dynamic response.

Basically, there were two high power periods. The first one started at 5 am 34 minutes with a
10.02 kW power demand while the second one was at 4 pm 25 minutes with a 6.25 kW
power demand. The peak hour in this case was 1.48 hours and was when the generator set
cooperated with the HEES discharging to supply high power demands (over 6.5 kW

electrically). The rest of the time saw lower demands in the profile for 22.52 hours in total.

Fig. 6.7 (b) to (d) demonstrated the response curves of the engine, batteries and super
capacitors respectively. The generator set output is illustrated in Fig. 6.7(b) where it started 3
times at the times of 5 am 34 minutes, 8 am 34 mintes and 4 pm 25 minutes where
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corresponding power outputs were 6.61 kW, 5.63 kW and 5.62 kW respectively. There was
an exceptional engine starting at the time 4 am 2 minutes for charging the HEES as

mentioned before rather than being triggered by the high power demands.

Fig. 6.7 (c) shows the batteries where they experienced fluctuation over the operation. The
positive values in the graph represent discharge power while negative ones are the charge
power. Principally, the batteries had two different states —that is, charging or discharging. The
batteries would be charged either after supplying electricity to the load along with the engine
(at 8 am 23 minutes) or before peak demand (at 4 am 2 minutes). The batteries provided
electricity to the load over most of the time within the 24 hour case study. Specifically,
battery discharge can be divided into two different scenarios. Sometimes, the battery
discharged to assist the engine for satisfying high demands (at 5 am 34 minutes), otherwise
the batteries worked alone to deliver small amounts of power to the load (from Oam to 4 am 2

Table 6.3 Performance summaries and comparison for the case 1 study

Performance indicators Tri-generation  Tri-
(with HEES) generation
(without
HEES)

Energy(kWh) Discharge energy from HEES 8.85 /

Electric energy from engine 35.16 33.63

Energy supplying to load directly from engine 25.03 33.63

Energy for charging energy storage system 16.34 /

Electricity consumed by load 33.63 33.63

Thermal energy recovered 51.71 130.26

Total energy over peak hours 11.78 11.78
Duration (hrs) HEES discharge time 18.32 /

Engine running 7.16 24

Charge period for HEES 5.70 /

Peak hour (energy demands above 6.5kW) 1.48 1.48
Efficiency (%) HEES electric efficiency 24.38 /

Engine electric efficiency 25.75 11.26

Thermal efficiency 39.22 39.64

System electric efficiency 25.07 11.26

System overall efficiency 64.29 50.90
Power (W) power from HEES -2,920/7,715 /

power from engine 0-6,800 0-10,290

Load power 0-10,290 0-10,290
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minutes). Battery power ranged from -2.92 kW to 7.72 kW over the 24 hours of operation.

Similarly, the 24-hour operation saw fluctuations of the super capacitors as depicted in Fig.
6.7 (d). The positive and negative values in the diagram represent the charge and discharge
power respectively. The power provided or absorbed by the super capacitors was much less
than that of the batteries. The power range of the super capacitors was between -395 W to
693 W most of the time. There was an exceptional point at 7 pm 25 minutes where the super
capacitors discharged power of 2.78 kW. It is noticed that the batteries discharged 270 W at
the same time point while the engine was switched off. Overall, the scale of the super
capacitor module utilised in this system was small. Therefore, the electric power delivered
from it was relatively limited. The contribution to high power demands from the super

capacitors was minimal.

All of the relevant indicators for evaluating the performance of the system have been
summaried in Table 6.3. The criteria for their calculation are provided in equations (6-1) to
(6-8). The table also lists the corresponding indicators for the alternative CHP system with an
engine only as comparison. According to Table 6.3, it can be easily seen that overall
efficiency of the BMT-HEES (6.5 kW engine-based) was 64.29% while the tri-generation (10
kW engine-based) without HEES was 50.9%. This was mainly due to the fact that engine had
to run continuously over the 24 hours to satisfy both low and high electrical demands without
the assistance of the HEES. Therefore, the engine worked with lower electrical efficiency for
most of the time. In contrast, the BMT-HEES system had better efficiency electrically and
thermally, with 25.1% and 39.2% respectively. Furthermore, there was a dramatic decrease in
the duty time of the engine, from 24 hours to 7.16 hours. During the rest of the time over 24
hours, the HEES delivered electricity previously provided by the engine to the load.
Meanwhile, without integration of the HEES, excessive heat energy was generated by the
engine due to its long-term operation, which was 2.5 times more than the BMT-HEES

provided.
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A Case?2

e Energy consumption profiles in a household

Case study 2 selected another typical household in the UK. Fig. 6.8 (a) [14] shows the
electricity and heat consumption/demand profile over 24 hours for the selected house. From
the figure, it can be seen that the minimum demand of electrical power was around 100W and
the maximum demand reached 6.544 kW. From Fig. 6.8 (a), it can also be seen that the
electricity consumption was lower than 1 kW during the majority of the 24 hours while the
peak demands happened over relatively short periods. For instance, at 1.18pm, the demand
was as high as 6.544 kW before it plunged to 400 W 5 minutes later. The peak demands over
2.500 kW appeared 3 times, starting from 5.36am, 1.18pm, and 9.37pm. Electricity
consumption for this household over 24 hours was 9.85 kWh in total.

Fig.6.8 (b) demonstrates the heat demand profile for the same house in the same day. Heat
energy was used for space heating and hot water. According to the profile in Fig. 6.8 (b), the
maximum heat demand was 1.375 kW while the minimum was 205W. The overall amount of
heat required was 18.5 kWh for the day. Compared to the electricity profile, the heat profile
had a slow and moderate variation during the 24 hours where there was no sudden change

from time to time.

e Methodology

The energy management strategy in case 2 was the same as the one adopted in case 1 except

that a 2.5 kW engine/generator was chosen to replace the previous one.

e Operational plan of the system

The HEES system supplied the electric power to meet the demand when the load was lower
than 4000 W. The engine/generator ran along with the HEES to satisfy peak demands. In
order to obtain higher overall efficiency for the BMT-HEES system, the engine/ generator
was started and operated 3 times, namely, 6 — 7 am, 13 — 16 pm and 22 — 24 pm. During the
running periods, the HEES was charged with the extra electricity from the engine/generator,

making sure it had enough energy stored to supply electric power as required. Over most of
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the rest of the time, electricity supplied to the electrical load came from the batteries and

super capacitors.

e Dynamic performance of the energy storage system

In the test, the engine started and ran three times when the electric load demands were over
4.000 kKW or the remaining energy stored in the HEES system was inadequate. Fig. 6.9 (a)
shows the electricity consumption profile. The performance of the engine/generator is shown
in Fig. 6.9 (b). When the engine/generator was running, it supplied electric power with
assistance from the HEES system during peak times; otherwise, the engine/generator charged
the HEES system at off-peak times until the HEES was fully charged. From Fig. 6.9 (b), it
can be seen that the engine/generator was always running above half load. Therefore, high

efficient operation of the BMT-HEES was achieved.

The test results of the HEES system are shown in Fig. 6.9 (c) and (d). The negative powers of
the batteries in Fig. 6.9 (c) and the super-capacitor profile in Fig. 6.9 (d) represented the
amount of electric power for charging, while the positive ones are the amount of electric
power during discharge. The batteries were charged when the engine/generator started during
off-peak hours to make sure there was enough energy stored in the HEES system. From Fig.
6.9 (d), it can be seen that the super-capacitor responded to the load fluctuation speedily.
When electric demands varied, it released electricity with maximum capability promptly.

For the engine/generator, the transition time during operation represents how quickly the
engine responds to load variation, which is normally around 3 to 10 seconds depending on
engine types. From the test results, it can be seen that the HEES responded swiftly to the
sudden change of load, which has a positive effect on engine operation. Consequently,

engine had enough time to alter its output properly.

e Heat recovered

The total heat energy recovered from the engine during the 24 hour test was 21.07 kWh,
while the heat consumption for the day was 18.5 kWh. The heat recovered was 14% more
than the demand. Furthermore, due to the engine being operated at high loads, heat at higher

temperature could be obtained. Therefore, the heat recovered during the test could fully
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satisfy the requirement for the house over the 24 hours. The heat recovered was 40.1% of the

fuel input.

e Electric efficiency and overall efficiency of the system

In the BMT-HEES system, an engine/generator rated 2.5 kW was used and coupled with the
HEES system. The test results are listed in Table 6.4. Discharge efficiency of the storage
system, engine efficiency and overall electric efficiency were 24.01%, 26.45% and 23.59%

respectively.
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Table 6.4 Performance comparison between the two electric systems

Performance indicators Tri-generation BMT-HEES Improveme
without HEES nt (%)
Engine nominal Power (kW) 6.500 2.500 --
Operational range (KW) 0-6.500 0-2.507 --
Engine operation duration (hours) 24.00 6.89 -
Storage system charge duration (hours) -- 6.48 --
Storage system discharge duration - 17.52 -
Storage system charge efficiency (%) -- 26.10 --
Storage system discharge efficiency (%) - 24.01 -
Average engine generator efficiency (%) 4.95 26.45 215
Overall electric efficiency (%) 4.95 23.59 18.6
Heat recovered (kWh) 75.01 20.07 -
Average heat recovery (%) 38.11 40.08 2.0
Overall CHP system efficiency (%) 43.06 63.67 20.6
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For comparison, a tri-generation system without HEES was also assessed. The tri-generation

was assumed to have a maximum power output 6.5 kW, to meet the maximum electricity
demand; and it had similar electric efficiencies at different loads as the engine/generator in
the BMT-HEES system. From Table 6.4, it can be seen that the average efficiency of the tri-
generation system without HEES was only 4.95%. This was due to the fact that the engine
frequently ran at very low loads (< 1.000 kW). The heat recovered from the tri-generation
was 75.01 KW. It was 4 times that of the overall amount of heat required (18.5 kWh) for the
day in the case 2 study. In other words, there was 56.51 kW of heat wasted.

Compared to the tri-generation without the HEES system with 4.95% electric efficiency, the
BMT-HEES system had a much higher electric efficiency (23.59%). Furthermore, the overall
BMT-HEES system efficiency increased from 43.06% to 63.67% where the improvement of
the overall system efficiency was 47.86%, as shown in Table 6.4.

From the results, it was found that the engine/generator supplied 36% of the electric energy in
24 hours; the HEES system contributed 64% of the electricity needed. Fig. 6.10 (a) shows the
percentage of electricity supplied from the engine/generator and the HEES system. Fig. 6.10
(b) illustrates the distribution of the operational durations of the engine/generator, the HEES
and both of them. The HEES system supplied power for 17 hours 06 minutes at low load
demand; while the engine/generator worked for 6.48 hours and supplied power and recharged
the HEES system; only over the 0.41 peak hour, was the engine running together with the
HEES system to supply the peak demand.

From the previous analyses, the BMT-HEES system performed much better than the
conventional tri-generation system (engine only). For a BMT system integrated with a hybrid
electric energy storage (HEES) system, a smaller engine/generator can be used to satisfy the
same energy demands as the conventional off-grid/distributed tri-genration system. The
smaller engine/generator was able to work at much higher electric efficiency due to the effect
of peak shaving and valley filling from the HEES unit. The integrated BMT-HEES system
can satisfy both electric and heat demands required by the house at high efficiency. Overall
energy efficiency had dramatic increases and the duty time of the engine declined a lot in
both case studies provided the HEES was integrated. However, the scale of the super
capacitor module utilised in this system was relatively small. Therefore, the electricity

delivered from it was relatively limited.
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6.5 Summary

Chapter 6 has presented a series of trial tests for the BMT-HEES system from HEES system
experiments to complete BMT-HEES case studies step by step.

The BMT-HEES consists of an engine-based conventional tri-genration system and the
HEES system. After theoretical and trial tests, it can be concluded that the engine can work
with relatively high power output to achieve high efficiency both electrically and thermally in
the BMT-HEES.

Before investigating the complete BMT-HEES, a series of tests with regard to battery
performance were carried out. Obviously, it was the optimal for the batteries to discharge
with relatively small and slow current or power. Therefore, more electricity could be derived
from the batteries for longer discharge duration, benefitting their life span as well.

After fundamental tests concerning key components of the BMT-HEES system, a
performance test was carried out followed by the complete system investigation based on two
case studies. Both the performance test and case studies validated that the complete BMT-
HEES was a preferable energy system with relatively high energy efficiency, where the FEL
energy management strategy was adopted for satisfying electrical load as a priority.
Benefitting from the integration of the HEES, the whole system supplied energy to the
demand in an effective and efficient way, which allowed the engine to work over limited duty
time but with high efficiency. The HEES, supplied to the load over most of the 24 hours of
operation except for the peak hours. Furthermore, a smaller engine/generator can be
employed to work at much higher electric efficiency due to the peak shaving and valley
filling from the HEES unit.

In summary, the BMT-HEES was an ideal option for stand-alone energy supply systems,
especially in rural areas. The benefits of BMT-HEES include high energy efficiency, free of

seasonal-dependence and environmental friendliness.
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Chapter 7 Comparison of simulation and experimental performances

7.1 Introduction

In the previous chapters, the main purpose of the simulation work was to achieve reasonable
prediction and assessment of the system performance prior to building a physical system.
Furthermore, the models and system simulations could be improved and then provide
beneficial suggestions for future investigations by comparing simulation and physical
outcomes. In this chapter, a series of comparisons between simulation and experimental test
results on the BMT-HEES system have been carried out. From the subsystem to complete
system comparison, the system was improved along with individual components, such as
cooling components, the engine with thermal and cooling properties, control strategies and

batteries with charge features.
7.2 Engine system

In the physical system, a Yanmar diesel engine as the prime mover was fed with different
bio-fuels, such as sun flower oil, rapeseed oil, croton oil etc. It could provide a maximum
electrical power output of 6.5 kW and was coupled with the HEES to supply the electricity
demand. Waste heat from both engine cooling system as well as exhaust gas recovery was
stored in a hot water tank to supply heating and hot water.

In the simulation, the main task was to set up a model of the engine with mechanical and
electrical properties. Additionally, both electrical and heat efficiencies of the specific engine
were essential factors for the purpose of identifying the whole system. Fig. 7.1 (a) and (b)
provide the illustration of the experimental test results of efficiency of the engine generator
and fitting curves used in the modelling.
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Fig. 7.1 Engine efficiency and fitting curves

Fig. 7.1 (a) demonstrates the electrical efficiency of the engine and the curve fitted to the
data. Curve fitting was achieved by a cubic polynomial equation as in equation (7-1).
Fe(X) = p1*Xx/"3 + p2*x"2 + p3*x +p4 (7-1)

Where,

pl = 3.065e-005, p2 =-0.008542, p3 =0.8236, p4 = 0.585
The coefficients have 96% confidence bounds.

Similarly, Fig. 7.1 (b) illustrates the heat efficiency in the trial test and its fitted curve. Curve

fitting used equation (7-2),
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fn(X) = q1*x"3 + q2*x"2 + q3*x +q4 (7-2)

ql = -8.567 €%, g2 = 0.01533, q3 = -0.7064, g4 = 44.02

The coefficients in this equation have 95% confidence bounds. The differences between trial
test outcomes and the fitted curves are imperceptible. Therefore it is beneficial to use a model
with the fitted curves to predict the electrical and thermal performance of the engine system.

7.3 HEES system

In this section, simulation results of the small HEES system are compared with the trial tests.
The system employed both in simulation and trial test included 3 units of batteries (12 V/12
Ah each), a super capacitor (HCC 60 V/40 F module) and a charger/inverter. The essential
criteria for comparison are charge /discharge process variables, such as current, voltage,

power and conversion efficiency.
7.3.1 System construction

Fig. 5.16 and Fig. 3.7 illustrate the simulation models and trial test bench, respectively. In
Fig. 5.16, batteries and super capacitors are linked in parallel and are charged or discharged
by the charger/inverter with specific conversion efficiencies at different power levels. The
generation of the control signals used to switch between charge and discharge processes were
integrated into the programme without employment of a specific component in the
simulation. This situation is different to the implementation in the trial bench shown in Fig.
3.7. Specifically, in the physical system, Siemens S7-200 PLC acted as the control device to
produce the signal to trigger alternation of charge/discharge. Despite that, the rest of the

components employed in both cases were similar.
7.3.2 Single duration comparison

A Discharge current
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Current |A]

There are three lines with different colour in Fig. 7.2, which represent discharge current from
the diverse components. Specifically, super capacitor and battery current are in red and blue,

respectively. The total current from both batteries and super capacitors is in green. Fig. 7.2
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Fig. 7.2 Discharge current comparison

(@) and (b) demonstrate similar outcomes from both simulation and physical tests. Super
capacitor current decreased gradually as that of the battery rose. The overall current from
both devices had a slight increase over this period.

e  Super capacitor current

In the simulation, the range of the super capacitor current iwas from 4.15 A (at the start of
discharge) to 1.50 A (at the end of discharge). On the other hand, there was a narrower
range in the trial tests for the super capacitors, between 3.51 A and 1.55 A.

Battery current

The battery current increased from 0.1 A (at the beginning) to 3.35 A (at the end) in the
simulation. The measurements in trial test were from 0.75 A to 3.2 A.

Current in total

The total current in the simulation slightly altered between 4.25 A and 4.85 A while the
experimental results changed between 4.26 A to 4.75 A.
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B Discharge voltage

Fig. 7.3 presents the results of the discharge voltage. Fig. 7.3 (a) illustrates that the DC
voltage fell gradually from 39 V to 34 V in the simulation. In the practical experiments, it
declined from 39 V to 36 V since the DC operational voltage of inverter ranged from 36 V to

39 V (shown in Fig. 7.3 (b)). However, both the simulation and experimental curves show a

similar decay trend over the discharge period.
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Fig. 7.3 Discharge voltage comparison
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Fig.7.4 Efficiency and power of the inverter

C Power and efficiency

Fig. 7.4 shows the curves of inverter efficiency and input-output power. From the figure, it
can be seen that the inverter efficiency was initially steady at 86.6% in the simulation curves
but they increased gradually due to the current boost (as shown in Fig. 7.4 (a)). In the
simulation, the inverter efficiency changed along with the circuit current. This fits with the
general features of practical power devices higher efficiency for high power operation than in
low power. Therefore, it is easy to undertand that the experimental results had almost
constant efficiency since there was stable power required in the practical experiments (see as
Fig. 7.4 (b)).

In Fig. 7.4 (c) and (d) the avarage input power is 165W while the average output power of the
inverter is 143W in the physical tests. From these two diagrams, it can be observed that the

output differences between them are within 2%, which is acceptable.
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7.3.3 HEES performance comparison over discharge/discharge operation

Fig. 7.5 compares both trial test and simulation results regarding the current over the
charge/discharge operation of the HEES. Blue, red and green lines are used to present super
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Fig. 7.5 Current comparison over the whole operation

capacitor, battery and total currents in both diagrams. Each current trace illustrates similar

variation in both diagrams. There are slight differences between the simulation and physical
outcomes as follows,

The battery had an apparent difference at both the beginning and the end of the operation.
The current decreased or increased promptly at both time points in the simulation but was
relatively smooth over the physical operation in practice. The reason for that is due to the
fact that the battery model has a voltage source and resistance. However, it was actually a
chemical process during the physical operation. Meanwhile, the battery had less charge

current than its physical counterpart due to different equivalent resistances between them.
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e The simulation results of the super capacitor indicate that the model representation of the

-------

Voltage M

(b) Simulation outcomes

Fig. 7.6 Voltage comparison over the whole operation

physical component is more accurate than the battery. The difference between simulation
and physical test was insignificant thanks to the simple electrical circuit of the super
capacitor physically. Therefore, a simple model of the super capacitor can be used for
practical operation with reasonable accuracy.
e The total current in both simulation and physical tests were in good agreement.
Fig. 7.6 demonstrates the voltage comparison over discharge/charge operation. Fig. 7.6
represents experimental and simulation test results. Decline and rise trends reflect discharge
and charge, respectively. There were noticeable peaks over the charging duration in the
physical test as in Fig. 7.6 (a) while the line in Fig. 7.6 (b) showed a slight reduction. Taking
the time 145 s for example, the voltage increased rapidly to 42.8 V in Fig. 7.6 (a) while it
went up gradually to 41.8 V in Fig. 7.6 (b). The error was 1 V, which is 2.3%. By contrast,
the voltage had a faster decrease over the discharge operation in the simulation while the
physical counterpart altered more smoothly, which can be seen from the duration between
380 s and 450 s by comparing the two graphs.
Overall, the simulation results modelled their practical counterparts over charge/discharge
operation with good accuracy. Therefore, the HEES system models could be realistically

integrated into the whole BMT-HEES for further investigation.
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7.4 BMT-HEES system simulation and trial test

The aim of the whole project was to build up a tri-generation system fed by bio-fuel to satisfy
domestic energy demands both electrically and thermally. Therefore, a domestic size tri-
generation system was built up. A selected energy profile investigated by Lawson [14] was
used as a typical case applied to the BMT-HEES which was validated by the simulation

investigation and trial tests.
7.4.1 Case 1 comparison of simulation and experimental results

The main task of this research was to investigate a 6.5kW Yanmar engine-based BMT-HEES
system. The load profiles in case 1 are shown in Fig. 7.7. There were two peak durations
which happened from around 6am and 5pm. The maximum power reached 10,290 W while
the minimum power demand was only 250W on this day. Basically, there were regular
fluctuations between the times 0 and 6am, 12 and 16:30 where load power ranged from 290
W to 540 W, 250 W to 1390 W respectively. A series of diagrams from Fig. 7.7 to Fig. 7.10
illustrate the dynamic curves for case 1 both in experimental and simulation investigations.
The uncertainties between experimental results and their simulation counterparts for case 1

are summarised in Table 7.1.
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The load power data was detected by the power transmitters and transformed by the NI dock
card. Fig. 7.7 (b) shows its profile per 30 seconds. The total number of data points was 2880
over 24 hours. In the simulation, the load profile was loaded by data table with 147 feature
points which represented the fluctuation of the load power over 24 hours, the profile is shown
in Fig. 7.7 (c).

B Engine performance

Engine power profiles in Fig. 7.8 for the experiments and simulation results show a similarity
over 24 hours. Fig. 7.8 (a) shows the comparison for the outcomes in the practical experiment
and the simulation. Fig. 7.8 (b) and (c) illustrate the details of both results. There were 3
times of engine duty period over 24 hours, from 14670 to 20430 seconds, from 21360 to
35190 seconds, and from 60150 to 67650 seconds. The engine switched on to charge the
storage system over the first duty duration to ensure enough energy was can be stored in the
energy storage system before the first peak hour of the electrical demand. The remaining two
durations appeared in the peak hours from 6 am to 9 am and from 4 pm to 7 pm on this day.
However, the most noticeable dissimilarity between these two profiles was the power range
of the engine. Specifically, its maximum power was 6800 W in the practical tests while the

counterpart in the simulation it was restricted to 6500 W.
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C Battery performance

The series of diagram in Fig. 7.9 illustrate the battery performance both in experiment and
simulation. The batteries were operated most of the time (over 18 hours) within the 24-hour
test. They were able to cover the fluctuation of the load power profile with a range between -
2,920 W and 7,715 W in the practical system (shown as Fig. 7.9 (b)) and from -2364 W to
4373 W in simulation (shown as Fig. 7.9 (c)). The negative values in Fig. 7.9 represent the
power for charging while positive one stands for power discharged from batteries.

D Super capacitor performance

The super capacitors provided limited energy and power to the system compared to the
batteries. However, they responded to the sudden change of the load demands promptly.
Practically, when the load increased unexpectedly by a large amount, in which case they
provided the power needed to compensate the power of the battery in the practical test.
However, in the simulation this job was taken by the engine. This case could be found at the
time 7 pm 25 minutes (70860 s). Fig. 7.10 illustrates the details. The power of the super
capacitors in the practical test ranged from -395 W to 2,781 W (shown as Fig. 7.10 (b)) while
in simulation it was from -1532.7 W to 1520.0 W (shown as Fig. 7.10 (c)). Again, the

negative value represents power for charging while the positive stands for power discharged.
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E Indicator summary

Table 7.1 summarises the performance indicators and their comparisons over the
investigations. Four aspects have been compared, including energies, duration, efficiencies
and power range. For instance, the electricity consumed over 24 hours was 33.63 kWh in the
experiment and 33.13 kWh in the simulation with an uncertainty of 1.49%. The engine was
operated for 7.16 hours and 7.22 hours in the experiment and simulation, respectively.
Meanwhile, the uncertainty between them was 0.84%. In terms of overall system efficiency,

it was 63.70% and 63.27% in experiment and simulation, respectively.

Table 7.1 Outcomes comparison between experiment and simulation in case 1 study

Trail test Simulation Uncer
taintie
s (%)
Energy Electric energy from engine 35.16 35.49 0.94
(kwh) Energy supplying to load directly from 25.03 25.16 0.51
engine
Electricity consumed by load 33.63 33.13 1.49
Thermal energy recovered 51.71 52.65 1.82
Peak energy 11.78 11.66 1.02
Duration Battery discharge time 18.32 18.13 1.04
(hours) Engine running 7.16 7.22 0.84
Charge period for batteries 5.7 5.8 1.75
Peak hour (energy demands above 1.48 1.50 1.35
6.5kW)
Efficiencies Batteries electric efficiency 23.23 22.83 1.72
(%) Super capacitors electric efficiency 25.53 24.94 2.31
Engine electric efficiency 25.75 25.46 1.13
Thermal efficiency 39.22 38.86 0.92
System electric efficiency 24.78 24.41 15
System overall efficiency 63.70 63.27 0.68
Power power from super capacitors -395/2,781 -532.7/1520.0 -
range (W) power from battery -2,920/7,715 -2364/4373 -
power from engine 0/6,800 0/6500 -
Load power 0/10,290 0/10,290 -

All of the indicators for the experiment and the simulation were quite close as shown in Table
7.1 where all uncertainties in the tables were within 2.3%. This confirmed that the models of

the system matched the physical system well.
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First of all, the load profile fed into the system model did not have the same accuracy as the

one adopted in the experiment.

Secondly, the charge method for the energy storage system in the simulation was an
approximate curve from the battery performance test. Therefore, the batteries charged with
the same curve when they were in different situations. The charge curve in the simulation was
adjusted according to the capacities of the batteries. For example, the bulk charge would take

longer after batteries experienced large discharge.

Thirdly, uncertainty factors in the experiment, such as measuring error of the detecting
devices, temperature influences, power and load fluctuations etc. would give rise to the

difference between experiment and simulation.

For the statistical calculation, the system performance in the experiment and simulation
matched well. However, there is potential for improving the dynamic response of the system

with a higher accuracy.

7.4.2 Case 2 comparison of simulation and experimental results

In case 2, the domestic electricity consumption over 24 hours in another dwelling was
employed. From Fig. 7.11, it can be seen that the minimum demand of electrical power was
around 100 W and the peak demand reached 6544 W. Meanwhile, the electricity
consumption was lower than 1 kW during the majority of the 24 hours while the peak
demands lasted for relatively short periods. For instance, at 1 pm 11 minutes (47448 s), the
demand was as high as 6.544 kW before it dropped to 400 W 5 minutes later. The peak
demands over 2.500 kW appeared 3 times, starting from 5 am 22 minutes (19296 s), 1 pm 11
minutes (47448 s), and 9 pm 22 minutes (76932 s). Electricity consumption for this
household over 24 hours was 9.85 kWh in total.

The key performance indicators are summarised in Table. 6.2. The series of diagrams form in
Fig. 7.11 to Fig. 7.14 provide the load power scenario, batteries power scenario, super-

capacitor power scenario and engine/generator power supply both in test and simulation.
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Fig. 7.11 compares the load power scenario in case 2 over 24 hours in the test and simulation
respectively. There is a slight difference between them due to the dissimilar data format
required by Dymola modelling. Load power data was fed into the simulation via the model
time table in which variation between different time points is not permitted. That meant the
trip points were only allowed to be set at same time point. Therefore, the original power data
file needed to be revised in Dymola data format. Furthermore, the data points in time table are

limited and some less-significant data was ignored to satisfy this requirement.
B Battery profiles

According to Fig. 7.12, the battery power profiles had quite similar features both in test and
simulation. Apparently, there were three durations for battery charge in both investigations
while the battery performance was satisfactory in meeting the electrical demand. However,
the power range was different between simulation and trial tests. The batteries were operated
within the range from -5800.38 to 1841.798 W in the physical system (shown as Fig. 7.12
(b)) while the power varied between -4043.5 and 2421.6 W in the simulation (shown as Fig.
7.12 (c)).

C Super-capacitor profile

The super-capacitor performance shown in Fig. 7.13 revealed their prompt response
capability both in the tests and simulation. However, they contributed limited energy to the
system over any longer duration. The power of the super-capacitors ranged from 563 to -595
W in the trial tests (shown as Fig. 7.13 (b)) while they were within the power spectrum from -
728 W to 856 W in simulation (shown as Fig. 7.13(c)). Apparently, less energy was provided
by the super capacitors in the trial test than in simulation. Here, the positive and negative

values represent charge and discharge power respectively.
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D Engine/generator power profile

Fig. 7.14 compares simulation and trial tests outcomes regarding engine performance over the

Engine/generator power comparison between test and simulation outcome
3000 T T T T T T

In test
In simulation

2500 —

2000 —

1500 —

Power (W)

1000 1~ \ W

500 — —

r r r r
o 1 2 3 4 5 6 7 8
Time (s)

-500

x 10"
(@) Engine performance comparison

Engine/generator power in test
3000 ¢ T T T T T T T T

2500 —

2000 — -

1500 — —

Power (W)

1000 — —

500 — —

c
1 2 3 4 5 6 7 8
Time (s)

(b) In test

-500 -
o

Engine/generator power in simulation
3000 T T T T T T T T

2500

I
p—

2000

\ SN ’L\ Vi
\ \
1500 — ‘

\ !
1000 — HH -

I
=
L

E3

Power (W)

500 [~ -
o -
-500 r r r r r r r r
o 1 2 3 4 5 6 7 8
Time (s) x 10A

(¢) Insimulation
Fig. 7.14 Engine/generator power profile over 24 hours

162



24 hours studied. The engine operated three times over the 24 hour investigation. The signal
for triggering the engine launch depended on the load power level as explained previously.
The overall operation duration was 6.89 hours in the experimental tests while 6.87 hours was
used in simulation provided that the same strategy was employed for both investigations.

E Comparisons for the key performance indicators

Table 7.2 lists some key performance indicators for comparing between test and simulation
outcomes. A series of efficiency comparisons confirm that the differences between test and
simulation results were insignificant and all of the deviations were within 2.6%. Engine start
time points revealed that the engine launched three times and the total running duration was
6.89 hours in test and 6.87 hours in simulation. During the rest of the time over 24 hours, the
HEES system provided electricity to satisfy the load demand. Obviously, the overall system
efficiency is higher than when a single engine without energy storage is used to provide a 24-

hour supply. The energy storage system supplied less energy in simulation than that in the

Table 7.2 Outcomes comparison between physical test and simulation

Outcomes from trial test ~ Outcomes from Uncertainty

simulation (%)
Charge efficiency of HEES 22.56 23.14 2.57
Discharge efficiency of HEES 20.69 21.21 2.51
Engine efficiency(with HEES) 26.49 25.93 211
Engine efficiency (without HEES)  4.95 5.003 1.07
Overall electrical efficiency 23.59 23.57 0.085
Average heat recovery efficiency 40.08 40.05 0.74
(BMT-HEES) (%)
Overall system efficiency (BMT- 63.67 63.62 0.78
HEES) (%)
Batteries power range (W) -5800.38 to 1841.798 -4043.5 t0 2421.6 -
Super-capacitor power range (W) 562.7445 to -594.687 -728.3670 to 856.378 -
Engine/generator power range (W)  0-2507.5 0-2500 -
Engine operation duration (Hours)  6.89 6.87 0.3
Storage system charge duration 6.48 6.46 0.31
(Hours)
Storage system discharge duration ~ 16.62 17.05 2.59
(Hours)

tests. They provided a maximum power of 5800 W to the load in the practical tests while it
was 4044 W in the simulation. On the other hand, the simulation results regarding the super-

capacitor power was higher than in the test.
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7.5 Conclusions

A series of comparisons between physical and simulation tests have been carried out in this
chapter, ranging from the individual unit to the whole system investigation over 24 hours for
two case studies. The simulation and test results validate the effectiveness of the developed
technologies. All uncertainties between test results and their simulation counterparts were
within 2.6% in terms of the whole system investigation.

The engine model was set up on the basis of mechanical and electrical principles and
meanwhile, electrical and heat efficiency acquired from the physical test was taken into
account in terms of calculation both for trial test and simulation. The HEES performance
comparison between trial test and simulation confirmed that the uncertainties were limited to
a reasonable range which will support further prototype development. All of the the
experimental results agreed well with the simulation with a difference of less than 2.6% in
both between the cases. Therefore, the system models could be used to forecast or predict
system performance with reasonable accuracy when different energy scenarios are considered
before a trial test is carried out.
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Chapter 8 Conclusion and future work

8.1 Introduction

In this chapter, the main issues regarding the development of a bio-fuel micro-tri-generation
system (BMT) with hybrid electrical energy storage (HEES) are concluded based on the in-
depth analysis and discussion given in previous chapters. The key innovations and findings
from this research work are summarised. Afterwards, further work for improvements and
future development in this research field are provided with a focus on the integration of BMT
and HEES.

8.2 Key issues in this investigation

The utilisation of new and renewable energy is high on international and national agendas.
Historically, bio-fuels and tri-generation have been extensively explored in the literature and
commonly regarded as two promising technologies to combat climate change and the global

energy crisis.

Bio-fuels (especially bio-diesels for engines) are a cost-effective substitute for conventional
fossil fuels to reduce CO, emissions and, counter general concerns for fuel security.
Conventional tri-generation systems (e.g. CCHP) can be found in use in medium- and large-
scale applications and micro-tri-generation systems are utilised in household or other
domestic applications. These systems are generally effective but suffer from relatively poor
dynamic response, low energy efficiency, and high initial and operational costs. The related
technologies are still evolving with regard to component-level and system-level optimisation,

interconnection and grid connection.

This work was concerned with the development of innovative technologies to integrate bio-
fuels and energy storage system (including super-capacitors and batteries) into the tri-
generation system whilst still improving the system performance, energy efficiency and cost-
effectiveness. The primary goal of this PhD research was to simulate and build up a bio-fuel-
based micro-tri-generation system with hybrid electrical energy storage which could meet the
domestic energy demands for electricity, heating and cooling with low fuel consumption, low

emissions and high electrical, thermal and cost efficiency.
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There were five crucial technical issues this work has addressed:

1)

2)

3)

4)

5)

Study of domestic energy consumption. This system is primarily applied to the domestic
environment and it was necessary to survey domestic energy consumptions and find out
the potential demand characteristics in order to select the size and the capacity of the
BMT system.

Investigation into energy storage systems and related technologies. This was a key
technical task central to this research. The compatibility of energy storage systems with
the operation of a diesel engine was taken into account along with consideration of the

application characteristics.

Survey of energy management strategies, mathematical algorithms and control systems.
The energy management strategy is key to the efficient operation of a tri-generation
system but strongly depends on the specific goals the users want to achieve from the
system. Therefore, detailed comparison and analysis of various potential strategies for
the domestic tri-generation applications have been conducted in order to ensure effective

energy utilisation.

Computational models and simulation of the system. Simulation is a useful approach to
relieve burdensome experiments and to provide guidelines on constructing a physical
BMT-HEES. This was done in the “Dymola” environment with the help of advanced
energy management strategies. The models in turn were validated by the experimental
results. The system parameters could be modified and evaluated to improve the system

design.

The design, implementation and testing of the BMT-HEES system. This was the final
realisation stage to follow the optimised system design and to build the physical system
unit by unit, and experimentally validate the proposed system.

8.3 Conclusion from this study

Research findings are summarised in the areas of completed work.
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8.3.1 Energy demand survey in the UK households

Undoubtedly, a domestic tri-generation system should satisfy both electricity consumption
and heat (or/ and cooling) demands. However, heat and power consumptions are very
dissimilar from each other in practice. Heat demand changes very slowly while electricity
may vary rapidly within millisecond if demanded. Moreover, domestic heat demands have
apparently seasonal differences but the variation over one single day is relatively slow while
the electricity demands fluctuate dramatically within each day but have a good repeatability
over the year. The daily electricity demands fluctuated over a wide range from several-

hundred watts for the majority of the time to several kilo watts for a very short period.

In this investigation, relevant technologies and experiences relating to tri-generation have
been surveyed. The investigations were concentrated with tri-generation systems and
dynamic energy consumption in UK households using various available statistical data. From
extensive studies on existing engine-based tri-generation systems, it was necessary to include
an electrical energy storage system to ensure fuel savings and energy efficiency enhancement.
As a result, electrical energy storage technologies were examined in the literature review and
a hybrid electrical energy storage was considered to achieve both power and energy benefits
in the integrated system. A Yanmar engine with output power of 6.5 kW was selected as the

prime mover in the investigation.
8.3.2 Energy storage system

Electrical storage devices can be generally divided into two groups according to their
application, namely an energy device group and a power device group. After considering
comprehensive factors, including cost, applications and physical size, batteries and super-
capacitors were selected as key components in the storage system. From the tests, it was
found that super-capacitors exhibited superior dynamic properties in response to electrical
demand changes. However, they have a low energy density and could only provide electricity
over a short period of time (in seconds). This drawback could be compensated by the use of
batteries in hybrid systems. In contrast, batteries have a higher energy density which can
sustain a relatively long period of supply. During the operation, the super-capacitor would
first provide a large current to meet the transient demand from the load but this would soon

reduce and the load would then be supported by the batteries.
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Despite the merits of the HEES, specific performance indicators should be evaluated by
performing physical tests on a prototype system. This was achieved by conducting a series of
preliminary tests. In the tests, the super capacitors were activated promptly both in charging
and discharging cycles and thus considered to be appropriate to satisfy household electrical
loads with sound dynamic response. However, due to the parallel connection between the
batteries and the super capacitors, there was a voltage difference between them at the float-
charging stage causing electrical current to rush from the super-capacitors into the batteries
even though both were in charging mode. Therefore, diodes were added to stop this from

happening when developing the complete BMT-HEES.
8.3.3 Modelling and simulation

Through the preliminary tests on the HEES, the properties and characteristics of the
components were understood, which served as the basis of the system models. System
models were constructed and system performance assessed by case studies which were of

typical domestic electrical consumption profiles over a single day as reported in the literature.

Modelling and simulation provided guide information prior to the physical development of
the system. Following extensive theoretical analysis, core component models were built up in
the “Dymola” environment, including batteries, super capacitor, engine, power conversion

devices (inverter/charger), and controller.

In the simulation, optimal energy management strategies were examined and compared in
order to manage the energy distribution at high operational efficiency. From simulation tests,
the targets of fuel savings and high energy efficiency were achieved. When employing a 6.5
KW Yanmar engine in the BMT-HEES, the overall energy efficiency increased from 47.6%
to 63.9% and especially, the electrical efficiency has improved dramatically from 7.2% to
25.2%.

8.3.4 Energy management strategy

After the physical structure of the energy system was designed, the energy management

strategy was the next critical issue for optimising performance of the system.

For this research electrical consumption was identified as a key factor for system operation

due to the rapid transient fluctuations for the household demands. The operational approach
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in the BMT-HEES could be described with three different states according to the interaction
between the engine/generation system and HEES. In State 1, electrical power was supplied
from both the engine/generator and the HEES system (for peak hours). In State 2, the engine
was still running to supply power to the load and in the meantime to charge the HEES (for
off-peak hours). State 3 described the situation when the electrical load was low and the
HEES system operates alone to meet household demands and the engine was shut down (for
night hours). The economic benefits were obvious here. On the basis of this optimisation of
the algorithm was considered for best coordinating the operation of the engine/generator and
the HEES at high efficiency.

8.3.5 Integrated physical system tests

The BMT-HEES system was developed after gaining an in-depth understanding of the
component and system performance as well as a carrying out a system design and
performance prediction in computational simulation. Case studies were used to compare the

BMT-HEES with engine-based tri-generation without electrical energy storage.

It was found: the use of a BMT-HEES allowed a smaller engine to satisfy the same energy
demands. Dynamic performance was improved owing to the integration of the HEES. With
optimal energy management strategies, the engine was allowed to operate over shorter
durations and at higher energy efficiency compared to the engine-based tri-generation
(without HEES). The BMT-HEES satisfied electrical and thermal demands with just the
required amount of energ generated. As a result, the system performance and energy

efficiency were greatly improved.
8.3.6 Comparison between simulation and experimental results

The BMT-HEES system was improved based on the investigation both from simulation and
preliminary experiments. Experimental results were in good agreement with the simulation
results in all aspects examined. The differences between them were within 2.6%, which
ensured that the system models had reliable accuracy for performance assessment and

prediction.
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8.4 Recommendation for future work

The aim of developing a BMT-HEES system to satisfy expected domestic energy demands
has been achieved. In future work, there are some potential areas for the developed
technologies to be expanded. Fig. 8.1 illustrates some potential applications involving the
BMT-HEES, including hybrid energy systems, power-grid based systems, shore power and

solar energy systems. The system can be incorporated with other types of bio-fuel or other

Hybrid
energy
system

Power-grid Industrial

application

integration

Solar
energy

Fig. 8.1 Expandability of the BMT-HEES

sources of new and renewable energy (wind, solar, geothermal, biomass etc.), depending on
the availability of the energy and location of the system. Furthermore, this system can be
scaled up for larger commercial and industrial environments. Also, it can be incorporated
with energy networks and smart grids. As illustrated in Fig. 8.2, there is potential for
applications of the BMT-HEES which include some renewable energy. In this case, solar
energy collected by the solar panel could be used to charge both batteries and super-
capacitors with little conversion loss. DC power sources could act as extra energy sources to
supply peak demands along with AC power from the generator. Furthermore, solar power
could be linked with a generator via an inverter to supply AC power demands to increase AC
power capacity.
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In addition, the BMT-HEES could be expanded into a shore power system by updating the
system construction. Fig. 8.3 shows one possible shore power system that could integrate
with the BMT-HEES. The majority of components in this system are similar to the system
described in this study with some additions (transformers, relays and circuit breakers) to

upgrade the capacity of the energy supply.

Finally, in addition to the small-scale domestic environment, the physical system could be
scaled up to be used in larger commercial and industrial environments. The developed system
could not only be used as a stand-alone energy system, but also be inter-connected with
neighbouring energy systems or connected with the power grid as a distributed generation set
if there was a need for (or a surplus of ) the generated electricity. Without doubt, this would
require further work on this inter-disciplinary topic as well as new innovations in the fields of

energy networks and smart grids.
8.5Summary

This chapter provided the key challenges, solutions and findings related to the development
of the BMT-HEES from this EPSRC-sponsored PhD work. Moreover, some potential

applications and areas for improvements have been provided for consideration for further

work.
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Appendix-2

Spring case
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Autumn case
Electric Load Profile Engine/generator Power
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Winter case
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